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Objectives 

An essential consideration in orthognathic surgery is the accurate 

positioning of the bone segment at a planned location. For this, 3D virtual 

skeletal model-guided surgery systems based on optical tracking were 

developed, and have improved surgical outcomes. However, there are also 

disadvantages such as the line-of-sight problem and the massive structure of 

the visual marker of optical tracking, and a lack of sensory feedback. In this 

study to overcome these issues, an augmented reality (AR) surgical navigation 

system based on an electromagnetic (EM) tracking was developed.   
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Materials and Methods 

 Registration is the integral part of the accuracy of the surgical 

navigation system. For an accurate and simple workflow, a registration body 

complex (the dental splint, the registration body, and the AR plane marker) and 

a 3D depth camera were used. The improved registration process consisted of 

preoperative registration and immediate intraoperative registration. The 

preoperative registration connected the 3D model and physical spaces of the 

patient using the registration body complex before the surgery. The immediate 

intraoperative registration connected the AR camera and the physical space 

automatically by the depth camera. 

 An invasive bone fixed reference marker is currently used in 

orthognathic surgery as a gold standard. In this study, a 3D-printed non-

invasive reference marker was developed for a non-invasive AR surgical 

navigation system. The improved registration method made to maintain the 

accuracy since there were no manipulation errors overlapped because of the 

relative position of the reference marker recorded with respect to the base EM 

tracking tool just before the surgery.  

The 3D enhanced model was produced by fusing the CT model with 

the high-resolution scanned maxillary dentition and applying the designated 

surgical landmarks, which were six anatomical structures. This 3D enhanced 

model improved accuracy by providing the information with quantified and 

visualized data of the tracking surgical landmark coordinates in real-time. And 

an AR information supplied by the flat-panel display was currently tracked 
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maxilla model of the real patient, the maxilla model of the planned position, the 

skull image, the occlusal plane, and the vertical axis of the skull. 

The target registration error (TRE) was measured for accuracy 

evaluation of the improved registration method by applying an EM pointing 

tool to the target landmarks. The developed 3D-printed non-invasive reference 

marker and two types of bone fixed reference markers (reference marker in 

zygoma and on forehead) were used in the experiment.  

 For the evaluation of the intraoperative accuracy of developed AR 

surgical navigation and the fixability of 3D-printed non-invasive reference 

marker, 9 Le Fort I surgery (left lateral, right lateral, setback, advance, upward, 

downward, roll, pitch, yaw) was planned using a phantom which is a skull 

covered with soft facial tissue. The planned surgery was performed five times 

each, using AR surgical navigation system. 

 

Results 

The TRE of the 3D-printed non-invasive reference marker showed 

0.88 ± 0.43 mm, like the bone fixed marker (0.85 ± 0.39 mm for zygoma, 0.94 

± 0.44 mm for forehead) and ANOVA tests showed no significant difference 

between the three reference markers. Moreover, the Le Fort I surgical results of 

the 3D-printed non-invasive reference marker was 0.55 ± 0.14 mm, and there 

was no significant difference between the three reference markers; 3D-printed 

non-invasive, bone fixed in zygoma, and bone-fixed reference marker on the 

forehead.  
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This result showed that the system was developed with enough 

surgical accuracy, and a 3D-printed non-invasive reference marker also showed 

fixed enough that it was applicable without the resulting difference with the 

bone-fixed reference marker method used currently. 

 

Conclusion 

An AR surgical navigation system for orthognathic surgery was 

developed, which is based on the flat-panel display, the EM tracking system, 

and the 3D-printed non-invasive reference marker. In conclusion, the developed 

system displayed acceptable accuracy and was non-invasive to the patient. 
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INTRODUCTION 

 

 Image-guided surgery systems have been widely used in various 

medical disciplines.1 The advantages of these systems are increased accuracy, 

reduction in surgical complications, decreased intervention time,1,2 minimized 

risks, and improved surgical precision.3 Image-guided surgery systems are 

mostly used (16.7% of surgeries) in neurovascular surgery4 and are also 

commonly used in head and neck, general, and orthopedic surgeries.5-7 

Applying an image-guided navigation system in orthognathic surgery is 

beneficial for providing optimal functional and aesthetic results, patient 

satisfaction, and a precise translation of the treatment plan. The system also 

facilitates intraoperative manipulation more accurately than conventional 

orthognathic surgery, which uses 2D cephalometric analysis methods and 

plaster dental models that are mounted on an articulator.8 

 Due to the improvement in the quality of generated medical images, 

3D virtual skeletal model-guided surgery systems are increasingly being used 

in maxillofacial surgery. These systems produce 3D models by reconstructing 

CT datasets and are used as preoperative planning tools for navigation 

systems.9-12 The use of 3D model-guided surgery systems has made the 

assessment of facial deformities and the planning of reconstructive procedures 

easier.13,14 A real-time navigation system for orthognathic surgery was 
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developed as a result of various studies, with the objective of transferring the 

exact course of treatment that was established in the planning stage to the actual 

surgical field.15-19 The ultimate goal of this navigation system is to provide a 

virtual environment so that the user can feel “real” sensations. However, to 

overcome the lack of sensory feedback in accommodating perception views,20 

augmented reality (AR) emerged as an alternative, which worked by combining 

virtual objects with real-world images. 

AR uses a computer-generated graphic to virtualize the patient’s 

images on the surgeon’s real space. In an image-guided surgery system, the 

development of an AR platform could result in significant improvements, 

provide support to surgeons, and facilitate accurate knowledge of the patient's 

internal anatomy and pathology.21 AR for neurosurgery and orthopedics has 

already been used in minimally invasive procedures 22 and although it is being 

applied and developed on a large scale, it is still not widely applied in 

dentistry.23 In a systematic review of the literature on AR, Farronato et al.23 

reported that oral and maxillofacial surgery respectively included 21 studies, 

which are divided into 17 for maxillo-facial, 3 for implantology, and 1 for oral 

surgery. This system is widely applicative and compatible with various 

commercial or custom equipment. Video marker-based, template-based, and 

infrared or electromagnetic (EM) tracking methods allow applications to track 

multiple objects and register the acquired surgical scene, which improves the 



 

 3 

surgeon's perceptiveness and efficiency.24 Consequently, if rigid structures are 

the focus of attention, the acquired data almost perfectly represents the intra-

operative scenario, similar to performing conventional orthognathic surgery. 

AR systems are useful because they prevent the loss of data and time; the ease 

of this method was evaluated through an assessment questionnaire.25 

 The tracking system that used in currently most studied image-guided 

navigation system is an optical tracking system.26-35 However, this system is not 

currently used well in clinical trials30,36 due to the inherent limitations of the 

line-of-sight problem and a bulky structure of the visual marker.16,17 To 

overcome limitations, an EM tracking system was used.1 The small structure of 

the EM sensor enables its application in minimally invasive surgeries,1,30 where 

it does not cause the drawbacks as mentioned above. It is small and unrestricted 

for ease of use in handling in the operating field, such as bone repositioning.30 

Although this is a system that covers the shortcomings of the optical tracking 

system, it also has disadvantages; problems with accuracy and robustness, field 

distortion error, need for cables to connect sensors, expensive sensors and to 

reuse them is complicated, technical problems of EM tracking (e.g., no patients 

with pacemakers, no metal near the tracking system).30,36 Thus, continued 

research and development was carried out to develop an EM tracking system 

into a system applicable to clinicians.37,38 
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 The image-guided navigation system for orthognathic surgery uses the 

following components: reference marker, tracking marker, and tracking system. 

The registration process of the navigation system is used to match the image 

space (obtained from the CT data of the patient) with the physical space of the 

actual patient. After the registration, the reference marker becomes the standard 

coordinate. The body of the patient and the reference marker are fixed, while 

the movement of the reference marker is continuously tracked during the 

surgery. The movement of the patient’s head might be compensated because 

the reference marker would be able to link the CT image and the physical spaces 

with each other. The tracking system identifies and compares the coordinates 

of the reference marker and the tracking marker to visualize the relationship 

between their locations. 

The types of reference markers used are: bone-fixed markers with 

screws, skin-adhesive markers, anatomic landmarks, and oral splints.39 

Orthognathic surgery requires precision, and the highly accurate bone-fixed 

marker is usually used as a gold standard of the reference marker, with the 

screws being fixed in the zygoma30,36,40-42 and on the forehead.8,28,32,34,35,43,44 

However, these invasive bone-fixed reference markers might cause infection 

and scarring and may take a lot of time to attach and detach from the patient 

during the surgical procedure. However, non-invasive reference markers are 

known to have significant drawbacks, such as manipulation errors, unstable 
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patient fixation, and limited accuracy.45 Nevertheless, image-guided navigation 

systems for orthognathic surgery are gradually developing to include non-

invasive methods in the registration and tracking processes.46 

 In previous studies, an enhanced model-guided navigation system for 

orthognathic surgery was introduced, which used an invasive bone-fixed 

reference marker on the forehead based on an optical tracking.8,32,34 In this study, 

an improved AR navigation system for orthognathic surgery using the EM 

tracking system was developed, which employed a flat-panel display, an 

improved registration method, and 3D-printed non-invasive reference markers. 

