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PURPOSE. The present study aimed to evaluate the accuracy of a desktop scanner and intraoral scanners based 
on the volumetric dimensions of a complete arch. MATERIALS AND METHODS. Seven reference models were 
fabricated based on the volumetric dimensions of complete arch (70%, 80%, 90%, 100%, 110%, 120%, and 
130%). The reference models were digitized using an industrial scanner (Solutionix C500; MEDIT) for the 
fabrication of a computer-aided design (CAD) reference model (CRM). The reference models were digitized using 
three intraoral scanners (CS3600, Trios3, and i500) and one desktop scanner (E1) to fabricate a CAD test model 
(CTM). CRM and CTM were then superimposed using inspection software, and 3D analysis was conducted. For 
statistical analysis, one-way analysis of variance was used to verify the difference in accuracy based on the 
volumetric dimensions of the complete arch and the accuracy based on the scanners, and the differences among 
the groups were analyzed using the Tukey HSD test as a post-hoc test (α=.05). RESULTS. The three different 
scanners showed a significant difference in accuracy based on the volumetric dimensions of the complete arch 
(P<.05), but the desktop scanner did not show a significant difference in accuracy based on the volumetric 
dimensions of the complete arch (P=.808). CONCLUSION. The accuracy of the intraoral scanners was 
dependent on the volumetric dimensions of the complete arch, but the volumetric dimensions of the complete 
arch had no effect on the accuracy of the desktop scanner. Additionally, depending on the type of intraoral 
scanners, the accuracy differed according to the volumetric dimensions of the complete arch. [ J Adv Prosthodont 
2020;12:361-8]
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Introduction

With the introduction of  dental computer-aided design and 
computer-aided manufacturing (CAD-CAM), integrating 
digital technology into the conventional workflow, which 
had previously been dependent on the operator’s experience 
and skill, has become possible.1-5 In the 1970s, digital tech-
nology has been applied in clinical dentistry.5 The first-pro-
posed digital workflow was a partially digital workflow 
accompanied by impression taking and definitive model fab-
rication.3,6 Subsequently, the development of  an intraoral 
scanner in the 1980s has enabled a fully digital workflow.3,6

The first step of  the digital workflow is to obtain a vir-
tual model of  the patient.7,8 The accuracy of  the scan has a 
big impact on the fit of  the dental removable and fixed 
prostheses.7,8 Factors such as ambient light, the humidity of  
the indoor and oral cavity, and the operator’s proficiency 
affect the accuracy of  the scan during the creation of  the 
virtual models using either a desktop scanner or an intraoral 
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scanner.7-11 Additionally, studies have found a significant dif-
ference in the accuracy of  scanning based on scanner types 
and scan strategies.12-15

In contrast to a desktop scanner, an intraoral scanner 
obtains information about the oral cavity through a small 
scan tip in the limited space of  the oral cavity.16,17 Hence, 
areas scanned only once are limited when using the intraoral 
scanner, and the virtual model is completed by stitching and 
aligning partially scanned areas.18-20 Accordingly, with an 
intraoral scanner, the distortion of  the dental arch occurs at 
the tooth from which the scanning begins.3 Consequently, 
studies are divided into those that recommend the scanning 
range of  the complete arch for fixed prostheses in the intra-
oral scanner21-23 and those that do not.2-4 Conversely, because 
the desktop scanner scans the complete arch simultaneously 
and completes the virtual model via stitching and alignment, 
little distortion occurs.3

The accuracy of  scanners has been evaluated in various 
ways.24-26 Several studies have evaluated scanner accuracy 
using the 3-dimensional (3D) overlapping method,27-34 in 
which a virtual model obtained by a high-precision industrial 
scanner serves as the standard for evaluation, and the differ-
ence in the average distance between the two virtual models 
is calculated by overlapping the standard model with that of  
the virtual model obtained using a scanner to be evaluat-
ed.27-30 This method has been used by several studies as the 
standard evaluation of  scanner accuracy.27-30 Additionally, 
previous studies recommended a scanner accuracy of  < 100 
µm for fixed prostheses.3,4,16 However, no studies have veri-
fied the scanning accuracy required for clinical use.

