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INTRODUCTION

Relevance of the research

Digital dentistry refers to the practice of utilizing advanced digital technologies
in dental procedures. The integration of these technologies enhances procedural ef-
ficiency by improving both quality and time effectiveness [1]. Digital tools are now
used across all fields of dentistry, from orthodontics [2] to endodontics [3]. The first
application of digital technology in dentistry was the use of computed tomography
(CT) in the 1970s [4]. Since then, the adoption of various technologies has expanded
significantly, encompassing the latest advancements such as artificial intelligence [5],
3D printing [6] or virtual (VR) and augmented reality (AR) [7].

Among the various fields of dentistry, implantology and prosthodontics are the
most significantly impacted by digitization [8]. Both of them focus on the replacement
of missing teeth, and the former is concerned with the placement of dental implants,
while the latter specializes in the design and fabrication of dental prostheses such as
crowns, bridges and veneers. Implant placement, as well as the design and fabrica-
tion of prostheses, requires high quality standards to ensure both implant stability and
biological integration [9]. A fully digital workflow from treatment planning to final
restoration placement requires multiple steps in which high standards must be main-
tained. One of the essential steps in this workflow is digitizing the patient’s dental
arch by using optical handheld devices known as intraoral scanners (I0S). Digitized
dental arches are critical for treatment planning, as their produced scan quality directly
influences the outcomes of both prosthetic work and implant placement. The quality
of a scan is more broadly defined in another term, specifically, accuracy [10]. Manu-
facturers of commercially available intraoral scanners publicly validate their product
accuracy through scientific publications. However, the current approach to assess-
ing intraoral scanner accuracy often focuses on individual clinical cases [11], which
complicates general conclusions about the performance of each scanning system. Ad-
ditionally, some commonly used methods for evaluating accuracy are not well-suited
for scans produced by intraoral scanners. One such example is the goodness-of-fit,
which measures surface deviation between two aligned scans [12, 13]. The method
evaluates scan quality by first finely aligning the scan to the reference using the it-
erative closes point (ICP) algorithm and then measuring the deviation between the
resulting surfaces. ICP works by iteratively aligning two scans based on established
point correspondences between them [14]. However, due to the complexity of dental
surfaces, it is practically unfeasible to establish appropriate point correspondences be-
tween scan data. Without these correspondences, surface deviation measurements are
susceptible to misinterpretation. Therefore, there is a need to shift toward more stan-
dardized and regulated measurement conditions that would be suitable for intraoral
scanner accuracy evaluations.
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Although accurate digitization of the dental surface is essential in digital den-
tistry, even more accuracy is required during the implant placement process. It is a
delicate procedure that requires a high level of diligence and focus from the dental
surgeon. In the digital dentistry workflow, implant placement is assisted by computer-
guided systems [15], which are classified into two main types: static and dynamic.
Static surgical guides utilize physical templates that are computer-designed (CAD)
and usually 3D-printed. These guides are placed in the patient’s mouth to assist the
surgeon in accurate implant positioning. In contrast, dynamic navigation systems em-
ploy cameras and tracking devices to assist in real-time localization and navigation of
the drill and implant position. However, in dynamic systems, the surgeon must con-
tinuously switch attention between the patient’s surgical site and the monitor which
displays the implant guidance instructions. This divided attention can increase the
risk of inaccurate implant placement [16]. A potential solution to this challenge is
the use of augmented reality headsets, which overlay digital data onto the real-world
environment. By replacing the monitor with an AR headset, the surgeon can view
the guidance instructions overlaid directly onto their field of vision, allowing simul-
taneous focus on both the patient and the navigation instructions. AR headsets like
HoloLens 2 (Microsoft, Redmond, WA, USA), equipped with integrated sensors, have
the potential to go even further and replace the entire system altogether. Despite the
promising potential of AR in this usage, its capabilities and the most importantly, its
accuracy require thorough investigation to ensure its effectiveness.

Scientific-technological problem

Currently, the surface quality of scans produced by intraoral scanners is assessed
by using best-fit global alignment methods, most often, iterative closest point (ICP)
algorithms. However, these approaches frequently struggle with the intricate mor-
phology of individual dental surfaces, which limits the validity of accuracy assess-
ments across clinical research. At the same time, augmented reality headsets, partic-
ularly Microsoft HoloLens 2, have been successfully applied across various branches
of medicine, yet their use in dentistry, especially in implantology, remains underex-
plored, particularly with regard to accuracy. Assessing the performance of HoloLens
2 in computer-guided dynamic navigational systems is essential, as even minor de-
viations may significantly influence procedural accuracy and, ultimately, treatment
outcomes.

In this context, two research questions arise: How to establish standardized and
robust methodologies to evaluate the scan quality of intraoral scanners while avoiding
shortcomings of the commonly used global alignment method? What approaches can
be used to evaluate the accuracy of augmented reality system Microsoft HoloLens 2
in dental applications?
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Working hypotheses

Methods from manufacturing engineering for evaluating 3D scanner digitiza-
tion accuracy can be successfully adapted to assess intraoral scan accuracy, thus pro-
viding detailed and quantitative measures of scanner performance. The accuracy of
the augmented reality headset Microsoft HoloLens 2 meets the clinically acceptable
thresholds for integration into computer-guided dynamic navigation systems for dental
implant procedures, defined as a linear error of <1 mm [17, 18].

Research object

This study focuses on developing and evaluating methodologies for assessing
the accuracy of intraoral scanner-generated scans, as well as investigating the integra-
tion of augmented reality headsets into dental computer-guided dynamic navigation
systems.

Aim of the research

This doctoral thesis aims to develop and validate methods for assessing the qual-
ity of digital dentistry solutions in implantology, focusing on the use of intraoral scan-
ners and augmented reality in computer-guided dynamic navigation systems.

Objectives of the research
1. To identify potential standardized methods for evaluating the accuracy of digital
dentistry workflow steps, with an emphasis on intraoral scanning technologies
and augmented reality-assisted dental implant placement.

2. To develop and validate a workflow for assessing the accuracy of intraoral scan-
ners, employing a standardized method suitable for both clinical practice and
laboratory-based applications.

3. To develop a standardized workflow for assessing the accuracy and clinical ap-
plicability of the augmented reality headsets, with a specific evaluation of Mi-
crosoft HoloLens 2 in computer-guided dynamic navigation systems.

Scientific novelty

A versatile, standardized approach to intraoral scanner accuracy assessment can
offer more detailed insights into scanner performance. In this doctoral thesis, guide-
lines have been proposed for the comprehensive accuracy evaluation of intraoral scan-
ners, focusing on reference object creation, its scanning, and reverse engineering tech-
niques to assess surface deviations and structural differences.

First, a reference object resembling an edentulous dental arch was designed and
tested by using the proposed method across different intraoral scanner systems. Subse-
quently, this measurement approach was applied to evaluate intraoral scanner accuracy
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by using intraoral scan bodies, thus further demonstrating the method’s versatility and
potential for broader application in clinical and research contexts.

Finally, the suitability of augmented reality for dynamic navigation systems was
assessed using a reference-free evaluation approach.

Practical significance

1. The proposed IOS accuracy assessment method can be used to evaluate 10S
scan quality in any in vitro scenario.

2. The investigated capabilities of augmented reality headsets suggest minimal tan-
gible potential for future use in computer-guided dynamic navigation systems.

Approval of the results

The doctoral thesis relies on two papers published in the internationals scientific
journal refereed in the Clarivate Analytics Web of Science database. The results were
presented in two international conferences: BIOSTEC 2023: 16th International Joint
Conference on Biomedical Engineering Systems and Technologies (Lisbon, Portugal)
and EMBEC 2024: 9th European Medical and Biological Engineering Conference
(PortoroZz, Slovenia).

The statements presented for defense

1. Replacing the goodness-of-fit method with a reverse engineering approach us-
ing CAD design objects provides a more reliable assessment of intraoral scanner
accuracy and reveals more detailed insights into each scanner system.

2. The present augmented reality headset technology is not suitable for fully re-
placing a computer-guided dynamic navigational system.

Structure of doctoral thesis

The doctoral thesis is organized as follows. Section 1 introduces the digital den-
tistry workflow, with a focus on intraoral scanners and the application of augmented
reality in dental scenarios. Commonly used methods for evaluating intraoral scanner
accuracy are described, along with their respective advantages and limitations. The
proposed intraoral scanner accuracy assessment method, which utilizes a reverse en-
gineering technique on scanned CAD-designed objects, is described. The further part
of the section discusses the current capabilities of augmented reality in dynamic nav-
igation applications. Section 2 presents two experimental setups based on two CAD
models: a prototype edentulous arch model and an intraoral scan body. The second
part outlines a study design to assess the suitability of commercially available aug-
mented reality headsets in computer-guided dynamic navigation systems. Section 3
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details the results of all experiments conducted. Section 4 concludes the thesis with
its overall conclusions.

Parts of the thesis have been quoted verbatim from the previously published
articles: [19, 20].

The thesis consists of 119 pages, 25 figures, 6 tables, and 151 references.

Work done in collaboration

The graphical user interface for the augmented reality headset HoloLens 2 was
developed by Karolis Butkus representing the Faculty of Informatics at Kaunas Uni-
versity of Technology. Digitized dental arches with intraoral scan bodies, along with
CAD design model scans, were provided by the DIGITORUM research group
(www.digitorum.eu).
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1. OVERVIEW

1.1. Emergence of Digital Dentistry

Adoption of digital technology advancements is evident across all fields of science,
and medicine is no exception. One branch of medicine that exemplifies this trend is
dentistry, which focuses on the prevention, diagnosis, and treatment planning of disor-
ders and diseases affecting the teeth and gums. The term used to describe the integra-
tion of digital technologies in dentistry is called digital dentistry [8]. It encompasses
a wide range of digital technologies such as computer aided design (CAD), computer
aided manufacturing (CAM), artificial intelligence (AI) [5], robotics and others [7] for
efficient treatment planning and procedures [1]. It improves various aspects of den-
tistry by offering benefits such as patient-friendly data acquisition, cost-effective lab
collaborations and an enhanced accuracy in both diagnosis and treatment planning. Its
applications span multiple dentistry fields including orthodontics [2], endodontics [3]
and prosthodontics [21].

The foundation for digital dentistry was laid by Prof. Francois Duret in his 1973
thesis “Empreinte Optique” (Optical Impression), where he conceptualized the work-
flow for producing prosthesis in just a few hours with the help of combined laser,
hologram and computer technologies, which was a highly advanced concept [22]. It
paved the way of CAD and CAM use in dentistry practice. However, the first suc-
cessful commercial application for CAD/CAM workflow in dentistry appeared only
in 1985 and is attributed to Dr. Mérmann and Brandestini with their introduction of
the CEREC 1 system. The system integrated digital scanning with a milling unit, en-
abling dentists to create restorations from commercially available ceramic blocks in
a single visit [23]. The proposed workflow for a fully digital solution is still in use
today [24].

1.1.1. Digital dentistry in practice: A case study on dental prosthesis placement

A definitive illustration for fully digital dental workflow can be found in the implant
and dental prosthesis placement procedure [25, 26]. An illustration of the fully dig-
ital dental prosthesis placement steps for single dental prosthesis is shown in Fig.
1. The initial step of such workflow involves digitizing the patient’s dental arch or
specific parts of it in three-dimensional data. It is done with the use of an intraoral
scanner (I0S), a handheld, non-contact optical 3D scanning device, and cone beam
computed tomography (CBCT). Further down the line, the patient’s intraoral scan and
CBCT images are imported into implant planning software, where both data types are
merged [27]. After verification which serves to ensure that the data have been merged
correctly, virtual implant placement is performed in dedicated software. For accurate
implant placement during surgery, guides are designed based on the virtual implant
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Fig. 1. Fully digital prosthesis placement workflow

position and the surrounding area of the implant. These guides are then manufac-
tured by using additive manufacturing techniques, commonly known as 3D printing
[28]. As the name implies, 3D printing fabricates the shape of an object layer by layer
from the bottom. It is particularly suited for individualized cases commonly found
in dentistry due to its benefits in manufacturing time, cost and accuracy [6]. During
surgery, the fabricated surgical guide is positioned intraorally to use it for precise im-
plant placement in accordance with the preoperative treatment plan. After implant
osseointegration (3-4 months) [29], the intraoral scan body (ISB), which helps to en-
code the implant position relative to the surrounding oral area, is screwed onto the
implant. Eventually, the dental arch with the positioned ISB is digitized by using an
intraoral scanner. The digitized model is then imported into specialized dental CAD
software, where the ISB in the model is identified and aligned with the reference ISB
library model to register the implant position. Based on the implant position, pros-
thesis (in this case, an implant-supported crown) is designed using CAD software to
ensure the proper occlusion, aesthetics and fit. Once the design has been finalized,
the prosthesis is fabricated by milling a block or disk of material. Unlike additive
manufacturing, milling is a subtractive manufacturing procedure that uses computer-
controlled cutting tools to shape a solid block of material such as metal alloys, resin,
or ceramics according to a predefined set of instructions based on the provided digital
model [30]. Finally, after the fabrication of prosthesis has been completed, it is seated
and secured onto the implant.

