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LIST OF ABBREVATIONS

Al - Artificial intelligence

CAD - Computer-aided design

CAM - Computer-aided manufacturing
ICP - Iterative closest point algorithm
IOS - Intraoral scanner

MAD - Mean absolute deviation
MAE - Mean absolute error

MG - Marginal gap

RMS - Root mean square

SD - Standard deviation

STL - Standard Tessellation Language
2D - Two-dimensional

3D - Three-dimensional



1. INTRODUCTION

The long-term success of tooth-supported dental prostheses is principally
dependent on the accuracy of fit between the restoration and the prepared abutment teeth,
as well as on several other factors, including marginal fit and adaptation (1), abutment
tooth preparation, proper material selection (2), and cementation protocol (3). It is widely
accepted in dentistry that inadequate marginal and/or internal adaptation of the restoration
might lead to biological and structural complications such as secondary caries (4),
periodontal inflammation (5), as well as technical failures, including debonding (6) and
fracture (7). Evaluation and optimization of restoration fit has remained a central topic in
prosthodontic research for decades (8, 9). With the rapid development of digital
workflows and intraoral scanning technologies, the traditional paradigms used to assess
prosthetic accuracy are being increasingly challenged (10). Improved accuracy in
computer-aided design and computer-aided manufacturing (CAD/CAM) workflow
contributes to better retention, reduced microleakage, and enhanced long-term clinical
performance of restorations (11).

Digital impression technique with the help of intraoral scanners (I0Ss) has become an
integral part of contemporary prosthodontics, offering advantages such as improved
patient comfort, streamlined workflows, and seamless integration with CAD/CAM
systems. While their accuracy for single-unit restorations and short-span fixed partial
dentures has been well documented (12), the reliability of IOSs for complete-arch fixed
prostheses remains controversial, primarily due to the accumulation of stitching errors
and angular deviations over long-span scans, which may adversely affect prosthetic fit
and clinical performance (13). Complete-arch scans are inherently susceptible to
cumulative stitching errors, and even minor deviations may result in clinically relevant
misfit when propagated across long spans (14). This issue is particularly critical in tooth-
supported fixed complete-arch restorations, where rigid connections between abutments
limit the adaptive capacity of the prosthesis, while periodontal ligaments might lead to
some compensation effect (15). Furthermore, artifical intelligence (Al) and machine
learning algorithms may help predict inaccuracies associated with milling or sintering
processes and compensate for them during the digital design workflow phase, thereby

increasing the precision and reproducibility of CAD/CAM-made restorations (16).



The majority of available evidence suggests that studies evaluating IOS accuracy have
relied on conventional accuracy metrics, typically quantified by the mean absolute
distance (MAD) or root mean square (RMS) deviation following scan-to-scan
superimposition with a reference model (17, 18). Although these metrics are useful for
relative comparison between scanners, they are derived from virtual alignment
procedures that permit surface interpenetration during iterative closest point (ICP)
alignment (19). Such penetration introduces a non-physical degree of freedom, allowing
scans to “sink into” each other and thereby minimizing measured deviations. As a result,
conventional trueness metrics may significantly underestimate the actual discrepancy that
would occur during physical seating of a restoration (20).

This methodological limitation creates a fundamental disconnect between digital
accuracy studies and clinical reality. Clinicians evaluate restoration accuracy in terms of
marginal and internal gaps, which are measured after seating a rigid prosthesis onto rigid
abutments under standardized conditions in in vitro investigations, where clinical
variability such as periodontal ligament resilience and biological response is not present.
(13, 14). In contrast, conventional IOS accuracy studies report abstract numerical values
in two dimensions (2D) that cannot be directly translated into clinically interpretable
parameters (21). This discrepancy has led to uncertainty regarding acceptable 10S
accuracy thresholds for complete-arch restorations and has contributed to inconsistent
recommendations across the literature (22).

An additional complexity arises from the role of cement spacing in CAD design. Cement
space is introduced between the restoration and the abutment to facilitate seating,
accommodate manufacturing tolerances, and allow uniform cement distribution (23).
However, the optimal cement space for digitally fabricated complete-arch prostheses
remains not clearly established in the literature, due to variability in manufacturing
workflows, scanner accuracy, and material-dependent fabrication protocols (24). While
increasing cement spacing may compensate for scanning or manufacturing inaccuracies,
excessive spacing has been associated with increased marginal discrepancies, reduced
retention, and unfavorable stress distribution within the cement layer (25). Despite its
clinical importance, cement spacing is rarely incorporated into IOS accuracy studies,
which typically evaluate scans independently of the restorative design parameters that

ultimately determine clinical seating/fit.



Against this background, a critical methodological gap becomes apparent: current I10S
accuracy assessment methods do not adequately simulate the clinical process of
restoration seating, nor do they account for the compensatory role of cement spacing
within a digital workflow. Addressing this gap requires an evaluation framework that
integrates scanning accuracy, CAD design parameters, and clinically relevant fit
outcomes on a common scale.

The first study presented in this thesis introduces and validates a novel virtual-fit method
designed to bridge this gap (24, 26). Unlike conventional scan-to-scan superimposition,
the virtual-fit approach employs a non-penetrating ICP alignment that prevents virtual
interpenetration between the restoration design and the reference model (27). By digitally
“seating” a CAD-designed framework onto reference abutments under physical
circumstances, this method simulates the clinical try-in of a fixed prosthesis. Importantly,
it also allows direct measurement of internal and marginal gap discrepancies. The
parameters are comparable to traditional/conventional linear fit assessment techniques
such as stereomicroscopy (28), micro-computed tomography (micro-CT) (14), and the
silicone replica technique (29, 30). Although these techniques are widely accepted, they
are based on two-dimensional (2D) cross-sectional measurements, typically performed at
only four discrete locations per crown (mesiodistal and buccolingual directions) (28, 30).
As aresult, they may question whether they can adequately represent the complete three-
dimensional (3D) characteristics of marginal adaptation (31). This limited spatial
resolution increases the likelihood of underestimating localized discrepancies and
necessitates repeated measurements to achieve representative results (32). The triple-scan
protocol enables 3D assessment of the marginal region; however, it is based on a surface
comparison method that evaluates an area extending from the restoration margin (33).
During the CAD design process, cement space parameters are generally set considerably
lower in the marginal region (typically 0—20 pm) compared with the internal area
(typically 30-200 pm) (23).

Considering the above explained measurement challenges, the first study systematically
investigated the effect of different cement spacing configurations on the internal and
marginal fit of complete-arch fixed prostheses designed from intraoral scans. While the

first study established the conceptual and methodological validity of the novel virtual-fit



approach, its scope was intentionally limited to a small number of IOS systems to ensure
rigorous validation.

The second study extended this framework to a broader comparative analysis of seven
IOSs, thereby addressing a clinically relevant question: which scanners are suitable for
complete-arch fixed prosthodontics when evaluated using a clinically realistic metric? By
applying the virtual-fit method to a diverse pool of scanners with varying technological
backgrounds and market positions, the second study provided a comprehensive
assessment of both trueness and precision at the level of marginal and internal gaps.
Importantly it should be highlighted that I0S accuracy cannot be meaningfully
interpreted in isolation from the restorative workflow in which the scan is used and the
manufacturing step of CAD/CAM workflow might also lead to increasing misfit of
restoration (23, 34).



