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Abstract: This study aimed to compare the impact of thermal cycling on the flexural strength (ofs) of 3-
dimensional (3D) printer resins and polymethyl methacrylate (PMMA). It also aimed to evaluate
different surface treatment protocols and surface sealant applications on the surface roughness (Ra)
and surface hardness (VHN) of the resins used. Rectangular (25%2x2 mm) and disc (@d10%2-mm)
specimens were fabricated from auto-polymerized PMMA, and 3D-printed resins were tested for
mechanical properties (ISO 10477) using thermal cycling (n=10). Disc specimens were separated into
three groups (n=10) based on the surface treatments: conventional sanding (C), disk polishing (P), and
surface sealant coating (O). Ra and VHN values were statistically analyzed with the Kolmogorov
Smirnov, Shapiro Wilk, Independent Samples t-test, Mann-Whitney test, one-way ANOVA test and
Kruskal Wallis test (a =.05). A significant main effect was found on the flexural strength analysis for
each of the two factors: thermal cycling procedure (p<0.001) and materials (p 0.001). A significant
main effect was found on the surface roughness and hardness analysis for each of the two factors:
surface treatment protocols (p<0.001) and materials (p<0.001). Based on the results; interim materials
produced with 3D-printed resins have better mechanical properties than conventionally polymerized
materials. Coated materials had lower surface roughness values than polished ones, and adding a
surface sealant agent increased their hardness significantly.
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1. Introduction

Interim fixed prostheses protect the prepared teeth and periodontal tissues while ensuring oral
function and aesthetics [1-5]. Their characteristics play a significant role in determining the success of
the final restorations [6, 7]. Different materials and methods aim to produce interim restorations that are
aesthetically pleasing, easy to produce, and exhibit high strength and hardness [8-12]. Although acrylic
resins are cost-effective and can be polished, they can experience challenges due to exothermic reactions
and shrinkage [13, 14]. Computer-aided design and manufacturing (CAD-CAM) techniques have
enhanced the quality of interim restorations, providing improved precision, better fit, and fewer
discrepancies than traditional methods [15-18]. The 3D printing is a different method for digitally
producing interim restorations. Its benefits include simple production steps, lower cost, minimal waste
material, and reduced fabrication time [19-22]. The aesthetic properties [23-25], biocompatibility [26-
29], microbial adhesion [30, 31], and mechanical characteristics [32-35] of additive manufacturing (AM)
interim restorations are influenced by printer technology, resin composition, printing parameters, and
post-processing methods [28, 29, 36-38].

The literature includes studies assessing interim restorative materials' mechanical properties and
surface roughness [31, 33]. However, there is limited information regarding the effects of thermocycling
on flexural strength and surface treatment protocols on surface properties [19, 39]. Therefore, the null
hypotheses were that there would be no differences in ofs values among the tested interim materials, that
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thermal cycling would not affect these parameters, and that resin type and surface treatment protocols
would not influence surface roughness and Vickers hardness.

2. Materials and methods
2.1. Specimen preparation

Disc (n=120) and rectangular-shaped specimens (n=80) were prepared by using auto-polymerized
PMMA and three different printed resin interim materials. The specimens were designed as rectangular
(25%2x2 mm) and disc (@10x2-mm) using 3D printer (Asiga Max; Asiga) software and saved as an STL
file. Specimens were printed with the same printer from 3D resin materials (BegoVarseo Smiletemp;
Bego, Optiprint Lumina; Dentona, Power Rezin; 3BFAB). Ultrasonic baths of the specimens were
completed by the manufacturer's instructions. After the initial polymerization, the specimen was exposed
to ultraviolet light in a polymerization unit (S2; DWS) for 20 min to achieve its final properties. 3D-
printed rectangular and disc specimens were removed from the support structures to produce the
conventional group with silicone molds. Conventional PMMA (Imident; Imicryl) was mixed according
to the manufacturer's instructions, poured into the silicone mold cavity, and polymerization was carried
out. All specimens were sanded with silicon carbide abrasive papers (360, 600 sic) under constant water
irrigation for 15 s. The rectangular specimens from each material were divided into two groups (n=10)
based on different thermal cycling (DTS B1, Dentester, Salubris Technica): 0 cycles (NA), 2500 cycles
(A). The thermocycler's distilled water baths were set to 5°C and 55°C, with a transport time of 20
seconds and a dwell time of 15 s.

