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Abstract: The fracture resistance of 3-unit interim fixed dental prostheses (IFDPs) fabricated using
digital light processing (DLP) additive technology with different printing parameters is neglected.
Therefore, this study investigates the effect of different printing orientations and different post-curing
times on the fracture resistance of 3-unit IFDPs fabricated from two three-dimensional (3D) printed
resins, NextDent, C&B (CB), ASIGA, and DentaTOOTH. A 3-unit dye was scanned, and an IFDP
was designed. A total of 300 specimens (150/materials, n = 10) were printed and divided into three
groups according to printing orientations (0°, 45°, 90°) per material. Each orientation was subdivided
into five groups (n = 10) considering the post-curing time (green state as control, 30, 60, 90, and
120 min). All specimens underwent thermocycling (5000 cycles). Each specimen was fitted onto the
die and loaded until fracture using a universal testing machine with a loading rate of 1 m/min. Data
were analyzed using ANOVA and post hoc Tukey test (x = 0.05). The result showed that printing
orientation had a significant effect on the fracture load for both ASIGA and NextDent materials
(p < 0.05). The highest fracture load was recorded with 45° orientation, followed by 0° orientation
and 90° orientation showed the lowest values per respective post-curing time. Post-curing time
increased the fracture load (p < 0.05). Post-curing time had a positive effect on the fracture load. As
the post-curing time increased, the fracture resistance load increased (p < 0.05), with 90 and 120 min
showing the highest fracture load. The 0° and 45° printing orientations have a high fracture load for
3D-printed IFDPs, and an increased post-curing time is recommended.

Keywords: 3D printing; interim fixed dental prostheses; fracture resistance; mechanical testing;
post-curing time; printing orientation

1. Introduction

The interim fixed dental prostheses (IFDPs) are critical components of fixed prosthodon-
tics as they aid in the ground plan for the design of a fixed dental prosthesis [1]. IFDPs have
many functions, such as protecting the pulpal and periodontal tissue, and helping in the
healing process by guiding the tissue healing to achieve a satisfactory emergence profile [2].
Furthermore, it helps assess oral hygiene procedures, preserves space by preventing the
migration of abutments, and provides an acceptable occlusal scheme [3].

IFDPs can be divided into two types: prefabricated or custom-made. Prefabricated
examples include stock aluminum cylinders, anatomic metal crowns, clear celluloid shells,
and polycarbonate crown forms, which are usually used for a single tooth. However, in
fixed partial dentures, custom-made bridges are used, and they can be fabricated by direct
or indirect techniques using different types of acrylic resins [1]. The provisional material
selected is based on mechanical, physical, and handling properties. Other important
factors include biocompatibility and complications from intraoral use [4]. Interim materials
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were classified into two types: composite resin-based (aromatic/aliphatic dimethacrylate)
and polymer-based (poly methyl methacrylate, PMMA) [5]. Polymethyl methacrylate
PMMA resin, polyethyl methacrylate (PEMA) resin, polyvinyl methacrylate resin, bis-acryl
composite resin, and visible light-cured urethane dimethacrylates are among the materials
commonly used for custom IFDPs [6,7].

Computer-aided design/computer-aided manufacturing (CAD/CAM) has numer-
ous applications in clinical dentistry. It can be used in multiple specialties, including
prosthodontics, oral maxillofacial surgery, implantology, and orthodontics [8,9]. CAD/CAM
is used in the prosthodontics field via two fabrication methods: the subtractive (SM) and
additive method (AM) [10-12]. In the SM method, the IFDPs are milled from prefabricated
blocks using different milling machines and technologies [8,9,13]. Meanwhile, in AM, the
IFDPs are built layer by layer using 3D printable photo-polymerized fluid resins [1,11,14].
AM has some advantages over SM, such as using fewer materials with almost no material
loss. Moreover, it can print multiple materials with favorable detailed reproduction [8].
According to the literature, the advantages of using 3D printing technology to fabricate
IFDPs include being more economical than the conventional method, reducing the car-
bon footprint, and helping save energy and materials [15]. Another study stated that 3D
printing provides high-quality restorations with easy and fast fabrication [16].