2. OBJECTIVES

The overall aim of this thesis is to introduce and validate a clinically realistic novel
evaluation method for measuring intraoral scanner accuracy in tooth-supported complete-
arch fixed prosthodontics. The thesis also seeks to bridge the gap between conventional
digital accuracy metrics and clinically meaningful fit outcomes by integrating scanning
accuracy, CAD design parameters, and restoration seating behavior into a unified
evaluation approach.

By addressing these objectives, the thesis aims to improve and validate the novel virtual-
fit method and apply it as an established tool/method for intraoral scanner accuracy,

translating the values into evidence-based results.

2.1 Application of the virtual-fit method for fixed complete denture cases designed on

intraoral scans: Effect of cement spacing — Study 1

1. To validate the virtual-fit alignment algorithm by assessing whether the
measured internal and marginal gaps correspond to the predefined cement space
settings when a CAD-designed complete-arch framework is virtually seated on
tooth abutments.

Null hypothesis #1: The internal and marginal gaps do not significantly deviate
from the preset cement space values.

2. To investigate the effect of cement spacing on the accuracy of intraoral
scanner by means of the virtual-fit method in complete-arch fixed restorations
design.

Null hypothesis #2: Internal and marginal gaps do not differ significantly across
different cement spacing settings.

3. To assess the relationship between the virtual-fit method and conventional
trueness measurements.

Null hypothesis #3: No significant correlation exists between virtual-fit approach

and conventional trueness method.



2.2 Complete-arch accuracy of seven intraoral scanners measured by the virtual-fit

method — Study 2

1.

To compare the complete-arch accuracy (trueness and precision) of seven
different intraoral scanners by the virtual-fit method.

Null hypothesis #4: No differences in accuracy (treueness and precision) between
the evaluated seven 1OSs.

Comparing the effect of two cement spacings on accuracy across intraoral
scanners.

Null hypothesis #5: Internal and marginal gaps do not differ significantly across

the two cement space settings.
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3. METHODS

3.1 Application of the virtual-fit method for fixed complete denture cases designed on

intraoral scans: Effect of cement spacing — Study 1 (in vitro)
3.1.1 Model fabrication and scanning

Four different maxillary arches with tooth abutments were 3D-printed by an Asiga Pro
4K80 UV 3D printer (Asiga Co., Australia) with a resolution of 50 pm in the Z and 56
pum in the X-Y axes. Each model was prepared for a fixed complete prosthesis (Figure 1).
The number of abutments (eight, nine, twelve, and seven, respectively) and their locations
were different in the four models (A, B, C, D). Each of the dental models was scanned by
an industrial scanner with a 12-megapixel camera (ATOS Capsule MV120, Carl Zeiss
GOM Metrology GmbH, Germany, software version Hotfix 5.0), with a precision of 1.7
um. The four scans served as reference models, i.e., as virtual patients. Each model was
also scanned by Emerald S (Planmeca, Finland, software version 6.0.1.812) and Medit
1700 (Medit, South Korea, software version 1.8.0) IOSs. Each model was scanned three
times by a single operator. The operator had no experience with the two IOSs to exclude
bias between the scanners. He received trial training for both systems. The scans were

coded according to the model (Figure 1, A-D) and the number of replicates (1-3).

3.1.2 Scan segmentation

The reference and IOS scans were imported in STL file format into the dental lab
CAD/CAM software Exocad (Exocad DentalDB, software version 3.0 Galway, Exocad
GmbH, Germany). In Exocad, the tooth abutments were digitally segmented from the
model by selecting the preparation of the margin. These steps represent the standard

technical workflow (Figure 2).
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Figure 1. Color photos of the 3D-printed models with teeth abutments and gingiva
mask. Model (A) included eight, Model (B) nine, Model (C) twelve, and Model (D) seven

abutments. All models represent clinical cases prepared for a fixed complete denture (26).

Margin line detection Segmentation of the 10S scan

I0Sscan  Exocad

Insertion path Cement spacing Exocad export

Figure 2. Steps of the Exocad workflow. The workflow shows each step from scanning
the models through the design of the virtually designed prostheses in Exocad software to

exporting each design with different cement space settings in STL format (26).
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3.1.3 Framework design

Three complete-arch tooth-supported fixed prosthesis frameworks with different settings
on each IOS scan (two 10Ss, four models, three repeats, three cement gaps, n = 72) were
designed in Exocad. A shared insertion axis was established for all abutments, where
crowns are interconnected virtually despite their appearance in the exported design file.
The marginal ramp was set to 250 um for all designs. This function is labeled ’select
zones by distance from the margin’ (Figure 3). The ’cement gap’ setting creates space
between the restoration’s internal and marginal abutment surface. *Additional spacing’
function adds space between the restoration and the whole abutment surface, including
the marginal ramp. According to the settings, three spacing groups were compared

(Figure 3).

* Group 70: The ’cement gap’ was set at 70 um without additional spacing.
* Group 70+20: The ’cement gap’ was set at 70 um with 20 pm additional spacing.
Therefore, the gap was 20 um at the marginal ramp and 90 pm at the internal surface area.

* Group 140: The ’cement gap’ was set at 140 um without additional spacing.

The frameworks were exported in STL format and named *bottom design’ (Figure 2). The
bottom design contains only the intaglio (internal+marginal) surface of the restoration
without the external surface of the full-arch pontics, where cement space parameters are
defined to optimize seating and marginal adaptation. This is because the outer layer and

the pontics would affect the ICP alignment between the model and the framework.

13
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Figure 3. The gap setting panel from the Exocad and the resultant cross-section of

tooth 27 in model A in Exocad.
The three different cement spacing groups are indicated: (A) group 70, (B) group 70+20,

and (C) group 140 (26).
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3.1.4 Measurements

After estabilishing the bottom designs, STL files were imported into Zeiss Inspect 2022
(Carl Zeiss GOM GmbH, Braunschweig, Germany) metrology software for alignments
and surface comparisons. Four different types of gap measurements were performed
based on mesh type, cement space setting, and comparison area (Figure 4):

* Original (Exocad) position (I.): Bottom designs and corresponding segmented IOS scans

were exported from Exocad with identical orientation, preserving the predefined cement
spacing. Files were imported into Zeiss Inspect software without further alignment by
defining the alignment as the initial alignment. Deviations between the set and measured
cemet gaps therefore reflected surface irregularities (Figure 4A).

* Outside-IOS alignment (1I.): Following original measurements, bottom designs and I0S

scans were aligned using an outside alignment algorithm (ICP-based virtual-fit method
preventing mesh penetration). No prealignment was required. Algorithm accuracy was
verified by comparing cement gaps obtained before and after outside-IOS alignment
(Figure 4A).

* Qutside-reference alignment (II1.): Bottom designs and segmented reference scans were

imported into a separate project, prealigned and subsequently aligned using the same
outside alignment algorithm. This approach simulated clinical try-in while excluding
fabrication error (Figure 4B).

» Conventional scan-to-scan alignment (IV.): Segmented IOS scans and reference scans
(abutments only) were aligned using conventional ICP (prealignment plus best-fit
alignment), allowing virtual surface penetration. Three alignments were performed per
model and twelve per 10S (Figure 4C).

