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ABSTRACT: Photocuring kinetics in photopolymerization-based
three-dimensional (3D) printing processes have gained significant
attention because they determine the final dimension accuracy of
the printed structures. In this study, the curing kinetics of liquid-
light-curable resins, including water-dispersed graphene oxide
(GO) and ultraviolet (UV)-cured acrylic resins, were investigated
during digital light processing (DLP) 3D printing. Various stable
composites of water-dispersed GO and UV-cured acrylic resin were
prepared to fabricate 3D structures for cure-depth measurements.
Several factors, including the UV-exposure conditions, photo-
initiator concentration, and composition of the photopolymer
resin, were found to significantly affect the cure-depth character-
istics of the printed structures. The photocuring depth of the
polymeric resin system was investigated as a function of the photoinitiator concentration. In addition, the study showed that the
introduction of GO played a significant role in controlling the performance of the highly cross-linked network and the thickness of
the cured layer. The curing characteristics of functional photocurable polymer-based DLP 3D printing contribute to process
development and improvement of the quality of printed microstructures for industrial applications.

1. INTRODUCTION
Photopolymerization, which uses photons to initiate photo-
chemical reactions in organic materials and transform them
into polymeric materials, is a well-accepted technology for
manufacturing polymers. Significant advantages can be realized
from using photopolymerization over thermally initiated
polymerization, including a high curing rate and low energy
consumption.1,2 Moreover, the utilization of light to initiate
polymerization enables easy spatial and temporal control of the
chemical reactions.3 Fabricating parts and products using
three-dimensional (3D) printing techniques based on photo-
polymerization has gained considerable attention because of its
ability to fabricate complex 3D structures and controlled
internal structures.4 3D printing consists of several fabrication
methods such as stereolithography, fused deposition modeling,
and selective laser sintering.5−7 Stereolithography is widely
used for the manufacture of 3D polymer parts and involves the
polymerization of a reactive system. Digital light processing
(DLP), a highly advanced 3D printing technique, has been
used to fabricate polymeric parts with high resolution, high
print speed, and smooth surface finish.8,9 Furthermore, this
method is based on a layer-by-layer polymerization of the
entire photopolymer surface by using a projector source light.
DLP 3D printing has been adapted for the 3D processing of

highly cross-linked materials with mechanical and electrical
properties.10,11 Using the DLP method, custom dental models,
direct generation of molds, medical devices, and automotive
parts can be fabricated.12−14

Photocuring-based DLP methods are considered to be the
most promising 3D printing techniques, because they can
significantly enhance printing precision. In particular, the study
of the reaction mechanism and curing kinetics of photo-
polymers is vital in the quality improvement of parts
manufactured via 3D printing.7,15−17 The typical curing
behavior of photopolymer resins is characterized by two
parameters: the critical energy and penetration depth of the
material. These parameters are used to determine the exposure
energy required to achieve chemical cross-linking of the
photocurable resins. Consequently, several strategies have been
developed to control the cure depth using photocurable resins
for accurate fabrication. Several parameters, such as light
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intensity, photoinitiator (PI) concentration, and composition
of the photopolymer resin, are considered to affect monomer-
to-final-polymer conversions.18−20

High-performance photopolymer resins for 3D printing via
photopolymerization are based on monomers/oligomers, PIs,
diluents, and different additives for the stabilization of the
formulation.21 Graphene oxide (GO)-based polymer compo-
sites have reinforced mechanical strength and improved
electrical conductivity and gas barrier properties compared
with neat polymers.22,23 GO can be easily dispersed in the
polymer matrix owing to the presence of functional groups,
such as hydroxyls, epoxides, and carboxyls.24,25 Furthermore,
GO is compatible with organic polymers; hence, it has
attracted considerable interest as a nanofiller for polymer
nanocomposites. Polyethylene glycol diacrylate (PEGDA) is a
nonbiodegradable polymer that has been widely utilized
because of its nontoxicity, good hydrophilicity, and bio-
compatibility.