The performance of IFDPs varies in the literature, owing primarily to printing param-
eters and polymer compositions [17]. Henderson found that 3D-printed bis-acrylic-based
resin has low flexural strength when compared to conventional bis-acrylic-based resins [18].
Low flexural strength was observed with 3D-printed microhybrid resin [6] and UDMA-
based resins [19] when compared to PMMA-based CAD-CAM milled interim prostheses.
Previous studies [20-22] compared the fracture strength of interim prostheses to CAD-CAM
milled and conventional resins using PMMA-based 3D-printed resins. Suralik et al. [22] re-
ported high fracture strength of 3D printed vs. conventional resin and bis-acrylic resins, as
reported by Reymus et al. [20]. Mayer et al. [19] reported low fracture strength of 3D-printed
resin vs. CAD/CAM milled resins [23]. According to Reeponmaha et al. [24], MMA-based
3D-printed resins have higher fracture strength than PMMA-based CAD/CAM milled and
conventional resins.

Tasn et al. [9] and Crenn et al. [25] demonstrated that 3D-printed resin had higher
strength than conventional MMA and bis-acrylic-based resins in the case of composite-
based 3D-printed interim reins. Whereas 3D printed strength was reported to be lower
when compared to PMMA-based CAD-CAM milled [26] and conventional heat cured [27].
Simoneti et al. [19] reported that conventional resins have high strength. Although the
strength of 3D-printed resins varies with composition, improving strength through printing
parameter modifications was suggested [28], and one ester-based and one PMMA-based
polymer were chosen for this study. However, due to limited information on ASIGA
composition, comparing both materials based on material compositions was difficult.

Despite the fact that polymer-based resins have been widely used and investigated for
3D-printed interim prostheses, the composition of 3D-printed resins is limited due to either
novelty or company limitations (not completely disclosed by manufacturers such as ASIGA
resin). Pantea et al. [7] proposed that 3D-printed resins appear to be classified in the same
way as conventional IFDPs materials. Al-Qahtani et al. [29] compared 3D-printed resins
with different compositions and discovered that the strength of printed reins was dependent
on chemical composition, with 3D-printed urethane methacrylate and printed acrylic ester
resin improving strength when compared to light-cured resin. Different monomer types in
3D-printed resin compositions affect the physical and mechanical properties of the printed
object [23,30]. Digholkar et al. [26] demonstrated high flexural strength and microhardness
in 3D-printed bis-acryl composite resins with cross-linked monomers and inorganic fillers.

When using 3D printing, numerous factors in terms of printing parameters should be
considered that might influence the printed objects’ properties [28]. Among these factors are
printing orientations [31], post-curing time [32], and printing technology [8,33,34]. Printing
orientation is said to influence the mechanical properties of 3D-printed specimens in several
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previous studies. In a previous study [35], comparing the fracture resistance of IFDPs
fabricated using light curing resin with different printing orientations, including occlusal,
vertical, palatal, and diagonal, it was concluded that the diagonal printing orientation
was superior in fracture resistance [35]. Another study [31] tested two 3D-printed resins,
NextDent and Detax, with different printing orientations (0°, 45°, 90°) and found that
the Detax at 90° orientation showed the highest flexure strength while 45° showed the
minimum values. Additionally, these finding was material-type dependent, as NextDent
showed close values at 0° and 90° [31].

Another important printing parameter to consider when using 3D-printing technology
is post-curing time, which can impact the mechanical properties of the printed speci-
men [32]. A previous study compared the flexural properties of 3D-printed bar-shaped
specimens with different post-curing times and concluded that strength increased when
post-cured for 60-90 min [32]. Another study [36] investigated the effects of post-curing
time on the mechanical properties, hardness, biocompatibility, and degree of conversion of
3D-printed resin and concluded that increasing the post-curing time improves the flexural
properties, hardness, and biocompatibility [36]. Reymus et al. [20] compared different
3D-printed resins for IFDPs with building orientation (long-axis positioned either occlusal,
buccal, or distal to the printer’s platform) at different post-curing times. They found an
association between tested parameters and the strength of the printed object and concluded
that increased post-curing time was associated with an increase in fracture resistance [20].

