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ABSTRACT
Statement of problem. The scanning strategy used when making complete arch digital scans
affects the accuracy of the scan, and the accuracy of the strategy may be influenced by the
scanner used. However, these effects have not been investigated thoroughly with complete arch
edentulous scanning.

Purpose. The purpose of this in vitro study was to determine the effect of scanning strategies and the
scanned arch on the accuracy of complete arch edentulous scans using 2 intraoral scanner (IOS) systems.

Material and methods. Two IOSs were used (TRIOS 4 and Emerald S) to scan maxillary and mandibular
typodonts using 6 scanning strategies (test scans), and conventional impressions of both arches were
also made. By using a metrology software program, test scans were superimposed onto a reference
scan, and the root mean square (RMS) of the absolute deviation values was calculated to express
trueness. The sample with the best trueness was used as reference onto which the remaining
samples from the same group were superimposed, and the RMS of the absolute deviation values was
calculated to express precision. Statistical modeling was applied using the fixed effects models (a=.05).

Results. The main effects of scanner and strategy significantly impacted the trueness RMS values
(P<.001), with significant interactions between them (P=.012). The main effects of scanner,
strategy, and arch significantly impacted the precision of RMS values (P=.004), (P=.033), and
(P=.023). Conventional impressions and the TRIOS 4 scanner had comparable accuracy, while the
Emerald S scanner was inferior to both. P-O-B had the highest overall accuracy and strategy ZZ
had the worst. Better precision was found with the maxillary arch.

Conclusions. The scanner type and scanning strategy significantly impacted the accuracy of the
digital scans of completely edentulous arches, with a significant interaction between scanner
and strategy. The arch being scanned had a significant effect on scan precision but not on scan
trueness. (J Prosthet Dent 2023;-:---)
Computer-aided design and
computer-aided manufacturing
(CAD-CAM) systems and digi-
tal technologies continue to
streamline the dental workflow
and have become popular for
providing complete dentures.1,2

CAD-CAM fabricated dentures
can be provided in fewer ap-
pointments and can simplify
the clinical and laboratory steps
involved in fabrication.2,3 Cur-
rent CAD-CAM denture pro-
tocols include the digitization of
a stone cast or a conventional
impression with a laboratory
scanner.2,4,5 However, this
protocol does not eliminate the
errors related to the dimen-
sional changes of the impres-
sion material or the dental stone
or the discomfort and gagging
associated with the conven-
tional impression procedure,
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Clinical Implications
Digital intraoral scans of completely edentulous
arches have been established as a suitable
alternative to conventional methods with
comparable accuracy levels. However, a complete
understanding of the variables that impact the
digital scans of completely edentulous arches is still
lacking. The scanning strategy used was found to
affect the trueness and precision of the digital scans
of completely edentulous arches depending on the
type of scanner. The arch being scanned also affects
the precision of the digital scans of completely
edentulous arches.
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and storage space for the impressions and casts is still
required.5-8 Using intraoral scanners (IOSs) for the fabri-
cation of complete dentures has the potential to overcome
the errors associated with conventional impression making
and may also simplify and standardize the fabrication
process.4,9 Furthermore, digital scans can capture the
intraoral tissues under true mucostatic conditions.3,6,9

Digital scans have not yet been recommended for
routine use with edentulous arches.10-12 Clinical and
in vitro studies have investigated the feasibility of digital
scans of completely edentulous arches using IOSs.4,6,10-17

Although accuracy levels have been reported to be
comparable with conventional impressions, considerable
variability has been reported.4,6,10,11,13-17 The lack of
anatomic variation and reference points in the edentu-
lous arch can introduce errors in the image-stitching
process,5,10,18-20 particularly with large smooth areas
such as the palate.13,18,21,22 In addition, dynamic and
movable tissues are difficult to capture correctly, pro-
ducing errors in denture extensions.5,11,18,23 Neverthe-
less, the use of IOSs for the fabrication of complete
dentures has been reported and can be a suitable alter-
native to conventional methods.3,9,23-27