The degree of curing is a function of different parameters
related to the resin composition and printer parameters. The
effects of these parameters on the cure depth, fabricated using
a photopolymer of PEGDA and a composite containing
PEGDA and GO, have not been fully examined. In this study,
we investigate the cure-depth behaviors of different photo-
polymer resins. GO-based polymer 3D structures are fabricated
using DLP. The 3D structures were fabricated from a mixture
of GO dispersed in a polymer matrix. The presence of GO can
significantly affect the curing depth characteristics of 3D
printed structures and control the light penetration inside the
photosensitive resin. In addition, the exposure conditions of
the DLP printer were adjusted to examine their influence on
the cure-depth behavior. In photopolymerization for 3D
printing, ultraviolet (UV)-sensitive PI is an essential
component of the degree of curing. Therefore, the PI
concentration in the acrylic polymer resin was also investigated
to control the cure-depth behavior and achieve the optimal
dimensional accuracy of the printed structures.

2. MATERIALS AND METHODS
2.1. Ink Preparation. PEGDA (Mn = 700) was used as the

photocurable acrylate resin because of its nontoxicity and
water-soluble polymeric characteristics. Photocurable resins
generally consist of monomers or oligomers as the main
component and a PI for the cross-linking reaction. To increase
light absorption by the resin, PEGDA was mixed with PI
Irgacure 819 via sonication. PEGDA was mixed with various PI
concentrations within the range of 0.3−3 wt % to investigate
the influence of PI concentration on the cure depth of printed
structures.

GO can be dispersed directly in water or organic solvents.26

The GO/water dispersion was formulated by dispersing GO in
deionized water (DI) according to different GO powder
quantities ranging from 0.01 to 0.2 g and 25 mL of DI. The
solution was sonicated for 1 h to obtain a stable homogeneous
GO/water dispersion. In this formulation, the introduction of
GO into the dispersion in higher amounts led to a higher
viscosity. It has been suggested that the viscosity of the mixture
should not exceed 3 Pa·s to achieve good layer recovery.27,28

Direct addition of GO powder to acrylic resins causes
aggregation.29,30 Consequently, GO/water dispersions were
introduced into the acrylic resin.

The GO−polymeric composite was prepared by mixing
different concentrated GO/water dispersions with 50 g of

PEGDA. To enhance the UV-light absorption of the
composites during 3D printing, a PI Irgacure 819 (1 wt %)
was added with a fixed concentration of 1 wt %. The GO−
polymeric mixture was sonicated to obtain formulations in
which the polymeric medium remained stable. Liquid polymer
inks must exhibit good printability, adhesion to substrates, and
high resolution.
2.2. 3D Printing. All samples were 3D-printed using a DLP

printer (Anycubic Photon S DLP 3D printer) at a wavelength
of light source of 405 nm. The DLP printer used is a bottom-
up printer with LCD shadow masking printing technology and
a layer thickness resolution of 25−100 μm. Fabrication was
performed using a light intensity of 3 mW/cm2.

To investigate the cure-depth behavior of different photo-
cross-linkable resins, the structures were designed with a
dimension of thickness of 200 μm. The exposure times for a
single layer were set to 5, 10, 20, 30, and 60 s. For the first
layer, the exposure time was set to 60 s to enhance the
adhesion of the printed structures to the bottom of the mount.
Subsequently, the structures were removed from the mount
and exposed to UV light for 30 min to completely cure the
remaining liquid resin completely. The prepared samples were
then ready for curing depth measurements. A digital caliper
was used to measure the curing depths of the printed
structures. For each investigation, we measured ten samples
of printed structures. The caliper used for this study exhibited a
resolution of 0.01 mm, resulting in a possible error of
approximately ±10%.
2.3. Photopolymer Curing Kinetics. Photocurable resins

are primarily classified into the following two types based on
their polymerization mechanism: free-radical photopolymeri-
zation and cationic photopolymerization.1 From an industrial
perspective, free-radical photopolymerization is the most
widely utilized method.31,32 Free-radical photopolymerization
occurs when radicals generated by PI are present in sufficient
quantities to initiate the polymerization of the monomers. The
photomerization kinetics in the fabrication of structures using
stereolithography is governed mainly by the penetration depth
of the curing light and the energy required for polymerization.
When 3D microstructures are created using photocurable
resins, vertical resolution along the light propagation direction
is crucial for achieving dimensional accuracy of the structure.
The key parameter in terms of the reactivity of the UV-curable
suspension is the cure depth. The theoretical expression for the
polymerization depth is derived from the Beer−Lambert law as
follows33
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where Cd is the thickness/depth of the cured resin. Dp is the
penetration depth of the resin at which the penetrating light
intensity reaches 1/e (approximately 37%) of the surface
intensity. E is the exposure energy density on the resin surface,
and Ec is the critical exposure energy or minimal exposure
required to initiate polymerization. When the applied energy
dose (E) exceeds the critical energy required, a solidified layer
forms on the liquid resin surface. Based on eq 1, a semilog plot
of Cd against E produces a linear graph referred to as the
working curve specific to a given resin. The x-axis intercept of
the working curve represents the critical energy (Ec), while the
slope of the curve corresponds to the penetration depth (Dp)
at the laser wavelength. Ec and Dp are both characteristic
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constants of the resin. The penetration depth indicates the
material’s sensitivity to variations in light output; a material
with a lower Dp exhibits better performance when exposed to
changes in exposure time or light source power, compared to a
higher Dp.

