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Abstract

Objective: The purpose of this study was to compare the flexural strength, flexural modu-
lus, hardness, and surface roughness of one brand each of 3D-printed and heat-cured acrylic
resin materials after they were immersed in various disinfection solutions. Methods: The
study included 160 specimens, consisting of 80 heat-cured and 80 3D-printed specimens.
Forty specimens of each resin material type were prepared for flexural testing, while an
additional forty specimens were designated for hardness and surface roughness assess-
ments. Each collection of 40 specimens was subsequently randomized into four subgroups
(n = 10) for immersion in either distilled water (control), 1% sodium hypochlorite, Su-
perdent, or Kin Oro denture cleansers. Flexural test, hardness, and surface roughness
assessments were performed. Data analysis was conducted using SPSS, with a level of
significance set at p < 0.05. Results: Flexural strength and surface roughness did not differ
significantly between the two resin types. Flexural modulus was significantly higher in
the heat-cured resin among all the disinfectants (p = 0.000). The heat-cured resin had
significantly higher microhardness than the 3D-printed resin among the disinfectants ex-
cept for the Kin Oro group, and both resins showed a significant reduction in hardness
after immersion in disinfectants compared to distilled water (p < 0.05). Conclusions: The
heat-cured resin demonstrated higher flexural modulus and surface hardness compared to
the 3D-printed resin. Flexural strength and surface roughness were comparable between
the two materials. Both resins had their highest mechanical properties in distilled water.

Keywords: 3D-printed resin; acrylic resin denture base; denture disinfectants; flexural
strength; hardness; heat-cured PMMA; surface roughness

1. Introduction
Computer-aided design (CAD) and computer-aided manufacturing (CAM) technolo-

gies have brought substantial progress and innovation to dental practices. The procedure
of constructing complete dentures via digital technology entails the digitization of clinical
data recorded from the patient’s mouth, the digital design of complete dentures using
software, and an automatic manufacturing process [1]. CAD/CAM techniques offer precise
restorations while greatly minimizing production time and manual effort compared to
traditional methods. Additionally, these systems can be used to quickly create replacement
prostheses using stored data, which reduces the number of visits and enhances overall
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comfort of the patient [2,3]. 3D printing has become a valuable technology in dentistry,
reducing costs and allowing for customized approaches based on the needs of patients [4].
Additive manufacturing, or 3D printing, is the process in which multiple layers of mate-
rial are added one by one under computer control to create an object, and it has recently
gained popularity for constructing removable dental prostheses [5,6]. Studies show that
3D-printed dentures have better retention than compression-molded heat-cured denture
base resin [7,8]. Despite these benefits, the mechanical strength and clinical reliability of
3D-printed denture bases continue to be subjects of ongoing research.

The properties that are investigated in this study have a direct impact on both pros-
thesis durability and oral health. Therefore, evaluating these properties is essential for
assessing the clinical reliability of 3D-printed denture base materials. Superior mechan-
ical properties are essential for ensuring the durability and functional performance of
appliances. A denture is subjected to masticatory forces on an ongoing basis that may
lead to cracking and fracture. As a result, a high flexural strength is an essential variable
in the prevention of fractures due to load [9]. A number of investigations indicate that
heat-cured resins exhibit higher flexural strength than 3D-printed resins [10–23], while one
study reports only insignificantly higher values for heat-cured resin [24]. Conversely, a
few studies show insignificantly higher flexural strength for 3D-printed resins [25–27], and
others demonstrate significantly higher flexural strength for 3D-printed resins [28,29]. Ad-
ditionally, microhardness is a crucial property of dental materials, as it directly influences
their resistance to surface abrasion and indentation during routine cleaning and functional
use [30,31]. Several studies show that heat-cured resin has higher hardness than 3D-printed
resin [10,12,15–17,20,21,23,26,32–34]. Meanwhile, some studies show comparable hardness
between the two types of resins [19,28]. On the other hand, some studies show a signif-
icantly higher hardness for 3D-printed resin [24,35]. Moreover, surface roughness is an
essential feature of denture surfaces, rougher surfaces are more likely to promote microbial
adhesion and bacterial colonization and the creation of areas that lead to food retention.
As a result, these factors may result in diseases of the tissues underneath. Additionally,
surfaces that are rough are more susceptible to staining [31,36]. Some studies show that
3D-printed resin has higher surface roughness than heat-cured resin [19,22,33,34]. On the
other hand, other studies report a higher surface roughness for heat-cured resin [23,35].
While other studies show insignificantly higher surface roughness values for heat-cured
resin compared to 3D-printed resin [10,37]. These contradicting findings show variability
in material performance and testing conditions, implying that the mechanical behavior
of 3D-printed resins in comparison to conventional heat-cured polymethyl methacrylate
(PMMA) is not yet fully known.