1.2. 3D Imaging in Dentistry: The Role of Intraoral Scanners

The dental oral cavity, or simply the mouth, includes structures such as the lips,
cheeks, teeth, gums, tongue, hard and soft palates, and salivary glands. Dentistry
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primarily focuses on the health of the teeth and gums, while also considering the
supporting bone structures underneath. Although there is a wide variety of tooth po-
sitions and shapes, dental arches can be classified in several ways, such as by the jaw
type (mandible or maxilla) or edentulism level (edentulous, partially dentate, or fully
dentate). Additionally, artificial objects such as brackets, implants, or other dental ap-
pliances may be present in some cases. To digitize the oral cavity and its underlying
anatomical structures, two main 3D imaging systems can be utilized: cone-beam com-
puted tomography and intraoral scanning. CBCT represents an evolution of computed
tomography (CT) imaging and has largely replaced it in the field of dentistry [31, 4].
It provides detailed facial anatomical insights by capturing and combining multiple X-
ray images from different angles, similar to how CT operates. An X-ray source emits
radiation that passes through the patient, and the attenuated rays are collected by a
detector positioned on the opposite side. By rotating both the source and the collector
around the patient, multiple images are collected. By using computer algorithms, these
images are then processed into 3D representations of the patient’s internal anatomy.
While CBCT captures internal anatomical structures, an intraoral scanner uses a light
source (such as LED, laser or structured light) along with image sensors to digitally
capture the surface geometry of a patient’s teeth and other tissues. While CBCT is
considered an adaptation of an already existing imaging technique, 10S, on the other
hand, is an alternative to the significantly different conventional impression technique.
As a result, the debate over whether IOS can be considered equal to the conventional
impressions is prevalent in both the scientific and practitioner communities [32, 33].

1.2.1. Intraoral scanner advantages over conventional impression

Conventional dental impressions are used in many applications form retainers to mouth-
guards used in sports [34, 35]. Similarly to intraoral scanners in implant placement
workflow, conventional dental impressions are used to make "a copy" of the patient’s
dental arch with the implant in place. However, instead of utilizing a 3D scanner,
it uses physical materials to translate the implant position for restoration design and
manufacturing. It is done by placing custom trays filled with impression materials
(polyether, polyvinyl siloxane or vinyl polysiloxane) over the patient’s teeth, where
the implant positions are captured by using impression coping. Once removed, the im-
pression is poured with dental stone or plaster to create a working model for restora-
tions. While conventional impressions are regarded as the gold standard, they have
several disadvantages compared to intraoral scanners. First, since conventional im-
pressions require prolonged physical contact with the patient, some individuals may
experience discomfort, such as gagging [36], which is not typically associated with
IOS [37]. As physical materials are involved in dental model creation, they can in-
troduce variability due to material deformation or shrinkage. This is particularly im-
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portant for plaster casts, which are prone to loss or fracture and have been reported to
present challenges during model fabrication [38]. Additionally, plaster casts need to
be stored under controlled environmental conditions with regulated humidity and tem-
perature [39]. Another drawback is the time required to prepare and use conventional
impressions, which is one of the reasons why digital impressions are often preferred
[40]. Furthermore, the use of digitized data enhances communication between the
dentist and the dental technician [41]. From a technician’s perspective, working with
digital data offers significant advantages, as it reduces the risk of irreversible produc-
tion mistakes. However, the I0S system requires a significant financial investment,
typically ranging from 15000 to 60000 euros without including additional software
and annual fees. Therefore, a thorough purchasing and management cost analysis is
essential for anyone considering the purchase of intraoral scanners [42].

1.2.2. Intraoral scanner technology for surface digitization in dentistry

As briefly mentioned in previous sections, intraoral scanners use image sensors to dig-
itize a dental model. While the exact technical details of how different IOS produce
scans remain unknown due to commercial restrictions, there are a few core technolo-
gies commonly used in scan acquisition:

1. Confocal laser scanning microscopy works by using a focused laser beam to
scan a surface point by point while collecting reflected light through a pinhole
[43]. The laser beam passes through a dichroic mirror and is directed toward the
objective lens, which focuses the beam onto a specific point on the surface. The
illuminated surface point’s reflected light then passes back through the dichroic
mirror and the pinhole before reaching the detector. The pinhole eliminates out-
of-focus light, allowing only light from the focal plane to be detected (see Fig.
2 (a)). By scanning multiple focal planes by adjusting the objective lens along
the z-axis or changing the distance to the object, the system can generate 3D
images of the surface.

2. Triangulation is a geometric technique used to determine the position or dis-
tance of an object by measuring angles and distances from two known point
coordinates. Two triangulation techniques are utilized: active and passive. In
passive triangulation (stereophotogrammetry), two cameras with known posi-
tions capture images of the same area. By using image processing algorithms,
the differences between the features captured by each camera (stereo disparity)
are utilized for depth measurements. Depth is measured by using formula:

f-B
Z =— 1.1
7 (1.1
where Z is depth, f - camera’s focal length, d - distance between two points

in captured images and B - distance between parallelly positioned cameras (see
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Fig. 2 (b.1)). However, since this method relies on distinct features in the scene,
homogeneous surface areas may fail to provide sufficient contrast for accurate
depth calculations. In active triangulation, a similar configuration is used, how-
ever, instead of two cameras, a laser and a camera are employed. The laser
projects structured light onto the surface, and the camera captures its reflection
from a known angle. By measuring the displacement of the reflected light on
the sensor, the system calculates the exact distance to the scanned surface. Due
to knowing the values of D, (3, and «, basic Law of Sines equations can be
employed to measure the distance (see Fig. 2 (b.2)).

. Active wavefront sampling dynamically samples the wavefront of light entering

the imaging system by actively rotating an aperture element or modifying lens
systems [44]. The images captured at different aperture angles exhibit slightly
different distortions. By analyzing and comparing these distortions, the system
can infer the depth and measure distances based on variations in the wavefront
curvature (see Fig. 2 (¢)).

The obtained data, using either technique or a combination of several techniques,

produce a set of points in space known as point clouds. These point clouds are de-
scribed in Cartesian coordinates (X, Y, Z). The generated point clouds often contain
aberrant or overlapping points, which are removed or modified before the next step
— surface reconstruction. It is essential for creating a structured and interpretable
model representation. Various reconstruction algorithms, such as Ball-Pivoting [45]
or Poisson [46], are applied to connect points into triangles (or faces) and define their
normals. These normals, vectors pointing outward from the surface, in turn, help dis-
tinguish face orientation - by indicating whether a surface is on the outside or inside of
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the object. Finally, the triangulated object data consisting of vertices (formerly known
as point clouds before triangulation), faces, and face normals are saved in an appro-
priate file format, with STL being the most popular choice. The configurations and
choices made by intraoral scanner manufactures in each step of surface digitization
make each commercially available IOS system unique in its own way.

1.3. Accuracy of Intraoral Scanners

Intraoral scanners may be evaluated based on several factors, including their scan ac-
quisition technologies or ease of use. However, since their primary purpose is surface
digitization, the key criterion for their assessment remains the quality of the scans
they produce [11]. In metrology, the study of measurements, a common term used
to describe the "quality of results" is "accuracy". This term is sometimes incorrectly
used interchangeably with terms like "error" or "precision”. Therefore, to ensure clear
and understandable quality performance terms and definitions across disciplines, the
International Organization for Standardization (ISO) in 1995 introduced the standard
ISO:5725-1 [10]. This standard defines accuracy as combination of two terms: true-
ness and precision. The latter refers to the closeness of agreement between repeated
measurements, while the former is defined as the closeness of agreement between the
average of a series of test results and an accepted reference value.

The importance of accuracy in intraoral scanners stems from the need to ensure
an error-free digital workflow in the subsequent steps, such as implant placement and
prosthesis fabrication. For example, a flawed scan of the intraoral scan body may re-
sult in an inaccurate prosthesis fit, increasing the risk of mechanical and biological
complications [47]. To assess the clinical suitability of IOS, dimensional accuracy
thresholds are commonly employed. In implant-supported restorations, a misfit or
dimensional discrepancy between implants and the framework (e.g., bridges) is gen-
erally considered clinically acceptable if it remains below 150 um [9]. For other types
of restorations, such as crowns, the acceptable marginal fit threshold is lower - typi-
cally not exceeding 120 um [48]. While the latter threshold is often applied directly in
evaluating IOS accuracy for crown restorations [49, 50], the former is less commonly
adopted for implant-related studies. Instead, more applicable criteria by Andriessen
et al. have been proposed which suggested that deviations exceeding 100 pum in inter-
implant distances or angular discrepancies greater than 0.4° may represent clinically
significant inaccuracies [51]. In the context of full-arch, completely edentulous digi-
tal impressions, Osnes et al. proposed a clinically relevant accuracy threshold of 300
um [52]. However, a recent review by Vitai et al. emphasized the lack of consensus
regarding what constitutes a clinically acceptable intraoral scanner accuracy thresh-
old, which hinders the ability to draw definitive conclusions about the performance of
different IOS systems [53].

Moreover, achieving high-quality scans with IOS is challenging due to the sys-
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tem’s complexity (a handheld optical device) and the inherently unpredictable envi-
ronment of the oral cavity. Factors affecting the IOS scan quality have been exten-
sively reported in literature [54, 55, 56] and are listed in Fig. 3.

10S device Present implants Operating enviroment
« |OS scanning tip size * Implant angulation * Ambient temperature changes
* [0S scan acquisition * Implant depth * Humidity
technology * Implant position in dental arch * Ambient light conditions

« |0S software version

10S usage Scan surface characteristics
» Operator experience  Tooth type
* Scanning pattern « Arch width
¢ Is10S calibrated? » Addition of palate (roof of the mouth)
« Distance between |OS and the surface being scanned * Interdental space
 Extension of scan: full scan or partial « Edentolouse areas
* Rescanning (modification of the pre-existing scan) » Scan body designs

« Existing restoratios

Fig. 3. Factors affecting the scan quality of intraoral scanners

1.3.1. Methodology for evaluating intraoral scanner accuracy

The use of standardized methodologies and tools ensures that the same quantitative
results can be used across the same field, thereby ensuring repeatable outcomes. In-
traoral scanner accuracy evaluation methods are not an exception to this. Currently,
there are two standards released by ISO: 20896-1:2019 "Dentistry — Digital impres-
sion devices — Part 1: Methods for assessing accuracy” [57] and ISO/TR 20896-2:2023
"Dentistry — Digital impression devices — Part 2: Methods for assessing accuracy for
implanted devices" [58]. Both standards contain guidelines on how to perform accu-
racy evaluations of IOS: the former focuses on the digital impression accuracy, while
the latter addresses the accuracy of intraoral scan bodies. The general steps promoted
in both standards for estimating accuracy consist of manufacturing a CAD-designed
object with known dimensions, scanning them and measuring their designated geo-
metrical features.

The objects described in the standards are designed to represent common sit-
uations and arrangements encountered in dentistry (see Fig. 4). The first proposi-
tion from ISO regarding the use of reference objects in dental scenarios for estimat-
ing the optical scanner accuracy was presented in ISO Standard 12836:2012 "Den-
tistry — Digitising devices for CAD/CAM systems for indirect dental restorations —
Test methods for assessing accuracy” [59]. This standard introduced two geometries:
"Crown-and-bridge preparation die" and "Inlay-cavity die". However, they were crit-
icized for being less relevant in the context of handheld scanning devices, and both
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Fig. 4. CAD-designed models according to ISO standards 12836:2012,
20896-1:2019, and ISO/TR 20896-2:2023 for the assessment of optical scanner
accuracy

lacked complicated surfaces for a scanner to capture [60]. Consequently, the release
of additional standards ISO 20896-1:2019 and ISO/TR 20896-2:2023 was deemed
necessary. These standards introduced reference objects such as "Inlay preparation,"
"Test crown" and "Scan body" (see Fig. 4). To mitigate errors (deviations form the
true value), objects were recommended to be manufactured from dimensionally stable
materials by using milling processes. However, the use of ISO Standard models is
not a popular choice among researchers, with only a handful of studies utilizing them
[61, 62]. Some researchers even use their own custom-designed models instead [63,
64, 65]. This limited adoption of standardized reference models may be attributed to
the fact that the majority of studies focus on clinical scenario analysis rather than on
metrological evaluation. In such cases, models are often based on replicas of dental
arches [66, 67] or arches obtained from individual clinical cases by using conven-
tional impression methods or fabricated later by using a 3D printer [68, 69]. However,
with the abundance of factors influencing accuracy, each new model tends to intro-
duce more contradictions rather than providing concrete answers regarding any ISO
system.