Cure-depth tests and the obtained working curves are
essential for characterizing photopolymers. The cure depth was
determined by illuminating the photopolymer for different
exposure times and measuring the thickness of the cross-linked
networks. For a given resin, the polymerization depth depends
on the light energy to which the resin is exposed. This energy
can be controlled by adjusting the power of the light source
and the exposure time (for projection systems) or the scanning
speed (for laser systems). The exposure parameters can be
selected to optimize the printing process and obtain the
desired part properties. A comparison of the cure depths of
different photopolymers is required to determine the optimal
curing conditions for the best resolution of printed structures.

The absorbance and attenuation of incident light by the
photopolymer material are essential for free-radical polymer-
ization. The penetration depth is specific to each liquid resin
and is related to its absorption characteristics and composition.
The depth of light polymerization may differ for each
photopolymer because of the PI composition differences,
viscosity, composition of the resin, and power of the light
source of the 3D printer selected.16,32

3. RESULTS AND DISCUSSION
3.1. Cure Depth vs PI Concentration�Critical PI

Concentration. The key component in photopolymerization
formulations is the PI, which acts as a bridge between the UV
light source and the liquid resin mixture. The peak light-
absorbing wavelength of the PI often matches the peak
wavelength of the UV light source to maximize the
photoinitiation rates.

Figure 1a shows the relationship between the cure depths as
a function of PI concentration at different exposure energy
doses. The examined polymeric resins were prepared by mixing
PEGDA with different PI concentrations varying with 0.3, 0.4,
0.5, 0.6, 0.8, 1, 2, and 3 wt %. The polymeric resin consisting of
0.1 and 0.2 wt % PI concentration could not be printed
successfully because of the insufficient light absorption of the
liquid resin. In addition, the 4 wt % PI concentration caused
saturation of the formulation, and the PI could not completely
dissolve in the suspension. The exposure time was adjusted to

5, 10, and 20 s, corresponding to exposure energy doses of 15,
30, and 60 mJ/cm2, respectively. In Figure 1a, first, with
increasing PI concentration, the cure depths of the printed
structures increased. For all cases, the cure depth tended to
increase from 0.3 to 0.5 wt % of PI concentration, reached a
maximum value at 0.5 wt %, and then decreased with
increasing PI concentrations from 0.5 to 3 wt % (Figure 1a).
At a PI concentration of 0.5 wt %, the maximum cure depths
measured were 0.943, 1.529, and 2.256 mm for exposure
densities of 15, 30, and 60 mJ/cm2, respectively. When the PI
concentration exceeded 0.5 wt %, the cure depth decreased
rapidly with increasing PI concentration. We observed that
there was an optimal PI concentration that maximized the cure
depth for a given exposure energy. In this study, bottom-up
DLP printing was used to print 3D structures.

The order of the printed layers was from the bottom to the
top. For low-range concentrations of PI, increasing the
concentration of PI resulted in a greater absorption of light
on the surface of the resin. Moreover, this increase produces
more radicals that initiate polymerization and light penetrates
deeper into the resin, resulting in an initial increase in the cure
depth. At low PI concentrations, the penetration depth can
reach the point at which the degree of cross-linking and
polymerization is sufficient to produce a solid network. In
addition, the curing depth reaches its maximum value at a
critical PI concentration. When the PI concentration exceeded
the critical value, the photon penetration depth decreased. This
trend occurred because of the saturable absorption of photons
by the composite. At higher PI concentrations, a greater
number of radicals were initiated for the rapid polymerization
of the bottom layers; however, this saturated the surface of the
suspension (Figure 1b). Saturable absorption occurred because
the energy states near the edge were filled due to the high
concentration of photogenerated carriers. Upon initiation of
polymerization, the formation of the cured resin scatters and
blocks further light through the resin. The absorption is
blocked, and photons are transmitted through the materials
without absorption (Figure 1b). The first layer received more
absorption than the other layers; hence, UV radiation cannot
sufficiently penetrate deeper into the top layers to perform
polymerization. Photon propagation through the resin at high
exposure prevents UV radiation from reaching the top layers of
the printed structures and limits the increase in the curing
depth.

