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Abstract

This study assessed the monotonic and fatigue flexural strength (FS), elastic modulus (E), and surface
characteristics of a 3D printed zirconia-containing resin composite compared to subtractive and
conventional layering methods. Specimens, including discs (n= 15; @= 15 mm x 1.2 mm) and bars
(n=15; 14 x 4 x 1.2 mm), were prepared and categorized into three groups: 3D printing (3D printing
— Prizma 3D Bio Crown, Makertech), Subtractive (Lava Ultimate blocks, 3M), and Layering (Filtek
Z350 XT, 3M). Monotonic tests were performed on the discs using a piston-on-three-balls setup,
while fatigue tests employed similar parameters with a frequency of 10 Hz, initial stress at 20 MPa,
and stress increments every 5,000 cycles. The E was determined through three-point-bending test
using bars. Surface roughness, fractographic, and topographic analyses were conducted. Statistical
analyses included One-way ANOVA for monotonic FS and roughness, Kruskal-Wallis for E, and
Kaplan-Meier with post-hoc Mantel-Cox and Weibull analysis for fatigue strength. Results revealed
higher monotonic strength in the Subtractive group compared to 3D printing (p= 0.02) and Layering
(p=0.04), while 3D Printing and Layering exhibited similarities (p= 0.88). Fatigue data indicated
significant differences across all groups (3D Printing < Layering < Subtractive; p=0.00 and p= 0.04,
respectively). Mechanical reliability was comparable across groups. 3D printing and Subtractive
demonstrated similar E, both surpassing Layering. Moreover, 3D printing exhibited higher surface
roughness than Subtractive and Layering (p< 0.05). Fractographic analysis indicated that fractures
initiated at surface defects located in the area subjected to tensile stress concentration. A porous
surface was observed in the 3D Printing group and a more compact surface in Subtractive and
Layering methods. This study distinguishes the unique properties of 3D printed resin when compared
to conventional layering and subtractive methods for resin-based materials. 3D printed shows
comparable monotonic strength to layering but lags behind in fatigue strength, with subtractive resin
demonstrating superior performance. Both 3D printed and subtractive exhibit similar elastic moduli,
surpassing layering. However, 3D printed resin displays higher surface roughness compared to
subtractive and layering methods. The study suggests a need for improvement in the mechanical
performance of 3D printed material.

Keywords: 3D-printed dental resin. Resin composite. Dental Materials. Elastic modulus. Fatigue

performance. Flexural strength. Prosthodontics.



Highlights

- 3D printed resin composite showed similar monotonic strength to the layering technique.

- 3D printed composite had lower monotonic strength compared to the subtractive technique.

- 3D printed composite exhibited lower fatigue strength than both subtractive and layering
techniques.

- 3D printed composite had a rougher surface than those produced by subtractive and layering
techniques.

- Mechanical performance of 3D printed materials requires improvement.

1  Introduction

Dental resin composites have become widely adopted as preferred restorative material in
contemporary modern minimally invasive prosthodontics (Schlichting et al., 2022; Edelhoff et al.,
2023). Their advantages over traditional glass-ceramics include lower abrasiveness toward opposing
teeth (Kunzelmann et al., 2001), better absorption of functional stresses (Magne et al., 2002), and
superior handling characteristics, such as the ability of intra-oral repairs (Schlichting et al., 2022).
Research has shown that ultra-thin bonded resin composite restorations possess satisfactory
mechanical properties in laboratory settings (Magne et al., 2010). Clinical studies have also confirmed
the reliable performance of these composite restorations (Demarco et al., 2017; Da Rosa Rodolpho et
al., 2022; Demarco et al., 2023), highlighting their potential to adhere to the biomimetic principles of
conserving natural tissue (Magne et al., 2011). Nonetheless, despite recent improvements in resin
composites aimed at minimizing polymerization shrinkage stress and incorporating cutting-edge
fabrication techniques (Schweiger et al., 2021), these materials still present significant challenges.

