
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 4
:0

2:
29

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Multiscale mecha
aMaterials and Manufacturing Technology P

of California at Irvine, Irvine, CA 92697, US
bGlidewell Dental, Irvine, CA 92612, USA
cDepartment of Materials Science and Engin

Irvine, CA 92697, USA. E-mail: david.k@uci

Cite this: RSC Adv., 2024, 14, 10422

Received 23rd January 2024
Accepted 19th March 2024

DOI: 10.1039/d4ra00574k

rsc.li/rsc-advances

10422 | RSC Adv., 2024, 14, 10422–1
nical characterization of biobased
photopolymers towards sustainable vat
polymerization 3D printing

Derek Lublin,ab Taige Hao,c Raj Malyalab and David Kisailus *c

In vat polymerization (VP) 3D printing, there is an urgent need to expand characterization efforts for resins

derived from natural resources to counter the increasing consumption of fossil fuels required to synthesize

conventional monomers. Here, we apply multiscale mechanical characterization techniques to interrogate

a 3D printed biobased copolymer along a controlled range of monomer ratios. We varied the concentration

of two dissimilar monomers to derive structural information about the polymer networks. Current research

primarily considers the macroscale, but recent understanding of the process-induced anisotropy in 3D

printed layers suggests a multiscale approach is critical. By combining typical macroscopic techniques

with micro- and nanoscale analogues, clear correlations in the processing–structure–property

relationships appeared. We observed that measured moduli were always greater via surface-localized

methods, but property differences between formulations were easier to identify. As researchers continue

to develop novel sustainable biopolymers that match or exceed the performance of commercial resins, it

is vital to understand the multiscale relationships between the VP process, the structure of the formed

polymer networks, and the resultant properties.
Introduction

Additive manufacturing, or 3D printing, enables manufacturers
to design complex geometries and quickly produce them with
minimal material waste. Vat photopolymerization (VP) is
a subset of 3D printing which uses UV light to selectively poly-
merize a bed of liquid thermosetting resin.1 VP has matured
from a rapid prototyping tool into a valuable technology to
manufacture end products in many industries2 (e.g., automo-
tive,3 dental,4 and medical5). However, commercial resins are
not environmentally friendly. A consequence of the expanding
adoption of VP is the increased consumption of fossil fuels due
to the inherent robustness of petroleum-based monomers.6

Improving the sustainability of VP requires extensive research
to ensure there are viable green alternatives to the conventional
materials. Themechanical properties of current biobased resins
are generally “lower with respect to commercial standards”,7

and thus have not had their properties rigorously explored.
Therefore, there is an urgent need to identify and fully charac-
terize resins containing monomers with a high biobased
content, dened as the ratio of renewable organic carbon to
total organic carbon within a polymer.
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A primary focus of this work is to expand upon previous
characterization of biopolymer resins. Formulations consisting
of primarily biobased (i.e., >75% biobased content) monomers
were selected as promising and established resins initially
studied by Voet et al.7,8 Varying the ratio of monomers in these
formulations provided good control over mechanical properties
to study.

A second focus of this paper is the interconnection between
process, structure, and properties critical to understanding 3D
printed materials. Since its development in the 1980s by
Kodama and Hull,9,10 VP has come to encompass multiple
processes including stereolithography (SLA), digital light pro-
cessing (DLP), and masked stereolithography (mSLA).1,11 Each
VP process utilizes a different UV light source: laser for SLA,
projector for DLP, and an LED matrix for mSLA. However, each
process operates by exposing a layer of liquid resin to UV light
which is then solidied, primarily via free radical polymeriza-
tion. A new layer of liquid resin is subsequently exposed over the
previous solidied layer until all layers are completed. The
typical thickness of a printed layer is between 50 and 100 mm.
While VP is a relatively isotropic process compared with other
3D printing techniques due to its generation of crosslinks
within and between exposed layers, researchers have begun to
uncover complexities that add anisotropy. For example, light
may attenuate as it travels across a single layer, creating
a gradient in conversion that could affect material properties
and surface homogeneity.12 Conversely, deeply penetrating light
may transmit through a single layer to provide extra exposure to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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underlying layers, creating another gradient between the initial
and nal layers.12 The interface between layers may also be
weaker due to oxygen diffusing through a permeable membrane
at the bottom of the printing vat and dissolving in the resin.
Oxygen commonly inhibits free radical polymerization, leading
to lower conversion and properties.13 Recently, Caplins et al.
characterized spatial variation in irradiance within a commer-
cial mSLA printer,14 which led to heterogeneity of the surface
texture of printed parts.

