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ABSTRACT: Polydimethylsiloxane (PDMS) or silicone elasto-
mers have garnered considerable attention in the field of medical
device applications due to their superior thermal stability. However,
conventional manufacturing techniques for silicone elastomers
suffer from drawbacks such as cost, lengthy production time, and
inherent difficulties in fabricating complex structures. To address
these limitations, photosensitive polydimethylsiloxane urethane
methacrylate (PDMSUMA) oligomers were synthesized, and their
curing behaviors were specifically investigated for vat photo-
polymerization 3D printing applications. The study focused on
exploring the impact of weight ratios between poly(ethylene glycol)
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dimethacrylate (PEGDMA) and 2-hydroxyethyl methacrylate (HEMA) in the PDMSUMA resin formulation. The addition of
PEGDMA as a reactive diluent was found to enhance the printability of the PDMSUMA resin and decrease its viscosity. Thermal,
mechanical, and shape memory properties of the 3D-printed specimens were examined. Our findings demonstrate the potential of
PDMSUMA resins for developing customizable shape memory materials with tailored properties.

1. INTRODUCTION

Shape memory polymers (SMPs) are polymeric smart
materials that can regain their original shape in response to
external stimuli, such as temperature, light, electricity,
magnetism, or moisture.' > When compared to shape memory
alloys, SMPs offer more efficient deformation performance,
reduced material usage, and lower processing costs." SMPs
possess desirable properties, such as low density, low activation
temperature, high elastic deformation, and promising bio-
compatibility and biodegradability. These properties enable
SMPs to find applications in biomedicine, including self-
tightening sutures, fasteners, and drug delivery carriers.” "'

Thermoplastics, thermosets, and recently developed ther-
mal-adapt polymeric materials are commonly used in
SMPs."”~"* For many years, researchers have been drawn to
thermoplastic SMPs due to their reprocessability, as well as
their simplicity and freedom in chain structure and perform-
ance design. Although thermoplastic SMPs can be reprocessed,
they frequently have poor shape fixity and recovery. Because of
their structural stability, thermoset SMPs typically outperform
thermoplastic materials in shape memory performance and
endurance. However, their molding and machining techniques
limit the complexity of the original shapes.

Conventionally, thermoresponsive SMPs are processed to
return to their original shape. The polymer is initially deformed
and then fixed in the temporary shape through a programming
process involving heating, deforming, and cooling of the
specimen. Heating the SMP above its transition temperature
enables recovery of the stored, original shape. On cooling
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below the transition temperature, the material solidifies, but
the temporary shape is not visible. This phenomenon is known
as the one-way shape memory effect. The temporary shape can
be reprogrammed through further processes, including
mechanical deformation, leading to a new temporary shape.
An elastomer can exhibit shape memory functionality if it
can be stabilized in a deformed state within a relevant
temperature range for its intended application, which can be
achieved by utilizing the network chains as a type of molecular
switch, where the flexibility of the segments is temperature-
dependent. One possible means of achieving this switch
function is by utilizing the thermal transition of the network
chains within the temperature range of interest. Above the
transition temperature, the chain segments are flexible, while
their flexibility is at least partially limited below this thermal
transition. For a transition from the rubber-elastic or viscous
state to the glassy state, the entire segment’s flexibility is
limited. Fixation of the temporary shape can be achieved
through strain-induced crystallization of the switching segment
upon cooling above the transition temperature. However, the
achieved crystallization is incomplete, allowing for a certain
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number of amorphous chains. These crystallites prevent the
segments from immediately reforming the coil-like structure
and spontaneously recovering the original shape.'”

Polydimethylsiloxane (PDMS) or silicone elastomers are
widely used materials in biomedical applications due to their
biocompatibility and low or nearly noncytotoxicity.'®™"’
Silicone elastomers are generally fabricated through plati-
num-catalyzed hydrosilylation, condensation, or peroxide-
initiated radical reactions. They are all thermocuring; thus,
rigid molds are generally needed to fabricate final products.
Traditional manufacturing technology for silicone elastomers is
costly and time-consuming, and it is unable to fabricate objects
with complicated structures. The emergence of the 3D printing
technology has enabled the fabrication of complex structures.
Thus, many researchers have been trying to fabricate silicone
elastomers through inkjet, direct Writin§, extrusion-based, and
embedded 3D printing technologies.”’ > However, limited
printing resolution remains a challenge in the existing printing
methods.

By using multimaterial 3D printers, the new process for 4D-
printable SMPs has been extensively demonstrated.”**> The
placement of the materials and the designs are extrinsic
elements in multimaterial printing that influence how much
the SMP will alter. The interaction of various materials is
prone to interfaces and differing physical qualities such as
thermal expansion, which tend to cause cracks at the
boundaries and reduce the endurance of the parts.”® The
development of fabricating single SMPs with stereolithography
(SLA), one of the most well-known liquid-based additive
manufacturing methods, has the advantage of creating parts
with excellent surface finish and high resolution. Its open build
environment and readily accessible resin vat allow for complete
material development freedom.””*® However, the commercial
availability of liquid resins suitable for SLA is limited and takes
a long time for production. To overcome this drawback, the
production of 3D objects using mask stereolithography
(mSLA) was developed, which is based on the selectively
controlled solidification of liquid printing materials via
photopolymerization controlled by an LCD screen, in which
a UV light pattern is illuminated on the printing materials in
the material vat. After curing the printing materials in the
pattern region to form a thickness of materials on the building
plate before rising, the building plate was moved down and the
cured layer was resurfaced by printing materials. This process
was continued until all 3D objects were printed. Although the
readily accessible polymers have shape fixity and recovery
capabilities, the thermomechanical degradation of the shape
memory cycle life has rarely been examined. This determines
whether the polymers can fulfill the requirements of industrial
applications where the resilience of the shape memory
performance over several cycles is essential.”®

In this study, a photosensitive polydimethylsiloxane
urethane methacrylate (PDMSUMA) resin was synthesized
and characterized for mSLA 3D printing. PDMSUMA was
formulated with a mixture of PEGDMA/HEMA at different
weight ratios, and a 3 wt % photoinitiator was added to create a
photosensitive resin. All test specimens were 3D printed using
an mSLA 3D printer, and their mechanical, thermal, and shape
memory behaviors were investigated.