In the traditional layering (incremental) technique, indirect restorations are created by
applying and shaping successive thin layers of resin composite on a prepared tooth model, each cured
through photopolymerization to form the final restoration shape (Klaff, 2001). However, this process
can introduce bubbles that could undermine the structural integrity of the restoration (Benalcdzar
Jalkh et al., 2019; Nandini, 2010). Additionally, the technique demands high precision and skill from
the operator to consistently achieve optimal outcomes (Shu et al., 2018; de Kuijper et al., 2023). An
alternative is the use of Computer-Aided Design/Computer-Aided Manufacturing (CAD/CAM)
systems, which involve digital design of the restoration using specialized software and its fabrication
through precise subtractive machining with diamond drills (Digholkar et al., 2016). While this method
allows for the use of various materials and offer precision, it is not without its drawbacks, including
the wastage of material (Strub et al., 2006), diamond drills wear (Chen et al., 2016; Sorrentino et al.,
2019), and the potential for creating surface and subsurface flaws that could lead to stress

concentration and premature failure of the restoration (Blatz and Conejo, 2019).



To address these challenges, 3D printing technology has been introduced, leveraging CAD
for the digital design of restorations, followed by the creation through an additive material process in
a 3D printer (Jeong et al., 2018). Among the various additive manufacturing techniques,
stereolithography stands out in dental applications (Lian et al., 2018). This method entails the
sequential layering of a photopolymerizable resin, based on the pre-designed standard tessellation
language (STL) file, which is then cured layer by layer using a laser or light-emitting diode (LED),
culminating in the formation of the final 3D structure (Digholkar et al., 2016; Baroudi and Ibraheem,
2015). In addition to manufacturing advancements, efforts have been made to enhance the of 3D
resins through the incorporation of additives into polymers, with the goal of improving their
biological, mechanical, and aesthetic characteristics (Awada and Nathanson, 2015). Ceramic fillers,
particularly zirconium oxide (ZrO2) nanoparticles, have been recognized as highly effective additives
in resin-based dental composites (Aati et al., 2021). Studies have shown that ZrOz nanoparticles
significantly improve a range of properties, including flexural strength, fracture toughness, hardness,
wear resistance, thermal stability (Gad et al., 2019; Maji et al., 2016; Reyes-Acosta et al., 2015; Ergun
et al., 2018; Nakanishi et al., 2020). However, some modifications have introduced adverse effects
that may ultimately impact the long-term efficacy of the materials, such as the development voids or
porosity, reduced biocompatibility, limitations in curing depth, and reduced degree of C=C
conversion (de Castro et al., 2017; Alhareb and Ahmad, 2011; Malic et al., 2019; Gad et al., 2019).

To date, research has predominantly concentrated on 3D printed resins for temporary
restorations (Lin et al., 2020; de Castro et al., 2022; Soto-Montero et al., 2022; Aati et al., 2022;
Prause et al., 2023; Finck et al., 2023). However, the advent of materials for longer-lasting printed
restorations, including zirconia-containing resin composites, marks a leap forward, introducing viable
options for fabricating dental crowns, veneers, inlays, and onlays. Despite their promising attributes,
the endorsement of these materials for clinical applications hinges on the acquisition of
comprehensive preclinical and clinical data, particularly regarding their long-term mechanical
behavior (Daher et al., 2022). Fatigue tests, which mimic the degradation mechanisms of dental
restorations through repetitive, low-intensity forces akin to those of chewing, are deemed crucial for
evaluating the resilience of these materials (Rosentritt et al., 2016, Wendler et al., 2017).

To the best of the authors' knowledge, the fatigue resistance of 3D printed zirconia-containing
resin composites remains unexplored. Thus, the aim of this study was to assess the monotonic and
fatigue strength, along with the surface characteristics, of a 3D printed zirconia-containing resin,
comparing it against materials with similar composition produced via subtractive and traditional
layering techniques. Two null hypotheses were formulated: (1) the monotonic and fatigue flexural
strengths of the 3D printed resin composite would be comparable to those fabricated by subtractive



and traditional layering techniques, and (2) the surface characteristics of the 3D printed resin
composite would mirror those of composites produced by subtractive and layering techniques.

2 Material and Methods
2.1. Study design and materials tested

This in vitro study was designed to investigate the mechanical properties of zirconia-
containing resin composites fabricated through three distinct methods: 3D Printing, using
stereolithography; Subtractive Manufacturing; and Layering, following a conventional layering
technique. A detailed summary of the materials used in this research is presented in Table 1, including
commercial names, manufacturers, chemical compositions, and batch numbers. The primary
outcomes assessed were the flexural strength (FS, in MPa) under both monotonic (n=5) and fatigue
(n=10) loading conditions, along with the number of cycles to failure (CFF) during fatigue testing.
Sample size calculation was conducted using OpenEpi (The OpenEpi Project, Atlanta, GA, USA)
based on the mean and standard deviation values obtained from the monotonic FS tests (n=5) for the
3D Printing (113 £6.9) and Subtractive (161 £38.7) groups. This analysis, which assumed an 80%
power and 95% confidence level, indicated a minimum requirement of 6 discs per group. Additional
evaluations included measuring the elastic modulus (E, in GPa), analyzing surface roughness (using
Ra and Rz parameters, in um), examining surface topography, and investigating the fractographic
characteristics of the failed specimens, through scanning electron microscopy (SEM).

