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Three-dimensional (3D) printing is becoming more prevalent in the dental sector due to its potential to save time for dental
practitioners, streamline fabrication processes, enhance precision and consistency in fabricating prosthetic models, and offer cost-
effective solutions. However, the effect of aging in artificial saliva of this type of material has not been explored. To assess the
physical and mechanical properties of the two types of 3D-printed materials before and after being subjected to artificial saliva,
a total of 219 acrylic resin specimens were produced. These specimens were made with two types of 3D-printed materials, namely,
NextDent (ND) and Formlabs (FLs), and a Schottlander heat-cured (HC) resin material that was used as a control. Water sorption
and solubility specimens (n=5) were tested after three months of storage in artificial saliva. Moreover, the Vickers hardness,
Martens hardness, flexural strength/modulus, and impact strength were evaluated both under dry conditions and after three
months of storage in artificial saliva. The degree of conversion (DC), elemental analysis, and filler content were also investigated.
The ANOVA showed that 3D-printed resins had significantly greater sorption than the control group (p <0.05). However, the
flexural strength values of the 3D-printed materials were significantly greater (p < 0.05) than those of the heat-cured material. The
DC of the 3D-printed resins was lower than that of the control group, but the difference was not significant (p >0.05). The
3D-printed materials contained significantly more filler than the control (p < 0.05). Moreover, the artificial saliva had a significant
effect on the Vickers hardness for all tested groups and on the Martens hardness for the control group only (p < 0.05). Compared
with conventional heat-cured materials, 3D-printed denture base materials demonstrated relatively poorer performance in terms
of sorption, solubility, and DC but exhibited either comparable or superior mechanical properties. The aging process also
influenced the Vickers and Martens’ hardness. The strength of the 3D-printed materials was in compliance with ISO recom-
mendations, and the materials could be used alongside conventional heat-cured materials.

1. Introduction production of digital denture templates has been made

possible due to recent advancements in computer-aided
Significant efforts have been made to improve the quality of ~ design and computer-aided manufacturing (CAD/CAM)
polymethyl methacrylate (PMMA) materials and thereby  technology and its associated software [2, 3]. A Standard
overcome the known disadvantages associated with the  Tessellation Language (STL) file is created once the denture
traditional method of denture manufacturing [1]. The  has been digitally designed, and then either a subtractive
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(computerized numerically controlled milling) or an addi-
tive (3D printing) method can be used to produce the
denture [4, 5].

Several benefits of CAD/CAM-fabricated prostheses
include fewer appointments, streamlined denture
manufacturing processes, greater tissue adaptability, simple
replication of preexisting dentures, fewer manufacturing
errors, and more rapid production [3, 6-8]. Although
milling is a common method for making dentures, 3D
printing offers important benefits. For instance, it is more
cost-effective since it allows for the simultaneous production
of several components without wasting raw materials or
wearing rotary tools [9, 10].

The mechanical properties of any polymer for oral use,
regardless of its manufacturing technology, could be com-
promised by oral cavity fluids due to the absorption of water
by acrylic, which could compromise the physical properties
of the polymer [11]. Denture bases manufactured via 3D
printing must adhere to strict standards for oral stability to
guarantee prolonged use. These standards encompass
minimal water absorption and solubility, elevated me-
chanical properties to withstand chewing forces, and
a substantial degree of conversion to mitigate biological
impacts from residual monomers [12, 13]. The interplay
between water and polymer chains can induce internal
strains through swelling, chemical breakdown, and residual
monomer release, underscoring the critical importance of
sorption and solubility as key metrics for evaluating the
durability of denture resins [14, 15]. In addition, main-
taining the lowest possible amount of unreacted monomers
is essential for ensuring excellent biocompatibility. The
degree of conversion (DC) of the resin can be measured to
predict the amount of unpolymerized monomer that can
irritate and harm a patient’s oral mucosa [16].

On the other hand, monitoring variations in hardness
after preserving specimens in solvents can be used to in-
directly examine polymer degradation. The hardness of
a solid material can be measured by assessing its level of
resistance to a compressive force applied to its surface by an
indenter [17, 18]. Studies of this nature typically assess the
hardness after the load has been removed. Although this
approach is useful for materials that are flexible plastically,
elastic-plastic materials are less accurately described in this
way [18]. The Martens hardness method was devised to
address these constraints. This technique integrates sensors
capable of recording elastic and plastic deformation com-
ponents during force- or depth-controlled instrumented
indentation, employing a conventional Vickers diamond tip
for loading. The indentation modulus, creep, and depth are
among the numerical parameters automatically extracted
from the resultant force-displacement plots at each instance.
Although several studies have assessed Martens hardness for
different polymer-based composites and ceramics [19-21],
there is a need to study the surface stability of 3D-printed
denture base polymers.