Because of the anisotropy inherent in 3D printed objects, it is
important to characterize properties at multiple length scales.
Researchers oen rely on macroscopic methods, such as
a tensile test or dynamic mechanical analysis (DMA), to
measure the physical and viscoelastic behavior of a 3D printed
polymer. However, these techniques may not always be suffi-
cient to understand the level of surface inhomogeneity within
their printed part15,16 and how it may affect macroscopic
properties.

In this manuscript we utilize DLP to print varied ratios of
biobased photopolymers and characterize their physical,
mechanical, and viscoelastic properties. We combine common
macroscopic characterization techniques, tensile and DMA,
with nano- and micro-scale techniques, nanoindentation and
dynamic nanoindentation, to correlate multiscale properties.
We perform tests at multiple strain rates to observe property
trends as they relate to physical properties of the polymer
networks, which we characterize regarding crosslink density
(DMA), glass transition temperature (DMA), and degree of
conversion (ATR-FTIR).
Materials and methods
Materials

Epoxidized soybean oil acrylate (ESOA, contains 4000 ppm
monomethyl ether hydroquinone as inhibitor) and 2,5-bis(5-
tert-butyl-benzoxazol-2-yl) thiophene (BBOT, 99%) were
purchased from Sigma Aldrich. Phenylbis(2,4,6-
trimethylbenzoyl) phosphine oxide (BAPO, OMNIRAD 819)
was supplied by IGM Resins. Isobornyl methacrylate (IBOMA,
Fig. 1 Components used in this study. (a) ESOA, (b) IBOMA, (c) BAPO,
(d) BBOT.

© 2024 The Author(s). Published by the Royal Society of Chemistry
GENOMER 1121M) was supplied by RAHN AG (Fig. 1). ESOA and
IBOMA properties are detailed in Table 1.

Preparation of 3D printing resins

ESOA, IBOMA, BBOT, and BAPO were mixed using an overhead
stirrer (RW 20, IKA, USA) at 400 rpm for 60 min. Four formu-
lations were prepared by rst mixing varied ratios of oligomer :
reactive diluent (ESOA : IBOMA), then adding 1 wt% of photo-
initiator (BAPO) and 0.05% of photoabsorber (BBOT). The four
compositions are summarized in Table 2.

Preparation of samples

Testing specimens were designed and converted into standard
tessellation language (STL) models using SolidWorks 2020
(Dassault Systèmes SolidWorks Corp, USA). Models were
imported into a slicing soware, Asiga Composer (Version 1.3,
Asiga, Alexandria, Australia), which positions the models and
sends printing instructions to the printer. Specimens were
printed with a DLP 3D printer (Asiga Pico 2, Asiga, Alexandria,
Australia) equipped with a UV LED projector utilizing a 405 nm
wavelength. Each model layer was printed at a thickness of 100
mm at room temperature and exposed for seven seconds at an
irradiance of 6.13 mW cm−2. We found these printing param-
eters to produce accurate dimensions across all formulations by
measuring calibration prints with a caliper. Tensile and DMA
bars were printed at with their largest faces against the build
plate of the printer.

Aer printing, samples were submerged in an agitating bath
(Form Wash, Formlabs, Somerville, MA, USA) lled with iso-
propanol (99%) for three minutes, followed by two minutes in
a second identical bath as a “clean” wash. Parts were immedi-
ately dried with compressed air and placed into a post-cure box
(Form Cure, Formlabs) containing UV LEDs (405 nm wave-
length, 39 W) for 60 minutes with no heating.

