APPROVED GALLEY PROOF

Received: 2026.04.10
Accepted: 2026.07.01
Available online: 2026.07.10
Published: 2026.XX.XX

Authors’ Contribution: ABCEF 1

Study Design A BCD 2
Data Collection B
Statistical Analysis C BFG 2
Data Interpretation D ACG 2
Manuscript Preparation E
Literature Search F
Funds Collection G

Corresponding Author:

Financial support:
Conflict of interest:

LAB/IN VITRO RESEARCH

e-ISSN 1643-3750
© Med Sci Monit, 2026; 32: e953734
DOI: 10.12659/MSM.953734

Influence of Scan Body Geometry, Implant
Angulation, and Interimplant Distance

on the Accuracy of Maxillary Full-Arch Digital
Implant Scans: An In Vitro Study

Ebru Siimer Ekin 1 Department of Prosthodontics, Diyarbakir Oral and Dental Health Hospital,

SOZdar Ba§kan Uyar Diyarbakir, Tiirkiye
o 2 Department of Prosthodontics, Faculty of Dentistry, Dicle University,
Merve Giiler

Diyarbakir, Tiirkiye
Emrah Ayna

Ebru Siimer Ekin, Department of Prosthodontics, Diyarbakir Oral and Dental Health Hospital Talaytepe District, Lales Boulevard,
Uckuyular Area, 21070, Kayapinar, Diyarbakir, Tiirkiye, Phone: +90 533 371 28 56, e-mail: ebrusmer@gmail.com

None declared

None declared

Background:

Material/Methods:

Results:

Conclusions:

Keywords:

Full-text PDF:

This work is licensed under Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

This study compared the accuracy of different scan body geometries under different implant angulation and
interimplant distance conditions. Evidence regarding full-arch digital implant scanning under these conditions
remains limited.

In this in vitro study, 5 implants were placed in maxillary edentulous plaster models representing 3 implant sys-
tems (Bioinfinity, Meisinger, and Mode). The reference implant was positioned perpendicular to the ridge crest
at the midline. Implant angulations (5° and 10°) and interimplant distances (5 mm and 10 mm) were standard-
ized. Scan bodies were attached to the master model, and each model was scanned 10 times using an intra-
oral scanner (TRIOS 5). Three-dimensional deviations were calculated. Data were analyzed using 1-way ANOVA
and Tukey HSD tests (o= 0.05).

No significant differences were observed among the groups at 5° angulation (P> 0.05), whereas significant dif-
ferences were detected at 10° angulation for implants 1 and 5 (P<0.01). Bioinfinity showed higher deviation
values at implant 1, while Meisinger demonstrated higher deviations at implant 5. At a 10-mm interimplant
distance (implants 1 and 2), significant differences were found among the groups (P<0.001), with Bioinfinity
exhibiting lower deviation values. At a 5-mm distance, no significant difference was observed at implant 4
(P>0.05), whereas a significant difference was found at implant 5 (P< 0.001), with the highest deviation in the
Meisinger group.

Increased implant angulation and interimplant distance are associated with reduced accuracy and higher devia-
tion values in digital full-arch scans. The influence of scan body geometry varies depending on implant position.

Dental Implant-Abutment Design ¢ Dentistry ¢ Digital Technology ¢ Prosthodontics

https://www.medscimonit.com/abstract/index/idArt/953734

Basaso B, Mhe BRs

Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be
made by its manufacturer, is not guaranteed or endorsed by the publisher

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
1 [ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]



https://orcid.org/0000-0003-2978-7727
https://orcid.org/0009-0009-3746-7097
https://orcid.org/0009-0007-4620-6265
https://orcid.org/0000-0003-2684-0131

LAB/IN VITRO RESEARCH

APPROVED GALLEY PROOF

Introduction

Implant-supported restorations have become a predictable and
widely accepted treatment modality for the rehabilitation of
partially or completely edentulous patients, as evidenced by the
high survival rates reported in long-term clinical studies [1,2].
The accuracy of the fit between implants and prosthetic su-
perstructures plays a critical role in the long-term success of
implant-supported prostheses[3]. Therefore, accurate record-
ing of intraoral implant positions is essential for the fabrica-
tion of implant-supported prostheses with adequate fit [4,5].
In recent years, digital workflows have been increasingly ad-
opted in implant dentistry because they offer several advan-
tages over conventional impression techniques, including the
reduction of errors associated with impression material defor-
mation, simplification of laboratory procedures, and improved
patient comfort [6].