Several studies that evaluated the accuracy of  scanners 
did not consider the volumetric dimension of  the complete 
arch.2-4 The preceding studies did not consider the volumet-
ric dimension of  the complete arch and did not evaluate the 
impact of  the volumetric dimension.21-23 However, when 
obtaining a virtual model of  the complete arch using an 
intraoral scanner, the distortion of  the dental arch occurs, 
and the accuracy of  the scan may vary depending on the 
volumetric dimension of  the complete arch.

In the present study, we aimed to evaluate the accuracy 
of  both a desktop scanner and intraoral scanners based on 
the volumetric dimensions of  a complete arch. The first null 
hypothesis is that there would be no difference in accuracy 
between the desktop scanner and the intraoral scanner 
based on the volumetric dimensions of  the complete arch. 
The second null hypothesis is that there would be no differ-
ence in accuracy among the scanners at each volumetric 
dimension of  the complete arch.

Materials and methods

A dental typodont model (ANKA-4 V CER; Frasaco, 
Tettnang, Germany) was scanned with an industrial scanner 
(Solutionix C500; MEDIT, Seoul, Republic of  Korea) to 
fabricate a virtual model. The volumetric dimensions of  the 
complete arch of  the obtained virtual model were adjusted 
using 3D printer software (ZENITH Software; Dentis, 

Daegu, Republic of  Korea). Based on all of  the obtained 
virtual models, a total of  seven virtual models were fabricat-
ed by changing the volumetric dimensions by 10% (70%, 
80%, 90%, 100%, 110%, 120%, and 130%). The seven fab-
ricated virtual models were printed out using a 3D printer 
(ZENITH U; Dentis) via a stereolithography apparatus 
method. With the models printed out as recommended by 
the manufacturer, the remaining resin was removed using 
83% ethanol and light-cured for 10 min in an ultraviolet 
light-curing device (CURE DEN; Dentis). Additionally, to 
prevent light reflex on the surface of  the resin models, they 
were duplicated as stone models. The duplicated stone 
models were set as the reference models.

Using an industrial scanner (Solutionix C500) with a 
high resolution of  2 × 5 megapixels, an accuracy below 10 
µm, and a blue light-emitting diode, seven reference models 
were scanned. The industrial 3D scanner was calibrated 
before scanning, and according to the manufacturer’s 
instructions, the seven reference models were scanned pre-
cisely. Additionally, the scanned virtual model was designat-
ed as a CRM file (Fig. 1). The results of  the measurements 
of  the width and the length of  the complete arch in the 
CRM file, referring to the measurement method of  the pre-
vious study, are shown in Table 1.31

In the present study, we used three different scanners 
(CS3600 [Carestream Dental, Atlanta, GA, USA], Trios3 
[3Shape, Copenhagen, Denmark], and i500 [MEDIT]) and 
one desktop scanner (E1 [3Shape]) to fabricate a CTM of  
the reference model (Table 2). The three different intraoral 
scanners were calibrated before scanning, and according to 
the manufacturer’s instructions, the seven reference models 
were scanned precisely. Because the accuracy of  the intra-
oral scanners might vary depending on the order of  com-
plete arch scanning, the present study applied the scanning 
sequence associated with the best accuracy as reported by a 
previous study (Fig. 2).35 Additionally, according to ISO-
12836, scanners were set at an ambient temperature of  

Fig. 1.  CAD reference models according to the volumet-
ric dimensions of the complete arch.
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Table 1.  Complete arch width and length of CAD reference 
models according to volumetric dimensions of the complete 
arch

Volumetric 
dimension of the 

complete arch (%)

Intercanine 
width*

Intermolar 
width*

Arch length**

Distance (mm)