For all four alignment methods (I-IV.), MAD between the aligned surfaces was calculated
in two areas: internal gap area (abutments excluding a 250pum marginal ramp; Figure 5A)

and marginal gap area (inverted selection; Figure 5B).

15
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Figure 4. The processing workflow in the Zeiss Inspect software.
The four types of gap measurements based on the alignment are highlighted in red. All
images are from a scan of model A made by Medit 1700. The cross sections are made at
tooth 27 in all images. The bottom design incorporates a cement spacing of 70 um. The
colors between the meshes show the gap size and are categorized as follows: blue for <20
pum, green for 20—70 pm, yellow for 70-90 pum, and red for >90 um. (A) The bottom
design (gray) and the segmented IOS scan (blue) were imported, and their original
positions from Exocad were maintained. The gaps were measured without any
modifications before aligning the two scans through the outside alignment algorithm
using the virtual-fit method. The gaps were then measured again. (B) The bottom design
(gray) and the segmented reference scan (yellow) were imported, and a prealignment was
conducted. Then, two meshes were aligned by the outside alignment algorithm, after
which the resulting gaps were measured. (C) The segmented IOS scan (blue) and the
segmented reference scan (yellow) were imported, and prealignment was performed,

followed by gap measurement (26).

16



0.45
0.30

0.15 0.15

0.10 . 0.10

Ho‘os
0.00
|

Figure S. The color-coded surface comparison after outside alignment of the bottom
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The figure displays a single abutment (tooth 27 inmodel A) from one of the flawed scans,
where the misfit was most pronounced to enhance clarity. (A) The internal surface of all
abutments, excluding the 250 pm width margin, was selected for surface comparison. (B)

After inverting the selection, the deviation of the marginal area could be measured (26).
3.1.5 Statistics

The descriptive statistics are provided in the dissertation as median, the first (Q1), and the
third (Q3) quartiles. The unit of analysis was the ’four models x three repeats’, creating
an n=12 sample size for each group. The accuracy of the two I0Ss was evaluated with
the virtual-fit method. The gaps were calculated by removing the outside-IOS gap from
the outside-reference gap to eliminate the error in the outside alignment process and
unevenness of the Exocad cement spacing. The 100 um gap was used as a threshold to
highlight inferior scans (8).

The MAD of the two IOSs was compared by the Mann—Whitney U Test. The difference
between spacing groups was compared by Friedman’s Two-Way Analysis of Variance
by Ranks. Significance values have been adjusted by the Bonferroni correction for
multiple tests.

The correlation between the outside-reference and the scan-to-scan method was evaluated
by Spearman’s Rho Test. The median of the outside-reference method was compared with
that of the scan-to-scan method by the Wilcoxon Signed-Rank Test. The accepted level
of statistically significant difference was p<0.05. All statistical analyses were done in

SPSS (v28, IBM Corp, USA).
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3.2 Complete-arch accuracy of seven intraoral scanners measured by the virtual-fit

method - Study 2 (in vitro)
3.2.1 Model fabrication and scanning

The same 3D-printed resin maxillary arches with various tooth abutments were used to
scan and design the full-arch fixed prosthesis. The details of the additive manufacturing
of the model were described previously in subsection 3.1.1 (26). Physical dies were made
by the same 3D printer (Asiga Pro 4K80 UV, Asiga Co., Australia) utilizing DLP
technology with the same settings. Post-processing was done according to the official
instructions for use.

The complete workflow, including the scanning and measurements, is shown in Figure 6.
Each of the previously created dental models was scanned using an industrial scanner
equipped with a 12-megapixel camera (ATOS Q MV100, Carl Zeiss GOM Metrology
GmbH, Braunschweig, Germany, software version Zeiss Inspect 2023.2.0.1520),
achieving a precision of 1.7 um on dentate models (26). These four scans were utilized
as reference models, functioning as virtual patients.

Each model was scanned by seven intraoral scanners: Aoralscan 3 (Shining3D,
Hangzhou, China), Emerald S (Planmeca, Helsinki, Finland), Helios 600 (Eighteeth,
Changzhou, China), Lumina (iTero, Align Technology Inc., Tempe, AZ, USA), Medit
1700 (Medit, South Korea), Primescan (Dentsply Sirona, Charlotte, NC, USA) and Trios
5 (3Shape A/S, Copenhagen, Denmark). Each model was scanned three times, resulting
in 12 scans for each IOS. The optical technology and software versions are listed in Table
1. To ensure independent data acquisition, new scans with newer software versions were
performed using the Emerald S and Medit 1700 intraoral scanners. Consequently, the scan
files from the first study were not included in the present analysis.

All scanning was performed in the same room with the same temperature and lighting
conditions. A single operator with general experience in intraoral scanning for more than
two years performed all IOS scans to eliminate interoperator bias. The operator received
brief training for each I0OS system. The scanning strategy for the seven scanners adhered

to the manufacturer’s recommendations where available.
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Figure 6. Steps of the Exocad workflow. The IOS (three scans per I10S, each obtained
from four models) and reference scans were imported into Exocad software for margin
line detection and segmentation, followed by virtual restoration design using two different
cement space settings (70 pm and 0 or 20 pm additional spacing) and a 250 pm marginal
ramp. The designed restorations were exported as STL files, imported into Zeiss Inspect
software, and virtually positioned along the defined insertion path relative to the ATOS

Q reference scan for virtual-fit analysis (24).
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Table 1. Summary of the features of the evaluated scanners (24).

Name/type  Manufacturer of  Date/year of 3D optical Software Light
of scanner: scanner: introduction:  technology: version™*: source:
ATOS Q Carl Zeiss GOM 2022 structured Zeiss Inspect blue LED
(100 MV) Metrology Gm'bH, (3%5) . light ' 2023.2.0.1520
Braunschweig, triangulation
Germany
Emerald S Planmeca Oy, 1 2gt1()9ber strlll'ctlllred é{zmezx(;; blue laser
Helsinki, Finnland ' ight , 4.
(36) triangulation
Medit 1700 Medit, Seoul, April 2021 structured Medit link blue/white
South Korea (37) light 3.14 LED
triangulation
Aoralscan 3 Shining 3D, September structured IntraoralScan ~ blue LED
Hangzhou, China 2021 light 1.0.0.3305
(38) triangulation
iTero Align Technology February Multi-Direct 3.1.10.607 LED 400-
Lumina Inc., Tempe, AZ, 2024 Capture 780nm
USA (39) technology™
(triangulation)
Helios 600 Eighteeth, February structured 1.1.4.4 blue LED
Changzhou, China 2022 light
(40) triangulation
Primescan  Dentsply Sirona, September confocal Cerec 5.2.4 blue LED
Charlotte, NC, 2022
USA 41)
Trios 5 3Shape A/S, 2023 confocal 3Shape Unite LED
Copenhagen, (42) 22.1.10.1
Denmark

* The listed software versions represented the latest available versions at the time of the

study.
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3.2.2 Scan segmentation

The reference and IOS scans were imported into Exocad dental lab software (Exocad
DentalDB, software version 3.0 Galway, Exocad GmbH, Germany) in STL file format.
Within Exocad, the tooth abutments were digitally segmented from the model by

delineating the preparation margin (Figure 6), representing the restoration’s finish line.