Measuring the accuracy of digital scans according to
the International Organization for Standardization (ISO)
standard 5725-1 includes the evaluation of both trueness
and precision.28 Trueness describes how close the tested
samples agree with an accepted reference, whereas pre-
cision describes how close repeated measures of a sample
agree with one another.28 The accuracy of digital scan-
ning in general is affected by the IOS system, light
source, scanning field, operator experience, and scanning
strategy.12,18,20,29,30 Different IOS manufacturers have
proposed different scanning strategies based on the
technology used.29,31,32 Scanning strategy refers to the
specific path followed by the IOS head along the scanned
object.33 While the true impact of scanning strategy has
not been completely understood, variations in accuracy
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have been reported, depending on the scanning strategy
used.18,29,31-35 Furthermore, the effect of scanning strat-
egy on the accuracy of digital scans has been reported to
differ depending on the IOS used.31,32,34,35

Most IOS manufacturers recommend a specific
scanning strategy for their system, but the strategy is
usually described for dentate arches.36,37 Different scan-
ning strategies and techniques for scanning edentulous
arches have been described,3,7,14,17-19,21,24,38 but accuracy
analyses are lacking. Zarone et al18 investigated the in-
fluence of different scanning strategies on the accuracy of
intraoral scans in vitro and concluded that scanning
strategy had a significant impact on the accuracy of scans,
particularly, when anatomic landmarks were well-
defined. The authors are unaware of another study that
investigated scanning strategies for complete arch
edentulous digital scans. Therefore, the purpose of this
study was to determine the impact of different scanning
strategies and the scanned arch on the accuracy of
complete arch edentulous scans when 2 IOS systems are
used and to compare the results with conventional
impression techniques. The null hypotheses were that,
for each IOS, scanning strategy and the scanned arch
would have no impact on the accuracy of complete arch
edentulous scans and that no difference would be found
between the accuracy of digital scans when using IOSs
and conventional impressions.
MATERIAL AND METHODS

A pair of maxillary and mandibular completely edentu-
lous typodonts with artificial mucosa (EDE1001-UL-UP-
M; Nissin Dental Products Inc) were used. The maxillary
and mandibular typodonts were scanned with an ISO
12836 compliant dental laboratory scanner (E4; 3Shape
A/S) with an accuracy of 4 mm. The digital scans were
saved in standard tessellation language (STL) format and
used as the reference scans for all comparisons.

Ten conventional impressions of the maxillary and
mandibular arches of the typodont were made at room
temperature with polyvinyl siloxane (PVS) impression
material in a custom tray as described by Chaffee et al 39

Briefly, the peripheral border of the typodont was
impressed using heavy-body material (Any-Flex Heavy;
MEDICLUS Co, Ltd) in a custom tray. A wash was
made with a light-body material (Any-Flex Light;
MEDICLUS Co, Ltd). The impressions were digitized
with the same laboratory scanner. Two intraoral scan-
ners with different scanning mechanisms were used
(TRIOS 4; 3Shape A/S) (Emerald S; Planmeca OY).
Scans of the maxillary and mandibular typodonts were
made and repeated 10 times using 6 scanning strategies
for a total of 240 recordings.

The scanning strategies were based on those recom-
mended by the scanner manufacturers, were used as in
Jamjoom et al
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previous studies, or were variations devised by the au-
thors.3,7,14,17-19,24,25,36,37 The 6 strategies included in this
study were labeled according to the order of surfaces
scanned and were as follows (Fig. 1A-F): B-O-P: Starting
posteriorly and proceeding along the buccal aspect of the
ridge to the other side, returning along the occlusal
aspect, and finally scanning the palatal or lingual aspect.
P-O-B: Starting posteriorly and proceeding along the
palatal or lingual aspect of the ridge, returning along the
occlusal aspect, and finally scanning the buccal aspect.
O-B-P3,17-19,24,36,37: Starting posteriorly and proceeding
along the occlusal aspect of the ridge to the other side,
returning along the buccal aspect, and finally scanning
the palatal or lingual aspect. O-P-B3,18,19,24,36: Starting
posteriorly and proceeding along the occlusal aspect of
the ridge to the other side, returning along the palatal or
lingual aspect, and finally scanning the buccal aspect.
ZZ-P7,25: Starting posteriorly on the occlusal aspect of the
ridge alternating between the occlusal and buccal aspects
in a zig-zag path along the ridge, and finally scanning the
palatal or lingual aspect. ZZ14,25: Starting posteriorly on
the buccal aspect of the ridge alternating between buccal,
occlusal, and lingual aspects in a zig-zag path along the
ridge, and ending on the other side for the mandible; for
the maxillary arch, starting posteriorly on the buccal
aspect, moving to the opposite side crossing the palate,
continuing in a zig-zag path scanning the entire arch,
and ending anteriorly. For all strategies, except ZZ, when
scanning the palatal surface of the maxillary arch, the
scanning began at the posterior aspect, proceeded along
the palatal surface of the ridge reaching the other side,
followed by a second narrower inverted U-shaped path
in the opposite direction to cover the palate vault, and
finally moving across the posterior palatal seal area to
end on the contralateral side of the starting point.22 The
maxillary and mandibular typodonts were mounted on a
phantom head to simulate a clinical situation during
scanning. All digital scanning procedures were done by a
single prosthodontist (F.Z.J.). For standardization, all
samples were scanned for 1 scanning strategy per arch
each day, and all scanning procedures started at the same
time each day.