For nanoindentation samples, resins were cast into stainless
steel washers (1 mm thickness, 10 mm diameter) and covered
on both sides by microscope slides to ensure sufficient atness.
These samples were placed over the DLP projector and exposed
for 10 seconds at the printing irradiance. Partially polymerized
discs were removed from the washers and placed into the Form
Cure for 60 minutes with no heating.

Quasi-static nanoindentation and imaging

Quasi-static nanoindentation was performed with a Hysitron TI
950 TriboIndenter (Bruker, USA) to determine the micro- and
nanoscale stiffness of each polymer. Testing followed the
Oliver–Pharr method17 using a pyramidal Berkovich diamond
tip. All samples were tested under a force-controlled trapezoidal
Table 1 Monomer properties

Monomer
Molecular weight
(g mol−1)

(Meth)acrylate
groups Tg (°C)

ESOA 1200 3–4 13 °C
IBOMA 222.32 1 110 °C

RSC Adv., 2024, 14, 10422–10430 | 10423
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Table 2 Compositions of 3D printing resins

Formulation ESOA (wt%) IBOMA (wt%) BAPO (wt%) BBOT (wt%)

40 : 60 39.58 59.38 1.00 0.05
50 : 50 49.48 49.48 1.00 0.05
60 : 40 59.38 39.58 1.00 0.05
70 : 30 69.27 29.69 1.00 0.05
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load function. Indentation parameters will be discussed in the
Results and discussions section. A range of loading and
unloading times were tested and compared.
Tensile testing

Tensile tests were performed according to ASTM D638-14 using
a universal testing machine (AGS-X 10 kN, Shimadzu, Kyoto,
Japan) with an axial extensometer (Model 3442, Epsilon Tech-
nology Corp, Jackson, WY, USA). The geometry of the samples
was ASTM D638 Type V. Each formulation was tested at three
crosshead speeds: 1, 10, and 100 mm min−1 with ve samples
per speed to determine sensitivity to high strain rates.
Dynamic nanoindentation

The Hysitron TI 950 TriboIndenter is capable of performing
dynamic nanoindentation, utilizing a high bandwidth trans-
ducer and soware to characterize viscoelastic properties.18 The
nanoDMA II technique involves loading the indenter probe into
the surface of a sample up to a certain load (quasi-static load),
and then the transducer oscillates the probe at specied
frequencies and forces (dynamic load). This technique was
performed to measure the storage and loss moduli of the
polymers over a range of frequencies. Testing parameters
included a four second loading time up to the same quasi-static
loads utilized in the quasi-static nanoindentation tests.
Dynamic loads were selected for each sample to create an
oscillation amplitude between 1–2 nm.
Dynamic mechanical analysis

Bulk viscoelastic properties were characterized with DMA
(Q800, TA Instruments, New Castle, DE, USA). Rectangular
samples (5 mm × 15 mm × 1 mm) were used in tension
clamps. Temperature sweeps were performed from 30–200 °C at
a 5 °C min−1 ramp rate, a 1 Hz frequency, a 0.1% strain
amplitude.
Fourier transform infrared spectroscopy

Changes in chemical structures during polymerization were
characterized with a Fourier transform infrared spectrometer
(FTIR) (Alpha, Bruker, Billerica, MA, USA) in attenuated total
reectance (ATR) mode. Samples were measured over a wave-
number range of 4000–400 cm−1 at 4 cm−1 resolution through
a diamond crystal window. Resins were placed into 1 mm thick
stainless steel washers over the window and exposed to 405 nm
light via a single UV LED (Cure Beam, Phrozen Technology,
Hsinchu, Taiwan) for 30 seconds each. Throughout the
10424 | RSC Adv., 2024, 14, 10422–10430
exposure, spectral scans were repeated every 2–5 seconds to
capture changes.
Results and discussions
Quasi-static nanoindentation