There are few investigations comparing the physical and
mechanical characteristics of 3D-printed and aged denture
base acrylic resins that are produced hydrolytically using
artificial saliva. In the authors’ previous study, a single type
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of 3D-printed resin with various concentrations of TiO,
nanofillers was tested, and the physical and mechanical
properties were assessed to determine the effect of the filler
particles [22]. In the current research, two types of plain 3D-
printed materials and conventional heat-cured materials
were studied, allowing for a comprehensive comparison of
their physical and mechanical properties. In this study, the
flexural strength, flexural modulus, impact strength, surface
hardness, including Martens hardness (HM) and Vickers
hardness (HV), sorption and solubility, and degree of po-
lymerization of 3D-printed denture base resins were com-
pared with those of traditional heat-polymerized acrylic
resin both before and after hydrolytic aging in artificial
saliva. The first null hypothesis was that these physical and
mechanical properties of the 3D-printed resins would not
differ significantly from those of traditional heat-
polymerized resins either before or after artificial aging.

2. Materials and Methods

2.1. Resin Material. The first 3D-printed material examined
in this investigation was a commercially available NextDent
(ND) 3D +light-cured resin with a light pink hue (3D
Systems, Soesterberg, Netherlands) that was specifically
engineered for denture base applications. According to the
manufacturer’s specifications, NextDent possesses the fol-
lowing characteristics: an ultimate flexural strength of
84 MPa, a flexural modulus of 2383 MPa, a sorption rate of
28 g/mm>, and a solubility of 0.1 g/mm®. The second
3D-printed material utilized in this research was a Formlabs
(FLs) digital denture resin, which was also light pink
(Formlabs, Somerville, USA). Although the manufacturer
did not disclose the exact properties of the material due to
proprietary concerns, the resin composition is detailed in the
safety data sheet, as provided in Table 1. For comparative
analysis, heat-cured (HC) PMMA served as the control
material. To produce the specimens, a combination of
powder and liquid monomers of methyl methacrylate
(Pegasus Plus, Schottlander, Hertfordshire, UK) was used.

2.2. Sample Fabrication and Aging Procedure. Fabrication
and aging processes were carried out on a total of 219
specimens as shown in Figure 1 (n=73 per material), fol-
lowing established protocols as described in a prior study
[23]. In brief, the Formlabs Form 2 printer was employed,
with PreForm software facilitating CAD design editing and
vertical positioning (90°). The specimens were cleaned in
99.9% isopropyl alcohol (IPA) or 99.8% ethanol for ND,
followed by air drying. Subsequently, they were immersed in
preheated glycerine at 80°C and cured at the same tem-
perature for 30 minutes using a light chamber box (Form
Cure, Formlabs, Somerville, USA), with the ND specimens
subjected to additional polymerization in a UV light box at
60°C.

All specimens underwent wet grinding to achieve flat,
smooth edges and faces using silicon carbide grinding papers
of varying grain sizes (approximately 30 ym, 18 ym, and
15um). A digital caliper with an accuracy of 0.0l mm was
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TaBLE 1: Tested materials and manufacturer information.

Code Manufacturing technology ~Composition (wt.%) Manufacturer
(i) Ethoxylated bisphenol A dimethacrylate (>75)
(ii) 7,7,9-Trimethyl-4,13-dioxo-3,14-diazahexadecane-1,16-diyl bismethacrylate

. . (10-20)

ND  Additive manufacturing (ifi) 2-Hydroxyethyl methacrylate (5-10) NextDent
(iv) Silicon dioxide (5-10)
(v) Titanium dioxide (< 0.1)
(i) Methacrylate monomer (40-60)

FL Additive manufacturing (ii) Diurethane dimethacrylate (30-50) Formlabs
(iii) Propylidynetrimethyl trimethacrylate (5-10)

HC  Heat-cured manufacturing Polymethyl methacrylate (>98) Schottlander

Mechanical properties

4

Vickers Martens
hardness hardness
n=15 n=15

Physical properties

Flexural Impact
strength and strength

modulus n=30 n=30

4

Dry sample n=90
Aged sample n=90
N=180

J

\ N=219

<:II@I.@

Ficure 1: Comprehensive plan for 3D-printed sample
characterization.

used to measure the specimen dimensions. HC material was
manufactured following an established protocol detailed in
a previous study [22].

