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Abstract: Today, two different types of CAD-CAM fabrication methods for complete denture bases
are available besides the conventional protocols: a subtractive milling process from a prepolymerized
block of polymethylmethacrylate and an additive manufacturing process that built the denture base
using a light-cured liquid in a VAT-polymerization process. The aim of this study was to evaluate
and to compare the accuracy and precision of denture prosthetic bases made with subtractive and
additive manufacturing technologies and to compare them with a denture base with the conventional
method in muffle. From the results obtained, 3D printing dentures show a statistically significant
higher accuracy than milled prosthetic bases. Milled prosthetic bases have similar accuracy than
conventional fabricated dentures.

Keywords: denture design; CAD-CAM denture base; 3D printing; milled denture base; tissue-
congruent denture fit

1. Introduction

A fundamental factor that determines the quality of removable dentures is the denture
fit [1]. A high primary wearing comfort and a low or null occurrence of traumatic ulcers
could be achieved only with a well-fitting prosthesis [2-4]. Furthermore, factors such as
denture retention, masticatory performance and speaking ability depend on the tissue-
congruent denture fit which then has a strong impact on the patients” satisfaction and
quality of life [5].

Conventional protocols for the fabrication of complete dentures (CDs) are well estab-
lished and constitute a part of contemporary clinical practice. In recent years, CAD-CAM
technologies have been successfully introduced in prosthetic dentistry and have also
been applied to removable prostheses [6,7]. Two CAD-CAM techniques are nowadays
available to fabricate complete dentures: a subtractive milling process starting from a pre-
polymerized block of polymethylmethacrylate (PMMA) and an additive manufacturing
or rapid prototyping process (RP), also known as 3D printing, that built the denture base
using a light-cured liquid in a VAT-polymerization process [8,9].

Some important advantages have been brought by these new technologies: in case of
loss or fracture of the denture, digital storing of patients” data is useful to rapidly fabricate
a new and identical prosthesis without having to make new clinical records [10,11]. A
reduction in patient appointments and time also for the dentist and the technician has been
advocated [8,12]. For subtractive manufacturing where the denture bases are milled from
fully polymerized acrylic resin pucks, the avoidance of resin polymerization shrinkage
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could result in an improved fitting of CAD/CAM dentures than conventional ones [13].
However, the milling process requires large quantities of material, and 3D printing tech-
niques can represent more sustainable methods reducing resin consumption [14].

However, the denture base adaptation to the denture bearing tissues remains essential
for the retention and stability of the complete denture. In literature, several studies using
different methodologies and materials try to establish which method results in the best
denture adaptation. In order to understand the degree of accuracy of each method, trueness
and precision must be taken into consideration. According to ISO standard, accuracy is
defined as the closeness of a measurement to the true value while precision is the degree
to which repeated measurements under unchanged conditions show the same results [15].
In this case, the accuracy is related to the discrepancy of the intaglio surface of the CDs
produced with the plaster model while the precision is referred to the reproducibility of the
same intaglio surface on each production method.

The aim of this study was to evaluate and to compare the accuracy and precision of
denture prosthetic bases made with subtractive and additive manufacturing technologies.

2. Materials and Methods

A type 4 gypsum cast was initially poured from a secondary impression of the upper
arch of an edentulous patient, using a vacuum mixing machine. The gypsum model, de-
clared scannable by the manufacturer (Elite Master, Zhermack Spa, Badia Polesine, Italy),
was scanned using a desktop scanner (D810 laboratory scanner, 3Shape, Copenhagen,
Denmark) to obtain a three-dimensional STL file of the upper edentulous jaw. Then, a
virtual denture base was digitally designed on the model using a CAD software (Exocad
software, Exocad GmbH, Darmstadt, Germany). The denture base was digitally designed
following the conventional analogue technique: the postdam was positioned 2 mm pos-
terior to the palatine fovee while the peripheral seal was placed 1.5 mm from the highest
point of the vestibule. The anterior and lateral frenulum were avoided. The insertion axis
of the prosthesis was highlighted, and the undercuts of the model were considered and
avoided in the virtual design of the baseplate. Other denture properties were set; a base
thickness of 2 mm, a cervical thickness of 0.8 mm, a smoothing of 5 mm, and an under teeth
minimum thickness of 0.8 mm. Sockets for teeth bonding were digitally designed, based
on the teeth library file chosen (PhysioSelect TCR, Candulor AG, Glattpark, Switzerland).