Adequate denture hygiene is fundamental in maintaining the health of oral mucosa.
The use of denture cleansers helps to prevent infections from bacteria and fungi, which
are common contributors to denture-related stomatitis [38,39]. However, numerous stud-
ies have shown that they can also degrade the mechanical and physical properties of
polymer-based materials. Specifically, exposure to sodium hypochlorite and effervescent
peroxide solutions has been associated with reduced flexural strength, reduced hardness,
and increased surface roughness [13,16,19,34,35,40–49]. While evidence exists on the im-
pact of disinfectants on heat-cured PMMA, there is limited data on 3D-printed resins, and
direct comparisons between the two fabrication methods under similar conditions across
numerous properties are scarce. This constitutes a critical gap, as disinfection is a rou-
tine procedure, and adopting 3D-printed resins as denture bases requires robust evidence
whether these materials can withstand repeated chemical exposure to ensure patient safety
and denture longevity and prevent surface deterioration that promotes microbial retention.
Therefore, it is crucial to evaluate the performance of these new materials under such
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conditions. The successful transition of 3D printing into clinical applications in dentistry
depends heavily on the materials used, which must not only meet the required accuracy
but also exhibit the necessary biological, mechanical, and physical properties. Therefore,
this study aimed to compare the flexural strength, flexural modulus, hardness, and surface
roughness of heat-cured and 3D-printed acrylic resin materials after immersion in various
disinfectants, as these may impact the mechanical and physical properties. The results
of this study will enhance the understanding of material performance under simulated
clinical conditions and will help guide the appropriate choice of materials and maintenance
protocols for removable prostheses. Although only one brand per fabrication method was
tested, these were selected based on widespread availability and established reputation
for reliable quality; also, the SprintRay resin is FDA-approved, which further supports its
clinical applicability. Nonetheless, further multi-brand studies are warranted to validate
and generalize the findings of this study. The null hypothesis was that no significant differ-
ences would exist in flexural strength, flexural modulus, hardness, and surface roughness
between heat-cured and 3D-printed acrylic resins after immersion in different disinfectants,
and that immersion in disinfectant solutions would not significantly affect these properties
in either resin type.

2. Materials and Methods
2.1. Preparation of Specimens

One hundred sixty specimens were prepared, consisting of eighty heat-cured and
eighty 3D-printed specimens. Forty specimens of each resin material type were prepared
for flexural testing, measuring 64 mm × 10 mm × 3.3 mm ± 0.2 mm in accordance with
ISO 20795-1:2013 standards [50], while an additional forty specimens were designated for
hardness and surface roughness assessments, measuring 35 mm × 35 mm × 6 mm per
ASTM D2240 standards [51]. Each set of 40 specimens was subsequently randomized into
four subgroups (n = 10) for immersion in various disinfectant solutions. Using G*Power
(v3.1.9.4, Germany), the sample size was estimated with an effect size of 0.5, a significance
level of 0.05, and a statistical power of 80% from a previous study [34]. The calculation
indicated that nine specimens per group were needed. However, to enhance reliability, ten
specimens per group were selected.

Metallic moulds were used to prepare the heat-cured specimens for the flexural
test. The heat-cured resin (SR Triplex Hot®; Ivoclar Vivadent, Schaan, Liechtenstein) was
prepared following the manufacturer’s instructions. The material was packed into the
molds, with metallic plates placed between each mold. The assembly was secured using
bolts, washers, and nuts and placed under hydraulic pressure. Simultaneously, screws
were tightened, and the metallic sheets were fastened using four metallic clamps. Curing
was performed according to the manufacturer’s recommended cycle: the assembly was
immersed in cold water, the temperature was gradually raised to boiling, and maintained
at boiling for 45 min. The assembly was then removed from the water and allowed to
bench-cool overnight. The heat-cured acrylic resin specimens for the hardness and surface
roughness tests were fabricated using the conventional flasking technique.

The 3D-printed specimens were designed using CAD software (Blender v3.6.0; Blender
Foundation, Amsterdam, Netherlands), which was exported in Standard Tessellation
Language (STL) format. The STL file was imported into the 3D printer software (RayWare,
v2.9.1; SprintRay Inc., Los Angeles, CA, USA) for slicing and arrangement on the build
platform. The print command was then sent to a Digital Light Processing (DLP) printer
(SprintRay Pro 95; SprintRay Inc., Los Angeles, CA, USA) to print the specimens using
SprintRay EU High Impact Denture Base, Light Pink resin (Pro3dure medical GmbH,
Iserlohn, Germany) at a 0-degree print orientation without using supports. The printer



Oral 2025, 5, 81 4 of 18

uses a 405 nm LED light source. Printing was performed at the default exposure time
recommended in the RayWare software for this resin. For the flexural specimens, twenty
specimens were printed at a time with print parameters of 0.1 mm layer thickness, print
time of 10 min, and resin consumption of 38 mL. For the hardness and roughness specimens,
eight specimens were printed at a time with print parameters of 0.1 mm layer thickness,
print time of 18 min, and resin consumption of 59 mL. Following printing, the specimens
were detached from the build platform using a removal tool and cleaned in a washing unit
(Pro Wash/Dry; SprintRay Inc., Los Angeles, CA, USA) containing 99% isopropyl alcohol
for 10 min. Subsequently, they were placed in a post-curing unit (ProCure; SprintRay Inc.,
Los Angeles, CA, USA) equipped with 405 nm LED arrays and a 360◦ reflective interior. The
curing was performed for 5 min at 60 ◦C, following the manufacturer’s recommendations.