Although the effect of printing orientation and post-curing time on the fracture re-
sistance of 3D-printed IFDPs have been investigated in a few studies, almost all studies
investigated both factors separately on bar-shaped specimens. Therefore, this study aims to
compare the effect of printing orientations and post-curing time, as well as the combined ef-
fect of both factors, on the fracture load of 3D-printed three-unit IFDPs, which has not been
investigated yet. The null hypothesis states that there is no significance in the fracture load
of 3D-printed IFDPs printed with different orientations and different post-curing times.

2. Materials and Methods

This study’s sample size was calculated based on previous study findings [14], with a 5%
error margin and 80% study power. Ellakany et al. reported the facture load 4 SD of milled,
3D printed ASIGS, 3D-printed NextDent, and conventional methods as 1794.06 £ 34.83,
1067.57 £ 91.85, 1720.26 £ 71.18, and 1008.23 £ 62.87, respectively. Using sample size
calculation [37] and comparing the means, it was determined that 10 specimens per group
are required for a total of 300 specimens (150/resin, n = 10/group) using two different
3D-printed resins (NextDent and ASIGA).

2.1. Specimen Fabrication

Table 1 summarizes the materials used in this study and their specifications for fabri-
cation. A three-unit zirconia die (Figure 1) was prepared to receive the mandibular 3-unit
bridge that was fabricated with premolar and molar abutments with the recommended
amount of reduction for final zirconia restoration. Both abutments were prepared with a
chamfer finish line, with an axial reduction of 1 mm and an occlusal reduction of 1.5 mm.
The die was scanned using an intraoral scanner (TRIOS 3, 3shape, Copenhagen, Denmark),
and a standard tessellation language file (STL) was created. Using the recommended
settings of the 3Shape Dental System (3shape, Copenhagen, Denmark), a three-unit IFDP
was designed with connector sizes of 15.05 mm? mesial to the first molar and 14.07 mm?
distal [35] (Figures 2 and 3). The three-unit IFDPs were then printed using the NextDent
(38D Sprint software, 3D Systems, Rock Hill, SC, USA) and ASIGA (Asiga Composer, Asiga,
Alexandria, Australia) resin printing systems, as described in Table 1.
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Table 1. Specifications and fabrication methods of materials used in the present study.

Material/Brand Composition Printer/Printing Layer Printing Post-Curing Post-Curing  Post-Curing
Name 4 Technology Thickness Orientations Machine Time Temperature
Microfilled hybrid
methacrylic acid
i\é%tgi?(ttgi? ester-based resin Next Dent 5100 Machine: LC-D
Soesterber. 4 >60% wt Digital Light 50 um 0° 45° 90° Print Box GS, 30, 60, 90, 60 °C
Oes,[;e e methacrylic Processing K T Wavelength: and 120
Netherland oligomer (UDMA, (DLP) 405 nm
etherlands — EGDMA), 15-25%
wt HEMA
ASIGA ASIGA MAX™ Machine:
Asiga Methacrylate- LED-based e s AsigaFlash  GS, 30, 60,90, .
DentaTOOTH  based Microhybrid Digital Light 50 pm 0°,45°,90 - 60 °C
: . . Wavelength: and 120 min
(ASIGA, Erfurt, composite resin Processing 405 nm
Germany) (DLP)

GS, green state.

Figure 1. STL file for die (A) and the milled zirconia die for specimen testing (B) with scale bar 5 mm.

According to the printing orientation, each material was printed with different printing
orientations 0°, 45°, and 90° (Figures 4 and 5). After printing the specimens, 99% Isopropyl
alcohol was used to clean printed specimens from un-polymerized fluid resin. According
to the post-curing time, each orientation group was subdivided into five groups (n = 10)
based on post-curing time; green state (GS, no post-curing), 30, 60, 90, 120 min, as described
in Table 1. After support removal, all specimens were finished and inspected for any
defects, cracks, or chipping. The approved specimens were stored in distilled water at
37 °C for 24 h [14,20] and then subjected to thermal cycling for 5000 cycles (5 °C to 55 °C)
with a dowel time of 30 s using a thermocycling machine (THE-1100 Thermocycler, SD
Mechatronik GMBH, Pleidelsheim, Germany).

