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Abstract

This study compared the accuracy (trueness and precision) of stone models fabricated
using two brands of CAD/CAM optimized stones Cerec Stone (BC) and Elite Master (EM),
and a conventional type 1V stone Elite Rock Fast (ERF). 30 conventional Type IV and scan-
nable stone complete-arch models were scanned with a blue LED extraoral scanner, and
root mean square values were obtained. 6 abutments were used in complete-arch models.
The digital models were compared with the master model to evaluate their trueness using
model superimposition with Geomagic software. Precision was determined for each case by
superimposing combinations of the 10 datasets in each group. The point cloud density of
each model was calculated with MeshLab software. Kruskal-Wallis and Mann-Whitney non-
parametric tests were used for the statistical analysis. The trueness of the stone models
was 96 um for the BC, 88.2 ym for the EM, and 87.6 um for the ERF. There were no signifi-
cant differences between the tested dental stones (p = .768). However, the EM models
(35.6 pm) were more precise than the BC (46.9 um) and ERF (56.4 um) models (p = .001,

p <.001). EM models also showed the highest point cloud density. There were significant dif-
ferences in point cloud density (p = .003). The EM models showed significant differences in
precision but no significant differences in terms of trueness. Although EM was more precise
and had the highest point cloud density, all models were within the clinically acceptable limit.

Introduction

Despite the recent advances in CAD/CAM technology, stone casts are remain an essential part
of laboratory procedures in dentistry, such as fabricating working and diagnostic models,
removable dies, mounting casts, and porcelain layering [1-3].

Accuracy is crucial in fixed restorations’ marginal and internal fit. Therefore, accurate repli-
cas of teeth are essential to obtain clinically acceptable results [4]. Dental stones are cheap, easy
to handle, widely available, and compatible with impression materials [2, 5, 6].

According to American Dental Association (ADA), gypsum products are classified into five
types, from type I to type V [7]. Type IV dental stone has high strength and low expansion,
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and is used to fabricate definitive casts and dies for a long time [8]. A void-free definitive cast
is fundamental in dental technologies, including CAD/CAM and digital scanning systems.
Since the development of intraoral scanning is still ongoing to optimize accuracy and time-
cost issues, conventional impressions and extraoral scanning of stone models are widely used
[1]. According to International Organization for Standardization (ISO) No. 6873, scannable
stones should have high dimensional stability and reproducibility and low expansion (0.07%),
and minimal bubble formation [7]. The surface of scannable stones should not be shiny,
should not require powder during scanning, and should have a very smooth surface and low
surface roughness for superior scans [9].

Different devices such as analog or digital calipers, profile projectors, and microscopes have
been to evaluate the accuracy of stone casts. These devices allow for the measurement of linear
distances between specific landmarks [10]. In recent years, developments in digitizing systems
have given us the ability to perform 3-dimensional measurements on virtual models. This has
allowed us to make a more quantitative and qualitative analysis of the accuracy of indirect res-
torations and to have better information [11].

Accuracy is comprised of the following parameters: trueness and precision [12, 13]. True-
ness is the deviation of the fabricated object from its actual dimensions [12, 14]. Precision is
the deviation between repeated measurements [13]. The stone model and removable die mate-
rials should be accurately scannable because the stone cast material can affect the precision of
data acquisition during scanning [9].

Recent advances in CAD/CAM technology have led to the development of scannable dental
stones. According to manufacturers, scannable stones are specially formulated to be optimized
for use with CAD/CAM systems and are available in a range of colors that are easily detected
by modern laser and optical scanners [15]. Despite their potential benefits, there is still a lack
of data on the accuracy of scannable dental stones. Therefore, comparing scannable dental
stones to traditional dental stones is necessary to determine their effectiveness during extraoral
scanning procedures [1]. In this study, two types of CAD/CAM optimized stones and one type
IV stone, commonly used in dental clinical settings, were selected. The aim of this study was to
evaluate the accuracy of working casts fabricated from CAD/CAM optimized stones in terms
of trueness and precision. The null hypothesis was that there are no statistically significant dif-
ferences between the tested materials.

Materials and methods

An arch-shaped master model measuring 14 mm in height and 16 mm in width was designed
using CAD software (RapidForm XOR2; 3D Systems). Six abutments representing prepared
teeth (right and left mandibular second molar, right and left mandibular second premolar,
right and left mandibular canine) with a height of 10.15 mm and 6° total angle of convergence
with Imm shoulder finish line were placed on the arch. The abutments were designed accord-
ing to ANSI /ADA specifications, which are also similar to abutments on the test model used
in ISO 12836:2015 specification (Digitizing devices for CAD/CAM systems for indirect dental
restorations-Test methods for assessing accuracy) [16].

The digital master model was then saved in Standard Tessellation Language (.stl) format
and printed using a Polyjet 3D printer (Objet30 Prime, Stratasys Ltd.). The Polyjet 3D printers
utilize materials that are extruded from nozzles or a photopolymer that is jetted over the work-
space. Then the object is solidified through polymerization with the use of a UV light source
[17]. The Objet30 Prime printer uses the intuitive “Objet Studio” 3D printing software. A rigid
and transparent photopolymer material named VeroClear was used to print the master model,
while the SUP705 material was used for support structures. The SUP705 material is removable
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with a waterjet, so no post-curing process was necessary. The production time of the master
model took 4 hours and 10 minutes.

An industrial structured blue LED light 3D scanner (ATOS Core 200 5M, GOM GmbH,
Braunschweig, Germany) was selected for use. The scanner was calibrated and tested accord-
ing to VDI/VDIE 2634 (VDI e.V; Diisseldorf, Germany), displaying maximum deviations:

2 um probing error form (sigma), 4 pm probing error (size), 7 um sphere spacing error and
8 um length measurement error. The printed master model was then scanned ten times with
the ATOS scanner and the scan data was merged into a single file using computer software.
The data was then exported in STL format.