All the specimens were finished sequentially with sandpaper grits 400, 1000, and 2000
without using water [13,14,16]. Each surface was polished with 20 uniform passes per
grit to ensure consistent finishing across all specimens. After finishing, they were rinsed
with tap water and then polished with brown Tripoli polishing compound using a wet
cotton buffing wheel on a lathe operating at 1500 rpm for 30 s. All the specimens were
prepared, finished, and polished by the same operator to minimize variability. To confirm
dimensional uniformity, the specimens were measured with a digital caliper.

2.2. Immersion Solutions and Protocol

Three disinfectant solutions, along with distilled water as a control, were used. Table 1
shows the immersion solutions, their preparation, and immersion procedures as specified
by the manufacturers. All specimens were immersed in the disinfectants 180 times, nine
cleaning cycles were carried out daily for a period of 20 days, thereby simulating 180 days
of cleansing [16,34,37,52]. Each type of resin specimen was disinfected separately, using
400 mL of solution per 20 specimens. Regarding the sodium hypochlorite (NaOCl), 400 mL
of 1% NaOCl was used to immerse the specimens per cleaning cycle. For the tablets, 400 mL
of water was added to the container to fully immerse the specimens, then 2 denture tablets
were added. Following each cleaning cycle, the specimens were rinsed for half a minute
under tap water after being removed from the disinfection solutions. A new solution was
prepared for each cleaning cycle. A beaker was used to measure the solution volumes. The
timing of the immersion and washing procedures was controlled using a timer. A digital
liquid thermometer was used to measure the temperature of the water before use, which
was aimed to be 35 ± 5 ◦C. When the specimens were not being disinfected, they were
kept in distilled water at room temperature. In order to prevent operator variability, the
disinfection procedure was executed by a single operator.

Table 1. Immersion solutions, their preparation, and immersion procedures.

Immersion Solution/Manufacturer Composition Preparation and Immersion

Distilled water (D.W.) -
Specimens were placed in distilled water

at room temperature throughout the
study, which was changed every 8 h.

HYPOSOL® 5% Sodium Hypochlorite,
Prevest DenPro Limited, Jammu, India

(NaOCl)

Sodium hypochlorite solution, 5% active
chlorine.

Diluted to 1% by mixing 50 mL of the
solution with 200 mL of water, immersion

time of 10 min at room temperature
[16,19,34,37].
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Table 1. Cont.

Immersion Solution/Manufacturer Composition Preparation and Immersion

Superdent tablet, Reckitt Benckiser
Healthcare Ltd., Hull, UK

Sodium sulphate, sodium bicarbonate,
citric acid, malic acid, sodium carbonate,

potassium caroate, sodium carbonate
peroxide, PEG-150, PEG-90, sulfamic acid,
aroma, aqua, sodium chloride, potassium

persulfate, sodium C10-13 alkyl
benzenesulfonate, CL 45430.

One tablet is prepared in 200 mL of 35 ◦C
water, with an immersion time of 15 min

at room temperature, according to the
manufacturer’s instructions.

KIN Oro tablet, Helago-Pharma GmbH &
Co. KG, Parchim, Germany

Sodium bicarbonate, sodium carbonate,
citric acid, potassium caroate, sodium
lauryl sulfate, sorbitol, sodium lauryl
sulfatoacetate, PVP/VA copolymer,

aroma, Cl73015.

2.3. Flexural Test

A three-point bending test, conducted in accordance with ISO guidelines, was used to
measure flexural properties, including strength and flexural modulus utilizing a Universal
Testing Machine (Cussons Technology Co. Ltd., Manchester, UK). Compressive force was
applied to the specimens at a speed of 5.0 mm/min until fracture occurred, with a distance
of 50 mm between the supports [50], as shown in (Figure 1). The data was collected,
calculated, and read automatically by use of computer software supported by the testing
machine company. The specimens were taken out from the solution, dried with a paper
towel, and immediately tested to simulate moisture in the oral cavity. The testing procedure
was done in ambient conditions of 23 ± 2 ◦C and 50 ± 5% relative humidity. The specimens
after flexural testing are shown in (Figure 2).

 

Figure 1. Flexural testing of specimens. (A) Heat-cured specimen dimensions; (B) 3D-printed
specimen dimensions; (C) universal testing machine setup.
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Figure 2. (A) Heat-cured specimens after flexural testing; (B) 3D-printed specimens after
flexural testing.

2.4. Microhardness Test

The microhardness test was performed using a Shore-D durometer tester (FstDgte Co.
Ltd., China), held by hand. The durometer was placed on the specimen so that its flat base
made full contact with the acrylic resin surface, and the reading was recorded within 1 s.
Five readings were taken in different areas of the specimen, where each point should be at
least six millimeters away from each other and each of them at least 12 mm away from the
specimen edges [51], as shown in (Figure 3), and the average of these five readings was
calculated [53,54].