Figure 1. (a) Effect of different PI concentrations on the cure depth of the printed structures with different exposure energies. (b) Schematic
representation of photopolymerization with different PI concentrations.
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It should be noted that the maximum degree of photo-
polymerization corresponded to the critical PI concentration.
At a high PI concentration, the saturable absorption of photons
caused a nonuniform distribution of radicals within the
reaction polymer mixture. This nonuniformity results in an
overall lower rate of reaction in photopolymerization. Excess
free radicals generated by high PI concentrations cause an
increase in the coupling probability of the primary radicals, and
the probability of chain termination also increases. A high
concentration of PI increases the probability of free-radical
collisions, which causes them to self-annihilate rather than
contribute to the polymerization process. Because the curing
time was identical for each PI concentration, the extent of the
reaction was expected to decrease with an increasing PI
concentration. Moreover, during the polymerization reaction,
the cross-linked resin scatters or prevents further light
penetration through the liquid resin, resulting in a decrease
in the intensity ratios absorbed by the resin with an increasing
degree of curing. Thus, the cure depth decreases at higher PI
concentrations after a maximum is achieved at the critical
point.
3.2. Cure Depth vs Exposure Condition. The working

curve provides information about the extent to which exposure
energy is required to cure a certain layer, the critical exposure
energy for resin solidification, and the penetration depth of the
printed structures. Figure 2a illustrates the effect of the
exposure conditions on the curing depth of the printed
structures fabricated by mixing pure PEGDA with a PI
concentration of 0.5 wt %. Exposure time is a parameter used

to adjust the light exposure energy, whereas the intensity of the
light source of the 3D printer is fixed.

The exposure time determines the duration of light exposure
in a single layer. The depth depends on the amount of energy
exposure. The curing depth was determined by solidifying the
liquid resin at different exposure times and measuring the
thickness of the printed structures. In this study, we examined
changes in the exposure times of 5, 10, 20, 30, and 60 s, and
the intensity of the light source was 3 mW/cm2.

The curing depth of the printed structures increased from
0.764 to 2.475 mm as the exposure energy increased from 15
to 180 mJ/cm2 for PEG-based polymer resin. As predicted, the
cure-depth behavior agreed with the theoretical logarithmic
equations. According to Beer−Lambert’s law, the absorption of
a material is directly proportional to its thickness and the
concentration of the attenuating species. The extended
exposure time causes deeper light penetration through the
polymeric liquid resin, resulting in a thicker cured part.
Moreover, the number of radicals formed at a certain depth
was determined by the absorbed light energy. A higher
exposure energy creates more free radicals that absorb photons
in charge of the polymerization reaction, leading to a higher
degree of monomer-to-polymer conversion (Figure 2b). Thus,
photopolymerization occurs during the 3D printing process to
characterize highly cross-linked photopolymers with rapid
curing behavior, thereby increasing the cure depth.

The cure-depth measurement of Anycubic clear resin, a
typical 3D printing photopolymer resin, was also examined.
When the exposure energy increased from 15 to 180 mJ/cm2,

Figure 2. (a) Working curves for pure PEGDA with 0.5 wt % of PI concentration and Anycubic clear resin. (b) Schematic representation of the
photopolymerization process.

Figure 3. (a,b) Effect of different GO amounts on the cure depth of the printed structures and (c) schematic of UV curing during the 3D printing
process with the composite including PEGDA, PI, and GO.
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the curing depth of the printed structures increased from 0.286
to 1.164 mm, respectively (Figure 2a). As a result, for both
cases of PEG-based polymer resin and clear resin, the cure
depth increases as exposure energy increases following a
logarithm of Beer−Lambert’s law. In addition, at the same
exposure energy, the cure depth of the 3D printed structures
when printing with PEG-based polymer resin is significantly
thicker than that of Anycubic clear resin.
3.3. Cure Depth vs GO Amount. The introduction of GO

into the polymeric acrylic resin caused a color change in the
printed structures; the more GO in the liquid resin, the darker
the printed structures (Figure 3a). The liquid resins were
prepared by mixing PEGDA and 1 wt % PI concentration with
different quantities of GO from 0.01 to 0.2 g under the printing
exposure time of 10 s. The addition of GO to the composite
increased the viscosity of the suspension. The composite must
be sufficiently transparent to UV radiation, and light
penetration must lead to a sufficient cure depth. The UV
light penetration changed with different GO concentrations in
the formulation.