Polyvinyl siloxane (PVS) impression material and a one-step impression technique
were used for the impression procedure. The impression materials were mixed according
to the manufacturer’s instructions. The PVS putty impression material (Vinlybest; BMS
DENTAL, Capannoli, Italy) was hand-mixed until a homogeneous mixture was obtained
within 30 seconds, and it was then inserted into the customized tray. The light-body mate-
rial (Vinlylight; BMS DENTAL, Capannoli, Italy) was simultaneously spread on the master
model. The impressions were allowed to polymerize, and the trays were removed after the
materials had set. A total of 30 impressions were made under the same room conditions
and stored at room temperature (22° C) for 2 hours before the pouring procedure. All
impressions were examined visually, and impressions with voids were excluded from the
study.

The dental gypsum products used in this study included two CAD/CAM optimized
stones (CEREC Stone BC, Sirona Dental Systems GmbH Bensheim, Germany) (BC) and
(Elite Master, Zhermack S.p.A, Italy) (EM) and one conventional type IV stone (Elite Rock
Fast, Zhermack S.p.A, Italy) (ERF) (Fig 1). The composition and characteristics of the mate-
rials are summarized in Table 1. All dental stones were mixed according to the respective
manufacturer’s recommendations. Deionized water was used. Each stone cast was poured
under vibration (Degussa Vibrator R2; Degussa AG, Germany) and allowed to set for 2
hours at room temperature. A total of 30 stone casts were made (n = 10). Then, all stone
models were scanned with the Activity 885 blue light scanner (Smart Optics; Bauman Sen-
sortechnik GmbH, Germany, the accuracy of 6 pm according to DIN ISO 12836) [18], and
digital models were obtained.

In the 3D analysis (Geomagic Control, 3D Systems) procedure, a sample size of 15,000
points with a tolerance of 0.001 mm and the best-fit alignment method was used. The 3D anal-
ysis software gave the root mean square (RMS) and average maximum and minimum values.
Trueness was determined by superimposing the digital master model data on the digital mod-
els. Precision was assessed for each digital model by overlaying combinations of the 10 datasets
in each group.

The color-coded maps of deviations were created using scans of the stone models. The
maps were presented using 3D analysis software. Yellow to red fields represent enlargements,
while turquoise to dark blue fields represent contractions on the digital models (Fig 2). The
point cloud density of each model was calculated using MeshLab software (ISTI—CNR, Pisa,
Italy) (Fig 3). The number of all points that construct the complete digital model was divided
by the model’s surface area in mm?®.

Statistical analysis was performed with a significance level of 95% and %99 using software
NCSS (Number Cruncher Statistical System) 2007 (Kaysville, Utah, USA). The distribution of
study data was evaluated with the Shapiro-Wilk Test. Since the assumption of normality was
not met, Kruskal Wallis and Mann-Whitney non-parametric tests were used to compare the
different dental stones and the statistical analysis of the measurements.
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Fig 1. (a) 3D printed master model and abbreviations for each abutment, (b) Stone model fabricated with BC stone,
(c) Stone model fabricated with EM resin-reinforced stone, (d) Stone model fabricated with conventional type IV ERF
stone.

https://doi.org/10.1371/journal.pone.0282509.9001

Results

In terms of trueness, the lowest deviation was observed in ERF (87.6 pum), while the highest
was in BC (96 um). However, no significant differences were found among the tested materials
(p =.768) (Table 2).
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Table 1. Details and material characteristics of tested gypsum products.

Product Type Manufacturer Color Water/Powder ratio (ml/ | Setting Code
8) expansion
CEREC Stone | IV (scannable) Sirona Dental Systems GmbH, Bensheim, Ivory 20/100 <0.08% BC
Germany

Elite Master | IV Resin reinforced Zhermack, Badia Polesine (RO), Italy Sandy 21/100 0.08% EM
(scannable) brown

Elite Rock IV (Conventional) Zhermack, Badia Polesine (RO), Italy Sandy 20/100 0.08% ERF

Fast brown

https://doi.org/10.1371/journal.pone.0282509.t001

There were significant differences in the mean RMS values of precision of stone models
(p =.001). The mean precision was 46.9 um for the BC models, 35.6 um for the EM models,
and 56.4 pm for the ERF models (Table 3). EM models were more precise than BC and ERF
models (p =.001, p < .001).

The comparison of point cloud density measurements among the three stone models
showed significant differences (p = .003). The mean point cloud density was 183.3 points/mm?
for BC models, 189.2 points/mm? for EM models, and 185.1 points/mm? for ERF models
(Table 4). EM models had the highest point cloud density compared to BC and ERF (p = .001,
p =.001).

According to group comparison results, significant differences were observed at abutments
A1, A2, A3,and A5 (p =.023, p =.026, p = .020, p = .004). For Al, A2, A3, and A5, EM models
had the highest RMS values and these differences were significant when compared to BC and
ERF (p =.001, p =.001, p =.001, p =.001). However, no significant differences were found for
A4 and A6 groups (p =.052, p =.272) (Table 5).

Discussion

According to the results of the present study, tested gypsum products showed no significant
differences in terms of trueness (p = .768). However, EM showed higher precision than BC
and ERF (p =.001, p < .001). Therefore, the null hypothesis of the study was partially
accepted.

Stone models are considered the gold standard and a fundamental material for diagnosis,
treatment planning, and fabrication of prostheses [1, 6, 14, 19-21]. The type IV dental stone is
commonly used to fabricate definitive casts and removable dies for fixed prostheses due to its
superior mechanical properties, such as high compressive strength, hardness, and low expan-
sion [9, 22-24].

Various impression materials and techniques, different brands of dental stones, and trays
are used to fabricate definitive casts, and these factors can affect the accuracy of definitive
casts. The definitive casts are scanned by extraoral or intraoral scanners in the digital work-
flow. Therefore, scanning accuracy is an essential factor that plays a critical role in the long-
term success of prosthetic restorations [10, 25]. Different devices such as analog or digital cali-
pers, profile projectors, and microscopes have been to evaluate the accuracy of stone casts
[26, 27]. Some studies have reported that the accuracy of intraoral scans decreases with the
increased length of the scanned model, which can result in registration problems of the over-
lapping images [14, 28-34].