2. EXPERIMENTAL SECTION

2.1. Materials. Hydroxy-terminated polydimethylsiloxane
(PDMS—OH, M, ~ 550), isophorone diisocyanate (IPDI,
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98%), 2-hydroxyethyl methacrylate (HEMA, 99%), and
poly(ethylene glycol) dimethacrylate (PEGDMA, M, ~ 750)
were purchased from Sigma-Aldrich. Diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO, 99%) was purchased
from Tokyo chemical industry.

2.2, Synthesis of PDMSUMA Oligomers. Silicone
urethane methacrylate prepolymer was synthesized with two-
step polymerization. The stoichiometry of the synthesis
reaction was 2:2:1 of isophorone diisocyanate (IPDI), 2-
hydroxyethyl methacrylate (HEMA), and hydroxy-terminated
polydimethylsiloxane. A four-necked glass reaction flask
equipped with a reflux condenser and a nitrogen gas inlet
system was used. PDMS was placed into the reactor, then IPDI
was added dropwise with stirring at 60 °C under a N,
atmosphere. The reaction was kept running for 2 h, and
then, HEMA was added dropwise to the solution while the
mixture was stirred continuously. The reaction was continued
until the absorption peak of the NCO group at 2270 cm™
(traced by Fourier transform infrared spectroscopy, FTIR) has
disappeared. The polymerization reaction procedure and
chemical structures of the final product are schematically
illustrated in Scheme S1.

2.3. Resin Formulation Design. The synthesized silicone
urethane methacrylate oligomers (PDMSUMA) have a high
viscosity that necessitates using of a cross-linker as a reactive
diluent. The cross-linkers are often acrylic monomers which
can also take part in the cross-linking reaction and promote the
network structure. In this study, we aimed to investigate the
effects of different weight ratios of PEGDMA and HEMA in
the formulated PDMSUMA resin. The PDMSUMA and
diluent were mixed in a fixed weight ratio of 70:30, while
the PEGDMA and HEMA were mixed in varying weight ratios,
including 100:0, 90:10, 80:20, 70:30, 60:40, and 50:50. The
resulting blends were characterized by their physical properties.
The diluents used in this study were a combination of
monofunctional (HEMA) and bifunctional (PEGDMA) acrylic
monomers at different weight ratios. Synthesized PDMSUMA
oligomers were mixed with combined cross-linker and TPO (3
wt %) as an initiator for 2 h. After homogeneous mixing, the
PDMSUMA photopolymer resin was kept to use as our 3D
printing resin.

2.4. Fabrication of 3D-Printed Specimens. A masked
stereolithography (mSLA) 3D printer, Phrozen sonic mini 4K
(Hsinchu, Taiwan), was used to fabricate the 3D-printed
specimen. The test specimen was designed using Fusion 360 as
the CAD software and Chitubox as the slicer software. The
parameters for mSLA 3D printing, as detailed in Table I,
remained consistent across all of the PDMSUMA photo-
sensitive resin formulations. Subsequently, we conducted

Table 1. mSLA 3D Printing Parameter Setup for All
PDMSUMA Photosensitive Resin Formulations

parameter value
light source wavelength (nm) 405
layer height (mm) 0.05
bottom layer count S
lift and retract distance (mm) 6
lift and retract speed (mm/min) 60
support enable
antialiasing enable

https://doi.org/10.1021/acsomega.3c08102
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optimization to determine the exposure time required for
curing a 50 um layer thickness.

2.5. Chemical and Physical Characterization of
PDMSUMA Resins. 2.5.1. Fourier Transform Infrared
Spectrometry (FTIR) Analysis. To compare and analyze the
functional group of synthesized materials, an analysis was
performed using a Thermo Fisher Scientific, Nicolet 1SS0,
Fourier transform infrared spectrometer (Massachusetts). The
synthesized materials were scanned over the range of
wavenumber 4000—400 cm ™.

2.5.2. Nuclear Magnetic Resonance (NMR) Analysis. 'H
NMR and "*C NMR spectra were recorded by using a Bruker
500 MHz nuclear magnetic resonance spectrometer (Massa-
chusetts). Deuterated chloroform (CDCl;) was used as a
reference solvent. "H NMR and "*C NMR of silicone urethane
monomer and silicone urethane methacrylate monomer were
recorded for confirmation of chemical structure of reaction
products.

2.5.3. UV—vis Absorbance Analysis. The UV absorbance of
the synthesized 3D printing materials was performed using a
LabTech BlueStar B UV—vis spectrophotometer (Massachu-
setts) with absorbance spectra 300—600 nm in 1 nm steps by
focusing on the absorbance on wavelength 405 nm that is the
recommended condition for 3D printing.