Figure 3b illustrates the dependence of the curing depth on
the amount of GO. A slight increase in the cure depth of pure
PEGDA was observed compared to the introduction of 0.01 g
of GO. By increasing the amount of GO from 0.01 to 0.2 g, the
measured cure depths were reduced from 1.315 to 0.406 mm.
This decrease in cure depth might have been caused by the
scattering and absorption of light, owing to the introduction of
GO into the polymeric matrix.

The decreasing cure depth during photopolymerization is
limited by the attenuation of light according to the Beer−
Lambert law (Figure 3c). The absorbance and consequent
attenuation of incident light by the photopolymer material are
essential for free-radical photopolymerization. For UV trans-
parency, the depth of cure is largely determined by the
scattering of UV radiation. UV curing systems consisting of
particles caused rapid attenuation of the incident light, which
was more turbid in the composite containing GO, and light can
be scattered by particles and exhibit a decrease in light
penetration. Scattering, which depends primarily on the
difference in refractive index between the powder and liquid
resin, plays an important role in adjusting the cure depth of
printed structures. The large difference in the refractive indices
of GO (refractive index, n = 1.96) and PEGDA (n = 1.47)
resulted in a large scattering of the incident photons. As a
result, the penetration depth of light is reduced owing to
scattering. Thus, less UV light penetrates the resin mixture,
permitting less energy to be absorbed by the uncured resin
during photopolymerization. Light intensity decreased from
the bottom to the top layers. The rate of light absorption is
proportional to the photon flux at a given wavelength. When
comparing the two mixtures with low and high concentrations
of GO, the total absorption in the case with a higher GO
concentration is smaller than that in the case with a lower GO
concentration, and the fraction absorption by the PI decreases
owing to scattering. As the UV light passes through the
material, the photon flux is diminished by absorption. In
addition, the selective absorption of light by a particular
material occurs when the frequency of the light source matches
the specific frequency at which the electrons in the atoms of
that material vibrate. The DLP 3D printer used in this study
had a light source with a wavelength of 405 nm. Table 1 shows
that the absorption spectrum of GO is 230 nm and that of PI is
430 nm; therefore, GO is an unreactive chemical that is highly

absorbed in the laser wavelength of the printer. Successful 3D
printing requires the absorption of the liquid resin to match
the emission spectrum of the 3D printing source. With long-
wavelength PI, these molecules absorb UV radiation instead of
GO because GO cannot absorb at these wavelengths. The
depth of cure for suspensions containing GO powder is limited
by scattering. Therefore, with increasing GO concentration,
the UV light that penetrated the liquid resin mixture was
reduced, allowing less energy to be absorbed by the uncured
resin.

Figure 4a shows the working curve of the cure depth vs the
logarithm of the exposure energy. The curing depth of the
printed structures decreased with increasing GO content and
increased with increasing exposure energy. An increased
absorbed photon dose cures more liquid resin, thereby
increasing the measured cure depth. In the case of a 5 s
exposure time, the GO amount of 0.2 g could not be printed
successfully for the samples because the cure depth of the
printed structures decreased to a small thickness at which the
structures could not be formed. Therefore, a higher
concentration of GO reduces the cure depth to a greater
extent than the desired amount, resulting in undesirable
microstructures. In addition, in the case of 60 s exposure time
of 0.01 g GO, there was an amount of generated radicals;
therefore, the surrounding area was affected by curing,
resulting in unsuccessful printed structures for cure-depth
measurement. Figure 4b,c shows the calculated critical energy
and penetration depth, respectively, for the five resins with
different GO concentrations. It is illustrated that when the
amount of GO increased from 0.01 to 0.2 g, the critical energy
and the depth of penetration decreased. At a high
concentration of GO in the polymeric resin, light can be
scattered. Thus, the absorption coefficient of photons
decreased compared with lower concentrations of GO. These
results agree with the theoretical predictions that the critical
exposure energy, Ec, generates sufficient free radicals to initiate
a chemical reaction. Decreasing the amount of GO in the
composite allowed light to penetrate deeper into the uncured
resin, thereby increasing the level of light penetration.
3.4. Discussion. For the particular PI/monomer system,

the relationship between the cure depth and the penetration
depth has been derived as follows40
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where d is the mean ceramic suspension particle size, Q is the
scattering efficiency term, and Φ is the volume fraction of the
ceramic powder.

