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Abstract

This study investigated the impact of two printing orientations (45° and 90°) and two-layer
thicknesses (50 um and 100 pm) on the compressive, tensile, and flexural strengths of a 3D-
printed dental resin post-cured in a controlled nitrogen atmosphere. A total of 120 specimens
were virtually designed according to ISO standards and then fabricated utilizing an LCD-based
3D printer (SOL, Ackuretta). The specimens were divided into four groups (n = 30/group). All
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specimens underwent post-curing in a nitrogen (N») atmosphere and were tested using a
universal testing machine. Data analysis was performed using two-way ANOVA and Tukey's
HSD test. Group 2 (45° orientation, 50 um layer thickness) exhibited significantly higher com-
pressive strength (138.2 £ 11.9 MPa) compared to all other groups (p < 0.001). Tensile
strength showed no statistically significant differences among the tested groups (p > 0.05).
Specimens printed at a 90° orientation demonstrated significantly higher flexural strength
compared to the 45° groups (p < 0.001), with printing orientation exhibiting a greater influ-
ence than layer thickness. The compressive and flexural strengths of the tested resin are
highly affected by the changes in printing parameters, whereas the tensile strength remained
statistically unaffected among the groups. The ideal setting for restorations bearing compres-
sive loads is a 45° orientation with a 50 um layer thickness, whereas a 90° orientation is highly
recommended for long-span restorations subject to flexural loads.
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Introduction

Additive manufacturing technology (AM),
also known as 3D-printing, has become one
of the most rapidly developing technologies
in dentistry. It provides many advantages
such as high accuracy restorations and rea-
sonable material loss [1-3]. Among the vari-
ous types of 3D-printing technologies, the
Liquid Crystal Display (LCD) technique is
getting considerable attention, as it provides
a distinctive combination of high printing
quality and cost-effectiveness [4].

The recent improvements in dental hybrid
composite resins for 3D-printing have ex-
panded the practical applications of AM, ex-
tending from provisional crowns and
bridges to final restorations. These materials
provide many valuable clinical properties,
including high aesthetics, adequate strength
and wear resistance. The printing parame-
ters for these materials dictate their mechan-
ical properties, which in turn modulate their
clinical performance. Additionally, they fol-
low an anisotropic behavior meaning their
mechanical properties depend on the print-
ing parameters, which might affect their clin-
ical performance [2].

Among these parameters, printing orienta-
tion and layer thickness primarily dictate the
material performance [5]. Printing orienta-
tion dictates the layers arrangement and the
interlayer bonding configuration [6,7]. While
most previous studies investigated 0° and
90° printing angles, there is a growing pro-
gression to utilize the intermediate 45° angle
to promote surface quality and applied loads
distribution [8]. Layer thickness is consid-
ered a crucial parameter as it defines the de-
gree of polymerization and the number of in-
terlayer bonds. Although thinner layers pro-
vide superior polymerization depth and en-
hanced resolution, they are associated with
higher interfaces numbers which increase
the material failure points [9].

Additionally, the post-curing procedure is
essential for optimizing the degree of
polymerization of dental resins. The atmos-
pheric oxygen present during this process
promotes the formation of an under-cured,
tacky surface, known as the oxygen-inhib-
ited layer (OIL). This layer can compromise
the mechanical performance of the printed
restorations [10]. To overcome this chal-
lenge, a nitrogen gas (N;) atmosphere is in-
creasingly employed, which results in more
homogeneously cured restorations [11,12].
While previous studies reported that the me-
chanical performance of 3D-printed resin
was affected by printer type, printing param-
eters and post-curing conditions [13,14],
there is limited evidence regarding the me-
chanical performance of specific dental res-
ins, such as Shining 3D Ceramic CB resin,
when printed by specific printers, such as the
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Ackuretta Sol, in various printing settings.
Accordingly, this study aims to evaluate the
effect of two printing orientations (45° and
90°) and two-layer thicknesses (50 um and
100 pm) on the compressive, tensile and
flexural strengths of a 3D-printed dental
resin (Shining 3D Ceramic CB Resin) post-
cured under a nitrogen atmosphere. The
clinical relevance of the study findings is also
discussed.

The null hypotheses tested were:

(1) Printing orientation has no significant ef-
fect on the compressive, tensile, or flexural
strengths of the tested resin.

(2) Layer thickness has no significant effect
on the compressive, tensile, or flexural
strengths of the tested resin.

(3) There is no interaction effect between
printing orientation and layer thickness on
the tested mechanical properties.

Materials and Methods

Study Design and Specimens Preparation
The specimens for each test were virtually
designed using Exocad dental CAD software
(Exocad GmbH, Darmstadt, Germany). Sub-
sequently, the specimens were printed using
a tooth-colored dental resin (Shining 3D Ce-
ramic CB Resin, Shade CB12; lot number:
20250218-19, Shining 3D, Hangzhou, China).
The total number of the printed specimens
was 120, which were divided into three
groups according to their geometry (follow-
ing ISO standards of each mechanical test):
Compressive Strength: Cylindrical speci-
mens measuring 5 mm in diameter and 10
mm in height (ISO 604) [15].

