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Abstract: This study assessed the influence of CAD/CAM milling and 3D-printing fabrication
methods on mechanical properties of 3-unit interim fixed dental prosthesis (IFDPs) after thermo-
mechanical aging. Forty 3-unit IFDPs were fabricated on a mandibular right second premolar
and second molar of a typodont cast. Samples were fabricated from the following materials; auto-
polymerized polymethyl methacrylate (conventional resin), CAD/CAM PMMA (milled resin) and
two different CAD/CAM 3D-printed composite resins; digital light processing Asiga (DLP AS) and
stereolithography NextDent (SLA ND). Mechanical properties were compared between the studied
materials using Kruskal-Wallis test, followed by multiple pairwise comparisons using Bonferroni
adjusted significance. There was a significant difference in flexural strength and microhardness
between the studied materials (p < 0.001), with the highest mean + SD reported in the milled IFDPs
(174.42 + 3.39, 27.13 4+ 0.52), and the lowest in the conventional IFDPs (98.02 + 6.1, 15.77 4+ 0.32).
Flexural strengths differed significantly between the conventional IFDPs and all materials except
DLP AS. The highest elastic modulus was recorded in the milled group, and the lowest in the SLA
ND group (p = 0.02). In conclusion, superior flexural strength, elastic modulus, and hardness were
reported for milled IFDPs. SLA ND printed IFDPs showed comparable mechanical properties to
milled ones except for the elastic modulus.

Keywords: mechanical properties; CAD/CAM; milling; 3D-printing; PMMA; interim IFDP

1. Introduction

Interim fixed dental prosthesis (IFDP) is subjected to intraoral thermal changes and
occlusal loads that, in the long-term, might cause its distortion [1,2]. Moreover, comprehen-
sive treatment plans that include oral rehabilitation, extensive occlusal reconstruction or
implant supported prosthesis might require the use of IFDP for a longer time [3-5]. Thus,
mechanical properties of IFDP are of paramount importance in such situations [6-8] as
they affect the longevity of the material used for construction, particularly in restoring long
edentulous spans [7,9].

Auto-polymerized polymethyl methacrylate (PMMA) is the most common material
used in construction of IFDPs [10,11]. It is a readily available, inexpensive, and easy to
use material [12,13]. Nevertheless, it requires laboratory and chairside adjustments [6] in
addition to the manual mixing of the powder and monomer that results in stress concentra-
tions and entrapment of air bubbles that make PMMA more prone to water sorption and
mechanical failure [12-15].

Computer-aided design and computer-aided manufacturing (CAD/CAM) technology
is increasingly used in dentistry [13]. Nowadays, this technology is more available, and

Polymers 2022, 14, 4103. https:/ /doi.org/10.3390/polym14194103

https://www.mdpi.com/journal /polymers


https://doi.org/10.3390/polym14194103
https://doi.org/10.3390/polym14194103
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/polymers
https://www.mdpi.com
https://orcid.org/0000-0002-2995-8111
https://orcid.org/0000-0002-3875-4882
https://orcid.org/0000-0001-8850-1413
https://orcid.org/0000-0002-5025-7010
https://orcid.org/0000-0002-8729-2485
https://doi.org/10.3390/polym14194103
https://www.mdpi.com/journal/polymers
https://www.mdpi.com/article/10.3390/polym14194103?type=check_update&version=1

Polymers 2022, 14, 4103

2 of 14

widely used in the fabrication of IFDPs [16,17]. Manufacturing of dental prostheses using
CAD/CAM technology could be accomplished by subtractive method (milling), or additive
method (three-dimensional (3D) printing) [8,18,19]. Milled resin is currently used in the
fabrication of IFDPs because it has shown higher strength and durability than self-cured
PMMA before and after thermomechanical aging [6,12,20]. However, the high expense of
this technology might limit its use [21,22].

