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Abstract: Several factors have been identified to have an influence over the accuracy of a digital
impression: ambient lighting conditions, the presence of liquid on the intraoral structures, and the
scanning patterns. The purpose of this study was to identify which protocol produced the most
accurate digital impression regarding a one-preparation scenario in which data were acquired from a
single uninterrupted scan, a rescanning of the area of interest in order to obtain more data, or the
deletion of the area of interest followed by a rescan. An in vitro scenario using a typodont involving
a single full-crown restoration was conceived alongside the selection of an in vivo case of a patient
presenting an unrestored right mandibular first molar. The STL (standard tessellation language)
reference models for each group were obtained using a high-resolution scanner (Freedom, HD; DOS).
With the use of a Medit I700 (Medit, Seoul, South Korea) intraoral scanner, three different scanning
protocols were conducted on the typodont and on the clinical case. The measured data (IOS scans)
were sorted and further analyzed with the help of Geomagic Control X (Version:16.0.2.16496, 3D
Systems, Wilsonville, OR, USA). The Kolmogorov–Smirnov test for normality was conducted on
the whole set of data. The nonparametric data set underwent Kruskal–Wallis test analysis while the
parametric data set underwent a one-way ANOVA test (the level of significance was set to α = 0.05).
For the in vitro case, the “SINGLESCAN” group displayed the best trueness; the “DELETE&RESCAN”
group displayed the best precision. Regarding the in vivo case, the “SINGLESCAN” group also
displayed the best trueness; the “RESCAN” group displayed the best precision. Statistical differences
were found in the trueness and precision of the IOS scans captured with the three different scanning
protocols, but the differences were so small that they could be considered clinically negligible.

Keywords: digital impression; accuracy; mesh holes; scanning protocol

1. Introduction

Currently, the indications and limitations of conventional impressions are well docu-
mented through decades of in vitro and in vivo trials [1,2]. An intraoral scanner (IOS) is
used to directly record the structural surface shape of teeth and related structures within a
patient’s mouth in order to obtain a digital impression, and laboratory scanners are power-
ful machines capable of digitizing gypsum models or conventional impressions with a very
small deviation in trueness and precision [3]. However, digital impressions are continually
evolving, and there are still several unknowns that require thorough investigation.

The accuracy of an impression, either conventional or digital, is essential for the
longevity of the final restoration. The accuracy of a digital impression is determined by
assessing two variables that are independent of each other: trueness and precision. The
trueness of an IOS determines the ability of rendering a 3D model as closely as possible
regarding surface geometry to the real dimensions of the scanned surface. The precision of
an IOS dictates the reproducibility of a scan and, therefore, the predictability of a scan [4,5].
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Several factors have been identified to have an influence on the accuracy of a dig-
ital impression. Ambiental lighting conditions can generate artefacts on the 3D model
by oversaturating the scanned surfaces [6–8], the presence of liquid alters the reflective
properties of intraoral structures [9], and the scanning patterns may lead to over scans with
an increased chance of mesh stitching errors [10,11]. Additionally, the experience of the
operator, the calibration of the IOS, and the extension of the scanned surface have been
shown to have an impact on the final accuracy of a digital model [12–14], alongside the
scanning distance [15] and the model and generation of the IOS which must be taken into
account [16].

While in vitro scanning is in general easier to perform by following the recommended
scanning protocol, in an in vivo scenario there are intraoral structures such as the buccal
mucosa and the tongue that may impede the positioning of the scanning tip. The latest
scanners provide fast surface recognition and data acquisition but, in most cases, a single
scan of an area is not sufficient, since the light emitted from the IOS cannot reach all the
surfaces of a tooth, particularly the interproximal spaces [17]. These mesh holes can also be
intentionally created by the operator by cutting off sections of the digital impressions to
remove unwanted overlapped oral tissues or after adjustments made on the abutments after
the initial scan. Some studies have analyzed the influence of digital cutting, rescanning,
and overlapping of scanned surfaces on the accuracy of a digital impression [18,19], but
the results can be inconsistent.

