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Abstract

Medical imaging, originating with X-rays in the late 19th century, has offered unparalleled insights
into the body’s inner workings. The advent of CT and MRI scanning revolutionised preoperative
planning, allowing surgeons to perform intricate procedures with enhanced precision. However,
a significant challenge remains in converting 2D images into 3D mental representations for ac-
curate surgical navigation. In maxillofacial surgery, accurately transposing preoperatively planned
osteotomies to the surgical environment is strenuous. The state-of-the-art cutting guide method
proves to be cost- and time-consuming, with implications for the patient’s health due to its invasive
nature. Addressing this challenge, the proposed framework introduces an innovative markerless
augmented reality spatial guidance system for maxillofacial surgery. This method replaces con-
ventional physical cutting guides with virtual augmentations, simplifying the surgical workflow. To
evaluate the proposed framework’s usability and accuracy, an in-vitro user study involving four sur-
geons was conducted. The results showcased remarkable accuracy, with a hologram registration
error of 1.08 mm. Suggestions for improvement included higher resolution of the holograms. An
intra- and inter-operator hologram shift accuracy assessment revealed a mean registration error of
less than 1.37 mm, underscoring the system’s potential. These findings contribute significantly to
ongoing advancements in the field of reconstructive surgery.

Keywords: Augmented reality, Markerless, Maxillofacial surgery, Microsoft HoloLens 2, Surgical
navigation
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1 INTRODUCTION

In the ever-changing field of medical science and technology, real and virtual worlds have become
increasingly connected. The combination of augmented reality (AR) and the complexity of surgical
procedures has led the way to new ideas, innovation, and increasing precision in healthcare (Stucki
et al., 2023). Maxillofacial reconstruction surgery, a field where dexterity and precision intersect,
stands as evidence of this promising synergy.

Within the vast area of maxillofacial surgery, mandibular reconstruction is usually performed follow-
ing trauma, tumour removal, or congenital abnormalities. Therefore, this procedure requires a high
level of precision due to the vicinity of nerves and vessels (Patel et al., 2019). The state-of-the-art
method for accurate execution of this operation first involves removing a part of the mandible, then
transplanting segments of the fibula bone, along with its associated blood vessels and soft tissues,
to recreate the ablated part of the mandible (Brown et al., 2017). The surgeon’s cuts are typically
guided by physical 3D-printed cutting guides, preoperatively designed to match the patient’s unique
anatomy (De Ketele et al., 2023). While yielding a precision of around 2 mm when compared to
surgical planning (Pietruski et al., 2019), this method proved to be cost- and time-consuming, with
implications for the patient’s health due to its invasive nature. These challenges can be alleviated
by replacing the physical cutting guides with virtual guidance, directly guiding the surgeon during
the operation (Goormans et al., 2019).

Unlike virtual reality (VR), AR offers the opportunity to enhance the surgeon’s view, while keep-
ing close contact with the real world, providing real-time representation of the planned osteotomy
trajectories (McCloskey et al., 2023). In the literature, preoperative data obtained from Computed
Tomography (CT) Scans are segmented to reconstruct the desired anatomy, aiming to display this
3D information intraoperatively (Badiali et al., 2020). To precisely integrate the virtual content into
the real scene, accurate real-time tracking of the environment needs to be implemented. Marker-
based surgical tracking uses physical markers, placed on the surgical scene, as reference points
to align or register the virtual content. As this requires some installation time, it primarily suffers
from being invasive and limiting in the operating room (OR). On the other side, Markerless track-
ing aligns virtual and physical content without using physical markers, only relying on the patient’s
natural anatomical features or surface patterns. This makes it adaptable to changes in surgical con-
ditions and eliminates the time and effort required to position the physical markers (Sadeghi-Niaraki
and Choi, 2020).

Previous work at KU Leuven aimed to integrate AR guidance into maxillofacial surgery. However,
the research did not achieve sufficient accuracy or real-time registration (Wybaillie, 2022). Building
upon that, the goal of this thesis is to develop a markerless augmented reality guidance system
for mandible reconstruction surgery. The aim is to replace the physical cutting guides with virtual
cutting planes, directly guiding the surgeon’s osteotomies through a custom application on a head-
mounted display (HMD). As the ideal tracking system should work on its own (Casari et al., 2021),
preferably with few additional hardware components and a well-designed user interface (UI), a
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markerless tracking and registration approach was chosen. This aims to reduce operation time
and cost, with less additional hardware in the OR, avoiding an overload of information. This thesis
first provides a detailed description of a typical maxillofacial surgery, and the current state-of-the-
art AR practises. The developed guidance system is then described and a method to assess the
registration accuracy of the hologram on a phantom mandible is reported. To characterise the
usability of the proposed framework, a user study involving four surgeons is performed in vitro.

To date, papers on AR-guided surgery primarily focused on marker-based tracking methods (Spirig
et al. (2021); Martin-Gomez et al. (2022); Kavitha et al. (2023)). While these methods are precise,
detecting and placing markers on the surgical field is invasive and time-consuming, requiring often
invasive fiducial components. Other studies focused on markerless tracking techniques. These
align virtual and real spaces without using physical markers, only relying on the patient’s natural
anatomical features or surface patterns. While promising, the current literature often uses cumber-
some external hardware, such as hand-held displays (Kim et al., 2023), 3D scanners or external
stereo cameras (Wang et al., 2019). Ceccariglia et al. (2022) proposed a markerless method to
guide maxillofacial osteotomies with an HMD, comparing favourably with the state-of-the-art cutting
guides method. However, lighting conditions and blood obstruction strongly affected the system.
Furthermore, it only allowed the surgeon to approach the patient from one predefined angle.

This study contributes to the scientific literature in two distinct ways. Firstly, the system offers real-
time markerless tracking of the patient’s mandible, achieving a registration accuracy of less than
1.50 mm. Secondly, this system facilitates multi-angular tracking of the patient’s mandible, thereby
providing the surgeons with the flexibility to adjust their position comfortably throughout the surgical
procedure.
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2 BACKGROUND

2.1 Maxillofacial reconstructive surgery and its
challenges

Before the surgery, the operating staff performs a detailed preoperative planning, that results in a
step-by-step patient-specific approach. For this first phase, a clinical assessment of the patient’s
condition is carried out, including the evaluation of the cause and degree of the mandibular defor-
mity. Medical imaging, such as CT scans and Magnetic Resonance Imaging (MRI), are performed
to collect crucial patient-specific information. Virtual surgical planning (VSP) is conducted lever-
aging advanced technologies and is usually performed through a collaboration between surgeons
and engineers (figure 2.1). These latter, usually working for a third-party company (e.g. Materialise,
Leuven, Belgium), are responsible for designing and producing tailored-made cutting guides, which
are meant to facilitate osteotomies1, therefore playing a central role in this operation (Succo et al.,
2014) (figure 2.2).

Figure 2.1: Virtual Surgical Planning of a real intervention seen in the University Hospital of Antwerp (UZA)
- from Materialise ©. a) Preoperative scan of the patient’s skull; b) maxilla area meant to be
removed during the operation, indicated in red; c) arrangement of the three segments from the
patient’s fibula (in green, yellow and purple) to replace a portion of the patient’s maxilla; d) lateral
view of the corresponding three segments to be harvested from the fibula.

1Osteotomy: a surgical procedure that involves cutting bones (Cleveland, 2022)
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Figure 2.2: Virtual Surgical Planning of a real intervention seen in the UZA - from Materialise ©. a) Cutting
guide mounted on the inferior part of the maxilla, for the mid-face resection, in red; b) anterior
view of the cutting guide mounted on the fibula, with the three segments to be harvested.

Following the preoperative plan, the second phase of the intervention takes place in the OR. The pa-
tient is brought to the OR and prepared for anaesthesia, ensuring comfort and immobility throughout
the intervention. A team of multiple surgeons will then cooperate with an anaesthetist, nurses and
instrumentalists for more than 12 hours. First, the non-viable segment of the mandible is removed
by the surgeons, while carefully following the preoperative planning as shown in figure 2.3, pre-
serving vital vessels and tissues. The cutting guides, designed during preoperative planning, are
screwed directly onto the patient’s bone to guide precise osteotomies. To install the cutting guides
firmly in place, soft tissues are scraped off the bone until the guides fit perfectly. After predrilling
holes in the patient’s bone, the guides are then screwed in place to allow precise osteotomies of
the desired parts (figure 2.3, middle).

Then, the fibula harvesting process can start. After temporarily blocking blood circulation with a
tourniquet, an incision is made along a longitudinal path marked by the surgeon. The latter then
meticulously dissects through layers of skin, subcutaneous fat and fascia, ultimately exposing the
fibula (figure 2.3, right). This process can last for a few hours, as attention is required here to
preserve neurovascular canals.
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Figure 2.3: Surgeons carefully following the preoperative plan (left); Screwing of the cutting guide onto the
desired area (middle); Opening of the patient’s leg to reach the fibula (right). The pictures were
taken by the author during an intervention at the UZA.

Once the fibula is freed from any muscle or other tissue, the fibula cutting guide can finally be
screwed securely into the bone, while trying to avoid damage to the surrounding nerves and vessels
(figure 2.4, left). The fibula osteotomy is then performed using an oscillating saw, cutting the desired
bone segments (figure 2.4, right).

Figure 2.4: Fibula’s cutting guide placed onto the patient’s exposed fibula bone (left); Cutting of the fibula
segments through the cutting guide, with a surgical electric saw (right). The pictures were taken
by the author during an intervention at the UZA.

The third phase involves reconstructing the patient’s face (here, the maxilla arch) with the fibula’s
segments (figure 2.5, left). The latter are assembled and securely fixed in place using bio-compatible
titanium plates and screws, providing stability and support for the patient throughout the healing
process (figure 2.5, middle).
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Figure 2.5: Reconstructed maxilla arch from the three fibula segments (left); Placement of the reconstructed
arch in the patient’s mouth (middle); final result with 3D-printed titanium implants (right). The first
two pictures were taken by the author during an intervention at the UZA. The image on the right
is from Materialise ©.