1.3.2. Principles for measuring the dimension of interest

After the objects have been manufactured and scanned, the measurements of desig-
nated geometrical values are performed. One such value can be a dimension of in-
terest such as distances or angles measured using geometric features identified in the
scanned object. These measurements are usually performed by importing the scanned

26



Fig. 5. Points highlighted in blue by the user were used to construct cylinders and
planes, which are displayed in transparent red. These constructed geometries were
then used to measure the dimensions of interest, including the angle between vectors
and the distance between points

models into 3D inspection software. By visually inspecting the object in the software
graphical interface, the user can highlight its regions and use it to define primitive ge-
ometries such as cylinders, planes, cones or spheres. Intersections of defined geomet-
ric primitives can be used to construct vectors and points, enabling the measurement
of distances and angles within the scanned object (see Fig. 5). Measurements of the
dimensions of interest are conducted by using both the test and the reference scanning
devices, with the latter being recognized for its higher precision. For further analysis,
multiple scans with the measured dimensions of interest are needed. After all dimen-
sions of interest have been acquired, the results should be reported as follows. First,
the true value of measures of interest is acquired from the reference device either by
using one or multiple scans. If multiple scans are used, mean values ({zr) of k£ mea-
sures are used. Additionally, standard uncertainty explaining the extent to which the
measured value of reference might vary, on average, is calculated accordingly:

k
1=

1
USE(ﬂR) = m (fER,z' - ﬂR)2 = %, (1.2)

1

where osg(fir) - standard uncertainty or the reference value, zr ; - measured refer-
ence value and oy - standard deviation. For the test results, the mean value [ and the
precision value o is calculated using n values. By using the mean values of the test
and reference measurements, trueness expressed as bias Ad can be calculated:

Ad = ji— iR (1.3)
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Finally, accuracy S as a combination of trueness and precision can be calculated using
Equation 1.4 [57, 70].

n A2
S = max \/Zjl(le ix) ,osp(fir) | = max (RMSE(x), osp(fir)) (1.4)

where z; - the measured value and RM SE - root mean square error which contains
both trueness and precision components. Utilizing (1.4), accuracy is evaluated by
choosing the worse value (highest number) between RM SFE and osg(jir). However,
the use of the presented Equation 1.4 as a quantitative measure of accuracy is valid
only if the ogp(fir) values for the dimensions of interest do not exceed one-fifth of
the accuracy expected, required, or claimed for the digitizing device [57]. Further-
more, the results reported in the studies were generally adapted to specific cases and
usually did not strictly adhere to standard guidelines. For example, if the majority of
the data points do not follow normal distribution, quartiles can be used instead [70].
Quartiles divide the data into four equal parts. In the case of a non-normal data distri-
bution, the median (the second quartile, (J2), which splits the data in half, can be used
as a substitute for the mean. To replace the standard deviation, the difference between
the first (1) and third (Q)3) quartiles, formally known as the interquartile range, can
be used, as it represents the spread of the middle 50% of the data. These result anal-
ysis methods can be applied not only to assess the dimensions of interest but also to
evaluate the goodness-of-fit.

1.3.3. Principles for measuring goodness-of-fit

Unlike linear dimensions of interest measurements such as angles and distances (see
Fig. 5), goodness-of-fit incorporates the entire surface geometry. It relies on rigidly
aligning two similar 3D models: source and target, and measuring their surface devia-
tion [12, 13]. The alignment step is necessary, as digitized objects are often not aligned
with each other in terms of orientation and global position when imported into 3D in-
spection software, thus making surface deviation analysis impossible. To align the
source with the target model, the set of source vertices P = {p1,p2,...,pn | p € R3}
is transformed accordingly:

P'=RP +t, (1.5)

where, P is the set of source, P’ is the transformed set of points, R € R3*3 is rotation
matrix and t € R is translation vector. By changing the t and R values, the position
of the source model in space changes. This principle is applied in both alignment
steps used in the goodness-of-fit process: the initial alignment and the fine alignment.
The former step roughly positions the source model relative to the target model. The
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Algorithm 1 Kabsch algorithm for R and ¢ computation
Input: Two sets of corresponding points P = {p1,...,pn} as source, ) =

{q1,...,qn} as target
QOutput: Rotation matrix R and translation vector ¢

1: p < mean(P), § < mean(Q) = Point clouds center points (centroids)
2P «P-pQ «Q—q

3 H« P'Q7T = Cross covariance matrix
4: U, B, VT « SVD(H) = Singular value decomposition
5: R~ VUT

6: if det(R) < 0 then > Ensuring proper rotation with matrix R determinant
7: V], 3] « -V, 3]

8: R« VvVUT

9: end if
10: t«— q— Rp
11: return R,t

most basic technique for this involves direct user interaction with the models in the
software’s graphical user interface. By manipulating the available software tools, the
user visually guides the source model to align with the target model. The more widely
used "N-point selection”" method requires the user to select at least three correspon-
dence points in both source and target model surfaces (or a point cloud). Selected
paired points are then used to find the optimal values for t and R by using Kabsch
Algorithm 1 [71].

For estimating the translation vector t, the algorithm calculates the difference
between the centroids of the two point sets. To determine the rotation matrix R, it
employs singular value decomposition (SVD) on the covariance matrix of the paired
point clouds. It should be noted that the Kabsch algorithm achieves optimal t and R
values only for the selected corresponding point pairs, and not for the whole scanned
models; in other words, it does not include all points in the calculation. For this rea-
son, a second step, specifically, fine alignment is needed. This alignment’s backbone
is the iterative closest point (ICP) method. While there are many modifications of it
[72], its essential principle remains the same: iteratively minimize the distance be-
tween two rigidly pre-aligned points [14]. The algorithm operates by minimizing the
mean square error at each step through iterative updates of the t and R, following the
same principle as the Kabsch algorithm. An additional feature lies in the establish-
ment of correspondences between all or a subset of the source and target points. In
this case, the process used in ICP covers a larger portion of points compared to the "N-
point selection" method (see Algorithm 1). Finally, the achieved results and algorithm
performance are significantly influenced by the number of iterations and the selection
of convergence criteria. These parameters are typically determined empirically based
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on the specific context, balancing a smaller error with a higher number of iterations
and vice versa. As Algorithm 2 implies, it returns both t and R component for source
model transformation. Moreover, it also returns the error value achieved after conver-
gence ended. This number can be used for source model surface trueness evaluation.
For easier interpretation, the error could be converted to the root mean square error
(RMSE) (1.6):

1 n
RMSE =, | = > |lpi — all?, (1.6)
nz’:l

which represents the deviation between the aligned source (p) and target (q) model
points in the same measurement unit as the distance between two corresponding points.

After alignment, an additional deviation metric can be applied if needed. For
example, measuring the distance between points and the target surface can estimated
by using the signed distance (SD), highlighting areas of the source model that are
either above or below the target surface. This approach enhances the analysis by
providing more detailed visual information about model differences. An example
of such a case, involving surface deviation assessment of a dental arch containing
scan bodies, is presented in Fig. 6. However, comparative results presented in this

Algorithm 2 Iterative closest point (ICP) algorithm for rotation matrix and translation
vector computation

Input: Two points clouds P = {p1, ..., pn} as source, Q = {q1, ..., qn} as target,
number of iterations N and convergence threshold ©
Output: Rotation matrix R, translation vector ¢ and error € calculation between

transformed P and Q.

1: ¢ < mean{(Q) = Q point cloud center point (centroid)

2 Qcentered < Q@ — q

3: T« I (identity matrix), € «— o0

4: repeat
D < mean(P)
P—P—p
(P', Q") < FindClosestPoints(P, Qcentered)
H«— P'Q7T = Cross covariance matrix
U, VT « SVD(H) > Singular value decomposition
1. ReVUT
11: t—qg— Rp
12: P «— Tr4(P) = Rotate and translate P
3 e 29V |l —ql?
14: N« N-1
15: until © < eor0 < N
16: return R, t and €

D R
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Fig. 6. Example of surface deviation assessment when using two aligned dental arch
models with present intraoral scan bodies (left). Deviation is visualized by using a
colormap, with blue and red representing surfaces under and over the model,
respectively (right)

way might be difficult to interpret, which is why they are usually expressed in more
convenient quantitative measures. For trueness assessment using the goodness-of-
fit method, all test models are assigned as sources and aligned to a single reference
model (target). Surface deviations between aligned models are measured by using
signed distances and are typically summarized using the mean and standard deviation
of the calculated RMSE values, or, in cases of non-normal distributions, the median
and interquartile range. On the other hand, precision evaluation is more complex
and involves aligning multiple test models with each other according to the following

Equation (1.7):
n!

2(n —2)!"
where n is the number of scans. For example, in the case of 10 scans, the total number
of pairwise comparisons would be 45. Accuracy is then assessed by using the mean
and standard deviation (or the median and interquartile range) of all resulting RMSE
values [73, 74].

C(n,2) = (1.7)

1.3.4. Limitations of the goodness-of-fit method

As mentioned in Sec. 1.3.3, one of the advantages of goodness-of-fit analysis over
linear measurements is its ability to evaluate surface deviations across an entire scan
surface. However, its reliance on the ICP algorithm for fine global alignment can
sometimes be misleading if not applied correctly. For example, consider two similar
objects (see Fig. 7. (a,b)): Object A consists of two conjoined spheres of the same
diameter (R1s5=R2g), while Object B has a similar shape but features a smoother junc-
tion and unequal sphere diameters (121<R2). When these two objects are aligned by
using fine alignment (ICP algorithm), the surface deviation assessment highlights their
differences, as expected (7(d)). However, because the ICP algorithm considers entire
surfaces for alignment, the differences in sphere diameters have a more significant
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a) Reference d) 3D surface deviation

c) Fine alighment (ICP) results

Ri=R;s R;>Rys Mllm d NMI .

b) Source 0.00 0.02 0.04 0.06

Fig. 7. Surface deviation assessment using global alignment. Reference (a) and
source (b) were aligned using the fine alignment method (c). The commercially
available 3D inspection software Geomagic Control X (3D Systems, Rock Hill, SC,
USA) was used for alignment, employing the "best-fit" method based on ICP
algorithm. The results are presented as surface deviation colormaps and their
corresponding histograms (d)

impact on the final result, whereas the smoothed junction is overshadowed. This issue
is even more pronounced in scans from intraoral scanners, where complex surfaces
often containing outliers are common. To mitigate the influence of outliers, visual
inspection combined with manual trimming is frequently employed [75]. However,
removing surface areas from complex models is challenging, as it risks discarding
valid data.  Goodness-of-fit analysis is also commonly used in manufacturing for
product dimension quality control [76]. In most cases, the manufactured products are
CAD-designed with minimal dimensional variations from their "digital twin". Con-
sequently, surface deviation assessments in such cases are more straightforward to
interpret and control. However, achieving this level of control in dental scans is chal-
lenging, as the reference can be obtained only by digitizing the same model with a
more accurate device or method. The process of obtaining a reference object, along
with the inherent complexity of dental surfaces, introduce uncertainties that cannot
be precisely quantified. Furthermore, inconsistencies have been observed in the ICP-
based tool found in 3D inspection software used in dentistry, even under identical test
conditions [77].

1.3.5. Digitized model reverse engineering as an alternative to the goodness-of-
fit method

In this work, an alternative approach to the goodness-of-fit method for intraoral scan-
ner accuracy evaluation is presented, supported by two key considerations:

1. In practice, objects scanned with an IOS are often complex, and clinical scenar-
ios can vary widely: edentulous arches, arches with scan bodies present, partial
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scans, and many more. This variability diminishes the ability to obtain concrete
and reproducible results for any IOS system. To create a controlled environment
for analysis, it is necessary to substitute them with a known-dimensional CAD
model composed of regular geometric elements.

