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ABSTRACT: Vat photopolymerization (VP) is a high-throughput
additive manufacturing modality that also offers exceptional feature
resolution and surface finish; however, the process is constrained by a
limited selection of processable photocurable resins. Low resin
viscosity (<10 Pa-s) is one of the most stringent process-induced
constraints on resin processability, which in turn limits the
mechanical performance of printed resin systems. Recently, the
authors created a VP-processable photosensitive latex resin, where
compartmentalization of the high molecular weight polymer chains
into discrete particles resulted in the decoupling of viscosity from
molecular weight. However, the monomers used to form the hydrogel
green body resulted in decreased ultimate material properties due to
the high cross-link density. Herein, we report a novel scaffold that
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allows for facile UV-based AM and simultaneously enhances the final part’s material properties. This is achieved with a chemically
labile acetal-containing cross-linker in conjunction with N-vinylpyrrolidone, which forms a glassy polymer after photocuring.
Subsequent reactive extraction cleaves the cross-links and liberates the glassy polymer, which provides mechanical reinforcement of
the geometrically complex VP-printed elastomer. With only a 0.1 wt % loading of photoinitiator, G’/G'’ crossover times of less than
1 s and green body plateau moduli nearing 10° Pa are obtained. In addition, removal of the hydrophilic and thermally labile scaffold
results in decreased water uptake and increased thermal stability of the final printed part. Ultimate strain and stress values of over
650% and 8.5 MPa, respectively, are achieved, setting a new benchmark for styrene—butadiene VP elastomers.

KEYWORDS: vat photopolymerization, reinforced elastomer, reactive extraction, latex, acetal, scaffold

1. INTRODUCTION

Vat photopolymerization (VP) is a high-throughput additive
manufacturing modality for 3D printing photocurable poly-
meric materials. VP provides superb surface resolution and
feature resolution, allowing for micron-scale control of
photocured geometries.' > However, the process imposes
certain limitations on photopolymer design. Specifically, the
recoating process performed between printing of each layer
requires a resin viscosity of ~< 10 Pa X s, which limits the
molecular weight of photopolymers to monomers and
oligomers due to the power law dependence of solution and
melt viscosity with respect to polymer molecular weight.”"" In
addition, each photocured layer must possess sufficient
mechanical strength to resist the shear forces of recoating,
support subsequent printed layers, and maintain part shape
and integrity. High cross-link densities are often employed in
VP to impart the necessary strength to the green body, which
are typically correlated to a shear modulus on the order of
10*~10° Pa.'>"" However, materials possessing high cross-link
densities exhibit low molecular weight between cross-links
(M,). The use of low molecular weight precursors in VP resins
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results in brittle behavior, as satisfactory elastomeric properties
are typically obtained through cross-linking preformed high
molecular weight polymers, which provides a higher M_. Thus,
a seemingly insurmountable compromise arises, that is, to
achieve facile printing, the final material must exhibit low
ultimate strain due to the trade-off between resin viscosity and
cross-link density.

Recently, our group developed a VP resin design approach
to mitigate the compromises traditionally imposed with
regards to printability versus final material properties.” Our
laboratories dissolved photoactive monomers into the aqueous
phase of a styrene—butadiene rubber (SBR) latex to generate a
photosensitive low viscosity resin. The decoupling of viscosity
from molecular weight afforded by sequestration of high
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molecular weight polymer chains into discrete nanoparticles
provided the basis for the low viscosity resin that exhibited
high M, after processing. Once VP generates a green body of
the desired shape, the latex particles coalesce upon thermal
treatment, forming a semi-interpenetrating network. This
process resulted in excellent elastomeric properties, setting a
new benchmark for additive manufacturing of SBR-based
elastomers of 500% ultimate strain and 5 MPa ultimate stress.