70 27.05 38.45 52.54

80 30.78 43.29 60.88

90 34.45 49 67.96

100 38.03 54.62 75.82

110 41.93 59.54 82.58

120 46.03 65.94 89.8

130 50.58 71.09 96.78

* Arch width measurements: intercanine width, the distance between the cusp 
tips of the canines; intermolar width, the distance between the mesiobuccal 
cusp tips of the first permanent molars.
**Arch length measurements: anterior arch length, the distance between the 
contact point of the central incisors and contact point between the canine and 
first premolar; posterior arch length, the distance between the contact point of 
the canine and the first premolar and the contact point between the second 
premolar and the first permanent molar; total arch length, the sum of the 
anterior and posterior arch lengths.

Fig. 2.  Strategies of complete arch scanning. (A) First scanning procedure from “Start a” to opposite canine (1 to 5), (B) 
Second scanning procedure from “Start b” to opposite second molar (6 to 10).

A B

23°C ± 2°C during scanning,36 and a single operator (M.K.) 
skilled in using each intraoral scanner conducted the scan-
ning 17 times (N = 17). Scanning accuracy was evaluated 
through the five pilot experiments prior to the initiation of  
the experimental condition and via power analysis software 
(G*Power 3.1.9.2; Heinrich-Heine-Universität Düsseldorf, 
Germany). In the present study, it has been found that 17 
scans were necessary (actual power = 99.76%, power = 
99.7%, α = 0.05). Additionally, for the 3D analysis, the data 
were exported into a standard tessellation language file.

First, to conduct the 3D analysis of  the displacement of  
the teeth using only the 3D analysis program (Geomagic 
Control X 2018.0.0; 3D Systems, Cary, NC, USA), the teeth 
were only segmented by excluding the gingiva from the 
CRM file (Fig. 3A). After preparing the CRM file, the CTM 
file was retrieved (Fig. 3B), and the initial alignment was 
conducted. Additionally, in the CRM file, only the segment-
ed teeth were designated as the area for conducting the best 
fit alignment (Fig. 3C). At this time, the sampling ratio was 
designated at 100%.

The 3D difference between the CRM file and the CTM 
file was calculated for all data points of  the segmented 
teeth. Data points were calculated using the root mean 
square (RMS) with the following formula:3,30

Table 2.  Intraoral scanners tested

System Scanner technology Light source Acquisition method

CS3600 Confocal microscopy Light Video sequence

Trios3 Confocal microscopy Light Video sequence

i500 Triangulation technology Light Video sequence

Effect of the volumetric dimensions of a complete arch on the accuracy of scanners
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Fig. 3.  Three-dimensional analysis procedure. (A) Tooth segmentation of CAD reference model (CRM), (B) CAD test 
model (CTM), (C) Superimposition of CRM and CTM, (D) Color difference map by 3D analysis.

A B

C D

where X1,i is the measurement point of  i in the CRM, X2,i is 
the measurement point of  i in the CTM, and n refers to the 
number of  all points measured in each analysis. The RMS 
shows the deviation between the two sets of  data. Thus, a 
low RMS indicates a high 3D agreement of  the superim-
posed data. Additionally, the 3D comparison was shown by 
a color difference map and a 3D displacement color range 
of  ±100 µm (20 color segments). A color range with a 
tolerance of  ± 10 µm was designated as green (Fig. 3D), 
indicating a very high agreement between the CRM and the 
CTM.

All data were analyzed using statistical analysis software 
(SPSS Software 25.0; IBM, Armonk, NY, USA) (α = .05). 
First, using the Shapiro-Wilk test, the normal distribution 
of  data was examined. A normal distribution was identified, 
and the equality of  the distribution was evaluated using the 
Levene test. To evaluate the differences in accuracy based 
on the volumetric dimension of  the complete arch and 
accuracy based on the scanner type, one-way analysis of  
variance (ANOVA) was used, and the difference among the 
groups was analyzed using the Tukey HSD test as a post-
hoc test. Lastly, to evaluate the interaction effect between 
the scanner factor and the volumetric dimension of  the 
complete arch factor, an analysis was conducted using two-
way ANOVA.