Finally, vascular anastomosis2 is performed with great precision to re-establish blood supply to
the graft. The soft tissues are then sutured, ensuring proper coverage of the resulting graft and
allowing smooth wound healing. After more than 12 hours of operation, the patient is now recon-
structed (figure 2.5, right) and can begin the healing process. The latter includes a postoperative
rehabilitation program, focusing on functional aspects such as mastication, speech and walking ex-
ercises. Follow-up appointments are scheduled to monitor the reconstruction’s long-term success
(Wijbenga et al., 2016).

2.1.1 Challenges of the cutting guides

The Cutting Guide method has been proven to be a valuable advancement in mandibular recon-
struction surgery. Through patient-specific design of the guides, precise and optimal cuts of the
bones are ensured leading to fewer errors, and ultimately quicker patient recovery (Dong et al.,
2017). Two studies compared postoperative medical images of osteotomies with their surgical
plans. The first study compared postoperative CT scans with simulated osteotomies on 18 fibula
models and found a mean deviation of 2.60 mm from their VSP (Pietruski et al., 2019). The second
study analysed data from 26 patients who underwent mandibular reconstruction using a micro-
vascular free fibula flap between January 2015 and June 2018. The study involved creating post-
operative mandible models from CT scans and comparing these with preoperative plans. A mean
deviation of 1.74 mm was found (Goormans et al., 2019).

However, this method is not without problems and limitations. Cutting guides are bulky and obstruct-
ing, preventing the surgeon from seeing blood vessels and nerves in real time, which can lead to
dramatic consequences. Hard to accurately position, they need to be placed on the patient’s bone
before the surgeon can perform the osteotomy accurately (see figure 2.4). Furthermore, in addition

2vascular anastomosis means surgically reconnecting two blood vessels together (MedlinePlus, 2020)
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to causing deterioration of the periosteum, placing the cutting guides is time-consuming and leads
to longer ischaemia time3, putting the patient’s health at risk. Finally, designing and producing
the 3D cutting guide pieces is expensive (Tarsitano et al., 2014) and requires the experience of
a third-party company (e.g. Materialise ©, in Leuven). Pieces of plastic are also likely to fly into
the patient’s body when performing the osteotomies, leading to possible rejection by the patient’s
immune system (Battaglia et al., 2019).

2.2 Augmented reality in surgery

The integration of virtual reality, augmented reality and mixed reality (MR) into the medical field
has opened new perspectives in surgical procedures. These technologies, originating from gaming
and entertainment, have found applications in healthcare, enhancing the efficiency and precision
of medical interventions (Verhey et al., 2020).

AR, in particular, has strongly emerged in the surgical landscape. Unlike VR, which completely
immerses the user in a virtual environment, AR displays digital information in the real world, al-
lowing surgeons to interact with both simultaneously (Ke et al., 2019). For example, this might
mean projecting 3D images of the patient’s anatomy onto the patient’s body. This aims to not re-
place but rather enhance the surgeon’s view of the real world. VR, on the other side, differs in
that it fully immerses the user in a virtual environment. In surgery, VR is rather used for training
and preoperative planning. Surgeons enter a virtual representation of the surgical field, allowing
them to rehearse complex procedures in a risk-free environment before the operation (Pham Dang
et al., 2021). Postoperatively, VR can also be therapeutic, and used in patient rehabilitation and
pain management. MR, a combination of both AR and VR, further refines this interactive experi-
ence by allowing real-time manipulation of both physical and virtual environments (see figure 2.6)
(McCloskey et al., 2023).

Figure 2.6: Representation of current extended reality (XR) technologies (Tremosa, 2023).

These immersive technologies collectively open new frontiers in preoperative planning, intraopera-
tive guidance, and postoperative evaluation, significantly impacting patient outcomes and surgical
accuracy. In particular, AR aims to enhance surgical precision by providing surgeons with real-time,

3The ischaemia time refers to the duration during which an organ or tissue is deprived of an adequate blood supply
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augmented views, ultimately reducing the likelihood of errors. With more accurate guidance, the
risk of damaging critical structures is significantly reduced, thereby ensuring greater patient safety
and lower complication rates. AR-guided procedures often result in shorter operative times leading
to better efficiency (Mai et al., 2023).

In AR, to provide a highly immersive experience for the user, HMDs can be used. HMDs are devices
that provide a direct visual overlay of the virtual data onto the user’s real-world view (Incekara et al.,
2018). They are particularly useful in AR as they allow the users to see the relevant information
within their field of view. Two categories can be distinguished: First, Video See-Through (VST)
HMDs use external cameras to capture the real world and visualise it on displays placed in front of
the user’s eyes. The virtual content is rendered with the camera views, and the resultant video is
then shown on the display, be it an external or a head-mounted display (see figure 2.7). This allows
for precise control over what the user sees, including adjusting brightness, contrast, and other visual
elements. This can be particularly advantageous in environments where lighting conditions are not
ideal for AR experiences. The latter characteristic provides a distinct advantage over the other
HMD technology, Optical See-Through (OST) devices, where an accurate registration between
virtual and real-life objects can be challenging. OST devices project a holographic image on a
transparent glass, allowing the user to still see the environment through the display. The visual
quality, resolution, brightness, and colour accuracy, are usually higher compared to the camera-
based view in VST HMDs. This can be crucial for applications where visual detail and colour fidelity
are important. Furthermore, OST HMDs generally consume less power as they do not require
cameras to capture the environment or powerful processors to render complex scenes (Badiali
et al., 2020). HMDs could lead to time-saving decisions and a safer, more efficient workflow in
surgical environment (Eckardt and Paulo, 2016). One of the most used HMDs in the context of
augmented reality surgery is the Microsoft HoloLens 2 (Microsoft, Redmond, WA), an OST HMD
with growing use in the OR that stands as one of the main references for AR-oriented surgery
applications (Chegini et al., 2023).

Figure 2.7: Comparison of Video See-Through and Optical See-Through devices. OST allows users to see
the real world directly through transparent displays with digital augmentations superimposed
(left), while VST allows the user to view the real world through a camera feed overlaid with
digital imagery (right) (Yadav, 2018).
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2.2.1 Existing AR practices in maxillofacial surgery and other surgi-
cal procedures

To visualise further contextual information in the form of AR guidance for maxillofacial surgery,
a detailed medical imaging of the patient needs to be made. These preoperative modalities are
segmented to reconstruct the patient’s anatomy. 70% of cases used CT Scans or Cone Beam
CT (CBCT) Scans (Badiali et al., 2020). For more complicated cases that involve tumour removal,
multi-modal imaging is used, involving either a combination of MRI and CT Scans or Single Photon
Emission Computed Tomography (SPECT) combined with CT Scans. Another method to obtain the
patient’s teeth shape is to use a 3D scanner together with CT imaging (Wang et al. (2019) and Ahn
et al. (2019)). Image segmentation software is commonly used for processing raw data obtained
from medical imaging, facilitating future virtual content creation.

Following the acquisition of medical imaging, the reconstructed anatomy is used to develop AR
guidance for the surgery. Different types of virtual content can be displayed in the real scene to
aid surgeons with their tasks, from preoperative planning to the final stages of the operation. A
virtual mesh representation of anatomical features, from bony structures (mandible, maxilla, etc.)
to tissues or soft structures (lymph nodes, tooth roots, nerve channels, arteries...) is typically used
(Mischkowski et al. (2006), Suenaga et al. (2015), Scolozzi and Bijlenga (2017) and Wang et al.
(2019)). This additional virtual content is usually added to the scene to aid with the precision or
ease of the surgical procedure. For example, Zinser et al. (2013) used an interactive image-guided
visualisation display (IGVD) to accurately show virtual maxillary positioning planning. Zhu et al.
(2017) proposed a method to precisely guide the surgeon, showing virtual osteotomy planes, and
inferior and alveolar nerve bundles during the operation (see figure 2.8). Their system integrates a
noninvasive registration strategy using an occlusal splint with a fiducial marker, allowing for accurate
superimposition of virtual images onto the real surgical environment, through a semi-transparent
glass. The study involved 20 patients and demonstrated the AR system’s high accuracy and practi-
cal feasibility in clinical settings, providing enhanced visualisation and improved surgical outcomes
in maxillofacial surgeries. Although the occlusal splint caused some installation difficulties, the sys-
tem’s accuracy, easy manipulation, and cost-effectiveness are highlighted as significant benefits for
surgical applications.
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Figure 2.8: Overview of an image registration procedure using a custom-made occlusal splint for overlaying
virtual inferior alveolar nerve bundles (Zhu et al., 2017).

Tracking method and registration: marker-based vs markerless approach

Accurate rendering of the AR content at its expected location is crucial for evaluating the precision,
efficiency, and reliability of a particular surgical navigation system. To precisely integrate the virtual
content into the real scene, the accurate real-time tracking of the environment constitutes the central
objective of the implemented technique. There are various existing tracking methods, that can be
divided into two categories: a marker-based approach, where physical fiducial components are
tracked by the system’s cameras, and a markerless approach, where the tracking relies on sensor
or computer vision technologies to detect and track objects, without the need for physical markers
(Sadeghi-Niaraki and Choi (2020)).