3.2.3 Framework design

Two complete-arch tooth-supported fixed prosthesis frameworks with different cement
spacings on each IOS scan (seven IOSs, four models, three repeats, two cement gaps,
n=168) were designed in Exocad by a dental technician. The common insertion axis, the
pontics connector and the CAD framework design method was conducted in the same
way as in the previous study. Marginal ramp was set to 250 um for all designs (Figure 7).
According to the set cement gap and additional spacing function settings, two spacing
groups were compared (Figure 7). Further spacing was not applied as it was ineffective
in compensating for the scanning error in the previous investigation (26).

e Group 70: the ’cement gap’ was set at 70 um without additional spacing.

e Group 70+20: the ’cement gap’ was set at 70 um with 20 pm additional spacing.
Therefore, the gap was 20 um at the marginal ramp and 90 pm at the internal
surface area (Figure 7).

The exported design includes only the intaglio surface of the crown abutments (i.e., the

bottom of the design).
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Figure 7. The gap setting panel from Exocad and the resultant cross-section of tooth

27 in model A within Exocad.

Two distinct cement spacing groups were used: (A) group 70 and (B) group 70+20 (24).
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3.2.4 Measurements

Each bottom design and the corresponding segmented model made from the reference
scan were imported into the same comprehensive metrology program (Zeiss Inspect 2023,
Carl Zeiss GmbH, Braunschweig, Germany, version 2023.2.0.1520) (Figure 6). Initially,
the bottom design and the reference scan were pre-aligned using the ICP algorithm.
Subsequently, the outside alignment algorithm was used. This method virtually fits the
design onto the reference model, simulating the actual clinical try-in of the framework.
As the framework was not fabricated physically, the virtual-fit method can measure the
IOS inaccuracy without fabrication errors.

The mean distance between the aligned surfaces was determined for two specific regions.
Initially, the internal cement gap was measured by selecting the abutments without the
250 um marginal ramp area (Figure 5A). Subsequently, the marginal gap was calculated

by selecting a 100 pum area from the finish line (Figure 5B).
3.2.5 Sample size estimation

A priori power analysis was performed using G¥*Power version 3.1.9.7 (43) to estimate
the sample size based on the primary outcome (i.e., the difference in the marginal gap
between the seven I0Ss) from the previous paper (26). With a significance criterion of a
= 0.05 and power = 0.80, the minimum sample size required for an effect size of 1.4,
according to Cohen (44), was N = 10 for a non-parametric test comparing two
independent groups. However, the standard deviation was expected to decrease (and the
effect size increased) due to the use of the experienced operator rather than the
inexperienced operator in the previous study.

The total number of samples was the combination of replicates x models (the unit of
analysis = 12 for each I0S). The "model" is not considered as a fixed factor but as a
random factor. Four different models were used to generalize the results for I0OS

performance.
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3.2.6 Statistics

All statistical analyses were performed in SPSS (v28, IBM Corp., USA).

The median gaps of IOSs were compared statistically by the Kruskall- Wallis test due to
the violation of the normal distribution assumption of ordinary ANOVA. The groups were
categorized into homogeneous subsets. The median gap between cement spacing groups
was compared statistically by the Wilcoxon test.

The precision (reproducibility) of the IOSs was estimated by the mean absolute error
(MAE) (45). The MAE was calculated by deducing the actual gap values from their
respective group means. The MAE of IOSs was compared statistically using the Kruskal -
Wallis test. The groups were categorized into homogeneous subsets. The MAE between

cement spacing groups was compared statistically by the Wilcoxon test.
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4. RESULTS

4.1. Application of the virtual-fit method for fixed complete denture cases designed on

intraoral scans: Effect of cement spacing — Study 1 (in vitro)
4.1.1 Validation of gap measurement

First, the gap measurement was validated by comparing it to the set cement spacing values
in the original position of the bottom design on the model (as they were exported from
Exocad). The measured gap was significantly higher in all groups (Table 2) than the set
cement space, but the difference ranged only between 0.2—1.7 um at the internal surface

and 3.7-9.9 um at the margin.

Table 2. The measured gap in micrometers between the bottom design and the IOS
scan (26).

at the internal surface at the marginal surface
. outside-
cement . outside- . .
) original : original alignment
Spacing set space o alignment set space o ;
position . . position  (virtual-
group (virtual-fit) f
it)
Median 70 * 71.7 * 73.8 * ## 0 4.0 * 8.8 * ##
70 Q1 70 71.70 72.67 0 3.51 8.06
Q3 70 71.77 75.00 0 4.75 9.91
Median 70 * 90.2 * 81.4 * ## 20 23.7* 129 *##
70+20 Q1 70 90.20 80.81 20 23.18 12.70
Q3 70 90.34 82.06 20 24.22 13.78
Median 140 * 141.1% 1414 *# 0 99* 12.6 *##
140 Q1 140 141.03 141.25 0 9.28 11.00
Q3 140 141.29 142.38 0 10.37 14.23

* p<0.001 significant deviation from the set space

# p<0.01, ## p<0.001, original position vs. outside alignment
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4.1.2 Validation of the virtual-fit method

Second, the virtual-fit method was validated by comparing the measured gap after the
outside alignment of the bottom design with the IOS scan (the scan used for the design)
to the measured gap in the original position. The measured gap was significantly higher
in groups 70 and 140 (Table 2) than the set cement space and the measured gap in the
original position. In group 70+20, both internal and marginal gap was measured
significantly less than in the original position due to the additional spacing (20 um), which

allowed the bottom design caps to be seated closer to the abutment.
4.1.3 Accuracy of intraoral scanners

To evaluate the scanning inaccuracy rather than the set cement space, the error at the
internal surface was calculated by removing the gap measured with the outside-IOS
method (Table 2) from the gap measured with the outside-reference method. The median
internal gap error was not different between spacing groups for any I0S (Table 3 and
Figure 8). The median internal gap was significantly higher for Medit 1700 than for
Emerald S in all spacing groups. Additionally, an arbitrary threshold of 100 um was set
to highlight the inferior scans. The internal error was below 100 um in all cases for
Emerald S. However, one scan (Al) of the Medit 1700 showed an internal error of 184
um in group 70 (Figure 9). The error (66 um) was relieved in group 70+20.

For Emerald S, the median marginal gap in group 140 was significantly higher than in
groups 70 and 70+20. For Medit 1700, the marginal gap in the 70+20 group was
significantly lower than in the 70 and 140 groups (Table 3 and Figure 8). The median
marginal gap was significantly higher for Medit 1700 than for Emerald S at all cement
gap settings. The marginal gap of restorations designed from data using the Emerald S
scanner was always below 100 um (Figure 9). However, it was above 100 um in 6, 5, and
8 cases in the 70, 70+20, and 140 groups respectively, with Medit 1700. Particularly, two
scans (Al and A2) of Medit 1700 had extremely high values of 393 um and 200 pm in
group 70. However, these flawed scans produced a reasonably better gap in group 70+20
(Al: 132 pm, A2: 118 um) and 140 (A1: 112 pum, A2: 124 pum).