Disc-shaped specimens were grouped (n=10) by surface treatment: Group C had no post-sanding
treatment, Group P was polished with Clearfil Twist Dia (Kuraray) after sanding, and Group O received
a single layer of sealant (Optiglaze; GC) polymerized for 30 s with a Planmeca Lumion LED (Mectron).

The three-point flexural strengths of the specimens were measured using an Instron Model 8501
(Instron Corp) universal testing machine with a 0.5-kN load cell. A load was applied at a 1 mm/min
crosshead speed until fracture occurred. The load at failure was recorded, and flexural strength (¢ in
MPa) was calculated using the following formula:

o = 3FmaxL / 2bd2

where Fmax is the fracture strength, L is the length, b is the with, and d is the thickness of the specimens
[40]. A contact profilometer (Surtronic 25; Taylor Hobson) was used to measure each specimen's
roughness (Ra). The disc specimens' surface microhardness was evaluated using a microhardness test
device (Innovatest; Borgharenweg). To measure the Vickers hardness value of each specimen, a 490 N
load was applied for 15 s, and a rhombus-shaped indentation was obtained on the specimen surface. The
longest diagonal of the diamond trace was marked. Mean was calculated from three repeated
measurements on the same specimen. Scanning electron microscope (SEM) images of the disc
specimens were obtained from the subgroup specimens at x1000 magnification (FEI Versa 3D Dual
Beam). Before imaging, the sample surfaces were coated with gold by sputtering using a gold coating
device (OptoSense).

2.2. Statistical analyses

Statistical analyses were performed using a software program (Statistical Package for the Social
Sciences; SPSS 21.0 Software). Compliance of numerical variables with normal distribution was
evaluated using visual and analytical methods (Kolmogorov Smirnov and Shapiro Wilk test). In pairwise
comparison, the Independent Samples t-test was used when the data followed a normal distribution, and
the Mann-Whitney U test was used when the data were determined as unnormally distributed. In
comparing more than two groups with continuous numerical variables, the 1-way ANOVA test was used
when the data followed a normal distribution, and the Kruskal Wallis test was used when the data were
determined as unnormally distributed. If necessary, Tukey’s HSD (post-doc) analysis was performed,
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and pairwise comparisons were evaluated with Bonferroni correction. The relationship between
numerical variables was examined with Spearman and Pearson correlation tests (o =.05)

3. Results and discussions
3.1. Flexural strength tests

Figure 1 and Table 1 display flexural strength values and the combination of thermal cycling periods
for each group. Statistical tests showed significant differences in flexural strength within the group
during thermal cycling (p<0.05). Conventional PMMA had the lowest mean flexural strength values
among the thermal cycled resin materials (p<0.001). The flexural strength of the thermal cycled Bego
groups were statistically significantly higher than all groups (p<0.001).

Table 1. Flexural strength (o1s) values computed among different subgroups tested

Test protocol Group Code Mean Std. Median Minimum Maximum
Deviation
< Group Bego NA 118.57 8.97 117.64 107.58 131.25
k=) Group Bego A 83.05 8.04 86.02 71.33 92.81
§ Group Optiprint NA 93.55 8.25 89.25 87.04 109.61
% Group Optiprint A 63.62 3.96 62.69 57.66 70.01
g Group Power NA 82.64 2.6 82.33 79.61 88.37
g Group Power A 55.33 1.76 54.63 5341 57.94
i Group Conventional PMMA NA 70.14 4.09 68.55 65.75 78.71
Group Conventional PMMA A 45.74 3.01 45.97 41.62 49.63
I X &L ST ™ |