Digitizing definitive casts with extraoral scanners in the laboratory is the most common
method of CAD/CAM in the dental field. Although using an extraoral scanner adds digitaliza-
tion errors to the conventional fabrication, this method is still the most reliable option for the
production of prosthodontic treatments and shows excellent long-term results [20, 35].
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Fig 2. Typical deviation pattern between tested stone models and master model (trueness). The deviation range is
color-coded from +500 um (dark red) to =500 um (dark blue). Maximum/minimum nominal 50 um (green). Yellow
through red color code indicates that, stone model is larger than the master model; light blue through dark blue color
code indicates that, stone model is smaller than the master model; green surfaces present deviations ranging between 0
to +50 um. (a) BC, (b) EM, (c) ERF.

https://doi.org/10.1371/journal.pone.0282509.9002

Extraoral scanners capture the whole surface to acquire more data simultaneously The blue
light-emitting diode (LED) extraoral scanner was used in the present study. The scanner uses
stripe light triangulation, and the accuracy was 6 pum [14, 30-32].
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Fig 3. (a-e-i) Point cloud of each complete-arch stone model. (b-f-j) point density shown on each abutment. (c-g-k) point
density and polygon meshes shown on each abutment. (d-h-1) Close view of points and polygon meshes for the comparison
of each stone model.

https://doi.org/10.1371/journal.pone.0282509.9003

In the data acquisition process, the scanner software generates a point cloud and uses a tri-
angulation process to combine the points and embody the scanned object. The scanner collects
information about the distance of each point from the object’s surface in every scan. Acquired
data is then transferred to a standard coordinate reference system to perform the alignment
that combines the points to obtain a complete 3D model of the object [36, 37]. In this process,
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Table 2. Trueness RMS values (um) for all stone models.

Mean Std. deviation Min Max
BC 96 28.56 64.9 129.9
EM 88.2 16.48 53.9 110.2
ERF 87.6 33.78 53.9 141.6
https://doi.org/10.1371/journal.pone.0282509.t002
Table 3. Precision values (um) for all stone models.

Mean Std. deviation Min Max
BC 46.9 21.05 17 75.3
EM 35.6 13.84 19.4 77.8
ERF 56.4 25.88 18.2 119.3
https://doi.org/10.1371/journal.pone.0282509.t003
Table 4. Point cloud density (points/mm?) of all stone models.

Mean Std. deviation Min Max
BC 183.3 2.48 178.7 187.1
EM 189.2 391 180 195
ERF 185.1 2.13 183.1 190.7

https://doi.org/10.1371/journal.pone.0282509.1004

errors due to the point cloud generation during scanning may occur. An increase in the number
of points captured during the digitization process lowers errors due to greater data acquisition
[38]. However, no correlation was found between the triangle count and accuracy [39, 40]. The
accuracy of the digital models relies on the quality of the point cloud created by the software
algorithm [40].

Table 5. Deviations (um) occurred at abutments A1 to A6 for all groups (“p < .05, “*p < .01).

Mean Std. deviation Min Max P
Al BC 23.2 3.74 20.1 30.5 .023*
EM 30.7 7.39 18.6 41.3
ERF 23.3 4.69 17.7 32.4
A2 BC 22.5 3.76 17.7 29 .026*
EM 27 4.41 18.9 34.2
ERF 22.3 3.35 14.6 26.2
A3 BC 25.7 2.41 21.9 29.2 .020"
EM 29 2.7 25 33.3
ERF 24.5 4.43 17.7 31.2
A4 BC 23.3 4.03 17.8 32.4 .052
EM 27 3.73 22.3 33.8
ERF 23.5 2.89 18.7 27.4
A5 BC 22.9 2.02 20.8 27.4 .004**
EM 28.1 4.12 24.1 35.3
ERF 24.1 2.14 20.3 27.6
A6 BC 22.9 3.44 16.4 29.2 272
EM 27.9 6.97 20.2 40.7
ERF 24.5 3.72 19.8 30.6

https://doi.org/10.1371/journal.pone.0282509.t005
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In order to observe the effect of CAD/CAM optimized stones on the accuracy, the point
cloud density of gathered data from the scanned models fabricated with different stones was
compared. The number of all points that construct the whole digital model was divided by the
model’s surface area in mm®. This process gave us the density of data acquired by the scanner.
Besides, the improved characteristics of dental stones, such as surface roughness or color,
might enable scanners to collect more information. Thongma-Eng et al. [41] reported that the
color of the scanned object influenced the accuracy of the scans. Therefore, the colors of the
plaster models were selected to be similar to each other. The point cloud densities of BC, EM,
and ERF models were 183.3, 189.2, and 185.1 point/mmz, respectively. This difference (higher
point cloud density of EM) was statistically significant (p = .003). The density of the points was
expected to be different if the CAD/CAM optimized stones were distinctive. Since the same
impression procedure and scanner were used for all models, the differences in point cloud
density may be related to the material’s surface properties, which can affect light reflection
characteristics and the data acquisition process of the scanner [9]. In the previous studies, the
accuracy of definitive casts was assessed by linear measurements between specific landmarks
[10, 42-44]. However, the linear assessment technique limits the evaluation of three-dimen-
sional distortion of definitive casts, and manual measurements may be susceptible to operator
performance [3, 10, 19].

Contrary to linear assessment, computer-aided measurements are more reliable and pro-
vide advantages in determining the 3-dimensional changes over the complete arch. In addi-
tion, dimensional differences can be detected objectively, and these changes can be observed
on the color-coded maps [19]. Computer-aided measurement was used as a reference method
in some recent studies for high precision analyses [45, 46].