2.5.4. Viscosity. The viscosities of pure PDMSUMA and
formulated PDMSUMA with PEGDMA were determined
using a Brookfield DV-II+ viscometer (Toronto, Canada) at
room temperature.

2.6. Curing Characterization. To measure the curing
depth (C,) for plotting Jacobs working curves,” the
formulated PDMSUMA resins were exposed to 405 nm light
with S mW cm™ intensity (E,,,,) for 10 exposure times from 1
to 10 s. After exposure, the uncured photopolymer resin was
rinsed with isopropyl alcohol (IPA), and the cured film layer
was carefully dried with compressed air, and the thicknesses
were measured using a digital caliper with a 0.01 mm precision.
For each resin composition, a straight line was fitted to the
Jacobs working curve as a logarithmic-linear plot with
thicknesses of cured film or C; on the y-axis and exposure
time on the x-axis. The slope of the Jacobs working curve is the
penetration depth (D,) in ym and calculation E_ by the Jacobs
equations

¢, =ny (Eax]
= n| ——
R M

2.7. Physical Characterization of 3D-Printed Speci-
mens. 2.7.1. Dimension Accuracy. The 3D-printed samples
were subjected to precise measurements and subsequent
comparison with the corresponding CAD 3D model. The
measurements encompassed the total length, width, and
thickness of each individual specimen.

2.7.2. Thermogravimetric Analysis (TGA). Thermal stability
measurements for all formulated PDMSUMA resins were
carried out using a Mettler Toledo, TGA/DSC 3+ (Greifensee,
Switzerland). The 3D-printed samples were heated from 30 to
600 °C, under a nitrogen atmosphere with a scanning
temperature rate of 10 K/min.

2.7.3. Thermomechanical Analysis. Thermomechanical
behavior of the 3D-printed specimens was determined with
dynamic mechanical analysis (DMA) using a Thermo Fisher
Scientific HAAKE MARS rheometer (Massachusetts) in the
DMA mode with a solid clamp. Samples were 3D printed as
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rectangular bars (30 mm X 6 mm X 2 mm), and the
measurements were carried out at the frequency of 5 Hz with a
heating rate of $ °C min™" over a temperature range of 25—200
°C. The storage modulus (E’), loss modulus (E”), loss factor
(tan §), and glass-transition temperature (T,), defined by the
temperature at the maximum in the loss factor signals of the
samples, were determined.

2.7.4. Gel Content. The measurements were performed with
a Soxhlet extractor using THF as a solvent for 24 h to
completely remove the uncross-linked constituents. The
specimens removed from the Soxhlet were dried in a vacuum
oven for an hour. The average gel contents (wt %) were
calculated according to eq 2, where m is the initial specimen’s
weight and m, is the mass of extracted specimens after drying
in an oven.

my
gel content = — X 100%
my 2)
2.8. Investigation of Shape Memory Behavior of 3D-
Printed Specimens. The shape memory behavior of the 3D-
printed specimens in terms of shape fixity ratio (R;) and shape
recovery ratio (R,) was investigated using a Thermo Fisher
Scientific HAAKE MARS rheometer (Massachusetts) with a
solid clamp in the creep and relaxation mode. As shown in
Figure 1, the testing procedures are set as follows:

I

Figure 1. Diagram of a control force cyclic testing on a SMP.

(1) Heating a sample to 15 °C above T, at a rate of 5 °C
min~! and maintaining isothermal for 1 min. Then
deforming the sample by using creep with stress at 250
Pa for 5 min to correct strain changed.

(2) Reducing the temperature to 25 °C at a rate of S °C
-1
min~",

(3) Removing of force and maintaining isothermal for 5 min
and then measurement of strain relaxation for S min.

(4) Reheating the sample at 5 °C min™" to 15 °C above T,
and maintaining isothermal for 1 min and then
measurement of strain relaxation for 5 min again.

(5) The test was repeated from step (1) for 3 times.
The shape fixity ratio R; can be defined as the ability of the

switching component to fix the mechanical deformation that
has been applied during the programming process. It is
measured as the ratio of the strain &, measured upon removal
of the load after cooling to the strain &, that was applied at a
temperature above T, and N was the number of cycle
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Figure 2. (a) FTIR spectra of IPDI, PDMSU, and PDMSUMA; (b) viscosity of pure PDMSUMA and formulated PDMSUMA with PEGDMA;
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The shape recovery ratio R, quantifies the ability of the
material to memorize its permanent shape and is a measure of
how much applied strain is recovered upon reheating. It can
also be defined as the ratio of the difference between the initial
strain (¢,,) applied at the deformation step and the final strain
(sp) measured after completion of the recovery step to the
initially applied strain and N was the number of cycle

€m — &,(N)

—F X 100
en — &(N = 1)

Rr(%) =
(4)