The specimens were evaluated for their Vickers hardness
(HV), Martens hardness (HM), flexural strength, and impact
strength after being placed in artificial saliva and kept at 37°C
for three months [22]. The solution was replenished every
14 days.

2.3. Analysis of Filler Content. The percentage of inorganic
components in each type of resin material used in this study
was measured by eliminating the organic component of the

resin materials. Following the ISO standard 1172: 2022 (BS
EN ISO 1172:2022), three specimens from a resin material
were subjected to heating in an electric furnace (Programat
EP 5000; Ivoclar Vivadent, Liechtenstein, Austria) within
a temperature range of 470°C-500°C for 15 minutes, fol-
lowed by cooling in a desiccator. Subsequently, each spec-
imen’s weight was measured using a precision electronic
balance (Ohaus Analytical Plus, Ohaus, USA; accuracy:
0.01 mg). The percentage of inorganic fillers was calculated
by using the following equation:

Filler weight % = M5 71 100, (1)
my —m
where m, indicates the initial mass of the empty crucible in
grams and m, is the initial mass of the crucible along with
the dried specimen in grams. Finally, m; denotes the end
mass of the crucible, including the remaining mass of the
specimen after it has been calcined, in grams.

2.4. Procedure for Determining Degree of Conversion (DC).
Fourier transform infrared (FTIR) spectroscopy was con-
ducted to determine the DC of the specimens using
a Spotlight 200i FT-IR microscope fitted with a Spectrum
Two instrument at wavelengths between 4000 and 400 cm™".
Five specimens (diameter 15.0+0.2mm and thickness
2.0+0.2mm) of each resin were manufactured. DC was
determined as the ratio of double carbon bond peaks at an
aliphatic stretch frequency of 1637cm™ to the reference
aromatic frequency of 1608 cm™" by the following equation:

( 1637 /1608_1) peak heights after polymerisation

DC(%)=|1- - — x 100 (2)
(1637 /1608 )peak heights before polymerisation

2.5. Evaluating Sorption Characteristics. According to the
ISO 20795-1: 2013 standard, saliva sorption characteristics
were determined for the specimens from each material
(n=5) with sample dimensions of 50.0 + 0.5 mm in diameter
and 1.0 £ 0.2 mm in thickness. The specimens were kept in

a desiccator containing silica gel for 24 hours at 37°C and
subsequently weighed using an analytical balance (Ohaus
Analytical Plus, Ohaus, USA; precision: 0.01 mg) until
a constant mass (m,) was obtained. The specimens were
submerged in artificial saliva at a temperature of 37 +2°C.
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Their mass was measured after each withdrawal from the
solution and subsequent drying until the difference between
consecutive weighings was not more than 0.2 mg (m,). To
obtain m;, specimens were reconditioned in a desiccator
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using the same method until they reached a stable mass.
Equations (4)-(6) are used to calculate the sorption
(g/mm’), solubility (g/mm?®), and mass change (%),
respectively.

. mean diameter \ > .
Specimen volume, V' = 3.14 x — x mean thickness, (3)
m2 —m3
Sorption = , 4
orption v (4)
1-m3
Solubility = ", (5)
\%
m' — ml
Change in mass, SP (%) = <71) x 100, (6)
m

where “m"” denotes the mass of the specimen at a specific
point in time.

2.6. Mechanical Properties Measurement. The mechanical
properties of each material were evaluated, and the details
are given in Table 2. Further details can be found in the
authors’ previous publication [22].

2.7. Optical Microscopy and Scanning Electron Microscopy
(SEM). The surface morphology of the polished printed
specimens was assessed using an optical microscope (Echo
Revolve, California, USA; magnification x10). Furthermore,
analysis of the fractured surfaces coated with a thin gold
layer resulting from the flexural strength test was conducted
using a scanning electron microscope equipped with an
energy-dispersive X-ray spectrometer (SEM-EDX, Carl
Zeiss Ltd., Cambridge, UK).