The STL file was used to fabricate six PMMA denture bases; three of them were milled
by a five-axis milling machine (DMG Saver, DMG Mori Seiki, Nagoya, Japan), and the other
three were additively manufactured by a 3D printer machine (NextDent 5100 3D, NextDent
B.V., Soesterberg, The Netherlands) with a Digital Light Processing technology. The milled
bases were made of a PMMA resin (PMMA CAD-CAM Ruthinium Monocromatic Disc
A3, Ruthinium, Badia Polesine, Italy) while the 3D printer used a light-curing base resin
(NextDent Denture 3D+, NextDent B.V., Soesterberg, The Netherlands) (Figure 1). In the
CAM software of the 3D printer, the orientation of the denture base was vertical with a
slight angle of the intaglio surface toward the build platform while the buccal flange was
maintained opposite to the building platform. The support touchpoints were positioned
around the perimeter edge of the denture and at the center of the palate in the intaglio
surface, in order to facilitate the supports removal after the printing procedure. Parameters
when using slicing software are 47 um resolution and a layer thickness of 50 um.

In the CAM software for the milling procedure, the baseplate originated from the
center of the prepolimerized PMMA disc. Each baseplate was fabricated from 1 resin plate
that have a diameter of 95 mm and a thickness of 16 mm.

After receiving the six resin denture bases from the milling center, they were manually
positioned on the master model to exclude possible important distortions and to verify
the presence undercuts that could prevent the correct accommodation of the baseplate
on the model. None of the artifacts were excluded. Then, the same teeth (PhysioSelect
TCR, Candulor AG, Glattpark, Switzerland) were mounted on the six models with the
aid of plaster keys, previously obtained from the patient’s correct mounting. This was
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possible because the initial model was firstly duplicated using a duplication silicon, and
all the clinical and technical steps for the fabrication of the upper complete denture were
carried out also on the patient with a conventional technique. In this workflow, after the
secondary impression, a record base was adjusted according to vertical dimension and
centric relation measurement of the patient. After that, try-in of anterior and posterior
teeth was performed, and then, the final mounting was registered with plaster keys. The
liquid resin of the final prosthesis obtained with that conventional technique was pressed
in muffle and then in water at 100 °C for 30 min.

Type 4 gypsum cast of upper maxilla Type 4 gypsum cast of upper maxilla
l v
Scanning of gypsum cast Scanning of gypsum cast
} !
Virtual Design of the denture base Virtual Design of the denture base
l \ 4

Milling of denture base from a PMMA block Printing of denture base from PMMA liquid resin

} l

Teeth bonding on the denture base Cleaning of the printed parts using ethanol‘

l

Post-curing phase

l

Teeth bonding on the denture base
Figure 1. Flow chart for the 2 types of CAD-CAM techniques.

Bonding of the artificial acrylic teeth to CAD-CAM denture bases was executed after
the milling and printing procedure and after the post-curing, for 3D printed. For this
procedure, for 3D printed prosthesis, a self-curing resin (Vertex Castavaria, Vertex Dental,
Soesterberg, The Netherlands) compatible with the 3D printed resin, as indicated by the
manufacturer, was used. For the milled baseplates, teeth were attached using a cold resin
(Acry Self, Ruthinium, Badia Polesine, Italy) normally used for milled dentures.

Then, in order to quantify the discrepancies between the CAD-CAM denture bases
and the master model, a Vinyl Polyether material (Fit-checker Advanced, GC Corporation,
Tokio, Japan) was placed between them. A known equal quantity of material mixed with
cartridges was used and applied every time in the same position of the denture base. After
the fit-checker appliance, each base was positioned on the master model, and then, the
entire system was mounted on a verticulator (Vertysystem, Vicenza, Italy) using a the
previously prepared plaster keys. The verticulator, locked in its closed position, allows to
maintain the same pressure conditions for all the denture bases in contact with the lower
gypsum key by using every time the same vertical dimension. (Figure 2).
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Figure 2. Denture model placed on the verticulator using plaster keys.

Each denture base was kept in contact with the master model for 3 min allowing the
complete setting of the material. After opening the verticulator and removing the bases
from the models, a thin film of the material was obtained for each denture base. Each
polymerized silicone-ether film was mapped with a blue marker, identifying three different
transverse regions:

1. Zone 1: one centimeters from the post-dam;
2. Zone 2: two centimeters from the post-dam;
3. Zone 3: three centimeters from the post-dam.

For each region, two points on the hard palate and two points in the center of the
alveolar ridge were identified (Figure 3).

Figure 3. Fit-checker film mapping.