While VP provides access to novel architectures, combining
this printing modality with nanotechnology creates an
opportunity for advanced material development with regards
to tailored polymer nanocomposites. Polymer nanocomposites
continue to fascinate the scientific community, generating tens
of thousands of citations in 2020 alone. Carbon nanotubes,'*"?
graphene,14 silica,">™"” titanium dioxide,"® cobalt,"’ gold,zo’21
and clay””™** represent only a subset of the vast array of
inorganic nanomaterials utilized in these composites. Organic
nanomaterials such as cellulose,”*° chitin and chitosan,”’ and
synthetic polymers”® continue to sculpt the future of materials
research as well. These nanomaterials impart beneficial
properties such as molecular sensing capabilities,”"*"*°
increased membrane selectivity,”’ ~>* and enhanced mechanical
behavior.'”*****¢ In 2020, our group described a process for
fabricating UV-assisted direct ink write (UV-DIW) parts from
a hybrid colloid resin resulting in a mechanically reinforced
silica-SBR nanocomposite. This work demonstrated the
tremendous promise of merging the vast nanocomposite
literature with cutting-edge additive manufacturing techni-
ques."”

Photopolymerizable scaffolds continue to find novel uses in
additive manufacturing; however, no examples exist of in situ
generation of favorable components such as mechanical
reinforcing agents.”’ > For example, Zou et al. dissolved a
3D printed porous poly(vinyl alcohol) scaffold after filling the
structure with a bioink formulation, giving rise to a microfluidic
channel network architecture.”” Conversely, Park et al.
generated porous structures through extrusion of polycapro-
lactone and poly(ethylene glycol) (PEG) followed with
subsequent dissolution of the PEG to generate the micro-
pores.”' Herzberger et al. and Hegde et al. employed VP to
fabricate complex parts composed of all-aromatic polyimides
after thermal removal of the photopolymerized scaffold."”** In
all of these studies, the scaffold only served as a sacrificial
template for the final part geometry.

In this work, we challenge the paradigm that the scaffold
serves only as a sacrificial material. Instead, we design it to both
template the desired final geometry as well as impart beneficial
mechanical properties. Careful synthetic design facilitated
implementation of an acid-labile scaffold composed of acetal-
containing PEG cross-links with glassy polyvinylpyrrolidone
(PVP). Judicious monomer and photoinitiator selection
allowed for generation of a photosensitive SBR latex resin
that demonstrated colloidal stability and possessed appropriate
curing kinetics, green body strength, and viscosity suitable for
VP processing. Coalescence of the latex particles throughout
the swollen hydrogel formed through VP generated a robust
elastomeric part; however, the presence of the cross-linked
scaffold limited the ultimate mechanical properties obtained.
Reactive extraction of the VP part cleaved the labile cross-links
and resulted in a mechanically reinforced elastomeric nano-
composite exhibiting superb mechanical properties.

2. MATERIALS AND METHODS

2.1. Materials. Styrene—butadiene rubber (SBR) latex (Rovene
4176) was generously donated by Mallard Creek Polymers Inc. The
solids content of this latex was 50 wt %, with a particle diameter range
of 120—170 nm, and a viscosity of 400 cps as reported by the
manufacturer. The SBR copolymer was approximately 50/50 by
weight styrene and butadiene with a low level of carboxylic acid
monomer incorporated into the polymer and neutralized with
ammonia to enhance colloidal stability. The polymer contains a
high insoluble (gel) content from the polymerization process due to
intraparticle cross-linking during the polymerization process. 1-Vinyl-
2-pyrrolidinone (NVP) and poly(ethylene glycol) diacrylate (PEGDA
575, §75 g/mol), poly(ethylene glycol) (PEG 300, 300 g/mol)
dimethyl phenylphosphonite, 2,4,6-trimethylbenzoyl chloride, lithium
bromide (LiBr), 2-butanone, calcium hydride (CaH,), magnesium
sulfate (MgSO,), sodium bicarbonate (NaHCO;), para-toluene-
sulfonic acid monohydrate (p-TSA) 98.5%, (1S)-(+)-10-camphor-
sulfonic acid (CSA), ethylene glycol monovinyl ether, acryloyl
chloride, and diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide
(TPO) were purchased from Millipore Sigma and used as received.