Additive 3D-printing technology is another method used for fabrication of IFDPs
using CAD/CAM technology at a lower price [23] with less material waste and fabrica-
tion time [24-26]. Additionally, 3D-printing could improve patient acceptance, provide
adequate marginal and internal fit at reduced expenses [27,28]. Several materials are being
used by 3D-printing technology such as dental ceramics, composites, polymer resins as
polyether etherketone (PEEK) and PMMA and metals as titanium, stainless steel and Cr-Co
alloys [29]. All these materials allowed the extensive use of 3D-printing technology these
days in the fabrication of surgical guided stents, diagnostic casts, custom trays, wax pat-
terns and dental implants. Moreover, complete dentures can be fabricated by the printing
technology for a short term use [30]. However, 3D-printing is still suffering from certain
disadvantages as polymerization, shrinkage, high cost of resin and machines in comparison
to conventional methods of fabrication, and surface roughness from layering deposition of
resin with the production of toxic resin wastes [18,31].

The most widely used 3D-printing technologies in the fabrication of 3D-printed den-
tal prostheses are stereolithography (SLA) and digital light projection (DLP). The main
differences between both 3D-printing technologies are the materials used and technique
of building layers to create a 3D-object. SLA is preferred over DLP because of its higher
accuracy in producing detailed objects, and smooth surface [32]. However, SLA has several
drawbacks such as limited longevity and low fracture strength. Moreover, DLP is faster
than SLA in the fabrication of printed objects and wastes less material; thus reducing the
cost [33].

Additive manufacturing technologies have showed significant improvement in the
fabrication procedures and associated materials. Development of polymeric ceramic com-
posite (PCC) has been used successfully in fabrication of 3D-printed prosthetic restorations
of high esthetics and overcoming the disadvantages of dental ceramics such as abrasion
of opposing natural teeth. However, adhesion of polymer resin, ceramics and fillers in
the matrix is still challenging, where failure of this adhesion can lead to the production of
rough surfaces and reduced mechanical properties of dental prostheses. These problems
were overcome by the addition of alumina and zirconia ceramic fillers to improve the
adhesion process [34]. A previous article used the same fillers with application of etchant,
a silane coupling agent and the calcination process at various temperatures to enhance
the adhesion mechanism [35]. However, the addition of the previously mentioned fillers
needs further studies to determine the acceptable amount of filler and degree of thermal
treatment that can be added to PCC without compromising the mechanical properties of
the prosthetic restorations. In another study, 3D-printed temporary resins were reinforced
by the addition of zirconium oxide (ZrO,) nanofillers, which showed a significant increase
of flexural strength and hardness of 3D-printed resins in comparison to unfilled resins [30].
Additionally, it resulted in the production of an esthetic biocompatible restorative material
matching the translucency of natural dentition and exhibiting antibacterial and antifungal
properties [36,37].

Information on the mechanical properties and clinical behavior of IFDPs fabricated
by milling and 3D-printing technologies is under controversy [8,9,38-40]. Meanwhile,
few studies assessed the impact of thermomechanical aging on the elastic modulus of
milled and 3D-printed IFDPs [23,38]. Therefore, the aim of the current study was to assess
the mechanical properties of CAD/CAM milled and two different types of 3D-printed,
3-unit IFDPs in comparison to the conventional IFDPs after the thermo-mechanical aging
process. The first hypothesis stated that milled and 3D-printed IFDPs are of comparable
mechanical properties to conventional IFDPs. The second hypothesis stated that SLA and
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DLP 3D-printing technologies would have similar impacts on the mechanical properties of
3D-printed IFDPs after the thermomechanical aging process.

2. Materials and Methods
2.1. Master Model Preparation

Four different interim dental restorative materials were used in the current study
to fabricate 3-unit IFDP on a mandibular right second premolar and second molar. The
abutments were prepared on a mandibular typodont cast (D85DP-500B.1, Nissin Dental
Product Inc., Kyoto, Japan). The samples of 3-unit IFDP were fabricated from the following
materials: auto-polymerized PMMA (conventional resin), CAD/CAM PMMA (milled
resin) and two different CAD/CAM 3D-printed composite resins; DLP AS and SLA ND;
as shown in Table 1 and Figure 1. The required sample size was calculated assuming
80% study power and 5% alpha error. Digholkar et al. [8] reported mean =+ SD flexural
strength of 3D-printed, milled, and conventional resins = 95.88 + 12.44, 79.54 4+ 10.13, and
104.20 + 12.78, respectively. Based on comparison of means, the minimum sample size was
calculated to be 9 per group, increased to 10 to make up for laboratory processing errors
(G*Power v3.1.9.2; Heinrich Heine University Diisseldorf) [41,42]. Ten IFDPs (n = 10 x 4)
were fabricated from each material studied according to the manufacturers’ instructions.
Thus, the total required sample size was 40 IFDPs. All samples were of A2 shade.