The Fit-checker films were then cut with a No. 15 Hu-Friedy blade into transverse
sections at the three identified zones and taken out from the intaglio surface of the denture
(Figure 4). Then, thickness measurements at the identified points were performed. A highly
accurate digital thickness gauge (Holex, Hoffmann SE, Munich, Germany) with a 10 pm
tolerance was used for thickness measurements by E.T.
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Figure 4. Fit-checker film sectioning.

3. Statistical Analysis

A descriptive statistics was performed based on the data obtained from the measure-
ments. For each group, the medium and the standard deviation were calculated. Then, the
values were simply compared.

4. Results
For this study, a total of 84 measurements were performed (Table 1).

Table 1. Measurements of Fit-checker thickness expressed in mm. The statistical analysis shows
several differences between the tested models. In particular, both the milled and printed prostheses
showed relevant differences from the denture base obtained using the conventional method; however,
the printed models demonstrate a greater accuracy than the milled ones. Models D and E (printed)
represent the most accurate models with the least thickness of Fit-Checker film indicating the best-
fitting models. Models A and F do not show any significant difference compared to the control test.

Control Milled Printed
ontro DMG Saver NextDent 5100 3D
Section Mappin Point Candulor Model Model Model Model Model Model
pping Aesthetic Hot (A) (B) (© (D) (E) (F)
Jonel Hard 1 0.36 0.25 0.19 0.22 0.24 0.14 0.31
one palate 2 0.31 0.29 0.14 0.16 0.19 0.13 0.36
Alveolar 3 0.35 0.29 0.15 0.21 0.13 0.16 0.20
Ridge 4 0.27 0.50 0.14 0.16 0.17 0.17 0.39
Jone? Hard 1 0.30 0.19 0.19 0.23 0.19 0.12 0.17
one palate 2 0.24 0.20 0.11 0.16 0.14 0.11 0.22
Alveolar 3 0.32 0.24 0.20 0.24 0.12 0.18 0.18
Ridge 4 0.28 0.34 0.16 0.15 0.12 0.10 0.17
Jone 3 Hard 1 0.24 0.05 0.16 0.16 0.12 0.01 0.08
one palate 2 0.14 0.10 0.06 0.04 0.02 0.03 0.12
Alveolar 3 0.38 0.31 0.27 0.32 0.11 0.20 0.18
Ridge 4 0.34 0.35 0.15 0.24 0.15 0.15 0.17
Mean 0.29 0.26 0.16 0.19 0.14 0.13 0.21
Standard 0.07 0.12 0.05 0.07 0.05 0.06 0.09
deviation

5. Discussion

The success of dental prostheses is dependent upon several factors [16-20]. In remov-
able prosthodontics, the denture fit is very important for a satisfying prosthetic rehabilita-
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tion [21-23]. Nowadays, CAD-CAM technologies for prosthetic dentures could be classified
into 2 different categories: additive manufacturing and subtractive manufacturing [6-10].
Subtractive manufacturing is based on computerized numerical control (CNC) machines
that operate under the control of software, realizing the object previously designed in the
virtual environment (CAD program) [8]. In this way, the desired geometry is obtained by
physically removing the extra materials via machining (i.e., cutting or milling) according to
the digital model [24]. The use of subtractive procedures has been extended to produce
fixed prostheses, such as crowns and fixed bridges but also inlays, onlays, and veneers.
Moreover, subtractive manufacturing has been applied to many different materials such as
ceramics, titanium, precious and nonprecious metals, and composite resins. Complete den-
ture baseplates can be obtained by milling a prepolymerized resin block. Then, depending
on the system, prefabricated or milled denture teeth can be subsequently bonded on the
base [6].

Additive manufacturing (AM), also called 3D printing or rapid prototyping (RP), is
a technology that builds the object layer by layer without using molds or cutting tools.
Despite its relative recent introduction, technologies of rapid prototyping have shown
a great potential in many engineering and medical fields. This is due to the fact that,
compared with the milling method, the 3D printing has no limitations regarding the
design of geometric shapes [25], and there is no consumption of material in addition to the
quantity required for the object construction. Dentistry is not excluded from this context,
and in the prosthodontic field, removable prostheses are today manufacturable with this
methodology [6,7,9]. However, the advent of this technology, combined with limited
resolution and reproducibility of the printers along with their technical constraints [6],
has hindered the process of manufacturing dental restorations for some years. In the last
few years, progress in 3D printing techniques, especially with the increase in the use of
digital light processing (DLP) machines for dental purposes has led to more predictable
results [6-9,25].

Then, in this pilot study, we evaluated and compared the accuracy and precision of den-
ture prosthetic bases made with subtractive and additive manufacturing technologies (DLP).