2.2. Methods. 2.2.1. Synthesis of Water-Soluble Photoinitiator.
A lithium acylphosphinate salt (LAP) was synthesized according to
prior literature.**** In short, 2,4,6-trimethylbenzoyl chloride was
added dropwise to stirring dimethyl phenylphosphonite in an
equimolar amount under argon at 25 °C. The mixture was stirred
for 18 h, and then LiBr (4 equiv) dissolved in 2-butanone was added
to the reaction and heated to 50 °C. After 10 min, the mixture was
cooled to 25 °C and stirred for 4 h. The resulting mixture was filtered
and washed with 2-butanone, then dried at 25 °C under vacuum.

2.2.2. Synthesis of Chemically Labile Cross-linker. Poly(ethylene
glycol) diacetal diacrylate 586 g/mol (PEGdAdAc) was synthesized
according to prior literature. First, monovinyl ether ethylene glycol
acrylate was synthesized according to the procedure detailed by Jiang
et al.** Then PEG 300 was dissolved in dichloromethane (DCM) and
stirred over molecular sieves with monovinyl ether ethylene glycol
acrylate (2.2 equiv). The solution was chilled to 0 °C prior to the
addition of p-TSA (0.125 equiv) dissolved in THF. The reaction was
allowed to proceed for S0 min before quenching with saturated
aqueous NaHCOj solution. The resulting solution was extracted with
DCM three times. Then the organic layers were combined and dried
over MgSO,, filtered, and concentrated through rotary evaporation
until dry.

2.2.3. Photocurable Latex Preparation. Photocurable latex
formulations containing TPO were prepared as described in our
previous work.” For LAP containing formulations, a standard example
(4:1 SBR:scaffold, 1:1 PEGAAdACc:NVP (wt:wt)) is as follows.
Twenty milligrams of LAP was added to a 30 mL vial containing 20 g
of latex equipped with a stir bar. The vial was covered in aluminum
foil to minimize ambient light and vortexed to dissolve the LAP. In a
separate vial, 1.2 g of each scaffold monomer was added and vortexed.
The scaffold monomer mixture was added dropwise to the latex under
rapid stirring. The entire system was vortexed for 30 s after addition
was completed.

2.2.4. Analytical Methods. Differential scanning calorimetry
(DSC) was performed at 50 mL min™' N, flow rate with a 10 °C
min~! heating rate, and 80 °C min~' cooling rate on a TA
Instruments Q2000 equipped with a RCS 90 cooling system. The
glass transition ( Tg) values were determined using the universal
analysis software to measure the midpoint of the endothermic
transition on the second heating cycle. TGA was performed on a TA
Instruments Q500 under N, atmosphere with a 15 min isotherm at
100 °C and a 10 °C min™! ramp from 100 to 600 °C. '"H NMR
spectroscopy in D,O on a Varian Unity 400 MHz confirmed the
chemical structure of synthesized materials. Tensile experiments were
executed on an Instron SSO0R tensile tester at a strain rate of S0 mm
min~' at ambient temperature. Tensile specimens were fabricated
according to the procedure detailed in our previous publication.’
Photorheology was performed on a TA Instruments DHR-2 equipped
with a SmartSwap UV assembly with 20 mm aluminum upper plate,
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20 mm quartz lower plate, and Omnicure S2000 high-pressure
mercury light source (320—500 nm filter). UV intensity was measured
with a Silverline radiometer and 20 mm sensor attachment for the
quartz parallel plate. Data were gathered at a 500 ym gap, 0.2% strain,
and 1 Hz. UV radiation was applied at an intensity 250 mW/cm? for
120 s after a 30 s delay. The rheometer was set to maintain 0 N axial
force within a 1 N tolerance through slight adjustments in gap size.
Samples were run under air without purge of inert gas. All samples
were run in triplicate to ensure consistency and reproducibility of this
technique. Plateau storage moduli values were calculated from the last
20 s of the G' curve; moduli crossover (G'/G”) values were
determined using the dedicated feature in TA Instruments TRIOS
software. Gel fractions were determined as the difference in dry
weight before and after 24 h extraction and averaged over three
replicates.