The aim of this study was to evalutae the accuracy of a developed system. 
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LITERATURE REVIEW 

 

1. Augmented reality (AR) surgical navigation system  

 

1-1. Application of AR surgical navigation system in medicine 

AR is an immersive visual immersive system and is defined as “a 

technology that superimposes a computer-generated image on a user’s view of 

the real world, thus providing a composite view”.23 One of the most promising 

areas for applying AR is in medical sciences.47 During the last two decades, AR 

has gained immense popularity, but its use in the operating room is still under 

development and investigation.48 One difference between the keywords used in 

medical science vs. other AR fields is the omission of the word user, which 

indicates that the interfaces designed for medical AR were primarily focused 

on achieving higher precision and not on user experience.47 This difference is 

understandable as the users are highly trained professionals who need to learn 

to use new complex interfaces, and the precision of the interface is of utmost 

importance, as poor performance can be life-threatening.47 Several research 

groups presented the use of augmented reality technology in many surgical 

fields including orthopedics,49 neurosurgery,50 spinal surgery,51 minimally 

invasive surgery,52,53 hepatic surgery54 and maxillo-facial surgery21,23 due to the 

possibility to meet in a more manageable and precise way the surgical 

procedures.21 
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1-2. AR surgical navigation system in dentistry  

Several studies presented the use of AR in dentistry, including 

maxillofacial surgery,33,55-60 implantology,25,61-63 restorative dentistry,64,65 and 

orthodontics.66 Especially, maxillofacial surgery has excellent advantages in 

interventions carried on suitable medium-sized surgical areas. Moreover, the 

superposition of digital images is easier on bony structures with this 

technology.67  

 For maxilla repositioning (Le Fort I surgery), there are also the 

differences in assessment in the intraoperative position and the poor 

visualization of deep skeletal contours.21 Mischkowski et al.33 and Zinser et 

al.68 presented an AR surgical method consisting of a flat-panel display and an 

optical tracking system, which superimposed virtual models on the image of 

the patient's face for computer-assisted Le Fort I surgery. Badiali et al.68 showed 

the potential of this technique in surgical assistance by reproducing the Le Fort 

I surgery procedure in a phantom skull using "wearable augmented reality for 

medicine (WARM)", developed to use only the visible light without external 

infrared cameras or EM field generator. The use of AR gives the surgeon's 

perception of the ability to augment the virtual and real-time maxillary 

positions, effectively helps bone repositioning, making more comfortable and 

faster the performance of the surgical procedure.24,33,68 
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1-3. The tracking system of AR surgical navigation system 

AR was first described in the 1960s under the title of experience theater, 

which involved overlaying a physical room with digitized objects.48 Different 

instrument tracking systems have been proposed to enable the surgeons to infer 

the exact position of the instruments in the 3D world space.48 Earlier AR 

systems adopted conventional sensors like optical and EM devices to establish 

a correspondence between different objects and to track any movements.48 The 

first applications in the late 1990s utilized EM tracking systems to track 

movements and instruments.69-73 The problem with this technology is that any 

object with magnetic properties could affect the output of the system.48 So, in 

the 2000s, the trend has shifted towards optical tracking systems that are now 

regarded as the state-of-the-art in instrument tracks as well.48,57,74-83 These 

systems are highly accurate and are available in most of the operation rooms 

today because of their optimum performance.48,83  

 

1-4. Visualization device of AR surgical navigation system 

It is imperative to present instrument information using a user-friendly 

interface along with surgical planning and navigation data.48 AR systems can 

be classified into two types, based on the level of the sensation of being inside 

a particular environment: immersive (direct) and semi-immersive (indirect).48 
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Immersive AR refers to the systems in which the user visualizes the real 

environment directly, and additional information is projected over the 

environment.48 Whereas semi-immersive AR refers to the systems in which the 

user is partially disconnected from reality and cannot receive the proprioception 

information directly on his body.48 In the operating room, AR can theoretically 

be delivered through smart glasses or headset, half-silvered mirror, flat-panel 

display monitor, loud-speakers, gloves, joysticks, or co-manipulated robots, 

and so on.  

Numerous options have been explored for visualization of the AR 

output, such as traditional displays, wearable technology, see-through, and 

projection devices; however, no standard practice has been established for 

clinical practice.48 The most popular display in cranial base AR systems is the 

traditional surgical monitor.75,77,80,81,84-86 The conventional approach is to 

present the pointing tool on the three orthogonal planes of the preoperative 

data.69,72,74,77,87 However, it is difficult to manipulate the surgical instruments 

ergonomically for the surgeon. Innovations that display the instrument 

information on 3D display screens or augmented/virtual 3D environments will 

be highly beneficial and ease the task of the surgeon.48 The disadvantage of 

using traditional surgical monitors is that they do not provide any depth cue.48 

Alternatively, the instruments can be highlighted in different colors based on 

the distance between the planned position and the target structures.69,71,77,80 The 
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surgeons have to rely on color to infer the distance between the pointing tooltip 

and the target structure. Text-based information is often added to the display to 

facilitate the surgeons.88  

As a substitute to conventional traditional surgical monitor, 

visualization devices of AR surgical navigation system may be classified into 

three categories:  

(a) See-through projection systems using HMD (using smart glasses or a 

headset).25,56,63,68,72,73,89,90  

(b) Projection systems using a half-silvered mirror which guided surgery using 

a semi-transparent screen.59,91  

(c) Systems to project digital data onto a flat-panel monitor which guided 

surgery based on the transfer of digital data to a monitor display.33,64,65,92,93 

HMD is a device worn on the head that has a small display in front of 

the eyes. Some HMDs also have the ability to project images, allowing the user 

to see through them. HMDs used in surgery can superimpose computer-

generated virtual objects over real-time video.48 Most studies have found that 

wearable HMDs for surgery usually results in improved ergonomics compared 

to traditional procedures in which the surgeon is required to turn his or her head 

repeatedly to shift visual focus between the surgical field and the imaging 

monitor.92 HMDs allow surgeons to concentrate on the task at hand without 

having to turn their heads away from the surgical field constantly.94,95 In AR 
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systems, a half-silvered mirror projects a display similar to HMD, but it is not 

a wearable device. A flat-panel monitor (tablet) have also been utilized in 

different applications to display hidden structures that do not require large 

incisions in craniomaxillofacial procedures.33  

The drawbacks of these visualization devices of the AR surgical 

navigation system are collected in Table 1. Inattentional blindness refers to the 

failure of noticing a fully-visible, but unexpected, object because attention was 

engaged on another task, event, or object.96 The HMDs provide ergonomic 

benefits, such as direct visualization, as compared to visualization on surgical 

monitors; they have been shown to increase inattentional blindness, especially 

when an unexpected situation arises because they have the small size of the 

screen.81 One of the major problems that arise in many studies involves eye 

strain (asthenopia) associated with concentrating on a screen for prolonged 

periods.97 As with viewing of any sort of imaging monitor, prolonged usage can 

lead to visual discomfort (ocular fatigue, discomfort, lacrimation, and 

headaches arising from the use of eyes).98 This discomfort is a problem with 

not only wearable devices but also imaging devices in general, including 

medical imaging monitors that are traditionally used.99,100 If the operative field 

and the virtual objects are not projected on the same plane, eyes fail to 

accommodate such out-of-focus images, the focus problem is due to this 

reason.79 Latency is a lag in the display of the real and virtual information 
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cannot be tolerated in a surgical environment.79 Due to the low rendering speed 

of the system, displaying enriched information is not possible.48 Battery power 

is another drawback that must be addressed because of long operative times 

inherent to certain surgeries.98 For example, when used for streaming or 

broadcasting, the Google Glass battery life can be as little as 30–40 

minutes.95,101 The heavy and bulky devices are the reason that many surgeons 

are not comfortable wearing HMDs.79  

 

Table 1. The drawbacks of the visualization devices of the AR surgical 

navigation system. 

Drawback 
Head-mounted 

display 
Half-silvered 

mirror 
Flat-panel 

monitor 

Inattentional blindness O   

Eye strain (asthenopia) O O O 

Focus O O  

Latency O O  

Battery power O O  

Heavy and bulky devices O   

 

The HMDs, in general, have not been a popular choice among 

practitioners in clinical practice due to the many drawbacks. Although the HMD 

based system is the most classical use of AR in other various fields, flat-panel 

monitor based systems are considered the majority in dentistry.23 However, in 
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AR surgical navigation systems, the best option indeed is one where the virtual 

information is directly projected on the surgical site as it allows for direct 

visualization and improved ergonomics.48,102 And it is important to understand 

that virtual information reduces the visibility of the surgical site and 

consequently as it may reduce on-site visibility by obstructing important 

structures or lead to visual discomfort, displaying virtual objects during the 

entire surgical duration does not seem to be ergonomic.48 The efficiency of the 

system may improve if virtual structures are overlaid only when they are 

required and not throughout the procedure.77,80,103  

 

1-5. Accuracy evaluation of AR surgical navigation system in 

maxillofacial surgery 

Different factors contribute to the final accuracy and evaluation of the 

surgical navigation system:48  

(a) Fiducial registration error (FRE) depicts the difference between positions of 

fiducial points (often used for registration) in the preoperative images and 

their corresponding points on the patient coordinate system.  

(b) Fiducial localization error (FLE) is the distance between measured and 

actual positions of the fiducial points caused by discrepancies in the image 

and patient coordinate systems.  
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(c) Target registration error (TRE) defines the intraoperative distance between 

actual positions of target localization and their corresponding positions in the 

patient coordinate system. It is often regarded as the final accuracy of the 

system.  

(d) Overlay error (OE) is similar to TRE but defines the difference in an overlap 

of projected virtual information and their corresponding structures in 

physical space. It is usually measured from the boundary points of the 

projections.  

(e) Tool error (TE) is the error in the determination of the position and 

orientation of surgical instruments being used to carry out the procedure.  