The conventional virtual penetrating ICP (scan-to-scan) method provided very similar
results in comparison between the two I0Ss (Table 3 vs. Table 4). The median error was

significantly higher for Medit 1700 than for Emerald S at both the internal surface and the
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margin (Table 4). However, the conventional method failed to detect outliers (Figure 10).
There was a significant correlation between the gaps (virtual-fit method) and the scan-to-
scan MAD (conventional trueness) (Table 4 and Figure 11). The measured gap was 2.6—
2.8 times higher at the internal gap and 4.0—4.5 times higher at the margin than the scan-
to-scan MAD.

Emerald S Mediti700
400 .
393
cement spacing
groups
300 M 70
M 70+20
W 140
5
£ 200 184
Tc_)’ [e)
> #
&
104 105
100 ; i ; -; i
internal margin internal margin
Gap location Gap location

Figure 8. The effect of the cement gap setting on the median error at the internal
surface and the margin with two 10Ss.

# indicates significant differences compared to the 70 pm setting, # p<0.05, ## p<0.01,
& indicates significant differences between the 140 pm and the 70+20 um settings,
p<0.05 (26).
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Figure 9. The error at the internal surface and the margin with different cement gap
settings and two 10Ss. The scans were coded according to the model (A-D, see Figure

1) and the number of replicates (1-3) (26).
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Figure 10. Mean absolute distance (MAD) of the 24 scans, measured at the internal
surface and at the margin by the conventional trueness method (scan-to-scan surface
comparison) for the two I0OSs (Emerald S and Medit i700).

The scans were coded according to the model (A-D, see Figure 1) and the number of replicates

(1-3) (26).
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Figure 11. The correlation between the internal error and marginal gap (y-axis)

measured by the virtual-fit method (outside-reference) and the mean absolute

deviation (MAD, x-axis) measured by the conventional trueness method (scan-to-

scan) (26).

Table 3. The scanning error at internal and marginal areas in micrometers (26).

cement spacing group

Gap location

internal error’ marginal gap
Emerald S Mediti700 Emerald S Medit 1700

Median 37 58 ww 66 104 %%
70 Ql 28 53 60 83
Q2 47 96 76 155
Median 35 56 ** 64 88 *
#4
70+20 Q1 26 50 60 77
Q2 50 67 86 121
Median 31 52 ** 73 105 ***
4 & &
140
Ql 28 47 66 86
Q2 50 58 81 113

* the set cement spacings were deducted from the measured gap to assess the internal

€Irors

* p<0.05, ** p<0.01, *** p<0.001 between scanners

# p<0.05, ## p<0.01 70 um setting

& p<0.05 140 um vs. 70+20 um settings
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Table 4. The correlation between the conventional trueness and virtual-fit (26).

cement spacing group  surface correlation R fold difference (gap/MAD)

internal 0.69 ** 9 g H

70
margin 0.8] ** 4.0 ##
internal 0.51* 0 7 Hikk

70+20 '

margin 0.59 * 4.4
internal 0.52 ** 9 6 H

140
margin 0.77 ** 4.5 i

* p<0.05, ** p<0.01.
### p<0.001 in median
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4.2 Complete-arch accuracy of seven intraoral scanners measured by the virtual-fit

method - Study 2 (in vitro)
4.2.1 Median marginal gap (trueness)

The median marginal gap significantly differed between IOSs in both cement spacing
groups. In group 70, the Medit 1700, Primescan, and Emerald S were in the best
homogenous subset, followed by Lumina, Aoralscan 3, and Trios 5. The median gap in
Helios 600 was significantly higher than in all other IOSs. The additional cement spacing
(comparing group 70 with group 70+20) significantly decreased the median gap for
Lumina and Aoralscan 3. Therefore, in group 70+20, the ranking was only slightly
changed. Lumina and Aorlascan 3 were no longer significantly different from Primescan

and Emerald S in group 70+20 (Figure 12, Table 5).

250 -| Cement spacing
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W70+20
200
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Mediti700 Primescan EmeraldS Lumina Aoralscan3 Trios5 Helios600

Figure 12. Comparison of the marginal gap between I0OSs and cement spacing
groups. Different capital letters indicate a significant difference between IOSs within a
cement spacing group at p<0.05, and # p<0.05 between cement spacing groups. The green

dotted line depicts the 100 um clinically acceptable limit (24).
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Table 5. Marginal gaps (24).

Cement spacing

70 70+20

N Mean Median Q1 Q3 N Mean Median Q1 Q3
Medit 1700 12 42 43 37 46 12 41 41 37 46
Primescan 12 44 42 30 57 12 46 47 30 ol
Emerald S 12 51 45 41 57 12 50 48 42 55
Lumina 12 80 67 53 103 12 69 59 45 84
Aoralscan 3 12 108 70 50 163 12 78 65 45 105
Trios 5 12 71 70 61 79 12 74 77 64 83
Helios 600 12 118 118 97 140 12 121 116 108 135

4.2.2 Median internal gap (trueness)

The median internal gap was significantly different between IOSs in both cement spacing

groups. In group 70, the Medit 1700, Primescan, and Emerald S were in the lowest

homogenous subset, followed by Aoralscan 3. Trios 5 and Lumina comprised the third

subsets. The median internal gap in Helios 600 was significantly higher than all other

IOSs. The additional cement spacing (comparing group 70 with group 70+20) slightly

but significantly increased the median gap for all IOS except for Lumina. Therefore, the

third subset collapsed with the second subset in group 70+20 but kept the same order as

in group 70 (Figure 13, Table 6).
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Figure 13. Comparison of the internal gap between IOSs and cement spacing groups.
Different capital letters indicate a significant difference between I0Ss within a cement
spacing group at p<0.05, and # p<0.05 between cement spacing groups. The red and blue
dotted line depicts the level of the two cement gap sets (24).

Table 7. Internal gaps (24).

Cement spacing

70 70+20

N Mean Median QI Q3 N  Mean Median Q1 Q3
Primescan 12 103 98 90 117 12 108 106 94 125
Medit 1700 12 106 106 102 109 12 112 113 110 114
Emerald S 12 111 109 102 117 12 117 114 108 120
Aoralscan 3 12 155 114 108 181 12 137 115 109 148
Trios 5 12 124 120 118 133 12 130 130 126 138
Lumina 12 132 127 118 145 12 133 125 121 141
Helios 600 12 160 167 143 182 12 173 175 160 185

4.2.3 Mean absolute error (precision) of the marginal gap

The marginal gap was below the threshold value of 100 pm in Medit 1700, Primescan,
Emerald S, and Trios 5 in both cement spacing groups. The number of scans above the
threshold was three in Lumina, four in Aoralscan 3, and eight in Helios 600 in group 70.

After increasing the cement spacing (group 70+20), the number of scans above the
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threshold decreased to two in Lumina and three in Aoralscan 3, but in Helios 600, it
increased to ten (Figure 14).