Deriving from eqs 1 and 2, the relationship between the
penetration depth and volume fraction depth can be expressed
as follows

D
d

Q
1

p
(3)

Table 1. Physical Properties of PEGDA and GO, Irgacure
819 PI34−39

PEGDA GO PI PEGDA + PI

refractive index 1.47 1.96 1.588 -
absorption peak (nm) 213 230 430 412
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Thus, the penetration depth of the printed structures is
inversely proportional to the volume fraction of the solid. The
linear relationship between the cure depth and the inverse
volume fraction is well-established for a highly concentrated
suspension system.

Figure 5 shows the calculated penetration depths as a
function of the inverse volume fraction of GO, 1/Φ. The depth

of penetration of the printed structures is directly proportional
to the inverse volume fraction of GO, but the graph shows two
different slopes. The slope in the large volume range of 0.05−
0.2 g of GO is steep, at approximately 0.017, while the slope in
the small volume range of 0.01−0.05 g of GO is shallower, at
approximately 0.004. This result indicates that the scattering
efficiency varied discontinuously, because the mean suspension

particle size was constant. When producing complex 3D
printed structures with a mixed resin system containing a low
concentration of colloidal suspension, it may be necessary to
precisely clarify the effect of scattering efficiency.

The reduction in penetration depth by adding GO affects
the quality and resolution of the printed structures. The
introduction of GO into the 3D printing process emerges as a
transformative factor, significantly enhancing the quality of
printed structures. The scaffolds were fabricated using two
printing resin types, namely, pure PEGDA and a composite of
PEGDA and 0.2 g GO. The combination of PEGDA and GO
improves the precision and introduces more detail and
accuracy in printed structures compared to using pure
PEGDA (Figure 6). This highlights the crucial role of GO in
elevating the quality resolution of printed structures, establish-
ing it as a critical element for 3D printing results.

4. CONCLUSIONS
The cure-depth characteristics of photopolymer resins based
on PEGDA and GO were investigated by using the DLP 3D
printing method. This study contributes to the understanding
and investigation of the printed quality of structures fabricated
via photopolymerization. In the examination of the cure depth
of the printed structures, several parameters were found to
influence the curing behavior, such as the light intensity,
concentration of PI, and composition of the photopolymer
resin. The effect of varying the exposure conditions on the cure
depth was investigated, and it was found that the cure depth
increased as the exposure energy increased, as expected from
the logarithmic equation. The results showed that there was a
critical PI concentration at which the cure depth reached a
maximum and then decreased with an increasing PI

Figure 4. (a) Graph of cure depth versus the logarithm of exposure energy and (b) critical energy and (c) penetration depth for different GO
amounts.

Figure 5. Calculated penetration depth as a function of the inverse
volume fraction of GO.

Figure 6. Print quality of different printing resins: (a) digital modeling, (b) 3D printing of pure PEGDA, and (c) 3D printing of the composite
including PEGDA and GO.
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concentration. When the PI concentration exceeded 0.5 wt %,
the cure depth decreased rapidly with increasing PI
concentration. Saturable absorption of photons occurs in the
photosensitive resin, leading to a maximum cure depth. The
effect of GO on the polymeric composite was investigated by
controlling the curing depth of the printed structure. With an
increase in the amount of GO introduced into the photo-
polymer mixture, the curing depth decreased owing to the
scattering and attenuation of the exposed light energy in the
liquid resin. The addition of GO reduced the critical energy
and penetration depth of the UV-cured resins. The
introduction of GO limited light penetration into the
photopolymer formulation, thus improving the thickness of
the cured samples. The study of the cure-depth behavior in
photopolymerization is an important aspect of the curing
process, and the experimental approach can be applied to the
fabrication of printed structures to improve the resolution of
cured samples for curable coatings and industrial applications.
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