Results

There was a significant difference in accuracy according to 
scanner types based on all volumetric dimensions of  the 

complete arch (P <.001) (Fig. 4; Table 3). Additionally, 
depending on the volumetric dimension of  the complete 
arch, the three intraoral scanner types (CS3600, Trios3, and 
i500) showed significant differences in accuracy (P <.05) 
(Fig. 4; Table 3). Meanwhile, there was no significant differ-
ence in accuracy based on the volumetric dimension of  the 
complete arch in the desktop scanner (P = .808) (Fig. 4; 
Table 3).

CS3600 showed the best accuracy at 70% (30.1 ± 1.5 
µm), whereas it showed the worst accuracy at 130% (65.4 ± 
5.8 µm) (Table 3). Trios3 showed the best accuracy at 70% 
(22.3 ± 2.2 µm), whereas it showed the worst accuracy at 
120% (44.2 ± 6.4 µm) (Table 3). i500 showed the best 
accuracy at 100% (33.8 ± 9.6 µm), whereas it showed the 
worst accuracy at 70% (64.9 ± 19.2 µm) and 120% (63.3 ± 
11.6 µm) (Table 3).

The present study found that the scanner type and the 
volumetric dimension of  a complete arch had an interaction 
effect (P < .001) and that these two factors affected the 
accuracy (Table 3).

The color difference map showed a tendency similar to 
the result shown in Table 3 (Fig. 5). In the desktop scanner, 
green areas of  10 µm were mostly observed in all volumet-
ric dimensions of  the complete arch (Fig. 5A). Meanwhile, 
there were larger errors in the intraoral scanners than in the 
desktop scanner, and the displacement aspect differed 
depending on the intraoral scanner (Fig. 5). In CS3600 and 
Trios3, the largest green area of  10 µm was observed at 
70% (Fig. 5B and C), whereas with the i500, the largest 
green area was observed at 100% (Fig. 5D).

J Adv Prosthodont 2020;12:361-8
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Discussion

In the present study, we evaluated the accuracy of  the scan-
ners according to the volumetric dimension of  the complete 
arch. We found a significant impact on accuracy based on 
the volumetric dimension of  the complete arch for the 
intraoral scanners. Additionally, the accuracy was affected by 
the scanner at each volumetric dimension of  the complete 
arch. Thus, except for desktop scanners (P = .808), all 
hypotheses in the present study were rejected (P < .001).

Several previous studies have reported that desktop 
scanners were more accurate than intraoral scanners.3-5 
Likewise, in the present study, the same result was shown in 
which the desktop scanner was more accurate. In previous 
studies, differences between desktop scanners and intraoral 

scanners were compared in one study model,3,4 but in the 
present study, significant differences were observed with the 
size of  the arch as a variable. When comparing the desktop 
scanner and the intraoral scanner, the size of  the arch did 
not affect the accuracy of  the desktop scanner, but the size 
of  the arch had a significant effect on the intraoral scanner.

Many previous studies have evaluated the accuracy of  
intraoral scanners in a complete arch scan.2-4 Braian and 
Wennerberg reported that the accuracy of  intraoral scanners 
(Omnicam, CS3600, Emerald, iTero, and Trios3) ranged 
from 6 to 150 µm in a complete arch scan.2 Ender et al. 
reported an accuracy of  intraoral scanners (Bluecam, 
Omnicam, iTero, Lava COS, True Definition, and Trios2) 
that ranged from 12.3 to 167.2 µm.4 In the present study, 
the accuracy of  the intraoral scanners at a size of  100% in a 

Table 3.  Comparison of RMS values according to volumetric dimensions of a complete arch and a scanner type

Volumetric dimension of 
a complete arch (%)

Desktop CS3600 Trios3 i500
F P

RMS (mean ± SD, µm)