Table 1. Materials used in the current study.

Inter{m oes g Trade Name Type‘of Manufacturing Laser Beam Post Curing
Materials Composition Abbreviation and Machine Technique Intensit Phase
Used Manufacturer Used 1 y
Methyl
pol;}nlll:(r)i.ze d methacrylates
polymethyl N, N-diméthyl-p- . Unifast Trad,
toluidine Conventional -
methacrylate . GC chemicals, - Manual - -
. ) Methyl resin
resin (auto Tokyo, Japan
lvmerized methacrylate and
POP}IIVIM A) ethyl methacrylate
copolymer
Cross-linked s
. . CAM milling
CAD/CAM Polymethyl . . Telio CAD; - hine (PM .
methacrylate- Milled resin Ivoclar Milling - -
PMMA blocks . 7, Ivoclar,
based Vivadent .
Vivade)
polymer
LC-D Print
3D-printed Microfilled NeXtI]\D/I%I:IC&B 405 nm UV Box, 3D
conllj osi:e Methacrylic SLA ND resin Soesterbilr LED 3D printing 405 nm UV systems, Vertex
P oligomers & & NextDent SLA LED Dental B.V,,
resins . . The
phosphine oxides 5100 3D Soesterberg,
Netherlands
Netherland
Asiga Flash
3D-printed . ASIGA . s UV Curing
composite Photopolymerized DLP AS resin DentaTooth, Asiga MAX 3D printing UV LED Chamber
pe Methacrylate resin ASIGA, Erfurt, uv DLP (385-405 nm) /
resin Erfurt,
Germany

Germany
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3-unit FPD preparation on Mandibular Typodont cast
Abutments 1*' premolar-1*' molar

Trios 3Shape
Introral scanner Putty Index

Y v v Y
Milled DLP AS 3D printed SLA ND 3D printed Conventional
Provisional FPD Provisional FPD Provisional FPD Provisional FPD
N=10 N=10 N=10 N=10

Thermocycling 50,000 cycles at temperatures of 5 and 55°C

Y

Assessment Methods

Microhardness Flexural strength+ Elastic modulus
Vicker Hardness Machine Universal Testing Machine (Instron)
50 gm for 20 seconds 30 kN speed Imm/min

Figure 1. Flow chart of the study design.

A mandibular first molar typodont tooth (pontic) was placed on the typodont cast
to make polyvinyl siloxane molds (Express STD; 3M ESPE, St Pau, MN, USA) for the
fabrication of conventional 3-unit IFDP samples on the mandibular second premolar, first
molar and second molar before teeth preparation. The mandibular first molar was then
removed and blocked with baseplate wax to create the socket region that will be substituted
with the pontic of the 3-unit IFDP. Abutments’ preparation was done using a round-ended
diamond stone in the following dimensions: occlusal reduction of 2 mm, axial reduction
1.5 mm in thickness with 6 degree occlusal convergence and the chamfer finish line was 1
mm thick all around and positioned 1 mm occlusal to the gingival margin and rounded
internal line angles [9].

2.2. Fabrication of the Conventional 3-Unit IFDPs

Following the abutments’ preparation, a layer of petroleum jelly was applied on the
prepared surface of the abutments and the typodont cast to facilitate removal of the IFDPs.
Fabrication of conventional IFDPs was achieved through manual mixing of powder and
monomer on a glass slab with a mixture ratio 1:1. Conventional resin mix was then loaded
on the silicone mold to be seated on the prepared teeth. Complete setting of the IFDPs was
reached after at least 5 min at room temperature [25]. Finishing and polishing of the IFDPs
were done using silicon carbide abrasive discs of decreasing grits 360, 600 and 800 under a
water cooling system [13].