2.2. Specimen preparation

Specimens, both discs (n=15; @= 15 mm x 1.2 mm thickness) and bars (n= 15; dimensions
14 x 4 x 1.2 mm), were fabricated in accordance with 1SO 6872 (2015) standard, using the following
manufacturing techniques:

3D Printing: The design process began with Tinkercad software (Autodesk, San Francisco,
CA, USA) to create the digital models for the specimens. These models then converted into STL files
and uploaded to a 3D printer (Phrozen Sonic Mini 4K, Hsinchu, Taiwan). The printing material used
was a photopolymerizable resin (PriZma 3D Bio Crown, Makertech Labs, Tatui, SP, Brazil), and the
process followed the manufacturer's guidelines: perpendicular orientation, a layer height of 50 um, 8
bottom layers, a linear transition type, and exposure times adjusted to 5 + 0.5 s for regular layers and
80 s for the bottom layers. After printing, the specimens were cleaned with isopropyl alcohol for 5
min under agitation to eliminate any residual surface resin and then air-dried. The final step involved
a 60 min post-curing phase in a UV light chamber (Wash & Cure Plus 3.0, Anycubic, Shenzhen,
China).



Subtractive Manufacturing: The subtractive specimens were crafted from CAD/CAM
zirconia-containing resin composite blocks (Lava Ultimate, 3M, Maplewood, MN, USA) measuring
13 x 15 x 18 mm. These blocks were cut using a diamond disc on a cutting machine with water
cooling (ISOMET 1000, Buehler, Lake Bluff, IL, USA). During cutting, the precision machine was
programmed to cut the bars and discs with an additional 0.5 mm beyond the desired dimensions to
allow for polishing and surface regularization. These dimensions were verified after cutting using a
digital micrometer (Absolute 500-196-20, Mitutoyo). To create discs, the blocks were first
transformed into cylinders (&= 15) by using a series of grinding processes with SiC papers of #400,
#600, and #1200 grits on a polishing machine (EcoMet/AutoMet 250, Buehler), also under water
cooling. Metal guides were affixed to the blocks to ensure precision during the grinding process.

Layering: The layering specimens were initiated using a 3D printed model to create a
condensation silicone guide. The guide was then cleaned with isopropyl alcohol. Following this,
between 8 and 10 increments of zirconia-containing resin composite for direct restorations (Filtek
Z350 XT, 3M, Maplewood, MN, USA) was applied in layers less than 2 mm thick, with each
increment photopolymerized for 20 s using a LED light-curing unit (Radii-cal, SDI, Bayswater,
Victoria, Australia) with intensity of 1200 mW/cm?. A glass plate was placed over the specimen
before curing the final layer to ensure a uniform surface.

To standardize the surface topography across all groups, both sides of each specimen were
polished using a sequence of SiC papers of #600, #1200, and #2500 grits under water cooling. This
step aimed to eliminate any surface irregularities and achieve the desired final dimensions.
Additionally, the specimens were measured at 3 points (bars: center, 1/3, and 2/3) and at 4 points
(discs: center and 3 regions at the edges forming a triangle) using a digital micrometer (Absolute 500-
196-20, Mitutoyo). To minimize stress concentrations in the bars, chamfers were carefully added by
two experienced operators (L.F.B.S. and A.C.C.R.) after a series of preliminary tests. The chamfering,
ranging between 0.09 mm and 0.15 mm, was done by lightly grinding the bar edges for 5 s with #1200
grit SiC paper, as per 1SO 6872 (2015) standard. The accuracy of each chamfer was verified under a
stereomicroscope at 50x magnification (Discovery V20, Carl Zeiss, Gottingen, LS, Germany), and
any specimens not meeting the criteria were replaced. This polishing process was conducted 24 h
post-preparation of the specimens. During this period, and prior to testing, all specimens were stored

in distilled water at 37 °C for 24 h and up to a maximum of 3 days.