2. Following the first principle of using well-defined models, a concept from man-
ufacturing engineering known as reverse engineering is applied. The main idea
is to extract well-defined geometrical components from the overall object sur-
face, define them, and use them to construct a reference object on top of the
scan, thereby eliminating the need for the ICP algorithm.

d) Surface c)Scanned b)Manufactured a) Reference Structural difference
segmentation object object model « AD=D-Ds
. 4 * AR=R;-R;s
Artefact? . AR2=R2_RZS

0.00 0.02 0.04 0.06
e) Geometric f) Union of g) Reference 3D surface deviation results
model fitting fitted models  overlapped with
fitted scanned
object

Fig. 8. Surface deviation assessment using reverse engineering: reference object (a)

was manufactured (b), scanned (c), segmented (d) and reverse-engineered by using

identifiable parts - two spheres (e). Linear dimension and surface deviation results

between combined geometry (f) and the scan (g) are presented as surface deviation
colormaps and their corresponding histograms

An example of the overall workflow is shown in Fig. 8. To highlight the main
features, the same CAD object seen in Fig. 7 consisting of two identical conjoined
spheres is used (a). First, the object is manufactured (b), either by using a 3D printer
or milling, and then scanned with an intraoral scanner (c). A crucial part of the work-
flow is the segmentation step (d). Since the scanned model consists of well-defined
primitive shapes, Random Sample Consensus (RANSAC) [78] algorithm (see Algo-
rithm 3) can be employed. The algorithm identifies the best-fitting geometric model
by iteratively sampling random subsets of scan points and maximizing the number of
inliers - i.e., points that fit the model within a specified error threshold. Parameters
such as the number of points for model fitting, the number of iterations, and the error
threshold allow for primitive shape detection in a controlled manner.
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Algorithm 3 Random sample consensus (RANSAC) algorithm

Input: Point cloud P = {p1, ..., py} (or mesh vertices), number of iterations k,
threshold value ¢, number of points for model fitting m.
Output: Estimated model M (e.g., sphere, cylinder, or plane)
M « @, maxInliers « 0
fori=1tok do
S« RandomSample( P, m) = Randomly select m points from P
M « FitModel(.S)
I « {pe P :Distance(p, M) < t}
if |I| > maxInliers then
mazxInliers — |I|, M « M
end if
end for
return M/

R B A A SR > oy

—_
e

The segmented mesh vertices are then divided into two categories: aforemen-
tioned inliers and outliers. Outliers in this case are treated as scanner-induced approx-
imations or noise. To classify the points correctly, the RANSAC parameters must be
chosen based on the geometry model, while using empirical evidence to ensure an
adequate separation between inliers and outliers. Once identified, the inliers are fitted
with their corresponding geometric primitives. Based on the parameters of the fitted
geometries, polygon mesh representations are created (e) and then combined into a
single object (f). To combine objects, the constructive solid geometry (CSG) tech-
nique is used. CSG employs Boolean operations like union, intersection, and differ-
ence to construct complex objects from simpler geometric shapes. Finally, the surface
deviation between the reverse-engineered model and the scanned object is measured.
The results are presented as a 3D color map and histogram (f). From the color map,
it can be observed that the junction between the spheres is highlighted, whereas the
surface representing the spheres appears homogeneous. The histogram further sup-
ports this, by showing that the points in the conjunction region can be recognized as
outliers - i.e., points with deviations greater than 0.02. Additionally, the linear dimen-
sions, such as the sphere radius and the distances between their centers are measured
for model structure encoding. Both linear and 3D surface deviation results should be
used for overall accuracy assessment.

In this case, because the true values are known from the CAD model dimensions
(e.g., the radius of a sphere), accuracy can be described using two components: true-
ness and precision, respectively represented by the mean (or median) and the standard
deviation (or interquartile range) of the deviations of repeated measurements from the
reference value.
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1.4. Computer-Guided Dynamic Navigation Systems

Innovations in digital dental workflows for implant placement are not limited to regis-
tration methods (CBCT and 10S) or manufacturing technologies (3D printing, milling).
The procedure for implant placement itself is also evolving. As mentioned in Sec.
1.1.1., implants are placed by using a prefabricated surgical template with specifically
designed drill-guiding tubes to ensure correct drilling. However, a more advanced
method exists. Computer-guided dynamic navigation systems have emerged as an
alternative to the conventional template guidance techniques [15]. The system func-
tionality relies on capturing reference markers rigidly placed on the patient and on the
surgical instruments with the use of sensors (mainly cameras) capable of capturing the
environment in real time (see Fig. 9). The preparation of the system to be used in the
surgery involves several steps, such as taking a CBCT scan of the patient, planning
the guidance, calibrating the implant drill, and pairing the CBCT data with the track-
ing marker placed on the patient. Guidance during the operation is usually carried
out by the surgeon focusing on the display on which the patient’s CBCT data are be-
ing shown along with the current position of the surgical instrument in relation to the
patient’s marker. By examining the display, the surgeon can adjust the implant drill
position and angle based on the guidance indicators overlaid on the patient’s CBCT
data. Currently, there are five commercially available systems Navident (ClaroNav,

-
N1 1)

Fig. 9. Computer-guided dynamic navigation surgery system for implant placement

consists of a workstation equipped with tracking cameras (a), and a computer with a

monitor (b). Fiducial markers are placed on both the surgical instrument (c) and the
patient (d), allowing the system’s camera to continuously track their positions
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Toronto, ON, Canada), ImplaNav (ImplaNav, BresMedical, Sydney, Australia), X-
Guide (X-Nav Technologies, Lansdale, PA, USA), Denacam System (Mininavident
AG, Liestal, Switzerland), and DCARER (Yizhime; Suzhou Digital-Health Care Co.,
Suzhou, China) [79]. All the presently listed systems use infrared (IR) cameras to
track markers, ensuring continuous, non-obtrusive tracking. However, the bulkiness
of the system may be an issue, as some operating sites might be too confined for the
currently available systems. However, another major issue that directly affects the
procedure is that guidance using such systems requires the surgeon to frequently shift
attention from the patient to the system’s display, thus increasing the risk of accidental
changes in the implant drill’s position [16]. Such inconvenience can be eliminated by
replacing the display with an augmented reality (AR) headset.

1.5. Augmented Reality Headsets: HoloLens

Augmented reality (AR) technology is often confused with the more widespread term
virtual reality (VR). However, they operate on different principles. While virtual re-
ality immerses users entirely in a digital world, isolating them from the real world,
AR superimposes digital information onto the physical environment, enhancing the
user’s perception of their surroundings [80]. Augmented reality technology can also
be categorized in different ways, based on sensory modalities such as touch, visual,
and hearing [81], or by device, including projection-based systems, head-mounted vi-
sual perception devices, or haptic tools [82, 83, 84]. However, a broader definition
of AR typically refers to a visual augmented technology that utilizes head-mounted
displays.

Their use applications can span multiple disciplines such as military, medicine,
entertainment, education or manufacturing [85, 86]. For example, AR headsets were
used to enhance spatial understanding in emergency situations or various natural dis-
aster scenarios for improved decision-making [87]. Since users in AR perceive both
the real-world environment and projected digital objects, they can design and modify
virtual objects interactively based on real-world scales [88]. AR headsets have gar-
nered significant attention in image-guided surgery applications, where the main idea
is to overlay additional 3D images onto the patient to visualize obstructive anatomical
structures, such as blood vessels or nerves. This allows the practitioner to directly
view the patient with different layers of information without the distraction of the
usual desktop displays [89].

Widespread interest in AR grew even more in 2016 when Microsoft introduced
the first commercial autonomous optical see-through AR headset, HoloLens I (Mi-
crosoft, Redmond, WA, USA). To accurately map and localize the headset environ-
ment, the HoloLens employs four monochrome environmental cameras, a dedicated
Time-of-Flight depth-sensing camera supported by infrared illuminators, and an In-
ertial Measurement Unit for precise head-motion tracking. The four monochrome
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cameras continuously capture visual data, enabling real-time environment mapping
and localization. The Time-of-Flight (ToF) camera provides detailed depth infor-
mation, which is essential for creating accurate maps and enabling interactions be-
tween the digital content and physical surroundings. HoloLens also includes an addi-
tional 2.4-megapixel photographic camera for capturing images and videos, ambient
light sensors, and integrated Wi-Fi and Bluetooth modules for wireless communica-
tion. Processing tasks are distributed across the central processing unit (CPU), an
integrated graphics processing unit (GPU) for graphical rendering, and Microsoft’s
custom-designed Holographic Processing Unit (HPU) for sensor fusion, spatial map-
ping, gesture recognition, and real-time tracking [90]. For binocular information dis-
play, it utilizes a LED light projector source with a diffractive waveguide-based [91]
and lens system, delivering a 34° diagonal field of view and a 60 frames per second
(fps) refresh rate. In 2019, the second version of HoloLens was released with upgraded
features in every aspect with an inclusion of eye and both hand tracking capabilities.
Technical characteristics for both HoloLens 1 and HoloLens 2 are shown in Table 1.

Table 1. Comparison of the technical characteristics of the augmented reality
headsets: HoloLens 1 and HoloLens 2

e

HoloLens 1 HoloLens 2
Release date March 30, 2016 November 7, 2019
Hardwar CPU (4 cores), RAM 1 GB, battery CPU (8 cores), RAM 4 GB, battery
ardware life 2-3 h, Ist-gen HPU life 2-3 h, 2nd-gen HPU
See-through holographic lenses in See-through holographic lenses in
Display binocular configuration, 1268 x binocular configuration, 2048 x
720 per eye, 60 Hz refresh rate 1080 per eye, 60 Hz refresh rate
. 6 DoF inside-out via 4 integrated 6 DoF inside-out via 4 integrated
Tracking
cameras cameras
2.4 MP stills, 1280 x 720 @ 30 fps 8 MP stills, 1920 x 1080 @ 30 fps
Camera . .
video video
. 448 x 450 @ 30 fps (short), 448 x 512 x 512 @ 45 fps (short), 320 x
ToF resolution 450 @ 1-5 fps (long) 288 @ 1-5 fps (long)
ToF range 0.2-1 m (short mode), 1-5 m (long  0.2-1 m (short mode), 1-5 m (long
mode) mode)
Field of View o o
(diagonal) 34 52
Weight 579 ¢ 556 ¢
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1.6. HoloLens Use Case of Tracking and Registration

Self-localization is crucial for AR headsets, thus ensuring that virtual objects remain
accurately positioned in the real world as the headset moves through space. Addi-
tionally, some applications require AR headsets to register and track physical objects
in the real world relative to either an established world coordinate system or other
objects. Two common approaches used in AR systems for tracking and registering
the environment are marker-based and markerless methods. Each method provides its
own benefits and drawbacks. In the marker-based approach, factors such as simplicity
and computational performance play a major role in their prevalent choice among re-
searchers [92]. Here, the selection of markers to be tracked can encompass a range of
options, including IR-reflective markers, fiducials, or landmark-based markers. In the
medical field, these landmark-based markers can refer to any rigid anatomical land-
mark, which could be easily identifiable with an AR tracking system. The utilization
of a markerless approach can offer benefits in scenarios where marker occlusion is ex-
pected. Furthermore, it provides a more sterile method since tracking relies solely on
the objects present in the scene, eliminating the need for additional objects. Nonethe-
less, a significant advantage of the marker-based approach over the markerless method
is its superior precision [93]. This advantage is critical for the success of precision-
dependent procedures such as surgery. Commonly, the selection of markers for AR
applications often involves choosing from widely utilized options such as ArUco [94]
and its variants or the popular Vuforia Library (PTC Inc, Boston, MA, USA).

1.7. Augmented Reality Use Examples in Implantology

Based on the information provided in previous sections, the interaction between HoloLens
2 headsets (or similar headsets) and markers is comparable to systems used in computer-
guided dynamic navigation. The biggest difference is that the integrated sensors and
the ability to overlay digital data within a single device make it significantly more ef-
ficient than the bulky conventional systems. More importantly, this allows surgeons to
focus on both the operating site and the system’s guiding instructions without unnec-
essary movement. Additionally, a major advantage of using commercially available
headsets is their ease of use and accessible development environments, which enable
effortless deployment. They can also be used with custom-made markers for tracking.
While there is plenty of research on the use of AR headsets with marker-based track-
ing in medicine [95], the same cannot be said for dentistry applications, especially
in the field of guided surgery. One of the few pilot studies investigating the use of
AR headsets in implant planning and navigation was published by Wanschitz et al.,
who, with the help of a modified commercially available AR headset, achieved a 1
mm distance and 3° angle deviation from preplanned implant positions [96]. Vigh
et al. in their in vitro study compared information outputs from both headset and
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monitor-based approaches, demonstrating similar levels of accuracy in angular and
distance-related implant measurements for each case [97]. Lin et al. in their study
achieved satisfactory results sufficient to implement in clinical practice with the use
of a self-made augmented reality system [98]. The commercially available optical
see-through system Magic Leap One (Magic Leap Inc., Miami, FL, USA) was used
in Kivovics et al.’s in vitro study, where the utilized system achieved results compara-
ble to those obtained with the physical template guidance technique [99]. One of the
clinical studies by Pellegrino et al. successfully used HoloLens 1 to screen dynamic
navigation system output in an AR headset, without the need for the surgeon to look at
the system display [100]. Liu et al. utilized HoloLens I in a mixed-reality-based den-
tal implant navigation method and showed improvement over the hands-free approach
[101]. In a study by Tao et al., a comparison was made between the computer-guided
dynamical navigational system and the use of HoloLens 2. The study indicated simi-
lar accuracy in implant distance-related measurements. However, it revealed that the
AR system exhibited higher angular deviations (3.72°) compared to the conventional
dynamic navigational system (3.1°) [102].