Figure 3. Microhardness testing. (A) Heat-cured specimen ready for testing; (B) 3D-printed specimen
ready for testing; (C) hand-held Shore-D durometer.
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2.5. Surface Roughness Test

Surface roughness measurements were conducted using a contact profilometer (SRT
6200 Surface Roughness Tester, Guangzhou Landtek Instruments Co., Ltd., Guangzhou,
China) with an accuracy of 0.001 µm. The device’s probe tip traverses along the surface
of the specimens, and four readings were taken at different areas in different directions
at a cutoff of 0.8 mm. The average roughness (Ra) was then calculated based on the data
obtained from these four areas [37]. Prior to measurements, the profilometer was cali-
brated using the certified reference standard with known roughness values provided with
the device.

2.6. Randomization and Blinding

Following the immersion protocol and prior to testing, each group was labeled with
a letter. The tester performing all measurements was blinded to both the resin type and
the immersion solution corresponding to each specimen, minimizing potential bias and
ensuring objective, reliable results.

2.7. Statistical Analysis

SPSS software (v25.0, IBM Corp., Armonk, NY, USA) was used to analyze the data.
Descriptive statistics were expressed as mean ± standard deviation (SD). Data distribution
was assessed using the Shapiro–Wilk test. The independent samples t-test was employed to
compare the two resin types within each disinfectant solution for normally distributed data,
or Mann–Whitney U when the normality assumption was not observed. The assumption
of homogeneity of variances was evaluated using Levene’s test. One-way analysis of
variance (ANOVA) was employed to compare the mean values among disinfectant groups
within each resin type for normally distributed data. The Tukey test was employed to
conduct post hoc pairwise comparisons when significant differences were identified. The
Kruskal–Wallis test was utilized for data that was not normally distributed. p < 0.05 was
considered statistically significant.

3. Results
Table 2 summarizes the mean, SD, and significance levels for the tested properties

across the groups.

Table 2. Mean ± SD and statistical comparison of the two resins under different disinfectants for the
tested properties.

Tested Properties Immersion
Solutions

Resins
Mean ± SD

Heat-Cured 3D-Printed p-Value

Flexural strength
(MPa)

Distilled Water 129.91 ± 15.95 118.82 ± 6.45 0.057
Sodium

Hypochlorite 119.27 ± 9.78 112.46 ± 8.82 0.119

Superdent Tablet 124.12 ± 15.63 111.48 ± 12.31 0.060
Kin Oro Tablet 124.28 ± 15.34 116.43 ± 9.95 0.123

p-value 0.445 0.204

Flexural modulus
(MPa)

Distilled Water 4331.27 ± 241.87 3276.88 ± 167.43 0.000
Sodium

Hypochlorite 4227.73 ± 176.37 3242.78 ± 226.97 0.000

Superdent Tablet 4246.02 ± 240.29 3293.79 ± 185.59 0.000
Kin Oro Tablet 4211.28 ± 191.76 3332.17 ± 168.89 0.000

p-value 0.484 0.763
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Table 2. Cont.

Tested Properties Immersion
Solutions

Resins
Mean ± SD

Heat-Cured 3D-Printed p-Value

Hardness
(Shore-D)

Distilled Water 91.73 ± 1.08 88.84 ± 0.60 0.000
Sodium

Hypochlorite 89.93 ± 0.96 * 86.97 ± 0.99 *a 0.000

Superdent Tablet 89.62 ± 1.41 * 88.11 ± 0.83 a 0.009
Kin Oro Tablet 88.81 ± 1.13 * 87.88 ± 1.18 0.088

p-value 0.000 0.001

Roughness
(Ra, µm)

Distilled Water 0.0616 ± 0.0145 0.0654 ± 0.0041 0.455
Sodium

Hypochlorite 0.0678 ± 0.0117 0.0680 ± 0.0053 0.966

Superdent Tablet 0.0624 ± 0.0124 0.0701 ± 0.0034 0.085
Kin Oro Tablet 0.0646 ± 0.0094 0.0702 ± 0.0036 0.106

p-value 0.677 0.043
Significant at p-value < 0.05. Per column, values marked with * differ significantly from the distilled water control
group, values marked with superscript a differ significantly from one another, based on the pairwise comparisons.

3.1. Flexural Strength and Flexural Modulus

A Shapiro–Wilk test showed normal distribution for flexural test data in all groups
except Kin Oro group. In the heat-cured group, flexural modulus data were non-normally
distributed (p = 0.002), while in the 3D-printed group, flexural strength data violated nor-
mality (p = 0.001). The heat-cured resin exhibited higher mean flexural strength values
across all immersion media in comparison to the 3D-printed resin; however, the differences
were not statistically significant (p > 0.05). Effect sizes (Cohen’s d) indicated large effects for
distilled water (0.91) and Superdent (0.90), a medium–large effect for sodium hypochlorite
(0.73), and a medium effect for Kin Oro (0.61). Flexural strength did not differ signifi-
cantly among the immersion groups for either the heat-cured (p = 0.445) or the 3D-printed
resins (p = 0.204). For both resins, the distilled water group exhibited the highest flexural
strength. For the heat-cured resin, the effect size was medium (partial η2 = 0.071) among
the immersions, while for the 3D-printed resin, the Kruskal–Wallis effect size was small
(ε2 = 0.0443).