Nanoindentation curves are provided in Fig. 2. Each graph
displays multiple loading/unloading times, ranging from 4–40
seconds. Maximum loads varied at the selected indentation
depth of 1.5 mm. SPM micrographs have been superimposed
onto the indentation graphs, showing the surface of each
material and a representative indent for the 4 seconds curves.
Reduced moduli were extrapolated by eqn (1) using the contact
area of the indenter probe (A(hc)) and stiffness (S) from the
initial unloading regions of the load-depth curves in Fig. 2. Five
indents were tested per point of data. The reduced modulus
differs from Young's modulus by accounting for the simulta-
neous deformation of the sample and indenter tip.17 Due to the
large differences in stiffness between the polymers and dia-
mond, we assumed that the reduced modulus is approximately
equal to Young's modulus.

Reduced modulus ðGPaÞ ¼ Er ¼
ffiffiffiffi
p

p

2
ffiffiffiffiffiffiffiffiffiffiffiffi
AðhcÞ

p � S (1)

To choose the maximum load for each formulation, strain-
controlled tests were performed to determine the load at a 1.5
mm depth. This large indentation depth was selected in order to
minimize inaccuracies caused by surface effects.19,20 Due to the
viscoelastic nature of the polymers, creep and adhesion
between the surface and probe were also considered. Creep can
cause signicant deviations in modulus measurements and is
oen a result of a short holding time at the maximum load
before unloading.21,22 To overcome this phenomenon, tests were
performed at increasing holding times until a sufficient time for
all formulations (30 seconds) was found. Past this point,
modulus values were consistent and the bulging “nose”21 at the
onset of unloading disappeared. Adhesion can also be prob-
lematic for so polymers as it may increase contact area and
stiffness,23–25 as well as make it difficult to nd the initial
contact point of the indenter.26 To check for adhesion between
the probe and surface, the indenter was lied 100 nm above the
surface aer unloading; there were no forces found above the
surface plane. Aer testing, indents were imaged with the Tri-
boIndenter's in situ scanning probe microscopy (SPM) mode to
produce 3D topographical maps.

In all cases, increasing the concentration of ESOA decreased
reduced modulus, shown in Fig. 3. The decrease is not linear,
dropping by a greater amount for each subsequent formulation
from 40 : 60 to 70 : 30. ESOA is a exible monomer with a low
homopolymer glass transition temperature (Tg) despite its
ability to crosslink. IBOMA, on the other hand, has a bulky
structure due to its bicyclic camphene group, evidenced by
a high homopolymer Tg. At increasing concentrations of
IBOMA, there is an increase in reduced moduli suggesting the
more signicant inuence of steric hindrance than the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Quasi-static nanoindentation curves with SPMmicrograph overlays corresponding to (a) 40 : 60, (b) 50 : 50, (c) 60 : 40, (d) 70 : 30. Curves
correspond to the loading and unloading times in each legend.

Fig. 3 Reduced modulus trends for each polymer by quasi-static
nanoindentation.
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crosslink density for these polymer networks. The SPM micro-
graphs attached to each set of curves in Fig. 2 may also indicate
this behavior qualitatively, as Fig. 2c and d show more prom-
inent striations induced from the indenter probe during scans
across each surface, with Fig. 2d exhibiting the most notable
features. In addition, all polymers showed linear decreases in
modulus with respect to increasing loading and unloading
times. This is due to the polymers' viscoelastic behavior wherein
molecular mobility is limited at higher strain rates, resulting in
increased resistance to deformation. There does not appear to
be a signicant difference in rate-induced stiffening among the
polymers. It could be that the range of strain rates was not large
© 2024 The Author(s). Published by the Royal Society of Chemistry
enough to distinguish between the polymers. Another possi-
bility is that the relatively small volume of material affected
during nanoindentation was insufficient to capture any
difference.
Tensile testing

