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Abstract

Background: Mock-up based approach allows the preview of the aesthetic rehabilitation, however, it is crucial that
the mock-up does not differ from the expected aesthetic outcomes. With CAD-CAM technologies, it is possible to
directly create mock-ups from virtual planned smile project, with greater accuracy and efficiency compared to the
conventional moulded mock-ups. In this study, we investigated the trueness of mock-ups obtained with milling
and 3D printing technology and a full digital work-flow system.

Methods: Ten adults subjects were included and digital smile design/digital wax-up were performed to enhance
the aesthetic of maxillary anterior region. Ten milled mock-ups and 10 prototyped mock-ups were obtained from
the original stl file and a digital analysis of trueness was carried out by superimposing the scanned-milled mock-
ups and the scanned-prototyped mock-ups to the digital wax-up, according to the surface-to-surface matching
technique. Specific linear measurements were performed to investigate and compare the dimensional
characteristics of the physical manufactures, the 3D project and the scanned mock-ups. All data were statistically
analyzed. A clinical test was also performed to assess the fitting of the final manufacture.

Results: The prototyped mock-ups showed a significant increment of the transversal measurements (p < 0.001)
while the milled mock-ups showed a significant increment of all vertical and transversal measurements (p < 0.001).
The prototyped mock-ups showed good fitting after clinical tests while none of the milled mock-ups showed good
adaptation (no fitting or significant clinical compensation required). Deviation analysis from the original 3D project
reported a greater matching percentage for the scanned-milled mock-ups (80,31% + 2.50) compared to the
scanned-prototyped mock-ups (69,17% + 2.64) (p < 0.001). This was in contrast with the findings from linear
measurements as well as from the clinical test and may have been affected by a reductive algorithmic computation
after digitization of physical mock-ups.
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dimensions of the real object.

Conclusion: Both prototype and milled mock-ups showed a slight dimensional increment comparing to the
original 3D project, with milled-mock-ups showing less fitting after clinical tests. Caution must be taken when
assessing the trueness of scanned manufacture since an intrinsic error in the system can underestimate the

Keywords: Smile virtual planning, Digital dentistry, Smile aesthetics, Prototyped mock-up, Milled mock-up

Background

Patients’ demand for cosmetic dental treatments is dra-
matically growing [1, 2]. Among the aesthetic solutions,
porcelain veneers (PLV) represents a clinically accept-
able, minimally invasive, treatment option to increase
smile with the greatest long-term success [3, 4].

Conventional workflows for dental esthetic rehabilita-
tion involves an adequate communication with the den-
tal laboratory technician by using diagnostic waxing and
mock-up guide [5-7]. In this respect, it has been dem-
onstrated that tooth preparation is more conservative
when a diagnostic mock-up is used compared to the
free-hand preparation [8]. Also, diagnostic wax-up en-
hances the communication with the patient since it
shows a realistic preview of the final aesthetic restora-
tions as well as provides clinicians with a better under-
standing of the patient’s aesthetic expectations [9, 10].
As consequence, patients’ satisfaction with the treatment
strictly depends on the consistency of the final product
with the mock-up [7, 11].

However, the in-mouth mock-up molding phase is
based on complex and operator-dependent procedures.
This may lead to low accuracy and inconsistency with
patients’ expectations, in particular if the aesthetic result
has been previously evaluated and designed in accord-
ance with patients’ needs, as occurring with virtual plan-
ning approach [12]. In this respect, virtual planning
represents a useful tool to obtain esthetic information
for diagnosis and treatment plan as well as for design,
fabrication and delivery processes of the definitive resto-
rations [13].

CAD/CAM systems have shown sufficient reliability in
the realization of adhesive restorations in aesthetic areas
[12-15]; in particular, a recent study [16] demonstrated
that milled esthetic mock-ups are much more consistent
than those obtained with manual procedure. For instance,
the construction of a prototype, based on the virtual as-
sembly, reduces the number of errors in the final product
and can represent a fundamental tool for aesthetic reha-
bilitations and/or prosthetic-driven surgery [16].

To date, the production of CAD-assisted mock-ups
can be classified into milling or 3D prototyping, respect-
ively based on material removal and additive process.
However, no studies have investigated the accuracy and
precision of milled and 3D printed mock-ups produced

throughout a full-digital workflow. In fact, previous
orthodontic studies assessed only the accuracy of dental
models obtained by subtractive manufacturing or addi-
tive manufacturing [17, 18] as well as, in prosthetics
field, studies were limited to the evaluation of single
teeth [19, 20] or partial mouths [21, 22]. Nowadays, with
the progresses in 3D imaging, is it possible to compara-
tively evaluate morphological and dimensional charac-
teristics of anatomical structures or their reproduction.
In particular, the surface-to-surface matching technique
[23-26] allows the superimposition of 3D objects to
evaluate the Euclidean distances between the relative
surfaces; also, this digital technique provides, on a 3D
color-map, the morphological differences between the
superimposed structures in different colors by setting
specific levels of tolerance.