2.3. Surface roughness
A micrometric roughness analysis was carried out on the discs (n= 10) using a contact stylus
profilometer (Mitutoyo SJ-410, Kanagawa, Japan). Six measurements were taken for each specimen,

three along the x-axis and three along the y-axis, with a cut-off (Ac) of 0.8 mm and a sampling length



of 4 mm. The arithmetic mean of the roughness was calculated for each specimen in accordance with
ISO 21920-2 (2021), taking into account the average surface roughness (Ra) and maximum peak-to-
valley height (Rz) parameters.

2.4. Monotonic and fatigue flexural strength

Five discs were subjected to a monotonic test using a biaxial flexural strength approach. This
test utilized a piston-on-three-balls setup, according to ISO 6872 (2015) standard, using a universal
testing machine (DL-1000 Emic, Instron, Sdo José dos Pinhais, PR, Brazil). The specimens were
placed on three steel spheres (2.5 mm in diameter, arranged 120° apart to form a 10 mm diameter
circle) immersed in distilled water. To minimize contact stress concentration and prevent surface
damage, a layer of cellophane tape (15 um) was placed between the specimen and the spheres
(Wachtman et al., 1972). Additionally, an adhesive tape (110 um) was applied to the top surface of
the specimen to prevent fragment scattering. A load was then applied at the disc’s center at a rate of
1 mm/min using a flat-tipped circular cylinder steel piston (d= 1.4 mm). Maximum fracture stress

(in MPa) was calculated using the following equation:

og; = %f(x_y) (Equation 1),

where o, represents the peak center tensile stress in MPa, P denotes the total load at fracture in N,
and b is the specimen thickness in mm. The coefficients X and Y were derived from Equations 2 and
3:

T2

X=0A+v)Iniln (E) + (1_—V) (E) (Equation 2),

2 r3

Y=>0O+v)|1+In (%)J +(1-v) (%) (Equation 3),

where v is Poisson’s ratio, and r1, 2, and r3 are the radii (in mm) of the support circle, piston,
specimen, respectively. The monotonic FS in MPa was then recorded.

For the cyclic fatigue test (n=10), a mechanical testing machine (Instron Corporation;
Norwood, MA, USA) was used, maintaining the same setup of the monotonic test and using the
lowest mean FS (3D printing) as a parameter. The initial stress level was set at approximately 20%
(20 MPa), with 5% (5 MPa) stress increments at a 10 Hz frequency every 5,000 cycles up to 100 MPa,
followed by 10 MPa increments until fracture. Both fatigue FS (in MPa) and the CFF were then noted.



2.5. Elastic modulus

The bars (n= 15) were tested for their E using a three-point bending monotonic test (SO 6872,
2015) using a universal testing machine (EMIC DL 2000, Sao José dos Pinhais, PR, Brazil). During
the test, each specimen was placed on a jig with support rollers (&= 2.0 mm) spaced 12 mm apart. A
third roller (8= 2.0 mm) applied the load at a crosshead speed of 1 mm/min at bar’s midpoint until
fracture. To prevent fragment dispersion and minimize contact surface damage, adhesive tape
(110 um) was affixed to the top of the specimen, and additional tape was used between the specimen
and the support rollers to lessen contact stress concentration (Wachtman et al., 1972). The E was

calculated in GPa as follows:

_pL3
" 4vbh3

(Equation 4),

where P represents the fracture load in N, L the test span in mm, b the width of the specimen in mm,
h the thickness of the specimen in mm, and v the corresponding displacement. The ratio P / v is the
slope of the load—displacement curve within the linear elastic region before deviating from linearity
(Lopez-Suevos and Dickens, 2008).

2.6. Complementary analysis

After the fatigue testing, all fractured specimens were first examined with a stereomicroscope
to select representative failures from each group for further analysis. The selected specimens were
then prepared for the fractographic examination using SEM (Vega3, Tescan, Brno, Czech Republic)
at magnifications of 21x, 180x, and 500x%, aiming to identify fractographic characteristics present.
The preparation process involved cleaning the specimens in an ultrasonic cleaner (1440 D
Odontobras, Ribeirdo Preto, SP, Brazil) with 92% isopropyl alcohol for 5 min. Subsequently, the
specimens were coated with a layer of gold-palladium alloy. In addition, to examine the surface
topography, new specimens were created for each group (n=1) and analyzed using SEM at higher
magnifications of 200x, 1,000%, and 5,000x. These specimens also underwent the same cleaning
process with 92% isopropyl alcohol in an ultrasonic cleaner, followed by gold-palladium alloy
coating. This approach allowed for a detailed examination of both the fractographic and topographical

characteristics of the specimens post-fatigue testing.