The accuracy of implant impressions is critical for achieving
passive fit in implant-retained and implant-supported pros-
theses [7,8]. Because osseointegrated implants are rigidly an-
chored to the alveolar bone, errors in implant impressions
can lead to prosthetic misfit [9], potentially resulting in bio-
logical and mechanical complications, such as marginal bone
loss, screw loosening or fracture, abutment fracture, implant
fracture, framework fracture, and even implant loss [10,11].
Therefore, digital scanning must demonstrate high accura-
cy to achieve passive fit [12]. According to the International
Organization for Standardization (ISO) 5725-1, accuracy is de-
fined as the combination of trueness and precision [13-15].

During intraoral scanning, the position of the scan body is re-
corded together with adjacent teeth and surrounding soft tis-
sues [16]. A virtual model is then generated, in which the scan
body surface is used to determine implant position via a digital
library compatible with the scan body and implant system [17].

Factors reported to affect the accuracy of digital implant scans
include operator-related factors [18,19], ambient lighting con-
ditions [20], scanning protocols [21,22], implant scan body
design [23,24], type of intraoral scanner (I0S) used [25,26],
characteristics of the scanned surface [27], and rescanning
procedures [28]. Furthermore, the implant position and in-
terimplant distance [29,30], extent of digital scanning [31],
and presence of edentulous areas [32] should also considered.
Many scan body designs incorporate anti-rotational features,
such as flat facets or beveled surfaces, to accurately register
the spatial position of the implant in digital models. However,
the optimal configuration of these features has not yet been
clearly established [29,33].

With regard to factors affecting the accuracy of implant posi-
tion transfer, various patient-related, operator-dependent, and
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scan body design-related variables have been identified and
investigated [34]. Among the scan body design-related factors
reported to influence implant scanning accuracy are the fol-
lowing: the geometric configuration of the scan body [33,35],
scan body material [36,37], geometric modifications of the
scanned surface [24,38], height of the scan body [32,39], tight-
ening torque value [40,41], sterilization and reuse of the scan
body [40,42], implant connection type [43], interimplant an-
gulation [36,44], implant position within the dental arch [29],
and manufacturing tolerances [42].

The influence of implant angulation on the accuracy of digital
implant impressions remains controversial. A recent in vitro
study reported that increasing implant angulation and interim-
plant distance significantly reduced digital implant impres-
sion accuracy [8]. Several studies have reported higher scan-
ning accuracy in angulated implants than in parallel implants
[45,46]. In contrast, other studies have reported lower accura-
cy in angulated implants [33,47]. However, some studies have
found no significant difference between angulated and par-
allel implants [5,44].

Previous studies have demonstrated that implant angulation
and interimplant distance may affect the accuracy of complete-
arch implant impressions and digital scans [8]. However, limit-
ed information is available regarding how different scan body
geometries perform under varying implant angulation and in-
terimplant distance conditions in full-arch implant scans. The
aim of this in vitro study was to evaluate the effect of implant
angulation (5° and 10°), interimplant distance (5 mm and 10
mm), and 3 different scan body geometries on the accuracy
of complete-arch digital implant scans obtained using an in-
traoral scanner. The null hypotheses were as follows: (1) im-
plant angulation of 5° and 10° would not result in significant
differences in scanning accuracy; (2) interimplant distance of
5 mm and 10 mm would not significantly affect scanning ac-
curacy; and (3) no significant differences in scanning accu-
racy would be observed among the 3 different implant scan
body geometries.

Material and Methods

A standardized completely edentulous maxillary plaster cast
was fabricated by pouring high-strength dental stone into a
commercially available educational silicone mold. The mod-
el was not associated with any patient and contained no pa-
tient data. The cast was digitized using an intraoral scanner
(TRIOS 5 Wired; 3Shape A/S, Denmark). The acquired digital
data were transferred to implant planning software, where a
surgical guide was designed according to the planned implant
angulations and interimplant distances and subsequently fab-
ricated. The surgical guide was positioned on the cast, and
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Figure 1. Schematic illustration of the
experimental setup showing implant
positions, angulations (5° and 10°),
and interimplant distances (5 mm and
10 mm).

implant placement was performed accordingly. The same mas-
ter cast was used throughout the study to ensure consistency
during implant placement and repeated scanning procedures.