2.8. Data Analysis. The data were analyzed using SPSS
version 25 (IBM, New York, NY, USA), and statistical tests
were performed to ensure the accuracy of the findings. The
normality of the data was assessed by the Shapiro—Wilk test,
while the homogeneity of the data was confirmed by the
Levene test. One-way and two-way ANOVA tests were
carried out to explore the interaction between the study
materials and the storage media. Subsequently, Tukey’s/
Games-Howell post hoc analysis (p <0.05) was performed
to delve deeper into any significant discrepancies.

3. Results

3.1. Filler Content. Table 3 represents the amount of filler
measured in this study in comparison to the data provided
by the manufacturers where available. The 3D-printed
materials had significantly greater filler content than the
HC material (p<0.001). No significant difference was de-
tected between ND and FL (p > 0.05).

EDX analysis was used to identify the elemental com-
position of the fillers within the 3D-printed resins, as the HC
material was almost 100% PMMA. The results revealed the
presence of aluminum (Al) within FL and a very minor trace
of copper (Cu). EDX analysis also revealed the presence of
aluminum (Al), silica (Si), titanium (Ti), and iron (Fe) within
the ND resin material as nonorganic fillers. The ranges of
inorganic fillers detected were 1-13 wt.% and 1-20 wt.% for
FL and ND, respectively.

3.2. Degree of Conversion. Figure 2 presents the mean DC
and standard deviation values of the resin materials. The HC
group exhibited the highest DC among the tested materials,
with a value of 97.2%. One-way ANOVA indicated that the
mean values of the groups were significantly different
(p<0.02; F=5.6). In addition, the Games-Howell post hoc
comparison revealed that there was a significant difference
between the HC and ND groups (p < 0.02). Compared with
ND, FL also had a slightly greater percentage, but the dif-
ference was not significant (93.7% and 92.0%, respectively).

3.3. Sorption and Solubility Analysis. Figure 3 displays the
mean sorption values and standard deviations. Statistical
analysis using one-way ANOVA revealed that there was
a significant difference between the mean values of the
groups (p<0.001; F=103.2). Tukey’s post hoc analysis
revealed that there was a significant difference between the
HC group and the other 3D-printed groups (p <0.001) and
between the ND and FL groups (p < 0.001). However, one-
way ANOVA did not reveal any significant difference be-
tween the mean values of solubility (p >0.05). During the
sorption process, HC showed a notable increase in mass
within the initial 3 days. Following this, the mass increase
plateaued, becoming negligible until day 42. This plateau
indicates that the equilibrium has been reached, as shown in
Figure 4. Similarly, during the desorption process, the
change in mass of the specimens was mostly observed within
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TaBLE 3: Filler content in the denture base materials.

Filler content (wt.%) Filler content (wt.%)

Resin material

determined supplied by manufacturer
HC Not measurable <2
FL 13.0 (2.2)* Not available
ND 152 (2.8)" 6-15

*In a column, cells with the same letters are not considered significantly
different.

110
[ L
100 ~
— L
x
g 0
5
>
5 80 -
O
e
=]
L
cgo 70 A
L
(=)
60
50 T T
HC FL ND
Materials

FIGURE 2: Degree of conversion (DC) of the three tested materials.
A statistically significant difference is indicated by horizontal red
lines connecting two points (Games-Howell post hoc test: « =0.05
and n=5).

the first 3 days, with negligible changes thereafter. In the case
of the 3D-printed groups (ND and FL), different patterns
were observed. The mass change occurred consistently for
up to 21 days during the sorption process, with the increase
becoming insignificant after this point and remaining so
until day 42. In the desorption phase, the mass change was
concentrated in the first 7 days, with insignificant variations
in mass detected thereafter.

3.4. Surface Hardness. The means and standard deviations of
HV are presented in Figure 5(a). No significant difference
was observed across different materials when comparing
baseline readings (p >0.05) or after the aging process. For
the same material before and after aging, the values of HV
decreased significantly in all groups (p < 0.001). Figure 5(b)
shows the mean and standard deviation of HM for different
materials before and after aging. At baseline, no statistically
significant differences were reported among the groups
(p>0.05). After the aging period, the HC group showed
a significantly lower value than the FL resin group (p < 0.01;
F=6.5). However, no significant difference was reported
between 3D-printed resin materials (p >0.05). Within the
same material, no significant difference was observed before
and after the aging process for the 3D-printed resins, but the
value for the HC group decreased significantly (p < 0.001).