In marker-based tracking, physical markers are placed on the patient’s body or a specific anatomical
region. These markers are then scanned and used as reference points to align or register the
virtual images (e.g. preoperative planning data or anatomical structures) with the actual physical
space of the patient. This alignment ensures that the virtual data accurately corresponds to the
patient’s actual anatomy, aiding in precise navigation during surgical procedures. As proof of its
high accuracy and reliability, Martin-Gomez et al. (2022) proposed a framework (see figure 2.9)
that uses the built-in cameras of the Microsoft HoloLens 2 to accurately track the position and
orientation of surgical tools through small spherical retro-reflective markers. They achieved an
accuracy of 0.09 ± 0.06 mm on lateral translation and 0.42 ± 0.32 mm on longitudinal translation.
Using a similar Infrared (IR) tracking approach in combination with the HoloLens, another paper
obtained a registration accuracy of 0.76 mm. The authors noticed that, while the marker-based
methods turn out to be precise, detecting and placing markers on the surgical field is invasive and
time-consuming. Furthermore, any change in the surgical plan or the patient’s position may require
re-scanning or repositioning of the markers, leading to possible inaccuracies in registration (Kunz
et al., 2020).
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Figure 2.9: Overview of a framework for tracking surgical tools using the built-in cameras of AR HMDs. The
process involves three steps: 1) Extracting the three-dimensional positions of retro-reflective
markers observed by the AHAT camera; 2) Grouping these detected markers into subsets that
match specific tool arrangements; 3) Determining the orientation and location (’pose’) of these
identified tools using the markers’ positions in subsequent image frames (Martin-Gomez et al.,
2022).

In other marker-based approaches, Liebmann et al. (2019) and Spirig et al. (2021) used fiducial
markers (provided by AprilTags) for tracking using the cameras of the HoloLens that are accessible
via its Research Mode (RM) functionality. The process involves intraoperative manual surface digi-
tisation and holographic navigation, aiming for high precision in placing pedicle screws (see figure
2.10). An iterative closest point (ICP) algorithm was used to refine the registration of the virtual
model on its physical counterpart. The algorithm iteratively adjusts the transformation (position
and orientation) of the two objects (virtual and physical) to minimise the distance between corre-
sponding points. It continues until a specified number of iterations is reached or the change in root
mean squared error (RMSE) between two steps is below a certain threshold. The version with the
smallest RMSE is then selected, ensuring the best possible alignment. They respectively achieved
a registration accuracy of 2.77 mm and 4.74 mm.

Figure 2.10: Marker tracking and pose estimation in pedicle screw placement. a) Marker-based pointing
instrument; b) in the experimental setup, a surgeon wears the HoloLens and uses the pointing
instrument; c) the augmented view as seen by the surgeon while sampling the surface; d)
vertebra L1 is overlaid post-registration (with the insertion points highlighted in blue) (Liebmann
et al., 2019).
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Condino et al. (2018) used the Vuforia Software Development Kit (SDK), more specifically their Im-
age Target feature, to detect and track an image at runtime for orthopaedic surgery. It focuses on
hip arthroplasty and aims to incorporate patient-specific anatomical models derived from CT scans.
Once the image target marker is detected, Vuforia Engine starts tracking, and the system renders
the virtual anatomy as long as the target is visible by the HoloLens 2 cameras. They found that
fundamental attributes for precise Image Target tracking include good image contrast, no repetitive
patterns and many details. An accuracy of 0.70 mm was found. Lee et al. (2018) detailed the
process of creating a 3D model of the thyroid and surrounding structures from a patient’s medical
imaging files using segmentation software. The AR app, developed using Unity and Vuforia SDK,
helps visualise internal organs on a medical training mannequin (see figure 2.11). The aim is to
enhance surgical precision by localising critical tissues or organs that are difficult to view during
surgery. This method holds the potential for extensive medical applications, offering a new dimen-
sion in surgical education and planning. Kavitha et al. (2023) used Vuforia’s Image Target feature
to detect and track IR markers. Frantz et al. (2018) experimented with Vuforia’s Cylinder Target and
obtained a perceived mean hologram drift of 1.41 mm.

Figure 2.11: Demonstration of AR technology with Vuforia’s Image Target tool, showcasing the thyroid and
internal organs, rendered on a mannequin thyroidectomy training model, visualised through a
smartphone (Lee et al., 2018).

While marker-based surgical navigation systems primarily suffer from being invasive and limiting
in the OR, markerless tracking techniques align virtual and physical spaces without using physical
markers, only relying on the patient’s natural anatomical features or surface patterns. This makes
it more adaptable to changes in surgical conditions and eliminates the time and effort required to
position the physical markers. However, it has the drawback of being potentially less accurate than
marker-based techniques, due to the added complexity of the tracking algorithms, not relying on
fiducial markers anymore.

An article by Dong et al. (2023) addressed the limitations of traditional AR dental implant surgery
navigation systems, which typically rely on markers. These markers often complicate the dentist’s
operations and cause discomfort to patients. To overcome these issues, the paper introduces a
markerless image guidance method. This process begins with matching the image contours to de-
fine the connection between the current frame and a previously loaded initial frame. Following this,
the camera’s position is found by resolving the Perspective-n-Point (PnP) problem, to determine the
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pose of the camera (its position and orientation) in a 3D space, given a set of 3D points in the world
and their matching 2D projections on the camera’s image plane (see figure 2.12). The registration
error was found to be 0.73 ± 0.14 mm. The errors in the placement of dental implants were mea-
sured at various points: 1.17 ± 0.24 mm at the neck of the implant, 1.43 ± 0.39 mm at the apex,
and an angular error of 5.57 ± 2.10◦. These errors fall within acceptable clinical margins, indicating
the method’s efficacy. While the authors would include an algorithm to optimise illumination issues
in future studies, the maximum error and its standard deviation were found to be within clinically
acceptable ranges, underscoring the precision of this markerless AR method.

Figure 2.12: Overview of a markerless augmented reality image guidance method for dental implants. Once
initialisation through contour matching is completed, the relationship between the current and
preloaded initial frames is established by aligning their feature points. The camera’s position
and orientation are then determined by solving the PnP problem. The AR scene is then dis-
played on HiAR G200 optical glasses (Hiscene Information Technology, China) (Dong et al.,
2023).

Gauthier Wybaillie, a former KU Leuven Biomedical Engineering student, wrote an innovative mas-
ter’s thesis focused on exploring the integration of AR in maxillofacial surgery. Specifically focusing
on mandibular reconstruction with free fibular flap, it explored the development of a real-time track-
ing algorithm using ICP and point clouds generated from Hololens 2 sensors, with an emphasis
on accuracy and real-time capabilities. The research identified challenges in achieving sufficient
accuracy and real-time registration for practical surgical use (Wybaillie, 2022).

Through the use of Microsoft HoloLens 2, Piramide et al. (2022) proposed a markerless method
to assist the pose of a virtual fibula cutting guide over its physical counterpart, to aid surgeons in
mandibular reconstruction procedures. The application tracks the real cutting guide and computes
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its distance from the final position, overlaying holograms in the surgeon’s field of view (see figure
2.13). This was done using the ”Model Target” feature by Vuforia. This tool enables the recognition
and tracking of objects in the real world, making it possible to overlay virtual content on physical
objects in the OR. Testing with volunteers showed an accuracy of 6 mm and the application’s user-
friendly interface, despite some initial learning difficulties. The authors reported a sensitivity of the
Vuforia algorithm to variations in light.

Figure 2.13: Example of fibula’s cutting guide tracking using Vuforia’s Model Target. a) The system displays
a virtual model of the fibula in white, perfectly aligned with the actual bone and the prepositioned
surgical guide during the procedure; b) additionally, as the real surgical guide is positioned,
the system actively tracks and provides feedback on its placement through a virtual interface,
indicating any deviations in both position and rotation from the predetermined correct location
(Piramide et al., 2022).

Another study presented a novel markerless image registration method for maxillofacial surgery.
They used a custom-made stereo camera system and an intraoral 3D scanner for acquiring the
patient’s teeth shape, improving surgical visualisation and accuracy (see figure 2.14). This method
addresses challenges in AR surgical navigation, offering non-invasive, practical solutions without
external fiducial markers, and allows real-time updates to counteract patient movement. While
still relying on external hardware (with the stereo camera and 3D scanner), its effectiveness is
demonstrated through jaw phantom experiments and yielded an accuracy of less than 0.50 mm,
showcasing its potential to enhance surgical outcomes in oral and maxillofacial surgery (Wang
et al., 2019).
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Figure 2.14: Overview of an image registration procedure. A custom-made stereo camera is placed to track
the patient’s teeth (Wang et al., 2019).

Cercenelli et al. (Cercenelli et al. (2022) and Ceccariglia et al. (2022)) aimed to evaluate the
practicability of performing maxillary osteotomies using AR. The Model Target feature from Vuforia
Engine was used along with the Microsoft HoloLens 2. One of the papers presents a markerless
AR guidance system using the HoloLens, applied in surgeries for maxilla and mandible demolition.
The study involved three cases of mandibular and maxillary oncologic resections. The AR system
uses the Model Target method based on facial profile recognition (see figure 2.15). The results
demonstrated the feasibility and viability of performing osteotomies under AR guidance, comparing
favourably with the state-of-the-art cutting guides method. While described as a promising method,
yielding an accuracy under 2 mm for both studies, the authors reported certain challenges. First,
this markerless tracking method seems to be strongly affected by lighting conditions, ultimately
affecting the registration performances. The used method is limited, as it only allows the surgeon
to approach the maxilla from one predefined angle. On another note, tracking deformable or blood-
obstructed anatomy remains a challenge. Finally, the users were mostly happy with the HoloLens
2 but noticed a low hologram render contrast, as well as some discomfort after wearing the HMD
for a long period.
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Figure 2.15: Surgeon’s view of a surgical plan overlayed on the face of the patient. a) Virtual registration of
the patient’s skull and tumour obtained from CT Scans, and osteotomy planes obtained from
preoperative planning; b) same view, without the skull (Ceccariglia et al., 2022).