Tensile stress–strain plots in Fig. 4 show average curves at three
crosshead speeds (1, 10, 100 mm min−1) for each resin. From
these curves, tensile strength, Young's modulus, elongation at
break, and toughness were computed and are represented in
Fig. 5. Strength and modulus values primarily decreased with
increasing ESOA concentration. Modulus data, however, had
large standard deviations due to extensometer slippage and
alignment issues. This is visible at the onset of each curve in
Fig. 4. A noncontact extensometer could produce better
consistency by eliminating the possibility of poor contact or
alignment.27 Tensile strength and modulus typically correlate
with each other, so strength, which is dependent on the sensi-
tivity of the load cell and not the extensometer, will be discussed
in more detail. Strengths correlate similarly to the reduced
moduli from Fig. 3. Increasing the ESOA concentration
decreased the tensile strength by a greater amount in each step
as it largely depended on the steric hindrance by IBOMA.
Another similarity between the tensile strengths and reduced
moduli is the linear increase as strain rate increases due to the
limitation of mobility in the polymer networks. The range of
rates in this test was 10× higher than that of the nano-
indentation despite the similar trend. In all cases, reduced
RSC Adv., 2024, 14, 10422–10430 | 10425
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Fig. 4 Average stress–strain curves for multiple strain rate tensile tests corresponding to (a) 40 : 60, (b) 50 : 50, (c) 60 : 40, (d) 70 : 30.
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moduli produced from nanoindentation were greater than
Young's moduli. Comparing values directly, nanoindentation is
known to overestimate modulus due to size scale effects at the
Fig. 5 Material properties derived from tensile stress strain curves, (a) ten

10426 | RSC Adv., 2024, 14, 10422–10430
surface that do not occur at the bulk for macroscopic tech-
niques.28 A major example is when surface material is displaced
and piles up beneath the probe during indentation, “which
sile strength, (b) tensile modulus, (c) elongation at break, (d) toughness.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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increases the contact area with respect to the one calibrated on
the standard material due to the viscoelastic behavior of poly-
mer materials”.28

Elongation at break data in Fig. 5c were more variable than
strength and modulus data, but they appear to show opposite
behavior, primarily increasing with ESOA concentration. This is
expected as a loss in ductility oen follows a gain in strength
and rigidity. Elongation values for ductile materials such as
polymers are oen difficult to predict due to unstable necking
following ultimate strength.29 During this instability, the poly-
mer is susceptible to early fracture in the presence of defects or
unintended multiaxial stresses. Elongation values also seemed
to decrease with strain rate. Interestingly, the polymers with the
greater fractions of ESOA (i.e., 60 : 40, 70 : 30) experienced less
variation in elongation with increased strain rate than those
with greater amounts of IBOMA. A loss in ductility at high strain
rates could indicate brittleness as the polymer networks may be
too immobile to deform and adequately distribute stress.
Tensile toughness values in Fig. 5d, corresponding to the
amount of energy absorbed before fracture, were calculated by
the area under the stress–strain curves. They were the most
inconsistent data as they compounded the deviations in stress
and elongation. Nonetheless, they suggest that the polymers
with intermediate compositions, 50 : 50 and 60 : 40, had an
optimal combination of strength and ductility, with 60 : 40
demonstrating the toughest.
Dynamic nanoindentation

A frequency sweep from 10–200 Hz was applied to measure
storage and loss moduli via dynamic nanoindentation (Fig. 6).
Storage modulus is related to Young's modulus, providing
structural information about a material by measuring its elastic
response to deformation. However, polymers are not purely
elastic materials, but rather viscoelastic, exhibiting both elastic
and viscous behavior. This accounts for their dependency on
strain rate displayed in the quasi-static nanoindentation and
tensile testing in previous sections.30 However, those tests do
not capture viscous behavior, which is measured as the loss
Fig. 6 Storage and loss moduli via dynamic nanoindentation
frequency sweeps.

© 2024 The Author(s). Published by the Royal Society of Chemistry
modulus. All storage moduli were larger than loss moduli for
these polymers, and thus, are primarily elastic in nature.