Parts of Section 1 have been quoted verbatim from the previously published
articles: [19, 20].

1.8. Conclusions of the Chapter

1. Intraoral scanners capture 3D images of a patient’s dental arch and are an inte-
gral part of the digital dental workflow for implant placement. A highly sought-
after feature of newly released scanners is their scan quality, which is typically
defined in terms of accuracy. A commonly used method for evaluating the scan
accuracy involves fine-aligning two scans and assessing their surface deviation.
However, due to the inherently complex surfaces found in dental arches, the
commonly used fine-alignment method-iterative closest point (ICP) algorithm
faces challenges that can affect the alignment accuracy. Further research should
focus on applying the proposed solutions using the two suggested considera-
tions: creating a physical CAD model from regular geometric elements that
reflect surfaces commonly found in the IOS practice, and reverse-engineering
its scan to assess detailed characteristic accuracy.

2. Implant placement using computer-guided dynamic navigation systems relies
on cameras that track markers placed on the patient and surgical instruments for
real-time implant positioning. However, current systems are bulky and rely on
displays for information presentation, which can distract the surgeon from the
operative field. According to the technical specifications of commercially avail-
able augmented reality headsets, such as HoloLens 2, these devices could serve
as an alternative to the conventional systems. Nevertheless, studies exploring
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2. METHODS
In this chapter, three experimental procedure workflows are introduced:

1. The first workflow (Section 2.1) applies a reverse engineering method to eval-
uate the accuracy of intraoral scanners using a novel edentulous arch model
prototype.

2. The second workflow (Section 2.2) involves implementing the proposed reverse
engineering method in a practical clinical scenario using digitized intraoral scan
bodies.

3. The final workflow (Section 2.3) demonstrates the capabilities of augmented re-
ality headsets, specifically, HoloLens 2, in potential applications for computer-
guided dynamic navigation systems.

2.1. Edentulous Full-Arch Model Prototype: Design, Scan and Digitization Ac-
curacy Evaluation

There are numerous possible surfaces and shapes that intraoral scanners must capture.
The current 10S technology works by capturing individual areas and stitching them
together to accomplish complete object digitization. The larger the object, the more
scan images are acquired, and the more errors are accumulated. Therefore, the most
challenging scan is that of a full dental arch [103]. An even greater challenge is
scanning a fully edentulous arch. Its smooth, movable, and complex surface anatomy
provides only a limited number of feature points for IOS to capture, which results in
scans being of a low quality compared to full-arch scans [104]. Since an edentulous
arch lacks prominent anatomical features (see Fig. 10) that can be used for dimension-
of-interest measurements, the only viable method for assessing edentulous full-arch
scan accuracy is 3D surface deviation. This section outlines a workflow for assessing

the scan accuracy of a prototype simulating an edentulous full-arch, based on two key

\ A &

Fig. 10. Fully dentulous (left) and edentulous (right) upper arches
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considerations: the creation of an object composed of primitive geometries, and the
application of reverse engineering to its scan.

2.1.1. Edentulouse full-arch prototype design and scanning workflow

The numbered steps outlining the edentulous arch model prototype design and scan-
ning are shown in Fig. 11. First, a digitized fully dentulous maxilla arch model (step
1) was imported into 3D computer-graphic software Blender (Blender Foundation,
Amsterdam, Netherlands). With the presented software tools, the model was modi-
fied to resemble an edentulous arch model and was exported in the STL file format
(step 2). To fulfill the first criteria, the modified model must be represented with
well-known primitive geometries. For this purpose, a sphere was selected as the main
geometry. In addition to its widespread use in metrology studies [105], the sphere
possesses several unique features which will be useful for later measurement phases:
it is rotation-invariant, has a constant surface curvature, and each point (x, y, ) on its

1. Fulldentalarch 2. Full dental arch 3. Modified full dental arch
modification population with spheres

J R=2.5mm

4. Foundation model

7. Model scanning 6. CAD modelfor3D 5. Union between
pattern printing models

Update
reference
sphere centers

o
<
(72]
Z
<
o
w

6.1. CAD model 6.2. Identified spheres 6.3. Reference spheres
visible in the CAD model

Fig. 11. Workflow of edentulous arch model prototype design (steps 1-6), followed
by step 7: the scanning pattern, proceeding from position A to B (indicated by blue
circles)
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surface is equally distanced from the center, at a distance defined by the radius R:
(z —20)” + (y—w0)* + (z — 20)* = R* 2.1

where g, Yo, ¢ define the sphere’s origin coordinate. The incorporation of spheres
into the modified edentulous arch model involved populating the model surface with
multiple spheres of a known radius. This was achieved by using the CAD design
software Rhinoceros (Robert McNeel & Associates, Seattle, WA, USA) along with its
integrated physics engine plug-in, Kangaroo. The engine was configured to optimally
distribute the spheres across the model surface in such a way that the overlapping dis-
tance between spheres would be 0.1 mm. Since the engine allows for live interactive
simulation, all parameters were empirically tuned. Based on this process, the number
of spheres used for surface population was set to 330. A sphere radius of 2.5 mm
was selected, in accordance with previous studies, to ensure that spheres of identical
dimensions could be reliably captured during scanning [106, 107, 65]. Once the sim-
ulation reached convergence, the spheres covering the model surface and the model
itself were combined into a single object by using a Boolean union operation (step 3).
The constructed model was exported as the STL file format while the sphere center co-
ordinates were saved in a comma-separated values (CSV) file. Afterward, the sphere
model was imported into Blender, where an additional foundation was designed (step
4) and combined with the main structure while using a Boolean union operation (step
5).

After merging the foundation model and the surface populated with spheres (step
6), some spheres, particularly on the bottom part of the model, are no longer visible
and do not correspond to the reference sphere centers stored in the CSV file. To iden-
tify which spheres were still visible in the prototype, the sphere detection algorithm
Efficient RANSAC (ERANSAC) [108] was used. Instead of using a fixed number of
iterations like basic RANSAC (see Algorithm 3), ERANSAC leverages spatial data
structures (octrees) and a prioritized hypothesis testing strategy. This significantly in-
creases the speed of multiple shape identification (in this case, spheres) by focusing on
promising regions of polygon mesh vertices. The trade-off is that ERANSAC requires
several parameters to be tuned according to the shape of the provided model:

¢ ¢: the maximum distance between the vertex (with the normal) and the fitted
primitive;

* «: the maximum allowed angle between point normals (a vector perpendicular
to a surface at a given point);

* Pin: the minimum number of points required to fit the model;

* Pr: probability of missing the largest candidate shape;

* bitmap_e: sampling resolution;
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* Rmin, Bmax: the minimum and maximum radius values used to restrict sphere
hypothesis testing!.

Table 2. ERANSAC parameters used for both the CAD and scan models of the
edentulous arch model prototype

Group e,mm a,° Prin Pr  bitmap_e Rppn, mm Ry, mm
CAD model 0.1 10 200 0.01 0.2 2.495 2.505
Scan model 0.1 20 150-250 0.01 0.2 2.4 2.6

All ERANSAC parameter value selections used for CAD and subsequent scans are
shown in Table 2. After all 245 spheres were identified in the CAD model (step
6.2) by using selected parameters of ERANSAC, their centers were compared against
the data found in the CSV file (reference centers). To determine the correspondence
between the sphere centers stored in the CSV file and those detected in the model,
a nearest-neighbor 3D spatial locator was used. Reference centers without an es-
tablished correspondence to a detected centers in the model were removed from the
dataset.

Subsequently, the edentulous arch model prototype was manufactured with a
digital light projection 3D printer Asiga PRO 4K (Asiga, Sydney, Australia) with 65
um pixel resolution and 50 pm z axis height. The Asiga DentaMODEL material was
chosen for 3D printing. Two IOS and one laboratory scanner were used to scan the
manufactured object (see Table 3). 10 scans for each intraoral scanner and 3 scans for
a laboratory scanner were made. The scans were performed by a professional operator
with over 7 years of experience working with intraoral scanners. The scanning pattern
(step 7) was selected based on the recommended edentulous arch scanning technique:
scanning begins at the anterior palate, proceeds posteriorly along the palate, and con-
cludes by scanning the entire dental arch while using a zig-zag pattern. The ambient
temperature (+ 0.1 °C) and humidity (+ 0.1 % RH) were recorded with Xiaomi Mi
NUN 4126GL. The intensity of light was measured by using luxmeter UT383 (Uni-
Trend Technology, China, Dongguan) with an accuracy of +(4.0% + 8) Ix.

'Efficient RANSAC implementation of CloudCompare 2.13 (cloudcompare.org) was used for sphere
identification with the features not present in original paper Rmin and Rm.x. Based on the source code
sphere radius restriction parameters are applied only during the initial hypothesis phase, when a candidate
model is generated from a minimal sample of points and their normals (see the original papers, Section
4.1 [108]) and may differ from the final least square fitted sphere in their radius.
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Table 3. Characteristics of scanners used for edentulous arch model prototype

digitization
’ x 3
- —
Scanner E4 Trios 5 i700
3Shape, agen, ape, agen, .
Manufacturer Shape, Copenhagen 3Shape, Copenhagen Medit, Seoul, South Korea
Denmark Denmark

Acquisition Technology Active triangulation Confocal microscopy Active triangulation
Scanner Type Laboratory scanner Intraoral scanner Intraoral scanner
Software Version 2.2.5 1.7.19 342
Release Year 2019 2022 2019
Depth of Field - ~17 mm ~17 mm
Scan area - 306 mm? 195 mm?

. dem (proprietary format), meditmesh, OBJ, STL and
File Format STL STL PLY

2.1.2. Edentulous full-arch prototype scan accuracy evaluations utilizing sphere
detection

To fulfill the second criterion for reverse engineering, the scan of an edentulous arch
model prototype workflow, similar to that of the CAD model sphere center refine-
ment, was employed (see Fig. 12). Firstly, to ensure sphere correspondence between
the scan data and reference sphere centers, all scan models were aligned with the CAD
model using "N-point selection" followed by ICP fine alignment. For sphere detec-
tion, ERANSAC was utilized. Since it is a stochastic method, each run in scan models
can produce slightly different results. To ensure more stable outcomes, multiple runs
of ERANSAC are recommended [109]. In this case, 100 runs were performed for each
model. In each subsequent run, the P.;, parameter was increased by 1, starting from
150. The mesh vertices, identified as potential sphere regions (step 1), were used to
define their radius and center by using a least squares fitting approach (step 2). Cor-
respondence between the reference sphere centers and those defined in the scan was
established, ensuring that each sphere was consistently recognized across all scanned
models. Subsequently, 3D deviation as a signed distance was measured between each
detected vertex and the corresponding sphere constructed from the same set of vertices
(step 3). Negative values indicate vertices lying inside the fitted sphere, whereas pos-
itive values indicate vertices lying outside. Vertices that were not recognized as part
of the identified spheres were classified as outliers. Signed distances between outlier
vertices and the model constructed by combining spheres using a Boolean union op-
eration were measured (step 4). Finally, the distances between each pair of sphere
centers were measured. Five parameters were selected to describe the quality of each
scan. The first one, AR, is described as the difference in radius between the identified
sphere radius and the reference (2.5 mm). The second parameter C' Dist describes
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Fig. 12. Workflow for extracting quality parameters (the results box) from a scanned
edentulous full-arch model prototype

the structural model’s deviation from the reference based on differences in distances
between sphere center pairs. In an ideal noise-free scenario, the signed distances be-
tween vertices identified as belonging to spheres and their corresponding constructed
spheres is zero, and their distribution is degenerate. Based on quantile-quantile (Q-
Q) plots and histograms, in all cases, the distributions were observed to resemble a
slightly skewed Laplace distribution exhibiting fatter tails than normal distributions
(see Figure 12 result box). To verify this observation quantitatively, Gaussian and
Laplace distributions were fitted using the maximum likelihood estimation method
and evaluated by using the Akaike information criterion (AIC). The results consis-
tently indicated that the Laplace distribution provided a better fit to all datasets, as
evidenced by the lower AIC values. To capture the observed skewness, the distribu-
tion was separated at zero, with each tail parameterized individually by an exponential
probability distribution function. Distinct rate parameters A\p and Ay were assigned
to the right and left tails, respectively (Formula 2.2).