All of the above parameters are essential characteristics of an AR 

system and necessary for evaluation. However, it is recommended that TRE 

should always be quoted as it encompasses different types of error into one and 

provides an excellent intuition to the expected overall accuracy.48 TRE is 

defined as the displacement of a specially chosen point (for example, an 

anatomical point, not the fiducial used for registration) in virtual space 

compared to physical space.104 AR surgical navigation systems that are 

commercially available have achieved target accuracies of around 1.5-2 mm.48 

However, recently researchers have realized that attaining surgical errors below 

1 mm is infeasible due to the physical limitations of the anatomy and system. 

Thus, maximum errors of 1.5-2 mm have been regarded as plausible.105,106  
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Most of the maximum TREs observed were less than 2 mm (Table 

2).102 These values are not different from those typically observed in navigation 

for maxillofacial surgery in humans.107 It is essential to mention that in a 

surgical application, results may differ significantly from those in laboratory 

conditions.48 It can be inferred that the accuracy almost drops by 45% when a 

shift is made from the laboratory to the operating room.80,86,88  

 

Table 2. The TRE values of AR surgical navigation system in maxillofacial 

surgery in previous studies (unit: mm). 

Study  TRE Max Min 

Wang et al. 2019108 0.42 0.71 0.24 

Wang et al. 201757 0.82 1.65 0.67 

Zhu et al. 2017109 0.95 2.00 0.55 

Zhu et al. 2016110 2.17 3.30 1.26 

Lin et al. 2016111 0.95 1.26 0.67 

Suenaga et al. 2015112 0.57 0.71 0.25 

Lin et al. 2015113 0.73 1.47 0.04 

Wang et al. 2014114 - 1.03 0.71 

Suenaga et al. 201359 0.77 1.34 0.45 

Mischkowski et al. 2006115 0.84 1.67 0.43 

Total   3.30 0.24 
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2. Electromagnetic (EM) tracking system 

 

 The tracking system initially used in the navigation system of 

maxillofacial surgery was an optical.8,26-35,116,117 The optical tracking navigation 

system has achieved widespread acceptance, and though manufacturers 

claimed reliability and accuracy.118 Basically, the optical tracking navigation 

system has an optical camera and visual marker, so is the structure of the camera 

tracks the marker. If interruption exists between camera and marker, it cannot 

be tracked with the following. In this reason, this system had drawbacks; the 

line-of-sight problem and a bulky visual marker.16,17,119-122 Therefore, the 

optical tracking system is not widely used.36  

 In the 1970s, the EM tracking navigation system was developed by an 

idea of sensor localization utilizing magnetic positioning.123 In general, the EM 

tracking navigation system is composed of a magnetic sensor, field generator, 

and tracking system. The magnetic sensor is a thin pin-type sensor that is 0.5 

mm to 1 mm long and has an "implantable" structure anywhere. The small 

structure of the magnetic sensor enables its application in minimally invasive 

surgeries in the area of percutaneous factors, catheter applications, and 

endoscopic applications.1,30 The field generator type is divided into standard, 

flat, mobile, and long-range, which is smaller than the optical tracking 

navigation system but provides sufficient working volume to perform 

orthognathic surgery.30 The commercial systems currently most used are 
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Aurora of Northern Digital Inc. (NDI, Waterloo, Ontario, Canada), EM 

tracking system based on a dc-driven magnetic field of Ascension Technology 

(Burlington, VT, USA), ac-driven EM tracking devices of Polhemus 

(Colchester, VT, USA), and so on.30 As such, the EM tracking navigation 

system uses a small magnetic sensor and a magnetic field, so it does not cause 

the drawbacks mentioned above. In other words, the electronic tracking 

navigation system eliminates shortcomings in the optical tracking navigation 

system, and it might hold the sensor in the desired position during image-guided 

orthognathic surgery. 

 EM tracking navigation system has a few drawbacks. The most 

representative one is field distributed error. This error is the phenomenon where 

the magnetic fields are interfered by ferromagnetic materials and other fields in 

the surrounding area, and this is an error caused by the development of the 

magnetic field detachment by other ferromagnetic objects, such as medical 

diagnostic devices like CT or MRI scanners, or various metrological objects 

used during surgery.1,30,36,124,125 This error results in a problem in the accuracy 

and robustness of the EM tracking navigation system. Another drawback is that 

instead of being free from line-of-sight problems, the EM sensor is connected 

by a cable to the tracking system. For this reason, there is an increase in 

entrapment and surgical time and efficiencies in the process, such as 

osteotomies and bone removals when used in orthognathic surgery, and in 
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severe cases, it is uncomfortable to break down with iatrogenic factors.1,41,44 

Since the EM tracking system is a method that offers no line-of-sight 

problem,119 research on this topic has continued for many years and has resulted 

in the development of technology and improvements in the software design 

(e.g., reduction of the sensor size, increased accuracy).37,38,40 Thus, EM tracking 

has become suitable for use in the navigation systems of orthognathic surgery.40 

 On the accuracy side, NDI Aurora and Polhemus Fasttrack have much 

lower distribution errors.126,127 Studies compared to the optical tracking system 

showed similar accuracy with EM tracking system.128-131 In many papers, EM 

system accuracy is reported to be less than 1 mm,1,30,58,132,133 resistance 

deviation, measured by setting up phantom skull in operating room condition, 

also showed high accuracy and perfected stand results similar to that of the 

optical tracking system.30,43 Berger et al. concluded that even when applying 

the EM tracking system to Le Fort I surgery conducted using a phantom skull, 

the results were sufficiently successful.36 On the field distortion error side, the 

NDI Aurora was able to track closer to all the test distorter types.129 Small 

metallic objects of the same degree as the dental bracket or stainless steel wire 

in the application of orthognathic surgery do not affect the accuracy of 

NDI.30,43,134 Large metallic objects, such as the langenbeck retractor, may affect 

accuracy, however in actual clinical applications, the tracking system able to be 

performed with removal in advance, and in case of this, the EM error detection 
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option may provide automatic intraoperative real-time warning, which helps to 

detect severe interference in advance to compensate for the error.1,134-136 As 

such, the current EM tracking system has developed into a system that is very 

suitable for use in orthognathic surgery.41,122 And most of the surgeons were 

convinced that the system allowed increased accuracy in maxillary 

positioning.43 

 The EM tracking navigation system, which shows the acceptable 

accuracy, is being used and developed in two significant ways within the 

orthognathic surgery; the system used for mandibular proximal segment 

repositioning to reduce positional displacements of the condyle through 

orthognathic surgery,41,42,44 and the system that increases accuracy of maxillary 

or mandibular position by applying it directly to orthognathic surgery.36,43,136 In 

the previous study, an EM system based surgical method that provided real-

time 3D enhanced model-guide was developed, and the 3D condyle-fossa 

positional relationship was made more accurate.44  
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3. Non-invasive reference marker 

 The development of a non-invasive surgical method is the aim of 

computer-aided surgery.46 In the image-guided navigation system, there are 

several markers must be very rigidly fixed to the patient for improved 

accuracies, such as the fiducial marker used during registration, reference 

marker to achieve the rigid body with the patient during navigation, and 

tracking marker. Several methods have been developed, including skin-

adhesive markers, anatomic landmarks, oral splints, and laser scans to non-

invasively apply this system,39 however, the use of these methods was found to 

affect the TRE negatively.137-141 In particular, since the early 2000s, many 

studies have been conducted to measure and compare the invasive bone fixed 

markers and TREs by applying skin-adhesive markers as a reference marker, 

but as a result, the skin-adhesive method shows much larger TRE values than 

the invasive bone-fixed method and is reported to be unsuitable for clinical 

applications.45,137,140,142-146 The reasons for such low accuracy were user 

manipulation errors, swelling due to patient sedation, unstable patient fixation, 

suboptimal registration of the fiducial marker configuration, and tracked tool 

calibration errors.147-151 Thus, the reference marker of the surgical navigation 

system that employs the bone-fixed screw is still used as the gold standard,143-

146 and the overall negative positions of the skin-adhesive marker is expressed.36
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4. 3D printing in dentistry 

 

 Due to the steady development of the process and material of 3D 

printing technology, many 3D-printed models are applied to the image-guided 

navigation system. It is incorporated into a variety of medical fields 

(traumatology, orthopedics, neurosurgery, implant dentistry, plastic surgeries, 

craniomaxillofacial surgeries) and is designed to increase the precision of 

surgery.152 3D-printed model is made of phantoms or models and used for 

treatment planning, simulation (rehearsal) of surgery,153-155 and make implant, 

and bone graft which used in reconstruction and used in combination with 

navigation or radiation,3,156-158 and the positioning guides are manufactured and 

used for surgery,159-162 also used for doctor-patient communication. As such, 

3D-printed patient-specific models can be used in a variety of ways, including 

treatment planning, intraoperative procedure, postoperative evaluation, which 

is a benefit of optimal functional and aesthetic results, patient satisfaction, and 

precise translation of the treatment plan.163 Like this medical trend, 3D printer 

is used in orthognathic surgery to manufacturing occlusal splints,164-167 

osteotomy/cutting guides and repositioning guides,33,113,168-170 spacers,171 

fixation plates/implants,172-175 and 3D-printed models.176-179 
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MATERIALS AND METHODS 

 

1. Acquisition of CT data and 3D dentition scan, and 

experimental setup  

 

 A phantom, which is a skull covered with soft facial tissue (Sawbones, 

Pacific Research Laboratories Inc., Vashon, WA, USA), was used to evaluate 

the developed AR surgical navigation system for orthognathic surgery (Fig. 1). 