Thus, the aim of the present study was to compare the
trueness of these two full-digital work-flow for the
realization of mock-up for maxillary anterior region. To
perform this evaluation, we referred to a specific 3D
technology involving digital measurements and the use
of surface-to surface matching technique of the two
scanned mock-ups. A clinical assessment of fitting of
mock-ups was also involved in the study.

Methods

The study sample consisted of 10 adult subjects (8
females and 2 males, mean age), whose chief compliance
was the need of additive restoration in the anterior max-
illary area to enhance the smile aesthetic appearance.
Subjects were prospectively recruited from a dental
private practice in Catania, from June 2019 to December
2019. This study followed the principles laid down by
the World Medical Assembly in the Declaration of
Helsinki 2008 Helsinki Declaration on medical protocols
and ethics and received positive response by the Ap-
proval Board of the School of Dentistry, University of
Catania (protocol n. 14/19). Inclusion criteria were: adult
subjects requiring aesthetic/functional restorations of
the maxillary anterior region (canine to canine), good
oral hygiene, periodontal health. Exclusion criteria were:
missing teeth in the maxillary anterior region, restor-
ation/cavities, history of orthodontic treatment,
misalignments and periodontal defects in the maxillary
anterior region, severe bruxism or clenching.
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Photographic examination

After the clinical assessment of smile characteristics
(occlusal, phonetic, static and dynamic), each patient
underwent digital photographic examination, according
to previous documented guidelines of virtual smile de-
sign project [26]. In this respect, two full-faces photos of
the patient, one with slightly disclosed dental arches and
one with a maximum smile, were registered. The first
photo (F1) of the face was taken with the retractors, with
semi-disclosed dental arches, to correctly evaluate the
parallelism between the bi-pupillary line and occlusal
planes as well as and the congruence between the me-
dian and interincisive lines (Fig. 1). The second photo-
graph (F2) of the face was detected by removing the
retractors and asking patients to smile to evaluate the
orientation of the incisal plane with respect to the curve
of the lower lip, as well as the width of the lateral corri-
dors (Fig. 2) [27].

Standardized photographic records were taken using
camera D300 (Nikon Corporation, Minato-ku, Tokyo,
Japan) equipped with AF-S VR Micro-Nikkor 105 mm f/
2.8G IF-ED macro lens (Nikon Corporation, Minato-ku,
Tokyo, Japan) and Metz 15 MS - 1 digital flash system,
with LumiQuest pocket bouncer, on a Medical Close-up
bracket (CLS Wireless Flash System). Subjects were
instructed to be seated behind a line drawn on the floor
while the camera was placed at a distance of 1.50 m
from the patient and at the same height as the patient's
face in a vertical position [28]. Subjects were asked to
look at the camera in order to get the bipupillary plane

Fig. 1 Photograph of the patient’s face with cheek retractors in
place. The picture wsd taken with semi-disclosed dental arches, to
correctly evaluate the parallelism between the bi-pupillary line and
occlusal planes as well as and the congruence between the median
and interincisive lines
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Fig. 2 Photograph of the patient’s face without cheek retractors.
The picture was obtained by asking patients to smile in order to
evaluate the orientation of the incisal plane with respect to the

curve of the lower lip, as well as the width of the lateral corridors
- J

as parallel as possible to the horizontal plane. Subjects
were asked to wear specific glasses equipped with an op-
tical measurement system that allowed the clinician to
consistently placed the photographic markers over the
camera digital grid. Also, the photographic markers pro-
vided the conversion of pixels into mm, in order to con-
sistently calibrate the images used during the virtual
planning flow. This method increases the reliability of
multiple images acquisition as well as the trueness in the
subsequent virtual smile design process.

CAD-CAM workflow

Step 1- virtual planning

The digital photographs were imported into the 2D DSS
system (version 1.11.1-alpha.l, Digital Smile System Srl,
Italy) for the realization of the virtual planning of the
potential aesthetic rehabilitations of the maxillary anter-
ior region (1.3-2.3), aimed at application of veneers and
the digital drawing of the new smile, simulating anterior
veneers (1.3-2.3) was performed and shown to the pa-
tient. The digital restoration project was then realized
(Fig. 3).

Step 2- realization of digitally designed mock-ups

In order to obtain a digital wax-up, the stl. files of the
patient’s dental arches were registered and align to both
F1 and F2 photographs by using the DSS CAD software
(DSS3D. Beta.12977, EGS Srl, Italy). This software allows
clinicians to design a three-dimensional digital wax-up
using as reference the outlines of the 2D smile design
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anterior veneers