L

Figure 1. Schematic drawing of the flexural
strengths of the groups

Both null hypotheses were rejected, showing that the tested materials impacted their mechanical and
surface properties. Flexural strength changed with thermal cycling, while various surface treatment
protocols affected the roughness and hardness of interim materials. Although the flexural strength test
may not fully replicate the dynamic oral environment, it offers a reliable comparison of dental materials'
mechanical properties under controlled conditions [2]. Thus, this study used flexural strength testing to
evaluate the materials’ mechanical parameters.

In the current study, conventional PMMA resin exhibited lower flexural strength than 3D-printed
resins. Conventional PMMA resins consist of mono-functional, low molecular-weight, linear molecules
contributing to reduced strength and rigidity. Furthermore, air bubbles can become trapped if not
polymerised under pressure, decreasing strength [35]. Consequently, the presence of air bubbles and
variations in chemical composition likely resulted in lower flexural strength values for conventional
PMMA resin compared to 3D-printed resin specimens.

Due to the high cost and time associated with clinical studies, in vitro laboratory simulations are
commonly conducted. Thermal cycling is a standard method for simulating aging in controlled lab
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settings [32]. In this study, conventional PMMA exhibited significantly lower ofs values (45.744+3 MPa)
during thermal cycling. The reduced polymerization of conventional materials may result in increased
water absorption, potentially leading to a plasticizing effect on the polymer networks and a subsequent
reduction in strength [35]. These findings align with previous studies that indicated conventional PMMA
resins have lower mean ofs values than 3D-printed resins [19, 33, 34]. The flexural strength of 3D-
printed materials declined due to residual stress from water absorption and temperature changes, leading
to weakened interlayer bonds and potential long-term structural failure [38]. In a study by Scotti et al.
[19], 3D-printed materials showed superior flexural strength compared to PMMA, aligning with our
findings. The current study observed differences in the flexural strengths of 3D-printed resins with
different filler contents after thermal cycling. It could be argued that the manufacturing process is not
the sole factor influencing the mechanical properties of materials; other contributing factors may include
various chemical compositions and different filler contents of interim materials. Kebler et al. [37]
compared the flexural strength of different filler contents in 3D-printed resins. Consistent with the
present study's findings, the authors mentioned that the varying filler content influences the flexural
strength in the chemical composition of the tested material.

3.2. Surface roughness test

The meanzstandard deviation values of Ra for the different interim material and surface treatment
method combinations have been detailed in Table 2. Significant differences were found with the same
surface treatment protocols applied to the different interim materials (p<0.001) (Figure 2).

Table 2. Surface roughness (Ra) values computed among different subgroups tested.

Test protocol Group Code Mean+ SD | Std. Deviation Median | Minimum | Maximum
Group Bego C 1.18 +0.04 1.18 1.12 1.23
Group Bego P 0.47 +0.1 0.44 0.37 0.65
< Group Bego O 0.13 +0.02 0.13 0.11 0.16
%« Group Optiprint C 1.59 +0.12 1.56 1.45 1.77
§ Group Optiprint P 0.72 +0.04 0.73 0.62 0.77
S Group Optiprint O 0.19 +0.01 0.2 0.17 0.21
D‘:Bj Group Power C 1.62 +0.06 1.62 15 171
@ Group Power P 0.73 +0.05 0.73 0.65 0.8
£ Group Power O 0.19 +0.02 0.2 0.17 0.21
a Group Conventional PMMA C 2.87 +0.08 2.88 2.74 2.99
Group Conventional PMMA P 1.29 +0.09 13 1.09 14
Group Conventional PMMA O 0.37 +0.02 0.37 0.33 0.39
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According to Tukey’s HSD and Bonferroni correction, the conventional PMMA group showed the
highest surface roughness among all interim groups, regardless of surface treatments (p< 0.001). The
Bego resin group showed the lowest surface roughness among all interim groups in this study, regardless
of surface treatment protocols (p<0.001). Significant differences in Ra values were observed with
various surface treatment protocols (p<0.001). The coated groups exhibited significantly lower Ra
values when compared to the conventionally polished groups treated with a surface sealant (p<0.001)

