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Additive manufacturing enables the creation of novel structures and geometries previously unattainable

through traditional processing techniques. In particular, vat photopolymerization provides unprecedented

resolution through the tailored delivery of light with photo-crosslinkable or photo-polymerizable

materials. Traditionally, chemical crosslinks generate a permanent network, which exhibits swelling but

not dissolution. In this work, photopolymerization of photo-reactive monomers with acrylate, acrylamide,

and vinyl polymerizable sites enabled the formation of water-soluble 3D printed parts using vat photo-

polymerization. A library of monomers with varied ionic and hydrogen bonding sites provided photopoly-

merized films with tensile properties approaching 1200% elongation at break and 0.47 MPa stress at 100%

elongation. The rate of polymerization and the subsequent mechanical properties revealed a dependence

on the type of supramolecular interactions and functionality on the resulting hydrogel. The diverse func-

tionality of the monomers enabled aqueous dissolution times ranging from 27 to 41 min. Vat photo-

polymerization of a trimethylammonium ethyl acrylate chloride solution and with 30 wt% N-vinyl pyrroli-

done provided 3D parts with fine structural resolution. This method of creating soluble, water-swollen

structures through vat photopolymerization provides future research with a larger library of monomers for

diverse applications including soluble support scaffolds.

1. Introduction

Additive manufacturing (AM) provides a unique method for
the creation of complex geometries, which enables the design
of features that enable enhanced functionality.1,2 Many AM
processes currently exist, including material extrusion,
powder-bed fusion, and vat photopolymerization.3,4 These
methods enable the control of geometry and porosity through-
out the resulting part, reduction of waste compared to tra-
ditional manufacturing, and design of previously unattainable
geometries.5 Vat photopolymerization, also referred to as
stereolithography, operates through the selective patterning of
UV light with vats of photopolymer precursors containing
photoinitiator to create chemically or physically crosslinked
solids.4 Upon the introduction of light, chemical crosslinking

occurs at the site of irradiation to form a solid network with
a characteristic depth, which depends on light intensity,
exposure time, photoinitiator content, and presence of photo-
absorbers.6,7 Advantages of vat photopolymerization relative to
other printing technologies include fabricating micron-scale
features, excellent surface finish, and accuracy of printed
parts.8,9 However, a limited material selection restricts vat
photopolymerization as traditional processes typically require
a low viscosity, photo-crosslinkable oligomeric precursor that
leads to chemical crosslinking to successfully form 3D parts.10

Supramolecular interactions employ reversible, non-covalent
bonding between molecules and polymers. Commonly investi-
gated supramolecular interactions in polymers include ionic
interactions, hydrogen bonding, metal–ligand coordination,
and pi–pi stacking.11 Ionic interactions and hydrogen bonding
continue to play a critical role in the creation of complex struc-
tures through ionic aggregation and multiple hydrogen
bonding motifs.12,13 While typically weaker than covalent
bonds, the synergistic effect of collective interactions signifi-
cantly enhances the intermolecular forces between polymer
chains.12 Supramolecular interactions offer impact in adhesive
and biomedical applications due to their reversibility under
stimuli and the breadth of interactions found in nature.12,14–16

Additionally, the ability of supramolecular interactions to
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reduce or eliminate anisotropic strength profiles in AM parts
remains a focus of recent research.17 Liska et al. detailed the
examination of monofunctional monomers for vat photo-
polymerization, but failed to realize well-defined parts without
incorporation of chemical crosslinkers.18 The ability to probe
supramolecular interactions to form well-defined 3D networks
without the need for chemical crosslinking remains
unexplored.