2.2.5. Water Uptake Determination. Materials were dried at 70 °C
under vacuum for 24 h prior to analysis. Upon removal from the
vacuum oven, the samples were sealed in dried vials and then
transferred and loaded into a TA Instruments TGA-SA QS5000. A
given sample was then dried within the instrument at 60 °C and 0%
relative humidity (RH.) for 1 h prior to a 450 min isohume at 95%
R.H. and 25 °C. The final water uptake value is reported.

2.2.6. Scaffold Removal Quantification. A 1 L beaker equipped
with a stir bar covered with a grate was filled with 1 L of 0.05 M CSA
in CHCL;—IPA solution and capped with a glass plate. The
CHCI;:IPA was varied from 0:100 to 50:50 (V/V%). Materials
were submerged in the acidic solution for 24 h at 50 °C under mild
stirring. Then the reactively extracted materials were submerged in a
neutral CHCL;—IPA solution for 4 h, then washed with neutral
CHCI;—IPA solution and thoroughly washed with DI water. Finally
the samples were dried at 70 °C under vacuum for 24 h prior to
analysis. Scaffold removal was quantified gravimetrically as the
difference in dry weight before and after the extraction procedure,
accounting for the previously determined gel fraction. Pure latex
elastomeric films demonstrated less than 1 wt % weight loss when
subjected to the same reactive extraction procedure.

2.2.7. Vat Photopolymerization of Photocurable Formulations.
The 3D printed specimens were fabricated with a custom-built vat
photopolymerization AM system equipped with a high-resolution
projector composed of a 1080p Texas Instrument digital micromirror
device (DMD; 0.65”). UV exposure on the resin surface was gray-
scaled using the DMD to compensate for the colloidal resin scattering
the UV irradiation, as detailed in our previous work.” The projector is
illuminated with a Dymax Bluewave 75 spot-cure lamp with an
emission range from 350 to 500 nm. The maximum projected
intensity is estimated at 22 mW/cm? DLIinnovations-DLP6500
optics create a projection size of 61 X 34 mm?, and a pixel size of 31
um. All specimens were exposed for 30 s/layer.

3. RESULTS AND DISCUSSION

Our laboratories pioneered the vat photopolymerization (VP)
of high molecular weight polymers through compartmentaliza-
tion of the polymer chains into discrete nanoparticles, which
allowed for a low viscosity medium suitable for VP involving a
recoating step.*® Subsequent dissolution of photoactive
monomers into the aqueous phase provided the necessary
photosensitivity.” This photoactive latex formulation provided
a platform for generation of complex geometric structures
composed of tough elastomeric material exceeding 500%
ultimate strain and S MPa ultimate stress. However, the
retention of the hydrophilic scaffold formed through the
polymerization of the photoactive monomers resulted in
unfavorable hygroscopicity. In addition, the cross-link density
of the photopolymerized scaffold expressed a direct relation-
ship with the storage modulus of the green body but
demonstrated an inverse relationship with the ultimate strain
exhibited by the final material. Generation of a green body with

sufficient strength to survive the recoating process involved in
VP required a high scaffold cross-link density, yet a low
scaffold cross-link density was desired to achieve greater
elastomeric properties. This inspired the work described
herein, where the results obtained from performing a reactive
extraction procedure on a system using a chemically labile
acetal-containing cross-linker, shown in Figure 1a, are detailed.
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Figure 1. Chemical structures of scaffold monomers and photo-
initiators used in this study (a) poly(ethylene glycol) diacetal
diacrylate (PEGdAdAc) with acetal linkages highlighted in green,
(b) NVP, (c) TPO, and (d) LAP.