Storage moduli decreased with increasing ESOA concentra-
tion, which correlates with the quasi-static nanoindentation
and tensile results. Storage moduli also increased linearly with
frequency. This result is analogous to the increase in strength
and modulus at higher strain rates observed in the previous
mechanical tests as higher frequency of indents inhibits the
polymer chains from responding to applied load.31

A less signicant correlation was observed between loss
moduli and ESOA concentrations below 70 wt%. 70 : 30 had the
largest values, indicating potential dissipation of energy during
indentation.32 The remaining formulations' loss moduli
demonstrated no signicant trend. The loss moduli of each
polymer formulation demonstrated a nonlinear relationship
with increasing frequency, decreasing slightly from ∼10 to
125 Hz, and then increasing until 200 Hz.
Dynamic mechanical analysis

A temperature sweep was performed with DMA to measure the
change in storage and loss moduli as the polymers were heated
(Fig. 7). The temperature sweep data were plotted to show
storage modulus, loss modulus, and tan d, which is the ratio of
loss to storage modulus and indicates the relative degree of
energy dissipation or damping by the polymer. At the initial
temperature (30 °C), storage moduli for the polymers were
much closer to the Young's moduli found by tensile testing than
the reduced moduli from nanoindentation as DMA is also
a bulk characterization technique. The storage moduli likewise
decreased with increasing ESOA concentrations. Tan d curves
also provide structural information about the polymers. As can
be seen in Fig. 7, as ESOA increased, the magnitude of tan
d decreased and the maximum shied to a lower temperature.
Greater tan d values correspond to larger energy damping
capacities, and the temperature of the peak is commonly used
to represent the glass transition temperature, or the point at
which a glassy polymer becomes exponentially more ductile. A
higher Tg is oen correlated with more rigid materials,33,34

which is the case for our polymer formulations.
A useful application of DMA is deriving the crosslink

density using Hill's criterion,35,36 or the concentration of
crosslinks per unit volume of polymer, using eqn (2). The
Fig. 7 DMA curves showing storage moduli, loss moduli, and tan d via
temperature sweeps.

RSC Adv., 2024, 14, 10422–10430 | 10427
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Fig. 8 Crosslink density, MW between crosslinks, and Tg trends from
DMA data.
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technique assumes that at high temperatures (above Tg), but
below the decomposition temperature of the polymer, its
storage modulus reaches a “rubbery plateau”. In this region,
a non-crosslinked polymer (thermoplastic) would melt as the
van der Waals interactions between chains are disrupted by
heat. At those same temperatures, crosslinked polymers,
which have strong covalent bonds (crosslinks) between chains,
will not melt. The modulus in this region can thus be attrib-
uted directly to the crosslinks.37,38 In eqn (3), this relationship
is adjusted to calculate the average molecular weight between
crosslinks, a useful parameter for characterizing the structure
of a polymer network. The calculations from eqn (2) and (3) are
included in Table 3.

Crosslink density
�
mol m�3� ¼ rc ¼

E
0

2RTð1þ nÞ (2)

MW between crosslinks
�
g mol�1

� ¼ Mc ¼ 2RTdð1þ nÞ
E 0 (3)

These polymers exhibited atypical behavior with respect to
crosslink density and Tg. Higher Tg and stiffness are usually
associated with thermosets that have high crosslink density,39

as crosslinks limit the mobility of a polymer network. However,
in this case, Tg was inversely proportional to crosslink density,
as shown in Fig. 8. We have observed that higher concentrations
of ESOA lead to lower modulus, yet each molecule contains 3–4
acrylate groups that serve as crosslinking sites. IBOMA,
conversely, has only one acrylate group and cannot crosslink,
which requires the ability to create branches by connecting
several molecules to itself. Thus, increasing IBOMA concentra-
tion reduces the number of crosslinks in a network. The
inherent bulkiness of IBOMA creates a polymer where steric
hindrance dominates crosslink density in limiting molecular
mobility.
Fourier transform infrared spectroscopy

FTIR spectra before and aer photopolymerization are shown in
Fig. 9a with corrected baselines, and the extent of this reaction,
as well as the time to reach its saturation point are shown in
Fig. 9b. Aer polymerization, peak wavenumbers were observed
to shi slightly. This shi could represent the decrease in
mobility of measured bonds as the polymer network forms,
hindering their ability to bend or stretch. Degree of conversion
(DC) is a common parameter to characterize the extent to which
monomers convert to polymers during polymerization.40 A
typical method to assess DC for (meth)acrylate-based
Table 3 Compositions of 3D printing resins