The generation of complex additively manufactured parts
also often requires support scaffolds to hold over-hanging
structures in place during printing. Because vat photo-
polymerization traditionally utilizes permanent, covalent
crosslinks, dissolvable support scaffolds fail to exist. Current
methods to produce sacrificial support structures rely on
digital grayscale images, which produce partially crosslinked
polymers and subsequent removal through partially dissolving
or swelling the scaffold in organic solvents.19 Other methods
include designing easily-removeable support scaffolds that
maintain limited contact with the printed part. With the devel-
opment of multi-material printing systems, incorporation of
physically crosslinked and dissolvable scaffolds into a system
is now possible.20

In this work, vat photopolymerization AM enabled the cre-
ation of dissolvable parts where supramolecular interactions
dictated monomer selection and facilitated the creation of
water-swollen gels. The broad selection of functionalized
monomers achieved a spectrum of mechanical properties,
from elastomers to thermoplastics with a range of dissolution
rates. Characterization of the photopolymerization process
employed both differential scanning calorimetry and rheology,
each coupled with a UV light source, which revealed a depen-
dence of monomer functionality and water content. Tensile
analysis revealed high elongation of each photopolymerized
gel (up to 1200%), highlighting a strong dependence on water
content and ionic interactions. Hysteresis experiments further
confirmed the elastomeric properties of each system. Finally,
vat photopolymerization of monomer solutions yielded well-
defined printed parts, which retained water solubility. This
report enables future study into dissolvable parts created
through vat photopolymerization for fully soluble support
scaffold applications.

2. Materials and methods
2.1. Materials

Trimethylammonium ethyl acrylate chloride solution (TMAEA,
80 wt% in water), 3-sulfopropyl acrylate potassium salt (SPAK),
2-acrylamido-2-methyl-1-propane sulfonic acid sodium salt
(AASNa, 50 wt% in water), 2-acrylamido-2-methyl-1-propane
sulfonic acid (AAS), N-vinyl pyrrolidone (NVP), and poly(ethyl-
ene glycol) methyl ether acrylate (PEGMEA480) were purchased
from Sigma-Aldrich. 2-Hydroxy-4′-(2-hydroxyethoxy)-2-methyl-
propiophenone (Irgacure 2959) and diphenyl(2,4,6-trimethyl-
benzoyl) phosphine oxide (TPO) were purchased from Sigma-
Aldrich and dissolved in ethanol and acetone before use,

respectively. 2,5-Bis(5-tert-butyl-benzoxazol-2-yl)thiophene
(BBOT), a UV blocker, was purchased from Sigma-Aldrich and
dissolved in NVP before use. All solvents were purchased from
Spectrum, Inc. and used as received.

2.2. Analytical methods

Photocalorimetry (Photo-DSC) was performed on a TA
Instruments Q2000 with an Omnicure S2000 photo-attachment
with fiber optic cable. T-zero pans were loaded as either
sample pans or reference pans and equilibrated at 25 °C.
Following a 1 min isotherm, 8 mW cm−2 of 365 nm light was
introduced to the pans. Following a 5 min irradiation, the
light was turned off and the background heat from the light
was noted. Integrations of the peaks with background correc-
tion afforded the heat of polymerization. To calculate percent
conversion, the standard values for ΔHrxn for the homopoly-
merization of acrylates and acrylamides (86 kJ mol−1)21 and
NVP (53.9 kJ mol−1)22 were employed. The ΔHrxn values
obtained from photo-DSC were normalized based on the
weight of each monomer used in the experiment.
Photorheology of polymerized monomer occurred on a TA
Instruments DHR-2 Discovery Rheometer with a photo-attach-
ment and a 20 mm quartz bottom plate with 20 mm disposa-
ble upper geometry. Samples were equilibrated at 25 °C for 30
s to provide baselines for all samples. Samples were oscillated
at 1 Hz, providing sampling rates relevant for the second time-
scale. Following 30 s, samples were irradiated at 8 mW cm−2

and the modulus was monitored. The crossover point was
determined as the first instance that the storage modulus (G′)
exceeded loss modulus (G″). Tensile testing was performed on
film-punched dogbones from photocured films with a cross-
head motion of 500 mm min−1 and grip-to-grip separation of
26.25 mm on an Intron 5500R. Hysteresis testing was per-
formed on film-punched dogbones from photocured films
with a crosshead motion of 5 mm min−1, 100% strain for five
cycles with a grip-to-grip separation of 26.25 mm. The area
under the curve was calculated using the trapezoid method23

and the cycles were compared at n = 5 samples. Dynamic light
scattering (DLS) was performed on a Malvern ZetaSizer at
room temperature with a backscattering angle of 145° and a
wavelength of 435 nm.