2.3. Fabrication of Milled 3-Unit IFDP

Fabrication of milled IFDPs was initiated by scanning the typodont casts by an in-
traoral scanner (Trios 3Shape Dental Software, 3Shape A/S, Copenhagen, Denmark) to
create a standard tessellation language (STL) file. Designing of 3-unit IFDP was done using
CAM designing software (3Shape Dental Software, 3Shape A/S, Copenhagen, Denmark).
Distance between the two retainers was set to be 20 mm as in Zimmermann et al.’s [43]
study. The dimensions of the connectors between abutment teeth were designed to be
4 x 4 mm, and the pontic height was 9 mm [44]. The designed STL file was sent to the
integrated milling machine (PM7, Ivoclar, Vivadent, Schaan, Liechtenstein) to fabricate
10 IFDPs from millable blocks (Table 1). Minor adjustments were done through removal of
samples from the supporting struts.
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2.4. Fabrication of 3-Printed 3-Unit IFDP by 2 Printing Technologies

The same designed STL file mentioned before was sent to two different 3D-printers;
Nextdent printer (based on SLA technology) and ASIGA printer (based on DLP technology).
Both printers fabricated the same dimensions of 3-unit IFDPs from two different 3D-printed
composite resins (SLA ND and DLP AS resins) at 90-degree building orientation and 50 pm
layer thickness (Figure 2).

Figure 2. Printing orientation of IFDP (90°).

Then, the IFDPs were immersed in 99% isopropyl alcohol for 1 min followed by
application of compressed air to achieve dry spraying. The same procedure of alcohol
immersion was repeated, but for 50 s only [39]. A post-curing phase was done according
to the manufacturer’s instructions of each technology as mentioned in (Table 1). Then,
polishing of specimens was done as mentioned in the fabrication of conventional IFDPs.
The dimensions of all fabricated specimens from the four different materials were evaluated
by a digital caliper (Digital ABS AOS Caliper; Mitutoyo Corp, Tokyo, Japan) according to
the designed dimensions. According to previous articles, the IFDPs were not fixed with
dental cements to avoid any additional variables that might affect the findings, since the use
of dental cements allows even distribution of the applied force on IFDPs and increases their
resistance to fracture [12,45-47]. The IFDPs were placed in distilled water at a temperature
of 37 °C for 24 h [39].

2.5. Thermomechanical Aging of All Study Materials of 3-Unit IFDP

All IFDPs underwent thermomechanical aging for 50,000 cycles between chambers
at temperatures of 5 and 55 °C, with 60 s dwell time and five seconds transfer time using
a thermocycling machine (Thermocycler THE-1100-SD Mechatronik GmbH, Feldkirchen-
Westerham, Germany), to simulate 6 months intraoral conditions [21].

2.6. Flexural Strength and Elastic Modulus of 3-Unit IFDP

In order to assess the 3-point bend flexural strength and elastic modulus of the 3-unit
IFDPs, a metal jig was directed towards the center of the occlusal surface of the pontic
parallel to the long axis of the tooth [44] using a calibrated universal testing machine
(Instron 8871; Instron Co., Norwood, MA, USA) (Figure 3). An axial load of 30 kN was
applied with a crosshead speed of 1 mm/min until failure was reached [9]. Fracture
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force was recorded once samples were broken. Calculation of the flexural strength and
elastic modulus were done in (MPa) in accordance with the International Organization for
Standardization (ISO10477-2018 standard) [48] through the following equations:

Flexural strength = 3FL/2bh?

where (F) represents the fracture force in Newton (N), (L) represents the distance between
the 2 supporting arms, (b) represents the width of the tested specimen and (h) represents
the thickness.

Elastic modulus = FL3/4bh%d

where (F) represents the load applied on the linear segment of the stress strain curve in (N),
and (d) is the deflection recorded at (F) [13].

Figure 3. Location of metal jig of instron machine on the 3-unit IFDP sample (red circle on the central
fossa of oclusal surface).

2.7. Surface Microhardness Test

Surface microhardness of the fractured IFDPs was assessed by the hardness tester
machine (MicroMet 6040, Buehler LTD., Lake Bluff, IL. USA) through application of a 50 g
loading force for 20 s (Standard-ASTM C1327-03) using the diamond Vickers hardness
indenter (VH) [49]. An average of five indentations on different areas of each specimen
was calculated. The indentation readings were detected by a single trained operator (P.E).
Calculation of VH was done through the following equation:

KHN = 14,228¢/d>

where (KHN) represents the Knoop hardness readings, (c) represents the applied force in
grams and (d) represents the length of the longest diagonal detected in mm [40].