The CT data of the phantom was obtained with 0.75 mm slice thickness under 

120 kVp, 80 mAs using MDCT (SOMATOM Sensation 10, Siemens, Munich, 

Germany). The phantom was occluded with a dental splint attached to a 

registration body before CT imaging. The dental splint was manufactured using 

an orthodontic self-curing acrylic resin (Ortho-Jet, Lang Dental Manufacturing 

Co, Wheeling, IL). The registration body with fiducial holes of ceramic spheres 

(1 mm in diameter) was attached to the splint with a Lego block (LEGO Group, 

Billund, Denmark) for registration. The surface models of the skull phantom 

were generated by applying the marching cube algorithm to the CT image data.  

 The maxillary plaster casts of the phantom were scanned optically 

using a scanner (Maestro 3D, Maestro, Pisa, Italy) to obtain a high-resolution 

model of the maxillary dentition.180-182 The scanned dentition models were 

fused with the CT surface model by registration using an ICP algorithm.44 
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Furthermore, the virtual skeletal models were produced by cutting according to 

the plane used in the actual surgery. The 3D enhanced model was generated by 

added six surgical landmarks (upper right first molar, upper right canine, upper 

right incisors, upper left incisors, upper left canine, upper left first molar) to the 

virtual skeletal model. The surgical landmarks are an anatomical structure 

(tooth) that can be checked directly during surgery, and it is a significant 

indicator that constructs an occlusal plane when solving facial asymmetries. 

The skull phantom was connected to an operating table by using a ball-

socket joint for simulating free movements of the phantom’s head during 

surgery (Fig. 1). The flat-panel display monitor (QCT130, G One Inc., Seoul, 

Korea) equipped with a depth camera (Realsense, Intel, California, USA) at its 

back was positioned between the surgeon and the phantom by using a 

supporting arm (Fig. 1). The camera could measure 3D coordinates of objects 

with a resolution of 1280x720 pixels at a rate of 30 fps. The display provided 

the surgeon with visualized and quantitative information of the AR 

simultaneously during surgery. An EM tracking system (Aurora, Northern 

Digital Inc., Waterloo, Canada) and miniaturized EM tools (sensor) were used 

to track the 3D position of the maxillary bone segment (MBS) in the physical 

space (Fig. 1).  
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Figure 1. The operating table was designed to connect the ball socket joint (by 

the white arrow) between the phantom and the operating table, so that the head 

might move freely like a real patient during actual surgery. The AR flat-panel 

display monitor equipped with a depth camera (by the yellow arrow) was 

positioned between the operator and the phantom by using a supporting arm. 

The EM tracking system (by the red arrow) was installed about 10 cm apart at 

the bedside of the phantom. 
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2. 3D-printed non-invasive reference marker and EM 

tracking tool of separable frame 

 

The 3D-printed non-invasive reference marker base for installing the 

EM tracking tool (sensor) was fabricated by 3D printing. The position of the 

reference marker base was selected flexural and rigid support, located beside 

the taboo region,140 such as the eyelid or tip of the nose. From the metrological 

study of the face (Anthropometry),183-187 a T-shaped base was designed 

containing part of the eyebrow, glabella, and nasal bone, which showed no 

interference with nasotracheal intubation and the minimal effect by the head 

movement during surgery, where the facial skin was thin and less affected by 

swelling (Fig. 2). A patient-specific reference marker base was made to 

combine this T-shaped base with the CT image of the patient and created using 

the stereolithography 3D printer (Fabpro 1000, South Carolina, USA) at 65-

μm resolution. This 3D-printed non-invasive reference marker was rigidly 

attached to the patient’s skin by using a surgical tape (3M Micropore Surgical 

Tape, 3M, Minnesota, USA) non-invasively while the bone-fixed reference 

marker was fixed on the patient’s skull with a bone screw invasively.  
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Figure 2. The design of the 3D-printed non-invasive reference marker based 

on anthropometry. T-shaped base contained a part of the eyebrow, glabella, and 

nasal bone (a). A patient-specific reference marker base was made to combine 

this T-shaped base with the CT image of the patient and created using the 

stereolithography 3D printer (b). 

 

 The separable frame was attached to the 3D-printed reference marker 

base, which was manufactured by 3D printing (Fabpro 1000, South Carolina, 

USA) (Fig. 3).44 The frame consisted of two separable parts: one part (20 x 6 x 

5 mm) fixed the frame itself to the reference marker base or the bone; the other 

part (12 x 6 x 6 mm) was used to insert or detach the EM tracking tool. 

Complementary shapes meant that the tracking tool could be combined in only 

one position and orientation.44 As a result, the EM tracking tool and the 

reference marker base were always combined in the same geometrical 

relationship in attaching and repeatedly detaching during surgery.  
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Figure 3. The separable frame for installing the EM tracking tool on the 

reference marker base (a) consists of two separable parts (b). Complementary 

shapes of parts mean that the tracking tool (EM sensor) could be combined in 

the same geometrical position. 

 

 

3. Improved registrations using the registration body 

complex and 3D depth camera 

 

The two registrations between the physical (EM tracking) and the CT 

image spaces and between the physical (EM tracking) and the AR camera 

spaces were performed preoperatively entirely using the registration body 

complex and 3D depth camera, which greatly simplified the workflow for the 

AR-assisted orthognathic surgery. The registration body complex consisted of 

the dental splint, the registration body, and the AR plane marker (Fig. 4, 5). 

The dental splint was made from orthodontic self-curing acrylic resin. 
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The handle was made at the front of the dental splint, and the Lego blocks were 

placed on the top and the bottom of it. The dental splint would have three 

functions: connected the tracking EM sensor in the location, connected the 

registration body and the AR plane marker for registration, and was used to 

adjust the final occlusion as used in the conventional surgery.  

The registration body is a symmetrical resin arch (Fig. 4) and 

embedded 22 ceramic spheres (1 mm in diameter) and six of these were selected 

to use as fiducial markers for registration. The registration body was made wide 

enough to include the upper and lower dentitions. At the bottom of the 

registration body, a Lego block (Lego Group, Billund, Denmark) was attached 

so that the registration body could be attached to the dental splint in the same 

positional relationship.44  

 

 

Figure 4. The registration body which is in the form of embedded 22 ceramic 

spheres and wide enough to include the dentitions. Six of these spheres (by 

arrows) were selected as fiducials for registration.   
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 The AR plane marker with 55-mm edges is a plate form with a camera-

recognizable marker tag and has four holes that can digitize the four vertex 

points of the marker tag accurately (Fig. 5). 

 

 

Figure 5. The AR plane marker is a plate form with a camera-recognizable 

marker tag. It has four holes on the vertex points of the marker tag that can be 

digitized. Point-to-point registration allowed it to connect the physical spaces 

of the actual patient and the AR camera spaces. 

 

The AR registration and visualization were implemented using 2D and 

3D information provided by the 3D depth camera. The intrinsic parameters of 

the camera were calibrated using a calibrator of MATLAB (MathWorks, 

Massachusetts, USA) and a checkerboard. The 3D virtual objects were 

superimposed on the real patient image by the camera using VTK 

(Visualization Toolkit, Kitware Inc., New York, USA) in real-time. The 3D 

coordinates of objects were reconstructed from the 2D pixel position of image 

coordinates by applying a pin-hole camera model using the camera SDK. 
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 First, the registration between the physical and the CT image spaces 

was performed by point-to-point matching using the fiducial markers on the 

registration body (Fig. 6(a)). The physical positions of the fiducial markers on 

the registration body were measured with respect to the base EM tracking tool 

by applying an EM pointing tool. Aa a result, the affine transformation was 

determined by the registration between the patient's physical and the CT image 

spaces (𝑀𝑟𝑒𝑔1  in Equation (2)).8,34,44 These procedures could be performed 

before the surgery.  

 

 

Figure 6. The preoperative registration was performed by measuring the 

position of the ceramic spheres on the registration body (a) and the four holes 

of the vertex points on the AR plane marker (b). The relative positions were 

recorded with respect to the base EM tracking tool by applying a pointing tool. 
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Second, the registration between the physical and the AR camera 

spaces was also performed by point-to-point matching using the four 

rectangular vertices on the AR plane marker. The physical positions of the four 

holes of vertex points on the AR plane marker were measured and recorded 

with respect to the base EM tracking tool by applying an EM pointing tool (Fig. 

6(b)). The above procedure could be performed before surgery in a laboratory. 

In the operation room, the image of the marker tag was obtained by the depth 

camera and with this 2D coordinates and the Z coordinate value of the AR plane 

marker automatically recognized, the 3D coordinates of the AR plane marker 

in AR camera spaces are extracted using the following (Equation 1): 

 

         (1) 

Υ: scaling factor; f: focal length; c: principal point 

 x, y: 2D coordinates of the vertex point of marker tag from camera 

 Z: z coordinate of the vertex point of marker tag from the depth map 

X, Y: 3D coordinates of the vertex point of marker tag by calculated 

 

 Moreover, point-to-point registration between the 3D coordinates 

extracted from the camera and EM tracking system was performed. (Fig. 7) 
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Figure 7. The immediate intraoperative registration in an operating room with 

the AR plane marker. The splint with the AR plane marker and the base EM 

tracking tool was attached to the patient. Only when the camera obtained the 

image of the AR plane marker, the registration was automatically completed. 