2.3. Film preparation

PEGMEA480, TMAEA, and AASNa were used as received (0 wt%,
20 wt%, and 50 wt% water, respectively). AAS and SPAK were
dissolved at 50 wt% water prior to use and NVP was used
without further modification. 2 wt% photoinitiator in ethanol
was added to monomer solutions to initiate the photo-
polymerization. Films were prepared by irradiation from a
broad-band UV source at 8.5 mW cm−2 in an Ace Glass
Incorporated photo-cabinet until they were free-standing.
Typically, the film was exposed to UV light for 30 s per side to
ensure full conversion. Films were used for subsequent ana-
lysis without further purification or extraction.
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2.4. Dissolution testing

Sections of gel were placed in RO water at 1 mg mL−1 at 23 °C.
The water was stirred rapidly with a magnetic stir bar and the
time to full dissolution was noted. Data is presented as an
average with a standard deviation of n = 3 samples.

2.5. 3D printing

TMAEA (20 wt% water) and combinations of TMAEA and NVP
with 2 wt% TPO in acetone were added to a 50 mL vat of an
Autodesk Ember® digital light processing (DLP) mask-projec-
tion stereolithography, bottom-up, 3D printer with a LED ultra-
violet light source at 405 nm with an intensity of 20 mW cm−2.
Autodesk Print Studio design software imported 3D digital
models as .stl files sent to the Autodesk Ember® for printing.
The first layer was irradiated for 8 s to ensure adhesion to the
stainless aluminum build platform. The next four layers were
irradiated for 3 s, which incorporated intermediate layers to
support the remaining layers. All subsequent model layers
were each irradiated for 2 s. The set later thickness was 50 μm,
which was controlled by linear actuation of the build stage in
the vertical z-direction. Between each layer, the build stage was
raised to allow fresh monomer solution onto the PDMS optical
window and to recoat the part until the build was complete.
Printed parts were gently detached from the build stage before
analysis. Because of material incompatibilities with the
Autodesk Ember®, printing of combinations containing
N-vinyl pyrrolidone proceeded on a custom-build 3D printer.
To begin the printing process, 1, 2, 2.5 and 3 wt% of TPO was
added to a solution of TMAEA with 30 wt% NVP and 0.4 wt%
BBOT. The formulations were irradiated with UV light for 5 s
and the thickness of the irradiated film was measured. Beyond
2 wt% TPO, the thickness of the cured film reached conver-
gence. The resin formulation with 2 wt% TPO was added to a
vat and placed in the build area of a custom top-down mask-
projection vat-photopolymerization machine. A build-stage
with a glass substrate was inserted into the resin. A broad-spec-
trum UV light source (300–500 nm) irradiated the surface of
the resin with an intensity of 1.96 mW cm−2 (measured at
365 nm). From the working curve,24 the exposure time for
curing 100 μm was estimated to be 5 s. Upon loading and
slicing the .stl file with 100 μm layer thickness, the first layer
was projected on the build stage. The stage was lowered by
100 μm and a fresh coat of resin was deposited in the build
area. This process of projection and recoating continued till
the complete part was fabricated. The parts were then removed
from the build-stage, cleaned with ethanol, and patted dry
with tissue. Printed parts were then irradiated in a UV post
curing chamber for 10 min.

2.6. Shrinking study

3D printed cubes (1 × 1 × 1 cm) were placed on a porous sub-
strate in a vacuum oven at 5 mbar and 60 °C from 0 to 24 h.
Measurements were taken in the x, y, and z directions at 2, 4,
6, 8, 16, and 24 h where data is presented as an average of
n = 3 samples.