3. RESULTS AND DISCUSSION

3.1. Characterizations of Synthesized Silicone Ure-
thane Methacrylate (PDMSUMA) Oligomers. Figure 2a
presents the FTIR spectra of the synthesized PDMSUMA and
its precursors. The FTIR spectrum of IPDI showed the most
intense peak at 2233.66 cm™!, which is attributed to the
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characteristic isocyanate (—NCO) groups attached to the IPDI
molecule. The NCO group is essential for the use of IPDI as
an intermediate in polyurethane production. The spectrum
also displayed sharp peaks at 2940 cm™, corresponding to the
C—H stretching of the IPDI molecule.”® For PDMSU and
PDMSUMA, the FTIR spectra revealed the urethane group
N-H stretching (hydrogen-bonded) and —OH group
absorption bands visible at 3250—3550 cm™, and N—H out-
of-plane bending vibrations combined with C—N stretching at
1528—1542 cm™". The peaks identified as CH, and CH; were
at 2855—2955 cm™'. The absorption peaks observed between
1707 and 1726 cm™' were attributed to the stretching
vibrations of the NH—CO—O groups, both in their free and
hydrogen-bonded forms.”' ~>* Additionally, two characteristic
peaks at 1139 and 1074 cm ™" indicated the presence of Si—O—
Si and Si—O—C groups, respectively.”* The emergence of
bands at 3350 and 1727 cm™! indicated that the isocyanate
groups (—NCO) in the prepolymers had reacted with the
hydroxyl groups (—OH) to form urethane linkages (NH—
CO-0). The FTIR spectra of PDMSU intermediate

prepolymers displayed a distinctive peak at 2272 cm™,

https://doi.org/10.1021/acsomega.3c08102
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Figure 3. (a) Working curve of cure depth vs exposure time for the different PDMSUMA formulations. (b) Penetration depths (Dp) and the critical
exposure (E.) values of formulated PDMSUMA with varying cross-linker. (c) Test-printed samples obtained at different exposure times. (d) 3D-
printed complex geometry (rook tower) using the D8020 PDMSUMA resin.

indicating the presence of an unreacted isocyanate. However,
in PDMSUMA, this distinct peak was significantly diminished
and nearly absent, signifying the successful reaction of NCO
groups and hydroxyl groups.””****7%" Nevertheless, it is
important to note that FTIR spectroscopy alone cannot
definitively confirm the structural composition. Therefore, to
establish a more comprehensive understanding and validate the
existence of chemical bonds, NMR spectroscopy was employed
for further investigations.

The chemical structures of PDMSU and PDMSUMA were
also verified by "H NMR spectra as shown in Figure S1. The
peaks at 0.06—0.26 ppm (A) were attributed to CH, groups of
PDMS, while the peaks at 0.92—1.18 ppm (B), 1.51—2.07 ppm
(C), 2.87-3.90 ppm (D), and 4.54—4.82 ppm (E)
corresponded to IPDL** For PDMSUMA, the 'H NMR
spectrum confirmed the attachment of methacrylates in
PDMSU. The peaks at 0.03—0.22 ppm (A) were attributed
to CH, groups of PDMS, while the peaks at 0.86—1.00 ppm
(B), 1.65 ppm (C), 2.85—3.06 ppm (E), and 3.66—3.85 ppm
(F) also corresponded to IPDI. New characteristic peaks were
observed at 1.88 ppm (D) corresponded to the CH, group of
HEMA in PDMSUMA. The CH, groups attached to the ester
oxygen atom of HEMA (—COO—CH,—CH,—) were detected
at 425 ppm (G), and the peaks at 5.53 and 6.08 ppm (H),
(5.56—5.59 (C=CH,, trans), 6.11—6.13 (C=CH,, cis)), that
were assignable to the existence of the methacrylate group in
PDMSUMA.***

In addition, the *C NMR spectra of PDMSU are presented
in Figure S2. The peaks at 0.08—0.95 ppm (A) were attributed
to CH, groups of PDMS, while the peaks at 23.42—36.52 ppm
(B), 44.47—57.01 ppm (C), 121.93 ppm (D), and 153.62 ppm
(E) corresponded to IPDL*’ For PDMSUMA, the '*C NMR
spectrum also confirmed the attachment of methacrylates in
PDMSU. The peaks at 0.36—0.84 ppm (A) was attributed to
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CH, groups of PDMS, while the peaks at 23.22—31.78 ppm
(C), 34.94—36.40 ppm (D), and 42.51—-56.92 ppm (E) also
corresponded to IPDI. The resonances of C=0O groups were
appearing at 155.56—156.78 and 167.30 ppm (I) due to the
complete disappearance of N=C=0 groups at 121.93 ppm.
New characteristic peaks were observed at 18.12 ppm (B) for
the CH, group of HEMA. The CH, groups attached to the
ester oxygen atom of HEMA (—COO-CH,—CH,—) were
detected at 60.91—66.38 ppm (F), and the peak at 121.7—
126.05 ppm (G) and the peaks at 136.01 ppm (H) represented
C=C, which were assignable to the existence of the
methacrylate group in PDMSUMA.**

In summary, both the 'H NMR and *C NMR spectra
provide compelling experimental evidence regarding the
chemical structures of PDMSU and PDMSUMA. The 'H
NMR spectrum exhibits resonances in the range of 4.54—4.82
ppm for PDMSU and 3.66—3.85 ppm for PDMSUMA, which
correspond to the NH group. Furthermore, the *C NMR
spectrum displays resonances at 153.62 ppm for PDMSU and
155.56 and 156.78 ppm, along with 167.30 ppm, for
PDMSUMA, indicating the presence of the C=O group.
These resonances unequivocally confirm the successful attach-
ment of IPDI to PDMS and the subsequent attachment of
methacrylates to PDMSU. Thus, the synthesis of the
PDMSUMA oligomer was successfully accomplished. This
corroborates the intended chemical modifications and
establishes the desired structure of the PDMSUMA oligomer.
The obtained NMR data provide robust and reliable evidence
supporting the chemical characterization of the synthesized
compounds.

