;’ prosthesis

Article

The Effect of the Incorporation of a 3D-Printed Titanium
Framework on the Mechanical Properties CAD/CAM Denture

Base Materials

Rafael Delgado-Ruiz 1,#( Ido Brintouch !, Aisha Ali !, Yiwei Fang 2 Georgios Romanos

and Miriam Rafailovich 2

check for
updates

Citation: Delgado-Ruiz, R.; Brintouch,
I; Ali, A;; Fang, Y.; Romanos, G.;
Rafailovich, M. The Effect of the
Incorporation of a 3D-Printed
Titanium Framework on the
Mechanical Properties CAD/CAM
Denture Base Materials. Prosthesis
2024, 6, 753-766. https://doi.org/
10.3390/ prosthesis6040053

Academic Editor: Marco Cicciu

Received: 28 May 2024
Revised: 6 July 2024
Accepted: 8 July 2024
Published: 10 July 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1

1 School of Dental Medicine, Stony Brook University, Stony Brook, NY 11733, USA;

brintouchido@gmail.com (I.B.); aisha.m.ali@stonybrook.edu (A.A.);
georgios.romanos@stonybrookmedicine.edu (G.R.)

Department of Materials Science and Chemical Engineering, Stony Brook University,

Stony Brook, NY 11733, USA; yiwei.fang@stonybrook.edu (Y.F.); miriam.rafailovich@stonybrook.edu (M.R.)
*  Correspondence: rafael.delgado-ruiz@stonybrookmedicine.edu; Tel.: +1-631-632-6913

Abstract: Background: Complete dentures should withstand occlusal forces and wear. However,
over time, dentures can suffer fatigue and develop cracks, chipping, and fractures. Conventional
methods for the fabrication of complete dentures involve injection molding, thermal curing, and the
use of microwaves with polymethyl methacrylate (PMMA)-based materials. These methods have
served well for many years. More recently, the incorporation of computer-aided design and computer-
aided manufacturing (CAD/CAM) to fabricate complete dentures has been shown to enhance the
dentures’ mechanical properties, including resistance to wear and impact strength. This study aims to
investigate the mechanical properties and fracture types of CAD/CAM denture base materials (both
milled and printed) as compared to a novel proprietary method that embeds a 3D-printed framework
within PMMA-milled blocks. The null hypothesis is that incorporating a 3D-printed framework does
not affect the mechanical properties of milled PMMA blocks. Methods: Three groups of bars were
fabricated using CAD/CAM methods: printed (P), milled (M), and milled with a 3D-printed metallic
framework reinforcement (M + F). A three-point bending test evaluated deformation, followed by
an impact fracture test for fracture toughness. A descriptive fractographic analysis assessed the
fracture characteristics. A statistical analysis using a paired t-test compared the differences between
the groups. Results: The P group showed more elastic deformation than the M and M + F groups
(p < 0.05). The M + F group achieved a higher fracture toughness as compared to the M and P groups
(p < 0.05). Conclusions: Within the limitations of this experimental study, the null hypothesis can be
rejected. Milled samples with an embedded 3D-printed titanium framework possess higher resistance
to impact than milled samples without frameworks, and printed samples and milled samples with
embedded 3d-printed titanium frameworks present increased flexural strength and lower elastic
deformation as compared to milled samples without frameworks and printed samples.

Keywords: denture reinforcement; 3D-printed; milling; CAD/CAM; denture base; impact fracture
test; three-point bending test; titanium framework

1. Introduction

Denture base resins should exhibit the necessary strength, fracture toughness, and
dimensional stability to endure forces during function over many years [1,2]. Although
there are different materials for denture base fabrication, PMMA (polymethyl methacrylate)
remains the primary choice due to its aesthetics, ease of processing, cost-effectiveness,
and easiness to repair [3]. However, PMMA based materials also present shortcomings
including the presence of residual monomer, the tendency to exacerbate allergies, variable

Prosthesis 2024, 6, 753-766. https:/ /doi.org/10.3390/ prosthesis6040053

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


https://doi.org/10.3390/prosthesis6040053
https://doi.org/10.3390/prosthesis6040053
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/prosthesis
https://www.mdpi.com
https://orcid.org/0000-0003-1721-0509
https://orcid.org/0000-0002-7745-5957
https://doi.org/10.3390/prosthesis6040053
https://www.mdpi.com/journal/prosthesis
https://www.mdpi.com/article/10.3390/prosthesis6040053?type=check_update&version=1

Prosthesis 2024, 6

754

mechanical properties resulting from the method of fabrication, and shrinkage during
setting [4].