2.7. Water-uptake/swelling study

3D printed cubes (1 × 1 × 1 cm) were dried for 24 h in a
vacuum oven at 60 °C and 5 mbar for 24 h. The part was
weighed and placed in 100 mL of water without agitation in
order to encourage swelling and not dissolution. The weight of
the part was measured at 2, 4, 6, 8, 16, and 24 h where the
data is presented as an average of n = 3 samples. The surface
of the parts were dried on the surface with tissue before weigh-
ing to prevent water accumulation on the surface from contri-
buting to water-uptake measurements.

2.8. Statistical analysis

Statistical testing was performed using JMP software. An
ANOVA test followed by a Tukey’s HSD provided differences
between treatment groups at 95% confidence.

2.9 Nomenclature

When referring to the copolymer systems of TMAEA and NVP,
each sample is named “TMAEA-co-NVP” followed by the weight
percent of NVP incorporation. As an example, a copolymer
system with 2.5 wt% NVP is denoted as “TMAEA-co-NVP2.5”.

3. Results and discussion

Traditional vat photopolymerization AM processes utilize
chemical crosslinking to ensure part fidelity upon printing.
However, this process generates a permanent chemical
network with the inability to fully dissolve for support scaffold
applications.25 This work describes the identification of ionic
monomers in water to afford a range of acrylate, acrylamide,
and vinyl monomers suitable for the 3D printing of physically-
crosslinked objects. Equivalent structures in acrylate vs. acryl-
amide (3-sulfopropyl acrylate potassium salt (SPAK)) vs.
(2-acrylamido-2-methyl-1-propane sulfonic acid sodium salt
(AASNa)) as well as ionic vs. acid forms (AASNa vs. 2-acryla-
mido-2-methyl-1-propane sulfonic acid (AAS)) provided a
library of promising monomers to evaluate photopolymerized
hydrogel properties and to aid future rational design
(Scheme 1). TMAEA ultimately demonstrated mechanical
properties most promising for vat photopolymerization, but to
increase part strength and provide a range of water dissolution
rates, N-vinyl pyrrolidone (NVP) was added as a comonomer.

TMAEA and N-vinyl pyrrolidone (NVP) copolymers provided
the opportunity to observe a systematic change in mechanical
properties and water dissolution rates based on NVP incorpor-
ation. The literature broadly describes free radical polymeriz-
ation and reverse addition–fragmentation chain transfer
polymerization of NVP copolymerized with acrylate and
ammonium-containing monomers.26–29 Roka et al. measured
reactivity ratios of NVP and 2-(dimethylamino)ethyl methacry-
late suggesting the formation of pseudo-diblock copolymers.
They observed multiple glass transition temperatures of the
copolymers where transitions near 180 °C were associated with
the poly(N-vinyl pyrrolidone) (PVP) blocks.27 The addition of
NVP to copolymer systems with acrylates in the presence of
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oxygen is also known to decrease inhibition during photo-
polymerization. It was hypothesized that molecular oxygen is
quenched through photooxidation with the NVP amide bond
or the formation of an excimer with the amide bond.30 Thus,
we propose that the copolymerization of TMAEA and NVP
will provide higher strength materials and higher conver-
sions compared to polyelectrolyte homopolymer systems.
TMAEA proved the optimal candidate for vat photo-
polymerization based on photo-kinetics and mechanical pro-
perties from photo-polymerized films, which deemed this
monomer as the most logical copolymer for the NVP-contain-
ing systems. This is a significant advantage for vat photo-
polymerization processes as most machines print in the pres-
ence of oxygen.

Photo-DSC and photorheology provided photo-kinetics of
each system to aid in predicting specifications needed for vat
photopolymerization. Photo-DSC generated heats of reaction
(ΔHrxn) as a function of irradiation time and allowed for esti-
mations of polymerization rate and monomer conversion
(Fig. 1A and B). TMAEA proved to evolve the most heat upon
irradiation, potentially due to higher conversion percentages
or a lower wt% water in the system. However, PEGMEA480,
which did not contain water, exhibited a broad peak and lower
evolved heat of polymerization potentially due to lack of supra-
molecular interactions. Each of the acrylamide monomers
(AAS and AASNa) experienced shorter times to peak heat flow
compared to the equivalent acrylate (SPAK), suggesting a poss-
ible role of hydrogen bonding in the polymerization process or

Scheme 1 Photopolymerization of various monomers in the presence of photoinitiator and UV irradiation to produce homopolymers and
copolymers.