Fig. 3 2D smile virtual planning. The virtual project, simulates anterior veneers, was performed and showed to the patients. The procedure was
performed by using the 2D DSS system software (version 1.11.1-alpha.1, Digital Smile System Srl, Italy. a Patient’s original smile, b Simulated

previously performed (Fig. 4). The derived .stl file of the
digital wax-up was exported and sent to the digital lab
for the realization respectively of mock-up (0.4 mm) in
methacrylic photoreactive resin (Formlabs, Photopoly-
mer Resin, Gray (GPWHO02), Formlabs Inc. USA) and in
polymethyl methacrylate (Synergy Disk Tempo Multi,
Opal, Nobil-Metal SPA, Italy) (Fig. 5). For the purpose
of the present investigation, the 3D printing machine
used was the Formlabs form 2 (Formlabs Inc. USA),
featuring SLA 3D printing technology. The milling
machine used was the CORITEC IMES-ICORE 250i
(imes-icore® GmbH, Eiterfeld, Germany) that featured a
5-axis system; the milling sequence of the workpiece in-
volved three progressive internal and external steps of

Fig. 4 3D smile virtual planning. A three-dimensional digital wax-up
using as reference the outlines of the 2D smile design previously
performed. The procedure was performed by using the DSS CAD
software (DSS3D. Beta.12977, EGS Stl, Italy)

roughing (2 mm), roughing and finishing (1 mm) and
finishing (0.6 mm). In order to assure accuracy of the
3D printing, the following procedure were carried out:
1) the liquid resin and the tank were replaced before
each print, 2) the digital mock-up was placed in the
midst of the printing plate in order to avoid ovalization
of the laser beam, 3) the mock-up was positioned with
an inclination between 20° and 40° in order to avoid the
deformation of the object under its own weight.

Step 3- surface-to-surface analysis of milled and prototyped
mock-ups

Both milled and prototyped mock-ups were scanned by
using optical scanner with structured light technology
(SinergiaScan, Nobil-Metal S.p.A, Italy) and the gener-
ated .stl files were imported in Exocad software (Dental-
Cad 2.3 Matera, exocad GmbH, Darmstadt, Germania)
along with the .stl file of the 3D digital wax-up project.
The scan of each prototyped and milled mock-up were
registered on this file and the surface-to-surface match-
ing technique was applied to assess the level of trueness
of both mock-ups relative to the digital wax-up per-
formed according to the virtual planning.

Step 4- clinical test
In the fourth phase of the protocol, the mock-ups were
tested in the participants' oral cavity. At this stage, each
patient was subjected to occlusal evaluation to discrim-
inate the prosthetic fitting of both methacrylic photo-
reactive resin and polymethyl methacrylate mock-ups.
Moreover, specific linear measurements were per-
formed to assess potential dimensional alteration in both
milled and prototyped mock-ups throughout each stage
of the entire CAD-CAM workflow:
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methacrylate (Synergy Disk Tempo Multi, Opal, Nobil-Metal SPA, Italy)
A

Fig. 5 a Mockup in methacrylic photoreactive resin (Formlabs, Photopolymer Resin, White (GPWHO02)), Formlabs Inc. USA) and b in polymethyl

1. Upper right central incisor height (rUlh) =
measurement taken from the center of incisal
margin to the most cranial point of gingival contour
of the upper right central incisor

2. Left right central incisor height (IU1h) =
measurement taken from the center of incisal
margin to the most cranial point of gingival contour
of the upper right central incisor

3. Upper right central incisor width (rUlw) = mesio-
distal diameter of upper right central incisor
meaured at the equator level

4. Left right central incisor width (IUlw) = mesio-
distal diameter of upper left central incisor
measured at the equator level

5. Canine-to-canine width (CCw) = mesio-distal
diameter of anterior frontal group measured at the
equator level from the distal margin of upper right
canine to the distal margin of upper left canine.

In particular, the
performed on:

reported measurements were

a. 2D digital smile design, by referring to a specific
digital caliper in 2D DSS software (Digital Smile
System Srl, Italia)

b. 3D digital smile project, by using linear
measurements function in Exocad.

c. scanned MRP and PMMA mock-ups, by using
linear measurements function in Exocad.

d. MRP and PMMA mock-ups, by using digital caliper
(Digital Caliper 0-150 mm, Mitutoyo, Japan).

Statistical analysis

All the measurements were recorded on Microsoft
Excel® spreadsheet (Microsoft, Redmond, WA, USA) and
analyzed using SPSS® version 24 Statistics software (IBM
Corporation, 1 New Orchard Road, Armonk, New York,
USA) with P values of less than 0.05 considered statisti-
cally significant. The Kolmogorov—Smirnov test and
Levene’s test were used to assess respectively the normal
distribution and the equality of variance of the data re-
corded. Since data showed normal distribution (p >

0.05) and equality of variance (p >0.05), parametric tests
were used to evaluate potentially significant differences
between data measurements.

The trueness of both prototyped and milled mock-ups
was assessed by using the Paired Student’s t test which
compared the percentage of matching of scanned-
prototyped and scanned-milled mock-ups with the
digital 3D project, according to the surface-to-surface
analysis.

The two-way analysis of variance (ANOVA) was used to
assess if there were statistical differences among the linear
measurements obtained at each stage of the entire CAD-
CAM workflow. In particular, each linear measurement
(rUlh, 1U1h, rUlw, IUlw and CCw) obtained from 1) the
original 3D project, prototyped and scanned-prototyped
mock-ups, 2) the original 3D project, milled and scanned-
milled mock-ups were compared and post-hoc compari-
son tests were performed to assess crossed differences.