Tensile Strength: Dog-bone shaped speci-
mens. Dimensions were: length=75 mm,
width= 5 mm, and thickness= 2 mm (ISO
527-2) [16].

Flexural Strength: Rectangular bar speci-
mens measuring 25 mm in length, 2 mm in
width, and 2 mm in thickness, designed in ac-
cordance with ISO 4049 [17].

All specimens were printed using an LCD-
based 3D printer (SOL, Ackuretta Technolo-
gies Pvt. Ltd., Taipei, Taiwan). The printing
parameters were standardized, with the only
variables being the selected layer thickness
(50 pm or 100 pm) and printing orientations
(45° or 90°) relative to the build platform.
After printing, samples were distributed into
four groups (n=30 /group, with n=10 /each
mechanical test) depending on layer thick-
ness and printing orientation:

Group 1: 45° printing orientation + 100 um
layer thickness

Group 2: 45° printing orientation + 50 um
layer thickness

Group 3: 90° printing orientation + 100 pm
layer thickness

Group 4: 90° printing orientation + 50 pm
layer thickness

Post-Processing and Storage Protocol

An automatic cleaning device (CLEANI,
Ackuretta) was utilized to eliminate any res-
idue from the printing process that might af-
fect the mechanical properties of the tested
specimens. This step was performed in 99%
isopropyl alcohol (IPA) for two 3-minute
washing cycles. The subsequent step in-
cluded air-drying and post-curing of the
specimens using a UV light-curing unit (Cu-
rie Plus, Ackuretta) [18]. This essential step
promotes complete polymerization and en-
hances the mechanical performance of the
printed material [19]. The post-curing pro-
cedures were executed in an inert nitrogen
(N;) environment generated by an inte-
grated nitrogen gas generator (N-finity,
Ackuretta), following the manufacturer’s in-
structions [11,20]. To simulate the oral envi-
ronment, the specimens were then stored in
distilled water at 37°C for approximately 24
hours prior to mechanical testing, according
to the ISO 4049 testing protocol for dental
materials [21].

Mechanical Testing and Statistical Analy-
sis

A Universal Testing Machine (Tinius Olsen,
Horsham, PA, USA) was utilized to perform
the mechanical tests. The analysis of data
was done using a statistical software (IBM
SPSS Statistics for Windows, Version 25.0;
IBM Corp., Armonk, NY, USA). A two-way
analysis of variance (ANOVA) was per-
formed at a significance level of 0.05 to de-
termine the effects of printing orientation,
layer thickness, and their interaction.

Results

The initial step in the data analysis was ob-
taining descriptive statistics, including
means and standard deviations (SD). Data
normality was confirmed using the Shapiro-
Wilk test and the homogeneity of variances
using Levene’s test. Levene’s test showed ho-
mogeneity of variances for compressive, ten-
sile, and flexural strengths (p = 0.17, 0.57,
and 0.26, respectively). Subsequently, a two-
way analysis of variance (ANOVA) was per-
formed to evaluate the effects of printing ori-
entation, layer thickness, and their interac-
tion on the tested mechanical properties.
When significant differences were identified,
Tukey’s HSD post hoc test was applied for
pairwise comparisons. The descriptive sta-
tistics of all experimental groups are pre-
sented in Table 1.

Compressive Strength

The mean compressive strength values for
the tested groups were 107.0 + 11.4 MPa for
Group 1, 138.2 + 11.9 MPa for Group 2, 99.7
+ 6.4 MPa for Group 3, and 106.7 + 11.1 MPa
for Group 4. Effect size analysis (Partial Eta
Squared) revealed moderate-to-high
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contributions to compressive strength from
both printing orientation (n* = 0.486) and
layer thickness (n? = 0.479), along with a
moderate interaction effect between the two
variables (1% = 0.271). Tukey’s HSD multiple
comparisons showed that Group 2 (45°, 50
um) exhibited a significantly higher com-
pressive strength than all other groups (p <
0.001). Conversely, there were no statisti-
cally significant differences among Groups 1,
3,and 4 regarding compressive strength. The
compressive strength results are presented
in Figure 1.

Tensile Strength

The mean tensile strength values for the
tested groups were as follows: Group 1 =
47.8 + 5.6 MPa, Group 2 = 50.3 + 7.0 MPa,
Group 3 =52.7 + 6.3 MPa, and Group 4 = 52.3
+ 5.7 MPa. There was no statistically signifi-
cant differences among the tested groups re-
garding tensile performance (p > 0.05). Fur-
thermore, the minimal effect sizes for print-
ing angle (n? = 0.078), layer thickness (n? =
0.007), and their interaction (n? = 0.016)
confirmed that these parameters had no sig-
nificant effect on the tensile strength of the
tested resin.