Another study presented an innovative, automatic markerless method for bone registration and
tracking in orthopaedic surgery. Utilising depth imaging and deep learning, the method captures
bone images intraoperatively with a depth camera. Deep neural networks identify surgical targets
and segment images to match the bone’s surface with a preoperative model (see figure 2.16).
This markerless approach, using a point-to-plane ICP algorithm shows a promising accuracy of
2.74 mm and high efficiency in ex vivo tests, aiming to enhance surgical workflow while reducing
invasiveness and duration of procedures (Liu and Baena, 2020).

Figure 2.16: This image compares an automatic markerless registration with traditional orthopaedic regis-
tration methods. It shows the markerless registration workflow, shown in white, which works
without the need for human intervention or physical markers. In contrast, in grey, is the conven-
tional registration process used in orthopaedic navigation, involving more traditional, surgeon-
dependent techniques.(Liu and Baena, 2020).

A study conducted by Pepe et al. (2019) focused on a novel method for integrating MR in max-
illofacial surgery. It introduced a markerless registration system using CT scan information and
the Microsoft HoloLens. The approach leverages facial landmark detection through Dlib (a toolkit
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combining computer vision and machine learning for image processing (Trotta et al., 2019)) and
the Spatial-Mapping API from Microsoft, for accurate alignment of virtual facial anatomy. The study
includes a comparison with marker-based methods and gathers expert feedback, demonstrating
the potential of this technology in surgical applications and its positive reception by medical profes-
sionals.

Kim et al. (2023) proposed a novel markerless AR system to enhance maxillofacial surgery preci-
sion. They used machine learning for registration, aligning CT scan data with 3D camera-captured
point clouds. The study involved 20 patients, in a two-stage registration process as shown in figure
2.17: preliminary landmark detection and precise ICP algorithm alignment. The system’s effective-
ness was evaluated by measuring registration errors in various facial regions, both in awake and
intubated patient states. Results showed a mean registration error of 1.49 ± 0.38 mm (awake)
and 1.95 ± 0.64 mm (intubated), with increased errors in the lower face due to intubation. While
this study visualised the AR content through a tablet device, requiring the surgeon’s hands to be
occupied, the findings demonstrate the system’s potential in accurately visualising the facial region
for surgical applications, highlighting its significance in improving facial plastic and reconstructive
surgery outcomes.

Figure 2.17: An AR registration method conducted sequentially. First, the Mediapipe framework was em-
ployed to acquire facial landmarks on a 3D height map. Subsequently, an initial registra-
tion stage was undertaken, where the CT model was approximately aligned with the 3D-
photographic model. This step ensured reduced computation time and enhanced the accuracy
of the following registration stage. The final phase involved precise registration, achieved by
repeatedly applying the ICP algorithm a hundred times (Kim et al., 2023).

As a general remark, Casari et al. (2021) stated that, according to their literature review on AR in
surgical applications, the ideal tracking system should work on its own, preferably with few addi-
tional hardware components and a well-designed UI, avoiding an overload of information. Similarly,
Wang et al. (2014) described in their paper the use of physical markers in surgical applications as
”invasive” and ”error-prone”.
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3 MATERIALS & METHODS

This chapter provides a comprehensive overview of the materials and methodologies employed in
the development of the AR guidance system application. Initially, a detailed presentation of the
Microsoft HoloLens 2 is provided, followed by an in-depth examination of the Phantom 3D models,
both of which constitute the core components of the experimental setup. Subsequently, the chapter
delves into the specifics of Unity and Vuforia, clarifying their roles and functionalities within the
framework of the thesis. In the second part of the chapter, the experimental setup designed to
evaluate the system’s accuracy is outlined. This is complemented by a description of the user study,
which involved the participation of four surgeons, thereby providing insights into the application’s
efficacy in a real-world medical context.

3.1 Development of the AR guidance system for
mandible osteotomies

3.1.1 Hardware

Microsoft HoloLens 2

To guide the surgeon in performing the osteotomies, the Microsoft HoloLens 2 OST HMD was used.
Introduced in the previous section, it is an advanced MR headset that blends digital content with the
physical world. It utilises immersive technology, including holographic lenses and spatial sensors,
to enhance interactive experiences in various professional and creative applications. Holographic
images can be overlaid onto the patient in the OR, aiding in surgical planning and allowing surgeons
to navigate through the patient’s unique anatomy with ’x-ray vision’ (Dewitz et al., 2022).
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Figure 3.1: Exploded view of the Microsoft HoloLens 2 head-mounted device used in this developed AR
application (Microsoft, 2023b).

The HoloLens 2 is equipped with see-through holographic lenses, known as waveguides, that of-
fer a resolution of 2k 3:2 light engines per eye, ensuring a high-definition visual experience. The
device’s holographic density exceeds 2.5k radiants (light points per radian), providing a rich and
immersive visual overlay. For depth perception and environmental interaction, the HoloLens 2 in-
cludes a time-of-flight (ToF) depth sensor, allowing accurate hand tracking and spatial mapping.
The device’s Inertial Measurement Unit (IMU), including an accelerometer, magnetometer and gy-
roscope, ensures precise head tracking. Additionally, an 8 MP RGB camera capable of capturing
1080p30 video is integrated into the device, along with four visible light and two IR cameras that
facilitate accurate head and eye tracking. The audio experience in the HoloLens 2 is enhanced by
a 5-channel microphone array and spatial sound speakers, enabling clear communication and im-
mersive audio effects. The HoloLens 2 is also equipped with a Holographic Processing Unit (HPU)
coupled with an ARM processor. The device also features a memory capacity of 4 GB DRAM and a
storage space of 64 GB UFS 2.1. It supports Wi-Fi, Bluetooth 5.0, and USB-C (see figure 3.1). The
HoloLens 2 is compatible with various applications built on the Universal Windows Platform (UWP),
along with other MR applications. The device’s battery life spans between 2-3 hours of active use,
making it ideal for guiding surgeons in performing intraoperative osteotomies. For longer tasks,
the device would need to be charged, using the USB-C fast charging capabilities. User interaction
with the HoloLens 2 is led through direct hand-tracking manipulation of holograms, gaze tracking
for control, and voice commands. This makes the user interface intuitive and user-friendly, making
it ideal for this surgical application. In terms of design and comfort, the HoloLens 2 is constructed
with carbon fibre and other lightweight materials, making it comfortable for extended use in the OR.
It features an adjustable head strap and is designed to fit over glasses, ensuring accessibility for
a wide range of users. The device’s environmental understanding capabilities include 3D spatial
mapping and spatial anchors, which allow holograms to keep their position in the real world. Finally,
the HoloLens 2 ensures user security through Windows Hello iris recognition, offering a secure and
personalised access system. These specifications collectively illustrate the HoloLens 2’s capacity
to create a dynamic and interactive surgical MR experience (Microsoft, 2023b).
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Phantom 3D models and Cutting Guides

For testing the developed system, phantom mandible 3D-printed models are used. These aim
to replicate the anatomical intricacies of human mandibles with precision. The production pro-
cess starts with acquiring medical imaging data, derived from CT scans of the patient’s mandible.
Through the use of specialised image segmentation software, .stl files of the 3D mandible model
were provided anonymously by the University Hospital of Antwerp (see figure 3.2).

Figure 3.2: 3D model of the mandible provided by the UZA, derived from CT Scans of an anonymised
patient.

Four custom-made cutting guides are designed to later compare the proposed system with the
state-of-the-art method (see figure 3.3). Subsequently, the models are 3D-printed in the Robot
Assisted Surgery (RAS) lab in KU Leuven. The material used is white polylactide (PLA), chosen
for its accessibility, ease of use and adapted strength. The use of phantom mandible models in this
work adheres to medical ethical guidelines, all data received were anonymised and acquired with
appropriate consent.

Figure 3.3: Design of the cutting guides in Blender through the ’boolean’ tool, to perfectly fit the patient-
specific mandible shape.
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3.1.2 Software

Unity

To develop the application on the HoloLens 2, Unity Engine is used. Unity is a game engine and
development platform, used for its capabilities in creating both 2D and 3D interactive content. The
programming language of Unity is primarily C#, known for its power and flexibility, facilitating a
wide range of development needs. The asset pipeline in Unity is particularly noteworthy, allowing
for the easy import and integration of various tools such as the Mixed-Reality Toolkit (MRTK) or
Vuforia described below. Another significant advantage of Unity is that it supports many different
operating systems such as Windows, macOS, Linux, iOS, Android, and various AR/VR platforms,
making it compatible with many HMDs. When it comes to developing applications for the HoloLens,
the integration of the MRTK with Unity significantly enhances its capabilities. It offers HoloLens-
specific features like spatial mapping, hand tracking, and gaze tracking, which are essential for
creating realistic MR experiences. The toolkit includes a flexible input system that can be adapted
for various interaction modalities, including gestures and voice commands, enriching the surgeon’s
interaction with the application. Moreover, the MRTK provides a suite of pre-built UI components
and interaction patterns specifically designed for MR environments. This is complemented by en-
hanced spatial awareness, allowing for a more realistic and interactive blend of digital and physical
environments. Performance optimisation is another critical aspect of the MRTK, ensuring that ap-
plications run smoothly on the HoloLens (Microsoft, 2023a). Finally, the extensive documentation
and the supportive community of developers around Unity is a valuable resource, offering guidance,
troubleshooting, and best practices for good application development (Unity, 2023).

For this framework, the Unity 2022.3.9f1 version is used for creating the AR application. The app
is built and released to the HoloLens 2 through version 17.8 of Microsoft Visual Studio Integrated
Development Environment (IDE).

Vuforia Engine

Vuforia is a software development platform implemented through Unity that promotes the creation
of interactive and immersive augmented reality experiences (Estrada et al., 2022). Owned by
PTC ©, the Vuforia tool allows for powerful image or object recognition and tracking possibilities.
Extensively used in industry, healthcare or manufacturing, the SDK provides a large choice of
applications, making it a popular choice for AR-oriented solutions (PTC, 2023).