2.7. Data analysis

The data for monotonic FS, E, and surface roughness were subjected to the Shapiro-Wilk test
(p> 0.05). The monotonic FS and roughness data, which showed parametric and homoscedastic
distributions, were analyzed using One-way Analysis of Variance (ANOVA) and Tukey’s post-hoc

9



tests (o= 0.05) using SPSS v. 21 software (IBM Analytics, New York, NY, USA). Conversely, the E
data, which exhibited a non-parametric distribution (p< 0.05), were analyzed using the Kruskal-
Wallis and multiple comparisons post-hoc tests (o= 0.05). For the fatigue FS and CFF data, Kaplan-
Meier and Mantel-Cox (Log-Rank) tests were used (a= 0.05). Furthermore, the fatigue FS data were
subjected to Weibull statistical analysis to evaluate the material’s characteristic strength and
reliability, using the SuperSMITH Weibull 4.0k-32 software (Wes Fulton, Torrance, CA, USA).
Statistical differences were discerned through maximume-likelihood estimation by examining the
overlap of confidence intervals, where a lack of overlap indicated differences in such parameters. In
addition, fractographic and topographic features were qualitatively analyzed to identify the origins of
failure and the surface topographic patterns of the resin composite specimens.

3 Results

In the monotonic tests (Table 2), the Subtractive group exhibited higher FS when compared
to both the 3D Printing (p= 0.02) and Layering (p= 0.04) groups, while the 3D Printing and Layering
methods yielded similar FS results (p= 0.88). The fatigue tests (Tables 2 and 3) revealed distinct
statistical differences among all groups in terms of FS and CFF, with the ranking from lowest to
highest being 3D printing, Layering, and Subtractive (p<0.01 and p=0.04, respectively). The
Weibull analysis showed similar characteristic strength between Subtractive and Layering, which
were superior to 3D printing. Weibull modulus, reflecting mechanical reliability, showed no
significant differences among the groups (Table 2).

As shown in Figure 1, comparisons of E across the manufacturing techniques revealed no
significant differences between the 3D Printing and Subtractive methods (p= 0.24), both of which
exhibited higher E than the Layering technique (3D Printing vs. Layering: p< 0.01; Subtractive vs.
Layering: p= 0.01). Surface roughness analysis (Figure 2) indicated that the 3D Printing group had
significantly rougher surfaces than both Subtractive (Ra: p< 0.01; Rz: p<0.01) and Layering (Ra:
p< 0.01; Rz: p=0.04) groups, while Subtractive and Layering showed comparable roughness (Ra:
p=0.19; Rz: p=0.06).

Fractographic analysis (Figure 3) indicated that fractures typically originated from surface
defects located in the areas subjected to tensile stress concentration. SEM images (Figure 4)
highlighted an irregular and porous surface in the 3D Printing group, in contrast to the more uniform
surfaces with visible filler particles in both the Subtractive and Layering groups, though minor surface

defects were also present in these groups.
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4 Discussion

The findings from this study indicated a superior monotonic strength in the Subtractive group
when compared to both the 3D Printing and Layering groups, with the latter showing comparable
results to one another. In terms of fatigue strength, the Subtractive group outperformed the Layering
group, which in turn exceeded the performance of the 3D Printing group. The characteristic strength
showed that Subtractive and Layering were similar, but both superior to 3D printing, although the
Weibull modulus remained similar for all groups. These observations led to the rejection of the first
null hypothesis proposed in this study. Additionally, the 3D Printing group was found to have a higher
surface roughness than both the Subtractive and Layering groups, resulting in the rejection of the
second null hypothesis as well.

The manner in which materials are processed plays a pivotal role in the formation of surface
flaws, particularly in 3D printed materials (Kessler et al., 2021; Bergamo et al., 2022; Atria et al.,
2022). Previous studies have shown that the presence and concentration of filler particles can obstruct
the flow of the resin the building process, leading to an increased likelihood of air bubble entrapment
and a subsequent decline in mechanical properties (De Castro et al., 2022). Additionally, the extent
of monomer conversion into the polymer network is a critical factor affecting mechanical properties,
with higher conversion rates leading to improved material characteristics (Ferracane, 1985). The
degree of C=C conversion in resin composites is significantly influenced by various factors including
the irradiance and wavelength of the light curing, exposure duration, material translucency, and the
scattering of light by filler particles (Halvorson et al., 2002; Leloup et al., 2002). It has been reported
in recent research (Aati et al., 2021) that the incorporation of nano-ZrO2 into 3D printed resin can
markedly reduce the degree of conversion, attributed to the opaque nature of ZrO: fillers, which
impedes effective light dispersion. In line with these observations, the 3D printed specimens exhibited
rougher surfaces, a finding corroborated by SEM imaging (Figure 4). The images showed the
presence of voids in the 3D printed resin composite, likely resulting from the uneven mixing of resin
components and constraints encountered during the polymerization process.