Fig. 1 (A) Heat flow as a function of time where UV light exposure began at 1 min for each homopolymer. The time to peak is denoted as the
maxima in the trace and the area under the curve represents the ΔHrxn. (B) Time to peak and ΔHrxn as a function of wt% NVP incorporation.
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acrylamide vs. acrylate reactivity.31 Aqueous size exclusion
chromatography of the photopolymerized systems attempted
to measure molecular weights, but ionic aggregation prevented
reproducible separation. The size of each of these aggregates
and their shape potentially directed both the kinetics of
polymerization and the properties of the free-standing
film.32,33 Further studies of the particular mechanism and the
potential use of these monomers is currently underway.

Photo-DSC of TMAEA and NVP copolymerizations revealed
an increase in ΔHrxn with increasing NVP incorporation. The
time to reach a maximum in heat flow was longer compared to
the other polyelectrolyte systems, and a trend was not
observed. Photo-DSC of neat NVP with either Irgacure 2959 or
TPO revealed less than 12% conversion during the 5 min
experiment. This observation suggested the formation of
TMAEA-co-NVP copolymers rather than a blend of TMAEA and
NVP homopolymers. Liska et al. observed a similar phenom-
enon where NVP reached the highest conversions with
Irgacure 819 as a photoinitiator compared to multiple other
photoinitiator systems. They hypothesized Irgacure 819 main-
tained the best solubility in NVP, which facilitated radical
polymerization.18

After normalizing the ΔHrxn values to the moles of
monomer and using literature standards for 100% conversion
of acrylates (86 kJ mol−1)21 and NVP (53.9 kJ mol−1),22 the rela-
tive monomer percent conversions were calculated. TMAEA,
AAS, AASNa, and SPAK exhibited conversions of 75, 35, 40, and
45%, respectively (Table S1†). TMAEA and SPAK, i.e. acrylate-
containing monomers, exhibited statistically higher conver-
sions compared to acrylamide-containing monomers (AAS and
AASNa). The calculated conversions support the longer dis-
solution times for TMAEA and SPAK compared to AAS and
AASNa. TMAEA had the highest conversion possibly due to
ordering before polymerization. To further explore this hypoth-
esis, complex viscosities for each monomer system dissolved
in varying wt% water were studied, which suggests monomer
ordering (Fig. S2†). TMAEA exhibited the largest complex vis-

cosity in 20 wt% water (0.062 Pa s), which suggested an
increase in ionic aggregation and ordering compared to the
other samples.

TMAEA and NVP copolymer systems exhibited higher con-
versions (82–90%) compared to all homopolymers. As dis-
cussed previously, NVP is known to reduce termination in free
radical polymerizations in the presence of oxygen.30 As NVP
incorporation increased, conversion increased, where statisti-
cal differences existed between TMAEA-co-NVP2.5 and TMAEA-
co-NVP5, TMAEA-co-NVP10, TMAEA-co-NVP20, and TMAEA-co-
NVP30. Most vat photopolymerization systems print in the
presence of air through free radical polymerization where
oxygen will terminate propagation. Adding a monomer that
reduces termination provides advantages with part strength
and fidelity. While unreacted monomer still exists in the dis-
cussed systems, ranging from an estimated 18–10% in the
TMAEA-co-NVP copolymers, future use of oxygen scavenging
components will potentially mitigate this problem.