Vuforia works by first recognising a predefined target. The tool then overlays virtual content onto
the physical world environment. The targets can be decomposed into three categories depending
on the application: Images, Environments, and Objects (see figure 3.4).
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Figure 3.4: Overview of the main Vuforia Targets by categories. Image, Environment and Objects targets
with their subclasses.

Images: This target category groups different marker-based targets. The Image Target (simple flat
images, such as ArUco or ChArUco markers), Cylinder Target (wrapped image into a cylindrical
shape), Multi Target (Image Target arranged in regular geometry shapes, such as a cube), VuMark
(customized markers designed for unique identification). A Cloud Recognition Service is suggested
for getting optimal recognition performances.

Environments: The Area Target feature lets you scan a room or other environments to accurately
align virtual content in various pre-defined places.

Objects: This last category is the most interesting one for this work and will be the one used in this
thesis. It contains the Model Target feature, a powerful tool used to recognise and track objects
by shape, using existing 3D models. Section 3.1.3 describes how the tool is used to track the
mandible.

The Vuforia 10 API typically consists of 3 key components. Engine, Observer/Observation and
Controller (figure 3.5).

Figure 3.5: Vuforia 10 Application Programming Interface (API) (Vuforia, 2023).
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The Engine manages Vuforia’s lifecycle. It allows to create, start, stop or destroy the augmented
reality application. Camera or rendering parameters are configured through the VuforiaBehaviour
instance in Unity, although a default configuration is provided with the tool. The Observer provides
components that are created to observe properties from the real world (Targets). For this thesis,
the Model Target Observer is used to recognise 3D mandibles based on a Computer-Aided Design
(CAD) model (see section 3.1.3). In practice, these are managed in Unity through target behaviour
components that are attached to GameObjects. As users interact or change the AR scene, the
changes reported by the Observers between two frames are known as ’Observations’ and are
stored in the State. This includes pose, status or mesh data from the Observations made by the
Observer as well as camera and rendering data. Finally, the Controller is used to tune the Engine
and other settings in real-time. The default configurations will be used here (Vuforia, 2023).

3.1.3 Markerless tracking of the mandible

The registration between the physical and virtual models is achieved through a tracking algorithm,
implemented by employing the Model Target functionality of Vuforia, a markerless tool used to
recognise and track physical objects in the real world. Here is an overview of how it is implemented
(figure 3.6).

Figure 3.6: Process layout of the proposed markerless guidance system. From the patient’s CT Scans to
real-time virtual overlay and tracking.

A 3D model of the physical object we want to identify and accurately track is acquired. Here, the
3D model of the mandible segmented and 3D-reconstructed earlier from CT Scans is used. In
this framework, the 3D model is imported into Vuforia’s Model Target Generator (MTG), where an
Advanced Model Target is created, allowing for recognition of the model from multiple positions
and angles, rather than just one. This approach is essential for mandible reconstruction surgery,
where varying views of the mandible are necessary. Specifically, a combination of ’Full 360◦’ and
’Constrained Angle Range’ Advanced Views is used to simulate real surgery conditions, enabling
the system to recognise the mandible within specified elevation and azimuth angle ranges (see
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figure 3.7).

Figure 3.7: Configuration of the Advanced View in the Vuforia’s Model Target Generator (MTG) app. a) ’Full
360’ Advanced View; b) ’Constrained Angle Range’ Advanced View.

Upon creating the Advanced Model Target and Views of the mandible in the MTG, a database
with model details is generated and uploaded to Vuforia’s cloud for deep learning training (see
figure 3.8). Here, machine learning algorithms analyse the mandible’s unique features, enabling
the system to recognise it from various angles (VuforiaMTG, 2023).

Figure 3.8: General overview of the data flow between the Vuforia servers in Europe and the MTG app when
training the Advanced Model Target Database.

The training time for the mandible model target, which features Advanced Views and consists of
287,332 mesh triangles, takes around 4 hours. The outcome is a comprehensive database ready
for use in Unity, enabling robust recognition and tracking of the mandible. While the deep learning
training time varies for different patients or models used, the overall process can be executed in
only a few hours. This provides a strong advantage compared to the current cutting guide method,
which takes several weeks to complete the whole design and 3D printing process (Goormans et al.,
2019).

User experience (UX) and UI are kept as simple and intuitive as possible, to avoid any distraction
and allow the surgeon to fully focus on its task. In Unity, the Model Target integrated into the scene
as a GameObject is linked to the mandible’s trained database. Virtual content is associated with
this GameObject. Here, a virtual replica of the mandible is precisely aligned with the model. Addi-
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tionally, four cutting planes are introduced (see figure 3.9), which, although chosen arbitrarily here,
can be derived from preoperative planning to indicate precise cutting trajectories to the surgeon.
The user can hide or show the virtual mandible through a simple UI containing a toggle switch.

The HoloLens’ cameras scan the environments. If it detects the physical object based on the 3D
model and its database, it will overlay the chosen virtual content on top of the real-world object
and track its movements. The system updates the position changes at every frame, meaning that
the mandible model can be handled and moved around freely while keeping the hologram at its
expected position.

Figure 3.9: User’s point of view of the proposed guidance system. The HoloLens detects the mandible
Model Target (left); The HoloLens displays the virtual content on the scene, including the virtual
mandible, four virtual cutting planes, and a virtual toggle switch (right).

The framework presented in figure 3.6 illustrates a modular process layout for markerless tracking
of the mandible, where each block represents an independent stage. Due to its modular nature,
individual components such as the 3D model chosen (the mandible), the tracking technology (Vu-
foria), the software development platform (Unity) or the HMD (HoloLens 2) can be changed or
updated without affecting the overall structure. This adaptability makes the framework versatile,
allowing it to be customised for different patients or even different surgical procedures, but also
compatible with various HMDs, globally suitable for integration with other software and hardware
systems.

3.2 Experimental setup for accuracy measure-
ment and user study

3.2.1 Hologram Registration accuracy

A method to quantitatively assess the registration accuracy of the hologram on the real mandible is
described. Based on a method proposed by Palumbo et al. (2022), it measures the alignment error
of a fixed point on the mandible to six virtual concentric spheres of known size and position. The
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exact position of the point was obtained by selecting the highest node of the mandible’s coronoid
process1 in Blender and matching the corresponding coordinates in Unity for the spheres’ centre.

The position of the physical point, relative to where it falls within the projected holographic spheres,
indicates the error. This is determined with the virtual spheres that have radii ranging from 1 mm
to 6 mm. As seen in Figure 3.10, when the physical point is perfectly aligned with the centre of the
virtual spheres, the error is considered to be 1 mm. If the point lies in the sphere with a radius of 3
mm, the error is 3 mm.

Figure 3.10: Hologram accuracy assessment method. a) coloured virtual concentric spheres projected on
the mandible and perfectly aligned with the fixed physical dot. Virtual components are shown
in colour, while real physical components are shown in grey or black; b) example of a situation
giving an approximate error of 1 mm; c) example of a situation giving an approximate error of
3 mm.

For this registration accuracy evaluation procedure, an inter- and intra-operator assessment was
performed: one user performed the Hologram registration accuracy procedure 5 times under dif-
ferent lighting conditions (standard, dull surgical and bright surgical, as pictured in figure 3.11) and

1The mandible coronoid process is the bony surface located on the superior part of the ramus. It serves as an
attachment point for muscles involved in jaw movement (Breeland et al., 2023)
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different coverage of the mandible (25% and 50% of the mandible covered by a piece of paper),
and 4 surgeons performed the Hologram registration accuracy procedure once under standard
lighting conditions. While the ”standard lighting conditions” were slightly different for the intra- and
inter-operator assessments (i.e. performed in different rooms), they will be considered equivalent.

Figure 3.11: Hologram accuracy intra-operator assessment setup. Mandible illuminated under standard
lighting condition (left); bright surgical lighting condition (right).

The mandible was attached to a fixed clamp for precision and consistency throughout the tests.
Furthermore, to account for the three-dimensional geometry of the mandible, each test involved
measurements from 3 different viewing angles: one from the side of the mandible, one from the top
and one from the front of the mandible. The ”HoloLens 2 eye calibration” was run for every user to
ensure correct alignment before each test.

3.2.2 User study

The upcoming user study was a crucial part of this thesis. As the primary end-users, surgeons
can bring valuable insights and feedback on the system. It was then important to engage directly
with them to test the application and assess whether the requirements were met and whether the
limitations were properly defined.

To that matter, the four surgeons participating in the study were asked to accurately draw osteotomy
lines on a model mandible. On one side, the proposed markerless AR guidance system was
used to guide the surgeons in performing the task in real-time with the HoloLens 2 (figure 3.12,
left). Then, the state-of-the-art method involving the physical cutting guides was also performed
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for comparison. For this, the custom-made cutting guides described above were placed on the
mandible by the surgeons, and a thin red line was drawn on the mandible following the guide
(figure 3.12, right).

Figure 3.12: A surgeon drawing the osteotomy planes on the model mandible with the HoloLens 2, in the
context of the user study (left); State-of-the-art method for drawing the osteotomy line with the
custom-made cutting guides. These latter are notched to perfectly fit the shape of the mandible
(right).