Despite the printed resin showing comparable monotonic strength to the conventionally
layered resin, this similarity could be due to the higher E observed in the printed resin. This increased
stiffness suggests that such materials possess greater resistance to deformation before fracturing
(Perea-Lowery et al., 2020). However, during the fatigue tests, which emphasize the impact of defects
under cyclic loading, the defects in the printed resin seemed to play a significant role, leading to the
conventional layering technique's relative superiority. Similarly, inherent defects associated with the
conventional layering process (Ibrahim et al., 2023) might have been a decisive factor in its reduced
fatigue strength compared to the subtractive method, as both techniques exhibited similar roughness,

topography, and material composition.
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The biaxial FS and characteristic strength findings were consistent with previous studies,
which reported similar FS (Lin et al., 2020; de Castro et al., 2022; Soto-Montero et al., 2022; Aati et
al., 2022; Prause et al., 2023) or slightly lower FS (Scotti et al., 2020; Bergamo et al., 2022; de Castro
etal., 2022) for 3D printed resin composites. In contrast, certain studies have indicated higher strength
values compared to those observed in the current study (Grzebieluch et al., 2021; Bayarsaikhan et al.,
2022; Atria et al., 2022; Tasin and Ismatullaev, 2022). The variation in results could be due to
differences in experimental setups for measuring FS, the specific types of 3D printing materials
tested, and the printing techniques used. Additionally, testing under humid conditions that foster
hydrolytic effects might have contributed to the reduced strength of the 3D printed resin composite
examined in our study.

It is essential to acknowledge that despite the variations observed in monotonic and fatigue
strengths, the materials satisfied the 1ISO 6872 (2015) standards for Class 2 category, which requires
a FS greater than 100 MPa for clinical applications in adhesively luted anterior or posterior single-
unit monolithic prostheses. The printed material was the only one to show a marginal shortfall in
terms of fatigue performance, with its strength dipping below the 100 MPa benchmark, suggesting
the necessity for material optimization concerning mechanical properties. In this context, as
mentioned earlier, the mixing process of the components of the 3D printed resin composite under
investigation, along with the fabrication method, needs refinement to achieve a more uniform
distribution of constituents, thereby ensuring superior mechanical properties (Kessler et al., 2019;
Prause et al., 2022).

Regarding the results of surface roughness, beyond their impact on mechanical properties,
where a smoother surface is often associated with greater strength than a rough one (Ramezanzadeh
etal., 2010), it is important to emphasize that the higher roughness observed in the printed resin may
lead to a compromised restoration aesthetics, including surface staining and reduced gloss.
Furthermore, there is clear evidence of the association between roughness and biofilm adhesion and
maturation (Brambilla et al., 2005; Ono et al., 2007; McConnell et al., 2010), which can cause other
complications such as gingival inflammation, secondary caries, and bacterial plaque accumulation
(Panyayong et al., 2002). However, it’s noteworthy that the Ra value for the 3D printing group
remained below the critical threshold of 0.2 um, which is considered significant for microbial plaque
accumulation (Bollen et al., 1997; Dutra et al., 2018).

While this study has certain limitations, it also presents novel insights and contributions to the
field. The use of CAD/CAM blocks with dimensions of 13 x 15 x 18 mm, although not fully aligned
with 1SO 4049 (2019) minimum dimension recommendations of 25 x 2 x 2 mm, was necessary within
the context of our research. The testing methodology, while traditionally employed for ceramics as

per 1SO 6872 (2015), was adapted to suit our study's specific focus on comparing the 3D printed
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zirconia-containing composite with a subtractive technique. In addition, the study did not replicate
the geometric complexities of bonded restorations or explore the effects of bonding the resin
composites to supporting dental substrates, for instance. Furthermore, it is important to recognize the
lack of correction for the deformation introduced by the soft tape in elastic modulus evaluation,
although this limitation equally affected all groups within our study. Therefore, while the results may
be influenced by the presence of the tape, internal comparisons between the groups can still be valid
within the context of this study. Despite these considerations, this research stands out as potentially
the first to explore the fatigue mechanical properties of 3D printed zirconia-containing resin
composites. A significant advantage of this study is the use of cyclic testing in agueous environments
to assess bending, providing a simple yet effective approach to understanding the mechanical
degradation of indirect materials due to cyclic loading and crack progression (Zhang et al., 2023). We
anticipate that our findings will pave the way for further laboratory studies, including those with
bonded restorations and various types of 3D printed resins, to enhance the understanding about the
potential durability of 3D-printed restoratives.