 

 The registration between the physical spaces using EM tracking and 

the AR camera spaces was determined immediately when the 3D coordinate of 

vertex points of the AR marker was determined automatically by the AR depth 

camera (𝑀𝑟𝑒𝑔2 in Equation (2)).  
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4. Free hand AR surgical navigation system using 

quantitative visualization 

 When the AR plane marker was combined with the splint and the base 

EM tracking tool at the patient’s dentition, the intraoperative registration 

between the physical and the AR camera spaces was also completed 

immediately by using the preoperative recording of the physical positions of 

the four marker vertices. Then, the AR plane marker was removed from the 

splint, and the bone segment could be tracked using only the EM tracking tool 

without the AR plane marker in the following AR visualization. The AR plane 

marker caused a line-of-sight obstruction intraoperatively in the same way as 

an optical tracking marker, which was solved by using only an EM tracking tool 

in this study. 

 Before starting the surgery, an EM reference marker was fixed to the 

patient's skull to exclude errors caused by the movements of the patient’s head 

during surgery. When the splint with the base EM tracking tool was attached at 

the patient’s dentition, the intraoperative registration between the physical and 

the CT image spaces was completed immediately by using the preoperative 

registration result.8,44 Then, the relative position of the reference marker 

(𝑇𝑟𝑒𝑓_0𝑖𝑛𝑖𝑡
 in Equation (2)) at the patient's skull was recorded with respect to the 

base EM tracking tool (𝑇𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑖𝑡
 in Equation (2)) so that the reference marker 

could be used as a reference point in the following tracking (Equation 2). 
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𝑇𝑡𝑟𝑎𝑐𝑘_𝑐𝑎𝑚𝑒𝑟𝑎 = 𝑀𝑟𝑒𝑔2𝑀𝑟𝑒𝑔1 (𝑇𝑟𝑒𝑓_0𝑖𝑛𝑖𝑡

−1 𝑇𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑖𝑡
)

−1
 𝑇𝑟𝑒𝑓𝑐𝑢𝑟𝑟

−1 𝑇𝑡𝑟𝑎𝑐𝑘𝑐𝑢𝑟𝑟
 (2) 

 

𝑇𝑡𝑟𝑎𝑐𝑘_𝑐𝑎𝑚𝑒𝑟𝑎: the current position of the maxilla segment in AR camera  

space 

𝑇𝑟𝑒𝑓_𝑖𝑛𝑖𝑡: the initial position of the reference marker in physical space 

𝑇𝑡𝑟𝑎𝑐𝑘_𝑖𝑛𝑖𝑡: the initial position of the tracking marker in physical space 

𝑇𝑟𝑒𝑓_𝑐𝑢𝑟𝑟: the current position of the reference marker in physical space 

𝑇𝑡𝑟𝑎𝑐𝑘_𝑐𝑢𝑟𝑟: the current position of the tracking marker in physical space 

 

 The overall procedure for AR surgical navigation for Le Fort I surgery 

was as followed (Fig. 8). (1) The intraoperative preparation was completed 

immediately using the registration body complex and software processing. (2) 

Le Fort I osteotomy was performed on the patient after removing the splint from 

the patient’s dentition and the tracking tool of reference marker. (3) After 

osteotomy, the patient was recombined with the splint and the tracking tool of 

reference marker, and the corporate maxillary bone segment (MBS) and the 

reference marker were tracked by the EM tracking system (Equation (2)). The 

tracking tool could be separated from and recombined with the reference 

marker base repeatedly. (4) The movement of the intraoperative MBS was 

visualized on the AR display monitor by superimposition on the patient’s image 

continuously in real-time while the MBS was handled freely by a surgeon for 

repositioning. 
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Figure 8. The whole procedure for the real-time AR surgical navigation system 

developed for Le Fort I surgery. 

  



 

 36 

 

 During repositioning, the intraoperative MBS model was visualized 

on the monitoring screen with respect to the goal MBS model simulated by the 

planning. The current model was expressed in a different color from the goal 

model. Also, the position of the selected surgical landmarks on the MBS model 

was calculated in the same way during repositioning because the models and 

the surgical landmarks comprised one rigid body. The current surgical landmark 

positions were also visualized on the MBS model during repositioning. That is, 

the positions of the multiple surgical landmarks of interest could be traced 

simultaneously during repositioning. Because the goal positions of the surgical 

landmarks had also been determined in advance, the deviation errors between 

the current and the planned positions of the landmarks could be calculated 

during repositioning. The 3D difference of the surgical landmarks was 

visualized numerically, which represented the quantified deviation error to the 

surgeon directly without applying a pointing tool to the patient during AR-

assisted navigation surgery (Fig. 9). When a surgeon decided that the MBS had 

reached the final goal position and no more adjustment was required, the MBS 

was fixed to the skull and the deviation error between the present and the goal 

positions of the surgical landmarks was saved. 
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Figure 9. The tracking tool part of the reference marker base was reinstalled, 

and the splint-with-the EM tracking marker was attached to the patient to check 

the movement of maxillary bone segment. In this state, the location information 

for the maxillary bone segment was provided quantitatively and visually on AR 

flat-panel display. The coordinate deviations of the surgical landmarks between 

the planned and tracking positions were shown on the right side of the AR 

display. 
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5. Accuracy evaluation of AR surgical navigation system 

 

5-1. Evaluation of registration accuracy of the AR surgical 

navigation system: target registration error (TRE) 

 To measure TRE, ten ceramic spheres were located on the phantom to 

use as anatomical target landmarks, which were at the pogonion, and the apical 

region of the bilateral upper canine, the bilateral lower canine, between the 

upper second premolar and the first molar, between the upper incisors, and 

between the lower second premolar and first molar (Fig. 10(a)). After 

registration using the registration body, an EM pointing tool was applied to the 

anatomical target landmarks directly (Fig. 10(b)), which were performed five 

times. The TRE was calculated by the root mean square (RMS) distance 

between actual and measured positions of the target landmarks.  
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Figure 10. Ten ceramic spheres which are at the pogonion, and the apical 

region of the bilateral upper canine, the bilateral lower canine, between the 

upper second premolar and the first molar, between the upper incisors, and 

between the lower second premolar and first molar were used as anatomical 

target landmarks (a) to evaluate the target registration error values of the AR 

surgical navigation system. The coordinates of these target landmarks were 

obtained by applying an EM pointing tool (b). 
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 Three reference markers were prepared to compare the accuracy of the 

3D-printed non-invasive reference marker developed in this study and the other 

markers. The 3D-printed skin-attached non-invasive reference marker (NRM) 

that was manufactured (Fig. 11(a)), the reference marker that was fixed directly 

over the zygoma with bone screws (BRM_Z) (Fig. 11(b)), and the reference 

marker that was placed on the forehead with bone screws (BRM_F) (Fig. 11(c)) 

was placed on the phantom.  

 

 

 

Figure 11. Three reference markers were used: (a) Developed 3D-printed 

patient-specific, non-invasive and skin-attached reference marker (NRM) for 

non-invasive approach, (b) invasive bone fixed reference marker in zygoma 

(BRM_Z) in a conventional method, (c) invasive bone fixed reference marker 

on forehead (BRM_F) in a conventional method. 
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5-2. Analysis of the accuracy of AR surgical navigation and the 

fixability of the 3D-printed non-invasive reference marker by 

performing Le Fort I surgery 

 

Using a method developed previously, the planning simulation of the 

Le Fort I surgery was performed by applying the desired amount of 

displacement to the planning surgical landmarks which be selected directly on 

the teeth of the virtual maxillary model (Fig. 12).8,44 The MBS model in 

planning software was set the coordinate system by contact point between the 

maxillary incisors, upper right first molar and canine, upper left canine and first 

molar, and PNS as the reference point. After finishing the surgical planning 

using the virtual maxillary model, the resulting displacements were applied to 

the virtual maxillary model to simulate the final postoperative position. To 

simulate the final postoperative positions of the landmarks, six surgical 

landmarks on the teeth (the right first molar, right canine, right incisor, left 

incisor, left canine, and left first molar) of the maxillary model was selected, 

and the same displacements resulting from the planning was also applied to 

those landmarks. During AR-assisted surgery, the deviation error between 

surgical landmark positions on the intraoperative was visualized, and the 

maxillary models were simulated quantitatively.  
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Figure 12. The surgical planning software using the 3D virtual skeletal 

enhanced model. (a) Pre-planned 3D enhanced model, (b) 3D enhanced model 

that moved the maxilla segment as planned (3 mm downward). 

 

 

 

 

To evaluate the accuracy of the Le fort I surgery, a total of nine 

repositions of the maxillary bone segment were simulated by planning (Fig. 9). 

The bone segment was repositioned linearly by six translational movements of 

+3 mm and -3 mm in x-, y-, and z-axes directions respectively, which were in 

left lateral, right lateral, setback, advance, upward, and downward directions in 

the phantom’s CT image space. The bone segment was also repositioned 

angularly by three rotational movements of 3 mm, which were roll (pivot the  
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right first molar 3-mm downward from left canine which is a central point), 

pitch (pivot the incisal contact point of central incisors 3-mm downward from 

PNS), yaw (pivot the incisal contact point of central incisors 3-mm right shift 

from PNS) orientations. BRM_Z and BRM_F were also set for comparison 

with the 3D-printed non-invasive reference marker (NRM). NRM was set as 

the gold standard that was used as the reference marker for the Le Fort I surgery 

of the phantom. 

