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Featured Application: Additive manufacturing of dental casts.

Abstract: The study aimed to evaluate the time-related accuracy of additively manufactured dental
casts and to compare it with scan data obtained with an intraoral scanner in vitro. Twenty-eight
markers were attached to a set of dentiforms as reference model, and the distances between the
markers were measured using a digital caliper. An intraoral scanner was used to obtain the virtual
scan data of the reference model with a total of 30 scans per arch. The distances between markers
were measured using a three-dimensional inspection software for all scans (group 10S). Scan data
were additively manufactured using a 3D printer, and the distances between markers were measured
as in the reference model immediately after post-polymerization (group PPIA), 1 day (group PP1D),
7 days (group PP7D), and 30 days after post-polymerization (group PP30D). The linear deviation in
group I0S was 199.74 + 11.14 um, PPIA was 242.88 + 49 um, PP1D was 259.9 + 42.59 um, PP7D
was 289.82 + 39.74 um, and PP30D was 315.8 & 33.28 pum, in comparison with the reference model,
with significant differences among all groups (all p < 0.05). When additively manufacturing casts
from scan data to verify the quality of dental prostheses designed virtually, the prostheses should be
adapted to casts manufactured within one week.

Keywords: accuracy; additive manufacturing; cast-free digital workflow; direct digitization;
postpolymerization

1. Introduction

Advances in digital technology have led to various changes in the field of prosthodon-
tics [1,2]. As a result, current impression-making methods, whose accuracy significantly af-
fects the adaptation and lifespan of dental prostheses, not only include the use of elastomeric
impression materials, but also digital scanning using intraoral scanners [3]. Impression-
making methods using rubber-base impression materials are a gold standard, yet various
factors, including the choice of impression material, impression technique, disinfection
protocol, transport, reset time, and type of gypsum, affect impression accuracy [4-8]. On
the other hand, digital scanning using intraoral scanners reduces patient discomfort during
impression making and shortens the working time, simplifying the clinical process and
allowing the storage of patient information without requiring a separate space [9-12].

The implementation of computer-aided design/computer-aided manufacturing (CAD/
CAM) technology and additive manufacturing has also benefited from the development of
digital technology, enabling the fabrication of more sophisticated prostheses while offering
shorter working time, convenience, and cost-effectiveness [13]. For fabricating precise
dental prostheses, in addition to obtaining an accurate impression, dental casts should be
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highly accurate. Employing additive manufacturing processes in the fabrication of dental
casts requires less equipment and fewer materials while reproducing complex structures
with high precision [14-19].

A previous study reported clinically acceptable accuracy and reproducibility of the
additively manufactured dental casts compared to dental plaster casts fabricated using the
traditional method [20]. Another study reported the higher accuracy of additively man-
ufactured dental casts than that of milled casts [17]. However, additively manufactured
dental casts may experience shrinkage, distortion, and deformation, because a photopoly-
merizing resin is used as a substrate [21-24]. As various factors can affect the accuracy of
additively manufactured dental casts, several studies have investigated them under diverse
conditions, such as additive manufacturing methods, printing angulation, or printing
time [25].

In clinical situations, a cast-free digital workflow for the fabrication of implant pros-
theses is becoming popular. However, concerns regarding the absence of a dental cast
exist due to the difficulty in directly viewing, sensing, and evaluating the harmony of the
implant prostheses with the adjacent teeth and soft tissues. It is therefore beneficial to not
only evaluate the prostheses virtually on CAD software, but also to place the prostheses on
additively manufactured dental casts [26,27]. However, studies comparing the accuracy of
additively manufactured dental casts with that of virtual data from an intraoral scanner
are lacking.

The aim of this study was to investigate the dimensional stability of additively manu-
factured dental casts over time in reference to a physical reference model, and to compare
the additively manufactured dental casts with the scanned data of this reference model
obtained with an intraoral scanner. The null hypotheses were that additively manufactured
dental casts neither differ in terms of dimension over time nor do they differ from intraoral
scan data.

2. Materials and Methods

A schematic diagram of the overall experimental workflow is presented in Figure 1. A
set of dentiforms (AG-3 DA; Frasaco, Tettnang, Germany) was used as reference model.
Markers were attached to the buccal gingiva, 3 mm beneath each of the 28 teeth, using
a flowable resin (Tetric N-Flow; Ivoclar Vivadent, Schaan, Liechtenstein) (Figure 2). For
standardized measurement of the distances between these markers, a digital caliper (CD-6"
ASX; Mitutoyo, Kawasaki-shi, Japan) was used [28-30].