70 20 ± 5.7A 30.1 ± 1.5aB 22.3 ± 2.2aAB 64.9 ± 19.2abC 71.72 < .001*

80 19.2 ± 7.6A 33.7 ± 3.3abB 28.4 ± 2.6bB 56 ± 14.4abC 58.63 < .001*

90 19.5 ± 7.3A 35.8 ± 5.1abB 30.2 ± 4.1bB 37.7 ± 14.5abB 14.6 < .001*

100 21.2 ± 3.8A 39.5 ± 6.2bB 32.8 ± 4.3bC 33.8 ± 9.6aBC 24.19 < .001*

110 18.1 ± 1.3A 55.3 ± 7.7cB 39.7 ± 6.3cB 35.9 ± 8.8abC 87.62 < .001*

120 20.8 ± 7.4A 52.3 ± 12.6cB 44.2 ± 6.4cB 63.3 ± 11.6abC 55.91 < .001*

130 19.9 ± 6.4A 65.4 ± 5.8dAB 42.1 ± 4cAB 59.5 ± 18.7bB 2.88 .042*

F .5 61.92 52.79 2.27

P .808* < .001* < .001* .041*

Scanner type * 
Volumetric dimension type

.001**

* Significant by one-way ANOVA; P < .05. Different letters (uppercase: row; lowercase: column) indicate significant differences by the Tukey honestly significant 
difference test (P < .05).
** Significant by two-way ANOVA; P < .05. 

Fig. 4.  Comparison of RMS values according to volumetric dimensions of complete arch and scanner type.
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Fig. 5.  Comparison of color difference map according to volumetric dimensions of complete arch and scanner type. (A) 
Desktop, (B) CS3600, (C) Trios3, (D) i500.

A B

C D

complete arch scan (CS3600, Trios3, and i500) was in a 
small range of  32.8 to 39.5 µm (Table 3). The difference 
among the results of  the present study and the findings of  
preceding studies is due to the difference in the method of  
obtaining CRMs, the 3D analysis method, and the intraoral 
scanner type.27-30 Additionally, the difference in the acquisi-
tion of  CRMs can be due to the difference in the specifica-
tions of  the scanners used in most studies.27-30 The accuracy 
and reliability of  the scanner used for obtaining CRMs are 
the most essential factors in the accuracy evaluation. 
Accordingly, the present study ensured the accuracy and 
reliability by using high-definition industrial scanners by 
obtaining CRMs from experts in the manufacturer of  indus-
trial 3D scanner. Moreover, in the 3D analysis method, 
since various 3D analysis programs are aligned using differ-
ent protocols, the result of  the 3D analysis may vary.3,30 
Thus, the present study used the Geomagic 3D analysis pro-
gram, which is recommended by ISO 12836.3 Lastly, the 
accuracy of  the scanning may vary depending on the intra-
oral scanner type.19-27 Manufacturers of  intraoral scanners 
have recently updated their products to enhance the accura-
cy of  complete arch. Therefore, an objective comparison of  
previous studies is challenging. The evaluation should be 

made while considering these factors, and additional studies 
on the most recent intraoral scanners are needed.

The most essential process in the accuracy evaluation in 
this study is the fabrication of  various volumetric dimen-
sions of  a complete arch. Thus, this study fabricated seven 
CRMs, increasing or decreasing by 10% the size of  the den-
tal typodont often used as the standard for evaluation based 
on the dimension of  100% (Fig. 1). The dental arch dimen-
sion was measured in seven CRMs (Table 1); however, the 
measurements cannot represent the dental arch dimensions 
in all ages, nationalities, and races. Thus, conducting a fur-
ther study of  the relationship between the dental arch 
dimension and the accuracy by further subdividing it by age, 
nationality, and race is important.