A metrology software program (Geomagic control X;
3D SYSTEMS) was used to analyze the accuracy of each
experimental group. All samples were trimmed short of
the depth of the vestibule and were individually
superimposed onto the reference scan by using the
best-fit algorithm applied to a specified region of in-
terest that included the ridge area and palate for the
maxillary arch and only the ridge area for the mandible.
After completion of the superimposition, the distance
deviation values were calculated across the entire re-
gion of interest. The root mean square (RMS) of the
absolute deviation values was calculated and used to
express trueness. To measure precision, the sample
Jamjoom et al
with the best trueness results from each group was used
as a reference.7 The remaining samples from the same
group were superimposed onto the selected reference
sample, as described for trueness, and the distances
between the scans were calculated. The RMS of the
absolute distance values within each group was ob-
tained and used to express precision.

Data from the experiment were summarized by using
means and standard deviations across all scanners,
strategies, and arches. Statistical modeling was applied to
the trueness and precision independently with the fixed
effects models. The dependent variables for each model
were trueness and precision, where the main effects were
the scanner (which included the conventional impres-
sion), the strategy, and the arch. Models were tested for
interaction terms between the main effects, and the
covariance structure was chosen based on the Akaike
information criterion (AIC). The statistical analysis was
conducted with a statistical software program (SAS 9.4;
SAS Institute Inc) (a=.05).
RESULTS

With regard to trueness, the fixed effects model revealed
that the main effect of the scanner had a significant effect
on the RMS value (P<.001). The conventional impression
had the best trueness, with the lowest mean RMS value
at 60.11 mm, followed closely by the TRIOS 4 scanner
with a mean RMS of 69.51 mm. The Emerald S scanner
had the highest mean RMS at 105.71 mm. The main effect
for strategy had a significant impact on RMS values
(P<.001). Strategy P-O-B produced the lowest overall
mean RMS at 67.48 mm, while strategy ZZ had the
highest overall mean RMS at 100.46 mm. A significant
interaction was found between the scanner and the
strategy (P=.012). Strategies B-O-P, ZZ-P, and ZZ had
mean RMS values of 62.93 mm, 66.75 mm, and 81.46 mm,
respectively, when using the TRIOS 4 scanner, which
outperformed the Emerald S scanner that had mean RMS
values of 127.36 mm, 131.42 mm, and 119.46 mm,
respectively, for the same strategies. The main effect for
arch had no significant impact on this model (P=.069),
and no significant interaction was found. The data for
trueness are presented in Table 1 and Figure 2.

With regard to precision, the main effect for scanner
showed statistically significant results (P=.004). The
TRIOS 4 scanner showed the greatest precision with the
lowest mean RMS value at 73.89 mm, which was slightly
lower than for the conventional impression, which had a
mean RMS value of 75.56 mm. The Emerald S scanner
had the highest mean RMS at 101.13 mm. The main effect
for strategy demonstrated significant differences
(P=.033). Strategies P-O-B and O-P-B had the lowest
mean RMS values at 65.77 mm and 68.4 mm, respectively,
while strategies O-B-P and ZZ had the highest mean
THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 1. Scanning strategies tested. A, B-O-P. B, P-O-B. C, O-B-P. D, O-P-B. E, ZZ-P. F, ZZ.
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RMS values at 103.23 mm and 103.69 mm, respectively.
The main effect for arch also showed significant differ-
ences, as the maxillary arch had better precision
compared with the mandibular arch (P=.023). No sig-
nificant interactions were found between the effects in
this model, including scanner by strategy (P=.345) or
strategy by arch (P=.653). The data for precision are
presented in Table 2 and Figure 3.
DISCUSSION

