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-Abstract-

Development of splintless 

orthognathic surgery methods

- Comparison between maxillary template-based surgery and robot 

arm with navigation assisted surgery -

Jeong Joon Han, D.D.S., M.S.D.

Program in Oral and Maxillofacial Surgery, Department of Dental Science, 

Graduate School, Seoul National University

(Directed by Professor Soon Jung Hwang, Dr. med. Dr. med. Dent)

Background

Le Fort I osteotomy is widely used in orthognathic surgery to 

reposition the maxilla to a balanced and optimal position. Correct 

repositioning of the maxilla to the planned position is essential for

achieving a successful surgical outcome in orthognathic surgery. In 

order to transfer a surgical plan to the actual operation, most 

surgeons use intermediate splints. This involves several error-

prone procedures, including making a cast model, face bow transfer, 

model surgery, and fabrication of acrylic splints. In addition to these 
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errors during preoperative preparation, malpositioning of the 

maxilla can also occur during surgery due to the perioperative 

condylar displacement. Thus, a template-based orthognathic 

surgery and a robot arm with navigation assisted orthognathic 

surgery were designed to replace the conventional maxillary 

repositioning methods that involves the use of intermediate splint. 

First, we developed the template-based orthognathic surgery and 

evaluated the accuracy of the positioning of the CAD/CAM based 

templates on dry skull, because its precise positioning is 

prerequisite for successful outcome. For the robot arm with 

navigation assisted surgery system, we evaluated the validity and 

reliability of the system for various surgical plans using phantom 

skulls.

Materials and methods

I. Using the computed tomography (CT) data, CAD/CAM based 

maxillary surgical templates for orthognathic surgery were 

developed. Maxillary surgical templates consisted of 2 templates: 

the osteotomy guide template and the repositioning guide template. 

The osteotomy guide template had several specialized structures 

for exact and passive positioning according to the simulation 

surgery and guide the osteotomy and removal of bony interference. 

The repositioning guide template guided the maxilla to the planned 

position using wedge-shaped male and female structures. To 

determine the accuracy of the template positioning, deviation and
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fitness of the template were evaluated after positioning of the 

template on the dry skull. 

II. The robot arm with navigation assisted orthognathic surgery 

was developed and consisted of a robot arm with six degrees of 

freedom, an image-guided navigation system including an optical 

tracking camera and a tracking tool, a display and a computer. The 

end-effector of the robot arm was designed to connect the robot 

arm to the surgical splint and to enable identification and removal of 

any bony interference. The position of robot arm was tracked in 

real time, and the robot arm and osteotomized maxilla were moved 

to the planned position using image-guided navigation. During the 

fixation, the osteotomized maxilla was held by the end-effector of 

the robot arm. In order to evaluate the accuracy of robot arm with 

navigation assisted orthognathic surgery, experiments were 

conducted using 12 full skull models. A total of 12 experiments 

involving four different surgical plans were conducted, with each 

surgical plan being implemented three times. Using intraoperative 

navigation and postoperative CT data, deviations between the 

planned and actual positions of the maxilla were calculated.

Results

I. Regarding the deviation of the CAD/CAM based surgical 

templates, the mean absolute deviation was 0.41 ± 0.30 mm in 

medial-lateral direction (p < 0.001), 0.55 ± 0.59 mm in anterior-
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posterior direction (p < 0.001) and 0.69 ± 0.59 mm in superior-

inferior direction (p < 0.001). The deviation was statistically 

significant in all directions. The mean root mean square deviation 

(RMSD) between the planned and the actual position of the template 

was 1.07 ± 0.76 mm. With respect to the fitness of the template, 

the mean distance between the inner surface of the template and 

the underlying bone was 0.76 ± 0.24 mm (range, 0 to 2.38 mm). 

II. All experiments conducted using the developed robot arm with 

navigation assisted surgery system were successful. In the 

assessment of maxillary repositioning during intraoperative 

navigation, the mean absolute deviations were 0.10 ± 0.12 mm, 

0.08 ± 0.07 mm, and 0.10 ± 0.10 mm in the medio-lateral, 

antero-posterior, and supero-inferior directions, respectively. The 

mean RMSD was 0.19 ± 0.15 mm. During the stabilization of the 

maxilla with miniplates, the maxillary segment showed slight 

deviations of 0.22 ± 0.19 mm, 0.18 ± 0.12 mm, 0.18 ± 0.12 mm, 

and 0.37 ± 0.20 mm in medio-lateral direction (p < 0.001), 

antero-posterior direction (p = 0.303), supero-inferior direction 

(p = 0.426), and in three-dimensional space, respectively, as

compared to the maxillary position before stabilization. The final 

surgical outcome assessed using postoperative CT data showed that

the mean deviations between the planned and actual positions were 

0.42 ± 0.35 mm, 0.37 ± 0.25 mm, and 0.38 ± 0.32 mm in the

medio-lateral (p = 0.169), antero-posterior (p = 0.006), and 

supero-inferior directions (p = 0.003), respectively, and the mean 
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RMSD was 0.79 ± 0.35 mm. The error in superimposition for the 

comparison between the preoperative planned and the actual 

postoperative 3D model was 0.05 ± 0.01 mm. Surgical accuracy 

was similar in all regions of the maxilla.

Conclusion

This study suggests that various surface-based CAD/CAM 

templates can be positioned based on prior simulation without the 

help of occlusal splints, and can serve as an alternative to traditional 

methods that involve the use of intermediate splints for the transfer 

of surgical plans to the actual operation. However, these templates 

have some limitations with regard to their universal clinical 

applicability. The robot arm with navigation assisted orthognathic 

surgery system allows us to overcome the limitations of template-

based orthognathic surgery; the maxilla can be repositioned and 

stabilized successfully, with accuracy comparable to or better that 

that of other methods of surgical plan transfer. 

─────────────────────────────────

Keywords : orthognathic surgery, splintless, surgical template, 

robot arm, navigation, accuracy

Student Number : 2013-31209



vi

CONTENTS

INTRODUCTION

MATERIALS AND METHODS

PART I. TEMPLATE-BASED ORTHOGNATHIC SURGERY

A. Development of CAD/CAM based surgical templates

B. Accuracy of the CAD/CAM based surgical template positioning

1. Deviation of the CAD/CAM based surgical templates

2. Fitness of the CAD/CAM based surgical templates

C. Statistical analysis

PART II. ROBOT ARM WITH NAVIGATION ASSISTED

ORTHOGNATHIC SURGERY

  A. System

B. Workflow

  1. Preoperative phase

  2. Intraoperative phase

C. Evaluation of accuracy

D. Statistical analysis

RESULTS

PART I. TEMPLATE-BASED ORTHOGNATHIC SURGERY

  A. Clinical application of the CAD/CAM based surgical templates

B. Deviation of the CAD/CAM based surgical templates



vii

C. Fitness of the CAD/CAM based surgical templates

PART II. ROBOT ARM WITH NAVIGATION ASSISTED

ORTHOGNATHIC SURGERY

  A. Evaluation of the accuracy of maxillary repositioning using 

intraoperative navigation

B. Discrepancy between the planned and actual postoperative

maxillary position measured using CT

DISCUSSION

CONCLUSION

REFERENCES

TABLES

FIGURES

ABSTRACT IN KOREAN



1

Development of splintless

orthognathic surgery methods
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arm with navigation assisted surgery -

Jeong Joon Han, D.D.S., M.S.D.

Program in Oral and Maxillofacial Surgery, Department of Dental Science, 

Graduate School, Seoul National University

(Directed by Professor Soon Jung Hwang, Dr. med. Dr. med. Dent)

INTRODUCTION

Le Fort I osteotomy is widely used in orthognathic surgery to 

reposition the maxilla to a balanced and optimal position. Accurate 

repositioning of the maxillary segment to a planned position, based 

on the surgical plan established according to two-dimensional (2D) 

paper surgery or three-dimensional (3D) computer-aided virtual 

surgery, is essential to improve aesthetics and function, which are 

the primary goals of orthognathic surgery1-4. In order to transfer a 

surgical plan to the actual operation, most surgeons use 

intermediate splints. This involves several error-prone procedures,

including making a cast model, face bow transfer, model surgery,

and the fabrication of acrylic splints (Figure 1)1, 5. An inaccuracy of 
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up to 5 mm in maxillary repositioning is observed with conventional 

maxillary model surgery1. In addition to these errors during

preoperative preparation, the maxillary segment may be 

repositioned differently from what was planned before surgery,

depending on the condylar position and the amount of mandibular 

autorotation. This is because in the conventional method using the 

intermediate splint, the maxillary segment is guided and adapted to 

the upper maxilla of the skull under rotational “opening-closing”

mandibular movement after intermaxillary fixation. When 

preoperative mandibular registration for the fabrication of the 

intermediate splint using a wax bite is incorrect (e.g., anterior 

condylar dislocation), and the perioperative condylar head is 

adequately positioned (e.g., superior-central position) during the 

guidance of maxillary positioning under anesthesia, then the 

maxillary segment may be malpositioned with a midline deviation 

and incorrect maxillary canting. Because the position of the 

maxillary landmark (e.g., incisal tip) before maxillary osteotomy 

changes after maxillary positioning perioperatively, and the 

perioperative vertical distance cannot be measured parallel to the 

true vertical line, an accurate vertical repositioning to the planned 

position is difficult. If the maxillary vertical position is different 

from the planned position, the antero-posterior maxillary position 

will also be different from the planned position owing to the 

autorotational mandibular movement during the guidance of 

maxillary positioning. Malpositioning of the maxilla can also occur 

during surgery6-9. Thus, to prevent the errors associated with the 
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use of intermediate splints, it is necessary to develop splintless 

orthognathic surgery.