The purpose of this study was to identify which protocol produced the most accurate
digital impression of one single tooth preparation, in which data was acquired from a single
uninterrupted scan, a rescanning of the area of interest in order to obtain more data, or the
deletion of the area of interest followed by a rescan. The null hypothesis was that there
would be no significant difference found in the trueness and precision of the IOS scans
captured with the three different scanning protocols and that there would be no significant
difference in the trueness and precision of the IOS scans between the analyzed in vivo and
in vitro cases.

2. Materials and Methods

Two protocols (in vitro and in vivo) for crown preparation on the mandibular first
molar were performed. For the in vitro part of the study, a typodont (AG-3; Frasaco, Tet-
tnang, Germany) inserted in the mandibular articulation of a dental mannequin (Phantom
head PK-2 TSE; Frasaco) was used. A full crown preparation with a chamfer margin was
conducted on the left mandibular first molar of the typodont. The typodont was digitized
with the help of a high-accuracy desktop scanner (Freedom HD; DOF) in order to obtain
the reference data consisting of a standard tessellation language (STL) file (Figure 1a).
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For the in vivo part of the study, a clinical case was selected after obtaining informed
consent and Ethical Committee approval from CECS UMFT Nr. 03/2023. A full crown
vertical preparation on the right mandibular first molar was performed.
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A conventional two-step impression technique using an elastomeric addition-cured
silicone-based precision material (Variotime, Kulzer, Hanau, Germany) with a single retrac-
tion cord was performed. A cast model was produced using a high-strength, high-accuracy
scannable plaster type IV (Ventura SuperDie Rock; Madespa, Toledo, Spain). The cast
model was digitized with the same desktop scanner (Freedom HD; DOF) in order to ob-
tain reference data for the clinical case. The desktop scanner was calibrated according to
the manufacturer’s instructions; a high level of accuracy, <7 microns, is specified for this
scanner.

With the use of a Medit I700 intraoral scanner, three different scanning protocols were
conducted on the typodont. The scanning protocols consisted of:

(1) A single continuous scan without interruption, capturing as many data as possible
without overlapping the already registered areas. The scanning path started distally
on the left mandibular third molar and followed the occlusal plane until reaching
the left mandibular central incisor at the median line, returning on the lingual side
of the prosthetic plane, and finally capturing the buccal part of the prosthetic plane
(Figure 2a). This protocol was named the “SINGLESCAN” protocol. All subsequent
scans obtained by this protocol were grouped in the “SINGLESCAN” measured data
group.

(2) A second scan filling in the missing data and overlapping the already captured areas.
The rescanning path started distally on the left mandibular second molar and followed
the occlusal plane until reaching the left mandibular second premolar, returning on
the lingual side of the prosthetic plane, and finally capturing the buccal part of the
prosthetic plane (Figure 2b). This protocol was named the “RESCAN” protocol. All
subsequent scans obtained by this protocol were grouped in the “RESCAN” measured
data group.

(3) A third scan in which the first scan was imported, and the crown preparation interest
area was trimmed and rescanned. The trimmed area consisted of the prepared left
mandibular first molar, the mesial half of the distal neighboring tooth (left mandibular
second molar), and the distal half of the mesial neighboring tooth (left mandibular
second premolar). The rescanning path started distally on the left mandibular second
molar and followed the occlusal plane until reaching the left mandibular second
premolar, returning on the lingual side of the prosthetic plane, and finally capturing
the buccal part of the prosthetic plane (Figure 2c). This protocol was named the
“DELETE&RESCAN” protocol. All subsequent scans obtained by this protocol were
grouped in the “DELETE&RESCAN” measured data group.
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The scanning scenarios were repeated 30 times following the same protocol, obtaining
a total of 90 STL files consisting of three groups of 30 subjects each, representing the
measured data for the in vitro part of the study. During the scanning protocol, the typodont-
mannequin ensemble was fixed in the same position on the dental chair, the ambient
conditions were kept constant, the lighting conditions were kept constant at 1000 lux and
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were checked with the help of a digital lux meter (GM1010; Benetech, Shenzhen, China),
and the unit lights were kept off during the scanning procedure. The consecutive scans
were conducted by the same experienced prosthodontist with a 10 min break between the
different scanning protocols in order to reduce operator fatigue. The intraoral scanner was
calibrated before each scan according to the manufacturer’s protocol. Any missing data
on the scanning mesh was automatically filled by the software by selecting the “Fill Major
Holes” feature at the end of each scan. With this feature, based on the “Reliability Map”,
the reliable areas were extended to cover the areas where data was not acquired.