3.2. Characterization of mSLA Printing Parameters.
The UV—vis absorbing ability of synthesized PDMSU and
PDMSUMA was not responsive to the UV exposure range of
the mSLA 3D printer, which is typically in the range of 385—
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Table 2. Average Dimensional Data and Dimension Accuracy of 3D-Printed Specimens from Formulated PDMSUMA Resins

sample code  average length (mm) length accuracy (%)

average width (mm)

D1000 29.5 + 0.1 98.2 + 0.2 12.0 £ 0.1
D9010 29.5 £ 0.1 98.3 £ 0.1 11.8 + 0.1
D8020 294 + 0.1 98.0 +£ 0.1 120 £ 0.1
D7030 29.6 £ 0.1 98.6 + 0.2 12.0 £ 0.1
D6040 29.7 + 0.1 989 + 0.2 12.0 £ 0.1
DS050 29.8 + 0.1 99.2 £ 0.1 119 £ 0.1

width accuracy (%) average thickness (mm) thickness accuracy (%)

99.6 + 0.5 1.6 £ 0.1 81.5 + 2.9
984 + 0.5 1.6 + 0.1 80.5 + 3.3
99.7 £ 0.5 1.7 £ 0.1 84.5 £ 2.0
99.9 £ 0.7 1.6 + 0.1 82.0 + 2.0
99.8 + 0.7 1.7 £ 0.1 84.5 + 2.3
99.4 £ 0.5 1.8 £ 0.1 88.5 + 2.1

405 nm. Thus, the addition of a photoinitiator was necessary to
promote the absorbing ability of PDMSUMA (illustrated in
Figure S3).

In order to avoid print failures, having a low enough resin
viscosity is essential for the build platform to move freely
through the resin and for the resin to fill the small gap between
the printed object and the bottom of the resin vat;*' however,
there is no standardized resin viscosity for optimum printability
with mSLA 3D printing. However, the viscosity of most
standard/rigid resins is 100—200 cps (25 °C), which belongs
to the category of ultralow viscosity in 3D printing materials.
The resin with a viscosity higher than 600 cps (25 °C) was
categorized as a high-viscosity resin. The viscosity of ceramic
suspensions could reach 5,000 cP, while the viscosity of some
polymers with carbon nanocomposites could reach approx-
imately 10,000 cP.** The high viscosity of synthesized
PDMSUMA makes it inappropriate for mSLA 3D printing.
Thus, PEGDMA was used as a reactive diluent, decreasing the
viscosity of the synthesized PDMSUMA. The viscosities of the
synthesized PDMSUMA and formulated PDMSUMA with
PEGDMA are presented in Figure 2b (also demonstrated in
Table S1). Adding PEGDMA at a concentration of 30 wt %
provided a viscosity of approximately 250 cP, corresponding to
the recommended viscosity for an acrylate-based resin used for
3D printing. To avoid any disruption in structural integrity that
could potentially decrease the strength of the polymer, the
amount of reactive diluent should be minimized."

Reactive diluents, often acrylic monomers, can also
participate in the cross-linking reaction and promote network
structure formation. To control the cross-link density, a
mixture of two different reactive diluents, including monofunc-
tional HEMA and bifunctional PEGDMA, with varying weight
ratios, was incorporated into the formulated PDMSUMA resin.
The PDMSUMA and diluent were mixed in a fixed weight
ratio of 70:30, while the PEGDMA and HEMA were mixed in
varying weight ratios, including 100:0 (D1000), 90:10
(D9010), 80:20 (D8020), 70:30 (D7030), 60:40 (D6040),
and 50:50 (D5050). The viscosities of all formulated
PDMSUMA resins with varying PEGDMA and HEMA weight
ratios were approximately 250 cP.

The suitable printing conditions for each formulated
PDMSUMA resin were optimized by evaluating their photonic
parameters and curing behavior using an mSLA system. The
Jacobs equation, also known as the working curve, was
employed as the fundamental model to describe the curing
behavior of the prepolymers. The curing behavior was analyzed
by measuring the exposure time from 1 to 10 s at a constant
exposure intensity of 5 mW/cm? and the results were
consistent with the working curve model. The model was
represented by a dashed line, as shown in Figure 3a.

The penetration depths (D,) of the different formulated
PDMSUMA resins were also investigated and are presented in
Figure 3b. It was found that D, varied among the different
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formulations. The D1000 formulation without HEMA had the
highest D, of approximately 37 um, while adding HEMA
reduced the D, of the formulated resins. The D, values of
D9010, D8020, and D5050 were similar, at approximately 30
pm. The D6040 formulation had a higher D, value of
approximately 32 um, and the D7030 formulation had the
lowest D, value of approximately 27 um. The differences in D,
can be attributed to various factors such as variations in the
chemical composition, molecular weight, degree of cross-
linking, and solubility of the polymers. Further studies may be
necessary to fully understand the impact of these factors on the
properties of the formulated PDMSUMA resins. The critical
exposure (E.) values of the different PDMSUMA formulations
were also analyzed and are shown in Figure 3b. The results
indicated that the E_ values varied from 0.80 to 1.02 mW/ cm?.
The lowest E_ value was found in the D8020 formulation, while
the D5050 formulation showed the highest E_ value. The
differences in E_ values can be attributed to various factors such
as the composition and viscosity of the formulation. A higher
viscosity leads to a slower diffusion of the reactive species,
reducing the polymerization rate and resulting in a higher E_
value. Further optimization of the printing parameters in term
of exposure time was performed based on the determined
values of critical exposure and penetration depth.