The first null hypothesis was rejected because of the sig-
nificant interaction between the main effects of scanner and
strategy with regard to trueness (P=.012). The impact of this
interaction was greater with the Emerald S scanner. The
second null hypothesis was also rejected because the main
effect of scanner had a significant effect on both trueness
(P<.001) and precision (P<.001). The accuracy of the TRIOS
4 scanner was comparable with that of the conventional
impression, while the Emerald S scanner had inferior ac-
curacy to both. Previous reports that the TRIOS scanner has
better accuracy than Emerald16,32 were confirmed in the
present study despite using the enhanced Emerald S scan-
ner. Nevertheless, the differences between scanners and
strategies fell below the clinically relevant threshold of 300
mm defined by Osnes et al16 based on deviation values of
traditionally flasked dentures. Thus, the variation reported in
the present study may have limited clinical impact.

The amount and arrangement of common areas
needed for accurate image stitching is influenced by the
scanning strategy used.33 Scanning strategies with fewer
initial common areas are likely to introduce errors in the
stitching process, reducing the accuracy of the scan.33

The impact of scanning strategies on the accuracy of
digital scans has been demonstrated18,29,31-35 and ap-
pears to be IOS specific, as different results were found
when using different scanners.31,32,34,35 The results of the
present study were consistent with those of previous
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studies, since the accuracy of the scans was different
depending on the scanner and the strategy. The previous
studies, however, examined the effects of scanning stra-
tegies on dentate arches or a combination of dentition
and scan bodies.31,32,34,35 Only the Zarone et al study18

was identified as investigating the effects of scan stra-
tegies on edentulous arches. They reported that in an
edentulous maxillary arch, scanning the occlusal aspect
of the ridge followed by the buccal aspect and finally the
palatal aspect produced the most accurate scan, especially if
the anatomy of the ridge and the rugae were well-defined.18

Zarone et al, however, used a single IOS system and did not
address the mandibular arch.18 Their results agree with the
Emerald S scanning guidelines for dentate complete arches
and the TRIOS 4 guidelines for dentate maxillary complete
arches recommended by the manufacturers.36,37 The present
results differed from those by Zarone et al and the manu-
facturer recommendations, as it was found that strategies P-
O-B and O-P-B had better accuracy, regardless of the
scanner used. These strategies start with either the palatal or
lingual aspect or the occlusal aspect and end with the buccal
aspect. For mandibular dentate complete arch scans, the
TRIOS 4 manufacturer recommends starting with the
occlusal aspect of the ridge followed by the lingual surface
and ending with the buccal surface, similar to the O-P-B
strategy described in the present study.

Currently, digital scans are recommended for
single-tooth and short-span prostheses only.1

Although complete arch digital scans for implant
prostheses have been reported to produce clinically
acceptable results, they are not yet recommended for
clinical use for complete dentures.30 The lack of clinical
acceptance derives from error propagation during im-
age stitching, which leads to more errors in larger
scans.16,20 Considering the larger scan area of the
maxillary arch compared with the mandibular arch,
mandibular scans may be thought to be more accurate.
However, in the present study, no significant effect on
Jamjoom et al



Table 1. Trueness results (mm): Mean RMS, median, standard deviation, standard error, upper 95% mean, and lower 95% mean

Group Strategy Arch Mean RMS Median Standard Deviation Standard Error Mean Upper 95% Mean Lower 95% Mean