Results

Table 1 shows inferential statistics of deviation analysis
of milled and prototyped mock-ups relative to the 3D
project. The surface-to-surface analysis showed a signifi-
cant higher percentage of matching between the 3D
project and milled mock-ups (75,31 %) than between the
3D project and the prototyped mock-ups (63,17 %) (p <
0.001), according to the paired Student’s t test. Figures 6
and 7 show respectively the color-coded map of milled
and prototyped mock-ups.

Tables 2 and 3 show inferential statistics respectively
for the linear measurements recorded throughout the
digital work-flow for the production of prototyped and
milled mock-ups. According to the ANOVA analysis,
significant differences were found among 3D project,
prototyped and prototyped-scanned anterior mock-ups

Table 1 Matching percentage of prototyped and milled mock-
ups with 3D project, according to deviation analysis

Total % Matching®  SD Significance
3D Project/Prototyped 10 69.17 264 p<0001
3D Project/Milled 10 80.31 250
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Fig. 6 Superimposition of milled mock-ups with the 3D project. Color-coded map according to the surface-to-surface analysis

exocad

(p < 0.001) (Table 1) and among 3D project milled and
milled-scanned anterior mock-ups (p < 0.001) (Table 2)
for each linear measurement assessed.

According to the post-hoc tests, the prototyped mock-
ups showed a significant increment of transversal linear
measurements (rUlw, [Ulw, CCw) (p < 0.001) compared
to the 3D project while the scanned-prototyped mock-
ups showed a significant reduction of all vertical and
transversal linear measurements (rUlw, l1Ulw, CCw,
rU1h, lU1h) compared to the prototyped mock-ups (p <
0.001). No differences were found in vertical linear
measurements between the original 3D project and
prototyped mock-ups (p > 0.05) (Table 1).

The milled mock-ups showed a significant increment
of all vertical and transversal linear measurements
(rUlw, 1Ulw, CCw, rUlh, IU1h) (p < 0.001) compared
to the 3D project while the scanned-milled mock-ups
showed a significant reduction of all vertical and trans-
versal linear measurements (rUlw, 1Ulw, CCw, rUlh,
lU1h) compared to the prototyped mock-ups (p <
0.001). No significant differences were found between
the scanned-milled mock-ups and the original 3D pro-
ject except for the CCw measuerement where a slightly
significant reduction was found (p > 0.05) (Table 2).

Finally, the clinical investigation of mock-ups fitting
showed (data not showed) good engagement for the pro-
totyped mock-ups (no changes or adaptations required)
and poor engagement for the milled mock-ups (no
fitting or significant clinical adaptations required).

Discussion

In contemporary dentistry, any efforts should be made
to enhance the communication of diagnostic and thera-
peutic information to the patients and between dental
specialists. In this respect, virtual planning along with
mock-up based approach increases the predictability of
the aesthetic restorations since this work-flow improves
the understanding of the patients’ expectations as well as
enhance the information-sharing process between pros-
thodontists and lab technicians [5, 29]. Thus, it is pos-
sible to correlate the wax-up to the patient’s facial and
smile characteristics, reducing the risk of discordance
between the wax-up and the clinically tested mock-up
[30-32]. By using virtual planning, however, it is crucial
that the mock-up does not differ from the results pre-
visualized in the software, in order to avoid communica-
tion problems and loss of patient’s confidence.

Fig. 7 Superimposition of prototyped mock-ups with the 3D project. Color-coded map according to the surface-to-surface analysis

exocad
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Table 2 Comparison of linear measurements (mm?>) performed on 3D project, prototyped and prototyped-scanned anterior mock-

ups
Total  Upper right central incisor Upper left central incisor Total
sample Diameter
rUth Significance rUlw Significance 1UTh Significance  1UTw Significance CCw Significance
3D Project [a] 10 10,72+0, p<0.001 863+0, p<0.001 1068+0, p<0.001 860+0, p<0.001 3943+ p<0.001
521[d 40 [b,c] 44 [c] 46 [b] 2,57
Prototyped [b] 10 10,74 £0, 887 +£0, 10,66+ 0, 8,85+0, 3992 +
48 [d] 30 [a,c] 52 [d 55 [ad] 337
Prototyped - 10 1047 £0, 8,690, 10,26 + 0, 8,62+0, 3939+
scanned [c] 38 [a,b] 21 [ab] 48 [a,b] 69 [b] 3,01

P values set at p < 0.05 and based on Two-ways analysis of Variance (ANOVA)

rUTh right upper central incisor height, rUTw right upper central incisor width, IUTh left upper central incisor height, IUTw left upper central incisor width, CCw

canine to canine width

Before explaining the data of the trueness of the
mock-ups, a brief comment of the protocol presented in
this study for the aesthetic virtual planning is
mandatory. It could be argued that using a software in-
cluding both 2D and 3D functionalities (for example,
Exocad) would expedite the work-flow making the entire
process more fluent and efficient. Instead, we prelimin-
ary used a 2D software for smile design for the following
reasons: 1) the method applied for standardization and
calibration of the images (eyewear) cannot be used with
Exocad, 2) it allows clinicians to easily and efficiently
drawing the new smile outlines as well as modifying the
virtual planning with the patient instantly seeing the
changes and the final outcomes according to his/her
concerns. In this respect, the virtual planning should be
handled exclusively by the clinician and should not be
delegated to the technicians.