In addition, the suitable exposure time for each printing
layer was optimized by maintaining consistent parameters, as
detailed in Table 1 and thus fine tuning the suitable exposure
time. As presented in Figure 3a, the minimum required
maximum exposure time for curing a 50 ym layer thickness
was approximately 8 s. However, during our actual printing
operations at this exposure time, it was found that the printed
layers did not consistently adhere together. To address this
problem and ensure the successful printing of test specimens,
the exposure time was increased to 15 s, especially for the most
challenging resin formula. This adjustment significantly
improved the binding strength between layers and allowed
us to consistently achieve complete, high-quality prints for all
of our testing specimens. The test-printed samples obtained
from different exposure times and the example of 3D-printed
complex geometry (rook tower) using the D8020 PDMSUMA
resin are depicted in Figure 3c,d, respectively.

3.3. Characterizations of the 3D-Printed Formulated
PDMSUMA Resins. 3.3.1. Dimension Accuracy. The dimen-
sional accuracy of the 3D-printed specimens was calculated
according to eq 4. The dimensions of the CAD designed are 30
mm X 12 mm X 2 mm (length X width X thickness).

dimension accuracy

average dimension of printed specimen % 100%
(4

dimension of CAD specimen

(4)

Table 2 displays the dimensions of the 3D-printed
formulated PDMSUMA resins in terms of average length,

https://doi.org/10.1021/acsomega.3c08102
ACS Omega 2024, 9, 2884—2895


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c08102/suppl_file/ao3c08102_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c08102/suppl_file/ao3c08102_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(a) (b)
100 0.000 ’_%' =
80 '
-0.002 |
~ 60
s
pe © -0.004f
2 40 a
2 ——D1000
0,006 L ——D9010
20 ——D8020
——D7030
——D6040
0 -0.008 |- D5050
1 1 1 1 L 1 1 L 1 L
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (°C) Temperature (°C)
(¢) 1000 (d)
©
% 100
w
&
2 w
>
° 10 c
e L
£ -
[
o
il
o
2 1
0.1 1 1 L L 1 1 L
40 60 80 100 120 140 160 180 40 60 80 100 120 140 160 180

Temperature (°C)

Temperature (°C)

Figure 4. (a) Thermogravimetric analysis (TGA) curves. (b) Derivative thermogravimetric analysis (DTG) curves. (c) Storage modulus (E’). (d)
Loss factor (tan &) result from dynamic mechanical temperature sweep curves at a frequency of S Hz of the formulated PDMSUMA printed sample.

width, and thickness in millimeters along with their
corresponding accuracy percentages. The length accuracy
values indicate how close the measured length is to the actual
length of the specimens. For instance, the length accuracy of
D1000 was 98.2%, which implied that the measured length
was, on average, 1.8% shorter than the actual length. Similarly,
the width accuracy and thickness accuracy values indicate the
degree of deviation from the actual width and thickness of the
specimens. Regarding dimension accuracy, the findings
demonstrated that all materials had relatively high accuracy
percentages, ranging from 98.0 to 99.6%. This implied that the
measured dimensions were relatively close to the actual
dimensions of the specimens. However, it is noteworthy that
the thickness accuracy is generally lower compared to the
length and width, particularly for D5050, which has a thickness
accuracy of 88.5%. This suggests that the thickness of the 3D-
printed specimens is more susceptible to variations compared
to the other dimensions. Normally, the thickness of the printed
part may be lower than that of the CAD file due to the 3D
printing conditions employed during the lamination process. In
this study, the mSLA printing process involves a separation
phase where the object being printed is detached from the
bottom film of the resin vat. It is important to note that the
tension created during this separation phase can have a
significant impact on the overall lamination process for each
layer, thus affecting the quality and accuracy of the printed
object.**

3.3.2. Thermal Analysis. Figure 4a,b presents the TGA and
DTG thermograms of the formulated PDMSUMA resins,
respectively. The formulated PDMSUMA resins without
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HEMA (D1000) exhibited two decomposition stages. The
first stage occurred around 300 °C and ended around 360 °C,
while the second stage began at 370 °C and ended around 470
°C with 0.25% of residue. Weight loss between 300 and 380
°C can predominantly be ascribed to the decomposition of
urethane bonds. Furthermore, the degradation of chain
segments of polyols takes place, leading to the generation of
volatile products, notably carbon dioxide.* The weight loss in
the 400—470 °C range is attributed to the decomposition of
cross-linking bonds and other chemical bonds or the oxidative
decomposition of isocyanate compound.*~** In contrast, the
thermograms of formulated PDMSUMA resins with HEMA
(D9010, D8020, D7030, D6040, and D5050) showed a three-
stage decomposition. The first decomposition stage was due to
the degradation of HEMA in the copolymer backbone.
Moreover, the formulated PDMSUMA samples obtained by
3D printing via photopolymerization (also known as radical
polymerization) may contain some head-to-head (H—H)
linkages. Some early decompositions occurring between 100
and 200 °C were attributed to the breakage of these linkages,
as their bond dissociation energy was lower than that of C—C
bonds, mainly due to the steric and inductive effects of vicinal
ester groups.”” The second and third decomposition stages
were equivalent to the first and second decomposition stages of
D1000 with around 1% residue, respectively. Related to the
DTG thermogram, it can be observed that the second and
third decomposition stages come closely in the D8020 sample,
which may indicate a similar composition or dispersion of
PDMSUMA, PEGDMA, and HEMA or a reaction occurring
within the cross-linked polymer samples.
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Table 3. Physical Properties of Formulated PDMSUMA Printed Samples

sample code  E’ at 25 °C (MPa) E” at 25 °C (MPa)