ApAy e T if x>0,
f(z) =

= 2.2)
Ap+ AN [T ifx < 0.

Each exponential distribution (left and right Laplace distribution components) were
approximated by using maximum likelihood estimation. A lower rate indicates a
higher number of deviations from the fitted sphere and thus reflects a greater num-
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ber of detected surface irregularities. Outlier values were observed to originate from
the normal distribution with the mean value OUT),>0 which was selected as the fifth
parameter. The greater the OUT), deviation from zero, the less likely it is that the
scanner correctly captures the sphere junctions - thus indicating a reduced scanner’s
capability to capture intricate details. Following the model creation, the remaining
sphere fragments were identified as unrecognizable and unwanted inclusions in part of
outlier SD measurements. To ensure a standardized representation, SD values greater
than 0.2 were removed.

2.2. Method for Evaluating the Accuracy of Intraoral Scan Body Digitization

For the proposed reverse engineering method for intraoral scanner digitization ac-
curacy assessment to be applicable in a clinical scenario, handcrafted objects with
known dimensions, modeled by using constructive solid geometry, are needed. In-
traoral scan bodies (ISBs) perfectly meet these requirements. While there are many
ISB shape designs, the majority have a cylindrical shape with distinguishable geo-
metric features such as chamfered edges or grooves which can be reverse-engineered
by using primitive shapes. Additionally, ISBs are indispensable in the digital dental
implant placement workflow, making them an important component of the process. In
the subsequent experimental setup, digitized dental arches with placed intraoral scan
bodies were used as the primary study objects to estimate the digitization accuracy of
four intraoral scanners and one stationary scanner.

c) d)

8) k)
Fig. 13. Digitized dental arch model types used in the study. Scan body positions are
annotated according to their relative positions to the respective teeth by using ISO
3950:2016 Standard. Crimson-colored annotations indicate angulated scan bodies,
where the degree of angulation is shown in brackets, while black-colored scan bodies
were not tilted. Only non-splinted models are presented, as splinted models differ
only by the presence of attached small artificial landmarks in the gum area
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2.2.1. Digitization of dental arches with intraoral scan bodies using five optical

scanners

19 Frasaco (ANA-4; Frasaco GmbH, Tettnang, Germany) dentate practice models
were additively manufactured by using MAX UV385 (Asiga, Sydney, Australia) 3D
printer and scanned, resulting in a total of 674 scans. Depending on the model, 2, 4
or 6 dental implants BLT 4.1 mm were positioned in the models. Furthermore, each
model varied not only in terms of the number of implants but also in their angulation,
the spacing between them, the jaw type (mandibular or maxillary), the edentulism
status (partially or fully edentulous), and whether the models were splinted or not.
Intraoral scan bodies (CARES RC Mono scan body, Straumann, Basel, Switzerland)
were attached to implants in the dental model using a cordless electric screwdriver
(NSK iSD900, Tokyo, Japan) set to a torque of 15 Ncm. Furthermore, five preci-
sion spheres, each measuring 5 mm in diameter (Micro Surface Engineering, Inc.,
Los Angeles, California, USA), were secured to the base of each cast by using an
auto-polymerizing acrylic resin (Pattern Resin; GC America Inc., Alsip, IL, USA).
Scan body placements and different types of dental models are shown in Fig. 13.
Afterward, the dental arch models were digitized by using five optical scanners: four
intraoral scanners and one laboratory desktop scanner. The characteristics of all the

Table 4. Characteristics of scanners used for dental arch with intraoral scan bodies
digitization

(7,

- el

1~

Carestream (CS)

Scanner E4 Trios 3 Trios 4 3600 Primescan
Manufacturer @ﬁﬁﬁn C03Se}rii§e;n C03Se}riize;n Carestream Dental,  Dentsply Sirona,
uhact pemtiagen, pentiagen, PEMAZEN, — Atlanta, GA, USA  York, PA, USA
Denmark Denmark Denmark
Acquisition Active Confocal Confocal Active Confocal
Technology triangulation microscopy microscopy triangulation microscopy
Scanner type Laboratory scanner  Intraoral scanner Intraoral scanner Intraoral scanner Intraoral scanner
Software 225 1.18.2.1 1.19.2.2 3.1.0 5.0.1
version
Release year 2019 2015 2019 2016 2019
Depth of - ~17 mm ~17 mm ~12 mm ~20 mm
field
Scanger - 356 mm? - 169 mm? 225 mm?
head size
. . csz (proprietary .
File format STL dcm (proprietary dem (proprietary format), PLY and dxd (proprietary

format), STL

format), STL

STL

format), STL
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scanners used are shown in the Table 4. All digitized models were presented in the
STL file format. Because digitized dental arches were used in other studies [106,
110, 111], not all of them were scanned with each scanner equally. Depending on
previous studies, dental arches were scanned multiple times, typically ranging from 6
to 12 times. All digitized models that contain ISB, which forms the dataset for this
study, were processed through the proposed workflow for estimating ISB digitization
accuracy.

2.2.2. Detection and extraction of intraoral scan bodies in digitized dental arches

In order to analyze intraoral scan bodies, they must first be identified in the digitized
dental model. When working with a small number of digitized dental arches, users
can manually import them into dedicated 3D inspection software with the tools for
marking or separating the intraoral scan bodies through visual inspection. However,
as the number of models increases, manually recognizing and highlighting intraoral
scan bodies becomes tedious and time consuming. To address this issue, a workflow
for automatic recognition and extraction of CARES RC Mono intraoral scan bodies
was implemented.

Before initiating the algorithm, the ISB CAD library model provided by the
manufacturer was examined to ensure a uniform triangle mesh size across the sur-
face (isotropic mesh). Its re-meshing was performed [112] with the constraint that
the triangle edge lengths approximate the arithmetic mean of all triangle edges in the
digitized dental arch. This step ensures stable extraction in the following steps, as
only the vertices (V = {v1,vs,...,v, | v € R3}, where n is the number of ver-
tices) are used. In the subsequent step, vertex features - normals and 3D descriptors
- were estimated for both the re-meshed ISB V- 4p and dental arch vertices Vp. A
point normal is a vector perpendicular to a surface at a given point, commonly used
in various 3D processing techniques. However, a point normal alone is not sufficient
to effectively distinguish a given vertex from the rest of the vertices. More complex
features, known as 3D descriptors, encode significantly more information about the
vertex structure within the mesh and can be used for correspondence searches between
two mesh models. One such descriptor is the Fast Point Feature Histogram (FPFH),
that captures local geometric properties of the vertices by computing simplified an-
gular relationships between a vertex and its neighbors by using computed normals
[113]. Since its computation and descriptiveness is relatively balanced compared to
other popular 3D descriptors, it was chosen as the main component in the subsequent
step - ISB recognition in the dental arch model [114]. Correspondence between Vp
and Voap was established by utilizing their computed descriptors and the modified
version of the RANSAC algorithm (Sample Consensus Prerejective (SCP) pose esti-
mation method) [115]. As a result, the ISB vertices Vo 4p were transformed through
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rotation R € R3*3 and translation t € R? to best align with the dental arch surface:
Veap = RVoap + t, (2.3)

For fine Vo4 p alignment, a variant of the ICP method called generalized ICP (G-ICP)
was used. G-ICP extends standard ICP by incorporating the local surface structure via
covariance matrices, enabling more accurate alignment than the simple point-to-point
ICP distance minimization [116]. The aligned Voap were subsequently used with
a nearest-neighbor 3D spatial locator, within a defined radius, to extract the relevant
portion of the neighboring dental model mesh M, consisting of Vs and their asso-
ciated triangles. Subsequently, the extracted V), were used for a more refined Voap
alignment, employing the same sequence: SCP followed by G-ICP. The secondarily
aligned Vo 4p was rotated around its vertical axis 360 times, each time by one de-
gree. After each rotation, the root mean square error (RMSE) of the signed distance
was computed between the ISB surface, represented by the original ISB CAD library
model with vertices Voap, and Vj;:

N .
N (+Dist;)?
RMSE = \/ Zm(;\fD isti)” 2.4)

where + Dist represents the signed distance of Vs to the ISB CAD library model, and
N is the number of V). The rotation yielding the lowest RMSE was selected as the
corrected intraoral scan body position, after which, G-ICP was applied for the final
time.

CARES RC Mono ISB CAD library model has two boundaries, which were
used to identify the corresponding vertices from M. To differentiate the boundaries,
their circumference was measured. Since the ISB CAD library model and M have in-

herent differences in topology, the established vertex correspondences could not guar-
antee the same edge connections in the dental mesh as in the ISB CAD library model.
To establish similar boundary contours in M, a solution to the Traveling Salesman
Problem was employed to connect adjacent vertices identified through the found cor-
respondences and edges into a continuous boundary [117]. Christofide’s algorithm
was applied on the complete graph constructed from pairwise shortest-path distances
between the boundary vertices. The established contours were used as separators for
the final M refinement to extract the region closest to intraoral scan body shape. When
multiple intraoral scan bodies were present in the dental arch model, the process was
repeated iteratively, removing each previously identified M surface before the next
iteration.

Given that the scan body length varied across different dental arches due to ISB
angulation and gum occlusion, only upper part areas spanning 5.5 mm from top to
bottom were selected for extraction and further analysis of M. A value of 5.5 mm
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was selected based on visual observations with the intention to standardize the data.
All extracted M were visually inspected for shape deformations; this includes over-
smoothed edges; as well as formed ridges or valleys. If defects were found in the
intraoral scan bodies, as determined by the operator, which were considered signif-
icant, those M (flawed ISB) were excluded from further analysis. The number of
extracted meshes M, hereinafter referred to as intraoral scan bodies, for each dental
model type used in the subsequent analysis is presented in Table 5. A more detailed
workflow for intraoral scan body extraction from a digitized dental arch is presented
in Algorithm 4 in the supplementary section.

Table 5. The count of digitized dental model types and the extracted intraoral scan
bodies. Numbers in brackets indicate the counts of digital splint models. Model type
names are referenced in Fig. 13

Model Dental arch count ISB count
tyPe g4 (CS3600 Primescan Trios4 Trios3 | E4 CS3600 Primescan Trios4 Trios 3
a) 10 6 10+[10] 10+[10] 10 40 24 39+[38] 40+[40] 40
b) 11 20 20 30+[10] 19 22 80 76 118+[39] 74
c) 10 20 - - - 40 80 - - -
d) 10 - 10 10+[10] 10+[10] | 20 - 19 20+[20]  20+[20]
e) 10 - - 104[10] 10+[10] | 60 - - 40+[40]  59+[60]
) 10 - 10 —+[10]  9+[10] | 60 - 57 —+[60]  53+[56]
2) 12 11 - - - 48 44 0 - -
h) 11 10 10 10 10 44 38 38 40 40
i) 10 - 10+[10] 10+[10] 10+[10] | 20 - 18+[19] 20+[20]  20+[20]
J) 10 - 10+[10] 10+[10] 10+[10] | 18 - 18+[19] 20+[20]  20+[20]
k) - 20 15 10+[10] 20+[10] | - 38 30 20+[20]  39+[20]
Number of Extracted ISB | 372 304 371 577 561
Number of Flawed ISB | 95 72 65 92 66
Final Number of ISB | 277 232 306 485 495