The exact same scanning protocol was conducted on the clinical case consisting of
15 repetitions of the scanning scenarios, obtaining a total of 45 STL files representing the
measured data for the in vivo part of the study. The conventional impression for the
reference data was executed after the entire intraoral scanning procedure was completed, in
order to maintain the prosthetic field unchanged and under the same conditions, especially
considering the retraction cord, which must be the same and its position unchanged during
the experiment for the reference impression to be relevant. Regarding the scanning protocol
paths for the clinical case, in the “SINGLESCAN” protocol the scanning path started distally
on the right mandibular second molar and followed the occlusal plane until reaching the
right mandibular central incisor at the median line, returning on the lingual side of the
prosthetic plane, and finally capturing the buccal part of the prosthetic plane (Figure 3a).
In the “RESCAN” protocol, the rescanning path started distally on the right mandibular
second molar and followed the occlusal plane until reaching the right mandibular second
premolar, returning on the lingual side of the prosthetic plane, and finally capturing the
buccal part of the prosthetic plane (Figure 3b). In the “DELETE&RESCAN” protocol, the
trimmed area consisted of the prepared right mandibular first molar, the mesial half of the
distal neighboring tooth (right mandibular second molar), and the distal half of the mesial
neighboring tooth (right mandibular second premolar). The rescanning path started distally
on the right mandibular second molar and followed the occlusal plane until reaching the
right mandibular second premolar, returning on the lingual side of the prosthetic plane,
and finally capturing the buccal part of the prosthetic plane (Figure 3c).
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The measured data (IOS scans) for both the in vitro and in vivo groups were sorted and
further analyzed with the help of Geomagic Control X (Version:16.0.2.16496, 3D Systems,
Wilsonville, OR, USA), inspection and metrology software, in order to obtain the standard
deviation for trueness and precision of each scan.

The reference data (laboratory desktop scans) were uploaded into the software and
the area of interest was isolated from the rest of the 3D mesh to facilitate the following steps
and the comparison protocol. The area of interest consisted of a rectangle that covered the
entire area of the prepared tooth, the mesial half of the distal neighboring tooth, the distal
half of the mesial neighboring tooth, and the adjacent zones that surround these landmarks
extending 5 mm apically on the buccal and lingual slopes (Figure 4). Only the predefined
interest area was analyzed between the meshes. The metrology software offers the option
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to keep the same settings of the reference data while changing the measured data meshes
to achieve consistency in the comparisons; therefore, the area of interest remained the same
for all the following comparisons and only the measured data were swapped. In order to
superimpose the IOS mesh over the reference mesh, an “initial alignment” procedure was
conducted. For a precise overlapping of the interest area, the “best fit alignment” procedure
was executed (Figure 5).
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The “3D Compare” function of the metrology software presented the standard de-
viation results between the measured and reference data via projecting all paired points
onto the reference data. The “3D Compare” function also rendered a color-coded map
displaying the deviation patterns of the investigated surfaces between ±0.05 mm (50 µm).
Outward displacement is presented on the color-coded map towards the red spectrum,
inward displacement is presented towards the blue spectrum, and the green areas where
there is less than ±1 µm difference indicate no deviation (Figure 6).