2.8. Statistical Analysis

Means and standard deviations (SD) were calculated for all variables. Normality was
tested for all variables using descriptive statistics, plots, and normality tests. All variables
showed non-normal distribution, so non-parametric tests were used. Comparisons between
the 4 studied materials were done using Kruskal-Wallis test, followed by multiple pairwise
comparisons (in case of significant results) using Bonferroni adjusted significance level.
Significance was inferred at p = 0.05. Data were analyzed using IBM SPSS for Windows
(Version 23.0).

3. Results

Tables 2 and 3 show the comparisons of mechanical properties between the studied
materials. There was a significant difference in microhardness between the studied mate-
rials (p < 0.001) with the highest mean =+ SD reported in the milled IFDPs (27.13 £ 0.52),
and the lowest reported in the conventional IFDPs (15.77 £ 0.32) (Figure 4). Post hoc
comparisons showed a significant difference between milled and DLP AS (p = 0.002), and
no difference between DLP AS and SLA ND (p = 0.30). The only material that did not differ
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significantly from the conventional group was the DLP AS (p = 1.00). Additionally, there
was a significant difference in force at break between the tested materials (p < 0.001) with
the highest mean £ SD reported in the milled IFDPs (1794.06 £ 34.83), and the lowest
reported in the conventional IFDPs (1008.23 + 62.87) (Table 2).

Table 2. Comparison of the mechanical properties between the studied materials.

Milled DLP AS SLA ND Conventional KWT
Mean + SD p Value
Microhardness (um) 27.13 +0.52 16.16 £+ 0.43 21.19 £ 0.91 15.77 £ 0.32 <0.001 *
Force at break (N) 1794.06 £ 34.83 1067.57 £ 91.85 1720.26 + 71.18 1008.23 £ 62.87 <0.001 *
Flexural strength (MPa) 174.42 £+ 3.39 103.79 £ 8.93 167.25 £+ 6.92 98.02 + 6.11 <0.001 *
Elastic modulus (MPa) 1003.71 + 18.57 951.13 + 68.61 805.47 + 190.37 961.48 + 84.76 0.04 *

KWT: Kruskal-Wallis test was used. * Statistically significant at p value < 0.05.

Table 3. Post hoc comparisons between different studied materials and tests.

Group Compared to p Value
DLP AS 0.002 *
Milled SLAND 0.67
Microhardness Conventional <0.001 *
SLA ND 0.30
DLP AS Conventional 1.00
SLA ND Conventional 0.03 *
DLP AS 0.005 *
Milled SLAND 1.00
Force at break Conventional 0.001 *
SLA ND 0.08
DL AS Conventional 1.00
SLA ND Conventional 0.02*
DLP AS 0.005 *
Milled SLAND 1.00
Flexural strength Conventional 0.001 *
SLA ND 0.08
DLP AS Conventional 1.00
SLA ND Conventional 0.02*
DLP AS 0.86
Milled SLAND 0.02 *
Elastic modulus Conventional 1.00
SLAND 0.92
DLPAS Conventional 1.00
SLA ND Conventional 0.51

* Statistically significant at Bonferroni adjusted significance level.
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Figure 4. Microhardness of the studied materials. Middle line represents the median, box outline
represents the interquartile range (25th—75th percentiles), and the two whiskers represent the range
(minimum-maximum).

Post hoc comparisons showed a significant difference between milled and DLP AS
(p = 0.005), and no difference between DLP AS and SLA ND (p = 0.08) (Table 3). The only
material that did not differ significantly from the conventional group was the DLP AS
(p = 1.00). Moreover, there was a significant difference in flexural strength between the
studied materials (p < 0.001). The highest mean flexural strength was recorded in the milled
group (mean + SD = 174.42 £ 3.39), while the lowest was recorded in the conventional
group (mean £ SD =98.02 £ 6.11) (Figure 5). Post hoc comparisons showed a significant
difference between milled and DLP AS (p = 0.005), but no difference between DLP AS and
SLA ND (p = 0.08). Additionally, the flexural strengths differed significantly between the
conventional IFDPs and all studied materials except DLP AS.