A common concern associated with PMMA denture-based prostheses is the fracture
of the denture base or denture teeth, which can result from fabrication defects, improper
design, inadequate fit, bruxism, and the relatively low fracture resistance of the acrylic
resins [5]. Specifically, maxillary fractures result from a combination of fatigue due to
occlusal forces and impact, such as accidental drops on hard surfaces, while around 80%
of mandibular fractures are primarily caused by impact [6]. Regarding the location of the
fractures, maxillary dentures are more susceptible to midline fractures [7-10].

To increase the fracture resistance and flexural strength of denture bases, different
approaches are used, including impact-resistant polymers (by chemical modification)
and reinforcement of the PMMA (nanoparticles/nanotubes, fibers, and metal reinforce-
ments) [11-18]. The use of nanoparticles aims to improve the mechanical properties of
the denture base polymer (specifically resin hardness); however, if the nanoparticles are
non-homogeneously distributed and produce nanoparticles agglomerates, the toughness,
flexural strength, and tensile strength are impaired given their uneven dispersion within the
polymer matrix [12,13]. Furthermore, the properties of nanoparticle-reinforced polymers
are influenced by factors such as nanoparticle geometry, form, orientation, surface treat-
ment, and interfacial adhesion with the polymer matrix, which are difficult to control [14,15].
Additionally, variations in standardization, polymerization cycles, and manipulation meth-
ods can further impair the flexural strength of the nanoparticle-reinforced polymer [16].

Another option is reinforcing the PMMA with different fibers, such as nylon, polyethy-
lene, polyamide, and glass fibers, which in the laboratory show enhanced flexural strength,
impact strength, and fatigue resistance of the denture bases [17]. However, the literature
indicates that this method is technique-sensitive and presents inconsistent values in its
reinforcing effects [17].

Metal framework reinforcements can be added to complete or partial dentures, offer-
ing certain advantages such as light weight (compared with thick denture bases), increased
patient comfort (due to minimal thickness of the metal framework and less invasion of the
intraoral spaces), high strength, excellent biocompatibility, and increased fracture tough-
ness [18,19]; in addition, metal frameworks can be casted or digitally manufactured [20]. In
general, frameworks can be fabricated by casting methods that use different metallic alloys,
including cobalt-chromium (Co—Cr), titanium (Ti), and gold (Au) [21].

Computer-aided design/computer-assisted manufacturing (CAD/CAM) can be used
for the fabrication of dentures, denture bases, and denture teeth, offering advantages like
simplified workflows, improved patient experiences, and improved mechanical properties
as compared to the conventional fabrication methods [11]. Two CAD/CAM manufacturing
methods are available for fabricating denture bases and denture teeth: 3-D printing and
milling. When comparing printed versus milled CAD/CAM denture base materials, the
3D-printed materials show lower flexural strength [22]. CAD/CAM milled materials
possess better mechanical properties as compared to printed and conventional materials
because their fabrication results in less internal porosity, minimal free monomers, and
higher density per volume area. However, they are exposed to the same risks of fatigue
and impacts experienced by conventional denture materials [22].

Furthermore, CAD/CAM denture materials (3D-printed or milled) exposed to thermo-
cycling have shown impaired hardness, reduced fracture strength, and changes in surface
roughness, thus demonstrating that the material can degrade over time [23], and if the
CAD/CAM materials are exposed to denture cleansers, hardness and fracture toughness
also decrease [24].

Furthermore, in patients with implant overdentures, the thickness of the denture base
over the implants is thinner, and fractures are most found in those areas [25]. Thus, the
insertion of metal frameworks in the denture base could decrease the stress concentration
around the portion of the denture base that surrounds the implant housing [25].
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Recently, AvaDent Digital Denture Solutions (AvaDent®, Scottsdale, AZ, USA) devel-
oped a proprietary method to embed inside the CAD/CAM resin a titanium 3D-printed
framework before the resin is processed and milled. This method combines the possibility
of customizing the 3D-printed framework to almost any ridge configuration. While metal
reinforcement is a recognized strategy for enhancing the fracture toughness of conven-
tional denture bases [18-20], the benefits of integrating a 3D-printed metal framework into
CAD/CAM denture base materials remain unknown. The present study aimed to evaluate
the deformation under the three-point bending test and determine the elastic portion of the
stress/strain curves and the fracture toughness of three denture base materials: 3D-printed
denture base, milled denture base, and milled denture base with an embedded 3D-printed
titanium framework.