D1000 8154 + 3.1 108.9 + 1.2 117.3 £ 0.7
D9010 7715 £ 2.1 111.8 + 1.0 1053 £ 1.2
D8020 846.6 + 3.2 109.5 + 1.3 1074 £ 0.8
D7030 946.2 + 4.3 131.3 £ 0.7 107.7 £ 0.7
D6040 1160.8 + 5.1 1184 £ 0.9 1132 £ 1.1
DS50S0 7653 £ 2.3 91.1 £ 2.0 110.7 £ 0.9

T, (crossover)

T, (tan &) E'at T, (MPa) E"at T, (MPa) gel content (%)
1372 £ 0.8 0.5 +0.1 92 £ 0.7 928 + 1.6
1202 + 1.0 33+£03 132 £ 0.7 934 £ 1.5
127.6 + 0.9 2.7 £03 13.1 £ 0.6 93.0 + 2.3
124.0 + 0.8 1.7 £ 0.3 15.0 £ 0.6 927 + 19
131.0 + 1.0 27 £02 164 + 0.8 92.8 + 1.7
1232 + 1.2 5.1+ 04 18.5 + 0.8 93.8 + 1.3

3.3.3. Dynamic Mechanical Analysis (DMA) and Mechan-
ical Properties. The mechanical properties of the 3D-printed
formulated PDMSUMA samples were investigated by using
DMA. The storage modulus and loss tangent (tan ) curves
with respect to temperature are shown in Figure 4c,d,
respectively. This study demonstrated that the mechanical
properties could be tailored by varying the cross-linker instead
of focusing on the polymer matrix alone. The storage modulus
and tan 6 values of the different three-dimensional networks
are mainly affected by the cross-link density. The reduction in
the storage modulus curve and the peak of the tand curve
indicate a structural phase transformation occurring from the
relaxation of the polymer chains throughout the thermal
transition. Thus, the magnitude of the tané can be used to
predict the characteristic glass-transition temperature of
materials.”"™>*

The storage modulus (E’) reflects the elasticity or solidlike
nature of materials and is used to determine their rigidity or
ability to store energy. A high E’ value implies greater elasticity,
making the material more challenging to break down.’>>* As
shown in Figure 4c, the E’ of the 3D-printed formulated
PDMSUMA resins at room temperature ranged from 771.5 +
2.1 to 1160.8 + 5.1 MPa. As the temperature raised, the E’
value decreased significantly and reached a minimum in the
temperature range of 120—150 °C, associated with the
softening effect of cross-linked polymers, which manifests
itself in the glass-transition region and reaches to the rubbery
state.”> Specifically, this study focused on a novel type of
silicone urethane methacrylate that exhibits shape memory
properties upon being subjected to elevated temperatures. It is
important to note that there is no prior literature available on
the mechanical properties of these precisely synthesized
materials. However, comparing to a study conducted by
Singh et al,* the formulated PDMSUMA resins exhibited
mechanical properties (E’) ranging from 765 to 1160 MPa,
while the reference work by Singh et al. reported values
ranging from 1070 to 2100 MPa. Despite this difference, it is
important to emphasize that the formulated PDMSUMA resins
distinguish themselves by their shape memory response at high
temperatures. This characteristic could open intriguing
possibilities for more specific applications.

PEGDMA increases the molecular weight between cross-
links by reacting with methacrylate groups, forming a highly
cross-linked network. However, excessive use of PEGDMA can
lead to brittleness and reduced mechanical strength. On the
other hand, HEMA increases Ty making the 3D-printed
specimens stiffer and more resistant to deformation at higher
temperatures due to the formation of strong hydrogen bonds
with methacrylate groups, resulting in a denser cross-linked
network. To achieve optimal performance, finding the right
balance between the concentrations of PEGDMA and HEMA
is important.43 The variations in the minimum storage
modulus values of the cross-linked polymer can be attributed
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to differences in cross-link density, corresponding to the
number of cross-link functionalities present. However, explain-
ing the unexpected differences in storage modulus below T,
presents a more complex challenge. The storage modulus
values at T, with S replicates are documented in Table 3, and it
becomes evident that the storage modulus shows an inverse
trend compared to cross-link density below T,. One possible
explanation is the introduction of a monofunctional reactive
diluent (HEMA), which increases the number of cross-link
functionalities.”” Due to its relatively small size and flexible
structure, HEMA can also introduce some degree of chain
flexibility.”® This is why the network is likely to reduce the
stiffness of the formulated PDMSUMA resins. Consequently,
this helps explain the counteractive effect of cross-link density
on the storage modulus at temperatures below T,.

The peaks in the tan § signals were identified as the glass-
transition temperature (T,). The T, values of the PDMSUMA
resin samples were 137.2 + 0.8, 120.2 + 1.0, 127.6 + 0.9, 124.0
+ 0.7, 131.0 + 1.0, and 123.2 & 1.2 °C, respectively, as shown
in Figure 4d. Adding HEMA led to a decrease in T, indicating
that HEMA could bring more flexibility to the polymer
network. In contrast, an increase in T, corresponded to the rise
of cross-link functionalities, leading to a higher cross-link
density. Additionally, the van der Waals dispersion interactions
between polymeric chains and hydrogen bonds between
unmodified OH groups strongly influence the T, of the
cured polymer systems. The tan é signal’s shape also reflects
the homogeneity of the network. A sharper and narrower signal
indicates a more homogeneous network. The samples obtained
from all formulated PDMSUMA resins showed a relatively
narrow signal, suggesting a homogeneous network. The T,
decreases when the cross-link density is reduced. This is
because the addition of HEMA, which is relatively small and
flexible, increases the mobility of the polymer chains and
introduces chain flexibility, as mentioned previously.