Measurements were categorized into two groups: within-arch and inter-arch (Figure 3).
The within-arch measurements were further subdivided into mesiodistal and transverse
measurements. For the mesiodistal measurements, anterior and posterior teeth were
measured separately. The distances between the distal surface of the distal markers and
the mesial surface of the mesial markers of the posterior teeth were individually measured
on each side, yielding 12 measurements per arch. The same procedures were repeated for
the anterior teeth, yielding six measurements per arch. For the transverse measurements,
distances between the midpoint of the markers of the corresponding each contralateral
tooth were measured, yielding seven measurements per arch. In total, 50 measurements per
arch pair (25 measurements per arch) were performed for the within-arch measurements.
The inter-arch measurements were obtained with the teeth in occlusion; distances between
the upper border of the markers in the maxillary arch and lower border of the corresponding
markers in the mandibular arch were measured, yielding 14 measurements in total.

An intraoral scanner (TRIOS 3; 3Shape A/S, Copenhagen, Denmark) was used to scan
the reference dentiform models. Scanning was performed under room light by a single
experienced operator, and the scanner was calibrated every 10th time [31,32]. A total of
30 scans were obtained per arch from left to right. The scanned datasets were saved in the
standard tessellation language (STL) file format. Each set of maxillary and mandibular scan
datasets was imported into a three-dimensional inspection software program (Geomagic
Control X version 2018.0.0; 3D Systems, Rock Hill, SC, USA), and the distances between the
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markers were measured using the same protocol as in the measurement of the reference
dentiform models.

Measurement of 64 sites from dentiform (reference model)

v

30 sets of scan data obtained with intraoral scanner
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Figure 1. Experimental workflow.

Figure 2. Modified dentiform (reference model) used in the study.

A total of 60 scan datasets were additively manufactured with a 3D-printing resin mate-
rial (NextDent Model 2.0; NextDent B.V., Soesterberg, The Netherlands) and a digital light
processing-based 3D printer (NextDent 5100; NextDent B.V., Soesterberg, The Netherlands).
Three sets of vertical bars were attached to each pair of maxillary and mandibular scan
datasets using the model builder module in the CAD software program (3Shape Dental
System; version 1.7.17.0, 3Shape A/S, Copenhagen, Denmark). A supportive bar was
attached to the posterior part of the cast. The cast was set at a 45° angle to the built plat-
form, and the layer thickness was set to 50 um [33-35]. The 3D-printing resin material was
shaken for 5 min and mixed for 2.5 h using a resin mixer (LC-3DMixer; NextDent B.V.,
Soesterberg, The Netherlands) prior to use. Immediately after additive manufacturing,
the casts were washed for 10 min in 99% isopropyl alcohol solution and dried for 5 min.
Subsequently, the casts were additionally post-polymerized for 10 min in a polymerizing
machine (LC-3DPrint Box UV; NextDent B.V., Soesterberg, The Netherlands), according to
the manufacturer’s protocol. The same digital caliper was used to measure the distance
between the markers of the additively manufactured casts with the same method as the
measurements of the reference dentiform models. The distances between markers were
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additionally measured with the same method after 1, 7, and 30 days. All dental casts were
stored at room temperature.

Figure 3. Cont.
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Figure 3. Measurement sites. (a) Mesiodistal within-arch measurements in the maxillary arch.
(b) Mesiodistal within-arch measurements in the mandibular arch. (c¢) Transverse within-arch mea-
surements. (d) Inter-arch measurements.

All measurements were conducted by a single, experienced, calibrated researcher, and
the statistical software program SPSS v25 (IBM, Armonk, NY, USA) was used to analyze
the results. The values measured on the scan data obtained using the intraoral scanner with
the 3D inspection software program (Geomagic Control X version 2018.0.0; 3D Systems,
Rock Hill, SC, USA) and those measured on the additively manufactured dental casts
were individually subtracted from the corresponding values obtained from the reference
dentiform models, and the absolute values of these deviations were used for the analyses.
Group IOS was defined as the absolute values of the deviations of the distances between
the scan data obtained with the intraoral scanner and the corresponding values directly
measured on the reference dentiform. Group PPIA was defined as the absolute values of the
deviations measured as differences in the distances between the additively manufactured
dental casts immediately after post-polymerization and the corresponding values directly
measured on the reference dentiform model; in group PP1D it was measured 1 day after
post-polymerization, in group PP7D after 7 days, and in group PP30D after 30 days.