2.2.3. Accuracy assessment of digitized intraoral scan bodies using model re-
verse engineering

Since the chosen intraoral scan body (CARES RC Mono) is of a cylindrical shape,
any deviations from a regular cylinder can be considered as a geometrical feature. An
overview of the numbered workflow steps to identify those features is presented in
Fig. 14. A longitudinal vector directed toward the top of the scan body was defined
from the base centers of the ISB’s approximated bounding cylinder. The approximated
longitudinal vector and the ISB vertex normal (step 2.a.) were used to measure the an-
gles between them, defining the ISB’s geometrical features (step 2.b.). This method
applied to the ISB CAD library model (the reference model) provided three identifi-
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Fig. 14. Workflow overview for the evaluation of ISB quality parameters. (1) The
recognition and extraction of the ISB from the digitized dental arch. (2) The ISB was
segmented (2.d.) into four parts (2.a.) by using the vertex normals and the
longitudinal vector to calculate (2.b.) the angles between them. (2.c.) For the
transitional part, an additional step evaluating neighboring angle ranges was utilized.
(3) Segmented planes and the cylinder were when fitted with their corresponding
geometric primitives: planes and cylinder. (4) The CAD model was then created by
using the fitted cylinder as the base and the planes as clipping tools. (6.b.) This model
was further defined by parameters P1, P2 and C1 as well as the fitted cylinder radius
(R). (5) a CAD model was subsequently used as a reference object for (6.a.) 3D
deviation (signed distance) estimation, with the extracted model serving as the target

able angles that were used to define segments: upper base plane — plane surface of
the ISB upper base, rotation plane — plane surface of the ISB’s upper edge cut and
cylindrical part — surface depicting the ISB’s cylindrical part. The fourth additional
segment transitional part describes the upper edges marking transitional borders be-
tween the upper base plane and the rest of the segments (step 2.d.). This segment
was added to help differentiate the approximations made by IOS during the scanning
process, which lack the capability to capture highly detailed parts (challenging areas),
such as the sharp edges seen in the ISB model. For the transitional part, an additional
step involving measuring the range between the highest and the lowest measured an-
gles within a 0.3 mm radius of the neighboring vertices was used (step 2.c.). A value
of 0.3 mm was chosen based on observations of the average mesh edge length in all
ISB models. Both planes and cylinder segments were approximated with their cor-
responding shapes. For the plane approximation, the least squares method was used.
The cylinder was approximated by using three parameters: cylinder longitudinal axis
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(X, y, z coordinates), radius and centroid (x, y, z coordinates). For a stable cylinder
fit, the centroid was constrained using the trust-region constrained method [118], with
the constraint being that the segment centroid must remain within +1 mm sphere ra-
dius. The parameter was selected based on the ISB CAD library model cylinder radius
value, which is 2.05 mm. Approximated plane normals were oriented to a point out-
ward from the ISB. The vector constructed from the cylinder longitudinal axis was
oriented toward the upper base plane. The polygon surfaces on top of the original
intraoral scan body were created for both planes, and the cylinder was created from
their approximated parameters (step 3). For planes, their normals and points were
used. For the cylinder surface, the radius, longitudinal axis vector, height, and posi-
tion in space were utilized. The number of points on the circular part of the cylinder
(resolution) was selected to be 100. Both planes were used to clip the approximated
cylinder into the CAD model resembling the ISB shape (step 4). The holes left in
the cylinder after clipping were then filled to make it watertight. 3D surface devia-
tion was measured as the signed distance between the extracted ISB vertices and the
CAD model surface. Negative values indicate vertices outside the CAD model, while
positive values indicate vertices inside (step 6.a.). The deviation results were then di-
vided into four parts, representing each ISB segment. The signed distance values for
the vertices in each part were then summarized by using (RM SE). While RMSE
describes the digitization accuracy for each ISB segment, additional parameters were
included to encode the constructed CAD model structure. Angles M1 = Z(P1,C1)
and M2 = Z(P2,C1), along with the approximated cylinder radius R, were selected
as attributes to define the CAD model’s geometry (step 6.b.).

2.3. Augmented Reality Headset Performance Assessment for Computer-Guided
Dynamic Navigation Systems

The objective of this experiment is to assess the suitability of utilizing the AR headset
HoloLens 2 for marker tracking in a possible dentistry scenario, preferring applica-
tion in dynamic navigational guidance. The study was implemented with the use of a
commercially available augmented reality device Microsoft HoloLens 2. For marker
recognition and tracking, Vuforia (10.5) Library in the Unity (2020.3.17) game en-
gine was used. Additionally, in order to control the different stages of the experiment,
a graphical user interface was developed with the use of the Mixed Reality Toolkit
(MRTK). The digital dental arch was used as a basis for the experiments. For trac-
ing the dental arch, a I'-shaped marker was designed. Both the dental arch and the
I'-shaped marker were manufactured additively by using the resin-based 3D printer
MAX UV385 (Asiga, Sydney, Australia). For the registration procedure, a pencil-like
positioning probe with known dimensions was modeled and printed with a resin-based
Ember 3D printer (Autodesk, San Rafael, CA, USA). One of the pencil ends was mod-
eled as a 30 x 30 x 30 mm cube to represent the tracking part. The other end of the
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Fig. 15. Suitability of the HoloLens 2 augmented reality headset in computer-guided
dynamic navigation experiment setups: (a) registration and (b) virtual dental model
perception

probe was designed as a cone with the intention to use its tip as a contact area with
the touched dental model surface. Both the positioning probe cube and the I'-shaped
marker were covered with contrasting black and white labels to be trained in the Vufo-
ria environment. Training is the procedure for selected tracers to be paired with their
markers or objects. The marker and probe tools were trained in Vuforia as object and
model targets, respectively. The model target technology allows the object to be rec-
ognized based on its existing digital model. The object target was trained by using a
smartphone camera, which captured multiple views to identify key tracking features.
The I'-shaped marker was connected to the dental model via an inflexible wire with
the use of self-curing acrylic resin as an adhesive at both ends of the wire. For better
durability during the experiments, the marker and dental model were attached onto a
plastic plate. The study was divided into two procedures: registration and virtual den-
tal model stability experiments. Only the HoloLens 2 optical system was employed to
track both the dental marker and the probe. The experimental setup and tools used in
both procedures are shown in Fig. 15.

2.3.1. Registration accuracy setup

The registration procedure is necessary to accurately link the digital dental model to
its marker®. During registration (see Fig. 15 a.), the user wearing the HoloLens 2
headset focuses their gaze on the physical dental model and registration probe mark-
ers with the intention of correctly recognizing them. The correct recognition and the

%In the context of dynamic navigation systems, this procedure is usually referred to as calibration.
However, since this work is situated in the field of measurement engineering, where the term "calibration”
has a stricter meaning, the more appropriate term "registration"” is used instead.
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beginning of the tracking are indicated for the user on the headset display with a super-
imposed digital probe visible on the physical probe and four virtual points appearing
on the corners of the dental model marker. If all conditions are met, the user can start
the registration by pinpointing predefined intrinsic surface points in sequence on the
physical dental model with the probe. Four points were chosen for the registration
procedure, with the fourth point being intentionally placed to be non-coplanar with
the others. The location where the user must place the probe tip can be seen on the
auxiliary digital dental model for reference throughout the entire registration dura-
tion. For user convenience, an auxiliary dental model is fixed on the left side of the
headset display. The tracked probe tip coordinate?® is saved and linked to the dental
model marker by using the HoloLens 2 voice recognition system by saying the word
save. The saved probe tip coordinate is calculated from the averaged data samples
(size of 120), which are recorded in a couple of seconds after the saving command
has been given. Furthermore, after each saved coordinate, the reference point loca-
tion in the auxiliary model is updated. Finally, after all predefined points have been
marked and paired with the marker, an automatic superimposition of the digital to the
physical model occurs. Therefore, using the AR headset digital dental model after the
registration procedure can be seen as an overlay of its physical counterpart. During
the registration procedure, the marker coordinate point is also recorded at 10 samples/s
rate. After each registration procedure, all predefined and unaggregated (120) registra-
tion point coordinates with known location indices with the inclusion of marker points
are saved in the CSV file format. The predefined points are positioned relative to their
paired registration points without changing their interconnection distance. The regis-
tration data annotation and measurement scheme is shown in Fig. 16. Measurements
of the Euclidean distance (A p) between the average of the registration points and the
coordinates of the marker point in each position are made. Angular measurements are
evaluated by using the angle () between the plane normal defined by using the aver-
ages of registration points and predefined points. Both angle («) and distance (Ap)
deviations were chosen as descriptors of trueness (bias). Furthermore, to evaluate the
registration (A ) and marker (A ) precision values for each test, the standard devia-
tion of the Euclidean distances between each data point and the respective coordinate
averages was evaluated.

Two null hypotheses were stated: the distance between the averaged registration
and marker points was the same across all locations, and the distribution of registration
points was the same across all locations. The alternative hypotheses were that the dis-
tance between the averaged registration and the marker points was not the same across
locations, and that the distribution of the registration points differed across locations.

3HoloLens 2 world coordinate follows the right-handed coordinate system: X (thumb), Y (index) and
Z (middle) with the origin being set immediately after the device begins tracking the environment and
remains fixed all the time.
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Fig. 16. Scheme of data and measurements gathered during registration procedure.
The blue, red, and green colors represent registration, predefined, and marker points,
respectively (left figure). In the zoomed-in image, A i indicates measurements
between scattered data points (120 samples) acquired in 2 s duration after saying the
word save (a blue blurred sphere) and their respective average (a blue solid sphere).
The same measurement principale was applied to all registration data (A ) positions
(1,2,3,4) and the marker point (A¢). Ap indicates distance deviation between a
predefined point (a red sphere) and its respective averaged registration point (a blue
solid sphere). The blue (C) and red (M) colored planes (the right figure) are defined
by four registration points and four predefined point coordinates, respectively. Angle
measurement between normals of defined planes is annotated as «

All datasets were subjected to the Shapiro—Wilk test for normality, with additional
evaluation using quantile—quantile (Q-Q) plots. To verify the homogeneity of variance
between data sets, Levene’s test was used. For data comparison, the non-parametric
Kruskal-Wallis test was applied, followed by the Conover post-hoc test, adjusted by
using the Holm method. For all used statistical tests, the level of significance was set
a=0.05.

2.3.2. Setup for evaluating virtual dental model perception

To evaluate the stability of the designed marker and the HoloLens 2 system, videos
of the virtual dental model overlaid on its physical model after successful registration
were recorded with the addition of point data (see Fig. 15 b.). In the experimental
setting, the plate with the attached dental model and the marker was fixed on the table.
The HoloLens 2 headset was placed on a plastic mannequin head, positioned at a mod-
erate distance from the plate, and directed towards the model at a slight incline. Three
data registration orientations were chosen: front, right and left of the model (see Fig.
15 b.). To evaluate the virtual perspective seen through the headset, four points were
marked on both the virtual and physical dental model’s distinct surface areas. Two data
types were gathered: videos from the HoloLens 2 integrated camera saved in the MP4
file format (30 fps) and the tracked camera and marker point coordinates (10 samples
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Fig. 17. Marker (Ag) and headset (A r) position data (left) gathered during video
recording. The measurement scheme from the recorded video is shown on the right.
Black dots represent marked characteristic physical points, and green points are the

average coordinates of Kanade—Lucas—Tomasi algorithm results (green crosses). The
red lines annotate the distance between green and black points (Ay/), and the
numbers indicate the respective data gathering position

per second) saved in the CSV file format (see Fig. 17). For relationship establish-
ment between physical and virtual model points, all physical model point coordinates,
marked as black dots, were manually selected and saved in the first video frame. Due
to observed jitters in the virtual model, the Kanade—Lucas—Tomasi [119] algorithm
was used to automatically track virtual points, which are represented as red spheres
in Fig. 17. In every video frame, the algorithm detects each virtual point movement
by using spatial intensity gradients and highlights it with several characteristic points
denoted with green crosses in the red sphere’s area. The average coordinates of these
“cross” centers are considered as detected virtual points. The Euclidean distance (Ay/)
was measured between the detected virtual and manually selected points in their re-
spective locations. To establish the pixel size in units, the ratio between the measured
edge in pixels and the known real values of the upper marker base was calculated.
A similar procedure was utilized as in registration for precision measurements from
the data gathered from marker (Q) and headset (F) points: the distances between each
marker and camera point, and their respective coordinate averages were measured.

Parts of Section 2 have been quoted verbatim from the previously published
articles: [19, 20].

2.4. Conclusions of the Chapter

1. Two experimental setups were developed to evaluate the intraoral scanner accu-
racy based on the two proposed considerations. The first experiment involved
a model simulating an edentulous full-arch, developed in alignment with the
initial design consideration. The model was populated with densely packed
spheres to enable quantitative assessment, with the objective of challenging dig-
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itization capabilities of I0S. Spheres were chosen for their versatility, particu-
larly, their smooth surface and the simplicity of their definition, which requires
only two variables: the radius and the center. Several characteristic parameters
were defined and evaluated after scanning the model with two IOS and one lab-
oratory scanner. The second experiment utilized a pre-existing CAD model -
CARES RC Mono intraoral scan body to assess its digitization accuracy across
four intraoral scanners and one laboratory scanner.