In this method, the software performs best-fit alignment and superimposition procedures.
The software reports showed deviation percentages, changes in all directions, average positive
and negative deviations, and root means square (RMS) of deviations. If the positive and nega-
tive distortions show an equal distribution in the quantitative inspection, average values will
be close to zero. For this reason, RMS values were preferred instead of average (+) and average
(-) values to evaluate accuracy in the present study [3, 39, 47].

Some studies showed that the accuracy decreases when the scanned area increases [47, 48].
When scanning larger areas, multiple images are merged, and this may lead to progressive dis-
tortion and higher inaccuracy [14]. Cross marks on the occlusal surface of abutments and ref-
erence lines on the buccal and lingual surface of the arch were added to optimize the accuracy
of superimposition process. Therefore, the arch’s horizontal and vertical lengths were designed
differently to perform the superimposition process effectively. In addition, Seo et al. [10] con-
cluded that the best-fit alignment method might include superimposition errors on complete
arches compared to one quadrant. Although the master model in the present study had specific
landmarks, each abutment was isolated and analyzed separately to eliminate the influence of
deviations associated with arch distortion due to long-span scanning.

Another factor that affects prosthetic restorations’ long-term success is the marginal fit. To
achieve this goal, internal and marginal gaps have to be set minimum because misfits can jeop-
ardize abutment teeth and periodontal tissues [49, 50].

There is no consensus on acceptable misfit values for prosthetic restorations, but values in
the range of 100-150 microns are generally considered clinically acceptable [51-54]. There-
fore, the accuracy of stone models used in prosthetic restorations must be within this range or
even better. Previous studies have shown that the trueness of complete-arch dental models
ranges from 11 to 312 pum [12, 46, 48, 55-58]. In the present study, the mean trueness of the
complete-arch model ranged from 87.6 to 96 pum, and the differences were not statistically sig-
nificant. Cho et al. [48] reported a mean precision of 54 pm for complete-arch casts. Another
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study found that the precision of full-arch dental models was 61.3 um [57]. This study showed
that the mean precision of complete-arch models was 35.6 to 56.4 um. This significant differ-
ence (p =.001) in precision values of the EM models might be related to the use of resin-rein-
forced stone. Kim et al. [9] found that the surface roughness of the resin-reinforced stones is
lower than that of conventional type IV stones. Additionally, the physical and chemical charac-
teristics of CAD/CAM optimized stones can affect the resolution and quality of the point
cloud data.

Objects with smaller dimensions can be digitized more accurately than larger ones, such as
the complete dental arch [12, 34]. Jeon et al. [56] used RMS values to evaluate the trueness and
precision of a single master die and found that the mean trueness was 17.4 pm, and the mean
precision was. 14.6 um.

The trueness value of each abutment was decreased compared to the full-arch trueness val-
ues and ranged from 22.3 to 30.7 um. While some findings of other studies are lower than the
results in this study, the previous studies used various impression and gypsum materials, mas-
ter models with different geometries, scanners, and different software programs, which may
have affected the outcome and limited the comparability of the results. Additionally, the accu-
racy of all models made with tested dental stones was within the clinically acceptable limit and
could be used to fabricate prosthetic restorations.

Color deviation maps were used in previous studies to reveal the amount and pattern of
deviations on scanned models. According to the color-coded maps, deviation patterns
were observed similarly for all stone models. The most significant dimensional changes
occurred in the posterior region (abutments Al and A6), where molars were placed. Abut-
ments Al, A2, A5, A6, and the posterior buccal surface of the arch were mostly smaller
than the master model. However, the upper surface of the arch displayed a homogenous
pattern of green surfaces. Between the abutments A2-A3 and A4-A5, a slight expansion
was observed. On the other hand, a slight contraction was observed on the anterior buccal
surface of the arch, and a slight expansion was observed on the posterior lingual side of the
arch.

The limitations of the present study include: the 3D analysis was conducted in vitro using
standardized models, only one impression material and dental scanner were utilized, and the
deviations in the X, Y, and Z directions were not determined. Future studies should include
the surface roughness of the stone models and different brands of CAD/CAM optimized
stones.

Conclusions

The current study demonstrated that the complete-arch models manufactured with the tested
stones were within clinical tolerance and could be appropriate for the production of fixed res-
torations. The tested CAD/CAM optimized complete-arch stone models (BC and EM) were
not superior to type IV conventional stone models (ERF) in terms of trueness. However, resin-
reinforced scannable stone (EM) was significantly more precise than other tested stones. The
resin-reinforced scannable stone (EM) showed a much denser point cloud compared to the
other stones evaluated.

Supporting information

S1 Dataset.
(XLSX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0282509 March 6, 2023 10/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0282509.s001
https://doi.org/10.1371/journal.pone.0282509

PLOS ONE

Accuracy of CAD/CAM optimized and conventional type IV dental stones

Author Contributions

Conceptualization: Giilsiim Ceylan, Faruk Emir.

Data curation: Faruk Emir.

Formal analysis: Faruk Emir.

Investigation: Giilsiim Ceylan.

Methodology: Giilsiim Ceylan, Faruk Emir.

Validation: Giilsiim Ceylan, Faruk Emir.

Visualization: Faruk Emir.

Writing - original draft: Giilsiim Ceylan, Faruk Emir.

Writing - review & editing: Giilstiim Ceylan, Faruk Emir.

References

1.

10.

11.

12.

13.

14.

15.

Kim JH, Im YW, Oh S, Kim KW, Lee JH, Lee HH. Characterization of an anti-foaming and fast-setting
gypsum for dental stone. Dent Mater. 2019; 35(12):1728-1739. https://doi.org/10.1016/j.dental.2019.
08.110 PMID: 31542247

Tango RN, Souza DLA, Silva LH, Sato TP, Borges ALS, Carvalho PCK. Effect of the mixing method on
the dimensional stability of dental stones. Braz Dent Sci. 2018; 21(4):432—436.