In order to simulate the condition of an actual surgery, the phantom 

skull was moved at various orientations by using the ball-socket joint after 

removing the splint with the EM tracking tool and the tracking tool of the 

reference marker during the Le fort I osteotomy. Then, the MBS was 

repositioned to the goal position after reattaching the splint and the tracking 

tool of the reference marker. The final postoperative positions of surgical 

landmarks were recorded automatically after fixing MBS. Each repositioning 

surgery was performed five times. The RMS and the absolute differences 

between the planned and postoperative positions at six landmarks on the 

maxillary teeth were calculated. The coordinates of surgical landmarks based 

on BRM_Z and BRM_F, which were not displayed on the screen during the 

operation, were also saved at the same time by tracking.  
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5-3. Statistical Analysis 

 

For errors in the x, y, and z directions of the results, the RMS deviation 

was calculated to obtain the TRE value and between the planned position and 

the postoperative position. (Equation 3) 

 

√(𝑥 − 𝑥0)2 +  (𝑦 − 𝑦
0
)

2
+ (𝑧 − 𝑧0)2          (3) 

(x, y, z): final position of target landmark 

 (x0, y0, z0): planned position of target landmark 

 

Through the mean value of this deviation, the accuracy of the system 

was determined. The results between the three reference markers were tested 

for significance through ANOVA with the confidence of p < 0.05. 
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RESULTS 

 

 In this study, skull phantom was used to measure the TRE to evaluate 

the accuracy of the AR surgical navigation system with the 3D-printed non-

invasive reference marker, and compared to the reference marker (be fixed in 

zygoma, and on forehead with bone screw) initially used. The TRE values 

showed that NRM was 0.88 ± 0.43, BRM_Z was 0.85 ± 0.39, and BRM_F was 

0.94 ± 0.44 mm. Moreover, no significant difference was found between the 

three reference markers (p > 0.05). 

 

 

Table 3. Comparison of TRE measurement between the three reference markers; 

3D-printed non-invasive skin-attached, invasive bone-fixed reference marker 

in the zygoma, and invasive bone-fixed reference marker on the forehead. 

 

 
NRM (mm) BRM_Z (mm) BRM_F (mm) P-value

†
 

X 0.38 ± 0.34 0.39 ± 0.31 0.49 ± 0.39 
 

Y 0.31 ± 0.27 0.25 ± 0.23 0.30 ± 0.29 
 

Z 0.62 ± 0.41 0.60 ± 0.42 0.59 ± 0.44 
 

RMS 0.88 ± 0.43 0.85 ± 0.39 0.94 ± 0.44 0.449 

 

NRM: skin-attached non-invasive reference marker 

BRM_Z: invasive bone-fixed reference marker in the zygoma 

BRM_F: invasive bone-fixed reference marker on the forehead 
†
P-value was calculated using One-way ANOVA.  
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The experiment of performing the Le Fort I surgery on the phantom 

using the developed AR surgical navigation system was conducted with a 3D-

printed non-invasive reference marker as a gold standard. The virtual surgery 

planning was performed by the planning software (Fig. 12). When the AR 

surgical navigation system was performed in the operation stage, the 3D 

enhanced model-guided navigation monitor displayed quantified data and 

visualized form for the location information of segmentation (Fig. 13). 

Quantified data showed the difference between planned and current position of 

surgical landmark 1-6 (upper right first molar, upper right canine, upper right 

incisor, upper left incisor, upper left canine, upper left first molar) in the maxilla 

segment, and visualized form was developed so that three orthogonal planes 

(frontal, left horizontal, and transversal view) of real-time 3D enhanced model 

display could be printed on the monitor. The current position of the segment 

was indicated by grey color and the planned position by red color. When this 

position was matched, the two colors are merged and became a blur of pink 

color. In surgical landmark 1-6, the current position was displayed in sky blue 

dots and the planned position in red on display. When this position was matched, 

the color of the surgical landmark was shown as blue. 
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Figure 13. The monitor of the 3D enhanced model-guided navigation system 

displayed quantified data and visualized form. Quantified data showed the 

difference between the planned and current position of surgical landmarks 1-6. 

In visualized form, the current position of the maxilla segment was indicated 

by grey color, and the planned position was indicated by red color; displays 

before surgery (a), and after surgery (b). 

  



 

 48 

 

The AR flat-panel display provided information by overlapping the 

virtual object above the real-time camera image (Fig. 14). By default, the 

maxilla model and the surgical landmarks of the 3D enhanced model visualized 

on the monitor. The model that was currently tracking was set to sky blue, and 

the model moved to a planned position was set to red. The occlusal plane was 

generated using the upper bilateral incisors, canines, and first molars to provide 

the information about canting correction to the surgeon. Moreover, the skull 

(green) and a vertical axis of the skull also visualized on the screen. All 

provided virtual objects were able to turn on or off according to the necessities 

of the surgeon, and the transparency was able to adjust. Also, for the surgery 

convenience, on the right side of the flat-panel display, the coordinate 

deviations of the surgical landmarks were provided quantitatively. 

 

RMS results from each reference marker for surgery in nine directions 

were shown in Table 4. The total positional shift of the surgical results was 0.55 

± 0.14 mm, and no significant difference was found between the three reference 

markers; 3D-printed non-invasive reference marker, bone fixed reference 

marker in zygoma, bone-fixed reference marker in forehead (p > 0.05) (Table 

5).  
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Figure 14. The flat-panel display provided the information by overlapping the 

virtual object the real-time AR camera image. All provided virtual objects were 

able to turn on or off according to the necessities of the surgeon, and the 

transparency was able to adjust. This image displayed the information of 

planned (red) and tracking position (sky-blue) of the maxillary bone segment, 

and the skull (green) with high transparency, and the six surgical landmarks of 

the 3D maxillary model (a). The occlusal plane and the vertical axis of the skull 

also visualized on the screen with low transparency (b). 
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Table 4. The difference in the x-, y-, and z-axes and RMS deviations between 

the planned and final postoperative position measured by the coordinate value 

of six surgical landmarks after nine orthognathic surgeries using AR surgical 

navigation system with 3D-printed non-invasive reference marker (unit: mm). 

 

Types of surgeries x y z RMS 

Left lateral (3mm) 0.22 ± 0.13 0.34 ± 0.11 0.26 ± 0.08 0.55 ± 0.23 

Right lateral (3mm) 0.18 ± 0.08 0.45 ± 0.13 0.24 ± 0.16 0.62 ± 0.12 

Setback (3mm) 0.22 ± 0.05 0.46 ± 0.11 0.28 ± 0.05 0.60 ± 0.10 

Advance (3mm) 0.15 ± 0.07 0.25 ± 0.17 0.46 ± 0.17 0.60 ± 0.09 

Upward (3mm) 0.13 ± 0.09 0.29 ± 0.10 0.38 ± 0.21 0.54 ± 0.12 

Downward (3mm) 0.29 ± 0.14 0.27 ± 0.10 0.20 ± 0.07 0.50 ± 0.14 

Roll (3mm) 0.20 ± 0.15 0.28 ± 0.17 0.18 ± 0.12 0.46 ± 0.08 

Pitch (3mm) 0.18 ± 0.11 0.52 ± 0.16 0.16 ± 0.05 0.61 ± 0.16 

Yaw (3mm) 0.26 ± 0.11 0.19 ± 0.13 0.35 ± 0.11 0.51 ± 0.19 

 
0.20 ± 0.10 0.34 ± 0.13 0.29 ± 0.11 0.55 ± 0.14 
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Table 5. Comparison of RMS deviation between each reference marker; 3D-

printed non-invasive skin-attached, invasive bone-fixed reference marker in the 

zygoma, and invasive bone-fixed reference marker on the forehead. 

 

 
NRM BRM_Z BRM_F P-value

†
 

RMS (mm) 0.55 ± 0.14 0.54 ± 0.16 0.60 ± 0.16 0.08 

 

NRM: skin-attached non-invasive reference marker 

BRM_Z: invasive bone-fixed reference marker in the zygoma 

BRM_F: invasive bone-fixed reference marker on the forehead 
†
P-value was calculated using One-way ANOVA.  
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DISCUSSION 

 

 The use of navigation technologies provided substantial improvement 

regarding the safety, aesthetic, and functional aspects in surgical procedures, 

such as dental implantology, arthroscopy of the temporomandibular joint, 

osteotomies, and distraction osteogenesis.188 The image-guided systems for 

orthognathic surgery also facilitate increased reliability, flexibility, accuracy, 

and compatibility.189,190 The imaging modalities and software have been 

improved so that the 3D virtual skeletal model-guided surgery system can be 

widely used to improve surgical outcomes. This model is manufactured by 

fusing the 3D representation of a CT dataset with an artifact-free high-

resolution model of the dentitions,180-182 using which the applied model is able 

to include accurate information of the dental surface.180,191 The 3D model-

guided orthognathic surgery system was effective in simulating the surgical 

treatment plan and reflecting it upon the actual surgery using navigation with 

high accuracy.19,113 

When using the 3D virtual skeletal model in a navigation system for 

orthognathic surgery, the system works by visualizing the difference between 

the current position and the planned position of the bone segment and providing 

the relevant information accordingly. There are two methods for obtaining the 

quantified information in these surgeries. First, after the landmark on the region 
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of interest is digitized by applying a pointing tool, wherein the information of 

a single landmark can be obtained by one point.16,17,33,113,192-194 Second, the 

system considers the skeletal segment to be a whole solid mass, where the 

quantified translational and rotational information of the segment is obtained 

numerically during free-hand surgery.15,18,41,43,58 However, the system only 

shows the overall movement of the bone segment and it is difficult to quantify 

the error information of the specific anatomical region of interest. 