Five interforaminal internal connection implants were placed
on 3 plaster models representing different implant sys-
tems: Biolnfinity (UMG Medical, Turkey), Meisinger (Hager &
Meisinger, Germany), and Mode (Mode Medical, Turkey). The
selected implant systems were associated with scan bodies of
different geometric designs. Implant 3, the reference implant,
was positioned perpendicular to the ridge crest at the midline
of the arch. Implants 1 and 2 were positioned to the right of
the reference implant with an interimplant distance of 10 mm.
Implant 2 was angled at 5°, whereas implant 1 was angled at
10° relative to implant 3. Similarly, implants 4 and 5 were posi-
tioned to the left of the reference implant with an interimplant
distance of 5 mm. Implant 4 was angled at 5°, and implant 5
at 10° relative to implant 3. The experimental design, includ-
ing implant positions, angulations (5° and 10°), and interim-
plant distances (5 mm and 10 mm), is illustrated in Figure 1.
The corresponding scan bodies were attached to the implants
using a dynamometric key and tightened to 5 N-cm according
to the manufacturer’s recommendations. All scans were per-
formed by a single operator under standardized conditions.

Digital impressions of the models were obtained by scanning
the scan bodies of each implant system using an intraoral
scanner (TRIOS 5 Wired). Each model was scanned 10 times,
and each scan was treated as an individual observation for
statistical analysis. The number of repeated scans was deter-
mined in accordance with previous in vitro studies on digital
implant scanning accuracy [48]. For each implant system, the
10 repeated scans were acquired during the same experimen-
tal session and on the same day by a single operator under
standardized conditions. No predetermined time interval was
established between consecutive scans. A combined scanning

This work is licensed under Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

strategy based on commonly recommended scanning proto-
cols was used. Scanning was initiated from the occlusal sur-
faces from right to left, followed by a buccal scan from left to
right, and completed with a palatal scan from right to left us-
ing a continuous zig-zag motion. This scanning strategy was
intended to promote a more homogeneous distribution of
stitching errors along the arch [34].

After each scan, only the scan bodies were removed and reat-
tached, while the implant analogs remained fixed in the plas-
ter models throughout the study. This procedure was per-
formed to reduce potential positional bias. The experimental
unit was the individual scan, and each STL dataset was in-
cluded separately in the statistical analysis (n = 10 per group)
without averaging repeated scans. All scan data were export-
ed in STL format and transferred to a computed-aided design
(CAD) software program (exoCAD 3.2 Elefsina; exocad GmbH,
Germany). Figures 2-4 illustrate the interimplant distance and
angulation measurements performed on the models of each
implant system using ExoViewer3D (exoCAD 3.2 Elefsina).
Implant 3, the non-angulated (0°) implant, served as the ref-
erence implant for all measurements. Linear distances (mm)
between the most mesial point of each implant and the most
distal point of the reference implant, as well as angular mea-
surements (°) relative to implant 3, were obtained from each
STL dataset and analyzed separately. Because implant 3 served
as the internal reference within each model, no separate ref-
erence STL file or best-fit registration procedure was required.

Statistical Analysis

Prior to statistical analysis, the assumptions of normality and
homogeneity of variances were assessed. Normal distribution
was evaluated using the Shapiro-Wilk test, while homogeneity
of variances was assessed using the Levene test. Data meet-
ing these assumptions were analyzed using 1-way analysis of
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Figure 3. Angle and interimplant distance measurements relative to the reference implant in the Mode group.

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-N .0)




Ekin ES. et al:
Factors affecting full-arch digital implant scan accuracy
© Med Sci Monit, 2026; 32: €953734

Click and drag points

-4 2 @ W

Start Point

E\meisenger\meinsenger 1-2 UpperJawscan.ply

End Point

Options
Amrows.