Group
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Figure 2. Schematic drawing of the surface roughness of the groups

A. Effect of surface treatment protocol on surface roughness
B. Effect of different surface treatment protocols on surface roughness of interim material

3.3. Surface hardness test

Table 3 presents the mean + standard deviation values of VHN for the various combinations of
interim materials and surface treatment protocols. Statistically significant differences were observed
with consistent surface treatment protocols across different interim materials (p<0.001) (Figure 3). The
conventional PMMA group, regardless of the surface treatments, showed the lowest surface hardness

(p<0.001).

Table 3. Vickers hardness (VHN) values of the subgroups tetsted

Test protocol Group Code Mean+ SD | Std. Deviation | Median | Minimum Maximum
Group Bego C 25.07 +0.9 25.84 24.26 26.85
Group Bego P 29.17 +0.49 28.99 28.52 29.87
= Group Bego O 35.02 +0.68 35.26 33.96 35.83
§ Group Optiprint C 21.92 +0.82 21.78 20.89 22.95
E Group Optiprint P 26.27 +0.99 26.33 24.82 27.82
é Group Optiprint O 30.94 +1.22 30.55 29.46 32.62
S Group Power C 21.55 +1.11 21.86 19.81 22.75
g Group Power P 25.55 +0.64 25.78 24.61 26.34
% Group Power O 29.03 +0.92 29.03 27.28 30.35
S Group Conventional PMMA C 19.18 +1.72 19.51 16.41 21.19
Group Conventional PMMA P 22.01 +1.36 22.37 19.69 23.52
Group Conventional PMMA O 24.71 +0.65 24.96 23.32 25.42
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Figure 3. Schematic drawing of the surface hardness of the groups
A. Effect of different surface treatment protocols on surface hardness.
B. Effect of different surface treatment protocols on surface hardness of interim material

The Bego resin group showed the highest surface hardness in all surface treatment groups. Significant
differences were found in the VHN results when different surface treatment protocols were applied to
the same groups (p<0.001). The groups coated with sealant exhibited significantly higher surface
hardness values compared to the other surface treatment groups (p<0.001)

There was a strong negative correlation between the measurements of roughness and hardness for
the groups that had the surface sanded, polished, and coated with surface sealant. (r=-0.939, r=-0.974,
r=-0.887, p<0.001).

This in vitro study examined the impact of different surface treatment protocols on the roughness
and hardness of interim materials made from conventional PMMA and 3D-printed resin. Assessing the
roughness of interim restorations is crucial for periodontal health, as roughness above 0.2 um can
enhance bacterial colonization, with 10 pm being the maximum clinically acceptable roughness [3, 4].
In this study, the Ra values for coated materials ranged from 0.13 pum to 0.37 um, all remaining below
the unacceptable threshold of 10 um. Conventional PMMA exhibited higher surface roughness than 3D-
printed resins across all treatment protocols, likely due to differences in chemical composition. Previous
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studies have similarly found that conventional PMMA had the highest Ra values [21, 31]. Notably, the
3D-printed Bego group showed the lowest Ra values among the materials tested. Rizante et al. [24] also
reported lower surface roughness in 3D-printed resins compared to conventional PMMA, aligning with
the findings of this study that the chemical composition of the interim materials influences surface
roughness.