For the fracture load test, each specimen was fitted on the die, which was stabilized
on the customized plate of a universal testing machine (Instron Model 8871; Instron Corp.,
Norwood, MA, USA). A metal indenter was loaded onto the 3-unit IFDPs exactly at the
central fossa of the pontic to create a tripod contact and standardize the test for all specimens
(Figure 6). The indenter was attached to a 5 kN load cell, and each specimen was then loaded
to failure at a loading rate of 1 m/min [20]. The fracture pattern and position were assessed
by two evaluators who determined the site of fracture (at connector, pontic, or crown) as
well as the direction of fracture (vertical or horizontal, segmental/layered, or multiple
fractures) [14,35,38]. The specimens fractured in five different modes, which were classified
according to the shape and position of the fracture site: (I) crown or chipped or fractured
into small pieces, (II) connector fracture, (III) pontic fracture, and (IV) layering fracture.
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Figure 2. Specimen design with different printing orientations with scale bar 5 mm.
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Figure 3. An illustrated diagram of the printed layers with different printing orientations for the
3D-printed IFDP specimens.
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Figure 4. (A-C). The 3D-printed specimens with different orientations for NextDent (A) O-degree,
(B) 45-degree, and (C) 90-degree (scale bar 5 mm).

Figure 5. The 3D-printed specimens with different orientations for ASIGA. (A) 0-degree,
(B) 45-degree, and (C) 90-degree (scale bar 5 mm).
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Figure 6. Prepared specimen with the provisional prosthesis loaded on the Instron machine

(0-degree group).

2.2. Statistical Analysis

The ]MP® statistical analysis software (Version <16>. SAS Institute Inc., Cary, NC, USA,
1989-2021) was used for data analysis. Means and standard deviations were calculated for
the descriptive data analysis. The normality of the data was tested using the Shapiro-Wilk
test, and the results showed that the data were non-normally distributed. Three-way
ANOVA and paired Student t-tests were used to test for significant variation in average
fracture resistance due to different materials, print angles, and post-curing times. All
p-values less than 0.05 were considered statistically significant.

3. Results

Descriptive statistics, including mean, standard deviation, minimum, and maximum
values, were generated for the variable in tested groups (Tables 2 and 3). The mean
fracture load levels with post-curing times ranged between 1041.01 £ 145.87 N and
1487.58 £ 179.52 N for ASIGA groups and 980.72 4 298.70 N and 1683.56 + 207.57 N
for the NextDent groups. In general, NextDent groups had a significantly and statisti-
cally higher fracture load compared to ASIGA groups (p < 0.0001). For ASIGA resin with
different post-curing times, the 45° print angle significantly had a higher fracture load,
followed by the 0° print angle, while the 90° angle showed the lowest fracture load. No
significant difference in fracture load between 0° and 45° print angles with all post-curing
times except the 60-min groups (p = 0.004). The highest fracture load was recorded with 45°
(1487.58 £ 179.52 N) and 90° (1434.43 + 288.52 N) print angles at 120 min. For NextDent
resin with different post-curing times, both 0° and 45° print angles showed significantly
high fracture load when compared with the 90° print angle (p < 0.005) except 0° vs. 90°
at 60 min (p = 0.092). No significant difference in fracture load between 0° and 45° print
angles with all post-curing times (p > 0.05). The highest fracture load was found with 0°
(1683.56 & 207.57 N) and 45° (1507.19 &£ 90.37 N) print angles at 120 min.

Table 2. Fracture load (N) across the different tested groups for ASIGA resin.