The heat-cured resin demonstrated higher flexural modulus values than the 3D-
printed resin across all immersion solutions, with significant differences in all groups
(p = 0.000) shown in (Figure 4). The effect sizes (Cohen’s d) between the two resin types
were extremely large across all immersion groups: distilled water (5.07), sodium hypochlo-
rite (4.85), Superdent (4.44), and Kin Oro (4.87). Flexural modulus did not vary signifi-
cantly across immersion groups for both the heat-cured (p = 0.484) and 3D-printed resins
(p = 0.763). The effect size among the immersions for the heat-cured resin was negligible
(Kruskal–Wallis ε2 = 0.000), while for the 3D-printed resin the effect size was small (partial
η2 = 0.031).

3.2. Microhardness

A Shapiro–Wilk test showed normally distributed data for both types of resin across
all immersion groups (p > 0.05). The heat-cured resin exhibited higher hardness values
than the 3D-printed resin in all immersion groups, with significant differences observed
for distilled water (p = 0.000), sodium hypochlorite (p = 0.000), and Superdent tablet
(p = 0.009). The effect sizes (Cohen’s d) between the two resin types were very large for
distilled water (3.31) and sodium hypochlorite (3.03), large for Superdent (1.31), and large
for Kin Oro (0.81). Hardness varied significantly among immersion groups for both the
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heat-cured (p = 0.000) and 3D-printed resins (p = 0.001). In the case of the heat-cured resin,
the highest mean hardness was observed in the distilled water group (91.73 ± 1.08), and
the lowest was in the Kin Oro tablet group (88.81 ± 1.13). Pairwise comparisons showed
that distilled water had significantly higher hardness compared to sodium hypochlorite
(p = 0.007), Superdent tablet (p = 0.001), and Kin Oro tablet (p = 0.000). Among the 3D-
printed resin groups, the greatest mean hardness was observed in the distilled water group
(88.84 ± 0.60), while the lowest was in the sodium hypochlorite group (86.97 ± 0.99).
Pairwise comparisons showed that distilled water exhibited significantly higher hardness
compared to sodium hypochlorite (p = 0.000), but hardness did not vary significantly
between distilled water and Superdent tablet (p = 0.308) or Kin Oro tablet (p = 0.113). More-
over, the Superdent tablet exhibited significantly higher hardness than sodium hypochlorite
(p = 0.044) shown in (Figure 5). Among immersion solutions, hardness showed large effect
sizes for both resin types, with partial η2 = 0.486 for the heat-cured resin and partial η2 =
0.366 for the 3D-printed resin.

 

Figure 4. Comparison of mean flexural modulus (MPa) and standard deviation of the two resin types
after immersion in various solutions. Similar letters indicate statistical significance.

Figure 5. Comparison of mean hardness (Shore-D) and standard deviation of the two resin types after
immersion in various solutions. Similar letters indicate statistical significance. * indicates significance
compared with the distilled water control group of the corresponding resin.
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3.3. Surface Roughness

A Shapiro–Wilk test showed normally distributed data for both types of resin across all
immersion groups (p > 0.05). Although the 3D-printed resin exhibited higher mean surface
roughness than the heat-cured resin, the differences across all solutions were not significant
(p > 0.05). The effect sizes (Cohen’s d) between the two resin types were small for distilled
water (0.36), negligible for sodium hypochlorite (0.02), and large for Superdent (0.85) and
Kin Oro (0.79). Surface roughness did not vary significantly among the immersion groups
for the heat-cured resin (p = 0.677), whereas there was a significant variation among the
immersion groups for the 3D-printed resin (p = 0.043). Despite this, the Tukey HSD test did
not reveal significant differences between specific immersion groups (p > 0.05), although
comparisons involving Superdent and Kin Oro tablets approached significance. The lowest
mean surface roughness value was observed in the distilled water group for both resins.
The effect size among the immersions for the heat-cured resin was small (partial η2 = 0.041),
while for the 3D-printed resin the effect size was large (partial η2 = 0.201).

4. Discussion
This study measured and compared the flexural strength, flexural modulus, hardness,

and surface roughness of one brand each of 3D-printed and heat-cured acrylic resin ma-
terials following immersion in various disinfection solutions for a period that simulated
six months of clinical use. The findings revealed that immersion in disinfectant solutions
affected the tested properties of both denture base materials to varying degrees. While
the heat-cured resin exhibited significantly higher flexural modulus and surface hardness
values compared to the 3D-printed resin, there was no significant variation in flexural
strength or surface roughness. Therefore, the null hypothesis was partially rejected.