Photorheology of monomers revealed a trend in plateau
storage modulus (G°

N) as a function of monomer and water
content in the homopolymer systems (Fig. 2A and B). G°

N

values from photorheology provide a relative strength profile
that will directly affect the vat photopolymerization process.
TMAEA exhibited significantly increased G°

N following
polymerization compared to all other monomers. Both the rate
of polymerization and increased conversion likely led to a fast
crossover time (2 s) and enhanced G°

N, lending itself as the
prime candidate for vat photopolymerization. Despite its lower
water content, PEGMEA480 failed to reach the same G°

N as
TMAEA, suggesting that the ionic interactions in TMAEA gen-
erated a more physically crosslinked film than non-charged
PEGMEA480. Furthermore, as SPAK, AAS, and AASNa each pos-
sessed 50 wt% water, direct comparisons between acrylate,
acrylamide, and the role of ions was investigated. As confirmed
from results of photo-DSC, SPAK exhibited a much slower rate
of polymerization and thus a longer time to reach the G′–G″
crossover point (16 s) than either AAS (6 s) or AASNa (7 s). The

Fig. 2 (A) A representative photo-rheology trace where the sample is exposed to UV light after 15 s and the plateau storage modulus (G°
N) is

denoted. (B) G°
N as a function of homopolymer composition and wt% NVP incorporation.
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role of ion incorporation into monomers also afforded gels of
varied modulus, as seen in the comparison between AAS and
AASNa. When comparing AASNa to SPAK, the rate of polymer-
ization potentially limits molecular weight growth after ∼5 s of
AASNa, while SPAK continues to polymerize over much longer
time scales. The acid form of the acrylamide monomer gener-
ated moduli similar to PEGMEA480 despite containing 50 wt%
water.

Photorheology of TMAEA and NVP combinations revealed
an apparent relationship between G°

N and NVP incorporation
(Fig. 2B). The G°

N steadily increased from 0.058 MPa for
TMAEA-co-NVP2.5 to 0.470 MPa for TMAEA-co-NVP30, which
confirmed NVP increases the modulus of the hydrogels.
Combinations containing above 30 wt% NVP resulted in
inconsistent and non-reproducible measurements of mechan-
ical properties, therefore the 30 wt% NVP incorporation was
the highest included. These combinations contain fewer

ionic interactions compared to neat TMAEA and other
monomer systems discussed above. The increase in modulus
is likely due to the high glass transition temperature of poly
(vinyl pyrrolidone) (PVP), which ranges from 150–180 °C in
the absence of water in the formation of pseudo-diblock
copolymers.27,29,34

To further confirm the importance of electrostatic inter-
actions in the resulting photopolymerized parts, two non-
charged controls, 2-(dimethylamino)ethyl acrylate (DMAEA)
and PEGMEA480, were also tested. DMAEA is structurally equi-
valent to TMAEA besides the absence of an ammonium
moiety. Photo-DSC and photo-rheology (Fig. S1A and S1B†)
revealed low conversion values compared to the charged
monomers and the absence of a crossover point in photo-
rheology. The resulting product from photo-rheology was a
viscous liquid, which is consistent when no crossover point is
observed. PEGMEA480 served as the second control because

Fig. 4 (A) Stress vs. strain curves of photopolymerized unextracted films of TMAEA with 2.5 to 30 wt% NVP. (B) Stress at 100% elongation and strain
at break as a function of wt% NVP incorporation.

Fig. 3 Dissolution rate as a function of homopolymer composition and NVP incorporation with a magnetic stir bar at 1 mg mL−1 and 23 °C.
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this monomer was able to form solid parts after photopolymer-
izing, even though it does not have an equivalent structure to
any of the charged monomers.

After measuring the photo-kinetics of the homopolymer
and copolymers, controlled dissolution experiments deter-
mined water dissolution times of the photopolymerized films.
Water dissolution studies also revealed an increase in dis-
solution time with increasing incorporation of NVP in TMAEA-
co-NVP copolymers where statistical differences arose between
TMAEA-co-NVP2.5, TMAEA-co-NVP20, and TMAEA-co-NVP30.
This compositional range provided dissolution rates ranging
from 27 to 41 min, which demonstrated the potential to 3D
print fully dissolvable parts using vat photopolymerization.
Because vat photopolymerization usually employs covalent
crosslinks that render the final part insoluble, this system has
the potential to serve as a dissolvable support scaffold.