International Journal of Biomaterials

3.5. Flexural Strength and Modulus. Figure 6 shows the
means and standard deviations of the flexural strength and
flexural modulus. The results show a significant increase in
the flexural strength associated with 3D-printed resins
compared to that of the HC material both before aging
(p <0.02; F=39.5) and after aging (p < 0.03) across different
materials. Following a 3-month aging process in artificial
saliva, the values for all materials decreased, but the decrease
was not significant (p>0.05). The analysis of the flexural
modulus revealed no significant difference between the
tested groups before aging (p >0.05). However, the aging
process had a significant effect on the HC resin (p < 0.002).

3.6. Impact Strength. Figure 7 shows the mean values for the
impact strength test. One-way ANOVA did not show any
significant difference between all groups across the mate-
rials, and the t-test indicated no significant difference before
or after the aging process within the same material
(p>0.05).

4. Discussion

In this study, the mechanical and physical properties of
denture base materials manufactured using different tech-
nologies were investigated, with a focus on 3D printing
technology. Both null hypotheses were partially rejected, as
the statistical analysis revealed that 3D-printed specimens
had significantly higher values in some tests than did the
conventional heat-cured resin. In addition, the aging process
significantly affects the materials in some tests.

In this study, sorption and solubility were assessed in
artificial saliva to mimic the oral environment. The process
continued until all tested groups reached full equilibrium,
where the specimens could gain no more weight. This
process lasted between 2 and 3 weeks for sorption and 1-
2 weeks for desorption (solubility). According to the results
of this study, the sorption of 3D-printed denture base
materials was greater than that of the control heat-cured
material, and this finding is in agreement with other studies
[14, 15, 24]. This increased sorption associated with 3D-
printed materials can be attributed to several factors, in-
cluding the degree of conversion [15, 23] and the chemical
composition of the materials [15, 25, 26].

Based on the results of this study, a negative correlation
was found between DC and the sorption/solubility perfor-
mance. The DC of the tested materials in this study revealed
that the HC material had a higher DC than its 3D-printed
counterparts. A higher DC generally results in a more
densely cross-linked polymeric network that leaves less
unreacted monomers and less space for water molecules
within the material [12, 27-29]. As a result, materials with
higher DC typically have lower sorption rates. One of the
possible reasons for the increased DC of the HC material
compared to that of the 3D-printed materials is the
manufacturing technology. The HC material is polymerized
under a higher temperature and pressure and for a longer
time (cycling for six hours in a water bath); this could have
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a positive effect on the DC [30-32]. Another possible reason
is the filler content of the material. To calculate the amount
of filler in each type of material, the ash technique was
performed in addition to EDX analysis. FL and ND had
significantly greater amounts of inorganic fillers than HC.
This finding established a relationship between filler content
and DC, as more inorganic fillers within the material
resulted in lower DC. Although the relationship between the
two is complex, the presence of more inorganic components
can hinder the DC in some ways: (1) a high filler content may
interfere with the polymerization reaction by physically
hindering the movement of reactive sites, making it more
difficult for monomers to come into close contact and react
with each other. This can result in alower DC and (2) certain
types of inorganic fillers can scatter or absorb light, which

may reduce the available energy to initiate the polymeri-
zation process [33-35]. In general, the relationship between
the inorganic filler content and DC is not directly
straightforward, as the filler content, morphology, distri-
bution, quality of the filler-matrix interface, and matrix
composition must be considered.

Another aspect to look at is the interlayering spaces
found within FL and ND due to their manufacturing
technology. Gad et al. [14] and Greil et al. [24] reported
similar results to those of this study in regard to water
sorption, as 3D-printed denture materials absorbed more
water than conventional materials. They explained that this
was due to the presence of voids and interlayer spaces in 3D-
printed specimens due to their manufacturing process,
which can accommodate water molecules. However, this
phenomenon was not observed in our previously published
study [36], as optical microscopy and SEM analysis con-
firmed the absence of any interlayering spaces.

The solubility of the material is defined as the amount of
components, including water-soluble elements, plasticizers,
initiators, and unreacted monomers, that leach out of the
specimen when immersed in water (or any other solvent)
[37]. Many studies have shown that the solubility of 3D-
printed materials is greater than that of the heat-cured
materials or pressed resin materials [14, 15, 24, 38]. In
this study, a similar observation was found, as the 3D-
printed materials showed higher solubility than the con-
trol in the following order: FL > ND > HC. However, the
difference between all the tested materials was insignificant.
Notably, all tested materials were compliant with the ISO
20795-1-2013 recommendations in terms of sorption and
solubility (32 ug/mm?® and 1.6 ug/mm’, respectively).