Recent advances in computer-aided design/computer-aided 

manufacturing (CAD/CAM) technology and 3D printing techniques 

have resulted in a paradigm shift in orthognathic surgery and 

enabled more accurate treatment planning and surgery2, 9-12. A 2D-

cephalometric analysis has been replaced with a 3D-computed-

tomography (CT) analysis, and the postoperative surgical outcome

can be predicted using 3D simulation programs instead of paper 

surgery. There have been many attempts to eliminate laboratory 

procedures and achieve a more accurate repositioning of the bon 

segment during surgical plan transfer. As an alternative to 

intermediate splints, various CAD/CAM based surgical templates for 

orthognathic surgery have been developed, and their clinical 

application and outcomes have been reported2-4, 6, 9, 13-16. These 

templates include surgical guide templates and patient-specific 

implants (PSI). Surgical templates can provide the location and 

orientation of the osteotomy line, the area of the bony interference 

between the mobilized maxilla and the remainder of the maxilla 

above the osteotomy line, and the final position of the maxillary 

segment2, 3, 9, 13, 15. Following repositioning of the bony segments 

using this template, the miniplate is bent intraoperatively according 

to the bony contour and applied for fixation. In contrast, PSI can 

serve not only as an osteotomy or positioning guide, but also be 

used in osteosynthesis for the stabilization of the maxillary 

segment4, 13-15. Currently, such 3D CAD/CAM based surgical 
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templates are being widely used for various facial skeleton 

surgeries, including Le Fort I osteotomy, bilateral sagittal split 

ramus osteotomy, genioplasty, and facial contouring surgery12, 17-21.

Although these alternative methods have shown successful clinical 

outcomes, several limitations have been reported2, 4. CAD/CAM 

based templates can transfer the surgical plan to the surgical site 

accurately only when the template is positioned correctly. Although 

several templates have structures connected to the occlusal surface, 

which enables the reproduction of the template position similar to

what is achieved in simulation surgery, most of the templates and 

PSIs are positioned as planned, using the anatomic engagement 

provided by the curvature of the maxillary buttress and maxillary 

walls2, 4, 14, 15. Because sufficient coverage of the underlying bone is 

helpful for correct positioning of the template, the template is 

usually designed to cover as wide an area as possible. Despite 

efforts to avoid errors in template positioning, the template may be 

malpositioned, and the accuracy of the template positioning has not

yet been assessed. Hence, in addition to the use of CAD/CAM based 

templates in orthognathic surgery, several surgeons also prepare 

the intermediate splint as an alternative4, 13. Another limitation of

the previously developed templates is that it is difficult to check and 

remove the residual bony interference. Thus, to reposition the 

maxillary segment as planned, surgeons usually remove more bone 

than is necessary. Therefore, it is necessary to develop a new 

template-based orthognathic surgery that can provide improved 

accuracy and allow for an easy check and removal of any residual 
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bony interference.

Recently, robotic assistants have been widely developed for 

various surgical procedures, including laparoscopic surgery and 

orthopedic surgery. Robot assistants can be used to perform

minimally invasive surgery, and their use can result in reduced pain 

and complication rates, faster recovery, and shorter hospital stay. 

In addition, their use can overcome the limitations associated with 

human-conducted surgeries, such as degrees of freedom and 

surgeon’s tremor or fatigue22. In orthognathic surgery, robotic 

assistants can transfer surgical plans directly, without the use of 

other mediators such as intermediate splints or templates. Thus the 

problematic procedures involved in conventional orthognathic 

surgery with intermediate splints can be avoided. Furthermore,

these robotic assistants may be helpful in instances where the 

surgical plan has to be modified due to errors in diagnosis or 

aesthetic problems found intraoperatively. Theodossy and Bamber23

performed model surgery for maxillary repositioning with the aid of 

a robot arm, and concluded that the accuracy in the antero-

posterior and vertical planes is better than that obtained using 

conventional manual model surgery. Wang et al.24 conducted

preliminary experiments for maxillary repositioning using a 

navigation system and robot arm. However, the use of a robot or 

robot arm for oral and maxillofacial surgery, especially orthognathic 

surgery, is still in the research and development phase, and the 

previously developed systems cannot be used in clinical settings 

yet.
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In this study, we developed two splintless orthognathic surgery 

systems, which can be alternatives to conventional maxillary 

repositioning methods that involve the use of intermediate splints 

and indirect surgical plan transfer. For template-based surgery, we 

evaluated the accuracy of positioning of the CAD/CAM based 

templates in orthognathic surgery using dry skulls. Subsequently, to 

overcome the limitations of template-based surgery, we developed 

the robot arm with navigation assisted surgery system, which is 

specialized for maxillary repositioning after Le Fort I osteotomy.

Following this, we performed a pre-clinical evaluation by examining 

the validity and reliability of the robot arm with navigation assisted 

orthognathic surgery system for various surgical plans using 

phantom skulls. 
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MATERIALS AND METHODS

PART I. TEMPLATE-BASED ORTHOGNATHIC SURGERY

1. Development of CAD/CAM based surgical templates

Preoperative 3D facial CT (SOMATOM Sensation 10; Siemens, 

Erlangen, Germany) images are obtained under 120kVp and 80mAs, 

and the images are subsequently converted into Stereolithography 

Interface Format (STL) files using Mimics Software (Materialise, 

Leuven, Belgium). After construction of a 3D skull model, we 

reproduce the 3D natural head position based on a single 

photograph of the patient’s face using the pose from orthography 

and scaling with iterations method25. To remove various artifacts 

from metallic material and acquire precise teeth surface in the 

dental region, 3D surface scan data of a dental cast model were 

incorporated to the 3D skull model using semiautomatic point-to-

point registration26. 

The initial treatment plan, which is based on clinical examination, 

clinical photographs, final occlusion established by our orthodontist 

in cast models and 2D cephalometric analysis, is used to conduct a 

3D virtual surgery on the 3D skull model, and the surgical plan for 

the repositioning of the maxillomandibular complex is determined. 

Once the treatment plan is established, the maxillary surgical 

templates for the orthognathic surgery are designed and fabricated.

Maxillary surgical templates consist of two templates that are 

separated in the midline for the right and left parts of templates: the 

osteotomy guide template and the repositioning guide template

(Figure 2). The osteotomy guide template includes two parts 
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(upper and lower) that are connected by two bridges. The lower 

part is designed to cover the piriform aperture, maxillary anterior 

wall including the canine eminence and zygomaticomaxillary 

buttress for exact and passive positioning according to the 

simulation surgery (Figure 3). For the precise adaptation of the 

right and left templates, the left and right templates cover the 

anterior nasal spine and maxillary midline area with wedge-form 

interlocking. The lower and upper parts of the osteotomy guide 

template are designed to contain three drill holes for each for the 

stable fixation of the templates with considerations of the position 

of dental root. The upper part of the osteotomy guide template has 

a wedge-shaped female structure, which should be joined with the 

wedge-shaped male structure of the repositioning guide template 

during surgery.

In the simulation surgery, the Le Fort I osteotomy line is located 

along the upper border of the lower part of the osteotomy guide 

template, and the area of bony interference, which should be 

removed for correct maxillary repositioning, is included in the Le 

Fort I osteotomy guide space between the upper and lower parts of 

the osteotomy guide template.

After removal of the lower part of the osteotomy guide template, 

the repositioning guide template is placed on the right and left sides 

of the maxillary segments as a second template. It contains 2 

wedge-shaped male structures, which should be joint with the 

female structures of the upper part of the osteotomy guide template 

during the surgery. This template contains drill holes, which are 



9

located at the same positions as those in the lower part of the 

osteotomy guide template. To assess the accuracy of the binding of 

the wedge-shaped male and female structures, we apply the same 

height and slope to these two structures, which can prohibit 

horizontal and vertical maxillary malrepositioning. Correct vertical 

and horizontal positioning of the maxilla in relation to maxillary 

canting and midline correction, and medio-lateral and supero-

inferior movement can be easily examined intraoperatively by 

adjusting the wedge-shaped male and female structures on both 

sides (Figure 4). Correct antero-posterior maxillary positioning 

can also be easily confirmed by the observation of an even anterior 

surface of the wedge-shaped male and female structures without 

any step on both sides. A vertical groove is formed on the medial 

surface of the upper part of the osteotomy guide template to allow 

for easy fracture and removal of the medial area, where a miniplate 

should be placed for the internal rigid fixation on both sides. All 

designed templates are fabricated using the 3D printing technique 

and are sterilized.

2. Accuracy of the CAD/CAM based surgical template positioning

Ten dry skulls with intact maxillary anterior surface were included 

in our study, and 3D CT scans (T0) (SOMATOM Sensation 10; 

Siemens, Germany) for each dry skull were obtained under 120kVp 

and 80mAs. Using the CT data and 3D simulation software, 

osteotomy guide template was fabricated for the evaluation (Figure 

5). To evaluate the deviation of the surgical template we added 14 
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cone-shaped reference structures (seven references structures on 

each one of the right and left parts) on the template (Figure 6). The 

designed surgical template was fabricated using a 3D printer. The 

CAD/CAM based surgical templates were fitted on the maxilla by 

oral and maxillofacial surgeon and fixed with adhesive tape (Figure 

7). Subsequently, CT scan data (T1) were acquired to compare the 

actual position of the template with the planned position of the 

template in simulation surgery.

Deviation of the CAD/CAM based surgical templates

First, we combined the surgical template with the CT data at T0 

and exported it to dicom format (T0’) (Figure 8). Using the 3D 

analysis program (OnDemand3D®, Cybermed, Seoul, Korea), CT 

data at T0’` and T1 were imported and superimposed based on the 

best fit of the cranial base structures27 (Figure 9). To measure the 

deviation of the template, we established a 3D coordinate system (X, 

Y, Z) (X, medio-lateral; Y, antero-posterior; Z, supero-inferior). 