2. Materials and Methods
2.1. Experimental Design

This was an experimental, exploratory in vitro study. The sample size was calculated
using the Statsmodels library in Python (ChatGPT4.0). The calculations were based on a
significance level of 0.05, a power of 70%, and an effect size of 0.35. The sample size was
determined as n = 22 samples per group for three experimental groups (Printed, Milled,
and Milled + Reinforcement) for a total of N = 66 samples (Figure 1).

N=66
Samples

n=11bending test and n=11bending test and

n=11fracture n=11 bending test and
toughness stress/strain

n=11fracture
toughness

n=11fracture |

stress/strain stress/strain toughness

Figure 1. Scheme of the sample distribution. Three groups of 22 samples were fabricated by different
CAD/CAM methods. Two experiments were carried out: a three-point bending test and an impact
fracture test.

2.2. Sample Design

A bar design was created using Tinker CAD (Autodesk Inc., San Rafael, CA, USA) with
the following dimensions: 60 mm-length, 10 mm-width, and 4 mm-thickness. The CAD file
was exported as standard tessellation language (STL) to fabricate the three experimental
groups of samples: Group 1: Milled; Group 2: Printed; and Group 3: Milled + Titanium
framework reinforcement (Figure 2a,b).

To fabricate the milled samples (without and with reinforcement), the STL file was sent
to Avadent (AvaDent®: Scottsdale, AZ, USA), who applied our design to mill the samples
using their proprietary technology. A brief description was provided by the manufacturer
as follows: a 3D-printed framework was designed to the desired geometry and fabricated
by the laser printing of titanium powders. Afterward, the framework was embedded
into liquid resin, and the resin was processed by heat and pressure, which resulted in
the incorporation of the framework into the denture base material pucks. Afterward, the
samples were milled to their final dimensions. Meanwhile, the printed samples were
fabricated on-site using a Form3 3D-printer (Formlabs, Somerville, MA, USA) using OP
(Original Pink) denture base material (Ref. PKG-RS-F2-DB) from Formlabs (Formlabs,
Somerville, MA, USA). The samples were printed with a horizontal orientation of 0°
parallel to the printing surface. After printing, the supports were removed and the samples
were washed in isopropyl alcohol for 15 min (Form Wash, Formlabs, Somerville, MA, USA),
and post-cured with UV light at 45 °C for 30 min (Form Cure, Formlabs, Somerville, MA,
USA). The samples were maintained in a controlled environment at 21 degrees Celsius
with a relative humidity of 30%. To preserve the materials’ maximum strength prior to any
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aging or thermocycling, no immersion in water or conditioning was performed before the
mechanical tests.

Magnification: X20.0

= W, ‘ -
2000 1m : X Magnification: X 20.0 200.0 pm

Figure 2. (a) Image showing samples of one bar from each experimental group: Milled (M), Printed
(P), and Milled + Framework (M + F). The white arrows point to the location of the framework
toward the left side of the M + F bar. The photos were obtained using the digital microscope Keyence
VHX-6000, Keyence, Itasca, MN, USA. The magnification is 20x. (b) Image composition showing
one sample of each experimental group observed under a transmitted light microscope, Milled (M),
Printed (P), and Milled + Framework (M + F). The milled samples under transmitted light look
orange and possess more characterization, including the simulated blood vessels, and the M + F
shows the framework. The printed sample is pick and plain without color characterization. The
photos were obtained using the digital microscope Keyence VHX-6000, Keyence, Itasca, MN, USA.
Magnification 20 x.

2.3. Deformation (Displacement) and Stress/Strain Curves within the Elastic Area

To evaluate the amount of deformation (displacement) under a standardized compres-
sive force, a three point-bending test was completed using a Dynamic Mechanical Analysis
(DMA-850) from TA Instruments (New Castle, DE, USA). A strain ramp from 0.1% as a
constant rate was applied until the axial force reached the instrument limits of 18 N. The
test was completed at a temperature of 37 °C.
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The deformation (displacement under the compressive force) was measured in microns.
In addition, the stress/strain curves for the elastic portion were recorded for all the groups.
Each group consisted of 11 samples, for a total of 33 samples. One sample from each group
was used for calibration purposes. The calibration sample was set in the testing area, and a
repeated axial force of 18 N was applied to verify the reliability of the 0.1% strain ramp.