Mock-up molding phase is a complex process with
low reliability in specific procedures such as the posi-
tioning of the matrix, the pressuring of silicon key dur-
ing resin hardening and the resin removal [33]. A recent
well-conducted study [16] found significant differences
in the accuracy between moulded and milled mock-ups
(full digital work-flow) compared to their original wax-
up. For instance, authors [16] concluded that the use of
moulded mock-ups would reduce the accuracy of the

previewing of the final aesthetic result and that the full
digital wax up with milling technology is more reliable
for the same purpose. To the best of our knowledge, this
is the first study in literature investigating the trueness
of two different mock-ups both produced with a full
digital work-flow technology, respectively the milled
mock-up (methacrylic photoreactive resin) and the pro-
totyped mock-up (polymethyl methacrylate). The digital
project of the final mock-ups has been realized following
the guidelines of 2D/3D digital smile design and by
using dedicate software [12, 34].

Compared to the original digital 3D project, the proto-
typed mock-ups showed a significant increment of the
transversal measurements (rUlw: + 0,24 mm?>, [Ulw: +
0,25, mm>, CCw: + 0,49 mm?®) while the milled mock-
ups showed a significant increment of all vertical (rUlh:
+ 038 mm?® lUlh: + 029 mm?® and transversal
measurements measurements (rUlw: + 0,27 + mm?,
lUlw: + 0,32, CCw: + 0,86 mm?). Such dimensional
differences with the original 3D project were clinically
negligible for the prototyped mock-ups, if we consider
that they showed a good fitting after clinical tests (data
not shown). Conversely, none of milled mock-ups pro-
duced in this study reported good clinical fitting (i.e., no
stable engagement or significant clinical adaptations
required) (data not shown) and none was used for

Table 3 Comparison of linear measurements (mm?>) performed on 3D project, milled and milled scanned anterior mock-ups

Total Upper right central incisor Significance  Upper left central incisor Significance Total Significance
sample Diameter
rUth Significance rU1w Significance 1U1h Significance  1UTw Significance  CCw Significance
3D Project 10 10,72+0, p<0.001 863+0, p<0.001 1068+0, p<0.001 860+0, p<0.001 3943+2, p<0001
52 [b] 40 [b] 44 [b] 46 [b] 57 [bcl
Milled 10 111+0, 8900, 1097 + 892 + 40,29 +
39 [a,.] 22 [a,q] 049 [a,c] 048 [a,.c] 2.72 [a.c]
Milled - 10 10,70£0, 859+0, 10,69 +0, 858+ 0, 3933+2,
scanned 44 [b] 36 [b] 37 [b] 59 [b] 43 [a,b]

P values set at p < 0.05 and based on Two-ways analysis of Variance (ANOVA)

rUTh right upper central incisor height, rUTw right upper central incisor width, IUTh left upper central incisor height, [UTw left upper central incisor width, CCw

canine to canine width
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subsequent phonetic and occlusal clinical tests. For as-
sumption, the production of thin objects (mock-ups or
veneers) by using milling machine may present some dif-
ficulties since the bur (cutting tool) may not adequately
penetrate the resin block thus, increasing the final di-
mension of the object. In this regard, we are conscious
that our study provides some new evidence as well as
new unanswered questions and further studies are cer-
tainly required.

Moreover, the total diameter (CCw) showed the max-
imum deviation range compared to the other measure-
ments in both milled and prototyped mock-ups, this could
be attributed to the differences in the curvature of the
arch in the canine region [35, 36]. In this respect, caution
must be taken when analyze this linear parameter for aes-
thetic rehabilitation purpose, in particular when standard
3D virtual templates are selected from the digital library
available within digital smile design software.

Before performing the clinical tests, both milled and
prototyped mock-ups were scanned and the obtained .stl
files were superimposed to the original 3D project in
order to assess the trueness of the final products. Also,
the same linear measurements were assessed on the digi-
talized mock-ups and compared to those performed on
physical mock-ups and on the 3D project. According to
the deviation analysis, we found that the scanned-milled
mock-ups showed greater trueness compared to the
scanned-prototyped mock-ups, as confirmed by the dif-
ferences in the percentage of matching with the 3D
digital project (3D Project/Milled matching = 80,31 %;
3D Project/Prototyped matching = 69,17 %). These data
are in contrast with the findings obtained from the clin-
ical tests as well as with the measurements performed
on physical mock-ups, however, they can be explained if
we consider the general trend of the linear measure-
ments performed on the scanned mock-ups. In fact, we
found a significant reduction of all linear parameters in
both scanned-milled and scanned-prototyped mock-ups
compared to the respective physical mock-ups. This is in
agreement with previous studies suggesting that after
CAD/CAM digitization the same measurements per-
formed on virtual environment can be reduced [37],
probably due to reductive algorithmic computation.