Flexural Strength

Regarding flexural strength, the obtained re-
sults showed the following mean values:
Group 1 =102.0 + 7.6 MPa, Group 2 = 139.6
+ 10.0 MPa, Group 3 = 153.8 + 9.8 MPa, and
Group 4 = 159.0 + 7.2 MPa. Effect size analy-
sis revealed that the partial eta-squared
value for the printing angle was remarkably
high (n? = 0.819), implying its major influ-
ence on flexural strength. Additionally, the
effect size for layer thickness was substantial
(m?* = 0.620), while their interaction demon-
strated a moderate effect (n? = 0.483).
Tukey's HSD multiple comparisons revealed
that Group 1 had the weakest flexural
strength in comparison to the other groups
(p < 0.001). Additionally, Group 2 showed a
significantly lower bending strength when
compared to Group 3 (p = 0.005) and Group
4 (p < 0.001). The flexural strengths of
Groups 3 and 4 were comparable, as there
was no statistically significant difference be-
tween them (p= 0.562).These results are il-
lustrated in Figure 2.

Discussion

This study aimed to assess the effect of print-
ing orientation and layer thickness on the
mechanical behavior of a 3D-printed dental
resin post-cured in nitrogen atmosphere.
The results showed that the tested parame-
ters significantly affected the compressive
and flexural strengths. Conversely, the ten-
sile strength was not significantly affected
among the four groups.

Group 2 demonstrated superior compres-
sive strength in comparison to the other
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groups. This might be related to the combi-
nation of improved light penetration and
more favorable structural load distribution
within the printed structure. Printing the
resin in a thin layer (50 pm) may improve
light penetration across the printed layer,
which would promote the Degree of Conver-
sion (DC %), resulting in a denser polymer
network [9]. When the resin material is
printed at 45° the acquired polymer net-
works might enhance the interlayer stress
resistance along the obliquely printed resin
[22].

The mean values for the tensile strength
across the groups ranged between 47.8 and
52.7 MPa, with no statistically significant dif-
ference. This might be related to the use of a
post-curing nitrogen environment as recom-
mended by the printer’s manufacturer. Ni-
trogen gas eliminates the oxygen inhibition
layer, which might promote maximum
polymerization of the surface. A high degree
of polymerization reduces surface micro-
cracks, resulting in a lower rate of interlayer
separation (delamination) [23].

Both groups printed at 90° orientation
(Groups 3 and 4) showed significantly supe-
rior flexural strength mean values when
compared to the other groups. Aljehani et al.
[6], who observed that changes in the print-
ing orientation modify the mechanical be-
havior, reported similar findings. These find-
ings may be attributed to their anisotropic
behavior. At a 90° orientation, the stress gen-
erated by flexural loads needs to propagate
through the dense intralayer matrix. In con-
trast, at 45°, the flexural stress propagates
through the weak interlayer interfaces. This
might cause premature layer separation
[22,24].

No statistically significant difference was ob-
served between Groups 3 and 4, suggesting
that printing orientation exerted a greater
influence on flexural strength than layer
thickness under the tested conditions. How-
ever, within the 45° orientation groups, the
50 pm layer thickness demonstrated signifi-
cantly higher flexural strength than the 100
um thickness. This finding may be related to
the enhanced light penetration and im-
proved interlayer polymerization associated
with thinner printed layers, which could con-
tribute to improved structural integrity
[9,25].

Conclusion

Within the limitations of this in vitro study,
the mechanical performance of the tested
3D-printed resin was significantly influ-
enced by printing orientation and layer
thickness. The combination of a 45° orienta-
tion and a 50 um layer thickness provided
superior compressive performance when
compared to the other groups. Tensile

strength was not significantly affected by the
investigated printing parameters.

Regarding the flexural strength, the primary
effective factor among the groups was print-
ing orientation, where the 90°-printed
groups yielded better results. In circum-
stances where the printing angle is not opti-
mal (45°), a lower layer thickness (50 um)
produced polymers with higher resistance to
flexural loads when compared to the 100 um
group.

Limitations

This study evaluated only one commercially
available resin material and one LCD print-
ing system under controlled laboratory con-
ditions. Furthermore, only short-term me-
chanical properties were investigated.
Therefore, caution should be exercised when
extrapolating these findings directly to clini-
cal situations.
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Table 1. Descriptive statistics (mean * SD) for the tested parameters across the experimental groups.

Group Print Angle Layer  Thick- | Compressive Tensile Flexural
ness Strength (MPa) | Strength (MPa) | Strength (MPa)
Group 1 45° 100 pm 107+11.4 47.8+5.6 102+7.6
Group 2 45° 50 um 138.2+11.9 50.3+7.0 139.6 £ 10
Group 3 90° 100 pm 99.7 £ 6.4 52.7+6.3 153.8+9.8
Group 4 90° 50 um 106.7 £11.1 52.3+5.7 159+7.2
200.00

150.00

100.00]

Compressive strength (MPa)

50.007

Group
Error Bars: +/- 1 SD

Figure 1. Mean compressive strength values (MPa) across the tested groups. Different letters (a, b) indicate statistical significance according
to Tukey’s HSD test (p < 0.05). Error bars represent + 1 standard deviation.
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200.00

150.00

100.007]

Flexural strength(MPa)
o

50.00

Group
Error Bars: +/- 1 SD

Figure 2. Mean flexural strength values (MPa) among the tested groups. Different letters (a, b, c) indicate a statistical significance according to
Tukey’s HSD test (p < 0.05). Error bars represent + 1 standard deviation.
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