2.4. Impact Fracture Test

After the bending tests and stress/strain curves were completed, the remaining 33 sam-
ples were tested using a Tinius Olsen IT-503/504 impact tester machine (Tinius Olsen
Testing Machine Co., Horsham, PA, USA) equipped with a 5.5 ] pendulum. Un-notched
impact tests were performed on all the samples to evaluate the energy required to fracture
them. Initially, calibration was necessary to ensure the stabilization of the samples in the
sample holder and to verify that the centers of the samples were aligned with the tip of
the pendulum. The center was identified using a digital caliper, and the location was
marked with a pen. Calibration confirmed that 30 mm was the center of the samples,
coinciding with the pendulum tip. Finally, impact tests were conducted using samples with
the following dimensions: width 10 mm, thickness 4 mm, and length 60 mm. The impact
fracture values were recorded in k] /m? (kilojoules per square meter of cross-section)

2.5. Fracture Analysis

To evaluate qualitatively the fracture characteristics of the samples, a digital micro-
scope (Keyence VHX-6000, Keyence, Itasca, MN, USA) and a 3D-laser confocal microscope
(Keyence VK-250, Keyence, Itasca, MN, USA) were used. A fractography analysis was
completed, including the analysis of the impact zone, middle zone, and the side opposite
to the impact, which were evaluated with the digital microscope at different magnifications.
Three different types of fractures (clean, shattered, bent) were observed. A clean fracture
resulted in two fragments that could be matched. A shattered fracture resulted in multiple
fragments that were impossible to match. A bent fracture resulted in two fragments still
connected by the framework.

3. Results
3.1. Stress/Strain Curves within the Elastic Area

A maximum standardized force of 18 N was applied to all the samples. The three-point
bending test showed higher elastic deformation for the printed group as compared to the
other groups (milled and milled with titanium reinforcement). The lowest deformation
occurred in the metal-reinforced milled samples.

Figure 3a shows ten stress/strain curves obtained with the three-point bending test
for the printed (P) group. Initially, the stress increased linearly with the strain, indicating
elastic behavior where the material returns to its original shape when the stress is removed.
The slopes of the curves appear smaller than the milled and milled and reinforced samples.
Some samples of the printed group showed outlier behavior.

Figure 2b shows ten stress/strain curves obtained with the three-point bending test
for the milled (M) group. The curves were linear, demonstrating an elastic behavior, and
the slopes were higher than the printed group.

Figure 3c shows ten stress/strain curves obtained with the three-point bending test
for the milled and reinforced group (M + F). The lowest strain was observed in this group,
in addition, indicating a stiffer group.
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Figure 3. (a) Stress/strain curves for 10 printed samples. (b) Stress/strain curves for 10 milled
samples. (c) Stress/strain cures for 10 milled and reinforced samples.
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3.2. Deformation

All the samples experienced some elastic deformation under vertical load (displace-
ment). The printed group suffered more elastic deformation than the other groups (milled
and milled with reinforcement). Typically, the printed samples suffered elastic deforma-
tions in the range of 160 um to 300 um. The milled samples showed elastic deformations
in the range of 75 pm to 140 um. The smallest deformation was observed in the milled
samples with reinforcement, with a range of 40 pm to 90 um. Furthermore, the values were
highly variable for the printed group and homogeneous for the milled groups (Figure 4
and Table 1).

BENDING OF CADCAM MATERIALS (18N)
MILLED + FRAMEWORK (F) VS MILLED (W) VS PRINTED (F)

350+

300+ %
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Figure 4. Deformation during the three-point bending test was present in all the groups. The
displacement is measured in micrometers, and ten samples are measured per group: P (Printed),
W (milled without reinforcement), F (milled with framework), and P (212 um) groups. The vertical
dotted lines separate each group (F, W, and P).

Table 1. Elastic deformation for the three groups, including mean, standard deviation, and median
distributions. Additional details and information are included in Supplementary Materials.

Factor N Mean StDev
Printed 10 212.0 129.03
Milled 10 133.01 85.12
Milled + reinforcement 10 74.48 47.57

Statistical Comparisons of the Elastic Deformation

The statistical comparisons showed that milled-with-reinforcement materials were
superior as compared to the milled and printed materials and confirmed that the milled
material is superior to the printed material (Table 2).