3.3.4. Shape Memory. The crossover points and the tan d
peak are two important characteristics of T, that help
determine the thermal and mechanical properties of materials.
The crossover point is the temperature at which the storage
and the loss modulus are equal. At this temperature, the
material transitions from behaving more like an elastic solid (E’
> E") to behaving more like a viscous liquid (E’ < E”). This
temperature is an important reference point for determining
the softening temperature and the onset of deformation.
Alternatively, the tan § peak is often used to determine the T,
of a material more accurately than by simply looking at the
crossover point. It indicates the point of maximum energy
dissipation, which can cause sample breakage during the
experiment. The T, determined from the crossover point and
the tan 6 peak is shown in Table 3.

The shape memory properties of the 3D-printed formulated
PDMSUMA samples were characterized in terms of Rf and Rr,
which were quantified through consecutive shape memory
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Figure 5. Two-dimensional demonstration of changes in strain, stress, and temperature with time in stress-controllable consecutive cyclic tensile

shape memory processes of D8020 PDMSUMA resins.

cycles. Force-controlled cyclic thermal tests with a solid clamp
were performed over three cycles (N = 1, 2, and 3). Ideally, Rf
and Rr should be 100%, reflecting the perfect shape fixity and
shape recovery. The formulated PDMSUMA resin samples
exhibited different shape fixities and shape recovery due to the
ratio of PEGDMA and HEMA compositions. Moreover, the
strain percentage was normalized to facilitate calculation and to
enhance comprehension. As shown in Figure S, the Rf values
for the three shape memory cycles for D8020 were 74.49%,
indicating that the shape was almost completely fixed, and the
results were consistent from one cycle to another. The Rr
values for the three cycles were 100%, indicating complete
shape recovery with a force of 250 N. However, when more
HEMA was added to the diluent component, the results of
D7030, D6040, and DS050 showed that the sample could not
be fixed to a temporary shape and was unable to exhibit shape
memory behavior. The Rf value decreases as the HEMA
content increases due to the higher cross-link density of
formulated PDMSUMA resin with HEMA. Since the shape
memory effect is an entropic phenomenon, the chains become
more closely restricted when the cross-link density increases,
providing greater steric hindrance.”” This inhibits the chains’
ability to adopt the lowest entropy state, decreasing shape
fixation. Regarding shape recovery, as the HEMA content
increases, the Rr value increases due to the greater physical and
chemical cross-link density. Polymers with a higher cross-link
density have a greater elastic strain energy stored, which
provides them with a higher driving force for subsequent
thermally induced shape recovery. This is because the driving
force responsible for shape recovery is, in fact, the residual
stress introduced in the sample during the stretching
process.”’ "> More results and analysis on the shape memory
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properties are demonstrated in the Supporting Information
(Figures S4 and SS).

4. CONCLUSIONS

Silicone urethane methacrylate (PDMSUMA) resins were
successfully synthesized, confirmed by Fourier transform
infrared (FTIR) together with proton and carbon nuclear
magnetic resonance ("H NMR and *C NMR) spectroscopy
techniques. The FTIR spectra showed the formation of
urethane linkages through the reaction of isocyanate (NCO)
with hydroxyl (OH) groups, while the 'H NMR and *C NMR
spectra confirmed the attachment of methacrylates in
PDMSUMA. The effects of different PEGDMA and HEMA
weight ratios in the formulated PDMSUMA resins, their
photonic parameters, and the curing behavior were assessed.
Adding a PEGDMA cross-linker as a reactive diluent decreases
the viscosity of pure PDMSUMA to achieve the appropriate
conditions for mSLA 3D printing. The results showed that the
D, and E, values varied among the different formulations due
to variations in the chemical composition, molecular weight,
degree of cross-linking, and viscosity of the polymers. Based on
the determined values of critical exposure and penetration
depth, further optimization of the printing parameters was
performed to enhance the quality of the printed specimens, as
mentioned in Section 3.2. The dimensional accuracy of the
printed specimens was calculated and found to be relatively
high, with accuracy percentages ranging from 98.0 to 99.6%
and 80.5 to 88.5% for thickness. The thermal analysis results
revealed that the decomposition behavior of the formulated
PDMSUMA resins varied depending on the presence or
absence of HEMA and the cross-link density. A dynamic
mechanical analysis (DMA) revealed that the cross-link density
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was a crucial factor affecting the storage modulus and tan 6.
Additionally, the shape memory properties of the 3D-printed
formulated PDMSUMA samples with different ratios of
PEGDMA and HEMA compositions were determined. The
results showed that adding HEMA improves the shape
memory behavior of the formulated PDMSUMA resin. The
D8020, a formulated PDMSUMA resin with a mixed diluent,
exhibited the optimal shape fixity and retained shape recovery
with a force of 250 N for three consecutive cycles. However, as
the HEMA content increased, the samples could not be fixed
to a temporary shape and were unable to maintain the shape
memory behavior. The study provides valuable insights into
the formulation of PDMSUMA resins for developing shape
memory materials with tailored properties. The formulated
PDMSUMA resins with a T, above 100 °C have potential
applications in medical devices with superior thermal stability.
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