Consequently, the dimensional increment registered in
both physical milled and prototyped mock-ups were,
somehow, counterweighed in the virtual environment. In
particular, the scanned-milled mock-ups showed no di-
mensional differences compared to 3D project, while the
scanned-prototyped mockups showed a statistically sig-
nificant reduction in both vertical and transversal mea-
surements evaluated. Again, this is in contrast with the
linear measurements performed on the physical mock-
ups, and would explain why the scanned-milled mock-
ups showed greater trueness compared to the scanned-
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prototyped mock-ups, according to the deviation ana-
lysis. In the light of these findings, caution should be
taken when testing the trueness of scanned mock-ups or
veneers since results obtained in virtual environment
from digitized objects (mock-ups in this case) may not
directly reflect the clinical validation of the prosthetic
rehabilitation.

We used the gray resin for the production of prototyped
mock-ups. This choice was taken for the purpose of the
present research (the assessment of trueness of the mock-
ups) as well as for facilitating the examination of fitting.
From the functional perspective, the clinical test for valid-
ating the adaptability of the 3D printed mock-ups should
be performed using an opaque resin in order to facilitating
the detection of areas of premature contacts of poor
fitting. This also enhances the communication between
clinicians and lab technicians. From the aesthetical per-
spective instead, the opaque resin is not adequate to show
to the patients the realistic preview of the final aesthetic
restorations. In this respect, communication with the pa-
tient should be performed one step before the functional
clinical test, by the digital preview of the designed smile or
by in-mouth visualization of a white mock-up produced
for this purpose.

Last but not least, it must be underlined that the cre-
ation of milled or printed mock- ups is suggested in those
cases in which significant addition of material is required
for functional and aesthetics rehabilitation, otherwise the
molded mock-up obtained from the printed model should
be still considered the gold standard.

Limitations

The main advantages of 3D printing over milling ma-
chine for the production of prosthesis manufacture are
the minimum amount of material required as well as the
ability to create multiple products at the same time, in-
creasing clinical efficiency [38, 39]. According to our
findings, prototyped mock-ups showed less dimensional
changes from the original 3D project compared to the
milled mock-ups as well as a better clinical adaptation.
However, the present study was based on a small sample
size and on a single milled machine and 3D printer, thus
our findings should be taken with some caution and
definitive conclusion cannot be drawn. In this respect,
further ex-vivo/in-vivo studies with large sample size
and different milling and prototyping technologies are
still required.

Conclusion

— Both prototype and milled mock-ups showed a slight
dimensional increment comparing to the original 3D
project.
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— These changes were greater for the milled-mock-ups
that showed poor fitting in patients’ mouth
Caution must be taken when assessing the trueness
of scanned manufacts since an intrinsic error in
algorithm computation can underestimate the
dimensions of the real object

Abbreviations

DSD: Digital smile design; CAD/CAM: Computer-aided design/computer-
aided manufacturing; rUTh: Upper right central incisor height; IUTh: Left right
central incisor height; rUTw: Upper right central incisor width; IUTw: Left
right central incisor width; CCw: Canine-to-canine width; ANOVA: Two-way
analysis of variance

Acknowledgements
Specific thanks to Marco Ortensi, who fabricated the mock-up and supported
laboratory digital processes.

Authors’ contributions

Conceptualization: L.O,; Data curation: ALG, AL, Investigation: ALG,, LO,;
Methodology: ALG, LO, Supervision: EL.C, M.F,; Writing original draft: ALG,
Writing review & editing: AL.G, Gl All authors have read and approved the
manuscript.

Funding
None to declare.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate

This study was approved by the Approval Board of the School of Dentistry,
University of Catania (protocol n. 14/19). All patients were fully informed
about the nature of this study and signed an informed consent form for this
treatment.

Consent for publication
The patient provided written informed consent for the publication of
potentially identifying images and clinical details.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of General Surgery and Medical-Surgical Specialties, Section of
Orthodontics, School of Dentistry, University of Catania, Policlinico
Universitario “Vittorio Emanuele”, Via Santa Sofia 78, 95123 Catania, Italy.
“Department of General Surgery and Medical-Surgical Specialties, Section of
Prosthodontist, School of Dentistry, University of Catania, Policlinico
Universitario “Vittorio Emanuele”, Via Santa Sofia 78, Catania 98123, Italy.
Department of Medicine, Surgery and Dentistry, Section of Orthodontics,
University of Milan, Milan, Italy. “Department of Orthodontics, Vita-Salute San
Raffaele University, Milan, Italy. *Private Practice, Catania, Italy. ®Department of
General Surgery and Medical-Surgical Specialties, School of Dentistry,
University of Catania, Catania, [taly.