3D-printed resins are photopolymerized resin materials,
and the DC plays a crucial role in determining the overall
performance of the denture base. DC can influence a ma-
terial’s water absorption behavior, as a densely cross-linked
network is less susceptible to water penetration, as pre-
viously explained. It is also important to consider the
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chemical composition of the material along with the DC, as
DC can also play an important role in the water absorption
capacity and durability of the resin material.

HV represents the ability of the denture base to resist
abrasion, scratches, and indentation on the surface during
function, especially when chewing hard substances or
cleaning the denture with a toothbrush after use to prevent
plaque accumulation and pigmentation [39, 40]. In this
study, similar patterns were observed between 3D-printed
specimens and the HC group at baseline. The HV of the HC
specimens was slightly higher but not significantly different

from that of the 3D-printed specimens. Like our results,
other studies in the literature reported the same observations
(12, 41].

The HM parameters used in this study were adopted
from another study [20], which was suitable for use with
polymer-based materials. At baseline, the HM results were
similar to those of the HVs, as the HC specimens were
slightly higher than those in the 3D-printed groups, but no
significant difference was observed. The HM results in this
study were in agreement with those of other studies that
reported a range of 116-183 N/mm” for heat-cured denture
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base materials [42] and 109-142 N/mm? for 3D-printed
PMMA-based materials [43].

Flexural strength is a critical property for denture base
materials because it reflects their ability to withstand
bending and twisting forces in the oral environment gen-
erated during normal functioning and natural movements.
Conclusions regarding the comparison of flexural strength
values between 3D-printed and conventional heat-cured
materials vary in the literature. Some studies reported
that 3D-printed materials showed lower values than heat-
cured materials [23, 41]. Other studies reported comparable
results [12, 44]. In contrast, some studies reported that 3D-
printed materials showed higher values than conventional
materials [24]. This variation in the comparison may be
related to the settings used during the printing of the 3D-
printed specimens and the composition of the materials used
in the comparison. In 3D printing manufacturing, photo-
polymerized resin materials are used, and these materials
depend on printing parameters and postcuring procedures
[45-47]. In this study, the printing orientation and post-
curing process followed another study [36], where a vertical
orientation (90° to the build platform) and 30-minute curing
time settings were used to obtain the optimal mechanical
and physical properties for the same material. Most studies
do not report the printing orientation used; however, Perea-
Lowery et al. [15] reported using a horizontal orientation
and indicated a lower flexural strength of the 3D-printed
material compared to the conventional material. On the
other hand, Greil et al. [24] used a vertical-printing ori-
entation and claimed that 3D-printed specimens produced
had higher flexural strength values than conventional ma-
terials. This is in line with previous study’s findings [36], as
the vertical orientation produces better mechanical prop-
erties than the horizontal printing orientation. Furthermore,
some studies have reported that the weaknesses associated
with 3D-printed materials may be related to the layering

structure within the specimens, potentially leading to poor
mechanical properties due to internal defects [23]. However,
this study’s SEM analysis of fractured surfaces did not reveal
such defects (Figures 8(a) and 8(b)), which aligns with the
findings of other researchers [36, 48, 49]. These findings
could explain the variety in the literature regarding different
conclusions about mechanical properties. In this study,
compared with those in the conventional HC group, the
flexural strength and modulus of ND and FL in the vertical-
printing group were greater. One aspect to consider when
explaining the differences between heat-cured resin and 3D-
printed resin materials is the filler content. Polymeric ma-
terials primarily consist of a polymer matrix (organic
component) and reinforcing fillers (inorganic component)
[50, 51]. The amount of inorganic components directly af-
fects the mechanical properties of the material [50]. In this
study, it was discovered that the amounts of filler particles in
ND and FL were greater than those in HC, which could
further explain the superior mechanical properties associ-
ated with 3D-printed materials. Another aspect of utmost
importance is the chemical composition and structure of the
resin materials. The main composition of the HC material
used in this study was PMMA, while dimethacrylate-based
polymers were used for FL and ND. Dimethacrylate and
PMMA are both acrylic-based polymers, but they have some
differences in their chemical structure and properties
[52, 53]. Dimethacrylates are compounds with two meth-
acrylate groups, often connected by a spacer molecule. They
are typically formed by the reaction of methacrylic acid with
a diol or other difunctional molecule. PMMA is a polymer
derived from the polymerization of methyl methacrylate
(MMA) monomers. The chemical structure consists of re-
peated units of methyl methacrylate linked together to form
a linear chain. PMMA can form cross-linked structures, but
the degree of cross-linking is generally lower than that of
dimethacrylate-based resins. In contrast, dimethacrylate-
based resins are specifically designed to create highly
cross-linked polymer networks. This is because the presence
of two methacrylate groups allows for the formation of
multiple covalent bonds between polymer chains. As a re-
sult, dimethacrylate-based resins exhibit greater mechanical
strength and rigidity than PMMA [52].