Heat-cured resin incorporates a cross-linking agent that forms a cross-linked polymer
network, restricting the movement of polymer chains under stress and thus strengthening
the mechanical behavior of the material [55]. Alternatively, 3D-printed resins are composed
of a blend of oligomers and monomers that are polymerized by ultraviolet light to produce
a cross-linked polymer structure. Nevertheless, the presence of residual uncured monomers
necessitates a post-curing process to finalize polymerization and cross-linking [14,56,57].
Denture cleansers containing enzymes and oxidizing agents may expand intermolecular
spaces, promoting leakage of degraded materials and penetration of water and chemicals
into the resin matrix during immersion. Prolonged immersion may lead to surface ex-
pansion and irreversible deformation [16,34]. The mechanical properties of 3D printing
resins are influenced by their internal structure and various parameters, including orien-
tation of the layers, software and printer type, number and thickness of the layers, and
post-processing protocol [12,58].

ISO regulations require a minimum flexural strength of 65 MPa [50]. Flexural strength
may indicate the resin’s degree of polymerization, as a low degree of conversion will
lead to mechanical properties that are inferior [59]. In the current study, the heat-cured
resin exhibited higher flexural strength than the 3D-printed specimens across all immer-
sion conditions, although the differences were not statistically significant. This trend is
consistent with previous findings [10,13–15,17,19,21,23]. However, these earlier studies
demonstrated statistically significant differences, which may be attributed to differences in
resin formulations and 3D-printing parameters such as layer thickness, print orientation,
and post-curing protocols [60]. Specimens utilized for this research were manufactured
by 3D printing using a 0◦ orientation, or flat to the build platform. In the flexural test, this
printing direction positions the printed layers perpendicular to the loading surface and
parallel to the specimen’s length. Because tensile stresses are usually the weakest points
in additively manufactured materials, the applied stress primarily acts along continuous
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printed layers, reducing the exposure of interlayer interfaces to these stresses. Therefore,
when compared to other orientations like 45◦ or 90◦, where interlayer bonding interfaces
are more severely stressed during bending, the 0◦ printing orientation is linked to increased
flexural strength [61]. According to a study, the flexural properties of the 3D-printed resin
were influenced by varying washing periods and post-polymerization devices [62]. Simi-
larly, increasing postcuring time, the flexural strength increases [61]. Generally, the lower
strength of 3D-printed specimens in comparison to heat-cured may be due to variations in
polymerization mechanisms and microstructural characteristics between the two materials.
The polymerization of heat-cured acrylic resin occurs under controlled heat and pressure,
resulting in more conversion of monomer to produce a homogeneous continuous polymer
matrix. In contrast, 3D-printed resins are fabricated layer by layer through photopoly-
merization that creates weak interlayer bonds and incomplete conversion of resin double
bonds, leaving residual monomer even after post-curing [14,15,23,63]. This difference in
material behavior was also reflected in the fracture patterns observed during the flexural
test. The heat-cured specimens typically exhibited a clean, sharp fracture line, indicative of
a more homogeneous and cohesive material structure that fails uniformly under applied
stress. In contrast, the 3D-printed specimens displayed irregular fracture sites with small,
fragmented pieces separating from the main fracture area, as shown in (Figure 2). This
fracture behavior can be attributed to the weaker interlayer bonding and the presence of
microdefects within the printed material, which enable the initiation and propagation of
cracks in a less predictable manner. Furthermore, the 3D-printed resins exhibit a higher
water absorption rate than the heat-cured resins [64], which may contribute to their reduced
flexural strength. Although the 3D-printed material used had a lower flexural strength
value, it met the ISO recommendation of more than 65 MPa. Therefore, it can be consid-
ered as an option when fabricating denture bases in terms of flexural strength, especially
when advantages like faster fabrication, digital workflow, and greater customization are
prioritized. Additionally, no statistically significant effect of immersion medium on flexural
strength was observed within either the heat-cured or 3D-printed groups. This finding
contrasts with other studies [13,16,19,46]. The lack of significance in the current study
could be attributed to immersion periods of shorter duration, different disinfectant types,
and improvements in the formulation of both conventional and 3D-printed resins. Both
resins achieved their highest flexural strength values in the distilled water group. This
observation aligns with previous research by Elhagali et al. [19], who stated that mechanical
properties are least affected by water immersion because of the absence of aggressive chem-
ical substances. The effect sizes for flexural strength between resin types were medium
to large across all immersion solutions, showing that the heat-cured resin was stronger
than the 3D-printed resin. Clinically, this shows that dentures made of heat-cured resin
may be more resistant to fracture under masticatory stresses, whereas 3D-printed dentures
may be more susceptible to breaking when subjected to high functional loads. Among
immersion solutions, effect sizes were negligible for the heat-cured resin and small for the
3D-printed resin, indicating that within the relatively short immersion period of this study,
disinfectant type had little practical impact on flexural strength, and resin selection is the
most important determinant of durability.