Emir F, Piskin B, Sipahi C. Effect of dental technician disparities on the 3-dimensional accuracy of defin-
itive casts. J Prosthet Dent. 2017; 117(3):410—-418. https://doi.org/10.1016/j.prosdent.2016.06.008
PMID: 27677213

Persson AS, Andersson M, Oden A, Sandborgh-Englund G. Computer aided analysis of digitized dental
stone replicas by dental CAD/CAM technology. Dent Mater. 2008; 24(8):1123-1130. https://doi.org/10.
1016/j.dental.2008.01.008 PMID: 18336900

Azer SS, Kerby RE, Knobloch LA. Effect of mixing methods on the physical properties of dental stones.
J Dent. 2008; 36(9): 736—744. https://doi.org/10.1016/j.jdent.2008.05.010 PMID: 18583014

Czajkowska M, Walejewska E, Zadrozny L, Wieczorek M, Swieszkowski W, Wagner L, et al. Compari-
son of dental stone models and their 3D printed acrylic replicas for the accuracy and mechanical proper-
ties. Materials 2020; 13(18):4066. https://doi.org/10.3390/ma13184066 PMID: 32933195

New American Dental Association Specification No. 25 for dental gypsum products. J Am Dent Assoc.
1972; 84(3):640—-644. https://doi.org/10.14219/jada.archive.1972.0120 PMID: 4500377

Kim DY. Evaluation of the effect of abutment preparation angles on the repeatability and reproducibility
using a blue light model scanner. J Adv Prosthodont. 2020; 12(4):210. https://doi.org/10.4047/jap.
2020.12.4.210 PMID: 32879711

Kim KB, Kim JH, Kim SH. Impact of surface roughness of gypsum materials on adaptation of zirconia
cores. J Adv Prosthodont. 2015; 7(3):199-206. https://doi.org/10.4047/jap.2015.7.3.199 PMID:
26140171

Seo K, Kim S. A New Method to Evaluate Trueness and Precision of Digital and Conventional Impres-
sion Techniques for Complete Dental Arch. Appl Sci. 2021; 11(10):4612.

Jeon JH, Lee KT, Kim HY, Kim JH, Kim WC. White light scanner-based repeatability of 3-dimensional
digitizing of silicon rubber abutment teeth impressions. J Adv Prosthodont. 2013; 5(4):452—456. https://
doi.org/10.4047/jap.2013.5.4.452 PMID: 24353885

Vandeweghe S, Vervack V, Vanhove C, Dierens M, Jimbo R, De Bruyn H Accuracy of optical dental dig-
itizers: an in vitro study. Int J Periodontics Restorative Dent. 2015; 35(1):115-121. https://doi.org/10.
11607/prd.2185 PMID: 25734714

ISO 5725—1, Accuracy (trueness and precision) of measurement methods and results-Part 1: General
principles and definitions, Geneva, Switzerland, International Organization for Standardization. 1994.

Ender A, Mehl A. Accuracy of complete-arch dental impressions: a new method of measuring trueness
and precision. J Prosthet Dent. 2013; 109(2):121-128. https://doi.org/10.1016/S0022-3913(13)60028-
1 PMID: 23395338

Hamm J, Berndt EU, Beuer F, Zachriat C. Evaluation of model materials for CAD/CAM in vitro studies.
Int J Comput Dent. 2020; 23(1):49-56. PMID: 32207461

PLOS ONE | https://doi.org/10.1371/journal.pone.0282509 March 6, 2023 11/14


https://doi.org/10.1016/j.dental.2019.08.110
https://doi.org/10.1016/j.dental.2019.08.110
http://www.ncbi.nlm.nih.gov/pubmed/31542247
https://doi.org/10.1016/j.prosdent.2016.06.008
http://www.ncbi.nlm.nih.gov/pubmed/27677213
https://doi.org/10.1016/j.dental.2008.01.008
https://doi.org/10.1016/j.dental.2008.01.008
http://www.ncbi.nlm.nih.gov/pubmed/18336900
https://doi.org/10.1016/j.jdent.2008.05.010
http://www.ncbi.nlm.nih.gov/pubmed/18583014
https://doi.org/10.3390/ma13184066
http://www.ncbi.nlm.nih.gov/pubmed/32933195
https://doi.org/10.14219/jada.archive.1972.0120
http://www.ncbi.nlm.nih.gov/pubmed/4500377
https://doi.org/10.4047/jap.2020.12.4.210
https://doi.org/10.4047/jap.2020.12.4.210
http://www.ncbi.nlm.nih.gov/pubmed/32879711
https://doi.org/10.4047/jap.2015.7.3.199
http://www.ncbi.nlm.nih.gov/pubmed/26140171
https://doi.org/10.4047/jap.2013.5.4.452
https://doi.org/10.4047/jap.2013.5.4.452
http://www.ncbi.nlm.nih.gov/pubmed/24353885
https://doi.org/10.11607/prd.2185
https://doi.org/10.11607/prd.2185
http://www.ncbi.nlm.nih.gov/pubmed/25734714
https://doi.org/10.1016/S0022-3913%2813%2960028-1
https://doi.org/10.1016/S0022-3913%2813%2960028-1
http://www.ncbi.nlm.nih.gov/pubmed/23395338
http://www.ncbi.nlm.nih.gov/pubmed/32207461
https://doi.org/10.1371/journal.pone.0282509

PLOS ONE

Accuracy of CAD/CAM optimized and conventional type IV dental stones

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Caputi S, Varvara G. Dimensional accuracy of resultant casts made by a monophase, one-step and
two-step, and a novel two-step putty/light-body impression technique: an in vitro study. J Prosthet Dent.
2008; 99(4):274-281. https://doi.org/10.1016/S0022-3913(08)60061-X PMID: 18395537