Impact strength is an important intrinsic characteristic
of denture base materials, representing their resistance to
fracture after an accidental drop [54, 55]. It has been re-
ported that 80% of mandibular denture fractures are caused
by impact forces [56]. The results of this study showed no
significant difference in impact strength between the tested
materials, although 3D-printed materials demonstrated
slight superiority. Some studies reported similar observa-
tions, with no significant difference between 3D-printed and
heat-cured materials [57-59]. Others reported the opposite
[23, 60], and the diversity in conclusions could be attributed
to the factors previously explained for the flexural strength
test, as many variables could lead to different conclusions,
especially with 3D-printed materials.

During their use, denture base materials are subjected
to humid environments [43]. The objective of the artificial
aging procedure in this study was to replicate the
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FIGURE 8: SEM images of the cross-sectional surface morphology of (a) NextDent and (b) Formlab.

conditions inside the mouth and evaluate its effect on the
material characteristics. The aging process had a noticeable
effect on the surface properties of the materials but not on
the mechanical properties. Similarly, a significant decrease
in HM was reported for the HC material, while a slight
decrease was associated with the ND and FL. This pro-
gressive decline in HM of the HC compared to that of the
3D-printed materials reveals more plastic/elastic de-
terioration on its surface, which might be related to the
filler content of the materials, as the HC had fewer fillers
than did the other groups. It is challenging to make ad-
ditional inferences from these findings, as the composition
of the 3D-printed materials is not disclosed by the man-
ufacturers, and for this reason, it would be desirable to
determine their composition. The flexural and impact
strengths decreased slightly but not significantly with the
aging process. It is worth mentioning that the surface and
mechanical properties are not correlated, and one cannot
replace the other to characterize the material properties
after aging [61].

3D-printed materials are considered promising alter-
natives to conventional materials, as supported by the results
of this study. However, the results published in this field
should be interpreted with care, as the diverse distribution of
conclusions may result from different factors, such as dif-
ferences in resin composition, printing orientation, and
postprinting polymerization procedures, which can have
detrimental effects on the objects produced. Using one type
of heat-cured material can be considered a limitation of this
study. Another limitation is that the specimen dimensions
did not simulate a real-time denture base. Further studies
can be conducted using the same materials in a denture
configuration to obtain more reliable results.

3D-printed denture base materials have demonstrated
potential as alternatives to conventional heat-cured mate-
rials due to their physical and mechanical properties as
supported by the results of this study. However, it should be
noted that the conclusions might be affected if other resin
materials or 3D printing methods are used.

5. Conclusions

The study revealed several important findings. First, 3D-
printed resin materials (NextDent and Formlab) displayed
a slightly lower DC than their heat-cured counterparts. In
addition, while the studied resin materials met the recom-
mendations outlined in ISO 20795-1-2013 regarding sorp-
tion and solubility, they exhibited inferior performance
compared to heat-cured materials, particularly in terms of
water sorption, with a significant difference observed.
Moreover, at baseline, the surface properties, including the
Vickers and Martens’ hardness and impact strength of the
3D-printed materials, were found to be comparable with
those of conventional heat-cured materials, and the flexural
strength of the 3D-printed material surpassed that of its
counterpart. The surface properties of the heat-cured ma-
terial and 3D-printed materials were affected by the aging
process in artificial saliva over a period of three months. An
impact on both the Vickers and Martens’ hardness was
observed for the heat-cured material, and an impact on only
the Vickers hardness was observed for the 3D-printed
materials. However, the effect on the flexural and impact
strengths was minimal and did not show any statistical
significance.
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