The Frankfort Horizontal plane (FH plane), which passed through 

both the orbitale and the right porion, was used as a horizontal 

reference plane, and the X-axis was set as the vector from the 

right to the left orbitale. The midsagittal plane was defined as the 

plane that is perpendicular to the X-axis and passed through a 

nasion. The coronal plane was defined as the plane that passed 

through the line passing both the orbitale and perpendicular to the 

FH plane27, 28. To quantify the accuracy of the positioning of the 
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template, we assessed the changes of the 3D coordinates of each 

reference structure from T0’ to T1 (Figure 10), and calculated the 

root mean square (RMS) between T0’ and T1.

Fitness of the CAD/CAM based surgical templates

To evaluate the fitness of the template, the distance between the 

inner surface of the template and the underlying bone surface was 

measured. First, CT data taken at T1 were imported into Mimics 

software (Materialise, Leuven, Belgium), and surgical templates and 

skull models were constructed separately and saved in STL format 

(Figure 11). STL files of the templates and skull models were 

imported to the inspection program (GOM Inspect; GOM mbH, 

Braunschiweig, Germany). On the inner surface of the template, 

evenly distributed surface points were created automatically by the 

software, where the distance between each point was set to 2.0 

mm29. After those points were projected to the underlying bone 

surface, the distance between the point on the inner surface of the 

template and its projected point on the underlying bone surface was 

calculated (Figure 12).

3. Statistical analysis

Statistical analysis was performed using the SPSS software

version 23.0 (SPSS Inc., Chicago, IL, USA). The data was tested 

for normal distribution through the Kolmogorov-Smirnov test and 

the data did not meet assumptions of the parametric test in certain 
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measurements. Thus, a non-parametric test was used. To evaluate 

the accuracy of the positioning of the surgical template, Wilcoxon 

signed-rank test was performed for x-, y-, and z coordinates 

between the planned-and the actual position. Absolute deviations in 

medial-lateral, anterior-posterior and superior-inferior directions 

was assessed and 3D distance of the reference structure between 

the planned and the actual position was calculated using the root 

mean square deviation (RMSD) formula. The level of significance 

was set at p < 0.05.

PART II. ROBOT ARM WITH NAVIGATION ASSISTED 

ORTHOGNATHIC SURGERY

1. System

The robot arm with navigation assisted orthognathic surgery 

system consists of a robot arm with six degrees of freedom 

(Cyborg-Lab, Suwon, Korea), an image-guided navigation system,

including an optical tracking camera and a tracking tool, a display, 

and a computer (Figure 13). The robot arm is controlled by a robot 

motion controller provided by the manufacturer (Precise 

Automation, Fremont, CA, USA), and the repeatability and 

maximum payload of the robotic system are ±0.15 mm and 5 kg, 

respectively. An end-effector of the robot arm was designed to 

reflect the surgical procedures of maxillary repositioning after Le 

Fort I osteotomy (Figure 14). In most cases of the maxillary 

repositioning, bony interference between the mobilized maxillary 
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segment and the remainder of the maxilla above the osteotomy line 

can occur, and this should be identified and removed completely for 

precise maxillary repositioning. Through virtual surgical simulation, 

the location and the amount of bony interference can be predicted 

preoperatively; however, the bony interference encountered during 

actual surgery may be different from the predicted bony 

interference because the actual Le Fort I osteotomy and 

pterygomaxillary separation pattern are somewhat different from 

virtual osteotomies. In our end-effector, a single-axis slider that is 

attached to the distal end of the robot arm can translate the 

maxillary segment upward and downward, which can enable the

surgeon to identify the bony interference and provide enough space 

to remove any bony interference. The slider and occlusal splint are 

connected by the handle, which has a tracking tool on its surface. 

The slider, handle, and occlusal splint can be separated easily using 

specially designed connecting structures. During the surgery, the 

maxilla can be connected to the robot arm using the splint. 

Surgical navigation is performed using the optical tracking system 

(OTS) (POLARIS SPECTRA, Northern Digital Inc., Ontario, Canada). 

The OTS simultaneously tracks the end-effector of the robot arm. 

Because the end-effector, occlusal splint and maxillary segment 

form one rigid body during the surgery, the maxillary segment as 

well as the end-effector of the robot arm can be tracked. The 

planned and the actual maxillary position can be visualized in axial, 

sagittal, and coronal planes, and the deviations at five dental 

landmarks, including the midpoint of the incisal edge of both central 
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incisors, both canines, and the mesio-buccal cusp of both upper 

first molars, can also be provided in real time (Figure 15).

2. Workflow

Preoperative phase

First, the occlusal splint for the upper teeth was fabricated using 

acrylic resin, and was attached to the upper teeth before CT images 

were acquired (Figure 16). The registration body was connected to 

the splint with a LEGO block (LEGO Group, Billund, Denmark), and 

was designed to have eight holes with 1 mm-stainless steel 

spheres for use as registration fiducial markers30-33. Using the 

registration body, the positions from the physical space could be 

correlated with the location of the CT data. 

After acquiring CT images, a virtual 3D skull model was 

constructed and conventional Le Fort I osteotomy was performed 

using the Mimics Software. In order to overcome the inaccuracy of 

CT images due to slice thickness and artifacts, and to improve the 

image quality of the teeth and teeth-bearing area, an optical scan of

the maxillary dentition was obtained using a 3D scanner (Identica 

Blue, Medit, Seoul, Korea) and was registered with the 3D skull 

model generated from CT. First, the virtually osteotomized maxilla 

after Le Fort I osteotomy was exported in the STL format. The 

osteotomized maxilla and optical scan of the maxillary dentition 

were imported into the inspection program (GOM Inspect; GOM 

mbH, Braunschiweig, Germany) and set as the nominal data and 

actual data, respectively (Figure 17). For better registration, two 
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alignments were used in the registration process. The initial 

alignment was performed automatically, and the main alignment was

achieved with the local best-fit method. In the local best-fit 

method, the palatal and buccal surface in the scan was selected and 

used as the reference surface. The aligned scan was exported in 

the STL format and imported to the simulation program. In order to 

determine the accuracy of the registration, the contour of the 

aligned scan was examined carefully on axial, coronal, and sagittal 

CT images and compared to the contour in CT images. The 

registration process was finished after mergence between the

osteotomized maxilla and the aligned scan data (registered maxilla). 

Using the simulation program, the osteotomized maxilla was moved 

to the planned position according to the surgical plan.

In order to match the physical space with the CT image space, 

registration was performed preoperatively using the registration 

body (Figure 18). The physical positions of the fiducial spheres on 

the registration body that correlated to the tracking tool on the 

end-effector were measured using a wireless tracking tool tip 

(Northern Digital Inc., Ontario, Canada). They were registered with 

their corresponding spheres on the 3D CT images. The relative 

position between the registration body and the tracking tool on the 

handle was always the same, and could thus be used for other 

experiments without measuring the physical positions of the fiducial 

spheres. 

Intraoperative phase
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The first step of the surgical procedures was the recording of the 

tracking tool position on the end-effector in physical space (Figure 

19A). Using the position of the tracking tool on the end-effector, 

we registered the preoperative maxillary position, and the end-

effector was separated from the occlusal splint-maxilla complex 

subsequently. A Le Fort I osteotomy was performed and the end-

effector was joined to the distal end of the robot arm (Figures 19A

and 19B). While the end-effector was tracked using navigation 

system, the end-effector could reach the planned position (Figures

19B and 19C). Because the relationship between the end-effector 

and the maxilla was fixed, the maxillary position could also be 

estimated and visualized on the display. When the maxilla on the 

display reached its planned position, the actual osteotomized 

maxilla–splint complex was joined to the end-effector (Figure 19D). 

With the up and down movement of the slider, the bony interference 

between the osteotomized maxilla and the upper maxilla above the 

osteotomy line could be identified and removed. Using the 

navigation system, we checked and confirmed the final maxillary 

position, and stabilized the osteotomized maxilla using four L-

shaped four-hole miniplates on the both piriform aperture and the 

zygomatic buttress area (Figure 19E).

3. Evaluation of accuracy

In order to evaluate the accuracy of the robot arm with navigation

assisted orthognathic surgery, experiments using 12 full skull 

models (Sawbones; Pacific Research Laboratories Inc., Vashon, WA, 
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USA) were conducted. CT images of the skull model were obtained 

using MDCT (SOMATOM Sensation 10, Siemens, Munich, 

Germany) under 120 kVp and 80 mAs, with a slice thickness of 

0.75 mm. A total of 12 experiments with four different surgical 

plans were performed; each surgical plan was implemented three 

times (Table 1). Conventional maxillary surgery was performed 

according to the surgical plan by following the intraoperative 

workflow. During surgery, the discrepancy between the planned and 

actual maxillary position was examined using intraoperative 

navigation after intraoperative registration, maxillary repositioning, 

and stabilization of the maxillary segment.

After surgery, postoperative CT images were obtained to analyze 

the postoperative maxillary position. Deviations between the 

planned and actual maxillary position were measured at five 

landmarks, including the midpoint of the incisal edge of both central 

incisors, both canines, and the mesio-buccal cusp of both upper 

first molars. Due to the limitation of resolution in CT, registration of 

optical scan data of upper teeth was performed, as done in 

preoperative preparation, with the same scan data. This process 

allowed for the selection of exactly the same landmarks, and the 

accurate measurement of the positional error at the landmarks,

between the planned and actual positions. Postoperative 3D skull 

models registered with scanned dentition were superimposed with 

the virtual surgical outcome (Figure 20). Superimposition was done 

using the best fit method in selected areas, where there were no 

changes before and after the surgery, such as the outer cortex of 
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the cranium. The quality of superimposition was confirmed with 

surface comparison using a colored map and mean distances.