Alharbi N, Wismeijer D, Osman RB. Additive Manufacturing Techniques in Prosthodontics: Where Do
We Currently Stand? A Critical Review. Int J Prosthodont. 2017; 30(5):474—484. https://doi.org/10.
11607/ijp.5079 PMID: 28750105

Lin X, Chen T, Liu J, Jiang T, Yu D, Shen SGF. Point-based superimposition of a digital dental model on
to a three-dimensional computed tomographic skull: an accuracy study in vitro. Br J Oral Maxillofac
Surg. 2015; 53(1):28-33. https://doi.org/10.1016/j.bjoms.2014.09.007 PMID: 25300890

Choi JW, Ahn JJ, Son K, Huh JB. Three-dimensional evaluation on accuracy of conventional and milled
gypsum models and 3D printed photopolymer models. Materials 2019; 12(21):3499. https://doi.org/10.
3390/ma12213499 PMID: 31731447

Baldi A, Comba A, Vergano EA, Vakalis ML, Alovisi M, Pasqualini D, et al. Digital Procedures Com-
pared to Conventional Gypsum Casts in the Manufacturing of CAD/CAM Adhesive Restorations: 3D
Surface Trueness and Interfacial Adaptation Analysis. Appl Sci. 2021; 11(11):5060.

Nagasawa Y, Hibino Y, Shigeta H, Eda Y, Matsumoto S, Nakajima H. Characteristics of a new dental
stone mixed by shaking. Dent Mater J. 2020; 39(3):355—366. https://doi.org/10.4012/dmj.2018-427
PMID: 31852877

Silva MA, Vitti RP, Consani S, Sinhoreti MAC, Mesquita MF, Consani RLX. Linear dimensional change,
compressive strength and detail reproduction in type IV dental stone dried at room temperature and in a
microwave oven. J Appl Oral Sci 2012; 20(5):588-593. https://doi.org/10.1590/s1678-
77572012000500016 PMID: 23138748

Kioleoglou |, Pissiotis A, Konstantinos M. Accuracy of fit of implant-supported bars fabricated on defini-
tive casts made by different dental stones. J Clin Exp Dent. 2018; 10(3):e252—-e263. https://doi.org/10.
4317/jced.54603 PMID: 29721227

Al-Abidi K, Ellakwa A. The effect of adding a stone base on the accuracy of working casts using different
types of dental stone. J Contemp Dent Pract. 2006; 7(4):17-28. PMID: 16957787

Emir F, Ayyildiz S, Piskin B, Sipahi C. Volumetric evaluation and three-dimensional accuracy of different
elastomeric impression materials. Measurement 2018; 127:436—442.

Thangwarawut P, Amornvit P, Rokaya D, Kiattavorncharoen S. Comparison of Different Types of Static
Computer-Guided Implant Surgery in Varying Bone Inclinations. Materials (Basel). 2022; 15(9):3004.
https://doi.org/10.3390/ma15093004 PMID: 35591339

Amornvit P, Rokaya D, Peampring C, Sanohkan S. Confocal 3D Optical Intraoral Scanners and Com-
parison of Image Capturing Accuracy. Comput Mater Contin. 2021; 66(1):303-314.

Su TS, Sun J. Comparison of repeatability between intraoral digital scanner and extraoral digital scan-
ner: An in-vitro study. J Prosthodont Res. 2015; 59(4):236—242. https://doi.org/10.1016/j.jpor.2015.06.
002 PMID: 26211702

Park JM, Kim RJ, Lee KW. Comparative reproducibility analysis of 6 intraoral scanners used on com-
plex intracoronal preparations. J Prosthet Dent. 2020; 123(1):113—120. https://doi.org/10.1016/j.
prosdent.2018.10.025 PMID: 31027953

Abduo J, Elseyoufi M. Accuracy of Intraoral Scanners: A Systematic Review of Influencing Factors.
Eur. J Prosthodont Restor Dent. 2018; 26(3):101-121. https://doi.org/10.1922/EJPRD_01752Abduo21
PMID: 29989757

Keul C, Runkel C, Gith J, Schubert O. Accuracy of data obtained from impression scans and cast
scans using different impression materials. Int J Comput Dent. 2020; 23(2):129-138. PMID: 32555766

Végtlin C, Schulz G, Jager K, Muller B. Comparing the accuracy of master models based on digital
intra-oral scanners with conventional plaster casts. Phys Med. 2016; 1(1):20—26.

Kaewbuasa N, Ongthiemsak C. Effect of different arch widths on the accuracy of three intraoral scan-
ners. J Adv Prosthodont. 2021; 13(4):205-215. https://doi.org/10.4047/jap.2021.13.4.205 PMID:
34504672

Amornvit P, Rokaya D, Sanohkan S. Comparison of Accuracy of Current Ten Intraoral Scanners.
Biomed Research International 2021; 2021:2673040.

Shimizu S, Shinya A, Kuroda S, Gomi H. The accuracy of the CAD system using intraoral and extraoral
scanners for designing of fixed dental prostheses. Dent Mater J. 2017; 36(4):402—407. https://doi.org/
10.4012/dm;j.2016-326 PMID: 28302948

Imburgia M, Logozzo S, Hauschild U, Veronesi G, Mangano C, Mangano F.G. Accuracy of four intraoral
scanners in oral implantology: a comparative in vitro study. BMC Oral Health 2017; 17(1):1-13. https://
doi.org/10.1186/s12903-017-0383-4 PMID: 28577366