The mean values of 64 measurements in the arch pair were selected as representa-
tive values of overall measurements. The Shapiro-Wilk test was conducted to evaluate
the assumption of normal distribution of the obtained values. Subsequently, a one-way
repeated-measures analysis of variance (RMANOVA), followed by post hoc Bonferroni test,
were applied for the analysis of dimensional stability among the groups 10S, PPIA, PP1D,
PP7D, and PP30D. The significance level was set to o« = 0.05.

3. Results

The data in each group did not violate the assumption of normal distribution (p > 0.05
for all groups). Hence, an RMANOVA test was performed. The Mauchly’s test of sphericity
results showed that the assumption of sphericity was violated (W = 0.071, x?[9] = 72.65,
p <0.05); therefore, the analysis was performed by applying the Greenhouse-Geisser
correction. The results showed significant differences among groups (F [2.06,59.587] = 99.15,
p < 0.001, #? = 0.514). The deviation in group IOS was 199.74 + 11.14 um, PPIA was
242.88 £ 49 um, PP1D was 259.9 + 42.59 um, PP7D was 289.82 £ 39.74 um, and PP30D
was 315.8 £ 33.28 pm, with significant differences among all groups, showing increased
deviation with time (Figure 4).
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Figure 4. Linear deviation values of all groups. Data expressed as mean + standard deviations.
Differences among groups with p < 0.05 expressed in different capital letters.

4. Discussion

The null hypotheses were rejected as all groups showed significant differences. The
present study digitized a set of actual dentiform models with an intraoral scanner to
assess the accuracy of its subsequent additively manufactured casts over time and their
comparisons with digitized intraoral scan data. It is difficult to find clear reference points
for the measurement of the tooth and gingival surfaces. Accordingly, resin markers were
designed and attached to gingival surfaces and used as reference points for measurement;
these reference points allowed consistent results to be derived through repeated measures.

In contrast to intraoral scan data and additively manufactured casts, in which
30 measured values were obtained individually for each set of intraoral scan data and each
set of additively manufactured casts per each predetermined measurement distance, only
a single true value can exist for each predetermined measurement distance. Therefore,
deviations between the intraoral scan data and additively manufactured predetermined
measurement distance were compared to a reference dentiform model set. Moreover, to
eliminate the possibility of misinterpretation due to the presence of positive and negative
values, we compared absolute deviation values.

Several studies have reported the acceptable range of deviations in additively man-
ufactured casts as 20-100 um [13,20,36-39]. Accordingly, the deviations of groups PPIA,
PP1D, and PP7D can be regarded as within the clinically acceptable range if intraoral
scan data are to be used for the fabrication of dental prostheses and further additively
manufactured for the verification process, because the difference between groups 10S
and PP7D was 90.08 pm. This result is partially in line with a previous study evaluating
the aging of additively manufactured casts over a 4-week period, which concluded that
3D-printed additively manufactured casts should not be used in the fabrication of the
definitive prosthesis after 34 weeks since their fabrication [40].

Shrinkage over time is an indication that additively manufactured dental casts lack
stability, and thus, it may not be advisable to use them after long-term storage. The present
study verified this with a sufficient number of samples and from linear measurement
aspects. The accuracy of dental casts can be measured with various approaches, among
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which 3D deviation measurements and linear measurements are the most popular [41-44].
While 3D analysis offers overall insights and can be expressed as color-coded maps for
easy visualization, linear measurements enable direct evaluation with reference to specific
points and provide an intuitive understanding of the amount of deviation by facilitating
sub-analyses in different orientations [45-49].

The present study has a few limitations. In addition to the in vitro nature of the study
design, only a single type of intraoral scanner and 3D printer were used. Further studies
employing various intraoral scanners and 3D printers are necessary. The timepoints of
measurements were not at equal intervals; therefore, it was impossible to detect the critical
timepoints for significant changes. Furthermore, complete arches were scanned, which
may be less clinically relevant when fabricating short-span prostheses. A comparison of
the outcomes in scans of partial-arches will be crucial to draw case-sensitive conclusions
useful in clinical settings.

5. Conclusions
Within the limitations of the present study, the following conclusions were drawn:

1.  The absolute linear deviations of additively manufactured dental casts significantly
differ from those of intraoral scan data.

2. When evaluating cast-free, digital workflow-derived prostheses on additively manufac-
tured casts, the casts should be manufactured immediately after post-polymerization
or within one week from a clinical perspective to achieve the best accuracy. This
would help the use of additively manufactured dental casts for a digital workflow,
and allow for a direct view and ascertain the harmony between the prosthesis and the
adjacent teeth and soft tissues.
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