Post-Curing Time

Orientation p
0 min 30 min 60 min 90 min 120 min
0 794.83 4 68.52 1013.31 + 140.13 24 1067.35 + 75.42 A 1267.00 + 240.58 A 1434.43 + 288.52 A <0.001
45 626.32 + 96.41 A 1113.47 + 61.84 24 1102.81 + 148.05 2 1327.30 + 161.96 & 1487.58 + 179.52 A <0.001
90 602.03 + 82.76 A 1041.01 4+ 145.872 1076.02 + 89.74 @4 1124.87 4+ 121.59 1203.05 4+ 114.49 <0.001
14 <0.001 0.003 0.005 0.002 <0.001

Same small letter per raw indicating non-significant between groups (p < 0.05). Same capital letter per column
indicating insignificant between groups (p < 0.05).
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Table 3. Fracture load (N) across the different tested groups for NextDent resin.

Post-Curing Time

Orientation 14
0 min 30 min 60 min 90 min 120 min
0 610.06 + 208.95 980.72 £ 298.70 1259.64 + 205.80 4 1476.99 + 71.47 A 1683.56 + 207.57 4 <0.001
45 532.83 + 109.21 4 1307.32 £ 88.89 1438.88 + 209.60 ° 1437.02 + 230.00 ¥4 1507.19 +90.37 & <0.001
90 503.29 + 196.37 A 1168.46 + 172.91 1207.51 + 151.98 A 1237.17 £ 98.03 @ 1342.44 +76.05 <0.001
[4 0.032 <0.001 0.013 0.0012 <0.001

Same small letter per raw indicating non-significant between groups (p < 0.05). Same capital letter per column
indicating insignificant between groups (p < 0.05).

Regardless of the print angle, 0-min (no post-curing) groups showed the lowest
fracture load per respective printing angle (p < 0.0001). Increased post-curing time in reads
the fracture load, and this increase was directly propositional to increased fracture load
when the post-curing time was more than 60 min (p < 0.0001). The highest fracture load
values were recorded at the 120 min mark for three print angles: 45° followed by 0°, and
90° the lowest for ASIGA, and 0° followed by 45°; 90° was the lowest for NextDent.

The majority of specimens with a 90° print angle showed the lowest values. However,
ASIGA 0° print angle was lowest in value with both 30 and 60 min of post-curing time
(1013.31 £ 140.13 N and 1067.35 & 75.42 N), respectively. Whereas NextDent only varied
in 0° print angle presented with the lowest value among 30 min of post-curing time
(980.72 £ 298.70 N). The groups with a 0° print angle and 120 min post-curing time in both
tested materials displayed the highest fracture load. The NextDent material, 0 and 45°
print angle and 120 min post-curing time showed statistically significant higher fracture
resistance compared to ASIGA material in 0° (p = 0.0009) and 45° (p = 0.0034). On the other
hand, the lowest fracture load was observed with the groups with a 90° print angle and
0 min of post-curing time in both tested materials. Interestingly, the NextDent material,
at 0° print angle and 0 min of post-curing time, showed statistically significantly lower
fracture resistance compared to ASIGA material at 0° print angle and 0 min post-curing
time (p = 0.0068).

Table 4 summarizes the pattern of specimen failure according to the position and
extent of specimen fracture. The green state groups showed type I, where almost all
specimens were completely fractured into small pieces with crowns fractured. For Type
IT and type III (Connector and pontics), there were variations between groups, with the
0° and 45° angles showing the most dominance. Meanwhile, the 90° angle showed the
most dominance in terms of layering fracture for both materials, except for the ASIGA
0° 30 min and 120 min groups, which showed a horizontal layering fracture (Figure 7).
Horizontal layering fracture (IV) was mostly seen in ASIGA 0° orientation with 60, 90,
and 120 min, representing half of the specimens, or 50% of the groups. Longitudinal
layering fracture (V) was seen in both NextDent and ASIGA, but was mostly related to 90°
orientation with 30, 60, 90, and 120 post-curing time, representing 52.5% and 47.5% of the
specimens, respectively.

S50 9981000 ‘SO v0e

DCrown

II) Connector III) Pontic IV) Layering V) Layering
vertical Horizontal

Figure 7. Representative photos displaying the type and position of different fractures.
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Table 4. Mode of specimens fractures according to shape and position of fracture site.