PLOS ONE | https://doi.org/10.1371/journal.pone.0282509 March 6, 2023 12/14


https://doi.org/10.1016/S0022-3913%2808%2960061-X
http://www.ncbi.nlm.nih.gov/pubmed/18395537
https://doi.org/10.11607/ijp.5079
https://doi.org/10.11607/ijp.5079
http://www.ncbi.nlm.nih.gov/pubmed/28750105
https://doi.org/10.1016/j.bjoms.2014.09.007
http://www.ncbi.nlm.nih.gov/pubmed/25300890
https://doi.org/10.3390/ma12213499
https://doi.org/10.3390/ma12213499
http://www.ncbi.nlm.nih.gov/pubmed/31731447
https://doi.org/10.4012/dmj.2018-427
http://www.ncbi.nlm.nih.gov/pubmed/31852877
https://doi.org/10.1590/s1678-77572012000500016
https://doi.org/10.1590/s1678-77572012000500016
http://www.ncbi.nlm.nih.gov/pubmed/23138748
https://doi.org/10.4317/jced.54603
https://doi.org/10.4317/jced.54603
http://www.ncbi.nlm.nih.gov/pubmed/29721227
http://www.ncbi.nlm.nih.gov/pubmed/16957787
https://doi.org/10.3390/ma15093004
http://www.ncbi.nlm.nih.gov/pubmed/35591339
https://doi.org/10.1016/j.jpor.2015.06.002
https://doi.org/10.1016/j.jpor.2015.06.002
http://www.ncbi.nlm.nih.gov/pubmed/26211702
https://doi.org/10.1016/j.prosdent.2018.10.025
https://doi.org/10.1016/j.prosdent.2018.10.025
http://www.ncbi.nlm.nih.gov/pubmed/31027953
https://doi.org/10.1922/EJPRD%5F01752Abduo21
http://www.ncbi.nlm.nih.gov/pubmed/29989757
http://www.ncbi.nlm.nih.gov/pubmed/32555766
https://doi.org/10.4047/jap.2021.13.4.205
http://www.ncbi.nlm.nih.gov/pubmed/34504672
https://doi.org/10.4012/dmj.2016-326
https://doi.org/10.4012/dmj.2016-326
http://www.ncbi.nlm.nih.gov/pubmed/28302948
https://doi.org/10.1186/s12903-017-0383-4
https://doi.org/10.1186/s12903-017-0383-4
http://www.ncbi.nlm.nih.gov/pubmed/28577366
https://doi.org/10.1371/journal.pone.0282509

PLOS ONE

Accuracy of CAD/CAM optimized and conventional type IV dental stones

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Tapie L, Lebon N, Mawussi B, Duret F. Understanding dental CAD/CAM for restorations—accuracy from
a mechanical engineering viewpoint Comprendre la CFAQ pour les restaurations dentaire—la précision
vue de I'ingénierie mécanique. Int J Comput Dent. 2015; 18(4):343-367.

Medina-Sotomayor P, Pascual-Moscard6 A, Camps | Relationship between resolution and accuracy of
four intraoral scanners in complete-arch impressions. J Clin Exp Dent. 2018; 10(4):e361-e366. https://
doi.org/10.4317/jced.54670 PMID: 29750097

Mandelli F, Gherlone E, Gastaldi G, Ferrari M. Evaluation of the accuracy of extraoral laboratory scan-
ners with a single-tooth abutment model: A 3D analysis. J Prosthodont Res. 2017; 61(4):363-370.
https://doi.org/10.1016/j.jpor.2016.09.002 PMID: 27771189

Jods-Kovacs G, Vecsei B, Kérmendi S, Gyarmathy V, Borbély J, Hermann P. Trueness of CAD/CAM
digitization with a desktop scanner—an in vitro study. BMC Oral Health 2019; 19(1):1-14.

Thongma-Eng P, Amornvit P, Silthampitag P, Rokaya D, Pisitanusorn A. Effect of Ambient Lights on
the Accuracy of a 3-Dimensional Optical Scanner for Face Scans: An In Vitro Study. J Healthc Eng.
2022; 2022:2637078. https://doi.org/10.1155/2022/2637078 PMID: 36032545

Vitti RP, Silva MA, Consani RLX, Sinhoreti MAC. Dimensional accuracy of stone casts made from sili-
cone-based impression materials and three impression techniques. Braz Dent J. 2013; 24(5):498-502.
https://doi.org/10.1590/0103-6440201302334 PMID: 24474292

Shah S, Sundaram G, Bartlett D, Sherriff M. The use of a 3D laser scanner using superimpositional soft-
ware to assess the accuracy of impression techniques. J Dent. 2004; 32(8):653—658. https://doi.org/
10.1016/j.jdent.2004.07.005 PMID: 15476960

Brosky M.E, Pesun IJ, Lowder PD, Delong R, Hodges JS. Laser digitization of casts to determine the
effect of tray selection and cast formation technique on accuracy. J Prosthet Dent. 2002; 87(2):204—
209.

Persson AS, Odén A, Andersson M, Sandborgh-Englund G. Digitization of simulated clinical dental
impressions: virtual three-dimensional analysis of exactness. Dent Mater. 2009; 25(7):929-936.
https://doi.org/10.1016/j.dental.2009.01.100 PMID: 19264353

Brosky M, Major R, DeLong R, Hodges J. Evaluation of dental arch reproduction using three-dimen-
sional optical digitization. J Prosthet Dent. 2003; 90(5):434—440. https://doi.org/10.1016/j.prosdent.
2003.08.021 PMID: 14586306

Patzelt S, Emmanouilidi A, Stampf S, Strub JR, Att W. Accuracy of full-arch scans using intraoral scan-
ners. Clin Oral Investig. 2014; 18(6):1687—-1694. https://doi.org/10.1007/s00784-013-1132-y PMID:
24240949

Cho SH, Schaefer O, Thompson GA, Guentsch A. Comparison of accuracy and reproducibility of casts
made by digital and conventional methods. J Prosthet Dent. 2015; 113(4):310-315. https://doi.org/10.
1016/j.prosdent.2014.09.027 PMID: 25682531

Mously HA, Finkelman M, Zandparsa R, Hirayama H. Marginal and internal adaptation of ceramic
crown restorations fabricated with CAD/CAM technology and the heat-press technique. J Prosthet
Dent. 2014; 112(2):249-256. https://doi.org/10.1016/j.prosdent.2014.03.017 PMID: 24795263