The key objectives of this user study were twofold. First, the precision and accuracy of both guiding
approaches were compared together, assessing how easily the surgeons could follow the planned
osteotomy planes. For that matter, each drawn osteotomy line was subsequently recorded with the
tip of an electromagnetic (EM) sensor, generating a point cloud of the obtained measurements (see
figure 3.13), using Python (Appendix A). For each mandible, 20 points were recorded along each
pair of osteotomy lines. The Euclidean distance between each pair of points is then calculated as
shown in figure 3.14, using this formula:

di =
√

(PGxi −PHxi)
2 +(PGyi −PHyi)

2 +(PGzi −PHzi)
2 ∀i ∈ [1,20] (3.1)

Where PGxi represents the x-coordinate of the ith point on the line drawn with the cutting guide, and
PHxi represents the x-coordinate of the ith point on the line drawn with the HoloLens. The mean
error per pair of lines is then averaged across the 20 values as such:

δ =
∑

20
i=1 di

20
(3.2)
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Figure 3.13: Points acquisition with the EM sensor of the second mandible, first osteotomy line of the first
surgeon during the user study (left); and its associated point cloud recorded through Python
(right).

Figure 3.14: Scheme of the distance calculation between two points of the points cloud. The distance d5
between the 5th pair of points is shown as an example.

As a second objective, the usability and efficiency of the developed system were evaluated, as-
sessing how the method with the HoloLens compares to the state-of-the-art one, considering the
overall user experience, learning curve, and challenges faced. This was evaluated through a post-
test questionnaire, containing feedback questions and the NASA Task Load Index (TLX) assessing
the workload felt by the surgeons when completing the task with the HoloLens 2 (Appendix B). The
six workload factors are evaluated equally (i.e. with the same weight factor (Byers et al., 1989)) as
follows: mental and physical demand assess respectively how mentally and physically demanding
was the task. The temporal demand factor gives an idea of how hurried or rushed was the pace
of the task. The performance factor evaluated how successful the user felt when accomplishing
what was asked to do. The effort criterion measures how hard the user had to work to accomplish
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the expected level of performance. Finally, the frustration factor assesses how irritated, annoyed,
stressed, discouraged or insecure the user felt while performing the task (NASA, 2020). The in-
dividual scores are then recorded on a scale from 0 to 100, and an overall score per factor is
calculated with equal weight.
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4 RESULTS

4.1 Accuracy of the registration

This section provides the results obtained through the inter and intra-operator accuracy assess-
ment, using the ”sphere method” described above. The experiments aimed to measure the align-
ment error by observing the deviation of a fixed point on the mandible from its expected position
within a set of virtual concentric spheres. This method effectively quantifies the registration ac-
curacy by noting the radial distance of the point from the centre of the spheres, with a perfect
alignment corresponding to an error of 1 mm or less.

4.1.1 Inter-operator accuracy

For the inter-operator assessment experiment, the four surgeons had to look at the spheres and
tell the assessor where the fixed black dot on the physical mandible was perceived through the
HoloLens 2. The results in table 4.1 are colour-coded, representing the perceived alignment of the
dot in one of the six virtual spheres, with ”RED” indicating an alignment error of 1 mm or less, and
”BLUE” indicating a larger error, between 1 and 2 mm (see figure 3.10).

Surgeons 1, 2, and 3 demonstrated a high degree of precision in the front and side views with an
error of 1 mm. The same surgeons, however, exhibited varying degrees of accuracy in the top
view. Surgeon 2 observed a larger error margin, suggesting a 2 mm deviation, while Surgeons
1 and 3 maintained their observed 1 mm accuracy. Surgeon 4, in contrast, consistently showed
a larger deviation of 2 mm across all views. The maximum mean accuracy for the inter-operator
assessment for the four surgeons across the different views is 1.33 mm.

Surgeon 1 Surgeon 2 Surgeon 3 Surgeon 4
Front View RED (1 mm) RED (1 mm) RED (1 mm) BLUE (2 mm)
Side View RED (1 mm) RED (1 mm) RED (1 mm) BLUE (2 mm)
Top View RED (1 mm) BLUE (2 mm) RED (1 mm) BLUE (2 mm)

Table 4.1: Results of the inter-operator accuracy assessment, with ”RED” indicating an alignment error of 1
mm or less, and ”BLUE” indicating an error between 1 and 2 mm.

4.1.2 Intra-operator accuracy

The intra-operator accuracy assessment was conducted under three different visibility conditions:
the standard condition with no obstruction, and two additional conditions where 25% and 50% of
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the mandible were covered, obstructing the view to varying degrees. The evaluation was repeated
five times by a user to ensure the reliability of the results. The ”dull” and ”bright” surgical lighting
conditions were found to be impractical (see figure 4.1), thus will not be accepted as valuable
results. Hypothetical reasons for such conclusions will be further discussed later.

Figure 4.1: User’s Point Of View (POV) of the Hologram accuracy intra-operator assessment under imprac-
tically bright surgical lighting conditions.

From table 4.2, in the standard, unobstructed condition, the average alignment error was 1.20
mm, 1.20 mm, and 1.40 mm for the front, side, and top views, respectively. This suggests a
slight variation in registration accuracy depending on the perspective, with the top view exhibiting
a marginally higher error rate. The maximum mean accuracy for the intra-operator assessment
across the different views, and under the different covering conditions is 1.40 mm.

When a quarter of the mandible was covered, the average error increased, indicating a direct impact
of visibility on registration accuracy. The front view showed a significant increase in error to 2.20
mm, while the side view had a minimal decrease to 1.00 mm, and the top view presented an error of
1.20 mm. With half of the mandible covered, the error rates varied further. The front view’s accuracy
decreased, with an error of 2.00 mm. The side view error increased to 1.40 mm, reflecting an
expected trend of diminished accuracy with greater obstruction. Conversely, the top view registered
a decreased error of 1.00 mm, suggesting an atypical pattern where visibility constraints may not
linearly correlate with registration accuracy.

Standard [mm] 25% Covering [mm] 50% Covering [mm]
Front View 1.20 2.20 2.00
Side View 1.20 1.00 1.40
Top View 1.40 1.20 1.00

Total 1.27 1.47 1.47

Table 4.2: Results of the intra-operator accuracy assessment.

It is also important to add that the initial registration time (i.e. the time taken for the Hologram to
initially appear) was greater when the mandible was covered than in standard conditions (table 4.3).
However, the registration time when viewing the mandible from the side does not vary much across
the different situations (around 1 second).
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Standard 25% covering 50% covering
Front view 1.0 sec. 1.8 sec. 2.2 sec.
Side view 1.0 sec. 1.1 sec. 1.1 sec.
Top view 1.2 sec. 2.2 sec. 3.8 sec.

Table 4.3: Average initial registration time for standard lighting conditions and partial covering of the
mandible, during the intra-operator accuracy assessment.

4.2 Cutting accuracy

This section provides the results obtained through the user study involving the 4 surgeons, as
described above. First, the precision and accuracy results are shown. These are obtained through
the error measurement as explained in section 3.2.2. Then, the usability and efficiency of the
system is depicted through the NASA TLX survey results, in parallel with the custom questionnaire
provided to the surgeons after the user study.

4.2.1 Precision and accuracy

During the user study, 4 surgeons were each asked to draw 4 pairs of osteotomy lines on 3
mandibles. After the experiment, the 12 mandibles (see figure 4.2) were taken back to the lab,
and the average distances between each pair of lines (i.e. one line with the HoloLens and one line
with the custom-made cutting guides) were recorded using an EM sensor.

Figure 4.2: Final result of the user study. The 12 mandibles, the 4 custom-made cutting guides and the 48
pairs of drawn osteotomy lines.

The results in table 4.4 indicate a minimum error that was consistent across all surgeons, with a
low of approximately 0.03 mm. However, the maximum error highlighted a disparity in precision,
particularly with surgeons 2 and 4, who recorded the highest deviation at respectively 4.02 mm
and 4.03 mm. Surgeon 2’s results were notably less consistent than the others, with an average
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deviation of 1.64 mm, double that of the most precise surgeon in this task, who averaged 0.82
mm. The standard deviation (σ) further accentuates this point; surgeons 1 and 3 demonstrated a
high level of precision with standard deviations of 0.55 mm and 0.53 mm, respectively, indicative
of results that closely clustered around their average values. Conversely, surgeon 2’s results were
more scattered, as evidenced by the highest standard deviation of 1.21 mm.

When examining the overall data, the total average error was calculated at 1.08 mm with an overall
standard deviation of 0.94 mm.

Min. [mm] Max. [mm] Mean [mm] σ [mm]
Surgeon 1 0.03 1.82 0.83 0.55
Surgeon 2 0.64 4.02 1.64 1.21
Surgeon 3 0.03 1.43 0.82 0.53
Surgeon 4 0.12 4.03 1.03 1.10

Total 0.03 4.03 1.08 0.94

Table 4.4: Results of the user study accuracy across the four surgeons. The minimum, maximum, mean
values and the standard deviation (σ) are shown in mm.

Table 4.5 provided shows the precision of the osteotomy lines drawn across the four different
planes. For Plane 1, the minimum distance recorded was 0.16 mm, and the maximum was 4.02
mm, with an average of 1.57 mm. The standard deviation was 1.28 mm, suggesting a relatively
wide spread of values around the mean as seen in figure 4.3. Plane 2 showed similar results with
a slightly higher maximum error of 4.03 mm and a comparable average of 1.59 mm. The standard
deviation was lower than Plane 1 at 0.89 mm, which indicates a tighter grouping of measured dis-
tances around the mean, suggesting slightly greater consistency in this plane compared to Plane 1.
Plane 3 shows improved precision with the smallest maximum error of 1.27 mm and the lowest of
0.71 mm. The standard deviation of 0.34 mm was also the lowest among the four planes, reflecting
a high level of consistency in the surgical task on this plane. Plane 4 also showed great precision
with a maximum error of only 0.93 mm and the lowest average of 0.46 mm. The standard deviation
was comparable to Plane 3 at 0.31 mm.