Received: 7 February 2020 Accepted: 20 May 2020
Published online: 05 June 2020

References

1. Mazilu Moldovan A, Sarosi C, Moldovan M, Miuta F, Prodan D, Antoniac A,
Prejmerean C, Silaghi Dumitrescu L, Popescu V, Raiciu AD, Saceleanu V.
Preparation and Characterization of Natural Bleaching Gels Used in
Cosmetic Dentistry. Materials (Basel). 2019;12(13).

2. Gresnigt MMM, Cune MS, Jansen K, van der Made SAM, Ozcan M.
Randomized clinical trial on indirect resin composite and ceramic laminate
veneers: Up to 10-year findings. J Dent. 2019;86:102-9.

3. Gurel G. Predictable, precise, and repeatable tooth preparation for porcelain
laminate veneers. Pract Proced Aesthet Dent. 2003;15(1):17-24.

20.

22.

23.

24,

25.

26.

27.

Page 9 of 10

Land MF, Hopp CD. Survival rates of all-ceramic systems differ by clinical
indication and fabrication method. J Evid Based Dent Pract. 2010;10(1):37-8.
Simon H, Magne P. Clinically based diagnostic wax-up for optimal esthetics:
the diagnostic mock-up. J Calif Dent Assoc. 2008;36:355-62.

Magne P, Magne M, Belser U. The diagnostic template: a key element to the
comprehensive esthetic treatment concept. Int J Periodontics Restorative
Dent. 1996;16:560-9.

Gurrea J, Bruguera A. Wax-up and mock-up. A guide for anterior
periodontal and restorative treatments. Int J Esthet Dent. 2014;9:146-62.
Buonocore MG. A simple method of increasing the adhesion of acrylic
filling materials to enamel surfaces. J Dent Res. 1955;34(6):849-53.
Granell-Ruiz M, Fons-Font A, Labaig-Rueda C, Martinez-Gonzalez A. Roman-
Rodriguez JL, Sola-Ruiz MF. A clinical longitudinal study 323 porcelain
laminate veneers. Period study from 3 to 11 years. Med Oral Patol Oral Cir
Bucal. 2010;15(3):531-7.

Gurel G. Porcelain laminate veneers: minimal tooth preparation by design.
Dent Clin N Am. 2007;51(2):419-31.

Magne P. A new approach to the learning of dental morphology, function,
and esthetics: the "2D-3D-4D" concept. Int J Esthet Dent. 2015;10(1):32-47.
Zimmermann M, Mehl A. Virtual smile design systems: a current review. Int J
Comput Dent. 2015;18(4):303-17.

Morimoto S, Albanesi RB, Sesma N, Agra CM, Braga MM. Main clinical
outcomes of feldspathic porcelain and glass-ceramic laminate veneers: a
systematic review and meta-analysis of survival and complication rates. Int J
Prosthodont. 2016;29:38-49.

Jang YS, Oh SH, Oh WS, Lee MH, Lee JJ, Bae TS. Effects of Liner-Bonding of
Implant-Supported Glass-Ceramic Crown to Zirconia Abutment on Bond
Strength and Fracture Resistance. Materials (Basel). 2019;12(17).

Venturini AB, Prochnow C, Pereira GKR, Segala RD, Kleverlaan CJ, Valandro
LF. Fatigue performance of adhesively cemented glass-, hybrid- and resin-
ceramic materials for CAD/CAM monolithic restorations. Dent Mater. 2019;
35(4):534-42.

Cattoni F, Teté G, Calloni AM, Manazza F, Gastaldi G, Cappare P. Milled
versus moulded mock-ups based on the superimposition of 3D meshes
from digital oral impressions: a comparative in vitro study in the aesthetic
area. BMC Oral Health. 2019;19(1):230.

Camardella LT, de Vasconcellos VO, Breuning H. Accuracy of printed dental
models made with 2 prototype technologies and different designs of
model bases. Am J Orthod Dentofac Orthop. 2017;151:1178-87.

Kim SY, Shin YS, Jung HD, Hwang CJ, Baik HS, Cha JY. Precision and
trueness of dental models manufactured with different 3-dimensional
printing techniques. Am J Orthod Dentofac Orthop. 2018;153:144-53.

Park ME, Shin SY. Three-dimensional comparative study on the accuracy
and reproducibility of dental casts fabricated by 3D printers. J Prosthet
Dent. 2018;119:e1-e861.

Kim SY, Lee SH, Cho SK, Jeong CM, Jeon YC, Yun MJ, Huh JB. Comparison of
the accuracy of digitally fabricated polyurethane model and conventional
gypsum model. J Adv Prosthodont. 2014,6:1-7.

Imam H, Gram M, Benetti AR, Gotfredsen K. Accuracy of stereolithography
additive casts used in a digital workflow. J Prosthet Dent. 2018;119:580-5.
Koch GK, Gallucci GO, Lee SJ. Accuracy in the digital workflow: from data
acquisition to the digitally milled cast. J Prosthet Dent. 2016;115:749-54.
Leonardi R, Lo Giudice A, Rugeri M, Muraglie S, Cordasco G, Barbato E.
Three-dimensional evaluation on digital casts of maxillary palatal size and
morphology in patients with functional posterior crossbite. Eur J Orthod.
2018;40(5):556-62.