Keul C, Stawarczyk B, Erdelt KJ, Beuer F, Edelhoff D, Guth JF. Fit of 4-unit FDPs made of zirconia and
CoCr-alloy after chairside and labside digitalization—a laboratory study. Dent Mater. 2014; 30(4):400—
407. https://doi.org/10.1016/j.dental.2014.01.006 PMID: 24522150

Syrek A, Reich G, Ranftl D, Klein C, Cerny B, Brodesser J. Clinical evaluation of all-ceramic crowns fab-
ricated from intraoral digital impressions based on the principle of active wavefront sampling. J Dent.
2010; 38(7):553-559. https://doi.org/10.1016/j.jdent.2010.03.015 PMID: 20381576

Beuer F, Neumeier P, Naumann M. Marginal fit of 14-unit zirconia fixed dental prosthesis retainers. J
Oral Rehabil. 2009; 36(2):142—149. https://doi.org/10.1111/j.1365-2842.2008.01908.x PMID:
18976261

Att W, Komine F, Gerds T, Strub JR. Marginal adaptation of three different zirconium dioxide three-unit
fixed dental prostheses. J Prosthet Dent. 2009; 101(4):239-247. https://doi.org/10.1016/S0022-3913
(09)60047-0 PMID: 19328277

Park JY, Kim HY, Kim JH, Kim JH, Kim WC. Comparison of prosthetic models produced by traditional
and additive manufacturing methods. J Adv Prosthodont. 2015; 7(4):294-302. https://doi.org/10.4047/
jap.2015.7.4.294 PMID: 26330976

Gith JF, Keul C, Stimmelmayr M, Beuer F, Edelhoff D. Accuracy of digital models obtained by direct
and indirect data capturing. Clin Oral Investig. 2013; 17(4):1201-1208. https://doi.org/10.1007/s00784-
012-0795-0 PMID: 22847854

Jeon JH, Hwang SS, Kim JH, Kim WC. Trueness and precision of scanning abutment impressions and
stone models according to dental CAD/CAM evaluation standards. J Adv Prosthodont. 2018; 10
(5):335-339. https://doi.org/10.4047/jap.2018.10.5.335 PMID: 30370023

PLOS ONE | https://doi.org/10.1371/journal.pone.0282509 March 6, 2023 13/14


https://doi.org/10.4317/jced.54670
https://doi.org/10.4317/jced.54670
http://www.ncbi.nlm.nih.gov/pubmed/29750097
https://doi.org/10.1016/j.jpor.2016.09.002
http://www.ncbi.nlm.nih.gov/pubmed/27771189
https://doi.org/10.1155/2022/2637078
http://www.ncbi.nlm.nih.gov/pubmed/36032545
https://doi.org/10.1590/0103-6440201302334
http://www.ncbi.nlm.nih.gov/pubmed/24474292
https://doi.org/10.1016/j.jdent.2004.07.005
https://doi.org/10.1016/j.jdent.2004.07.005
http://www.ncbi.nlm.nih.gov/pubmed/15476960
https://doi.org/10.1016/j.dental.2009.01.100
http://www.ncbi.nlm.nih.gov/pubmed/19264353
https://doi.org/10.1016/j.prosdent.2003.08.021
https://doi.org/10.1016/j.prosdent.2003.08.021
http://www.ncbi.nlm.nih.gov/pubmed/14586306
https://doi.org/10.1007/s00784-013-1132-y
http://www.ncbi.nlm.nih.gov/pubmed/24240949
https://doi.org/10.1016/j.prosdent.2014.09.027
https://doi.org/10.1016/j.prosdent.2014.09.027
http://www.ncbi.nlm.nih.gov/pubmed/25682531
https://doi.org/10.1016/j.prosdent.2014.03.017
http://www.ncbi.nlm.nih.gov/pubmed/24795263
https://doi.org/10.1016/j.dental.2014.01.006
http://www.ncbi.nlm.nih.gov/pubmed/24522150
https://doi.org/10.1016/j.jdent.2010.03.015
http://www.ncbi.nlm.nih.gov/pubmed/20381576
https://doi.org/10.1111/j.1365-2842.2008.01908.x
http://www.ncbi.nlm.nih.gov/pubmed/18976261
https://doi.org/10.1016/S0022-3913%2809%2960047-0
https://doi.org/10.1016/S0022-3913%2809%2960047-0
http://www.ncbi.nlm.nih.gov/pubmed/19328277
https://doi.org/10.4047/jap.2015.7.4.294
https://doi.org/10.4047/jap.2015.7.4.294
http://www.ncbi.nlm.nih.gov/pubmed/26330976
https://doi.org/10.1007/s00784-012-0795-0
https://doi.org/10.1007/s00784-012-0795-0
http://www.ncbi.nlm.nih.gov/pubmed/22847854
https://doi.org/10.4047/jap.2018.10.5.335
http://www.ncbi.nlm.nih.gov/pubmed/30370023
https://doi.org/10.1371/journal.pone.0282509

PLOS ONE Accuracy of CAD/CAM optimized and conventional type IV dental stones

57. Ender A, Mehl A. Full arch scans: conventional versus digital impressions—an in-vitro study Ganzkiefer-
aufnahmen: konventionelle versus digitale Abformtechnik—eine In-vitro-Untersuchung. Int J Comput
Dent. 2011; 14(1):11-21.

58. HayamaH, Fueki K, Wadachi J, Wakabayashi N. Trueness and precision of digital impressions
obtained using an intraoral scanner with different head size in the partially edentulous mandible. J
Prosthodont Res. 2018; 62(3):347-352. https://doi.org/10.1016/j.jpor.2018.01.003 PMID: 29502933

PLOS ONE | https://doi.org/10.1371/journal.pone.0282509 March 6, 2023 14/14


https://doi.org/10.1016/j.jpor.2018.01.003
http://www.ncbi.nlm.nih.gov/pubmed/29502933
https://doi.org/10.1371/journal.pone.0282509