Min. [mm] Max. [mm] Mean [mm] σ [mm]
Plane 1 0.16 4.02 1.57 1.28
Plane 2 0.34 4.03 1.59 0.89
Plane 3 0.03 1.27 0.71 0.34
Plane 4 0.03 0.93 0.46 0.31

Total 0.03 4.03 1.08 0.94

Table 4.5: Results of the user study accuracy across the four planes. The minimum, maximum, mean values
and the standard deviation (σ) are shown in mm.
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Figure 4.3: Box plot showing the measured error across the four different planes.

4.2.2 Usability and efficiency

This section gives the results of the questionnaire given to the surgeons after their experiment. It
included the NASA TLX as well as open questions related to potential feedback on the system.
The detailed results can be found in Appendix B. The recorded duration of every experiment is also
provided below.

NASA Task Load Index (TLX)

Figure 4.4 summarises the workload experienced by the surgeons when performing the user study.
The mental, physical and temporal demands were evaluated, as well as the performance, effort and
frustration felt by the surgeons when executing the task. The six factors are then averaged across
the four surgeons and the result is shown in figure 4.5.
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Figure 4.4: Individual NASA Task Load Index results for each factors.

Figure 4.5: Overall NASA Task Load Index results for each factors.

Overall, the surgeons experienced very low physical demand on the task (scoring 3.75 out of 100),
low frustration (13.75%) as well as low temporal (16.75%) and mental demand (17.5%). However,
in comparison, the surgeons did not feel very confident with their performance (scoring 47.5 out of
100) and experienced some effort to reach their expected level of performance while executing the
task (47.5% as well).

Questionnaire on the usability of the system

For the question ”Is there anything you liked during this experiment”, the 1st surgeon liked the
novelty and the perceived accuracy of the system. The 2nd surgeon thought the system was very
educational and could even be used for practising before an operation. The 3rd surgeon thought
the system had ”great potential”, while the last surgeon found it ”astonishingly accurate”. The latter
also expressed that he had never used AR before.

Suggestions of improvement include higher resolution of the cutting planes, introducing ”opacity
sliders” to adjust the visibility of certain holograms, or changing the cutting planes with cutting lines
to enhance visibility. The 1st surgeon also suggested a better 3D printing quality (resin prints) for
further drawing precision.
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Temporal considerations

The average time taken to draw the osteotomy lines was 237.75 seconds for the first mandible. The
second one took an average of 142.5 seconds, while for the 3rd mandible, the surgeons took an
average of 106 seconds to complete the four osteotomy lines. The cutting guide method took on
average 94 seconds to be completed (see table 4.6 for details).

Surgeon 1 Surgeon 2 Surgeon 3 Surgeon 4
Mandible 1 4 min 13 s 3 min 51 s 2 min 57 s 4 min 50 s
Mandible 2 2 min 15 s 3 min 15 s 2 min 45 s 1 min 15 s
Mandible 3 2 min 11 s 1 min 03 s 2 min 15 s 1 min 35 s

Cutting Guides 1 min 31 s 2 min 13 s 1 min 05 s 1 min 27 s

Table 4.6: Time taken by the four surgeons to draw the four osteotomy lines. Results with the HoloLens (for
three mandibles) and without the HoloLens (with custom-made cutting guides).
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5 DISCUSSION

In this pivotal section of the thesis, the implications of the findings are discussed, reflecting on
the future integration of augmented reality in maxillofacial surgery. The goal of this thesis was to
establish a markerless AR guidance system for mandible reconstruction surgery using the Microsoft
HoloLens 2. Principal requirements included real-time tracking and registration, few additional
hardware components and a registration accuracy under 2 mm. Not only these requirements were
met, but the resulting framework opened a path to new perspectives that can be further extended
to other surgical domains.

Building upon the methods outlined in a former student master’s thesis from KU Leuven (Wybaillie
(2022)), which focused on integrating AR in mandibular reconstruction surgery, the proposed frame-
work enhanced the methodologies significantly. Going beyond the expected scope, an innovative
method to improve the previous framework is proposed. Furthermore, comprehensive assessment
protocols and in-vitro tests were developed, consequently exceeding the initial expectations set for
the project.

By looking over the calculated hologram shift of less than 1.37 mm and the accuracy of 1.08 mm ob-
tained following the user study, the precision of the system is thoroughly discussed. Moreover, the
insights gathered from the surgeons’ in-vitro experiences provide a perspective on the adaptability
and practicality of the proposed framework in a surgical environment.

5.1 Precision of the system

The state-of-the-art cutting guide method for maxillofacial surgery through the fibula free flap har-
vesting gives a mean error of 2.60 mm between the Virtual Surgical Planning and the resulting
osteotomies (Pietruski et al., 2019). Goormans et al. (2019) compared mandibular osteotomies to
their respective virtual plans and obtained a length deviation of 1.74 mm. This is still well above the
obtained accuracy results of 1.08 mm in this work. It is worth mentioning that the latter represents
the mean error between the osteotomy lines drawn with the custom-made cutting guides and the
ones drawn with the AR application, and not a direct comparison with the AR and the VSP.

The results obtained through the inter- and intra-operator assessments showed how accurately
the proposed AR application registers virtual objects in the real world. The results demonstrated
a maximum mean accuracy of 1.37 mm, indicating the potential effectiveness of the AR system
for surgical applications. Moreover, while the ”standard lighting” conditions were different (i.e. not
performed in the same room) for the intra- and inter-operator assessment, similar results were
obtained.

The collected data from the inter-operator assessment indicate that while the spatial guidance
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system has the potential to provide a high level of accuracy (as seen with the RED-coded results
in table 4.1), there are slight discrepancies in the precision levels between different surgeons and
different views. The consistent BLUE-coded results for Surgeon 4 could reflect individual variability
in using the system or could highlight potential limitations in the guidance system’s ability to provide
uniformly accurate information to different operators.

The intra-operator assessment experiment revealed some particularities that are worth further at-
tention. First, all the measurements were performed under ”standard light conditions” (cfr figure
3.11, left). Indeed, as can be seen in figure 4.1 and on the right side of figure 3.11, the reflection
caused by the surgical light made the measurements impractical. A possible reason for this could
be due to the saturation of the HoloLens’ camera, being over-exposed to light due to the reflection,
thus complicating the recognition of the Model Target. A second particularity can be seen when
partially covering the mandible. Indeed, while the side and top views gave good accuracy results
(around 1.15 mm), the front views showed less convincing results when partially covered (around
2.10 mm). Finally, a higher registration time was recorded for the top and front views when par-
tially covering the mandible. This could be due to the recognition algorithm receiving fewer points
compared with the database information, thus taking more time to initiate the registration. How-
ever, while taking more initial registration time on average, the top views of the partially covered
mandibles gave a convincing accuracy (around 1.10 mm). From these observations, it can be con-
cluded that the best accuracy and registration performances were obtained under standard lighting
conditions, and by viewing the mandible from the side.

The user study yielded a convincing accuracy of 1.08 mm. When compared to the other approaches
described previously, the proposed system seems to be promising. Indeed, to the author’s best
knowledge, this is the first system that offers real-time markerless tracking of the patient’s mandible,
achieving a registration accuracy of less than 1.50 mm. Furthermore, it facilitates multi-angular
tracking of the patient’s mandible, thereby providing the surgeons with the flexibility to adjust their
position comfortably throughout the surgical procedure.

Looking at the user study’s results, some osteotomy planes seemed to be harder to follow for the
surgeons. When looking at the tables, planes 1 and 2 appear to result in a higher error (respectively
1.57 mm and 1.59 mm) than the others (0.71 mm and 0.46 mm). To investigate this even further, we
can look at the standard deviation of these values across the different planes. Figure 4.3 suggests
that plane 1 has a high standard deviation (i.e. largely spread values around the mean). This can
be explained by the outliers obtained by the 2nd Surgeon, possibly due to an error in calibration with
the HoloLens 2. Plane 2, however, shows consistent and relatively high error values. In conclusion,
plane 2 seems to be the hardest to follow accurately. This could be due to its non-optimal placement
on the mandible, with a possible error-prone drawing path.

More generally, it seems that the accuracy can be further improved. Indeed, apart from the outliers
values obtained by the 2nd surgeon, these error measurements are the result of surgeons with little
AR experience. Furthermore, feedback from the users suggested a higher hologram resolution and
better 3D-print quality, which could potentially improve the results.
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5.2 Scalability and future prospects

As we move forward, the field of augmented reality in maxillofacial surgery stands on the corner
of innovative change. The current possibilities offered by AR could revolutionise how surgical pro-
cedures are planned and executed. While none of the AR-based registration methods proposed
thus far have been implemented in real surgical environments, future developments are expected
to focus on bringing AR closer to the OR. With this goal in mind combined with the possibilities
offered by the proposed framework, future work will focus on a few key aspects. As an important
remark, figure 3.6 showed an overview of the implemented process. These building blocks have
the advantage of being independent and replaceable, which will be a central point of the following
discussion.

First, a focus on solving the lighting problem described in this work will be evaluated in future works.
While the standard conditions tested in this framework gave convincing results, other surgery-
specific conditions must be tested. This would include changing surgical light conditions to test the
application’s robustness, while possibly implementing camera filters on the HMD for less light reflec-
tions. Furthermore, as suggested by the surgeons during the user study, other 3D-printing materials
shall be tested to mimic real-surgical scenarios. This will include an in-depth characterisation of
different cutting areas on the mandible and their resulting error and angular precision. Future work
would also test the application on different HMDs than the HoloLens 2. Whether surgical-specific
(such as the VOSTARS or the Xvision Spine System) or VST HMDs such as the Varjo XR-4 or
the Apple Vision Pro, this would potentially enhance the accuracy and resolution of the application,
thereby improving the precision of the system. As the real world is captured by cameras in VST
HMDs, they are less dependent on ambient light conditions compared to OST HMDs, which rely on
direct viewing of the physical environment (Badiali et al., 2020). The main challenge with the current
HMDs used for surgical guidance is the accuracy of registration. While widely preferred in surgical
applications due to their accessibility and low cost, HMDs such as the HoloLens are designed for
general-purpose applications and are substandard for certain operations that require acute preci-
sion (Chegini et al., 2023). Moreover, visual discomfort, eye fatigue or migraines might be felt after
prolonged use (Shibata et al., 2011). New ”surgery-specific” HMDs in development will focus on
improving main requirements such as reliability, safety and ergonomics (Qian et al., 2017). More
precisely, characteristics such as low weight, ease of use, minimum calibration process, submilli-
metric registration accuracy with adequate image-object contrasts, and the integration of surgical
instrument recognition algorithms are to be accounted for (Hussain et al., 2020). A registration time
of 5 to 10 minutes and a tracking accuracy of 1 to 2 mm are reported to be acceptable scopes in
maxillofacial surgery (Chu et al., 2017). Safety mechanisms ensuring the vision preservation of the
surgical field in case of eventual software fault also need to be implemented (Liu et al., 2018).