The median MAE was significantly different between 10Ss in both cement spacing
groups. In group 70, the MAE in Medit 1700, the Trios 5, and Emerald S were in the first-
best homogenous subset, followed by Primescan. Lumina and Helios 600 were in the
third subset, and Aoralscan 3 was in the fourth subset. The variabilities of Emerald S and
Aoralscan 3 were decreased significantly by additional cement spacing (group 70+20). In
group 70+20, the ranking was similar but with more overlaps between the subsets (Figure

15).
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Figure 14. The marginal gap of designs made upon individual scans grouped by
10Ss.
The blue dots indicate designs with 70 um internal cement spacing, and the red dots
indicate the designs created with 90 pm internal cement spacing and 20 um cement
spacing at the margin. The green dotted line depicts the 100 pm clinically acceptable limit
(24).
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Figure 15. The variability of the marginal gap in different IOSs and cement spacing
groups. Different capital letters indicate a significant difference between IOSs within a

cement spacing group at p<0.05, and # indicates a significant difference between cement

spacing groups at p<0.05 (24).
4.2.4 Mean absolute error (precision) of the internal gap

The median MAE was significantly different between I0Ss in both cement spacing
groups. In group 70, the MAE in Medit 1700, the Trios 5, and Emerald S were in the first-
best homogenous subset, followed by Primescan and Lumina. Helios 600 was in the third
subset, and Aoralscan 3 was in the fourth subset. The variability of Aoralscan 3 decreased
significantly by additional cement spacing (group 70+20). In group 70+20, the ranking

was similar but with more overlaps between the subsets (Figure 16).
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(24).
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5. DISCUSSION

The results of the thesis highlights that the accuracy of CAD/CAM workflow for
fixed prosthetic restorations is strongly influenced by intraoral scanner performance,
cement space settings, and the method used to evaluate restoration fit. Virtual -fitanalysis
using non-penetrating alignment provides a more realistic assessment of marginal and
internal gaps than conventional trueness methods, which tend to underestimate
discrepancies and might fail to detect clinically relevant outliers. Minor deviations from
preset cement gap values were found to be clinically negligible and were mainly attributed
to STL file resolution limitations rather than alignment errors, confirming the reliability
of the virtual-fit approach for evaluating restoration adaptation.

Scanner performance also played a significant role in restoration accuracy. Newer-
generation IOS systems from established manufacturers demonstrated superior trueness
and precision, while older systems or less optimized scanners showed greater variability
and occasional clinically unacceptable marginal gaps (46). These results indicate that both
hardware and software improvements remain necessary to ensure predictable outcomes
in complete-arch digital workflows (47). Notably, the study confirmed that scanners with
similar conventional trueness values may exhibit markedly different clinical behavior
when evaluated using non-penetrating alignment, underscoring the limitations of
traditional accuracy metrics. Overall, the ideal cement spacing for CAD/CAM fixed
restorations appears to lie between 70 and 90 um, balancing restoration adaptation,
marginal integrity, and long-term mechanical stability. Despite the limitations of in vitro
design, both studies support the use of virtual-fit assessmentas a more clinically relevant

method for evaluating complete digital workflows in fixed prosthodontics.
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5.1 Application of the virtual-fit method for fixed complete denture cases designed on

intraoral scans: Effect of cement spacing — Study 1 (in vitro)

The first null hypothesis, which stated that the gaps calculated using the virtual-fit
alignment method would not significantly differ from the predetermined cement gap
values, was rejected. Nevertheless, in the absence of additional cement spacing (groups
70 and 140), the observed discrepancies were minimal, with errors below 4 pm internally
and 13 um at the marginal level, indicating negligible deviation from the intended cement
gap values. A major contribution of this work lies in the validation of the virtual-fit
alignment method, which restricts surface penetration during iterative closest point (ICP)
alignment. Unlike conventional scan-to-scan trueness assessments, which allow
unrealistic mesh interpenetration, the virtual-fit approach more closely simulates the
physical seating of a restoration on prepared abutments. The measured deviation from the
preset cement space was minimal (generally below 15 um), confirming that the algorithm
can reliably reproduce intended spacing and that any residual discrepancy is likely
attributable to STL resolution limits rather than alignment errors. This is particularly
relevant given that the magnitude of this deviation is well below clinically detectable
thresholds and comparable to the resolution limits of established fit assessment
techniques such as micro-CT (48), where the values range between 9 and 15 pum and
optical coherence tomography (49) with a values of 12 um axial and a 22 um lateral
resolution.

The second null hypothesis was partially rejected, as it proposed that the measured gap
values would not differ significantly among the various cement gap settings. No
significant differences were observed in the median internal error values between the
spacing groups for any of the intraoral scanners evaluated. These findings suggest that a
cement space setting of 70 um may adequately compensate for inaccuracies associated
with complete-arch intraoral scanning. Nevertheless, although median deviation values
provide information regarding trueness, they do not reflect the distribution or variability
of the data, which is indicative of precision. The effect of cement spacing on internal fit
revealed that increasing internal spacing beyond 70 pm did not improve compensation
for scanning inaccuracies. Median internal errors were not significantly different across
spacing groups, indicating that a 70 um cement gap is generally sufficient for complete-

arch tooth-supported restorations. However, analysis of individual scans highlighted a
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critical limitation of relying solely on median values: suboptimal IOS scans produced
extreme internal and marginal discrepancies that were not adequately mitigated by
standard spacing. In these cases, the addition of a modest 20 pm marginal and internal
spacing (70+20 group) substantially reduced misfit, suggesting that limited additional
spacing can act as a safeguard against imprecision rather than inaccuracy per se.
Nevertheless, 70 um is recommended as the minimum cement space to let the cement
properly flow across internal gap and minimize the restoration elevation (50). Our
findings support previous research on fabricated restorations, indicating that the optimal
cement spacing is approximately 70 um, with a slight additional space recommended for
extended scan areas where intraoral scanner accuracy tends to decrease (51). In contrast,
excessive cement spacing (140 pm) proved counterproductive, particularly at the margin.
Although larger gaps might intuitively appear beneficial for accommodating scan errors,
the results demonstrated increased marginal discrepancies in case of total internal gaps
approached by 170-190 um. Such values exceed ranges previously associated with
optimal retention and may compromise bonding effectiveness or increase the risk of
debonding and mechanical failure. These findings align with prior biomechanical and
experimental studies indicating that excessive cement thickness negatively influences
stress distribution and retention strength (52). Consequently, indiscriminate enlargement
of cement space cannot be recommended as a strategy to offset scanning inaccuracies
(53).

Al-based cement space setting in CAD/CAM restorations has the potential to
significantly improve the accuracy and clinical fit of indirect restorations (11, 54).
Cement gap parameters are typically standardized and manually adjusted by the operator.
However, these settings may not adequately compensate for variations in preparation
geometry, milling limitations, or material-specific behavior (16). Al-driven systems can
analyze large datasets derived from intraoral scans, preparation designs, milling
performance, and clinical outcomes to automatically optimize cement space distribution
for each individual restoration (55). By dynamically adapting the cement gap according
to tooth morphology, restoration material, and manufacturing constraints, Al-assisted
CAD software may enhance marginal adaptation and internal fit while reducing seating

discrepancies and excessive cement thickness (56).
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The third null hypothesis, which proposed the absence of a significant correlation
between the virtual-fit approach and the conventional trueness assessment method, was
rejected. Both methods yielded comparable outcomes regarding the comparison of
intraoral scanners and demonstrated a significant positive correlation. These findings
support the validity of previous studies that used conventional trueness measurements for
comparative evaluation of IOS systems. However, the present results indicated that the
conventional method substantially underestimates the actual trueness of intraoral
scanners. Furthermore, this approach failed to identify outliers, suggesting limited
sensitivity to scan-to-scan variability and imprecision. Consequently, the conventional
trueness method may not accurately predict the clinical misfit of restorations. Therefore,
the acceptable accuracy of intraoral scanners for complete-arch restorations cannot be
reliably determined solely on the basis of conventional trueness measurements. This
highlights a fundamental limitation of conventional trueness evaluations: although they
may suffice for relative comparison between scanners, they do not provide a reliable basis
for predicting restoration fit or clinical acceptability in complete-arch prosthodontics.