SHOW ALL

Measurement Tool
Mode Click and drag points

10.069 mm

Additional Information

LAB/IN VITRO RESEARCH

Figure 4. Angle and interimplant distance measurements relative to the reference implant in the Meisinger group.

variance (ANOVA). When statistically significant differences
were identified, pairwise comparisons were performed using
the Tukey honestly significant difference (HSD) post hoc test.
Pearson correlation analysis was used to assess the consisten-
cy of deviation patterns among the scan body systems under
different implant angulation and interimplant distance condi-
tions. All analyses were performed using jamovi (the jamovi proj-
ect). A P value of <0.05 was considered statistically significant.

Results

For implants placed at 10°, statistically significant differenc-
es were observed among the implant systems. At implant 1
(10°), a significant difference was found between the groups
(F=6.815, P=0.004), with Bioinfinity showing significantly high-
er deviation values than both Mode and Meisinger. No signif-
icant difference was detected between Mode and Meisinger.
At implant 5 (10°), a significant difference was also observed
(F=8.995, P=0.001). Meisinger demonstrated significantly high-
er deviation values than both Bioinfinity and Mode, while no
significant difference was found between Bioinfinity and Mode.

In contrast, for implants placed at 5°, no statistically significant
differences were found among the groups. Both implant 2 (5°)
(F=1.083, P=0.353) and implant 4 (5°) (F=1.188, P=0.320)

This work is licensed under Creative Commons Attribution-
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showed comparable deviation values across all implant sys-
tems (P> 0.05). The effect of implant angulation on 3-dimen-
sional (3D) deviation values is presented in Table 1, and the
distribution of these values is shown in Figure 5.

For implants with a 10-mm interimplant distance, statistically
significant differences were observed among the implant sys-
tems. At implant 1 (10 mm), a significant difference was found
(F=14.842, P<0.001), with Bioinfinity demonstrating significant-
ly lower deviation values than both Mode and Meisinger. No sig-
nificant difference was observed between Mode and Meisinger.
Similarly, at implant 2 (10 mm), a significant difference was de-
tected (F=15.380, P<0.001). Bioinfinity showed significantly lower
deviation values than both Mode and Meisinger, while the differ-
ence between Mode and Meisinger was not statistically significant.

In contrast, for implants with a 5-mm interimplant distance,
the results varied by implant position. At implant 4 (5 mm), no
statistically significant difference was found among the groups
(F=0.690, P=0.510). However, at implant 5 (5 mm), a signifi-
cant difference was observed (F=27.822, P<0.001). Meisinger
exhibited the highest deviation values, followed by Mode, while
Bioinfinity showed the lowest values, with all pairwise compar-
isons being statistically significant. The effect of interimplant
distance on 3D deviation values is presented in Table 2, and
the distribution of these values is shown in Figure 6.

[Chemical Abstracts/CAS]

APPROVED GALLEY PROOF

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]



LAB/IN VITRO RESEARCH

Ekin ES. et al:

Factors affecting full-arch digital implant scan accuracy

Table 1. Comparison of 3-dimensional deviation values according to implant angulation.
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Multiple comparisons

- . o
Implant position Mean £ SD Min-Max (Tukey HSD)
(1) Bioinfinity 9.960 +1.180 8.500-12.200 3)
Implant 1 (102) N o
F=6.815 (2) Mode 8.670+0.941 7.300-9.900 (1)
P=0.004
(3) Meisinger 8.420+0.855 6.300-9.400 (1)
(1) Bioinfinity 5.350+0.980 3.300-6.600 ns
Implant 2 (50 N N
F=1.083 (2) Mode 4.940+0.587 3.700-5.600 ns
P=0:353" 1 N
(3) Meisinger 4.850+0.814 3.600-6.700 ns
(1) Bioinfinity 5.150+0.784 3.600-6.200 ns
Implant 4 (5°) =~ SEASSEEEEEE..—— . ..... .. ... JSCCCCCCEEERER., ... ...
F=1.188 (2) Mode 5.490 +0.486 4.900-6.500 ns
P=0.320 B e
(3) Meisinger 5.670+0.955 3.900-6.800 ns
(1) Bioinfinity 10.140+1.479 7.600-12.100 3)
Implant 5 (10°) ~ = SR ... ... JSCCCCCCEEEEEEEREE., ... ...
F=8.995 (2) Mode 9.360+0.698 8.100-10.100 3)
P=0.001 T e
(3) Meisinger 11.410+0.947 9.90-12.90 (1))

One-way ANOVA was used for statistical analysis, followed by Tukey honestly significant difference (HSD) post hoc test for multiple
comparisons. Values are presented as mean + standard deviation (SD). Numbers in parentheses indicate groups with statistically
significant differences according to Tukey HSD test (P<0.05). n=10 per group. “ns” indicates no statistically significant difference
(P>0.05).