Conventional - Maxillary 60.51 57.85 19.63 6.21 74.55 46.47

- Mandibular 59.70 57.75 8.02 2.54 65.44 53.96

Emerald S B-O-P Maxillary 161.86 154.10 48.14 15.22 196.30 127.42

Mandibular 92.85 92.50 11.53 3.65 101.10 84.60

P-O-B Maxillary 62.87 62.35 12.99 4.11 72.16 53.58

Mandibular 89.61 82.85 20.69 6.54 104.41 74.81

O-B-P Maxillary 106.33 88.00 58.97 18.65 148.51 64.15

Mandibular 82.47 82.60 21.29 6.73 97.70 67.24

O-P-B Maxillary 86.96 84.35 17.43 5.51 99.43 74.49

Mandibular 83.76 73.70 22.15 7.00 99.60 67.92

ZZ-P Maxillary 145.49 134.80 56.01 17.71 185.56 105.42

Mandibular 117.35 108.80 44.08 13.94 148.88 85.82

ZZ Maxillary 118.67 113.35 44.92 14.20 150.80 86.54

Mandibular 120.25 105.50 36.31 11.48 146.23 94.27

TRIOS 4 B-O-P Maxillary 59.09 51.45 17.95 5.68 71.93 46.25

Mandibular 66.76 56.85 25.60 8.09 85.07 48.45

P-O-B Maxillary 51.99 52.15 9.86 3.12 59.05 44.93

Mandibular 65.45 59.30 19.45 6.15 79.36 51.54

O-B-P Maxillary 64.26 50.15 46.97 14.85 97.86 30.66

Mandibular 77.38 79.00 20.96 6.63 92.37 62.39

O-P-B Maxillary 85.04 68.25 49.77 15.74 120.64 49.44

Mandibular 67.67 66.40 11.38 3.60 75.81 59.53

ZZ-P Maxillary 61.49 66.05 11.58 3.66 69.78 53.20

Mandibular 72.01 66.60 19.55 6.18 86.00 58.02

ZZ Maxillary 78.12 67.80 37.43 11.84 104.90 51.34

Mandibular 84.81 76.85 27.22 8.61 104.28 65.34

RMS, root mean square.
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the trueness of the scan between arches was found
(P=.069). Although the arch did have a significant effect
on the precision of the scan (P=.006), it was the
maxillary arch that had better precision, possibly
because of the greater amount of information and
number of datapoints collected, which improved ac-
curacy.20 A similar observation was noted by Mizumoto
et al,20 who reported better but not statistically signif-
icant improvement in accuracy when the palate was
scanned versus when not scanned.

Limitations of digital scanning for complete dentures
include the inability to adequately capture the functional
movements needed for border extensions.5,18,23 Lo Russo
et al6 reported significant differences between edentulous
conventional impressions and digital scans. However, no
significant differences were found after trimming the un-
matched peripheral tissues. Meanwhile, Chebib et al11 re-
ported significant differences in the intaglio seal but no
significant differences in the peripheral border between PVS
impressions and digital scans. A conventional recapturing of
the border extensions during clinical evaluation of the
denture may be needed when digital scans are used.23,24

Discrepancies between conventional impressions and
digital scans have been attributed to mucosal
compressibility.6 This may not be of great clinical
consequence, as Kang et al27 reported no significant
Jamjoom et al
differences in the internal adaptation of dentures fabri-
cated from digital or conventional impressions. More-
over, in situations of considerable tissue mobility, digital
impressions may be advantageous as true mucostatic
impressions can be acquired.3,6,9,24 The intimate contact
between the denture fitting surface and the mucosa
achieved with digital scans has led some authors to un-
derstate the importance of a peripheral seal.9,27 However,
significantly reduced retention, likely caused by border
inaccuracies and poor seal, has been reported with
dentures produced from digital scans.26 Nevertheless,
without a minimum retention threshold, the retention of
dentures produced from digital scans might still be clin-
ically acceptable.26 Despite these limitations, fully digital
denture fabrication workflows have been clinically
demonstrated and suggested as a suitable alternative to
conventional methods.3,9,23-25,27

Limitations of this study included its in vitro design.
Thermal changes between the intraoral environment and
room temperature result in dimensional changes of PVS
impressions.8 This was not accounted for in this study
and may have led to overestimating the accuracy of PVS
impressions. The compressibility of the model used in
this study differs from that of intraoral tissues. The
compressibility of intraoral tissues can produce differ-
ences between conventional impressions and digital scans
THE JOURNAL OF PROSTHETIC DENTISTRY
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Figure 2. Trueness mean RMS values (mm) for each scanner, strategy, and arch. Error bars present ±standard deviation. RMS, root mean square.