Table 2. Statistical comparisons. Differences between means and p values.

. Difference o .
Comparisons between Groups of Means 95% CI Adjusted p-Value
Milled Vs Printed -79.0 (—103.9, —54.0) 0.001
Milled + reinforced Vs Printed —137.5 (—162.5, —112.6) 0.001
Milled + reinforced Vs Milled —58.5 (—83.5, —33.6) 0.002

3.3. Fracture Toughness Analysis

The impact fracture test showed higher fracture toughness for the milled samples
reinforced with metallic frameworks, followed by the milled samples. The lowest values
were observed in the printed group (Table 3).
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Table 3. Descriptive statistics of the fracture toughness of CAD/CAM denture base materials: kJ /m?
(Kilojoules/sectional area).

Groups N Mean StDev

Milled kJ /m? 10 8.634 1.225

Milled + reinforcement kJ /m? 10 15.203 2.244
Printed kJ /m? 10 6.304 2.600

Statistical Comparisons of the Fracture Toughness of CAD/CAM Materials

Statistical analysis showed higher fracture toughness in the milled and reinforced
group as compared to the other groups (milled and printed) (Table 4).

Table 4. Multiple group comparisons: Tukey post-test.

Difference of

Difference of Levels 95% CI Adjusted p-Value
Means
Milled + reinforcement Vs Milled 6.569 (4.968, 8.170) 0.001
Printed Vs Milled —2.330 (—3.931, —0.729) 0.003
Printed Vs Milled + reinforcement —8.899 (—10.499, —7.298) 0.001

3.4. Fractographic Analysis

The type of fracture, the fracture propagation characteristics, and the fracture lines
were different in the milled and in the printed groups. Figure 5 shows samples of each
group immediately after the impact test.

Figure 5. Representative photos of printed (P), milled (M), and reinforced samples (F). Different
fractures occurred; the P group showed mainly shattered fractures, the M group showed clean
fractures, and the F group showed a bent fracture (the framework keeps the segments united).

3.4.1. Fracture Analysis Printed Group

The samples exposed to the impact test fractured in multiple pieces, and the fragments
showed multiple fracture lines extending from the impact areas in random directions along
the samples. In addition, multiple sharp edges with different heights were appreciated.
At the area of impact, a dark zone indicated the compression produced by the impact,
and multiple microfractures extended toward the middle zone. The middle zone was less
rough; different fracture faces could be observed that resulted in multiple chipped parts.
The zone opposite to the impact also showed multiple facets in multiple directions; small
and parallel microfracture lines were observed near the surface (Figure 6).
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Magnification: X 30.0 5 Magnification:

Magnification: X 100.0

Figure 6. Printed samples: analysis of the fragments after the impact fracture test. (a) This image
illustrates an overview of one fragment. Multiple shattered zones can be observed. The red arrow
points to the area where the impact occurred. Magnification is 30 x. (b) This image shows the impact
zone (darker area) in a close view. Magnification is 100 x. (c¢) This image shows the middle portion
of the sample. Magnification is 100x. (d) This image demonstrates the opposite side to the impact
where the microfractures extend. The red circle illustrates an area with microfractures. Magnification
is 100x.

3.4.2. Fracture Analysis Milled Group

The milled group showed a different fracture pattern. First, the fractures followed
the direction of the impact. Horizontal compression radial bands appeared, extending
from the impact point toward the opposite side. The surfaces of the samples were less
irregular than in the printed group. The samples showed fewer fracture facets. There was
a color change (darkening) observed at the side opposite to the fracture. A closer view
of compression bands showed increased diameters as they progressed to the opposite
side. Some microfractures were observed running perpendicular to the compression
bands. There was not a clear transition between the impact and the middle zone. The
compression bands tended to disappear near the end of the middle zone. In some instances,
microfractures were observed near the facets. Horizontal facets can be observed near the
opposite side. There was a band of microfractures perpendicular to the facets. The surface
was less irregular than at the middle and impact zones (Figure 7).