200.00-
-
©
S 150,00
&
[
=
7]
s
2
100.007
@ =
50.00-
T T T T
Milled Printed AS Printed ND Conventional
Material

Figure 5. Flexural strength of the studied materials. Middle line represents the median, box outline
represents the interquartile range (25th—75th percentiles), and the two whiskers represent the range
(minimum-maximum).
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Regarding the elastic modulus, the highest mean value was recorded in the milled
group (mean + SD =1003.71 £ 18.51), while the lowest was reported in the SLA ND group
(mean =£ SD = 805.47 £ 190.37) with a significant difference between both groups (p = 0.02)
with no significant differences between other groups (Figure 6). All IFDPs subjected to
static load were fractured at the connector region (Figure 7A) except SLA ND specimens
that exhibited catastrophic fractures at the pontic and connector regions (Figure 7B).

1900.00-1
1700.004
1500.00
1300.007
1100.007]

- - %
900.00

700.00-]

Modulus of Elasticity (MPa)

$00.00-]

T T T T
Milled Printed AS Printed ND Conventional

Material

Figure 6. Elastic modulus (MPa) of the studied materials.

(A)

(B)

Figure 7. (A) Fracture pattern of IFDP on connectors among milled, DLP AS and conventional

samples. (B) Fracture pattern of IFDP on pontic and connector regions among SLA ND samples.
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4. Discussion

The present study compared the mechanical properties of milled and 3D-printed
IFDPs to the conventional samples after the thermomechanical aging process. The first
study hypothesis was partly rejected because there were significant differences between
the tested properties of milled and DLP AS printed IFDPs and the elastic modulus of
milled and SLA ND samples, while the second hypothesis was accepted because 3D-
printed IFDPs fabricated by SLA and DLP technologies showed comparable properties
after thermomechanical aging process.

In agreement with previous studies, the flexural strength and force at fracture of milled
IFDPs was higher than the conventional group [1,6,12,13,21]. The tested materials in the
present study were subjected to thermal cycling. Previous studies showed that milled
IFDPs were less susceptible to hydrolytic degradation and fracture supporting the present
results [13,21,39]. This might be explained by the high load bearing capacity of the polymer
structure of milled resins, which are fabricated under high pressure and temperature [17],
so milled IFDPs would require more force to fracture, as reported in the current study.
Additionally, it is less porous, free of voids and residual monomer, and has a highly cross-
linked structure in contrast to the linear polymer structure, high polarity, and air bubbles
entrapped in the conventional samples during manual mixing [13,14]. All these factors
might reduce the water sorption and plasticizing effects among milled IFDPs as previously
reported [5,9,13,14]. Furthermore, the strength of the conventional IFDPs was decreased
due to the induced plasticizing effect on the polymer networks leading to degradation of
the polymeric chains by hydrolysis of the monomer.

The flexural strength and force at break of milled resins in the present study were com-
parable to SLA ND, but significantly higher than DLP AS. Similarly, Henderson et al. [25]
found higher flexural strength of the 3-unit milled IFDPs than 3D printed ones. Addition-
ally, in agreement with these results, Tasin et al. [13] reported that the flexural strength of
SLA ND did not differ significantly from the milled resins. The reason for the high strength
of SLA ND could be the presence of microfillers in its composition in addition to the mode
of fabrication, which was SLA printing technology. In SLA, the printing of successive layers
is achieved through controlled penetration of an UV laser beam released from the focal
spot, while in DLP, the whole printed layer is polymerized through reflection of the laser
beam towards a mirror. Thus, more stepwise effects might result on DLP-printed objects,
resulting in reduced mechanical properties when compared to SLA structures [23].

Conversely, Digholkar et al. [8] reported lower flexural strength of 3D-printed
microhybrid-filled composite resins when compared to milled resins. This difference
might be related to the use of different 3D-printing material and tested bar shape spec-
imens unlike the 3D-printed 3-unit IFDP tested in the present study. On the contrary,
Suralik et al. [39] reported higher flexural strength of 3D-printed specimens than that
of milled ones. This variation shows that not only the material composition and testing
procedures could affect the findings, but also the use of different printing orientations,
printer, milling machines and the printing parameters recommended by the manufacturer
for each 3D-printed resin [4,13,23].