Table 2. Precision results (mm): Mean RMS, median, standard deviation, standard error, upper 95% mean, and lower 95% mean

Group Strategy Arch Mean RMS Median Standard Deviation Standard Error Mean Upper 95% Mean Lower 95% Mean

Conventional - Maxillary 68.58 63.70 28.95 9.65 90.83 46.32

- Mandibular 82.53 83.90 19.52 6.51 97.54 67.53

Emerald S B-O-P Maxillary 121.17 133.40 48.45 16.15 158.41 83.92

Mandibular 115.60 105.60 44.58 14.86 149.87 81.33

P-O-B Maxillary 52.04 48.20 14.35 4.78 63.08 41.01

Mandibular 102.29 95.10 31.67 10.56 126.63 77.95

O-B-P Maxillary 116.14 99.10 65.10 21.70 166.19 66.10

Mandibular 138.47 145.00 17.68 5.89 152.06 124.88

O-P-B Maxillary 54.06 52.80 10.01 3.34 61.75 46.36

Mandibular 79.44 65.30 27.30 9.10 100.43 58.46

ZZ-P Maxillary 100.70 85.10 52.19 17.40 140.82 60.58

Mandibular 107.50 82.40 59.52 19.84 153.25 61.75

ZZ Maxillary 110.49 103.70 44.11 14.70 144.39 76.58

Mandibular 115.64 114.20 46.59 15.53 151.46 79.83

TRIOS 4 B-O-P Maxillary 55.76 57.10 18.26 6.09 69.79 41.72

Mandibular 106.91 94.20 40.49 13.50 138.03 75.79

P-O-B Maxillary 36.19 36.20 8.45 2.82 42.69 29.69

Mandibular 72.56 66.30 28.49 9.50 94.46 50.65

O-B-P Maxillary 66.51 52.50 56.55 18.85 109.98 23.04

Mandibular 91.81 77.60 34.11 11.37 118.03 65.59

O-P-B Maxillary 79.13 47.80 66.04 22.01 129.89 28.37

Mandibular 60.97 59.40 15.26 5.09 72.70 49.24

ZZ-P Maxillary 62.97 64.20 6.62 2.21 68.06 57.88

Mandibular 65.31 64.40 28.55 9.52 87.26 43.36

ZZ Maxillary 77.84 69.30 42.70 14.23 110.67 45.02

Mandibular 110.77 95.40 38.23 12.74 140.16 81.38

RMS, root mean square.
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Figure 3. Precision mean RMS values (mm) for each scanner, strategy, and arch. Error bars present ±standard deviation. RMS, root mean square.
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clinically.6 Because of the reported difficulties of scanning
border tissues11,18 and the static nature of the model used
in this study, the borders were not considered in the ac-
curacy analysis. The presence of saliva may further impact
the accuracy of the digital scans.11,15 However, obtaining a
high accuracy reference for trueness evaluation is not
possible clinically. As such, in vivo accuracy studies can
compare techniques and address precision without refer-
ring to trueness.11,14 The current study only investigated 2
IOS systems with different scanning mechanisms.
Different results may be found with other scanning sys-
tems. Furthermore, only 6 scanning strategies were
investigated. Other strategies may be devised which lead to
different outcome in terms of scan accuracy. The operator
experience may also impact the accuracy of intraoral scans;
this was not considered, as only 1 experienced operator
performed the experiment.12,33 Clinical research is needed
to identify the implications of the findings of this study and
show how they relate to the completely digital workflow
for complete denture fabrication.

CONCLUSIONS

Based on the findings of this in vitro study, the following
conclusions were drawn:

1. The type of scanner and scanning strategy had a
significant effect on the trueness and precision of
the digital scans of completely edentulous arches.
Jamjoom et al
2. A significant interaction was found between scanner
and strategy with regard to the trueness of
completely edentulous arches.

3. The arch being scanned had a significant effect on
the precision of the digital scans of completely
edentulous arches, with the maxillary arch showing
better precision than the mandibular arch. However,
the arch had no significant effect on trueness.

4. The TRIOS 4 scanner showed accuracy levels com-
parable with those of conventional impressions,
both of which were better than the Emerald S
scanner.

5. Strategy P-O-B had the best overall accuracy, and
strategy F had the poorest overall accuracy when
scanning completely edentulous arches.
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