From the data analysis, the prosthetic bases obtained with 3D printed techniques
showed less discrepancies from the reference cast model than the denture bases obtained
with the traditional method and milling process. The reasons explaining discrepancies in
complete denture fitting between the conventional technique and the 3D printed CAD-
CAM fabrication method are probably linked to the volumetric distortion of the resin
that occurs during the polymerization process [26-28]. This is determined by the linear
and volumetric shrinkage of the resin material during the cooling phase, which can result
in a volume up to three times less than that before the polymerization [26-28]. Both 3D
printed resin using the VAT-polymerization process and resin polymerization in muffles
are subjected to shrinkage; however, it is possible that the contraction of each simple layer
of the 3D printed resin results in a lower volume reduction than that in the muffle where
the shrinkage happens contemporary for all the resin bulk [29].

Regarding the thicknesses of the Fit-Checker films relative to CAD-CAM procedures,
the milling process produced more similar dentures to the muffle model than the printed
method. That difference could be explained considering the tool radius and the size of the
bur used for the milling process [30,31]. The diameter of the bur used in our study is 2 mm;
then, it is possible that this size does not allow an accurate reproduction of the denture
base as additive manufacturing do, compromising, in this way, a future intimate contact
with the oral mucosa. However, in the oral environment, it is also possible that, due to
the viscoelasticity of the soft tissues and the presence of oral fluids, the milling dentures
wear as comfortably as 3D-printed and muffole-resinated prostheses. In this sense, the
maintenance of the peripheral seal is considered more important since low discrepancies
between denture body base and oral mucosa can be occupied by saliva [32].

In this study, an analog method was used to measure the accuracy of the prosthetic
bases against the reference model. This method has already been used in other studies
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in the literature regarding the fixed prosthesis on natural teeth [33-35]. We used this
material in self-mixing cartridges to standardize the procedure. In many studies on CAD-
CAM prostheses, the comparison method is performed by superimposing the scan of the
master model with the prosthetic base using a best-fitting algorithm [10,36]. However,
this method is prone to errors because the best-fit-alignment forces the two objects to
align as much as possible resulting in a lower average deviation [36]. In this way, the
comprehension of the real denture base fitting may be unrealistic. In addition, with the
digital comparison, the prostheses” deformation capacity when pushed against the arch
of the patient is totally neglected. Then, we still considered the use of a vinyl-polyether
material between the prosthesis and the model inserted into a verticulator system, a more
reliable verification method of denture base fitting. Fit-checker, thanks to its very thin
consistency, high flowability, short curing time, and high stability, guarantees realistic
thickness measurements of the discrepancies between denture base and model that could
be simply measured by using a digital caliper.

However, this study has several limitations. First, given the in vitro nature of the study,
the absence of saliva and of patient muscles and movements leads us to read these results
with caution. The pressure on an unmodifiable gypsum cast may also result differently than
that on soft compressible tissues. In addition, the intraoral mucosa of an edentulous upper
arch has different levels of resilience that are also different from patient to patient, and this
makes the evaluation of the in vivo pressure very difficult. Furthermore, the verticulator,
even if it allows a pressure control, may result in unrealistic results due to the rigidity of
the system. Moreover, the number of samples is limited resulting in possible different
results with other sample dimensions. The denture’s fit on the labial anterior part was not
evaluated in this study because during the digital prosthesis design, we tried to avoid the
major undercuts and relieved the portion of the denture base near the undercuts. Hence,
we excluded from consideration the anterior labial part of the prosthesis where the major
undercuts are usually located. Last but not least, in our study, the cast is a representation of
the patient’s anatomy, and it is based on the clinician’s impression-making ability and the
characteristics of the impression material used and of the gypsum. Then, it is possible that
little imperfections during those processes occurred. However, no experimental protocol
exists that accurately reproduces the soft tissue compression. Then, future in vitro and
in vivo studies with new and more accurate comparison methods and larger samples are
needed to compare the different technologies of production of the denture bases.

6. Conclusions

In this study, the prosthetic bases obtained with the digital light processing (3D
printing) technique showed less discrepancies from the reference cast model than the
denture bases obtained with the traditional method and milling process. In this way, it
seems that this 3D printed technique results in more accurate results than milling process
and that the volumetric distortion of the resin occurring during the photopolymerization
does not influence the accuracy of the baseplate as the diameter of the milling machine
does. However, these results must be read with caution because of the limited number of
samples and of the absence of a statistical analysis. Further studies with a larger sample
are needed to confirm these data.
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