Conventional polishing procedures can introduce additional surface defects and diminish the quality
of interim restoration materials [7, 9]. However, applying a surface sealant has enhanced surface quality
by filling microdefects through capillary action [9]. Applying a surface sealant to all interim materials
significantly reduced surface roughness in this study. Shenoy et al. [17] compared various surface
treatment protocols and found that groups treated with a surface sealant exhibited lower Ra values,
aligning with our findings. Additionally, SEM images obtained in this study confirmed that applying a
surface sealant effectively reduced surface roughness across all groups.

It is necessary to evaluate mechanical properties to evaluate new technologies and obtain the
optimum material and a suitable technique for producing long-term interim restorations. One of these
properties is flexural strength, and the other is microhardness [5]. A decrease in microhardness may
indicate superficial degradation, leading to increased roughness, plaque accumulation, and reduced
restoration lifespan [10]. In this current study, the 3D-printed resin showed significantly higher micro-
hardness than conventional PMMA, regardless of surface treatment protocols, and this could be
attributed to the different chemical compositions of the interim materials. Digholkar et al. [18] compared
the surface hardness of the 3D-printed resin with PMMA. Their findings align with the current study,
showing that the 3D-printed group had higher surface hardness due to cross-linked monomers and
inorganic fillers, which enhanced wear resistance and minimized polymerization shrinkage. Previous
studies have assessed how surface treatment protocols influence the surface roughness and hardness of
interim materials [10, 11]. Comparing surface hardness after applying various treatments to the same
material yielded different microhardness values, suggesting that these protocols expose harder regions
of the material, thereby improving wear resistance. Olivera et al. [12] also examined the impact of
surface treatment protocols on material hardness and found that these treatments significantly affected
surface hardness values, aligning with the current study's findings. The current study found that all
groups coated with surface sealant resin exhibited the highest surface hardness values compared to other
groups. This improvement is attributed to the sealant's ability to enhance surface hardness by reducing
the leaching of unpolymerized monomers. Thompson et al. [36] evaluated the impact of surface-coated
materials on the Vickers hardness of PMMA-based interim materials and reported similar findings, with
higher surface hardness values in the groups with coated surface sealants.

During the evaluation process, an increase in surface roughness leads to a decrease in surface
hardness. SEM images revealed different surface characteristics among the groups tested, namely the C,
P and O subgroups in Figure 4.

Mater. Plast., 61 (4), 2024, 41-51 47 https://doi.org/10.37358/MP.24.4.5742


https://revmaterialeplastice.ro/

MATERIALE PLASTICE
https://revmaterialeplastice.ro
https://doi.org/10.37358/Mat.Plast.1964

Figure 4. SEM images of the groups
SB. Sanded specimen of Bego group; SO. Sanded specimen Optiprint group;

SP. sanded specimen of Power group; SPMMA. sanded specimen of PMMA group;
PB. Polished specimen of Bego group; PO. Polished specimen of Optiprint group;
PP. Polished specimen of Power group; PPMMA. Polished specimen of PMMA group;
OB. Bego group coated with Optiglaze; OO. Optiprint group coated with Optiglaze;
OP. Power group coated with Optiglaze; OPMMA. PMMA group coated with Optiglaze

4. Conclusions

The limitations of this current study were that the interim materials' physical and mechanical
properties were assessed under in vitro standardized conditions. Long-term clinical studies are required
to evaluate different interim materials' clinical behaviour. Within the limitations of this study, it is
concluded that both the type of interim material and the number of thermocycling periods affected
flexural strength. 3D-printed resin exhibited superior mechanical properties to conventional PMMA,
making it suitable for long-term interim restorations. The resin type significantly impacted the surface
roughness and hardness of the interim materials, with 3D-printed resin showing better surface properties
than conventional PMMA. Additionally, the application of a surface sealant markedly improved surface
hardness and significantly reduced the surface roughness across all tested interim materials. Smoother
surfaces facilitate cleaning, reducing plague accumulation and periodontal risk. This underscores the
importance of surface sealants in clinical practice to improve interim dental material efficacy.
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