The role of physical crosslinks in the dissolution of photo-
polymerized parts will be an essential part of soluble support
scaffold applications. Exposure to excess water resulted in the
dissociation of the charges and their counterions, which facili-
tated the breaking up of electrostatic aggregates and full dis-
solution. As noted in Fig. 3, monomer type, acrylamides vs.
acrylates (SPAK, AASNa), dictated the time to full dissolution,
while wt% water in the films did not influence the rates.
Statistical differences arose between all acrylate- and acryl-
amide-containing systems, but a trend was not observed
between different supramolecular interactions (ionic vs. acid
forms). This suggested a higher degree of polymerization
resulting from acrylate- vs. acrylamide-containing systems
where increased molecular weight presumably increased dis-
solution time. Photo-DSC explored this hypothesis further.
Interestingly, PEGMEA480 failed to dissolve in water after more
than 24 h under the described conditions.35

As described in Fig. 3, each film or printed object contained
varying amounts of water, leading to hydrogels. The sub-
sequent mechanical testing was performed using unextracted,
water-swollen gels where the presence of water greatly aided to
the elastic behavior. After elimination of water upon heating at
80 °C under high vacuum for 24 h, the films or printed parts
became rigid and brittle. The parts were also very hydroscopic,
and exposure to atmospheric conditions for only minutes
resulted in sticky surfaces.

Tensile tests revealed strength, elongation, and hysteresis
for each system. Tensile experiments of photopolymerized
TMAEA-co-NVP films revealed a systematic increase in stress

at 100% elongation and decrease of strain at break when
increasing NVP content, depicted in Fig. 4A and B. The
photopolymerized film of neat TMAEA experienced the
largest strain at break possibly due to the highest level of
ionic interactions as physical crosslinks and the most water
content acting as a plasticizer. As the incorporation of NVP
increased from 2.5 to 30 wt%, the material transformed from
a typical thermoplastic elastomer (TPE) to an engineering
plastic based on the tensile analysis. Samples containing 2.5
to 20 wt% NVP did not experience a distinct linear region at
the beginning of the experiment or demonstrate a measur-
able yield stress, which is consistent with elastomeric
materials. TMAEA-co-NVP30 contained a distinct linear
region with a yield stress, indicating toughness owing to the
large wt% of NVP incorporation. Fig. 4B emphasizes the large
increase in stress at 100% elongation from TMAEA-co-NVP20
to TMAEA-co-NVP30, which possibly arose from macrophase
separation of the copolymers present in TMAEA-co-NVP30,
depicted visually in Fig. 5.36 Fig. 5A, B, and C depict photo-
polymerized films of TMAEA, TMAEA-co-NVP10, and TMAEA-
co-NVP30, respectively. TMAEA appeared optically clear while
increasing NVP incorporation resulted in increasing opaque-
ness. The tensile data from samples PEGMEA480, AAS,
AASNa, and SPAK is included in the supplemental section
(Table S3†) and follows similar trends demonstrated from
photorheology.

Hysteresis experiments at 100% elongation over five cycles
confirmed the elastomeric properties of TMAEA-co-NVP combi-
nations. Fig. 6A depicts the hysteresis profile of TMAEA photo-
polymerized films. This data revealed low amounts of hyster-
esis after five cycles (9–14%), which suggested the physical
ionic crosslinks and water plasticization resisted permanent
deformation. Fig. 6B depicts TMAEA-co-NVP10 hysteresis
profile, which begins to show residual strain and permanent
deformation after each cycle. The hysteresis profile of TMAEA-
co-NVP30, depicted in Fig. 6C, reveals the most hysteresis and
most residual strain compared to the previous two samples.
After cycle 1, TMAEA-co-NVP30 experiences an average of 28%
residual strain and does not recover after each cycle. While
physical ionic crosslinks and water-plasticization provide some
elastic properties, the data suggests the PVP pseudo-blocks
experience permanent deformation.37

Vat photopolymerization of TMAEA with 2 wt% TPO
revealed the fabrication of fine features upon rapid printing.
As the printing proceeded, residual TMAEA, near 25%, resided