Both planned and postoperative skull models were imported into

3D CAD software (3-Matic, Materialise NV, Leuven, Belgium). The 

five landmarks points of the maxilla were digitized on both the 

planned and postoperative models using triangular nodes on the 

surface of teeth (Figure 21). As identical scan data of dentition 

were used for registration of both preoperative and postoperative 

skull models, exactly the same triangle vertex could be selected in 

both. The differences in x-, y-, and z-coordinates between the 

planned and postoperative results were calculated. 

4. Statistical analysis

Statistical analysis was performed using the SPSS software 

version 23.0 (SPSS Inc., Chicago, IL, USA). The normality of the 

data was tested using the Kolmogorov-Smirnov test. First, the 

accuracy of maxillary repositioning was evaluated using the 

changes in the coordinates in x-, y-, and z- axes and RMSD. In 

order to assess the significance of differences between the paired 

data, the Wilcoxon signed-rank test was performed. Subsequently, 

the mean difference between the planned and the actual maxillary

position was described as the mean value, standard deviation, 95% 

confidence interval of the difference, and 95% limits of agreement,

with a Bland-Altman plot34.
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RESULTS

PART I. TEMPLATE-BASED ORTHOGNATHIC SURGERY 

1. Clinical application of the CAD/CAM based surgical templates

In the actual surgery, the maxillary surgical templates were 

applied for Le Fort I osteotomy combined with bilateral sagittal split 

ramus osteotomy (BSSRO) in a patient with mandibular prognathism

(Figure 22). After exposure of the maxillary anterior bone surface 

including the canine eminence, zygomaticomaxillary buttress, and 

anterior nasal spine, the osteotomy guide templates were positioned 

on the maxillary anterior bone surface with best fit adjustment on 

both sides and were fixed with screws through the premade drill 

holes. Bridge structures between the upper and lower parts of the 

osteotomy guide template were cut with a wire cutter, and Le Fort I 

osteotomy was performed along the upper border of the lower part 

of the osteotomy guide template using a reciprocal saw. After 

down-fracture of the maxilla, additional osteotomies using a 

piezoelectric bone cutting device were done long the lower border 

of the upper part of the osteotomy guide template to remove the 

area of bone interference between the down-fractured maxillary 

segment and the maxillary bone connected to the skull. In mandible, 

SSRO was done for mandibular setback movement. 

After BSSRO followed by maxillomandibular fixation with a final 

occlusal splint, repositioning guide templates were placed on both 

sides and fixed using screws through the premade drill holes. The 

maxillomandibular complex was guided to the planned position by 

adjusting the wedge-shaped male structure of the repositioning 
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guide template to the female structure of the upper part of the 

osteotomy guide template. When residual bony interference was 

encountered during maxillary positioning, additional grinding was 

performed to achieve the planned position of the complex. After 

partial removal of the upper part of the osteotomy guide template at 

the piriform aperture area, internal rigid fixation with a four-hole 

miniplate was performed at the left paranasal area. On the right side, 

a two-hole miniplate was temporarily fixed to the available 

paranasal area without a coverage of the templates. Then, the whole 

templates on the right side were removed, and conventional internal 

rigid fixation was performed at the paranasal and 

zygomaticomaxillary buttress area using two four-hole miniplates 

before the removal of the temporary two-hole miniplate. After the 

removal of residual templates on the left side, final maxillary rigid 

fixation was completed after the application of a four-hole miniplate 

at the zygomaticomaxillary buttress area. After adequate removal of 

the bony interferences between the distal and proximal segments of 

the mandible, both segments were stabilized with a miniplate under 

manual condylar guidance. To evaluate the surgical outcome and 

compare it with the treatment plan, we superimposed the 

postoperative 3D CT model on the virtual 3D model after simulation 

surgery. There was only a small discrepancy between those 2 

models.

2. Deviation of the CAD/CAM based surgical templates

The deviation of the reference structures on the surgical template 
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was calculated using the coordinates in the virtual model and the 

actual skull model. The absolute differences of the template position 

between virtual surgery and actual surgery are shown in Table 2. In 

140 evaluated reference structures, the mean absolute deviation 

was 0.41 ± 0.30 mm in medial-lateral direction (p < 0.001), 0.55 

± 0.59 mm in anterior-posterior direction (p < 0.001) and 0.69 ±

0.59 mm in superior-inferior direction (p < 0.001). The maximum 

absolute deviation was 2.04 mm in medial-lateral direction, 2.72 

mm in anterior-posterior direction, and 2.83 mm superior-inferior 

direction. The mean RMSD between the planned and the actual 

position of the template was 1.07 ± 0.76 mm, and the maximum 

and minimum RMSs were 3.26 mm and 0.14 mm, respectively 

(Table 3).

3. Fitness of the CAD/CAM based surgical templates

The number of the surface points, which were created on the inner 

surface of the maxillary surgical template, was 184.8 ± 35.32 

(Table 4). For all created surface points in 10 dry skulls, the mean 

distance between the inner surface of the template and the 

underlying bone was 0.76 ± 0.24 mm (range, 0 to 2.38 mm). In the 

skull with the greatest distance between the template and the bone, 

the average distance between the inner surface of the template and 

the underlying bone was approximately 1.0 mm, and the maximum 

distance reached 2.38 mm. In the skull with the greatest fitness, the 

gap between the template and the bone was 0.17 mm on average, 

and the maximum gap in that skull was 0.52 mm.
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PART II. ROBOT ARM WITH NAVIGATION ASSISTED 

ORTHOGNATHIC SURGERY

All experiments were performed successfully, and the navigation 

procedures were stable.

1. Evaluation of the accuracy of maxillary repositioning using 

intraoperative navigation

After the bony interference between the maxilla and the cranial 

part of the maxilla was removed completely, and the maxillary 

segment was repositioned as planned, the mean absolute deviations 

at all landmarks were 0.10 ± 0.12 mm, 0.08 ± 0.07 mm, and 0.10 

± 0.10 mm in medio-lateral, antero-posterior, and supero-

inferior directions, respectively, and the mean RMSD was 0.19 ±

0.15 mm, when compared to the planned position (Tables 5 and 6). 

When all landmarks were considered, the mean RMSD was 0.2 mm. 

The greatest RMSD (0.7 mm) was observed in the central incisor 

area in the first experiment; however, the other 11 experiments 

showed RMSD of less than 0.5 mm. These results suggested that 

our orthognathic surgery system could be used to reposition the 

maxilla accurately, regardless of the location of the maxilla. 

In this study, we also evaluated the maxillary position after 

fixation using intraoperative navigation (Tables 5 and 6). When the 

fixation of the maxilla was completed, a slight deviation of the

maxilla compared to the maxillary position before fixation was 

observed. Compared to the planned position, mean absolute 

deviations at all the landmarks were 0.16 ± 0.13 mm, 0.18 ± 0.15 
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mm, and 0.20 ± 0.16 mm in medio-lateral, antero-posterior, and 

supero-inferior directions, respectively, and the mean RMSD was 

0.34 ± 0.22 mm. During the fixation, the increase in the mean 

absolute deviation, compared to the planned position, was 0.06 mm, 

0.10 mm, and 0.10 mm in medio-lateral (p = 0.018), antero-

posterior (p < 0.001), and supero-inferior (p < 0.001) directions, 

and the RMSD also increased by only 0.15 mm (p < 0.001). The 

difference in the deviations between pre and post fixation was 

approximately 0.1 mm in the x-, y-, and z- axes; however, the 

actual positional changes in the mobilized maxilla during fixation 

were greater than the changes in the absolute deviation from the 

planned position. During the stabilization of the maxilla with 

miniplates, the maxillary segment showed slight deviations of 0.22 

± 0.19 mm, 0.18 ± 0.12 mm, 0.18 ± 0.12 mm, and 0.37 ± 0.20

mm in medio-lateral (p < 0.001), antero-posterior (p = 0.303), 

and supero-inferior directions (p = 0.426), and in three-dimension

space, respectively, compared to the pre stabilized maxilla. (Table 

7).

2. Discrepancy between the planned and actual postoperative

maxillary position measured using CT

For the assessment of the surgical outcomes using the two 3D 

models, the accuracy of superimposition between the two models is 

important. In our study, we superimposed the planned skull model 

with the actual postoperative skull model based on the best fit 

method, wherein the outer cortex of the cranium was selected as 
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the reference surface (Figure 20). After superimposition, the mean 

deviation in the reference surface between the two models was 

0.05 ± 0.01 mm, and the maximum deviation was only 0.08 mm 

(Table 8).

The discrepancy between the planned and actual postoperative 

positions of the maxilla was evaluated using the coordinates of the 

landmarks, including the midpoint of the upper central incisors, both 

upper canines and both upper molars. With respect to the location of 

the landmarks, the mean RMSD ranged from 0.70 mm to 0.91 mm. 

Regardless of the location of the landmarks, the mean absolute 

discrepancy was 0.42 ± 0.35 mm (range, 0.01 to 1.07), 0.37 ±

0.25 mm (range, 0.05 to 1.05), and 0.38 ± 0.32 mm (range, 0.00 

to 1.41) in medio-lateral (p = 0.169), antero-posterior (p = 

0.006), and supero-inferior directions (p = 0.003), respectively, 

and the mean RMSD was 0.79 ± 0.35 mm (range, 0.19 to 1.62) 

(Tables 9 to 11). 

The 95% confidence intervals (CI) for the mean positional

difference between the planned and the actual postoperative maxilla 

were -0.21 mm to 0.07 mm, 0.05 mm to 0.27 mm, and 0.03 mm to 

0.28 mm in medio-lateral, antero-posterior, and supero-inferior 

directions, respectively (Table 12). The 95% of limits of agreement 

(LOA) between the planned and the actual postoperative maxillary 

position were -1.13 mm to 0.99 mm, -0.68 mm to 0.99 mm, and -

0.77 mm to 1.08 mm in the medio-lateral, antero-posterior, and 

supero-inferior directions, respectively (Figures 23 to 25). 
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DISCUSSION

With the advancement in technology, such as 3D visualization and 

simulation, navigation, the CAD/CAM technique, and 3D printing, 

methods that allow more accurate and precise surgical outcomes 

have been widely investigated in the past few decades. In 

orthognathic surgery, there has been applied for elimination of use 

of an intermediate splint in maxillary repositioning and 

accomplishment of optimal skeletal relationship as preoperative 

planning.