3.4.3. Fracture Analysis of the Milled-with-Framework Group

The milled group with reinforcement showed a pattern comparable to the milled
group. However, not all samples showed fragment separation after the impact test. Smaller
compression bands were observed, extending from the impact side along the sample. The
impact occurred at the bottom of the samples, and the metal reinforcement could be seen
at the side opposite to the impact (grey circles). In addition, an area compatible with an
opaque or a coating was observed around the metal reinforcement. A close view of the
impact zone showed the smaller size of compression bands as compared to the milled
samples. The red fibers that simulate blood vessels were also observed. A close view of
the impact zone showed the smaller size of the compression bands and their changing
directions. The surface was slightly irregular. There was not a clear fracture orientation.
Some fractures ran perpendicular to the metal reinforcement, then, when the fracture
reached the reinforcement, stopped or disappeared. The layer covering the framework
presented some microfractures in different directions (Figure 8).
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Magnification: X 30.0
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Figure 7. Milled samples without reinforcement. Analysis of the fragments after the impact fracture

test. In general, the fracture is cleaner and not shattered. (a) Overview of one fragment. The red arrow
points to the area where the impact occurred. Compression bands irradiate from the impact point
toward the opposite side. Magnification is 30 x. (b) This image shows a close view of the impact zone.
Alternant clear and dark bands can be observed. Magnification is 100 x. (c) This image shows the
middle portion of the sample. Also, red filaments (simulating blood vessels) can be seen embedded
in the sample. Magnification is 100x. (d) This image demonstrates the opposite side to the impact
where some microfractures can also be seen. Magnification is 100x.

| Magnification: X 30.0

Magpnification: X 100.0 ; &

Figure 8. Milled and reinforced samples. Analysis of the fragments after the impact fracture test.
(a), Overview. The red arrow at the base of the sample shows the impact zone. At the top of the
sample the reinforcement can be observed. Some compression bands can be observed. Magnification
is 30x. (b) The red arrow illustrates the impact zone in a close view. Magnification is 100x (c) This
image shows the middle portion of the sample. Magnification is 100 x. (d) This image demonstrates
the side opposite to the impact and the framework section. Magnification is 100x.
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4. Discussion

This study aimed to evaluate the elastic deformation, fracture toughness, and frac-
ture characteristics following the impact test of three CAD/CAM denture base materials,
including 3D-printed, milled, and milled with an embedded 3D-printed titanium frame-
work. Our results showed that the milled samples suffered less deformation and possessed
higher fracture toughness as compared to the 3D-printed samples. This is in agreement
with the studies by Fouda et al. [26], who evaluated the flexural strength and hardness of
conventional heat-polymerized acrylic resins, milled resins, and 3D-printed resins used
for the fabrication of denture bases. Their results showed that milled resins possess higher
flexural strength, elastic modulus, and hardness as compared to conventional resins and
3D-printed resins. Valenti et al. [27] evaluated the mechanical properties of 3D-printed pros-
thetic materials as compared to milled and conventional materials in in vitro studies. The
materials included ceramics, polymers, and metals. Seventy-six studies were included, and
their analysis concluded that 3D-printed polymeric materials possessed inferior flexural
strength, fracture load, and hardness. Thus, their rigidity and fracture resistance does not
support mastication forces for extended periods. Finally, Prpi¢ et al. [28] found the lowest
flexural strength in 3D-printed denture base samples in comparison to conventionally
manufactured and milled CAD/CAM denture base materials.

If milled CAD/CAM denture base material is mechanically superior to conventional
and 3D-printed denture base materials, why do we need to use reinforcements? Takahashi
et al. [29] completed a comprehensive review of reinforcement in removable prosthodontics
and its impact on the fracture and deformation of the prostheses and the quality of life of the
patients who use them. Specifically, fracture and flexural strength and elastic modulus were
compared in prostheses with and without reinforcement. Their results showed that metal
reinforcements placed in thin and deformable areas effectively improved the mechanical
properties of the prostheses and, indirectly, the patient’s quality of life by reducing the
maintenance and repair of the prostheses. In addition, any material (conventional, milled,
and 3D-printed) exposed to the oral environment for enough time will experience a decrease
in the original values of fracture strength, modulus, and hardness. Therefore, including a
reinforcement will counterbalance for these changes [24,25].

Denture bases with implant attachments, including balls or locators, have been associ-
ated with increased deformation and higher stress around the attachments, indicating the
need for reinforcement in the denture bases [30]. Finally, it seems that the incorporation of
a reinforcement reduces and redistribute the strains on the supporting structures, reducing
the incidence of fractures in implant overdentures [31].