Figure 5. Distribution of 3-dimensional
deviation values among different
implant systems according to implant
angulation.

12.00 W Implant2
I Implant 1
10,00 — [ Implant 4
M Implant 5

Mean 3D deviation
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Bioinfinity Mode Meisinger

When evaluated within each implant system, deviation values
increased significantly with implant angulation in all groups
(P<0.004). Interimplant distance showed a variable effect:
while no consistent significant differences were observed with-
in the same angulation for Bioinfinity and Mode, higher de-
viations were generally observed at 10 mm. In contrast, the
Meisinger system demonstrated significant differences relat-
ed to both angulation and interimplant distance across con-
ditions (P<0.001). For reporting purposes, descriptive statis-
tics were rounded to 3 decimal places.

Pearson correlation analysis was performed to evaluate the
consistency of deviation patterns among the scan body sys-
tems under different angulation and interimplant distance con-
ditions. No significant correlations were observed among the
scan body systems under different implant angulation condi-
tions at any implant position (all P> 0.05). Correlation coeffi-
cients ranged from -0.569 to 0.346, with the strongest, albeit
nonsignificant, correlation observed between the Bioinfinity
and Meisinger groups at implant 2 (r=-0.569, P=0.086). Under
different interimplant distance conditions, no significant cor-
relations were observed among the scan body systems at

This work is licensed under Creative Commons Attribution-
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Table 2. Comparison of 3-dimensional deviation values according to interimplant distance.

Multiple comparisons

- . o
Implant position Mean £ SD Min-Max (Tukey HSD)
(1) Bioinfinity 9.875+ 0.766 8.463-10.879 2)@3)
Implant 1 (10 M) N o
F=14.842 (2) Mode 11.108+ 0.429 10.328-11.695 (1)
P<0.004 e
(3) Meisinger 10.895+ 0.326 10.354-11.283 (1)
(1) Bioinfinity 10.536+ 0.549 9.222-11.023 2)@3)
Implant 2 (10 M) N o
F=15.380 (2) Mode 11.182+ 0.331 10.729-11.711 (1)
P<0.001
(3) Meisinger 11.542+ 0.309 10.843-11.829 (1)
(1) Bioinfinity 6.016+ 0.778 4.917-7.380 ns
Implant 4 (5 mm) ~ SR . ...... ... SCCCCCCEEEEREE., ... ...
F=0.690 (2) Mode 6.187+ 0.292 5.731-6.736 ns
P=0.510 B
(3) Meisinger 6.264+ 0.105 6.128-6.470 ns
(1) Bioinfinity 5.543+ 0.703 4.314-6.623 2)(3)
Implant 5 (5 mm) = SSASSSEEEE—. ... ... SCCCCCCEEEREE ... _............
F=27.822 (2) Mode 6.536+ 0.296 6.043-6.863 (1)(3)
P<0.001 T e
(3) Meisinger 6.995+ 0.108 6.796-7.163 12

One-way ANOVA was used for statistical analysis, followed by Tukey honestly significant difference (HSD) post hoc test for multiple
comparisons. Values are presented as mean + standard deviation (SD). Numbers in parentheses indicate groups with statistically
significant differences according to Tukey HSD test (P< 0.05). n =10 per group. “ns” indicates no statistically significant difference
(P>0.05).

Figure 6. Distribution of 3-dimensional
12.00 deviation values among different

M Implant 2 implant systems according to
10.00 — B Implant 1 interimplant distance
’ M Implant 4 P :

M implant 5

Mean 3D deviation
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Bioinfinity Mode

Meisinger

to implant position. Statistically significant differences were
identified only at specific implant positions.

implants 1, 2, and 4 (all P> 0.05). A significant positive corre-
lation was identified only between the Mode and Meisinger
groups at implant 5 (r=0.641, P=0.046).