As an alternative to the intermediate occlusal splint, several 

investigators developed various CAD/CAM templates based on 3D 

simulation surgery in order to overcome the limitations associated 

with the use of the error-prone and time-consuming traditional 

intermediate splints. The CAD/CAM templates are designed based 

on 3D virtual skull models generated from CT data, and are 

fabricated using 3D printing technology or milled from titanium alloy 

blocks. In order to achieve successful outcomes in CAD/CAM 

template-based orthognathic surgery, it is important that the virtual 

position of the template is transferred correctly during the actual

operation. During actual surgery, repositioning of the bony segment 

as planned can be accomplished accurately only when the template 

is located on the same position as that during simulation surgery. If 

the template only covers a small surface of the maxillary wall, it is 

difficult to place the template at the position that was determined 

through simulation surgery. When the template is not fixed to a 

planned position, subsequent procedures, including osteotomy, 
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removal of the bony interference, and repositioning of bony 

segments may deviate from those in the simulation surgery, and the 

final surgical outcome can be different from the planned and 

predicted outcome.

Depending on the method used for fitting the template based on the 

simulation surgery, the templates can be divided into two systems: 

1) the dentition-based system and 2) the surface-based system. 

The dentition-based system includes the occlusal splint, which can 

provide more accurate reproduction of the template position in 

actual surgery3, 9, 16. However, this system requires scanning of the 

dental cast and registration of the scanning data into CT data, which 

may be time-consuming and may contribute to inaccurate template 

positioning during actual surgery. Furthermore, undesirable 

preoperative teeth movement after impression and scanning of 

dentition may lead to the generation of inaccurate templates. In the 

surface-based system, reproduction of the template position can be 

achieved through maxillary surface configuration without the use of 

an occlusal splint, thus making the scanning of the dental cast and 

data registration unnecessary2, 4, 13-15, 35. Although the bulky 

template can result in distortion of perioral soft tissue and thus 

make it difficult to evaluate soft-tissue changes during surgery, 

this system requires a template that covers its underlying bone 

surface as widely as possible, and includes characterized anatomical 

structures.

Several previous studies have reported successful surgical results 

after orthognathic surgery with surface-based CAD/CAM 
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templates4, 13, 14, 35. Bai et al.35 proposed a technique using a pair of 

surface templates that record the 3D surface geometry of the 

region of interest as an alternative to the intermediate surgical 

wafer and reported that the templates fit intimately with the outer 

surface of the maxilla. Gander et al.14 used laser-sintered PSI as a 

positioning guide for concurrent rigid fixation after Le Fort I 

osteotomy and after performing a quality analysis, reported minimal 

inconsistencies between the planned and actual postoperative 

results. Brunso et al.13 used bone-supported guides for the 

placement of custom-machined titanium miniplates fabricated using 

CAD/CAM technology in six patients, and reported that the plates fit

the anterior buttress of the maxilla and the surface of the 

mandibular body perfectly during the surgery. In their study, the 

average surface deviation between the planned and the final surgical 

results was 1.09 ± 0.78 mm (71.2% of values within 1.0 mm) for 

maxillary surgery and 0.61 ± 0.69 mm (75.3% of values within 1.0 

mm) for mandibular surgery. In a case study of 32 patients reported 

by Suojanen et al.4, plate fitting in Le Fort I osteotomy or 

bimaxillary surgery with the use of patient-specific surgical guides 

and custom-made osteosynthesis plates for waferless maxilla 

positioning and fixation was excellent, good, acceptable, and not 

usable in 23 patients (71.9%), four patients (12.5%), four patients 

(12.5%) and one patient (3.1%), respectively.

In our study, we assessed the accuracy of the fitting of the 

surface-based CAD/CAM templates, wherein the placement of the 

templates at the same position as in simulation surgery is essential 
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to perform the subsequent surgical procedures precisely. In order 

to maximize the accuracy of template fitting, the CAD/CAM 

template used in this study was designed to cover the characteristic 

3D surfaces and curvatures of the maxilla, such as the piriform 

aperture, the anterior maxillary wall including the canine eminence, 

the zygomaticomaxillary buttress, and the anterior nasal spine. For 

the anterior nasal spine, we also introduced a special design into the 

template so that the left and the right templates engaged each other 

in a zig-zag form. Among the 10 skulls, there was only one that 

showed a mild template deviation compared to the preoperative 

simulation, but this difference was not statistically significant in the 

x-, y-, or z-axes; however, the mean deviations (0.4 mm, 0.6 mm,

and 0.7 mm in the x-axis, y-axis, and z-axis, respectively) and 

RMS values (1.1 mm) were not clinically significant in any of the

skulls. The template showed more accurate positioning in the 

medio-lateral direction, followed by the antero-posterior, and the 

supero-inferior direction. With respect to the fit of the template, 

the gap between the inner surface of the surgical template and the 

underlying bone was also clinically acceptable (0.75 mm on 

average). These results suggest that surface-based CAD/CAM 

templates may be repositioned precisely without the help of 

occlusal splints, and can serve as an alternative for the transfer of 

the presurgical plan to the actual operation. 

Although 3D rapid-prototyping and CAD/CAM technology have 

been widely and successfully used in orthognathic surgery, several 

cases have been reported wherein the use of CAD/CAM templates 
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was not sufficient or these templates were not applicable. 

Therefore, many surgeons still generate traditional intermediate 

splints in addition to CAD/CAM based templates for safety reasons4, 

13. However, the generation of both CAD/CAM based templates and 

conventional intermediate splints is time-consuming and not cost-

effective. Another limitation of the CAD/CAM based surgical 

templates is that it is necessary to expose the bone widely for the 

adaptation of the templates (Figure 26). Wide exposure of the bone 

may cause nerve damage and increase postoperative swelling and 

patient discomfort. A bulky template for wide bone coverage also 

makes it difficult to evaluate lip or incisor exposure due to great lip 

distortion. In addition, because most of the template is attached to 

the anterior region of the maxilla, such as the anterior maxillary 

sinus wall, the posterior maxilla is prone to positioning error. The 

surgical outcome can be predicted preoperatively using 3D 

simulation. In contrast to skeletal changes after orthognathic 

surgery, soft tissue prediction is still inaccurate; thus, 

intraoperative changes in the surgical plan based on soft tissue 

changes are desirable. However, in conventional orthognathic 

surgery that involves the use of an intermediate splint, and 

template-orthognathic surgery, the splint and the template guide 

the maxillary segment only to the predetermined target position, 

and provide less flexibility for additional perioperative changes in

the surgical plan2. Therefore, it is necessary to develop a new 

orthognathic surgical approach that allows for some vertical and 

yaw leeway or changes in surgical plan intraoperatively2, 14, 15.
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Robot assisted surgery can be used to overcome the limitations of 

template-based surgery. In robot assisted surgery, the surgical 

plan can be modified by simply using the robot-remote controller. 

Despite the potential of robotic surgery, to our knowledge, there 

have been few studies where robotic technology has been combined 

with orthognathic surgery24, 36-38. Burgner et al.36, 37 developed a 

proto-type end-effector for Le Fort I osteotomy, and registration 

methods. Vieira et al.38 assessed the stability and usability of a 

light-weight robot to hold the maxillary segment in the target 

position during the drilling and fastening of the maxilla. Wang et al.38

recently developed a surgical robotic system for orthognathic 

surgery. This system consists of a virtual digital surgery design, a 

navigation device, and a high-precision robot arm. However, they 

only conducted preliminary experiments, wherein the three

distances between fiducial markers located on the upper maxilla and 

mobilized maxilla were measured after repositioning. In our study, 

we developed a robot arm with navigation assisted orthognathic 

surgery system, and conducted experiments using the entire 

procedure that is used in actual orthognathic surgery (Figure 27). 

This system also provided image-guided navigation, thus enabling 

the surgeons to easily check the current maxillary position and 

move the maxilla to the planned position.

The use of a navigation system for orthognathic surgery has been 

reported and its surgical accuracy has been evaluated. Chapuis et 

al.39 moved the mobilized maxilla after Le Fort I osteotomy with an 

optical tracking system in one patient, and reported an accuracy of
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1.1 mm using the planned and postoperative skull models. In the 

study by Lee et al.31 who repositioned the maxillomandibular 

complex using the optical tracking system and image-guided 

navigation in one patient, the RMSD between the preoperative 

planned and the intraoperative guided positions was 1.16 mm 

immediately after repositioning. Evaluation of the postoperative 

results using CT showed that the RMSD for maxillary landmarks

was 1.3 mm. In another study with an electromagnetic navigation 

system40, the mean absolute deviation between the planned and 

achieved maxillary positions were 0.8 mm, 2.2 mm, and 1.2 mm in 

the x-axis, y-axis, and z-axis, respectively, and the RMS was 2.8 

mm.

In navigation assisted orthognathic surgery that does not involve 

the use of an intermediate splint, the manual fixation of the 

osteotomized maxilla, while holding the maxillary segment in its 

desired position, is difficult40. Though various temporary supports

can be applied to the mobilized maxillary segment, drilling on the 

unstable maxillary segment and unsuitability of plate bending may 

influence repositioning accuracy. In contrast to previous reports of 

orthognathic surgery with navigation only, we combined the robot

arm and OTS, where the robot arm held the osteotomized maxilla 

during the fixation, and minor positional changes in the maxilla 

during fixation could be monitored using the OTS. Postoperative CT 

evaluation showed that with the use of this system, the RMSD 

between the planned and actual maxillary position was 0.78 mm. 