Several limitations should be acknowledged. The in vitro design, reliance on rigid 3D-
printed models, and absence of clinical variables such as saliva, patient movement with
soft-tissue dynamics, and periodontal ligament compliance may limit direct extrapolation
to in vivo conditions (57). Furthermore, fabrication-related errors were intentionally
excluded, and future studies should integrate manufacturing and clinical try-in data to
fully validate the predictive value of the virtual-fit method (58). Nevertheless, the use of
stable 3D-printed models, experienced operators, and up-to-date software versions

strengthens the internal validity of the findings.

5.2 Complete-arch accuracy of seven intraoral scanners measured by the virtual-fit

method — Study 2 (in vitro)

The fourth null hypothesis was partially rejected because the mean marginal and internal
gap values, representing trueness, were comparable for the Medit 1700, Primescan, and
Emerald S scanners and were lower than those observed for the other intraoral scanners
evaluated. In terms of precision, reflected by the variability of the gap measurements, the
Medit 1700, Trios 5, and Emerald S scanners demonstrated similar performance and

exhibited lower variation compared with the remaining IOS systems.
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The fifth null hypothesis was likewise partially rejected, as an increase in cement space
setting significantly reduced the marginal and internal gap values in certain scanners that
initially demonstrated lower trueness.

The study expanded the application of the virtual-fit method by comparing the complete-
arch accuracy of seven contemporary intraoral scanners, thereby providing clinically
relevant insight into scanner performance under conditions that closely simulate the
fabrication of fixed complete-arch restorations. Unlike conventional scan-to-scan
accuracy assessments, which tend to underestimate clinically meaningful discrepancies
due to penetrating alignment algorithms, the virtual-fit method employed in this study
offers a more realistic prediction of marginal and internal fit by preventing virtual
penetration of the restoration design into the reference model (26).

The findings demonstrated that Emerald S, Medit 1700, Primescan, and Trios 5 achieved
marginal and internal gaps well within clinically acceptable limits for tooth-borne
complete-arch restorations. These results corroborate earlier evidence suggesting that
established IOS manufacturers, particularly when using the latest software versions, can
produce scans suitable for extended fixed prostheses (59). The favorable performance of
these scanners highlights the impact of continuous software and hardware refinement,
which appears to mitigate cumulative stitching errors that have historically limited full-
arch digital impressions (60).

In the case of Medit 1700 using a slighlty different software version (2.4.4), similarly
lower trueness values were reported compared to the present study, measuring 42 pm for
the mandibular arch and 54 pm for the maxillary arch in a human cadaver with natural
dentition (61). A newer software version (2.5.7) resulted in a better trueness value of 24
um on a plastic model (62). Overall, the improved results observed in this study were
likely attributable to the operator’s experience, the use of a homogeneous plastic
substrate, and the implementation of the latest software version (3.1.4) compared with
previous investigations (47). Previous studies reported Primescan trueness values ranging
from 19-26 pum in dental and plastic models using older software versions (5.1-5.1.3),
while values increased to 40—51 um in human cadavers and partially edentulous models
(63). In the present study, the latest software version (5.2.4) provided excellent marginal
gap results, highlighting the positive effect of software updates on scanning accuracy

(26). Regarding to Emerald S with a slightly older version of Romexis software (6.2.1)
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and with an experienced user, the trueness resulted in a mean value of 20 um (47). Despite
findings, trueness remained lower than in the present study, partly due to methodological
differences between penetrating and non-penetrating alignment. With a newer software
version (6.3.2), trueness values of 33 um and 50 um were reported for the mandibular and
maxillary arches, although measurements were performed on a human cadaver with
natural teeth (61). Similarly, a recent virtual-fit study reported slightly lower trueness
values (64—66 um) than the present results (45—48 um), which may be explained by the
use of an inexperienced operator and an older software version (6.0.1) (47). As observed
with Medit 1700, improved outcomes were likely associated with operator experience and
the latest software version (6.4.5) (64).

In contrast, Lumina, Aoralscan 3 and Trios 5 exhibited greater variability in marginal
accuracy despite mean values remaining below the 100 pm threshold. This inconsistency
suggests that while these scanners are able to generate accurate complete-arch scans, their
precision may be more sensitive to operator experience, scanning strategy, or software
maturity. Notably, the relatively recent release of iTero Lumina, which is primarily
optimized for orthodontic workflows, is likely to influence its performance in a
restorative environment. Nevertheless, the significant reduction in marginal gaps
observed after increasing cement spacing indicates that suboptimal scan accuracy can be
partially compensated during the CAD phase, reinforcing the clinical importance of
individualized cement space settings (59). Recent studies indicate that the Aoralscan 3
intraoral scanner provides clinically acceptable accuracy for complete-arch digital
impressions and may be suitable for extended fixed prosthodontic workflows, although
precision improvements are still desirable for some scans (65). Previous Aoralscan model
from the Shining manufacturer in a complete-arch dentition model showed comparable
linear measurement accuracy to Trios 3, Trios 4, iTero Element 2, iTero Element 5D,
Dental Wings, Panda, Medit 1500, and Emerald S (66). Since Trios 5 was introduced in
2023, available data remains limited. Existing studies have assessed trueness either in
single crown preparations (63), complete-arch linear measurements (67), or using reverse
optical impressions in edentulous implant cases (68), which limits direct comparison with
the present results (66). For single crown margins, Trios 5 (17.3 software version 1.1),
Primescan (software version not specified), and Medit 1700 (3.0.3) showed comparable

trueness and precision, which contrasts with the findings of the current study. Similarly,
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in reverse optical implant impressions, Trios 5 demonstrated performance comparable to
Medit 1700 and superior to Primescan in terms of both trueness and precision (68).
Helios 600 demonstrated inferior trueness and precision compared with the other scanners
evaluated, consistently exceeding recommended marginal limits. This finding suggests
that not all IOS systems currently available on the market are suitable for complete-arch
fixed restorations when evaluated using clinically realistic alignment criteria. These
results emphasize the necessity of application-specific validation of I0S technology
rather than extrapolating performance from single-unit or short-span studies. Recent
studies indicate that the Helios 600 intraoral scanner demonstrates moderate precision but
lower trueness in complete-arch fixed prosthodontic workflows compared with more
established systems such as Primescan, Medit 1700, and Trios 5, particularly regarding
marginal gap adaptation (69).