At 5° angulation, no statistically significant differences were
observed among the implant systems, suggesting that lower
angulations may not substantially affect the performance of
different scan body designs. In contrast, significant differenc-

Discussion

The findings of this study indicate that implant angulation and
interimplant distance influenced digital implant scanning accu-
racy, and that the differences observed among the 3 implant
systems with different scan body geometries varied according

This work is licensed under Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

es emerged at 10° angulation, although the direction of these
differences varied according to implant position. Bioinfinity ex-
hibited higher deviation values at implant 1, whereas Meisinger
showed higher deviation values at implant 5. These findings
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suggest that increased angulation accentuates differences
among scan body designs rather than consistently favoring a
particular implant system. This may be attributed to reduced
scan body distinguishability and increased image stitching er-
rors under more challenging geometric conditions.

In full-arch intraoral scanning, errors are known to accumu-
late as the scan advances, due to sequential image stitching,
with greater deviations often occurring in regions scanned
last [49,50]. Therefore, the increased deviations in the left pos-
terior region may be attributed to cumulative errors related to
the scanning sequence. According to an in vitro study, parallel
implant configurations were associated with higher accuracy
(trueness and precision) values compared with implants with
angulations of up to 30° [51]. A systematic review and meta-
analysis reported that implant angulation may reduce digital
scanning accuracy; however, this difference was not statisti-
cally significant [52]. In contrast, several studies have demon-
strated a significant decrease in intraoral scanning accuracy
when implant angulation exceeds 15° [30] or 30° [29,45]. The
findings of the present study are consistent with these obser-
vations, suggesting that higher implant angulation may accen-
tuate differences among implant systems with different scan
body geometries, particularly at specific implant positions.

When evaluated in terms of interimplant distance, differenc-
es among implant systems were more pronounced under the
10-mm condition, although significant differences were also
observed at specific implant positions under the 5-mm condi-
tion. As the interimplant distance increases, the expansion of
the scanning area makes the data acquisition and stitching
process more complex, which may accentuate performance
differences among systems [53,54].

At a 5-mm interimplant distance, the results varied depend-
ing on implant position. While no significant differences were
observed among the groups at implant 4, statistically signif-
icant differences were found at implant 5, where all groups
differed from each other. Multiple comparisons revealed that
the Meisinger group exhibited significantly higher deviation
values than the Mode group, and the Mode group showed sig-
nificantly higher values than the Bioinfinity group. These find-
ings suggest that not only interimplant distance but also the
position along the arch may influence the accuracy of digi-
tal implant scans. Previous studies have consistently demon-
strated that increasing interimplant distance negatively affects
the accuracy of digital implant scans [53]. In an in vitro study,
it was reported that, as the interimplant distance increased
from 7 mm to 14 mm and 21 mm, accuracy decreased, with
the highest 3D deviations observed at the longest distance
[54]. Consistent with these findings, increased interimplant
distance has been associated with higher 3D deviation values,
indicating reduced accuracy with increasing edentulous span.
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This effect has been attributed to cumulative stitching errors
during long-span digital acquisition and has been reported to
become more pronounced at longer interimplant distances,
including the 10-mm condition [8,53-56]. In line with this, er-
ror accumulation may be more pronounced in distal regions
of the arch, potentially leading to greater deviations in cer-
tain implant systems. Moreover, the higher 3D deviation val-
ues observed for the Meisinger system at implant 5 under both
the 10° angulation and the 5-mm interimplant distance con-
ditions may indicate that this scan body design is more sus-
ceptible to challenging scanning conditions in distal regions.
However, the absence of significant correlations among most
scan body systems indicates that these effects were not con-
sistent across all designs and may be influenced by scan body-
specific geometric characteristics.