Compared to previous studies where the maxilla was repositioned 
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using navigation only, the accuracy of maxillary repositioning was 

higher with the aid of the robot arm specially designed for the 

orthognathic surgery. Though mild deviation of the maxilla occurred 

during maxillary stabilization, it was 0.17 mm on average, which is 

not clinically significant. In the evaluation of final surgical outcome 

using postoperative CT data, there was a mild increase (0.15 mm, 

0.18 mm, and 0.19 mm in medio-lateral, antero-posterior, and 

supero-inferior direction, respectively, and RMSD = 0.39 mm) in 

deviation, compared to that observed using intraoperative navigation 

after maxillary fixation. These results are consistent with those 

from previous other studies. Lee et al.31 reported an increase of 

0.14 mm in the RMSD between the position during intraoperative 

guidance obtained by navigation and the postoperative position 

obtained using CT data. In the study by Berger et al.40, cone-beam 

CT showed that postoperatively, the RMSD increased by 0.65 mm 

from that during intraoperative navigation. These differences in 

accuracy might result from the errors in navigation or the outcome 

evaluation methods.

Various errors can occur during the 3D CT evaluation. At first, as 

CT data are usually a set of two-dimensional cross-sectional 

images with slice thickness usually ranging from 0.3 mm to 1.5 mm, 

the reconstructed 3D skull model created using these cross-

sectional images can be different from the actual skull. Furthermore, 

it is difficult to select the same landmarks on the two skull models 

generated from different CT data in one patient. Even when the 

specialized structures, such as the small-size sphere or screw, are
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used as references, the resolution may not be enough for accurate 

evaluation. In order to minimize these errors in the CT evaluation, 

high-resolution optical scan surface data was registered with both

the preoperative and postoperative 3D skull models. Registration of 

the same scan data into preoperative and postoperative 3D skull 

models allows the identification of the same surface triangular 

structures in dentition in both the 3D models, thus making it

possible to select the exact same landmarks for evaluation.

There is usually a learning curve associated with the adoption of

any new technology or procedure; however, we included all 

experiments, from the first to the twelfth experiment, for outcome 

evaluation. Of the 12 experiments, the deviation between the 

planned position and actual maxillary positions was greatest in the

first experiment, followed by the second experiment. The RMSD

was 1.6 mm and 1.3 mm in the upper central incisor area in the first 

and second experiments, respectively. In the other 11 experiments, 

the RMSD in the anterior maxilla ranged between 0.3 mm and 0.9 

mm.

In our first study on template-based orthognathic surgery, one of 

the limitations is that we did not evaluate the deformation of the 

template after fixation on the bone surface even though the 

template was fixed passively using an adhesive tape. Because the 

holes in the template and the screws were not the locking type, 

deformation of the template itself may have occurred during screw 

tightening in actual surgery. In addition, the relationship between 

the fitness of the template and the actual surgical accuracy was not 
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evaluated. Thus, in future studies, it will be necessary to evaluate 

the conformational changes in the template during adaptation and 

the accuracy in the transfer of the surgical plan throughout 

maxillary surgery.

For the robot arm withd navigation assisted orthognathic surgery, 

a pre-clinical study using skull models suggested the accuracy of 

the system; however, further studies are necessary for allowing

successful clinical application. The experiments in this study were 

conducted with a fixed head position, which is unlike what is 

observed during an actual surgery, wherein the head position

changes in real time. Thus, the compensation of the head movement 

should be considered. In addition, even though all experiments in 

this study were conducted successfully, alternative methods which 

can be used in instances of unexpected system failure should be 

devised.
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CONCLUSION

In this study, we developed two alternative methods to replace 

traditional maxillary repositioning surgery that involves the use of 

an intermediate splint. One of these methods is template-based 

orthognathic surgery. Maxillary surgical templates for orthognathic 

surgery consist of osteotomy and repositioning guide templates that 

provide information about the osteotomy line, bony interference,

and planned position, and eliminate the need for an intermediate 

splint. Using these templates, the maxillomandibular complex was 

successfully repositioned without using an intermediate splint. In 

the evaluation of positioning accuracy and fitness of the template, 

templates showed precise positioning (RMSD, 1.07 mm) and good 

fitness (0.76 ± 0.24 mm). These results suggest that various 

surface-based CAD/CAM templates can be positioned based on 

prior simulation without the help of occlusal splints, and can serve 

as an alternative to traditional methods that involve the use of

intermediate splints for the transfer of surgical plans to the actual 

operation, even though these templates have some limitations with 

regard to their universal clinical applicability.

In order to overcome the limitations of the template-based 

orthognathic surgery, we developed the robot arm with navigation 

assisted orthognathic surgery. We also conducted preclinical 

experiments using phantom skulls to evaluate the validity and 

reliability of this system. The mobilized maxilla was repositioned as 

planned with good accuracy (RMSD, 0.19 ± 0.15 mm) during the 

intraoperative navigation when this system was used. Though there 
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was an increase in deviation (increase in RMSD, 0.15 mm) after 

fixation, the deviation was mild and was clinically acceptable. 

Evaluation of surgical outcomes was performed using pre and 

postoperative CT data, and results showed that the mean deviations 

in the maxilla from the planned the position were 0.42 ± 0.35 mm, 

0.37 ± 0.25 mm, and 0.38 ± 0.32 mm in the medio-lateral, 

antero-posterior, and supero-inferior directions, respectively, and 

the mean RMSD was 0.79 ± 0.35 mm. These results suggest that

the maxilla can be repositioned and stabilized successfully using the 

robot arm with navigation assisted orthognathic surgery with 

accuracy comparable to or better than that achieved using other 

methods of surgical plan transfer.
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TABLES

Table 1. Surgical movement for phantom experiments.

Type of 

movement
Direction and amount of movement

Number of 

experiments

Bodily shift Advancement (3 mm) + Downward (2 mm) 3

Shift to the right (3 mm) 3

Rotation Cant correction 

(#16: 2 mm upward, #26: 2 mm downward)

3

Posterior impaction (#16: 3 mm upward) 3

Total 12
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Table 2. Absolute differences between the planned and actual 

position of the surgical template. 

Abbreviations: SD, standard deviation

*Wilcoxon signed-rank test

Skull no.

Medio-lateral Antero-posterior Supero-inferior

Mean ± SD

(mm)

p

value*

Mean ± SD

(mm)

p

value*

Mean ± SD

(mm)

p

value*

1 0.26 ± 0.20 0.109 0.26 ± 0.23 0.005 0.69 ± 0.33 0.001

2 0.35 ± 0.26 0.754 0.27 ± 0.13 0.096 0.38 ± 0.22 0.198

3 0.53 ± 0.21 0.753 1.22 ± 0.41 0.001 0.82 ± 0.31 0.001

4 0.34 ± 0.17 0.005 0.96 ± 0.71 0.005 1.57 ± 0.83 0.001

5 0.50 ± 0.17 0.001 0.23 ± 0.15 0.028 0.21 ± 0.14 0.079

6 0.51 ± 0.29 0.074 0.41 ± 0.22 0.038 0.45 ± 0.30 0.002

7 0.36 ± 0.21 0.008 0.23 ± 0.18 0.055 0.58 ± 0.41 0.022

8 0.53 ± 0.41 0.002 0.93 ± 0.95 0.001 0.86 ± 0.66 0.001

9 0.35 ± 0.52 0.706 0.42 ± 0.66 0.975 0.85 ± 0.67 0.002

10 0.34 ± 0.16 0.220 0.54 ± 0.33 0.035 0.50 ± 0.25 0.002

Mean 0.41 ± 0.30 <0.001 0.55 ± 0.59 <0.001 0.69 ± 0.59 <0.001

Median 0.37 0.35 0.56

Maximum 2.04 2.72 2.83

Minimum 0 0 0.02
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Table 3. Root mean square deviation in three-dimension between 

the planned and actual position of the surgical template. 

Skull no.
RMSD

Mean ± SD (mm)

1 0.81 ± 0.40

2 0.66 ± 0.19

3 1.60 ± 0.44

4 1.94 ± 0.98

5 0.64 ± 0.15

6 0.82 ± 0.41

7 0.79 ± 0.38

8 1.43 ± 1.16

9 1.15 ± 0.93

10 0.86 ± 0.33

Mean 1.07 ± 0.76

Median 0.84

Maximum 3.91

Minimum 0.14

Abbreviations: RMSD, root mean square deviation; SD, standard 

deviation
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Table 4. Fitness of the surgical template for each one of the 10 dry 

skulls.

Abbreviations: SD, standard deviation

Skull no.
Number of the created 

surface points

Distance between reference points and underlying 

bone (mm)

Mean ± SD Median Maximum Minimum

1 188 0.73 ± 0.22 0.78 1.11 0.01 

2 179 0.86 ± 0.27 0.87 1.57 0.14 

3 184 1.01 ± 0.53 0.94 2.38 0.00 

4 178 0.82 ± 0.45 0.8 1.83 0.01 

5 146 0.17 ± 0.10 0.17 0.52 0.00 

6 149 0.79 ± 0.30 0.87 1.33 0.05 

7 201 0.51 ± 0.28 0.54 1.18 0.00 

8 163 0.94 ± 0.40 0.91 2.26 0.00 

9 188 0.74 ± 0.35 0.78 1.74 0.00 

10 272 0.89 ± 0.27 0.9 1.65 0.15 

Total 184.8 ± 35.32 0.76 ± 0.40 0.79 2.38 0.00 
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Table 5. Mean absolute deviation based on intraoperative navigation 

before and after maxillary fixation.