The thickness of our samples, 4 mm, was selected for standardization based on differ-
ent in vitro studies. These studies determined that a thickness of 4 mm exhibited higher
fracture toughness as compared to thicknesses of 3 mm and 2 mm [32]. Furthermore,
CAD/CAM-manufactured samples of different thicknesses were tested to determine the
minimal thickness that can satisfactorily withstand mechanical loads. This study concluded
that CAD/CAM denture base resins with a thickness of 2 mm do not exhibit better me-
chanical properties as compared to conventional resins. Therefore, reinforcement was
recommended for both types of resins when thicknesses are lower than 4 mm [33]. Given
that in the clinical settings patients often prefer a minimal thickness for the denture base,
the benefits of embedding 3D-printed titanium reinforcement could be applied.

The elastic deformations experienced by the 3D-printed samples resulted in higher
standard deviations. This outcome is attributed more to the intrinsic nature of the 3D-
printed material than to experimental inconsistencies. Printed materials fabricated from
liquid resins possess inherent defects created during the printing process, such as porosity,
layer separation, bubbling, and gaps, all of which adversely affect mechanical strength. In
contrast, the pucks used for milling denture base materials are fabricated under standard-
ized conditions of pressure and temperature, resulting in a denser structure with minimal
porosity and improved mechanical properties [34-36].
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A striking finding of the present study was that the fractures differed between samples.
For example, the 3D-printed samples suffered from shattered fractures and were more
brittle. Meanwhile, the milled samples showed mostly clean fractures, resulting in two or
three pieces, and the milled and reinforced samples showed fractures but not the separation
of the segments.

The limitations of this study include the absence of a control group fabricated by
conventional methods and the omission of evaluation of other thicknesses of denture
base materials. However, we used the printed group as a control to the milled and the
milled-with-reinforced samples. To increase the validity and reproducibility, we followed
ISO standards for the samples used in the mechanical tests. This allowed the comparisons
to be centered on the fabrication method.

4.1. Practical Implications

The results of the present experimental study demonstrate that 3D-printed samples
experience higher elastic deformation. Thus, 3D-printed complete dentures will experience
deformation (flexing) and unstable occlusion under increased axial and non-axial loads
(like these produced through clenching and bruxism). Furthermore, the lack of rigidity of
3D-printed denture bases can result in inefficient or reduced bite force, thus reducing the
chewing efficiency.

In contrast, milled samples with reinforcement, as well as milled samples, exhibit
lower elastic deformation, potentially resulting in more stable occlusion and higher mas-
ticatory efficiency. The resistance to impact fracture is superior in milled samples with a
titanium framework as compared to milled samples without titanium frameworks and
printed samples.

Therefore, based on these results, it is recommended to add a reinforcement method
to any CAD/CAM denture base materials. This is particularly important for 3D-printed
denture base materials. The fracture type of the printed samples was characterized by
shattering, with fractures occurring in multiple directions, multiple fracture facets, material
chipping, and material loss. Clinically, this implies that in the event of an impact, a
3D-printed denture may break into multiple pieces, which could preclude repair.

4.2. Opportunities for Research

Several aspects require further exploration, including the effect of CAD/CAM material
thickness on reinforced versus non-reinforced CAD/CAM denture bases and the mechani-
cal strength of milled denture bases incorporating 3D-printed frameworks with different
thicknesses. It is also necessary to include a control group with conventionally fabricated
denture bases for comparison with both the reinforced and non-reinforced CAD/CAM
denture bases. Additionally, the effect of aging (thermocycling) on the mechanical prop-
erties of reinforced versus non-reinforced CAD/CAM denture base materials should be
evaluated. Finally, it is important to investigate whether the reinforcement material leaches
into the oral environment

5. Conclusions

Within the limitations of this experimental study, the null hypothesis can be rejected.
This study found that milled denture base material, printed denture base material, and
milled denture base material with an embedded metallic framework exhibit different
flexural strength and impact fracture toughness.

Thus, the following can be concluded:

First, milled samples with an embedded 3D-printed titanium framework demonstrate
higher resistance to impact as compared to milled samples without a framework and
printed samples.

Second, milled samples with an embedded 3D-printed titanium framework show
increased flexural strength and lower elastic deformation as compared to milled samples
without a framework and printed samples.
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Third, printed denture base material exhibits the lowest resistance to impact and the
lowest flexural strength as compared to milled denture base materials with and without
a framework.
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