The higher 3D deviations observed under greater implant an-
gulation and longer interimplant distance suggest that error
accumulation becomes more pronounced under challenging
scanning conditions. However, the different deviation pat-
terns observed among implant positions indicate that scan-
ning accuracy is influenced not only by interimplant distance
but also by the implant location within the arch. This finding
is consistent with previous studies reporting that long eden-
tulous spans and a reduced number of reference points may
negatively affect scanning performance [57]. The differenc-
es observed among implant systems under higher angulation
and greater interimplant distances further suggest that scan
body geometry may become more important under demand-
ing conditions. Nevertheless, this effect did not appear to be
uniformly distributed across all implant sites and showed po-
sition-dependent variability.

Consistent with previous studies, scan body geometry has been
reported to influence digital impression accuracy by affect-
ing the availability of reference features during image stitch-
ing [35,58,59]. In the present study, the differences observed
among implant systems were not consistent across all condi-
tions but varied according to implant position under different
angulation and interimplant distance conditions, indicating a
condition-dependent effect of scan body geometry.

The predominantly cylindrical design of the Bioinfinity scan
body may provide fewer distinct reference features, poten-
tially contributing to increased deviations under certain chal-
lenging conditions, such as higher angulation. Similarly, the
hybrid cylindrical geometry of the Meisinger scan body, with
localized bevel features, may lead to a non-uniform distribu-
tion of reference landmarks, which could explain its higher de-
viations at specific implant positions. In contrast, the Mode
scan body, featuring a reverse conical geometry with partial-
ly defined flat surfaces, may offer more distinguishable fea-
tures; however, its performance remained condition-dependent.
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These interpretations are based on qualitative assessments
rather than quantitative measurements and should therefore
be considered hypothesis-driven. Previous studies support this
view, indicating that not only the presence of geometric fea-
tures but also their spatial distribution and surface continuity
may influence scanning accuracy [59].

Excessively complex scan body geometries may introduce noise
into point cloud data and reduce mesh accuracy, whereas over-
ly simple designs may lack sufficient reference features for re-
liable image alignment. Thus, an optimal balance between geo-
metric simplicity and distinctiveness is essential for accurate
digital scanning [58]. Previous studies have suggested that
scan body geometry may influence digital impression accura-
cy by affecting feature recognition and image stitching [24,32].
Therefore, the differences observed among implant systems
may be related to variations in scan body design character-
istics. However, this relationship was not directly evaluated
in the present study and should be interpreted with caution.

Overall, the findings of this study indicate that the accuracy
of digital implant scanning is multifactorial and cannot be at-
tributed to a single parameter. In addition to implant angula-
tion and interimplant distance, scanning accuracy was influ-
enced by implant position within the arch. Differences among
implant systems became more pronounced under more chal-
lenging conditions, suggesting that the influence of scan body
geometry is condition-dependent rather than consistent across
all scenarios. From a clinical perspective, increased implant an-
gulation and extended interimplant distances should be con-
sidered during digital scanning, as differences among implant
systems and scan body designs may become more pronounced
under these challenging scanning conditions. The absence of
significant correlations among the scan body systems sug-
gests that the effects of implant angulation and interimplant
distance varied according to scan body design.

This study has several limitations. First, it was conducted under
in vitro conditions, and clinical factors such as saliva, soft tissue
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dynamics, and patient-related variables were not simulated. In
addition, only a single intraoral scanner was used, which may
limit the generalizability of the findings. Another limitation is
the use of a plaster model instead of a 3D-printed resin mod-
el, which may facilitate greater standardization and reproduc-
ibility. Future studies incorporating different scanner systems,
3D-printed models, and clinical conditions are needed to validate
these results. Furthermore, quantitative analyses of scan body
geometric parameters under different implant positions, angula-
tions, and interimplant distances would provide a more compre-
hensive understanding of their role in digital scanning accuracy.

Conclusions

Within the limitations of this in vitro study, we conclude the
following. (1) Digital implant scanning accuracy was influ-
enced by implant angulation, interimplant distance, and im-
plant position. (2) Significant differences among implant sys-
tems emerged under higher angulation and varied according
to implant position, particularly in distal regions. (3) Increased
interimplant distance was associated with higher deviations,
while shorter distances showed position-dependent variabil-
ity. (4) No implant system demonstrated consistently superi-
or performance across all conditions.The observed differenc-
es among implant systems may be associated with scan body
design characteristics, although this relationship was not di-
rectly evaluated in the present study.
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