In previous studies, an intermediate monomer ratio of 1:2.5
(wt:wt) of cross-linker (PEGDA) to NVP provided sufficient
mechanical integrity to the green body to allow for printing
while still allowing for greater than 500% ultimate strain in the
final material. The inspiration to use a chemically labile cross-
linker arose from the aforementioned compromise between
printability and final material properties. We hypothesized that
using a chemically labile cross-linker would allow for both
facile manufacturing as well as provide desirable final material
properties. A high cross-link density scaffold would template
the geometry during VP, and then the selective cleavage of the
acetal-containing cross-links in a postprocessing step would
impart increased ultimate strain. The effect of cross-link
density on the shear storage modulus (G’) of the green body
was deduced through photorheology, and the results are
displayed below in Figure 2a. Using the previously optimized
ratio of 1:2.5 PEGdAdAc:NVP resulted in a plateau modulus
~10* Pa; however, using the newly viable ratio of 1:1
PEGdAdAc:NVP resulted in a plateau modulus nearly an
order of magnitude greater. This correlates to more facile
manufacturing with regards to VP, as the printed hydrogels are
more robust to layer recoating and to handling during
postprocess removal and cleaning.

To increase the shelf life and impart consistent photo-
sensitivity to the photoactive formulation, the legacy photo-
initiator (PI) TPO was reflaced with a previously reported
water-soluble analog, LAP.****” The successful synthesis of
LAP, confirmed through 'H, 3C, and 3'P NMR spectroscopy,
provided a pure compound capable of initiating the photo-
polymerization of vinyl compounds (Scheme SI and Figures
S1-S3). However, LAP is a salt and it is well-known that the
addition of salt to aqueous medium decreases the Debye
length."®™>° As the latex of interest is an electrostatically
stabilized colloid, decreasing the Debye length may result in
destabilization of the colloid through screening of repulsive
electrostatic interactions and cause premature aggregation of
the particles. The manifestation of this phenomenon is visible
in Figure 2¢ and d, where a loading of 0.1 wt % LAP provided
in a homogeneous and translucent film. On the contrary, a
loading of 1.0 wt % LAP resulted in a heterogeneous and
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Figure 2. Photorheological profiles of photocurable latex formulations with (a) variable cross-linker concentration and (b) variable photoinitiator
loading with corresponding pictures for (c) 0.1 wt % LAP loading and (d) 1.0 wt % LAP loading.

opaque film. Photorheological analysis over an order of
magnitude range of PI loading deduced that a loading of 0.1
wt % LAP would not only maintain colloidal stability but also
provide extremely fast crossover times of ~1 s and gel fractions
near 90 wt %. These characteristics detailed in Table 1 are
quite favorable for VP manufacturing.

Table 1. Summary of Photorheological Data and Gel
Fractions of Photopolymerized Films Containing Variable
Cross-linker and PI Loadings

LAP plateau gel
content  crossover time modulus” fraction®
PEGdAdAc:NVP  (wt %) G'/G' (s+06) (kPa =+ o) (wt %)
1:1 0.1 1.0 £ 0.5 81 +3 91
1:2.5 0.1 1.0 + 0.5 16 +1 90
1:2.5 0.5 1.0 + 0.5 18 + 4 89
1:2.5 1.0 1.0 + 0.5 20+ 1 90

“Determined through parallel plate photorheology. YDetermined
through 24 h Soxhlet extraction in tetrahydrofuran.

Scaffold degradation requires additional composition and
postprocessing method design beyond the requirements of
photocurability. After extensive screening, a solution of 0.05 M
(1S)-(+)-10-camphorsulfonic acid (CSA) in IPA and CHCI,
demonstrated the most promising results, which are shown in
Figure 3. Systematically varying the ratio of IPA:CHCl; v/v

100
90 4 T
80 4 ot
70 - et
60 - o

01 =

a0] /

304

20 -

10 -

0 T T T T T
0 10 20 30 40 50

CHCI, : IPA (V/V%)

Scaffold Removed (wt%)

Figure 3. Chloroform content of acidic reactive extraction medium
dictates magnitude of scaffold removal.

18968

enabled an optimized degree of part swelling to facilitate
extraction without damaging the printed geometry. While a
50:50 v/v IPA:CHCI; reactive extraction medium resulted in
near quantitative removal of the scaffold, the medium swelled
the elastomer drastically and ruptured the material. Con-
versely, a 95—5 v/v IPA-CHCI, solution swelled the material
minimally, thus preserving geometric complexity and material
integrity while enabling efficient extraction throughout the
part. Thus, the 95:5 v/v IPA:CHCl; medium was chosen for
subsequent studies.