5 Conclusion
Based on the results obtained for the materials of this study, it is possible to distinguish the
unique properties of 3D printed resin composite when contrasted with established techniques like
conventional layering and subtractive methods for resin-based materials. The following conclusions
can be drawn:
1. 3D printed resin exhibited monotonic strength comparable to that of conventional layering;
2. Subtractive resin demonstrated superior fatigue strength relative to both conventional layering
and 3D printed resin, with conventional layering outperforming 3D printing in this aspect;
3. Subtractive and layering resin showed similar characteristic strength, being superior to 3D
printed resin;
4. Both 3D printed and subtractive resin presented similar elastic moduli, exceeding that of the
conventional layering technique;
5. The 3D printed resin had a higher surface roughness than both the subtractive and

conventional layering techniques;
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TABLES

Table 1. Description of materials, brands, manufacturers, chemical compositions and batch numbers

Material Brand/manufacturer Chemical composition it
number
L. ) A ; ) >7504" -
3D printing zirconia- PriZma 3D Bio Crown, UDM.A IR mRliEE .
— . L ox modified monomers >10%;
containing resin MakertechLabs, Tatui, Sdo Paulo, . . Ve o 256823
. . zirconia <2%; ceramic fillers
composite Brazil

<15%; amorphous silica <8%

Organic phase: Bis-GMA, Bis-

CAD/CAM zirconia- . EMA'. TEGDMA{ UDMA,
Bontaining resin Lava Ultimate, 3M, Maplewood, MN, Inorganic phase: silica (20 nm) N895353
g USA and zirconia (4-11 nm) fillers,
composite e
zirconia-silica clusters (0.6—
10 um); 79 wt% loading
Organic phase: Bis-GMA,
Conventional zirconia- . UDMA, TEGDMA, Bis-EMA;
containing resin Filtek 2350 XT, SLJI\gAMapIewood, MN, Inorganic phase: silica (20 nm NE46370
composite non-agglomerated), zirconia,

72.5 wt% loading

*The chemical composition is described according to the manufacturers' information.
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Table 2 - Mean (MPa), standard deviation (SD), 95% confidence intervals (CI), and Weibull modulus (m) for the monotonic and fatigue strength (FS) tests, and for
number of cycles for failure (CFF) during fatigue testing

Monotonic (MPa) FS (MPa) % decrease CFF (Counts) Weibull***
Grou Mean + between m Characteristic
P Mean + SD* 95% ClI SD**_ 95% ClI Monotonic and Mean + SD** 95% ClI (95% CI) strength
Fatigue means ° (95% CI)
3D 113+69°  104-122 | 79+88°  72-84 30.1 44,443 8,906 | 38,077 50818 | , /5. r2se
printing - - ' ' - ' ' 44-10.6 65.5-79.7
. 1244 115.14
A _ A _ AB _
Subtractive | 161 + 38.7 113-209 | 133+10.6 125 -141 17.4 86,969 + 5,100 83,321 - 90,617 75_183 | 10841217
. 854 105.2 A
B _ B _ B _
Layering 120+ 5.7 113-127 | 116 £20.6 102 - 131 3.3 77,516 + 15,129 ® | 66,693 — 88,339 47 134 | 9631144

* Similar letters in a column indicate no statistical differences, as determined by one-way ANOVA (o= 0.05).
** Different letters in columns indicate statistical differences, as identified by Kaplan Meier and Mantel Cox post-hoc tests (o= 0.05).
*** Similar letters in a column signify no statistical differences according to Weibull analysis using the maximum likelihood estimation method, with overlapping
95% confidence intervals indicating statistical similarities.
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Table 3. Survival probabilities and their respective standard error measurements considering the progression of steps during fatigue testing (strength and number of cycles for
failure).