Post-Curing Time

Materials Orientation GS 30 min 60 min 90 min 120 min
I I Im IV N I I 1m Iv N I Im m Iv N I I Ho IV N I I 1II IV N
0 6 2 2 - 10 3 3 3 1 10 2 4 4 10 5 4 1 10 4 3 3 10
NextDent 45 4 1 1 4 10 1 1 2 6 10 2 2 1 5 10 2 1 2 5 10 3 1 6 10
90 5 1 4 10 2 2 6 10 1 2 2 5 10 - 2 2 6 10 3 1 6 10
0 7 2 1 - 10 1 3 1 5 10 2 3 5 10 - 3 2 5 10 2 2 6 10
ASIGA 45 8 1 1 - 10 3 1 2 4 10 1 3 2 4 10 1 3 2 4 10 2 4 4 10
90 6 1 3 10 2 1 7 10 - - 4 6 10 0 3 2 5 10 1 1 3 5 10

I: Crown (Chipped and fractured into small pieces). II: Connector. III: Pontic. IV: Layering.

4. Discussion

This study compared the fracture resistance of 3D printed 3-unit IFDPs fabricated
from two 3D printed resins, NextDent and ASIGA, in terms of printing orientations and
the effect of post-curing time. The study’s null hypothesis was that there would be no
difference in fracture load of NextDent and ASIGA printed IFDPs with different printing
orientations and post-curing times, as both printing parameters affected the fracture load.

Thermocycling was performed on the materials tested to expose them to fatigue
and simulate the oral conditions [28]. This process created stresses corresponding to
the mechanical stresses in the mouth of IFPDs due to the abrupt change in temperature
when they are submerged in the baths [39]. According to ISO 11405, thermal aging for
10,000 cycles simulates 1 year of clinical use [40,41]. In the present study, all IFDPs were
subjected to 5000 cycles of thermal cycling, approximately simulating six months of clinical
usage of IFDPs. The 3D-printed resins absorb water when immersed in water, and water
uptake increases as the water temperature increases [41]. Due to the polarity of resin
materials, water can penetrate through the bulk of the resin and force monomers and other
additives to diffuse out [42]. Additionally, water fills the interpolymeric chain spaces,
forces the polymer chains apart, reduces the intermolecular force to the weaker form of
bonds known as “van der Waals bonds”, initiates cracks within the material, induces bulk
swelling, and eventually lowers the resin’s mechanical performance [42,43]. With aging,
some components leach out, and the entrance of water results in swelling, hydrolysis, and
degradation of the cross-linked polymer. All these have negative effects on the mechanical
properties [40,41,44]. Therefore, thermal cycling was used as an aging procedure for all
specimens before fracture testing.

In oral environments, IFDPs are subjected to different stresses, mainly vertical occlusal
forces [2]. The direction of the applied load may affect the strength of printed objects due
to the printing nature (layer-by-layer) of additively manufactured IFDPs [45]. In this study,
a 3-unit bridge configuration was selected instead of the bar-shape specimen, mimicking
the clinical conditions of PFPs [14,20]. With different printing orientations, the layering
direction changed according to the load direction [20]. For example, at 0°, the applied
load is perpendicular to the printing layer direction [30], and this is expected to increase
the strength of the printed object [20,40]. Clinically, with 0°, the support is located at the
occlusal surface, and this might affect the occlusal surface with support removal [14,40].
Therefore, different printing orientations were suggested to improve the strength and
functional stability of the occlusal surface.

Reymus et al. [20] compared different 3D-printed resins for IFDPs with building
orientations at the occlusal (0°) buccal or distal to the printing platform, but these two
orientations (buccal and distal) made the layer direction parallel to the applied load and
might affect the strength [20]. Therefore, in the present study, different orientations in
relation to the long axis of the printed bridge were selected, keeping the layer direction
approximately perpendicular to the load direction (Figure 3). The only exception was 90°,
which was longitudinal instead of cross-sectional.