Previously, an 3D enhanced model-guided orthognathic surgery 

system was developed to overcome these shortcomings in the 3D model-guided 

surgery system.34,44 The intraoperative skeletal model with multiple surgical 

landmarks was visualized simultaneously on the monitor with respect to the 

simulated goal model, and the deviation errors between the intraoperative and 

the final goal positions of each landmark were also visualized 

quantitatively.34,44 As a result, the surgeon could quickly determine the amount 

and direction of further bone movements needed to reach the goal position 

without applying a pointing tool, even when the operator is using a free 

hand.34,44  

Due to the development of high-quality medical images, the 

navigation was applied in the medical field using AR, to facilitate the 

processing of the patient’s virtual information on the image of the actual 

patient.195 However, in the previous 3D enhanced model-guided surgery system, 



 

 54 

the information was displayed on a monitor that was separate from the surgical 

sit , which caused difficulties in the surgeon’s hand-eye coordination. To 

overcome this problem, the present AR surgical navigation system used a flat-

panel display that enabled a surgeon to see this information at the right location. 

In the AR-assisted surgery, the surgeon was able to perform orthognathic 

surgery without losing attention from the surgical site, instruments, and 

procedures. This method showed the amount and direction of the bone 

movement needed to reach the goal position by superimposing an intraoperative 

skeletal model and landmarks with respect to the simulated goal model in situ 

on the surgical site of the patient. In addition to this, the rotation information, 

including canting of the bone segment, was provided intuitively to the surgeon 

by generating visuals of the current and planned positions of the occlusal plane 

and the mid-sagittal plane. As a result, the surgeon could perform Le Fort I 

surgery with precise hand-eye coordination and without losing any attention 

from the surgical site, instruments, and procedures.  

As a substitute to conventional standing monitor of 3D model-guided 

surgery system,81,84-86 numerous options have been used for visualization device 

of the AR-assisted system such as head-mounted device (HMD), half-silvered 

mirror, flat-panel monitor. Although the HMD based system is the most 

classical use of AR, this system has many drawbacks: inattentional blindness 

by using the small size of the screen,81 focus problem caused by operative field 
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and the display are not projected on the same plane when using the see-through 

projection, and the heavy and bulky devices to wear. Due to these reasons, flat-

panel monitor based systems were considered in this study. However, it could 

also arise an asthenopia (eye strain) associated with concentrating on a screen 

for a long time,97 and the virtual object reduces the visibility of the surgical site 

and important structures.48 The virtual information of the developed AR-

assisted surgery system was overlaid only when the surgeon required and not 

throughout the procedure to reduce shortcomings. 

An AR surgical method consisting of a portable display and an optical 

tracking system showed superimposed virtual models of the patient's face on 

the image for computer-assisted Le Fort I surgery.33,92 The potential of this 

technique was shown from the perspective of a surgical assistant by 

reproducing the Le Fort I orthognathic procedure in a phantom skull.68 

However, no quantitative information was provided during surgery in these 

AR-assisted methods. Therefore, the developed method in the present study 

enabled surgeons to perform the free-hand orthognathic surgery intuitively and 

comfortably with precise hand-eye coordination, based on the quantitative and 

qualitative visualization of AR in real-time.  

 In this study, to simplify the workflow of the AR surgical navigation 

system, the registration body complex and a 3D depth camera were used. The 

registration process consists of complete preoperative registration and 
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immediate intraoperative registration. Most of the registration procedures were 

performed before surgery in a laboratory. The registration method has better 

accuracy when the distance between the position of the tracking target and the 

location of the registration fiducials is kept shorter,46 since the distance between 

the registration fiducial (ceramic sphere) and the maxilla segment is very small 

and the accuracy in this case is good. The advantage of preoperative registration 

is that the surgeon can perform it almost completely before the surgery, without 

needing to observe the patients simultaneously. This reduces the surgeon’s 

effort in performing the entire registration process in the operating room. 

Intraoperative registration was performed automatically and immediately by 

obtaining depth information from the 3D depth camera. The improved 

registration allowed the physical (using the EM tracking system), 3D model, 

and AR camera spaces to be matched. The developed method is unlike the 

conventional registration method because it minimized the cross-infection as it 

did not directly adhere to the patient’s skin. Moreover, the developed method 

helped us to obtain accurate registration because it was not affected by the 

technical proficiency of the surgeon. Further, the process was minimally 

invasive and easy to use because it was applied by a splint method and followed 

a simplified workflow. It also reduced the overall surgery time and improved 

the accuracy of the surgical procedure. 

Generally, the AR visualization was implemented by using an optical 
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tracking marker, which caused a line-of-sight obstruction intraoperatively. In 

this study, only an EM tracking tool was used, not using any optical tracking 

marker during the AR navigation orthognathic surgery. The optical tracking–

based navigation system suffered from line-of-sight obstruction between the 

tracking tool and camera and the requirement for bulky tracking tools in local 

or minimally invasive surgeries.43 The landmarks of optical reference 

profoundly influence the interest in the maxillofacial surgery area, which was 

pointed out as a limitation of AR, but this was overcome by the use of the EM 

tracking system. A navigation surgery system based on EM tracking has no 

line-of-sight problem and uses relatively small tracking tools, so it has been 

used in minimally invasive surgeries and to track internal organs.30,36,41-43 In a 

previous study using the EM surgical navigation for MPS repositioning, the EM 

tracking tool was fixed securely and inseparably to the bone segment.41 The EM 

tracking tool itself was connected by a cable with the tracking system. This 

feature could show many disadvantages, such as interference with the view of 

the surgeon, restriction of access, damage to the cable, increase in the surgical 

time and effort, and, in severe cases, breakdown due to iatrogenic accidents.44 

Although wireless sensors have been developed to address the disadvantages 

of the existence of cables, they are still not used in routine practice in EM 

navigation (especially in craniomaxillofacial surgery).196,197 In this study, a 

separable frame was used, allowing to attach and separate the EM tracking tool 
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from the bone segment repeatedly. The AR-assisted surgery using separable 

frame could allow the surgeon to perform the orthognathic surgery with no line-

of-sight obstruction and minimal interference by the connecting with a cable.  

The development of a non-invasive surgical method is the aim of 

computer-aided surgery.46 To non-invasively apply the image-guided 

navigation system, several fixed methods of the reference marker have been 

developed, including skin-adhesive markers, anatomic landmarks, oral splints, 

and laser scans,39 however, the use of these methods were found to negatively 

affect the TRE.137-141 Therefore, the registration method that employs the bone-

fixed screw is still used as the gold standard.143-146 

A 3D-printed non-invasive reference marker was developed for a 

novel, non-invasive AR surgical navigation system for orthognathic surgery. 

This marker was attached to the patient’s skin during surgery. In the existing 

papers, many manipulation errors have been overlaid with low accuracy 

because skin-adhesive markers were used in the CT scanning and the 

registration method. Thus, in this study, the base EM tracking tool attached to 

the splint was used as a reference point during the registration process. 

Therefore, the reference marker was used as reference point by recording the 

relative position of the reference marker with respect to the base EM tracking 

tool just before the surgery, and after this process, the base EM tracking tool 

was used as a tracking marker. Owing to this process, the developed reference 
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marker did not undergo any manipulation errors till it was attached to the patient 

and the operation was completed. This indicates that the accuracy of the system 

was maintained throughout the procedure. 

This 3D-printed non-invasive reference marker uses a separable frame 

to take the EM tracking tool off and attach it in an accurate position.44 This 

reduces complications, such as infection or scarring, saves time, and is 

convenient to use. Further, there is no interference in the EM tracking system 

because it does not use metallic screws. However, a limitation of this non-

invasive reference marker production process is that since 3D printing is used, 

each patient-specific marker needs to be manufactured individually and the 

accuracy can be reduced in the fabrication process using CT scanning and 3D 

printers. In addition, the developed reference marker is designed to be placed 

in a thin area so it can be firmly fixed with medical tape and is not significantly 

affected by the swelling that may occur during surgery. Also, this is possible 

because the sensor of the EM tracking system is very small and lightweight. 

However, further studies are needed to explore whether the reference marker 

will show a similar accuracy when applied to actual patients. 

During the accuracy evaluation of the developed AR surgical 

navigation system, the results of the TRE showed an average value of 0.89 ± 

0.42 mm (Table 3). The accuracy of the developed EM tracking system was 

deemed to be sufficient, since an accuracy of less than 1.5 mm is generally 
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recommended for typical computer-assisted surgery applications28,198,199 and 1-

2 mm accuracy is recommended for optical tracking systems.10,200,201 Therefore, 

the findings indicate that the system developed by us could be a useful tool in 

clinical practice. The accuracy evaluation of the 3D-printed non-invasive 

reference marker was conducted by comparing it with the bone-fixed reference 

marker (zygoma & forehead). The TRE results of the 3D-printed non-invasive 

marker were almost similar to those of the bone-fixed reference marker (Table 

3). It was found that, regardless of the fixed-ness of the reference marker, the 

TRE increased slightly as the distance of the registration fiducial marker from 

the zygoma, glabella, and forehead increased. 