In the present study, the left and right asymmetric 
results of  3D accuracy results shown in Fig. 5B, 5C, and 5D 
can be attributed to the scanning sequence of  the intraoral 
scanner. The tip of  the intraoral scanner can show asym-
metric results depending on the scanning sequence due to 
the small tip that can scan one or two teeth at a time. A pre-
vious study has reported that the further away from the 
scan start point, the higher the inaccuracy of  the scan.3 In 
the present study, the scan sequence showing the best accu-
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racy in the previous study was applied to reduce the error 
due to the scan sequence,35 and all models were duplicated 
with dental stone to prevent errors due to 3D printing. 
Further research is required to accurately identify the area 
of  the dental arch where the difference in accuracy based 
on the dimension differences can be determined.

We used the model of  identical figures in the present 
study only to compare the accuracy with varying sizes. 
Another previous study has concluded that accuracy can 
vary significantly depending on the shapes of  the arch and 
the teeth of  different patients.37 Therefore, in the present 
study, using the model of  identical figures, the accuracy of  
the desktop and intraoral scanners has been evaluated.

Because an intraoral scanner acquires information 
regarding the oral cavity through a small scan tip in the lim-
ited space in the oral cavity, unlike a desktop scanner,16,17 the 
present study expected that the accuracy of  the intraoral 
scanners would be the best in the volumetric dimension of  
a complete arch of  70%. The CS3600 and Trio3 showed the 
best accuracy at a volumetric dimension of  a complete arch 
of  70%, whereas the i500 showed the best accuracy at a vol-
umetric dimension of  a complete arch of  100% (Table 3). 
Additionally, the aspect of  accuracy differed depending on 
the dental arch dimension in each of  the intraoral scanners 
used in this study. The larger the volumetric dimension of  
the complete arch, the poorer the accuracy became in 
CS3600 and Trio3, whereas the accuracy became poorer 
when it exceeded 100% in i500 (Table 3). We verified that 
the dental arch dimension affects the accuracy of  the intra-
oral scanners. The authors of  the present study can guess 
why the i500 shows better accuracy in the 100% model rath-
er than the smaller 70% model as the difference in the align-
ment algorithm. Post-processing of  scan data via software 
may vary from manufacturer to manufacturer, and tooth 
size may have an effect. Further research is needed on the 
effect of  tooth size on alignment.

The present study produced seven models that increased 
and decreased by 10% based on the 100% volumetric 
dimension. All these models were scanned 17 times with 
four different scanners, and a total of  476 complete arch 
scans were conducted. Indeed, we aimed to confirm various 
changes through changes in the increase and decrease of  
the volumetric dimension a little more, but we were unable 
to do so because there were a large number of  scans and we 
had limited time. Therefore, further studies are required in 
the range of  more subdivided volumetric dimensions.

The reason that it was produced based on the volumet-
ric dimension in the present study is that the software 
increased and decreased by 10% based on the 100% volu-
metric dimension is more convenient. Additional research is 
required through the model manufactured based on the lin-
ear dimension.

This study had a few limitations. First, the method of  the 
present study did not reflect the conditions that might occur 
in the oral cavity in an in vitro experiment (i.e., humid environ-
ment and the impact of  ambient light).7,8,11 Thus, an addition-
al study is required to evaluate the scanning accuracy while 

applying the conditions that might occur in the oral cavity.

Conclusion

Within the limitations of  this in vitro study, the following 
conclusions were drawn:

The accuracy of  the intraoral scanner varied depending 
on the volumetric dimensions of  the complete arch, although 
the accuracy of  the desktop scanner was not affected.

The aspect of  accuracy based on the volumetric dimen-
sions of  the complete arch differed depending on the intra-
oral scanner type.

CS3600 and Trios3 intraoral scanners showed the best 
accuracy at the volumetric dimension of  the complete arch 
of  70%; the larger the volumetric dimension of  the com-
plete arch, the poorer the accuracy.

The accuracy was the best at a volumetric dimension of  
the complete arch of  100% using the i500 intraoral scanner, 
and the accuracy became poorer when it exceeded 100%.

The accuracy of  the intraoral scanner differed depend-
ing on the volumetric dimension of  the complete arch; 
however, the accuracy of  scanning was within the clinically 
acceptable range in all of  the intraoral scanners (< 100 µm).
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