A key contribution of this study lies in confirming the beneficial effect of increasing
cement space setting on restoration fit, specifically a configuration of 70 um internal
spacing with an additional 20 pm at the margin. This aligns with the theoretical
framework that cement spacing can compensate for scanning inaccuracies and supports
the concept that acceptable marginal adaptation should be assessed as part of an integrated
digital workflow rather than as an isolated scanning outcome (70).

Internal and marginal gap changes showed a parallel trend, with similar IOS rankings
observed for both parameters. Analysis of these findings indicates that the optimal cement
spacing lies between 70 and 90 um, in agreement with recent literature on the relationship
between cement space and fit in CAD/CAM restorations (71). Accordingly, further
improvements in IOS hardware and software are required to reduce inaccuracies and
ensure that acement space of up to 90 um is sufficient to compensate for existing scanning
erTors.

Several limitations should be acknowledged. This study did not evaluate internal cement
gap settings exceeding 90 pm (70 + 20 um). Therefore, it remains unclear whether larger
spacer values could compensate for inaccurate scans. Previous research has shown that
adding 20 um of cement space may reduce marginal discrepancies in suboptimal scans;
however, a 140 um cement setting did not yield a statistically significant improvement
(26). Consequently, spacer values above 90 um were not included in the present

investigation. The in vitro design excluded clinical variables such as patient-releted
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circumstances (saliva etc.) which may further affect scan accuracy in vivo (72). Another
potential source of bias is that all scans were performed by an experienced operator. In
contrast, newer intraoral scanners are often used by less experienced clinicians in routine
practice. The iTero Lumina was released in 2024, the Helios 600 within the past four
years, and the Aoralscan 3 has been available in Europe for five years. Therefore, the
comparatively lower performance observed for these systems may be partly attributed to
limited user experience and reduced iterative feedback to manufacturers. Additionally,
although experienced operators were used to reduce variability, real-world clinical
settings may introduce a broader range of operator proficiency. Future research should
therefore validate the virtual-fit method under clinical conditions and explore its
predictive value by correlating virtual measurements with the fit of manufactured
restorations.

In summary, this study reinforces the virtual-fit method as a robust and clinically
meaningful approach for evaluating IOS accuracy in complete-arch restorations. The
results provide practical guidance for scanner selection and CAD parameter optimization,

supporting the expanding role of intraoral scanning in full-arch digital prosthodontics.
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6. CONCLUSIONS

6.1 Application of the virtual-fit method for fixed complete denture cases designed on

intraoral scans: Effect of cement spacing — Study 1

1. Validation of the virtual-fit alignment algorithm

The virtual-fit method reliably simulates the intended cement space
configuration while preventing surface interpenetration during ICP alignment.
Measured internal and marginal gaps corresponded closely to the predefined
cement space settings, confirming that the virtual -fit method realistically emulates
the clinical seating behavior of tooth-supported fixed dental prostheses.

Null hypothesis #1 was rejected.

2. Effect of cement spacing on restoration fit and scanner accuracy

Cement spacing significantly affected internal and marginal adaptation.

A baseline internal cement space of 70 um without marginal spacing was adequate
for most complete-arch restorations produced from high-performing IOS systems
such as Emerald S and Mediti1700. The addition of 20 um marginal cement space
improved seating and compensated for misfit in suboptimal scans, whereas
excessive cement spacing (140 um) negatively affected adaptation. Therefore, a
cement gap setting of 70 + 20 pm is suggested.

Null hypothesis #2 was partly rejected.

3. Relationship between the virtual-fit method and conventional trueness
measurements

The virtual-fit method identified clinically relevant discrepancies and
suboptimal scans that remained undetected by conventional scan-to-scan
trueness analyses.

These findings indicate that conventional trueness measurements may
underestimate clinically relevant prosthetic misfit because of artificial deviation
minimization caused by interpenetrating alignment algorithms. The observed
relationship between the two approaches showed that conventional trueness
values alone do not fully reflect clinically meaningful restoration fit.

Null hypothesis #3 was rejected.
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6.2 Complete-arch accuracy of seven intraoral scanners measured by the virtual-fit

method — Study 2

1. Comparison of complete-arch accuracy among seven intraoral scanners
The findings demonstrated statistically significant differences among scanners.
Mediti1700, Primescan, Emerald S, and Trios 5 consistently produced internal and
marginal fit values meeting clinical requirements for tooth-supported complete-
arch restorations.

Lumina and Aoralscan 3 demonstrated clinically acceptable performance but
showed greater variability, suggesting higher sensitivity to scanning strategy and
operator experience.

In contrast, Helios 600 failed to meet clinical accuracy requirements under
clinically realistic alignment conditions.

Null hypothesis #4 was rejected.

2. Effect of two cement spacings across intraoral scanner accuracy

Cement spacing significantly influenced restoration fit across scanners.

A configuration consisting of 70 um internal cement space combined with an
additional 20 pm marginal space (90 [70+20] um total configuration) consistently
optimized restoration seating by compensating for scanning inaccuracies while
preserving internal and marginal adaptation. Therefore, a cement gap setting of 70
+ 20 pum is suggested.

Null hypothesis #5 was rejected.
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7. SUMMARY

Objectives: The thesis aimed to introduce a clinically realistic method for
evaluating IOS accuracy in tooth-supported complete-arch fixed prosthodontics
fabricated by CAD/CAM system. The thesis also aimed to validate the virtual-fit
alignment method, to assess the influence of cement spacing on compensating scanning
inaccuracies, and to compare the complete-arch accuracy of different IOSs using
clinically interpretable fit parameters.

Methods: In the first study, four maxillary models were scanned using an
industrial reference scanner, Emerald S, and Medit 1700 10Ss. Complete-arch fixed
frameworks were designed with three different cement space settings: 70 pm, 70+20 um,
and 140 pm. Frameworks were aligned to the reference scan using virtual -fit alignment
simulating clinical seating. Internal and marginal gaps were measured and correlated with
conventional trueness values. In the second study, also four maxillary models were
scanned using seven IOSs (Aoralscan 3, Emerald S, Helios 600, Lumina, Medit 1700,
Primescan, and Trios 5). Digital frameworks were designed with 70 and 70+20 pum
spacing. Internal and marginal gaps were evaluated using the validated virtual -fitmethod.

Results: The virtual-fit method accurately reproduced preset cement spacing with
deviations of 3-13 pm. Conventional trueness metrics correlated with virtual-fit
measurements but underestimated clinically relevant misfitby 2.6—4.6 times and failed to
detect extreme discrepancies. A baseline internal cement space of 70 um was sufficient
for most scans, while an additional 20 um marginal spacing improved fit in suboptimal
scans; excessive spacing (140 um) adversely affected marginal adaptation. Emerald S,
Medit 1700, Primescan, and Trios 5 met fit requirements for complete-arch restorations,
whereas Lumina and Aoralscan3 showed greater variability and Helios 600 did not meet
accuracy criteria. Increased cement spacing improved fit for less precise scanners.

Conclusions: The virtual-fit method enables clinically meaningful evaluation of
IOS accuracy in complete-arch fixed prosthodontics produced by CAD/CAM system.
Cement spacing is a critical, workflow-dependent parameter, and conventional trueness
metrics alone are insufficient to predict restoration fit. The findings support evidence-
based scanner selection and CAD design optimization for reliable full-arch digital

workflows.
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