In a previous study, the RMS deviation of the translational 

displacements around the incisor point for the patients, as shown by the 

application of 16 actual clinical plans of orthognathic surgery, was obtained on 

an average measurement of 3 mm.202 Based on this, for analyzing the accuracy 

and fixability of the 3D-printed non-invasive reference marker, it was decided 

that, in this study, the plan for the Le Fort I surgery was to move the relevant 

bone +3 mm and -3 mm, respectively, in the x, y, and z directions, and move it 

3 mm each in the roll, pitch, and yaw directions. The Le Fort I surgery result 

showed that RMS (the mean value of deviation between the planned and final 

postoperative position) of the 3D-printed non-invasive reference marker was 

0.55 ± 0.14 mm (Table 4). The success criterion has been mentioned by several 
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authors and refers to a maximum difference of 2 mm between the virtually 

planned surgical procedure and the actual outcome.203-205 Other studies of 3D 

model-guided surgery systems conducted on Le Fort I surgery using a bone-

fixed reference marker and based on an EM tracking system showed RMS 

deviations (total positional shift) of 1.1 mm43 and 0.62 mm.136 Moreover, earlier 

studies of AR-assisted surgery systems conducted on maxillofacial surgery 

using AR-assisted surgery system reports postoperative overall errors: the 

implant surgery performed on 3D printed mandibular models showed less than 

1.5 mm as linear deviation,61 the orbital reconstruction performed on 3D printed 

hard tissue model showed 1.12 – 1.15 mm as translation error,59 and the 

maxillofacial surgery performed on plastic model showed 0.77 mm positional 

error.59  

Moreover, the RMS deviation of the bone-fixed reference marker 

(zygoma and forehead) is simultaneously obtained after each operation to 

demonstrate the fixation of the 3D-printed non-invasive reference marker. The 

ANOVA tests showed no significant difference between the three reference 

markers (Table 5). In other words, the 3D-printed non-invasive reference 

markers developed in this study were found to be sufficiently fixed, enough to 

be able to replace the bone-fixed reference markers from an accuracy 

perspective.  
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Through the convergence of AR and VR, development of an integrated 

user interface system would be needed, that can provide a variety of information 

while ensuring reliability and accuracy while increasing intuition. In future 

studies, the developed AR navigation system will be applied to the actual 

orthognathic surgery in operating rooms and be analyzed for its surgical 

usability and accuracy. 
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  CONCLUSION 

 

 An AR navigation system for orthognathic surgery using a flat-panel 

display, an EM tracking system, and a 3D-printed non-invasive reference 

marker was developed. The workflow of the AR navigation system was 

improved by using the simplified registration method and a 3D-printed non-

invasive reference marker intraoperatively. And the evaluation of the developed 

system displayed acceptable accuracy. In future studies, this system needs to be 

applied to clinical experiment. 
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국문 초록 
 

전자기적 위치추적을 이용한  

악교정 수술을 위한 증강현실 

내비게이션 시스템의 정확도 평가 

 

김 성 하 

서울대학교 대학원 치의과학과 영상치의학 전공 

(지도교수  이 원 진) 

  

1. 목적 

악교정 수술에서 중요한 것은 골편을 계획된 위치에 정확하게 

위치시키는 것이다. 이를 위해 영상 가이드 수술 시스템의 개발이 

이루어졌는데 특히 광학적 추적을 이용한 3D 모델 가이드 수술 

시스템이 개선된 수술 결과를 보여왔다. 하지만 카메라와 마커 

사이의 송수신이 직결되어야 하는 점과 시각적 마커가 부피가 큰 
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구조로 구성되어 있다는 단점을 가지고 있는 광학적 추적 시스템과 

단조로운 정보만 제공하고 감각적 피드백의 부족으로 현실감이 

떨어지는 기존의 3D 모델 가이드 시스템의 한계를 극복하기 위해 

우리는 전자기적 위치추적을 이용한 증강현실 악교정 수술 

시스템을 개발하였다. 더불어 비침습적인 내비게이션 시스템을 

만들기 위해 3D 프린트 기술로 제작된 비침습적 기준 마커도 

개발하였다. 그리고 개발된 내비게이션 시스템과 기준 마커에 대한 

정확도 평가를 진행하였다.  

 

2. 실험 재료 및 방법  

 두개골 모형에 스플린트와 정합바디를 연결한 상태로 CT 

영상을 획득하였으며 광학적 스캐너를 이용해 해상도가 높은 상악 

치열 모델도 얻는다. 이를 이용하여 가상의 두개골 3D 모델을 

제작하고 해부학적 구조인 치아 6개를 수술 랜드마크로 추가하여 

증강 모델을 제작한다. 이 증강 모델은 지정한 수술 랜드마크들의 

좌표를 실시간으로 추적하여 정량화 데이터와 시각화 데이터로 

제공하여 술자의 편의성과 수술의 정확도를 높인다.  

 평판 디스플레이로 제공하는 증강현실 내비게이션 화면은 
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실시간으로 촬영되는 실제 환자의 영상에 가상의 대상을 겹쳐 

보이게 하여 다양한 정보를 술자에게 직관적으로 제공한다. 개발된 

증강현실 시스템에서는 기본적으로 실제 환자의 추적 중인 상악 

모델 영상과 계획된 위치에 놓여있는 상악 모델 영상, 수술 

랜드마크, 골절제선, 교합평면, 상악의 수직축과 두개골 영상이 있다. 

정합은 내비게이션 시스템의 정확도에 있어 중요한 

부분이다. 간단하게 수행할 수 있으며 적합한 정확도를 가진 정합 

방법을 위해 정합바디 복합체 (스플린트, 정합바디, 증강현실 평면 

마커)와 3D 깊이 카메라를 사용하였다. 정합 과정은 수술 전에 

정합바디 복합체를 이용하여 영상 공간과 실제 환자의 물리적 

공간을 연결하는 술전 정합, 수술장에서 수술 직전에 3D 깊이 

카메라를 사용하여 카메라 공간과 환자의 물리적 공간을 이어주는 

술중 정합으로 이루어진다. 

 현재 악교정 수술에서는 대부분 기준 마커의 고정방식으로 

나사를 이용하여 골편에 직접 고정하는 방식이 사용되고 있으나 

우리는 비침습적인 내비게이션 시스템의 개발을 위해 3D 프린트 

기술로 제작한 비침습적 기준 마커를 개발하였다. 이 기준 마커는 

개발된 정합 방법에 따라 수술장에서 환자에게 부착 후, 정합시 
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기준점으로 사용하였던 추적 마커로부터의 상대적 위치관계를 

기록함으로써 기준점으로 사용하게 되기 때문에 수술과정에서 

중첩되는 조작 오차가 없어 정확도를 유지할 수 있다. 

개선된 정합 방법과 3D 프린트 기술로 제작한 비침습적 

기준 마커의 정확도 평가를 위해 두개골 모형을 이용해 

목표정합오차 (TRE, target registration error)를 측정하였다. 

실험에 사용된 기준 마커로는 개발한 3D 프린트 기술로 제작한 

비침습적 기준 마커와 기존에 많이 사용되던 2가지 방식의 골편 

고정 기준 마커 (관골이나 이마에 고정하는 방식)가 사용되었다. 

전체적인 시스템의 정합 오차와 각 기준 마커간의 비교를 위해 

두개골 모형의 상하악에 10개의 목표 랜드마크를 부착하고 정합 

과정을 시행한 후 목표정합오차를 획득하였다.   

 개발한 증강현실 수술 내비게이션 시스템의 술 중 정확도와 

3D 프린트 기술로 제작한 비침습적 기준 마커의 고정성 평가를 

위해 x-, y-, z- 방향으로 각각 +3 mm, -3 mm의 직선운동과 롤 

(roll), 피치 (pitch), 및 요 (yaw) 방향으로의 회전운동으로 총 

9가지의 Le Fort I 악교정 수술을 설계하고 이를 수술계획 수립 

소프트웨어로 시뮬레이션한 후 수립 결과를 증강현실 내비게이션 
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시스템에 적용하였다. 술전과 술중 정합을 진행하고 내비게이션 

시스템을 이용하여 계획된 수술을 각 5회씩 수술을 시행한다.  

 

3. 실험결과  

실험 결과 개발한 내비게이션 시스템의 목표정합오차는 

0.89 ± 0.42 mm로 충분한 정확도를 나타냈다. 또한 3D 프린트 

기술로 제작한 비침습적 기준 마커의 목표정합오차도 0.88 ± 0.43 

mm로 침습적 골편 고정 기준 마커 (관골에 위치시킨 마커 0.85 ± 

0.39 mm, 이마에 위치시킨 마커 0.94 ± 0.44 mm) 와 유사하게 

나타났다. Le Fort I 수술 결과는 3D 프린트 기술로 제작한 

비침습적 기준 마커가 0.55 ± 0.15 mm로 나타났으며, ANOVA 

결과 세 가지 기준 마커 (3D 프린트 기술로 제작한 비침습적 기준 

마커, 관골의 골편 고정 기준 마커, 이마의 골편 고정 기준 마커) 

간의 통계적인 유의성은 보이지 않았다.  

이는 개발된 시스템이 충분한 수술 정확도를 보이며 3D 

프린트 기술로 제작한 비침습적 기준 마커 역시 기존에 사용되던 

골편 고정 기준 마커 방식과 고정성의 차이가 없어 수술에 적용 

가능하다는 것을 보여준다. 
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4. 결론 

 이 연구에서는 전자기적 위치추적, 평판 디스플레이, 3D 

프린트 기술로 제작한 비침습적 기준 마커를 사용한 증강현실 

악교정 수술 내비게이션 시스템을 개발하였다. 이 시스템은 술자가 

수술 시 다양한 정보를 제공받아 직관적으로 수술을 시행할 수 

있으며 적합한 정확도를 보였고, 환자에게 비침습적인 접근이 

가능케 하였다. 이로 인해 악교정수술의 기술과 결과의 향상에 큰 

도움이 될 수 있을 것으로 기대된다. 

 

                                                                                 

주요어: 증강현실, 내비게이션 시스템, 악교정 수술, 평판 

디스플레이, 전자기적 위치추적, 3D 프린트 기술로 제작한 비침습적 

기준 마커 
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