Flexural modulus is a material property that measures how stiff or rigid a material is,
a higher modulus reflects greater material stiffness. An ideal denture material combines
high rigidity to resist stress with adequate flexibility to spread the load uniformly, thereby
reducing the risk of fracture [15]. In this study, the results revealed that the heat-cured resin
had a significantly higher flexural modulus in comparison to the 3D-printed specimens
under all immersion conditions. This finding aligns with other studies [13,19,21], since
heat-cured resins are cured thermally, which produces a polymer structure that is highly
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cross-linked. The flexural modulus in this study exceeded ISO’s recommended value of
2000 MPa [50]. The intrinsic properties of additive manufacturing, such as incomplete
polymerization, deficiencies in bonding between the layers, and anisotropic mechanical
behavior brought on by the layering process, may be the cause of the lower flexural modulus
of 3D-printed resins. Interestingly, the immersion medium did not significantly influence
the flexural modulus within either material group, in contrast to the study conducted
by Alkaltham et al. [16], this may be due to using different resin brands and shorter
immersion duration of this study. The effect sizes for flexural modulus between resin types
were extremely large, indicating a major difference in stiffness between the two resins.
Clinically, this means that heat-cured dentures may hold their shape better under functional
loads, whereas 3D-printed dentures may deform more easily, potentially impacting fit and
occlusion. The effect sizes among immersion solutions were small to negligible, indicating
that the type of disinfection solution had less influence on stiffness than the resin material.

Hardness refers to a material’s resistance to permanent surface deformation or inden-
tation [65]. It is a key factor influencing prosthesis durability and resistance to surface wear.
The findings demonstrated that the heat-cured resin exhibited significantly higher hardness
than the 3D-printed specimens in most immersion conditions. This is in agreement with
previous findings [10,15–17,20,21,23,32–34]. On the other hand, Elhagali et al. [19] and
Altarazi et al. [28] reported that heat-cured resin exhibited an insignificantly higher hard-
ness than 3D-printed resin. This may be attributed to differences in resin brands, different
printing parameters, or the types of disinfectants. The reduced hardness observed in the
3D-printed specimens may be due to differences in polymerization mechanisms, degree of
conversion, and the inherent layering structure of additive manufacturing processes, which
can introduce weak interlayer bonding and higher susceptibility to surface degradation
following chemical exposure. Conversely, El-Olimy et al. [35] and Al-Ameri et al. [24] stated
that the hardness of 3D-printed resin was higher than heat-cured. Therefore, different
material brands may contribute to differences in mechanical properties such as hardness.
In addition, the use of different printers and printing parameters can further influence
these properties. Furthermore, both resin types exhibited significant differences in hardness
among the immersion groups, which aligns with previous studies [16,19,34,49]. Regard-
ing the heat-cured resin, Kin Oro group had the least hardness. This result supports the
findings of Amin et al. [66], which demonstrated that these chemical disinfectants have
plasticizer leaching that diffuses between the polymer chains, causing matrix degradation
and subsequently affecting the hardness. Denture tablets are alkaline peroxides and con-
tain components that release oxygen, such as sodium perborate and bicarbonate. These
substances dissolve in water and produce hydrogen peroxide solutions, releasing oxygen.
For the 3D-printed resin, the lowest hardness was noted in the sodium hypochlorite group,
which is in accordance with the studies conducted by Alqanas et al. [34] and Alkaltham
et al. [16], a finding consistent with the known oxidizing effects of hypochlorite, which
can cause surface degradation and reduce material hardness. Conversely, another study
found that sodium hypochlorite had no significant effect on hardness in comparison to
distilled water [67]. The inconsistencies in results might be attributed to differences in
material brands and immersion protocols, particularly time and concentration. The effect
sizes for hardness between resin types ranged from large to very large, demonstrating that
the heat-cured resin is considerably harder than the 3D-printed resin. Clinically, increasing
hardness may result in superior wear resistance and a longer service life for heat-cured
dentures. In immersion solutions, both resin types had large effect sizes, implying that
disinfectant type can influence surface hardness; however, the effect is more pronounced in
heat-cured resin. This may help clinicians select disinfectants that maintain the mechanical
integrity of denture surfaces.
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Surface roughness is a key property of resin materials that promotes bacterial colo-
nization. As surface roughness increases, denture cleansing efficacy decreases and bacterial
accumulation rises [68]. The clinical threshold for microbial adhesion is 0.2 µm [23]. The
surface roughness values with the polishing protocol in this study were less than the
clinical threshold. In this study, surface roughness did not differ significantly between the
two resin types after exposure to the various disinfectants. This aligns with the findings
of Takhtdar et al. [37] and Çakmak et al. [52]. Though 3D-printed specimens generally
exhibited higher surface roughness values than heat-cured ones across all immersion media.
This may be explained by the inherent layering effect of additive manufacturing, which is
susceptible to surface alterations upon exposure to chemical agents. This result opposes
those of El-Olimy et al. [35], Al-Dwairi et al. [10], and Gad et al. [69], where the 3D-printed
resin exhibited better surface smoothness compared to the heat-cured resin. This may be
related to different polishing protocol or different material brands. Additionally, while the
current study observed a significant difference in surface roughness within the 3D-printed
group across different disinfectants, no such difference was observed within the heat-cured
group. However, this result opposes a study by Fotovat et al. [70], which found significant
differences among the disinfectants for the heat-cured resin but not in the 3D-printed resin.
Other studies by Alqanas et al. [34], El-Olimy et al. [35], Takhtdar et al. [37] and Mah-
moud et al. [13] found significant differences in surface roughness following immersion in
disinfectants. On the other hand, some studies state a non-significant change in surface
roughness [19,52]. These discrepancies may be due to differences in material composition
and brand, printer technology, post-curing processes, or immersion durations employed.
Variations in specimen preparation and roughness measuring methodology may also have
influenced the results. It was observed that immersion in sodium hypochlorite resulted
in higher surface roughness values in heat-cured denture base resins compared to other
disinfectants. This finding can be attributed to the oxidative nature of sodium hypochlorite,
which has been reported to degrade the surface integrity of PMMA by breaking polymer
chains and increasing surface porosity and irregularities. The alkaline pH and strong
oxidizing capacity of sodium hypochlorite contribute to hydrolysis and surface softening
of acrylic resins. Conversely, for the 3D-printed denture base material, the tablet-based
disinfectants produced the highest surface roughness values. This could be explained by
the different chemical composition and polymer network structure of 3D-printed resins,
which are typically based on photopolymerized urethane dimethacrylate (UDMA) or simi-
lar monomers with varying degrees of cross-linking. The effervescent tablet solutions may
interact more aggressively with the 3D-printed resin surface, possibly causing leaching
of residual monomers or softening of the polymer matrix, leading to increased surface
irregularities. Moreover, previous studies have suggested that 3D-printed resins exhibit
lower surface hardness and higher water sorption compared to conventional heat-cured
PMMA, which may predispose them to greater surface changes upon immersion in certain
disinfectant solutions [12,28,64,71,72]. Effect sizes for surface roughness between resin
types ranged from negligible to large, with the 3D-printed resin being rougher than the
heat-cured resin. Clinically, greater surface roughness can encourage biofilm accumulation
and compromise oral hygiene. In addition, it can harbor more stains, decrease denture
aesthetics, and shorten service life. In immersion solutions, heat-cured resin had a small
effect, however 3D-printed resin had a large effect, showing that some disinfectants may
alter surface smoothness in 3D-printed dentures. This emphasizes the importance of care-
fully selecting both denture material and disinfection to reduce roughness and promote
oral health.
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The discrepancy between the current and previous findings from the literature could
be attributed to variations in resin formulations, printing parameters, post-processing
protocols, PMMA polymerization, polishing procedures, and immersion durations.