The described protocol was conducted on all the measured data meshes of the in vivo
and in vitro cases by comparison to their respective reference data to obtain the trueness
values. To obtain the precision values, the same protocol was conducted by comparing
each measured data mesh with all the other meshes within its group.

The organized trueness and precision values were uploaded into the MedCalc statisti-
cal software to conduct the statistical analysis. The Kolmogorov–Smirnov test for normality
was conducted on the whole set of data and indicated that the trueness values of both
in vitro and in vivo cases were parametric while the precision values of both in vitro and
in vivo cases were non-parametric. The nonparametric data set underwent Kruskal–Wallis
test analysis and post-hoc analysis (Conover test) was also executed. The parametric data
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set underwent a one-way ANOVA test and the Student–Newman–Keuls test for all pairwise
comparisons was also executed. The level of significance was set to α = 0.05.
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3. Results

The trueness and precision values of the in vitro case are presented in Table 1 and the
trueness and precision values of the in vivo case are presented in Table 2.

Table 1. Mean and standard deviation (SD) of the trueness values alongside median and interquartile
range (IQR) of the precision values for the in vitro case.

In Vitro
Trueness Precision

Mean SD Median IQR

SINGLESCAN 148.14 µm 3.28 µm 77 µm 15 µm
RESCAN 164.73 µm 9.35 µm 60 µm 8.8 µm

DELETE&RESCAN 157.66 µm 9.93 µm 56.6 µm 10.6 µm

Table 2. Mean and standard deviation (SD) of the trueness values alongside median and interquartile
range (IQR) of the precision values for the in vivo case.

In Vivo
Trueness Precision

Mean SD Median IQR

SINGLESCAN 126.64 µm 5.52 µm 65.2 µm 36.9 µm
RESCAN 137.74 µm 9.21 µm 30.7 µm 7.8 µm

DELETE&RESCAN 128.40 µm 6.99 µm 46.6 µm 24.8 µm

Regarding the in vitro case, the analysis indicated that there is a statistically significant
difference between the trueness groups (p < 0.001). The “SINGLESCAN” group displayed
the best trueness, followed by the “DELETE&RESCAN” group with a 9.5 µm decrease in
trueness, whereas the “RESCAN” group was the least true with a further 7 µm decrease
(Figure 7a). The overall trueness differences between the analyzed groups were no larger
than 17 µm.

The statistical analysis of the nonparametric values indicated that there is a statistically
significant difference between the precision groups (p < 0.0001). The “DELETE&RESCAN”
group displayed the best precision, followed by the “RESCAN” group with a 3.4 µm
decrease, and the “SINGLESCAN” group was the least precise (Figure 7b). There was a
20 µm precision difference between the best performing group and the least precise one.



Appl. Sci. 2023, 13, 2867 7 of 10

Appl. Sci. 2023, 13, x FOR PEER REVIEW 7 of 11 
 

Regarding the in vitro case, the analysis indicated that there is a statistically signifi-
cant difference between the trueness groups (p < 0.001). The “SINGLESCAN” group dis-
played the best trueness, followed by the “DELETE&RESCAN” group with a 9.5 µm de-
crease in trueness, whereas the “RESCAN” group was the least true with a further 7 µm 
decrease (Figure 7a). The overall trueness differences between the analyzed groups were 
no larger than 17 µm.  

The statistical analysis of the nonparametric values indicated that there is a statisti-
cally significant difference between the precision groups (p < 0.0001). The “DE-
LETE&RESCAN” group displayed the best precision, followed by the “RESCAN” group 
with a 3.4 µm decrease, and the “SINGLESCAN” group was the least precise (Figure 7b). 
There was a 20 µm precision difference between the best performing group and the least 
precise one. 

 
Figure 7. Boxplot displaying the values of the in vitro case. (a) Trueness values. (b) Precision val-
ues. 