Formulation (ESOA : IBOMA)
E0

rubbery (MPa)
Solid density
(g cm−3)

40 : 60 5.84 1.04
50 : 50 7.65 1.05
60 : 40 10.01 1.08
70 : 30 12.62 1.06

10428 | RSC Adv., 2024, 14, 10422–10430
photopolymers is to quantify the decrease in intensity of C]C
bonds, which can be primarily attributed to crosslinking
between (meth)acrylate groups.41,42 FTIR provides a method to
measure this directly by acquiring spectra throughout a reac-
tion and comparing the intensity values to those at the initia-
tion of polymerization. As the free radical polymerization in our
formulations proceeded, the C]C bonds converted into C–C
bonds, thus lowering the C]C peak. The degree of change can
be calculated and normalized to the absorbance or trans-
mittance magnitude of a bond that is known to not react during
the reaction. It should be noted, however, that during poly-
merization, a portion of converted C]C bonds may include
monomers that do not crosslink into the primary polymer
network. Instead, short chain cyclic structures may form that
have been terminated early and do not contribute to the overall
crosslink density of the polymer. DC cannot differentiate
between these cases. This calculation is performed via eqn (4),
and using the wavenumber ∼1630 cm−1, which corresponds to
the C]C double bond, and ∼1710 cm−1 corresponding to
a C]O ref. 41 The results from these calculations are shown in
Fig. 9b.

Double bond conversion occurred rapidly for all samples,
reaching near their maximum aer approximately 15 seconds.
The nal conversion values increased with ESOA concentrations
of 40 : 60, 50 : 50, and 60 : 40; however, 60 : 40 and 70 : 30 were
not possible to distinguish. This increase in conversion can be
attributed to the increased number of crosslink sites available
Tg (°C)
Crosslink density
(mol m−3)

MW between crosslinks
(g mol−1)

124.4 242.8 4283.8
112.8 841.8 1248.3
103.5 1231.5 879.2
84.8 1545.4 682.7

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Spectra before and after curing via ATR-FTIR. (b) Double bond conversion calculations over 30 seconds of light exposure.
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in formulations with larger amounts of ESOA, which has 3–4
acrylate groups per molecule whereas IBOMA cannot crosslink.
A higher concentration of crosslink sites oen corresponds with
faster reaction kinetics, allowing a greater number of molecules
to polymerize.43 This trend follows the crosslink density calcu-
lations in Fig. 8, and it is logical for a greater number of
crosslink sites to result in a more complete reaction and lower
molecular weight between crosslinks.

DC ð%Þ ¼ 100% �

0
BBB@1�

�ðCaCÞ1630
ðCaOÞ1710

�
cured�ðCaCÞ1630

ðCaOÞ1710

�
uncured

1
CCCA (4)

Conclusion

Here, several multiscale mechanical characterization tech-
niques were applied to interrogate an established biobased
copolymer along a controlled range of monomer ratios. There is
an urgent need to expand characterization efforts for green
resins derived from natural resources to counter the increasing
consumption of fossil fuels to synthesize conventional mono-
mers. Current research primarily considers the macroscale, but
recent understanding of the process-induced anisotropy in 3D
printed layers suggests a multiscale approach is critical. By
combining typical macroscopic techniques such as tensile
testing and DMA with micro- and nanoscale analogues, clear
correlations in the processing–structure–property relationships
appeared. While measured moduli were always greater via
surface-localized methods, property differences between
formulations were easier to identify. Structural information was
also derived by measuring crosslink density by DMA, polymer-
ization kinetics and degree of conversion by FTIR. As
researchers continue to develop novel sustainable biopolymers
that match or exceed the performance of commercial resins, it
will be vital to understand the multiscale relationships between
the VP process, the structure of the polymer networks, and the
resultant properties.
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