. To assess the suitability of the HoloLens 2 augmented reality headset for computer-

guided dynamic navigation, two experimental setups were proposed. In the first
setup, a registration procedure was performed to ensure the correct overlay of
the virtual dental model onto the physical model. A pencil-like probe and a
dental model with markers were tracked and recorded in four different posi-
tions. The second experimental setup focused on the stability of the augmented
reality headset’s data visualization of the aligned virtual dental model. The
evaluation was conducted by analyzing its distinctive features from the video
footage acquired by the AR headset.



3. RESULTS

In this chapter, three sets of results obtained from the experimental procedures de-
scribed in Section 2 are presented. First, the results of a reverse engineering method
for evaluating the accuracy of intraoral scanners using a novel edentulous arch model
prototype are discussed (Section 3.1). Second, the results from applying the proposed
reverse engineering method in a practical clinical scenario using digitized intraoral
scan bodies are presented (Section 3.2). Finally, the capabilities of augmented reality
headsets HoloLens 2 for potential use in computer-guided dynamic navigation sys-
tems are showcased (Section 3.3). In all experimental settings, accuracy as the main
result descriptor is represented by trueness, expressed as the mean (Section 3.1) or
median (Section 3.2) of the results, and precision, expressed as the standard deviation
(Section 3.1) or the interquartile range (Section 3.1).

3.1. Results for Edentulous Full-Arch Model Prototype Scan Accuracy Evalua-
tion

Before the first scan, the measured temperature, humidity, and illumination were re-
ported as 25 °C, 27 RH and 2100 1x, respectively. The parameters AR and C Dist,
described in Section 2.1.2, are obtained as localized measurements for each detected
sphere and therefore do not represent the scan as a whole, unlike the parameters Ay
(@), Ap (b), and OUT},. To characterize the entire scan, AR and C'Dist were ag-
gregated as mean values. All measured sample parameters are presented in Fig. 18.
Rates (M) (see Section 2.2), which represent detected sphere irregularities, differ be-
tween the left and the right exponential tails for all scanners. The smallest difference
between A and \p rates is observed in the E4 scanner (AX = 5). In both rate cases,
Medit i700 exhibits higher A values than Trios 5 and E4 scanners. For Ay and Ap,
median differences between Trios 5 and Medit 1700 are 2.1 and 3.2, respectively. A
similar trend is observed in the outlier parameter OUT),, where Medit 1700 shows the
highest values, followed by E4 and then Trios 5. In terms of the sphere radius devia-
tion (ARR,,), a noticeable difference is observed between the E4 scanner and the other
IOS scanners. The highest AR,, value among the IOS was observed with Trios 5 (16
um), which was 14 ym lower than that measured for E4. All Trios 5 values are larger
than Medit 1700 values. Structural difference parameters C'Dist,, show that the Trios
5 scanner has the highest median value (60 um), followed by E4 (median = 42 um),
and then Medit 1700 (median = 27 um).

The overall scanner group accuracy is presented in Table 6, where the mean and
standard deviation are considered as measures of trueness and precision, respectively.
Trueness, however, requires parameter-specific interpretation. For both rate parame-
ters (A and A\ p), higher mean values represent better trueness. This is because higher
rates imply a stronger concentration of values around zero, thus indicating a more reg-
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Fig. 18. Parameter mean values for each scan samples used for accuracy assessment
in edentulous arch model prototype scan: Ay (a), Ap (b), OUT), (c), AR, (d) and
CDist,, (e) for all models. All E4 scanner parameter values were aggregated as mean
values and are presented as a dashed line

ular surface which more closely approximates the actual spheres. For the remaining
parameters: OUT),,, AR, and CDist,, lower values indicate better trueness - low
mean values. Precision, expressed as the standard deviation, can generally be inter-
preted across all parameters similarly: lower values indicate better precision and vice
versa. The table results show that trueness in the spherical surface parameter (\p)
and the structural parameter (AR,,) favor the intraoral scanners (Trios 5 and Medit
i700) over E4, by 2.8 um and 15 um, respectively. For easier interpretation, a ranking
system was proposed, which is shown in Fig. 19. Scanners with higher rankings (in-

Table 6. Mean and standard deviation for each accuracy assessment parameter across
all scanner types used to digitize the edentulous full-arch model prototypes

Scanner AN Ap oUT,,ym AR, ,um CDist,, um
E4 50.7 (0.4) 55.9(0.3) 46 (42) 30 (50) 42 (103)
Trios 5 50.7 (0.4) 58.8 (0.6) 38 (46) 15 (52) 58 (111)
Medit i700 52.8 (0.8) 62.1 (0.8) 55 (46) 8 (56) 31 (107)
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Fig. 19. Trueness and precision ranking results for each scanner from the edentulous
full-arch model prototype scan accuracy evaluation experiment

dicating better trueness or precision) were assigned lower points, while lower-ranked
scanners were assigned higher points. E4 scanner demonstrated the highest precision,
as indicated by the lowest standard deviation across all parameters, whereas Medit
1700 exhibited the lowest precision. In contrast, the trueness results revealed an in-
verse trend: Medit 1700 achieved higher trueness, while the E4 scanner demonstrated
lower trueness.

Discussion. In this study, a novel method for assessing the accuracy of I0S by
using reverse engineering techniques was applied to a scanned edentulous full-arch
prototype. The prototype was designed from a modified dental arch model, with its
surface populated by spheres of known dimensions using CAD software, and then
fabricated with a 3D printer. Two 10S: Trios 5 and Medit i700 and one laboratory
scanner (E4) were used to digitize the model. To assess the accuracy of the parame-
terized models, a method for sphere detection was applied. The analysis then focused
on the vertices that best fit the spherical geometry, as well as those that deviated from
it.

Precision, expressed as standard deviation, showed no noticeable differences
between the scanners across the five selected parameters: Ay, Ap, OUT),, AR,,, and
CDist,. Nevertheless, trueness and the distribution of each model parameter re-
vealed clear differences between the scanners across all parameters. These findings
not only help explain the overall accuracy but also contribute to a more comprehen-
sive characterization of each scanner. For example, based on both A and AR param-
eters, the Medit 1700 scanner appeared to digitize the spheres more accurately than
the other scanners, as these parameters specifically evaluate the quality of the detected
sphere digitization. Outlier evaluation, as described by the OUT), parameter, shows
that Medit 1700 is less sensitive in capturing fine details, such as those present in the
model’s sphere junctions. The structural model parameter C'Dist,, highlights that
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the Medit 1700 scan group is more stable and adheres more closely to the real model
sphere distance. In contrast, the Trios 5 scanner is the least stable in this regard. The
underperformance of the Trios 5 scanner in any parameter may be attributed to its rel-
atively short scan time (~2 minutes per sample) compared to Medit 1700, for which,
scanning was performed more cautiously due to its lower expected accuracy. As a re-
sult, Medit 1700 scans were conducted over a longer duration (~5 minutes per sample),
potentially contributing to an improved data quality, as suggested in [67]. Although
the E4 laboratory scanner outperformed all intraoral scanners in terms of precision
across all parameters, its trueness results were comparatively lower. Notably, it ex-
hibited slightly poorer performance in the AR,, parameter. This underperformance
could be attributed to two possible scenarios. The stationary nature of the laboratory
scanner’s operating principle may lead to incomplete surface capture, particularly in
areas with limited accessibility. In contrast, IOS, due to their mobility can potentially
achieve more comprehensive surface registration. Alternatively, E4 may have accu-
rately revealed defects in the model stemming from the manufacturing process itself,
which IOS failed to detect.

The current ISO standards [57, 58] recommend the use of CAD-designed ob-
jects for evaluating the IOS accuracy, typically within limited scenarios such as single
tooth preparations or intraoral scan bodies. In contrast, most clinical studies employ
more practical scenarios - often using full-arch dental models which better reflect real-
world conditions. However, these studies often disregard the condition of repeatability
in their experiments. This study presents a hybrid novel approach that combines both
perspectives through the use of a CAD design model. It resembles the shape of an
edentulous dental arch while maintaining a stable model structure through the use of
relatively positioned spheres with a known radius and their center positions. In this
context, the spheres simulate the smooth surface topology commonly found in edentu-
lous arch models. Their junctions, on the other hand, serve as features for evaluating a
scanner’s ability to capture areas with restricted access, such as interproximal regions
between teeth [120]. The conceptual foundation for using spheres is derived from the
work of Savio et al. [121], who proposed combining objects with well-defined dimen-
sions in arrangements that mimic freeform geometries to better evaluate measurement
uncertainty by utilizing coordinate measuring machines.

Reported trueness and precision values for edentulous arch models in in vitro
conditions ranged from 20-600 um and 2-700 um, respectively [122]. However, due
to this wide variability, it is difficult to draw definitive conclusions about the capa-
bilities of IOS in accurately capturing edentulous arches, despite some suggestions
that IOS performance may be comparable to conventional impressions [123]. This
highlights the need for standardized protocols to enable more consistent and compre-
hensive study outcomes. Efforts to evaluate the IOS performance by using full-arch
models have been reported. Karakas-Stupar et al. used a reference model to assess
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the accuracy of five IOS [124]. However, the design specifications of the model were
not disclosed, and the evaluation was limited to goodness-of-fit metric. Seo et al. de-
veloped a full-arch model as an extension of the one proposed in the ISO 12836:2015
Standard [64]. Nevertheless, no quantitative results were reported, and only a single
scanner (Trios 3) was evaluated. The developed prototype, together with the proposed
reverse-engineering method, is more easily reproducible and introduces parameters
that represent a step forward in characterizing digitized surface details, thereby im-
proving the understanding of the scanner system digitization techniques.

There are several limitations to this study. Firstly, the model design included
partial spheres on the lower part of the model, which were deemed to be less stable in
the sphere detection phase and were designated as an outlier. If not properly accounted
for, they could have influenced the OUT),, parameter, if the 0.2 threshold had not
been applied. Secondly, the model was manufactured using a 3D printer with known
axial and pixel dimensions, the impact of which was not evaluated in this study and
may have influenced the accuracy outcome. Thirdly, the sphere detection method
(ERANSAC) required multiple iterations to fully identify each sphere in the model,
potentially affecting the stability of the results.

In future work, priority should be given to model designs in which all spherical
surfaces should be usable for the measurements. Additionally, more robust and stable
sphere detection algorithms such as 3D Hough Transform [125] should be considered
to improve the detection reliability. Secondly, a systematic method for assessing the
influence of the 3D printing process on the scan quality should be developed. Alterna-
tively, higher-precision manufacturing techniques, such as powder jetting, which offer
an improved dimensional accuracy [126], could be employed to minimize geomet-
ric deviations. Finally, incorporating more realistic environmental factors such as the
surface texture and simulated reflections caused by saliva could enhance the clinical
relevancy of the future studies.

3.2. Results of Intraoral Scan Bodies Digitization Accuracy Analysis

The results for all parameters obtained in Section 2.2.3 are presented in Fig. 20 as
boxplot diagrams. While the mean and standard deviation are commonly used statis-
tical measures for accuracy parameters [127], they are influenced by outliers and data
skewness. Since the datasets from Section 2.2.1 exhibit these characteristics, precision
was presented by using the interquartile range and trueness was determined by using
the median [70]. Angles M1 and M2, along with the radius R for the ISB CAD library
model, were measured as 0°, 76°, and 2.05 mm, respectively. For all sample data, the
angles (M1 and M2) and radius (R) values were presented as differences between the
estimated measurements and the ISB CAD library reference values. Biases in the pa-
rameters were denoted by A. For the 3D deviation analysis, the bias parameters were
interpreted based on their absolute values where lower RMSE (see 1.6) values (closer
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Fig. 20. Evaluated parameter biases: a) AR, b) AM1, ¢) AM2, d) Cylindrical part

RMSE, e) Rotation plane RMSE, f) Upper base plane RMSE and g) Transitional part
RMSE values for each scanner type

to 0) indicate better surface quality. Therefore, the accuracy of each sample should
be interpreted in the context of all combined parameters: angles (AM1 and AM2),
AR, and 3D deviations. Radius deviations tend to lean more towards positive values,
indicating that the evaluated cylinders were larger than the reference ISB model. The
lowest radius median and the highest interquartile range values among scanners were
observed in Trios 3 (median = 9 um, interquartile range = 11 pm) and Trios 4 (median
=7 um, interquartile range = 11 um). In contrast, the E4 scanner demonstrated the
lowest interquartile range value (6 ;sm) and highest median value, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>