Polymers 2023, 15, 1737

10 of 15

Regardless of the post-curing time, both 0° and 45° orientations showed high fracture
loads of IFDPs. This can be attributed to the direction of load in relation to the printing
layer directions, which is obvious in the 0° orientation. In the 45° orientation, the printing
layers are in an oblique direction instead of parallel, which may also explain the increased
fracture load [38,40]. This finding is in agreement with previous studies [38,46-48]. Turksa-
yar et al. [38] reported the highest fracture strength in the 0° orientation (1094.80 N), which
is close to the 30 min groups with all printing orientations.

In Reymus’s study [20], different orientations were used, with the long axis positioned
either occlusal, buccal, or distal to the printer’s platform. Occlusal and buccal orientations
are the same as the 0 and 90° orientations, respectively, in the present study. The third
orientation was distal, with the specimens printed vertically from the distal surface of the
molar to the mesial surface of the molar. This orientation made the printing layer direction
parallel to the load direction [47]. Additionally, the removal of supporting structures at
the distal surface of the molar may affect the contact between the first and second molars.
Therefore, the 90° orientation was replaced by the 45° orientation.

In the present study, the load direction was made parallel to the printing layer (longitu-
dinal direction along 3-unit bridge length) at a 90 degree. Although no significant difference
was observed, the lowest values were recorded at 90 degrees per post-curing time. With
load application, splitting of some of the specimens along the printing layer direction
(Figure 7) was observed, which was linked with poor interlayer bonding [20]. It was found
that interlayer bonding was weaker than bonding within the layer itself [46], and the same
concept was reported with KESLER [40] regarding the vertical direction, which makes the
load parallel to the printed layer direction. It was reported that the adhesion between each
two sequentially printed layers could be affected by the printed object’s different orien-
tations [20]. Alharbi et al. [46] demonstrated that the incremental layer-by-layer printing
technology initiated crack propagation and was considered the main concern in structural
failures of 3D-printed resins. However, this finding is in disagreement with Nold et al. [35]
and Unkovskiy et al. [49], who reported that the vertical orientations showed the highest
flexural strength. The variation may be attributed to the tested specimen configurations
(bar-shape instead of the 3-unit bridge) and differences in aging procedures.

After printing, the specimens are in a green state and contain uncured monomer, which
requires further polymerization in accordance with the manufacturer’s recommendations
regarding the post-curing process [20,28,32,48,49]. Each company has its specific time
required to ensure even polymerization of printed objects, which depends on the printing
technology and curing device [20,28,50]. In a previous study by Kim et al. [32], different
post-curing times were used to evaluate the degree of conversion, and it found that as the
post-curing time increased, the degree of conversion also increased compared to the green
state group [32].

One way to improve the resin’s mechanical properties is to cross-link the polymer
chains to prevent sliding against each other [51]. In the present study, the 3D-printed resin
is UV-light activated, resulting in the polymerization and cross-linking of the bulk of com-
ponents; bisphenol A-glycidil dimethacrylate or urethane dimethacrylate [52]. However,
some residual monomer remains uncured and requires further post-curing processing to
achieve full-structure cross-linking, thus completing the polymerization and improving
the mechanical properties [11,36,53]. This is consistent with the results of this study; when
comparing all groups to the green state group, the lowest fracture load was observed in the
green state group. Additionally, the green state group displayed a type I fracture, where it
chipped and fractured into small pieces.

Regardless of printing orientation, the fracture load increased significantly as post-
curing times increased for both materials. This could be explained based on the increased
degree of monomer conversion when subjected to more post-curing time [28,54,55]. It was
reported that the amount of residual monomer affects the strength of printed materials, and
once the post-polymerization treatment started, the residual monomer decreased due to
monomer conversion [32]. Previous studies [32,36] have investigated the degree of conver-
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sion of printed resins with different post-curing times and found that all post-cured groups
showed a high degree of conversion in comparison to the green state group. Additionally, a
higher degree of conversion was attained with a high degree of polymerization and resulted
in an improvement in the strength of printed resin [49,50,56-58]. This is in agreement with
the finding of the present study in terms of the post-curing time effect; post-curing times of
90 and 120 min showed higher fracture load, and this increase is proportional to time; as
time increases, the strength increases. The results of this study are consistent with different
studies [32,36,48,49] that investigated the effect of post-curing time on the strength of 3D-
printed resins and reported a positive impact of increased post-curing time. Kim et al. [32]
investigated the strength of 3D-printed IFDPs with different post-curing times up to 90 min
and reported that flexural properties increased when specimens were post-cured for a
longer time. Bayarsaikhan et al. [36] also reported an increase in the strength of 3D-printed
IFDPs bar-shaped specimens with an increased post-curing time of up to 120 min [48,59].
In the present study, the post-curing time was extended up to 120 min and had a positive
impact on the fracture load of IFDPs.