M-L A-P S-I

Land

marks

Before

fixation

(mm)

After

fixation

(mm)

p

value*

Before

fixation

(mm)

After

fixation

(mm)

p

value*

Before

fixation

(mm)

After

fixation

(mm)

p value*

#11 0.11

± 0.14

0.14

± 0.14

0.432 0.05

± 0.05

0.17

± 0.15

0.011 0.13

± 0.15

0.22

± 0.22

0.071

#13 0.11

± 0.13

0.15

± 0.13

0.530 0.08

± 0.05

0.23

± 0.18

0.003 0.12

± 0.10

0.23

± 0.17

0.041

#23 0.11

± 0.13

0.15

± 0.13

0.530 0.07

± 0.05

0.12

± 0.12

0.209 0.09

± 0.11

0.18

± 0.18

0.023

#16 0.10

± 0.11

0.18

± 0.14

0.084 0.08

± 0.06

0.24

± 0.18

0.002 0.08

± 0.05

0.19

± 0.11

0.021

#26 0.10

± 0.10

0.18

± 0.14

0.084 0.11

± 0.11

0.14

± 0.11

0.432 0.09

± 0.10

0.18

± 0.11

0.037

Total 0.10

± 0.12

0.16

± 0.13

0.020 0.08

± 0.07

0.18

± 0.15

<0.001 0.10

± 0.10

0.20

± 0.16

<0.001

Data are presented as mean ± standard deviation

Abbreviations: M-L, medio-lateral direction; A-P, antero-

posterior direction; S-I, supero-inferior direction

*Wilcoxon signed-rank test
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Table 6. Root mean square deviation based on intraoperative 

navigation before and after maxillary fixation.

RMSD

Landmarks
Before

fixation (mm)

After

fixation (mm)
p value*

#11 0.20 ± 0.19 0.34 ± 0.26 0.034

#13 0.20 ± 0.15 0.38 ± 0.25 0.015

#23 0.18 ± 0.14 0.29 ± 0.22 0.117

#16 0.17 ± 0.10 0.38 ± 0.21 0.006

#26 0.20 ± 0.16 0.31 ± 0.17 0.034

Total 0.19 ± 0.15 0.34 ± 0.22 <0.001

Data are presented as mean ± standard deviation

Abbreviations: RMS, root mean square deviation

*Wilcoxon signed-rank test
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Table 7. Mean positional change and root mean square deviation in

the mobilized maxilla during fixation based on intraoperative 

navigation.

M-L A-P S-I RMSD

Land

marks

Mean

± SD

(mm)

p

value
*

Mean

± SD

(mm)

p

value
*

Mean

± SD

(mm)

p 

value
*

Mean

± SD

(mm)

#11 0.22

± 0.19

0.002 0.18

± 0.12

0.328 0.16

± 0.12

0.307 0.35

± 0.20

#13 0.23

± 0.19

0.002 0.19

± 0.14

0.326 0.19

± 0.10

0.530 0.38

± 0.20

#23 0.20

± 0.19

0.002 0.16

± 0.09

0.388 0.15

± 0.13

0.195 0.33

± 0.20

#16 0.23

± 0.20

0.002 0.21

± 0.14

0.213 0.22

± 0.11

0.656 0.41

± 0.21

#26 0.23

± 0.20

0.002 0.15

± 0.08

0.724 0.17

± 0.13

0.286 0.37

± 0.19

Total 0.22

± 0.19

<0.001 0.18

± 0.12

0.303 0.18

± 0.12

0.426 0.37

± 0.20

Abbreviations: M-L, medio-lateral direction; A-P, antero-

posterior direction; S-I, supero-inferior direction; RMSD, root 

mean square deviation; SD, standard deviation

*Wilcoxon signed-rank test for comparison
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Table 8. Accuracy of superimposition based on the outer cortex of 

the cranium.

Experiment

No.

Deviation in the outer cortex of the cranium between 

preoperative and postoperative skull models (mm)

1 0.0754 

2 0.0413 

3 0.0622 

4 0.0400 

5 0.0391 

6 0.0377 

7 0.0455 

8 0.0490

9 0.0516

10 0.0518

11 0.0513

12 0.0548

Mean 0.0500

SD 0.0108

Max 0.0754

Min 0.0377 

Abbreviations: SD, standard deviation
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Table 9. Mean absolute deviation between the planned and actual 

postoperative maxillary positions.

Abbreviations: M-L, medio-lateral direction; A-P, antero-

posterior direction; S-I, supero-inferior direction; SD, standard 

deviation

M-L A-P S-I

Land

marks

Mean

± SD

(mm)

Min

(mm)

Max

(mm)

Mean

± SD

(mm)

Min

(mm)

Max

(mm)

Mean

±+ SD

(mm)

Min

(mm)

Max

(mm)

#11 0.39

± 0.36

0.03 1.07 0.39

± 0.22

0.16 0.87 0.38

± 0.38

0.10 1.41 

#13 0.39

± 0.37

0.01 0.99 0.47

± 0.27

0.15 1.05 0.42

± 0.34

0.02 1.18 

#23 0.40

± 0.37

0.01 0.99 0.30

± 0.23

0.05 0.83 0.31

± 0.25

0.03 0.79 

#16 0.45

± 0.35

0.07 0.96 0.48

± 0.28

0.15 0.87 0.44

± 0.35

0.00 1.15 

#26 0.46

± 0.35

0.08 0.95 0.24

± 0.20

0.05 0.73 0.34

± 0.28

0.03 0.75 

Total 0.42

± 0.35

0.01 1.07 0.37

± 0.25

0.05 1.05 0.38

± 0.32

0.00 1.41 
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Table 10. Root mean square deviation between the planned and 

actual postoperative maxillary position.

RMSD

Landmarks Mean + SD (mm) Min (mm) Max (mm)

#11 0.76 ± 0.42 0.32 1.62

#13 0.85 ± 0.38 0.39 1.58

#23 0.70 ± 0.31 0.26 1.27

#16 0.91 ± 0.33 0.44 1.48

#26 0.72 ± 0.30 0.19 1.06

Total 0.79 ± 0.35 0.19 1.62

Abbreviations: RMSD, root mean square deviation; SD, standard 

deviation
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Table 11. Comparison of the coordinates between the planned and

actual postoperative maxillary position.

p value*

Landmarks M-L A-P S-I

#11 0.480 0.136 0.239

#13 0.583 0.308 0.388

#23 0.638 0.117 0.158

#16 0.638 0.308 0.209

#26 0.638 0.239 0.034

Total 0.169 0.006 0.003

Abbreviations: M-L, medio-lateral direction; A-P, antero-

posterior direction; S-I, supero-inferior direction

*Wilcoxon signed-rank test
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Table 12. Mean and standard deviation of discrepancy, 95% 

confidence intervals and limits of agreement for mean discrepancy.

Limits of agreement

(95% confidence interval)

Mean 

(SD)

(mm)

95% CI for mean 

discrepancy
Lower Limit Upper limit

Signed difference

Medio-lateral -0.07

(0.54)

-0.21 to 0.07 -1.13

(-1.37 to -0.89)

0.99

(0.75 to 1.23)

Antero-posterior 0.16

(0.43)

0.05 to 0.27 -0.68

(-0.87 to -0.49)

0.99

(0.80 to 1.18)

Supero-inferior 0.15

(0.47)

0.03 to 0.28 -0.77

(-0.98 to -0.56)

1.08

(0.87 to 1.29)

Absolute difference

Medio-lateral 0.42

(0.35)

0.33 to 0.51 -0.27

(-0.42 to -0.11)

1.10

(0.94 to 1.25)

Antero-posterior 0.37

(0.25)

0.31 to 0.44 -0.12

(-0.24 to -0.01)

0.87

(0.76 to 0.98)

Supero-inferior 0.38

(0.32)

0.30 to 0.46 -0.24

(-0.38 to -0.10)

1.00

(0.86 to 1.14)

Abbreviations: SD, standard deviation; CI, confidence intervals
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FIGURES

Figure 1. Clinical workflow of conventional orthognathic surgery 

using intermediate splint and the possible errors in each procedure.
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Figure 2. Development of CAD/CAM based surgical templates. (A) 

Osteotomy guide template; (B) Repositioning guide template 

adjusted with the upper part of the osteotomy guide template.
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Figure 3. Exact positioning of the template based on the surface 

configuration. The templates covered (A) the piriform aperture 

(quadrangle), (B) the anterior maxillary wall, including the canine 

eminence (triangle), (C) the zygomaticomaxillary buttress (circle). 

(D) Joining of the left and right templates at the maxillary midline 

using wedge-form interlocking.
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Figure 4. Confirmation of maxillary medio-lateral, supero-inferior, 

and antero-posterior positions using maxillary templates.
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Figure 5. Virtual Le Fort I osteotomy and patient-specific surgical 

template for Le Fort I osteotomy.
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Figure 6. Design of the CAD/CAM based surgical templates for Le 

Fort I osteotomy. Surgical templates included the right and left 

parts that were separated at the midline. For the exact positioning 

of the template as planned, the template was designed to cover the 

zygomaticomaxillary buttress, piriform aperture, and maxillary 

anterior wall, including the canine eminence. The right and left parts 

of the template covered the anterior nasal spine and were joined at 

the maxillary midline with wedge-form interlocking structures for 

precise adaptation. Between the upper and lower parts, the Le Fort 

I osteotomy space was created to provide information about the 

osteotomy line and bony interference. In order to evaluate the 

deviation in the template, 14 cone-shaped reference structures 

were added to the template.
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Figure 7. Fitting of the CAD/CAM based surgical template on the 

maxilla.
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Figure 8. Surgical template combined with the computed 

tomography (CT) data at T0. (A) Prior to combining the surgical 

template with the CT data (T0). The surgical template (red) is 

separated from the CT data (T0); (B) Following the combining of 

the surgical template with the CT data (T0). CT data (T0) 

combined with the surgical template was exported to DICOM format 

(T0’). 
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Figure 9. Superimposition of the computed tomography (CT) data at 