Strength (MPa) / Number of cycles

Grou
P 20/5 25/10 30/15 35/20 40/25 45/30 50/35 55/40 60/45 65/50 70/55 75/60 80/65 85/70 90/75 95/80 100/85 110/90 120/95 130/100 140/105 150/110
x10%  x10° x10° x10° x10° x10% x10% x10° x10® x10® x10° x10® x10° x10% x10° x10% 108 x10° x10° x10° x10° x10°
3D 1 0.80  0.40 020 0.10 0(0) ) i ) i i
printing (0.13) (0.16) (0.13) (0.10)
. 0.80 0.30 0.20
Subtractive 1 (0.13) (0.15) (0.13) 0 (0)
. 0.90 0.80 0.70 0.40 0.10
Layering 1 (0.10) (0.13) (0.15)  (0.16) (0.10) 0 (0) -
- The symbol “-” indicates absence of specimen survival on the considered step.
- The symbol “...” indicates absence of specimen failure in the respective step.
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Figure 1. Box plots representing the elastic modulus (E, in GPa) across different groups. The box spans the
interquartile range, encompassing the lower and upper quartiles (25%) of the data, with the median marked
by the vertical line bisecting the box. The whiskers extend to the minimum and maximum values. The graph
also includes the mean and standard deviation (SD) for E. Uppercase letters above each box plot indicate
statistical differences among the groups, as determined by Kruskal-Wallis and multiple comparisons post-hoc
tests (o = 0.05). The 3D Printing and Subtractive methods showed comparable E (p = 0.24), and both methods
exhibited higher moduli compared to the Layering method (3D Printing vs. Layering: p < 0.01; Subtractive

vs. Layering: p = 0.01).

GROUP
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Figure 2. Box plots detailing the surface roughness parameters—Ra and Rz (in pm)—across various groups.
Each box plot spans the interquartile range, capturing the lower and upper quartiles (25%) of the data, with
the median depicted by the central vertical line. The whiskers extend to the minimum and maximum values
observed. The graph also indicates the mean and standard deviation (SD) for both Ra and Rz. Uppercase
letters above each box plot signify statistical differences in surface roughness parameters among the groups,
as established by One-way ANOVA and Tukey’s post-hoc tests (o = 0.05). The 3D Printing group showed
significantly higher roughness compared to both the Subtractive and Layering groups (Ra: p < 0.01; Rz: p <
0.01 for both comparisons). Meanwhile, the Subtractive and Layering groups demonstrated comparable levels
of surface roughness to each other (Ra: p = 0.19; Rz: p = 0.06).

26



3D printing Subtractive Layering
—
Det: SE SEMHV:200kV ||} |, VEGA3 TESCAN| Det: SE SEMHV:200kV || | |][[(]| VEGA3 TESCAN| Det: SE SEMHV:200kV || 1 ([1)11] VEGA3 TESCAN
SEM MAG: 21 x BI:8.00 2mm SEM MAG: 21 x BI: 8.00 2mm SEM MAG: 21 x BI: 8.00 2mm
LAPAM-UFSM LAPAM-UFSM LAPAM-UFSM
—
Det: SE SEM HV: 20.0 kV J VEGA3 TESCAN| Det: SE SEM HV: 20.0 kV L VEGA3 TESCAN| Det: SE SEM HV: 20.0 kV IJ VEGAS3 TESCAN|
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SEM MAG: 500 x BI: 8.00 100 um SEM MAG: 500 x BI: 8.00 100 um SEM MAG: 500 x BI: 8.00 100 um
LAPAM-UFSM LAPAM-UFSM LAPAM-UFSM

Figure 3. Representative SEM images of fractured surfaces from specimens after fatigue testing. Solid blue
arrows highlight the fracture origins, pinpointing areas of tensile stress concentration during mechanical
loading, while thin blue arrows denote the direction of crack propagation. These images reveal that fractures
consistently originated from surface defects within regions of tensile stress concentration across all groups.
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SEM MAG: 1.00 kx BI: 8.00 50 pm SEM MAG: 1.00 kx BI: 8.00 50 pm SEM MAG: 1.00 kx BI: 8.00 50 pm
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LAPAM-UFSM LAPAM-UFSM LAPAM-UFSM

Figure 4. SEM micrographs depicting the surface topography of resin composite specimens. An irregular and
porous surface is evident in the 3D Printing group, contrasting with the more compact surfaces and visible filler
particles in the Subtractive and Layering groups. Despite the overall smoother appearance, minor surface defects

are discernible in both of these groups as well.
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