Fig. 5 (A) Photopolymerized films of TMAEA, (B) TMAEA-co-NVP10 copolymer, and (C) TMAEA-co-NVP30 copolymer.
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within the part interior and was trapped within the structure
based on monomer conversion values measured using photo-
DSC. Other observations included overcure due to the rapid
polymerization of TMAEA monomer likely played a role in part
fidelity. As shown in Fig. 7A, the top crenellations in the rook
design maintained fine feature resolution characteristic of vat
photopolymerization. Due to the solubility of printed parts,
uncured monomer remained within the printed part, despite
drying steps, prior to scanning electron microscopy (SEM).
When examined further using SEM (Fig. 7B), the crenellations
exhibited a surface roughness characteristic of the layer thick-
ness because of light penetration within each layer. Despite
this characteristic surface roughness, distinct layers did not
develop, suggesting strong interlayer interactions and a
blending of layers during the print process. The physical pro-
perties of printed parts rival those seen in bulk gels,
suggesting a lack of anisotropy characteristic in traditional 3D
printed parts.

A top-down vat-photopolymerization system enabled the
fabrication of complex lattice structures with pillar widths
as small as 500 μm, depicted in Fig. 7C. TMAEA and NVP
system exhibit high G°

N, which facilitated the printing of
self-supporting geometries. Printing with 2 wt% TPO
without the addition of photo-blocker resulted in overcure

and structural imperfections within the lattice. With the
addition of 0.4 wt% BBOT, the polymerized area remained
within the area exposed to UV light, creating a lattice struc-
ture with high accuracy compared to the programmed CAD
design.

Vat polymerization of 1 × 1 × 1 cm cubes of each TMAEA
and TMAEA-co-NVP30 provided well-defined 3D parts for
shrinking and swelling studies. Fig. 8A depicts water-uptake of
TMAEA and TMAEA-co-NVP30 printed parts where both
exceeded 5000% uptake. TMAEA reached 9000% water-uptake
after 24 h owing to its higher ionic content compared to
TMAEA-co-NVP30.38,39 TMAEA-co-NVP30 also exhibited a larger
range of standard deviations because some samples did not
maintain a uniform shape and partially dissolved. Fig. 8B
depicts % shrinkage of each sample in the x, y, and z direc-
tions revealing an average of 17 and 13% isotropic shrinkage
of TMAEA and TMAEA-co-NVP30, respectively. The larger %
shrinkage in the neat TMAEA sample arose from the larger
wt% water content of the hydrogel before drying, 20 wt%, com-
pared to TMAEA-co-NVP30, 13.3 wt%. The varying shrinkage
rates of each sample and in each direction may have resulted
from non-uniform heating in the vacuum oven or variation in
the surface exposure to the vacuum, as one side was placed on
a porous surface.

Fig. 6 Hysteresis experiments at 100% elongation for five cycles of (A) TMAEA, (B) TMAEA-co-NVP10, and (C) TMAEA-co-NVP30 photopolymerized
films.

Fig. 7 (A) Vat photopolymerization of a rook with TMAEA using an Autodesk Ember. (B) SEM imaging reveals distinct crenellations and characteristic
surface roughness relative to layer thickness. (C) Top-down vat photopolymerization with TMAEA-co-NVP30 fabricated a complex lattice structure
with pillar widths as small as 500 μm.
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4. Conclusion

Fully-soluble 3D printed parts employing ionic interactions
resulted from vat photopolymerization additive manufacturing
processes. These fully-soluble, 3D printed parts represent a
new class of materials for high resolution, vat photo-
polymerization and this concept has the potential to enable
soluble support scaffolds. This report details the characteriz-
ation of water-soluble gels created through photo-
polymerization. A wide range of monomers afforded the devel-
opment of a broad spectrum of gel properties based on supra-
molecular interactions. TMAEA and NVP combinations
demonstrated tunable mechanical properties from TPEs to
engineering plastics. Furthermore, preliminary investigation
using a vat photopolymerization additive manufacturing
process produced parts with well-defined features and the
absence of defined layers, paving the way for future work to
examine the limits of resolution and properties afforded by
this process.
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