Previous studies [6,38,45] investigated fracture analysis using different methods.
Nold et al. [11] classified the fracture position into crown, pontic, and both connectors,
while Turksayar et al. [38] analyzed it based on crack or fracture incidence and whether
it was catastrophic or non-catastrophic. In the present study, the layering fracture type
was observed and added to our classification. The layering type might reflect the effect
of printing layer direction according to printing orientations. The authors expected that
the layering fracture would be correlated with the printing orientations, regardless of
post-curing time. However, the distribution of layering between groups was approximately
equal. The variation was related to the direction of failure (horizontal or vertical/splitting
along specimen length), which could be correlated with printing orientation. The vertical
one was dominant at a 90° angle, confirming weak interlayer bonding. Turksayar et al. [38]
reported catastrophic failure in connectors, pontic, and crowns but did not report the
layering. This may be due to the variation in methods, post-curing time, and the mold used
for specimen testing (metal die with cylindrical abutment).

The masticatory force in the posterior region is around 350 N [60] and may increase
up to 900 N [57]. Therefore, IFDPs with a high fracture load are required to withstand the
masticatory forces without fracture. All fracture loads of the tested groups are above 900 N
except for the green state. So, for long-term temporization, IFDPs with high strength are
required, especially for patients who have higher masticatory force than normal, such as in
patients with bruxism [38].

From the clinical point of view, the 0° and 45° support positions have more clinical
applicability in terms of support position and removal, in addition to the high fracture
resistance compared to the 90° angle. On the other hand, the post-curing time has a
primary role and is considered the main factor affecting the strength, followed by printing
orientation [28]. Therefore, post-curing methods must be considered as a primary factor
among factors affecting the strength of printed IFDPs. With any printing orientation, an
increased post-curing time of up to 120 min is recommended, regardless of the material
type. Even if we use a 0° printing angle, it is better to increase the post-curing time. Finally,
when selecting the material type, the printing parameters must be considered, especially
post-curing conditions and time.

Although this study had several strengths, including the use of different resins and
printing parameters, as well as thermal aging, the lack of cyclic loading is considered
a limitation of the present study. Furthermore, the study was conducted in an artificial
environment that could not fully replicate the oral environment. In addition, the fracture
load in a clinical setting may differ from that in the in vitro model. Therefore, future studies
are needed to investigate further the effect of printing orientation and post-curing time on
the 3D-printed IFDPs under conditions that simulate oral conditions, with different time
intervals and cyclic loading. Additionally, future studies recommended could include the
use of one or a combination of other printing parameters, such as the layer thickness and
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post-curing temperature [28]. Future in vivo studies could also be conducted to substantiate
the findings of the present study:.

5. Conclusions

This study was performed to assess and compare the effect of printing orientations
and post-curing time on the fracture resistance of 3D-printed 3-unit interim fixed dental
prostheses. The printing orientations affect the strength of 3D-printed 3-unit interim
fixed dental prostheses. The fracture resistance of 3D-printed 3-unit interim fixed dental
prostheses increased with 0° and 45° printing orientations. In terms of post-curing time
factors, the fracture load significantly increased as post-curing time increased, and the
highest fracture load was achieved at 120 min. With any printing orientation, the post-
curing time has a greater effect on fracture resistance; thus, priority should be given to
post-curing time. Interim fixed dental prostheses with high strength could be printed by
changing the printing orientation to 0 or 45 degrees and increasing the posturing time to
120 min. However, more research is needed with longer post-curing times of more than
120 min and degree of conversion considerations with long-span (4-unit) interim fixed
dental prostheses.
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