Figure 4a depicts the thermogravimetric profiles from
subjecting the materials to varying extraction conditions.
Fabrication of the pure scaffold was performed through curing
NVP and PEGdAdAc with a 1:1 w/w ratio, in the absence of
the latex, and extracting the resulting polymer with a neutral
95:5 v/v IPA:CHClI, solution. Fabrication of the pure latex was
performed through casting a film of the latex directly obtained
from the manufacturer and extracting the polymer with a
neutral 95:5 v/v IPA:CHCI,; solution. Fabrication of the VP
elastomers subjected to neutral and acidic extractions is
described in the experimental section. It is clearly shown that
the acetal-containing scaffold displays a much lower degrada-
tion temperature, exhibiting a Ty, 75 °C lower than the pure
latex elastomer. This is consistent with previous studies of
acetal-containing homopolymers, which lose over 70% of their
mass when subjected to a 230 °C isotherm.”" After extraction
with acidic medium, the thermogravimetric profile of the VP
elastomer shifted to overlay completely with the pure latex
elastomer, thus demonstrating successful removal of the acetal-
containing portions of the polymer. DSC analysis of the
polymers demonstrated a single T, at —24 °C, supporting the
claim that there is no significant phase mixing between the
scaffold and latex elastomer or chemical modification of the
elastomer due to the reactive extraction process.

Retaining the hydrophilic scaffold in the VP elastomer
resulted in an increased tendency to absorb water from the air,
or equivalently, hygroscopicity. Hygroscopicity is often
unfavorable in VP parts and industrial elastomers due to the
resulting dependence of mechanical properties on humidity as
well as dimensional changes due to swelling.’>>> The scaffold
used in this work is quite hydrophilic; it demonstrates over 70
wt % water uptake water when subjected to a 95% R.H.
isohume, shown in Figure Sa. Figure 5b demonstrates how a
neutral extraction of the scaffold-containing elastomer resulted
in water uptake intermediate to the pure scaffold and pure
latex. However, after reactive extraction processing, the
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extraction elastomeric films. (a) All materials and (b) excluding the pure scaffold for clarity.

elastomer water uptake profile collapses to the profile of the
pure latex. This extraction process thus imparts greater water
resistance to printed objects, with respect to mechanical
properties and geometric fidelity, through decreased hygro-
scopicity.

Tensile analysis of the acid-extracted VP elastomer,
displayed in Figure 6 and summarized in Table 2,
demonstrated mechanical reinforcement when compared to
the stress—strain profiles of the pure latex. The acid-extracted
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Figure 6. Stress—strain profiles of photopolymerized materials
subjected to different extraction conditions as well as the pure latex,
accompanied by a representative photo of a tensile specimen punched
from the reactively extracted elastomeric film.
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Table 2. Summary of Mechanical Properties Obtained
through Tensile Analysis of Photopolymerized Materials
Subjected to Different Extraction Conditions as Well as
Pure Latex

neutral 5% acidic 5%

sample CHCl, CHCl, pure latex
ultimate strain (% + o) 450 + 30 670 + 20 780 + 90
ultimate stress 6.5 + 0.6 85+ 1.1 57+03

(MPa =+ o)

VP elastomer averaged an ultimate strain of over 650% and an
increase in ultimate stress of nearly 50% compared to the pure
latex. This phenomenal ultimate strain coupled with a high
ultimate stress provides a new benchmark for additively
manufactured elastomers, surpassing previous state-of-the-art
materials’ by 150% ultimate strain. The increase in stress is
explained through considering the nature of the monomers
used in the scaffold. The acid-cleavable acetal linkages in the
cross-linker flank an oligomeric PEG species. Cleavage of the
acetal linkage results in removal of the oligomeric PEG but
allows for variable retention of the polymerized NVP
dependent upon the extraction conditions. PVP is a glassy
amorphous polymer under ambient conditions with a reported
T, ranging from 120 to 180 °C,** and Hourston et al.
demonstrated previously that glassy polymers act as reinforcing
fillers in latex-based elastomers.