Regarding the in vivo case values, the analysis indicated that there is a statistically 
significant difference between the trueness groups (p < 0.001). The “SINGLESCAN” group 
displayed the best trueness, followed by the “DELETE&RESCAN” group with a 1.8 µm 
decrease in trueness, and the “RESCAN” group was the least true with a further 9.3 µm 
decrease (Figure 8a). The overall trueness differences between the analyzed groups were 
no larger than 11 µm.  

The analysis of the nonparametric data indicated that there is a statistically signifi-
cant difference between the precision groups (p < 0.0001). The “RESCAN” group dis-
played the best precision, followed by the “DELETE&RESCAN” group with a 16 µm de-
crease, and the “SINGLESCAN” group was the least precise (Figure 8b). 

 
Figure 8. Boxplot displaying the values of the in vivo case. (a) Trueness values. (b) Precision val-
ues. 

  

Figure 7. Boxplot displaying the values of the in vitro case. (a) Trueness values. (b) Precision values.

Regarding the in vivo case values, the analysis indicated that there is a statistically
significant difference between the trueness groups (p < 0.001). The “SINGLESCAN” group
displayed the best trueness, followed by the “DELETE&RESCAN” group with a 1.8 µm
decrease in trueness, and the “RESCAN” group was the least true with a further 9.3 µm
decrease (Figure 8a). The overall trueness differences between the analyzed groups were
no larger than 11 µm.

The analysis of the nonparametric data indicated that there is a statistically significant
difference between the precision groups (p < 0.0001). The “RESCAN” group displayed the
best precision, followed by the “DELETE&RESCAN” group with a 16 µm decrease, and
the “SINGLESCAN” group was the least precise (Figure 8b).
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4. Discussion

The results of the present in vivo and in vitro study showed that rescanning and
overlapping data, as well as trimming and rescanning a surface of a digital model and the
different data acquisition protocol, influence the accuracy of the IOS. The present study
raised several questions: “Accuracy wise, is it better to scan a single time the interest area
leaving the IOS’s software to fill in the remaining mesh holes or is it better to scan multiple
times the same area until complete geometry data acquisition?”. Another question was
“in which way cropping an area followed by a consecutive scan influences the accuracy
of a digital impression?” The simulated scenarios were selected in order to observe which
option is the most reliable way to obtain an accurate digital impression. Moreover, these
scenarios are implemented frequently during the digital impression stage and in some
cases all of them can be applied on the same intraoral scan.

The study was conducted in both in vivo and in vitro scenarios. Initially, the purpose
was to evaluate these variables in a controlled environment followed by clinical data
corroboration. The results showed that in both in vivo and in vitro cases the accuracy
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values had a similar pattern. The best trueness was displayed by the “SINGLESCAN”
group, and the trueness seemed to decrease as more data were overlapped in the other
groups. When accounting for precision, the “SINGLESCAN” group was the least precise in
both cases as there were more surfaces left unrecorded, especially on the proximal areas,
during this protocol, in which the holes in the mesh were filled by the software and probably
differed between the scans. The “RESCAN” group, having the least unrecorded areas,
seemed the most precise. There was an inconsistency between the in vivo and in vitro cases
regarding precision as the “DELETE & RESCAN” group was slightly better performing in
the in vitro scenario, closely followed by the “RESCAN” group with a 3.4 µm decrease in
precision, while in the in vivo scenario the “RESCAN” group was considerably superior.

The study presents high numerical values of the deviation between the IOS meshes
and the reference meshes; this varied in the case of trueness from 100 to 170 µm, which
could be considered clinically unacceptable. This results from the fact that a large area of
the mesh was analyzed, and more surfaces produced a higher deviation than in the case
of analyzing only the prepared tooth area, especially the tissue areas that were recorded
with poorer accuracy. The overall trueness differences between the analyzed groups were
no larger than 17 µm in the in vitro scenario and no larger than 11 µm in the in vivo case,
indicating a small difference between the tested scanning protocols. The precision seems to
be influenced a greater amount by the scanning protocol as the overall differences reached
35 µm.