The findings of this study suggest that while heat-cured resins continue to exhibit
superior mechanical properties, contemporary 3D-printed resins demonstrate acceptable
performance in terms of flexural strength, hardness, and surface roughness. However,
their clinical use should be addressed with caution, as further research is required to fully
understand their long-term mechanical and surface behavior in oral conditions and under
repeated functional loading. At the moment, their use may be most suited in instances
where the benefits of faster manufacturing, digital workflow, and increased customization
are valued. Additionally, the selection of disinfectant can have a subtle impact on surface
properties. Clinicians should avoid the routine use of sodium hypochlorite for denture
disinfection, as it was associated with reduced hardness in 3D-printed resin and increased
surface roughness in heat-cured resin. Effervescent tablets should also be used cautiously
with 3D-printed resins, as they were found to cause greater surface alterations.

The scope of this investigation was restricted to in vitro conditions that were distinct
from oral conditions, like the absence of saliva that contains different enzymes and proteins,
dietary intake, temperature changes, pH fluctuations, and occlusal stress, with immersion
protocols that are somewhat short-term which does not adequately represent the long-term
exposure encountered by dentures worn for several years. Moreover, flat specimens lack the
anatomical features of real dentures, limiting their clinical relevance. In addition, reliance
on Shore-D durometer might introduce operator variability. Furthermore, only one brand
of each type of resin was utilized. Further research with multiple resin brands is needed to
validate and generalize the findings, as well as to account for potential variations in resin
formulations, manufacturing protocols, 3D printing technologies, printing orientations, and
post-curing processes. Additionally, future studies should include long-term disinfection
cycles, thermal cycling, fatigue testing, and wear testing to better simulate clinical use.
Furthermore, more clinically relevant polishing methods should be applied, and findings
should be validated through clinical trials to better reflect in vivo conditions.

5. Conclusions
Within the limitations of this in vitro study, it can be concluded that:

• The heat-cured resin showed superior flexural modulus and hardness relative to the
3D-printed resin, with statistical significance.

• Flexural strength and surface roughness did not differ significantly between the
materials, although 3D-printed specimens tended to display slightly lower flexural
strength and higher surface roughness values.

• Both heat-cured and 3D-printed acrylic resins exhibited clinically acceptable mechan-
ical properties after the immersion protocol used in this study, which simulated six
months of routine disinfection.

• Both resins exhibited the highest mechanical properties in distilled water, indicating
minimal degradation in the absence of chemical disinfectants.

• Sodium hypochlorite caused the greatest reduction in hardness, particularly in the
3D-printed resin, and increased surface roughness in the heat-cured resin. Its routine
use should be avoided.

• Effervescent tablets produced more surface changes in the 3D-printed resin.
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