To further confirm that the mechanical reinforcement is
derived from a matrix—filler like interaction, investigations into

https://doi.org/10.1021/acsami.2c03410
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Scheme 1. Photographic Flowchart of Subjecting a Vat Photopolymerized Print to Particle Coalescence and Reactive
Extraction Process Demonstrating Retention of Geometrical Complexity
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the Mullins effect were performed. Figure 7a sets a baseline for
these studies. The pure latex was subjected to successively
increasing maximum strains with a 30 s rest at 0% strain
between each subsequent cycle. The material demonstrated
almost perfect overlap of stress—strain profiles for successively
increasing strains. When considering Figure 7b, stress-soften-
ing is clearly observed. In other words, the acid-extracted VP
elastomer displayed a lower stress at the same strain during
subsequent strains. For example, the 200% strain test displayed
a stress of 0.5 MPa at 25% strain, whereas the prior 50% strain
test displayed 1 MPa stress at 25% strain. The stress-softening
occurs to an extent where the material begins to overlay with
the pure latex, demonstrating that the matrix begins
dominating the mechanical properties. It is clear that there is
an interaction between the filler and the matrix that is
disturbed upon mechanical deformation, which is consistent
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with the Mullins effect."”>> Figure 7c confirms that this
phenomenon is of noncovalent origin, as a simple isothermal
treatment at 70 °C for 24 h under reduced pressure causes the
material to fully recover and the stress-softening phenomenon
is observed again. As the thermal treatment is performed at a
temperature far below the reported T, of PVP, the stress-
recovery is attributed to movement of the matrix polymer
chains. It is worthy to note that the acid-extracted VP
elastomer not only outperformed the neutral extraction by over
200% ultimate strain but also demonstrated over 30%
increased ultimate stress. We postulate that liberation of the
glassy PVP from the cross-linked scaffold results in enhanced
matrix—filler interactions compared to the neutral extracted VP
elastomer. However, detailed morphological investigations
were outside the scope of this study and are the focus of
future work.
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The reactive extraction process not only generates
reinforcing agents in situ for these VP elastomers but also
allows for retention of geometric complexity, as shown in
Scheme 1. First, a 3D part was fabricated from the photoactive
resin through VP printing. Drying of the part results in
coalescence of the latex particles throughout the hydrogel
Subsequent reactive extraction reduces hygroscopicity and
improves mechanical properties through cross-link removal
and reinforcing agent generation. The resulting AM part
retains the resolution afforded through VP, thus demonstrating
the viability of this novel photoactive resin for fabrication of
geometrically complex reinforced SBR elastomers.

4. CONCLUSIONS

A novel photocurable and acid labile scaffold was used to
fabricate geometrically complex parts through VP and yield
mechanically reinforced SBR elastomers. These elastomers
exhibited superb mechanical properties as demonstrated
through ultimate strain and stress values over 650% and 8
MPa, respectively, setting a new benchmark for additively
manufactured SBR-based elastomers. Synthetic design of
water-soluble photopolymerizable monomers provided acid
labile functionalities through incorporation of acetal linkages
into the cross-linking agent. These acid labile connections were
degraded through a reactive extraction process after
coalescence of the latex particles throughout the photo-
polymerized hydrogel. This allowed for partial removal of the
scaffold and decreased hygroscopicity of the VP elastomer
while simultaneously facilitating in situ generation of
mechanical reinforcing agents. Partial retainment of the
scaffold in the final part resulted in an elastomeric nano-
composite and provided mechanical reinforcement due to the
glassy nature of the photopolymer. Careful selection of the
reactive extraction medium allowed for retention of geo-
metrical complexity afforded by the VP process. This work
represents the first to design a degradable scaffold system for
additive manufacturing of elastomers that results in enhanced
final material properties as opposed to the current paradigm
that the scaffold serves only as a sacrificial material for
geometry definition.
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