The location of the evaluated scans was in the posterior arch. This scenario was
intentionally selected since lateral proximal areas usually are harder to reach with the IOS’s
tip and in some cases mesh holes may pass unnoticed. The influence of the preparation
geometry was also observed. The in vitro abutment was prepared with a chamfer finish
line while the in vivo case, due to conservative reasons, was prepared with a feather edge
finish line. In both situations, the trueness values were similar and precision values differed
slightly, showing that the equigingival positioning of the type of preparation had little to
no influence on the accuracy of digital impressions in the present study.

Marta Revilla-Leon et al. investigated the influence of rescanning mesh holes with
different diameters (2, 4, and 6 mm) using the Trios 4 IOS (3Shape, Copenhagen, Denmark),
showing that the 6 mm group had the lowest trueness and precision. Regarding the
influence of rescanning repetitions, they concluded that there were no significant differences
between the groups with the same mesh hole diameter. The overall conclusions of the
study were that the higher the number and diameter of the rescanned areas, the lower the
accuracy [20].

Miguel Gomez-Polo et al. performed a similar in vitro study using the Trios 3 IOS
(3Shape, Copenhagen, Denmark) on full arch scans and with mesh holes of 12 mm placed
on the occlusal surfaces of the left second first molar, incisal edges of the central incisors,
and the right first molar for one of the test groups, and on the occlusal surface of the left
first molar and left second and first premolars for the second test group. They concluded
that rescanning mesh holes combined with the stitching software procedures decreased the
trueness and precision of the IOS tested [18].

Another similar in vitro study performed by Islam E Ali et al. evaluated the accuracy
of another IOS (Medit i500, Medit, Seoul, Republic of Korea), after trimming and rescanning
an ear model. The cut-out areas were 2, 5, and 8 mm. The conclusions drawn were in
accordance with the other studies regarding the trueness. However, they reported that the
precision values were relatively unaffected by the rescanning process [19].

The majority of the research states that the clinically acceptable marginal gap falls
between 100 and 120 µm [21–25]. Based on this clinically permissible range, a number of
prior studies have evaluated the fitness of fixed prostheses [22,26–29], but as the obtained
values varied, it is challenging to establish an objectively and universally accepted value
for clinically acceptable differences when it comes to the marginal fit and accuracy of a
digital impression [30]. Based on the approach of the previously mentioned research, we



Appl. Sci. 2023, 13, 2867 9 of 10

suggest that the resulting trueness and precision differences in the present study, being
smaller than 20 µm, could be deemed as clinically negligible.

The present study has several limitations. Firstly, the scenario tested was limited to a
single full crown preparation and the adjacent area. A larger area comprised of multiple
and/or different preparations as well as a full arch scan could render different results
and changes in the accuracy of the scans. Larger scanned areas could also mean a higher
chance of overlapping data, which would greatly alter the results. In the case of the
in vivo scenario, the trueness analysis relies heavily on the capability of the conventional
impression to produce a reference model as closely and accurately to the real intraoral
prosthetic plane as possible, and certainly more accurate than the IOS scans with which it
is compared. Within the present study, we took all the measures that were in our power
to ensure this desideratum, but nevertheless different impression materials or different
impression protocols could render more or less accurate reference models. Additional
research and studies are advised to be conducted on this subject to better comprehend
the influence of the scanning and rescanning protocol on the accuracy of the resulted
digital impression.

5. Conclusions

Based on the results of the present study, the following conclusion can be drawn:

1. Statistical differences were found in the trueness and precision of the IOS scans
captured with the three different scanning protocols, the “SINGLESCAN” group
providing the best trueness and the “RESCAN” group providing the best precision.

2. From the three investigated protocols, no specific scanning protocol could be recom-
mended to provide the best overall accuracy.

3. There were no major clinical differences regarding trueness and precision between
the analyzed in vivo and in vitro cases. Trueness results were similar for both in vivo
and in vitro cases, while the precision results differed slightly but the small difference
could be deemed clinically negligible.
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