In assessing the elastic modulus of the tested resins, the unfilled 3D-printed resin
(DLP AS) used in this study showed comparable results to conventional and milled resins.
The elastic modulus of SLA ND was significantly lower than milled, but comparable to
conventional resins. In contrast, Taheyeri et al. [23] reported a significantly higher elastic
modulus in filled conventional resins than unfilled 3D-printed and conventional resins,
while both unfilled resins were of equivalent moduli that allow their use intraorally. This
difference might be related to the difference in composition of the used materials or the
testing protocol. All specimens were fractured mainly at the connector region except
SLA ND specimens, where the fracture was extended to the pontic region. This variation
between the studied materials might be related to the value of elastic modulus since
the decrease in elastic modulus leads to reduced resistance to fracture [47]. This finding
agreed with the results of previous studies that tested the flexural strength of 3- or 4-unit
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prostheses [11,12,14,19,50]. However, Henderson et al. [25] reported that the fracture of the
IFDP was restricted to the distal connector extending to the pontic cusp tip. The difference
in fracture pattern is related to the size of the connector and the direction of applied load
on the external surface of the IFDP. The premolar and molar retainers of the IFDPs were
not subjected to fracture. This explains the need to fabricate 3-unit IFDPs with a strong
connector, pontic design and dimensions particularly in long spans IFDPs to reduce the
possibility of fracture when subjected to functional and masticatory loads [47]. Accordingly,
both 3D-printed resins (the unfilled DLP AS and the microfilled SLA ND) would have
sufficient mechanical properties that are comparable to conventional resins allowing their
use in fabrication of intraoral interim prostheses.

Milled IFDPs showed the highest hardness which did not differ significantly from SLA
ND ones, but was significantly higher than DLP AS and conventional IFDPs, which were
of comparable hardness. Similar to a previous report, milled IFDPs showed significantly
higher surface hardness than conventional IFDPs [6]. On the contrary, other studies
reported higher hardness for 3D-printed resins than conventional and milled resins [3,8].
They suggested that the high hardness of 3D-printed resins might result from the presence
of cross-linked monomers and inorganic fillers, that increased its abrasion resistance [3,8,10].
This suggestion supports the non-significant difference in hardness between mircofilled SLA
ND and milled IFDPs. However, the variation between the current findings and previous
studies might be attributed to the difference of the tested CAD/CAM and conventional
resins, difference in printing technology and design of the tested specimens. In addition, the
present study included two types of 3D-printed resins with various chemical compositions
and printing methods that showed different performance for the 3D-printed resins.

The IFDPs tested in this study were subjected to thermal cycling to mimic the intraoral
temperature changes. Moreover, two types of 3D-printed resins fabricated by different
processing technologies (SLA and DLP) were included in this study in addition to milled
resins. However, the effect of occlusal loads was not simulated in this in vitro study. The
materials were tested under static loads, and results may be different when dynamic
loads are used. Although in vitro studies allow clinicians to compare the performance of
materials under standardized conditions, long-term clinical studies are required for the
better understanding of behavior of different interim materials.

5. Conclusions

Despite the limitations of the current study, it was concluded that superior flexural
strength and hardness were reported in milled IFDPs compared to SLA ND, DLP AS
and conventional IFDPs. This might be related to the reduced hydrolytic degradation
susceptibility and fracture of milled resins resulting from the fabrication of blocks under
high pressure and temperature. SLA ND-printed IFDPs showed comparable mechanical
properties to milled ones, except for the elastic modulus, which showed a significantly
lower value. The presence of microfillers in the composition of SLA ND and the mode of
fabrication that depends on SLA printing technology might provide a valid explanation
for the improved mechanical properties of SLA technology over DLP. DLP AS showed
comparable properties to conventional IFDPs, but had significantly lower mechanical
properties when compared to milled ones, except for the elastic modulus, which was
similar in both groups. Fractures mainly occurred in the connector region for all materials
except SLA ND, which also extended to the pontic region. This shows the high demand to
fabricate 3-unit IFDPs with a strong connector, pontic design and dimensions, particularly
in long spans IFDPs to withstand regular functional and masticatory loads and resist
fracture. In conclusion, all tested materials are suitable for clinical application following a
thermal mechanical aging process with greater privilege to the milled and SLA ND-printed
IFDPs due to their significantly higher fracture resistance when compared to the other
tested materials.
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