Leonardi R, Muraglie S, Lo Giudice A, Aboulazm KS, Nucera R. Evaluation of
mandibular symmetry and morphology in adult patients with unilateral
posterior crossbite: a CBCT study using a surface-to-surface matching
technique. Eur J Orthod. 2020. https://doi.org/10.1093/ejo/cjz106.

Isola G, Polizzi A, Muraglie S, Leonardi RM, Lo Giudice A. Assessment Of
vitamin C And Antioxidants Profiles In Saliva And Serum In Patients With
Periodontitis And Ischemic Heart Disease. Nutrients. 2019;11(12). https://doi.
0rg/10.3390/nu11122956.

Lo Giudice A, Nucera R, Ronsivalle V, Di Grazia C, Rugeri M, Quinzi V.
Enhance the diagnosis of maxillary transverse discrepancy through 3-D
technology and surface to surface superimposition. A description of the
digital work flow with documented case report. Eur J Paed Dent. in press.
Sanchez-Lara A, Chochlidakis KM, Lampraki E, Molinelli R, Molinelli F. Ercoli C
comprehensive digital approach with the digital smile system: a clinical
report. J Prosthet Dent. 2019;121(6):871-5.


https://doi.org/10.1093/ejo/cjz106
https://doi.org/10.3390/nu11122956
https://doi.org/10.3390/nu11122956

Lo Giudice et al. BMC Oral Health

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

(2020) 20:165

Isa ZM, Tawfiq OF, Noor NM, Shamsudheen M|, Rijal OM. Regression
methods to investigate the relationship between facial measurements and
widths of the maxillary anterior teeth. J Prosthet Dent. 2010;103(3):182-8.
Gurel G, Morimoto S, Calamita MA, Coachman C, Sesma N. Clinical
performance of porcelain laminate veneers: outcomes of the aesthetic pre-
evaluative temporary (APT) technique. Int J Periodontics Restorative Dent.
2012;32(6):625-35.

Gherlone EF, Capparé P, Vinci R, Ferrini F, Gastaldi G, Crespi R.
Conventionalversus digital impressions for all-on-four restorations. Int J Oral
Maxillofac Implants. 2016;31(2):324-30.

Nucera R, Lo Giudice A, Bellocchio M, Spinuzza P, Caprioglio A, Cordasco G.
Diagnostic concordance between skeletal cephalometrics, radiograph-based
soft-tissue cephalometrics, and photograph-based soft-tissue
cephalometrics. Eur J Orthod. 2017;39(4):352-7.

Ercus S, Chung E, Mclaren E. Esthetics with minimal tooth preparation
achieved through a digital approach. Compend Contin Educ Dent. 2013;
34(6):428-31.

Reshad M, Cascione D, Magne P. Diagnostic mock-ups as an objective tool
for predictamble outcomes with porcelain laminate veneers in esthetically
demanding patients: a clinical report. J Prosthet Dent. 2008;99(5):333-9.
Coachman C, Georg R, Bohner L, Rigo LC, Sesma N. Chairside 3D digital
design and trial restoration workflow. J Prosthet Dent. 2020;7. https://doi.
0rg/10.1016/j.prosdent.2019.10.015.

Verma RJ, Singh SP, Verma S, Kumar V, Bhupali NR, Arora S. Comparison of
reliability, validity, and accuracy of linear measurements made on pre- and
posttreatment digital study models with conventional plaster study models.
J Orthod Sci. 2019,8:18.

Santoro M, Galkin S, Teredesai M, Nicolay OF, Cangialosi TJ. Comparison of
measurements made on digital and plaster models. Am J Orthod Dentofac
Orthop. 2003;124:101-5.

Jods-Kovécs G, Vecsei B, Kérmendi S, Gyarmathy VA, Borbély J, Hermann P.
Trueness of CAD/CAM digitization with a desktop scanner - an in vitro
study. BMC Oral Health. 2019;19(1):280.

Yau HT, Yang TJ, Lin YK. Comparison of 3-D printing and 5-axis milling for
the production of dental emodels from intra-oral scanning. CAD App. 2016;
13:32-8.

Jeong Y-G, Lee W-S, Lee K-B. Accuracy evaluation of dental models
manufactured by CAD/CAM milling method and 3D printing method. J Adv
Prosthodont. 2018;10(3):245-51.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/j.prosdent.2019.10.015
https://doi.org/10.1016/j.prosdent.2019.10.015

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Photographic examination
	CAD-CAM workflow
	Step 1- virtual planning
	Step 2- realization of digitally designed mock-ups
	Step 3- surface-to-surface analysis of milled and prototyped mock-ups
	Step 4- clinical test

	Statistical analysis

	Results
	Discussion
	Limitations

	Conclusion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