Then, to establish the efficacy and safety of this AR-guided application, rigorous clinical testing is
imperative. This will first include further in-vitro studies involving experienced and beginner sur-
geons in surgery-like conditions, implementing blood occlusion, time constraints or real surgical
saw cutting. A direct measured comparison between the VSP and the AR method will then be
performed. The most optimal viewing angle for initiating the registration shall also be studied and
characterised.

Future work will investigate the extendibility of this framework with the fibula bone. Deformable
tissues will also be investigated as potential models for the application. Furthermore, artificial
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intelligence (AI) algorithms could assist in creating optimal surgical paths or training models to be
optimally recognised, leading to better registration accuracy.

Following these tests, in-vivo accuracy assessments could be performed. These studies will aim
to not only assess the immediate surgical outcomes but also track long-term patient and surgeon
satisfaction. Such comprehensive data will be crucial for the wider acceptance and implementation
of this application in clinical settings. It will then be important to address the ethical considera-
tions. This includes ensuring patient consent for the use of AR, addressing data security concerns,
and complying with medical regulatory standards. Future research must also consider the ethical
implications of AI and machine learning decisions in surgical planning and execution.

Finally, while this work focused on mandible cutting aimed at maxillofacial surgery, it could be ex-
tended to other surgical applications. Indeed, the mandible Model Target presented in figure 3.6
can easily be replaced by another body anatomy. Similarly, the virtual content can be adapted
to specific applications, guiding surgeons in other surgical contexts. For example, Percutaneous
Nephrolithotomy (PCNL) is an operation that involves making a small incision in the patient’s back
and creating a tract directly into the kidney. Through this, the surgeon can insert instruments to
break up and remove kidney stones (Häcker and Michel, 2019). According to Prof. Dr. Ben Van
Cleynenbreugel (UZ, Leuven), while having a high success rate for experienced surgeons, young
surgeons are more prone to errors due to limited intra-patient visibility, currently only accessed
through real-time fluoroscopy. The proposed framework could provide further guidance in this op-
eration, by displaying crucial virtual information, possibly improving the accuracy of the procedure.
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6 CONCLUSION

This thesis presents a markerless augmented reality spatial guidance system for maxillofacial
surgery. This approach addresses the longstanding challenge of transposing 2D images into 3D
mental representations for accurate surgical navigation. Existing literature outlines the limitations
of traditional methods in maxillofacial surgery, particularly the use of custom-made cutting guides.
While these guides offer a precision of around 2 mm, they are cost-intensive, time-consuming, and
invasive, thereby posing health risks to patients.

The introduction of VR, AR, and MR into medical fields has offered new perspectives for innovation
in surgical procedures, enhancing both efficiency and precision. In particular, AR has emerged as
a powerful tool in surgery, offering an immersive experience by overlaying digital information onto
the real world, allowing surgeons to interact with both simultaneously. The synergy between real
and virtual worlds is crucial for complex surgeries, like in maxillofacial interventions where dexterity
and precision are paramount due to the proximity of nerves and vessels. This thesis builds upon
these findings, proposing an AR-based solution that eliminates the need for physical cutting guides
and reduces the invasiveness of surgical procedures. Materials and methods employed in this re-
search involved the development and testing of the AR guidance system. This system enhances
the surgeon’s view by providing a real-time, virtual representation of planned mandible osteotomy
trajectories. The proposed framework features a markerless tracking and registration technology,
which relies on the patient’s natural anatomical features. This approach not only reduces the inva-
siveness of the procedure but also adapts seamlessly to changes in surgical conditions, eliminating
the need for positioning physical markers.

The main results from the in-vitro user study involving four surgeons were highly promising. The
system demonstrated remarkable accuracy, with a hologram registration error of only 1.08 mm.
An intra- and inter-operator accuracy assessment showed a mean registration error of less than
1.37 mm. These results highlight the system’s potential to enhance the precision and efficiency
of surgical procedures. The proposed AR system represents a major step forward in surgical
practices. It offers a less invasive, more accurate, and time-efficient alternative to the traditional
state-of-the-art methods. Furthermore, this system has the potential to significantly reduce the
costs associated with surgical procedures, benefiting both healthcare providers and patients. This
thesis not only addresses a critical gap in the current surgical practices but also sets a new standard
in the use of AR technology in medical procedures. It opens new avenues for further research and
development in the field of reconstructive surgery, potentially revolutionising surgical methodologies
in the years to come.
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APPENDIX A : PYTHON CODE FOR THE EM SENSOR POINT CLOUD ACQUISITION

Python code for the EM sensor point cloud acquisition

1 import numpy as np
2 from sksurgerynditracker.nditracker import NDITracker
3 import msvcrt
4 import time
5 from matplotlib import pyplot as plt
6

7

8

9 # Points in {EM}
10 p0EM = None
11 p1EM = None
12

13 # creating empty lists for the points
14 pGuides = []
15 pHololens = []
16

17 #####################
18 # Start EM tracking #
19 #####################
20 # add a folder named rom where there are the rom files
21 SETTINGS = {
22 "tracker type": "aurora",
23 "romfiles" : ["../rom/Thin_6DOF_610060.rom","../rom

↪→ /610058-5DOF.rom"],
24 # "ports to probe" : 1
25 }
26 TRACKER = NDITracker(SETTINGS)
27

28 TRACKER.start_tracking()
29 TRACKER.use_quaternions = True
30

31 print(’Register the points in EM frame by pressing 0, 1. Then press
↪→ Q to save and exit...’)

32 while True:
33 a = time.time()
34 port_handles , timestamps , framenumbers , tracking , quality =

↪→ TRACKER.get_frame()
35 t = tracking[0]
36 t = np.where(np.isnan(t), 0, t)
37 q0 = t[0][0]
38 qx = t[0][1]
39 qy = t[0][2]
40 qz = t[0][3]
41 tx = t[0][4]
42 ty = t[0][5]
43 tz = t[0][6]
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44

45

46 tEM = np.array([tx,ty,tz, qx,qy,qz,q0])
47

48 if msvcrt.kbhit(): # handle keyboard hits if available
49 k = msvcrt.getch()
50 a = k.decode(’ascii’)
51

52 if a == ’0’:
53 p0EM = tEM
54 print(’P0 saved: ’, p0EM)
55

56 # Add point to the list
57 pGuides.append(tEM)
58

59 if a == ’1’:
60 p1EM = tEM
61 print(’P1 saved: ’, p1EM)
62

63 # Add point to the list
64 pHololens.append(tEM)
65

66

67 if a == ’q’:
68 print(’Quitting , calculating transformation matrix’)
69 break
70

71

72

73 # Save points row by row
74 # np.savetxt(’points.csv’,np.array([p0EM ,p1EM ,p2EM ,p3EM]))
75 # save the array also with points row by row, after converting the

↪→ list to np array
76 pGuides = np.asarray(pGuides)
77 pHololens = np.asarray(pHololens)
78 np.savetxt(’M31_pointArrays.csv’,pGuides)
79 np.savetxt(’M31_pointArraysHolo.csv’,pHololens)
80

81 # can also calculate the errors between the consecutive points , or
↪→ also just along x and y...

82 error = np.sqrt(np.power(pGuides[:,0]-pHololens[:,0],2)+ np.power(
↪→ pGuides[:,1]-pHololens[:,1],2)+np.power(pGuides[:,2]-
↪→ pHololens[:,2],2))

83 # plot results
84 #print(error)
85 np.savetxt(’M31_Error.csv’,error)
86 fig = plt.figure()
87 ax = fig.add_subplot(projection=’3d’)
88

89

90 # plot whole array
91 ax.scatter(pGuides[:,0],pGuides[:,1],pGuides[:,2])
92 ax.scatter(pHololens[:,0],pHololens[:,1],pHololens[:,2])
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93 # plot errors
94 figError = plt.figure()
95 plt.plot(error)
96 plt.show()
97

98 TRACKER.stop_tracking()
99 TRACKER.close()

100 print(’Exiting...’)

Python code to calculate a mean value inside any given .csv file

1 import csv
2

3 # Specify the path to your CSV file
4 csv_file_path = ’M34_Error.csv’
5

6 # Specify the column index (assuming it’s the first column , change
↪→ accordingly)

7 column_index = 0
8

9 # Read the CSV file and extract the values from the specified
↪→ column

10 values = []
11 with open(csv_file_path , ’r’) as file:
12 reader = csv.reader(file)
13 for row in reader:
14 try:
15 value = float(row[column_index])
16 values.append(value)
17 except (ValueError , IndexError):
18 # Handle cases where the value cannot be converted to

↪→ float or index is out of range
19 pass
20

21 # Calculate the mean
22 if values:
23 mean_value = sum(values) / len(values)
24 print(f’The mean of the values in the specified column is: {

↪→ mean_value}’)
25 else:
26 print(’No valid values found in the specified column.’)
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