T0’` and T1 based on the best fit of the cranial base structures.
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Figure 10. Assessment of the 3D coordinates of each cone-shaped 

reference structure (RS) in T0’ (dotted line) and T1 (solid line).
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Figure 11. Evaluation of the fitness of the surgical template. (A)

Import of the template and skull model; (B) Creation of the evenly 

distributed surface points on the inner surface of the template. All 

points were created automatically by the software, and the distance 

between each point was set to 2.0 mm.
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Figure 12. Measurement of the distance between a point on the 

inner surface of the template and its projected point on the 

underlying bone surface.
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Figure 13. Representation of the robot arm with navigation assisted 

orthognathic surgery system.
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Figure 14. End-effector of the robot arm.
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Figure 15. Tracking of the maxillary segment. The planned and 

actual maxillary positions were visualized in axial, sagittal and 

coronal planes, and the amount of deviation at five dental landmarks, 

including the midpoint of the right and left upper central incisors, 

both upper canines and both upper first molars were also provided 

in real time. (A) Before maxillary repositioning, when the surgical 

plan was a bodily shift by 3.0 mm to the right side; (B) After 

maxillary repositioning using a robot arm and image-guided 

navigation.
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Figure 16. Preoperative workflow for robot arm with navigation 

assisted orthognathic surgery.
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Figure 17. Registration of the optical scan data of the maxillary 

dentition with the osteotomized maxilla.
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Figure 18. Preoperative registration for matching of the physical 

space with the CT image space.
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Figure 19. Intraoperative workflow for robot arm with navigation 

assisted orthognathic surgery. (A) Registration of the preoperative 

maxillary position and Le Fort I osteotomy; (B)Reposition of the 

robot arm near the planned position manually; (C)Reposition of the 

robot arm to the planned position accurately using the robot motion 

controller; (D) Identification and removal of the bony interference; 

(E) Confirmation of the final maxillary position and stabilization of 

the maxilla.



74



75



76

Figure 20. Superimposition of the postoperative 3D skull model 

generated by postoperative computed tomography (CT) and cast 

scan data with the preoperative 3D skull model combined with the 

maxilla repositioned to the planned position, based on the outer 

cortex of the cranium, which does not change after surgery. (A)

Selection of the outer cortex of the cranium for local best-fit 

registration; (B) After superimposition of the two skull models; (C)

Surface comparison with color mapping.



77

Figure 21. Comparison of the planned and postoperative skull 

models. (A) After superimposition of the two models based on the 

local-best fit method; (B) Selection of the landmark in the planned 

model using triangular nodes on the surface of teeth; (C) Selection 

of the same landmark on the postoperative model using triangular 

nodes. As identical scan data of dentition was used for the 

registration of both the planned and postoperative skull models, the 

exact same triangle vertex could be selected. 
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Figure 22. Maxillary repositioning using maxillary templates. (A) 

The osteotomy guide templates were carefully positioned on both 

sides and were fixed with three screws through premade drill holes. 

(B) The maxillomandibular complex was guided to the planned 

position by adjusting the wedge-shaped male structure of the 

repositioning guide template to the female structure of the 

osteotomy guide template (arrow; final splint). (C) The maxilla was 

first stabilized using a miniplate in the left paranasal area after 

partial removal of the template. On the right side, a two-hole-

miniplate was temporarily fixed in the available paranasal area 

without template coverage. Subsequently, the templates on the right 

side were completely removed, and the conventional internal rigid 

fixation was performed using two four-hole miniplates. This was 

followed by the removal of the temporary two-hole-miniplate 

(arrow head; holes for temporary two-hole-miniplate). After the 

removal of residual templates on the left side (*), final maxillary 

rigid fixation was completed after the application of a four-hole-

miniplate in the zygomaticomaxillary buttress area. Proximal and 

distal segments after sagittal split ramus osteotomy (SSRO)

(arrow) were also stabilized with miniplates. (D, E) Superimposition 

of the postoperative three-dimensional computed tomography 

model (blue) was done on the virtual three-dimensional model 

(white) after simulation surgery.
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Figure 23. Bland-Altman plot of the differences in the medio-

lateral direction between the planned and actual postoperative 

maxillary positions.
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Figure 24. Bland-Altman plot of the differences in the antero-

posterior direction between the planned and actual postoperative 

maxillary positions.
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Figure 25. Bland-Altman plot of the differences in the supero-

inferior direction between the planned and actual postoperative 

maxillary positions.
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Figure 26. Limitations of the template-based orthognathic surgery.
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Figure 27. Reason for development of semi-active robot arm with 

navigation assisted orthognathic surgery.
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- 국문초록 –

수술용 스플린트 없는 악교정 수술 방법 개발

- 상악 형판 기반 수술과

로봇 팔 및 내비게이션을 이용한 수술의 비교 -

한 정 준

서울대학교 대학원 치의과학과 구강악안면외과학 전공

(지도교수 황 순 정)

연구 목적

본 연구에서는 상악 르포트 제1형 골절단술 시행시 기존의 상악고정용

스플린트(intermediate splint)를 이용하는 방법을 대체하고 보다 정확

하고 성공적인 치료 결과를 가져올 수 있는 상악고정용 스플린트가 없는

악교정 수술을 개발하고자 하였다. 먼저 상악 골 표면에 적합하는 악교

정 수술용 형판(template)을 개발하고자 하였으며, 개발된 형판을 이용

하여 형판 적합의 정확성을 평가하였다. 형판 기반 악교정 수술의 한계

점을 확인하고, 최근 여러 의료 영역에서 도입하여 사용하고 있는 로봇

팔과 내비게이션 시스템을 이용한 상악 악교정 수술 시스템을 개발하고

자 하였다. 이와 함께 두개골 모형에 실제 적용하여 개발된 시스템의 정

확도를 평가하였다. 

연구 방법

I. 악교정 수술을 위한 형판은 골절단 형판과 재위치 형판으로 개발되

었다. 골절단 형판은 가상 수술과 동일한 위치에 정확하게 골 표면에 적

합시키기 위하여 개발되었으며, 골절단선의 위치, 골간섭의 위치 등의
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정보를 제공한다. 재위치 형판은 쐐기 형태의 결합구조를 통해 상악골이

계획된 위치로 재위치 되도록 개발되었다. 형판 기반 수술의 정확도에

있어서 가장 중요한 요인 중 하나는 형판을 가상 수술과 동일한 위치에

정확하게 위치시키는 것으로, 본 연구에서는 악교정 수술 형판을 제작하

고, 이를 건조된 사체 두개골에 적합하여 변위 정도 및 적합도를 평가하

였다. 

II. 형판 기반 수술의 한계를 극복하기 위하여 개발한 로봇 팔과 내비

게이션 기반 악교정 수술은 6축 자유도의 로봇 팔, 광학 추적 장치를 포

함한 영상 기반 내비게이션, 영상출력장치로 구성된다. 로봇 최종 작용

체는 수술용 최종 스플린트(final splint)와 로봇 팔을 연결하고, 상악 재

위치 시 골간섭의 확인과 제거가 용이하도록 설계되었다. 로봇 최종 작

용체의 위치 추적이 실시간으로 이루어지며, 영상 기반 추적 장치와 로

봇 팔을 이용하여 상악골을 최종 위치로 이동시킨다. 시스템의 정확성

및 임상에서의 활용성을 평가하기 위하여 두개골 모형을 이용한 실험을

시행하였으며, 4가지의 수술 계획에 대하여 상악골 수술을 진행하고 술

중 내비게이션 및 술 후 전산화 단층 촬영 영상을 이용하여 수술 계획과

실제 수술 결과를 비교·분석하였다. 

연구 결과

I. 상악 형판은 골표면 적합 시 계획된 위치와 비교하여 내외측으로

0.41±0.30mm(p<0.001), 전후방으로 0.55±0.59 mm(p=0.001), 상

하방으로 0.69±0.59 mm(p<0.001)의 위치 변위를 보였으며, 3차원적

으로는 1.07±0.76mm의 평균 변위를 보였다. 형판의 적합도 평가에서

는, 형판 내면과 하방 골표면 간의 평균 거리는 0.76±0.24mm으로 측

정되었다.

II. 로봇 팔과 내비게이션을 이용한 악교정 수술 시스템을 이용하여 모
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든 실험에서 상악골 수술이 성공적으로 시행되었다. 술 중 내비게이션을

이용한 상악 재위치 정확도 평가에서 재위치된 상악골은 계획된 위치와

비교하여 0.10±0.12mm의 내외측 변위, 0.08±0.07mm의 전후방 변위, 

0.10±0.10 mm의 상하방 변위를 보였다. 수술 중 상악골 고정시, 상악

골은 내외측으로 0.22±0.19mm(p=0.002), 전후방으로 0.17±0.11 

mm(p=0.224), 상하방으로 0.19±0.13mm(p=0.510)의 위치 변위를

보였으며, 3차원적으로는 0.29±0.19 mm의 위치변위를 보였다. 술 후

정확도 평가는 전산화 단층 촬영을 이용한 3차원 모델의 비교를 통해

분석하였으며, 3차원 모델 중첩시 발생한 오차는 평균 0.05±0.01mm 

로 나타났다. 술 후 전산화 단층 촬영 영상을 이용한 평가에서 상악골의

계획된 위치와 비교하여 내외측 변위 0.42±0.35mm(p=0.238), 전후

방 변위 0.37±0.25mm(p=0.001), 상하방 변위 0.38±0.32 

mm(p=0.003)가 발생하였으며, 3차원적인 변위는 0.79±0.35mm 발생

하였다. 상악골의 전방 및 후방 등의 위치와 평균 변위 간에 유의한 차

이는 없었다.

결론

본 연구를 통해 형판 기반 악교정 수술에서 형판은 기존의 상악고정용

스플린트의 도움 없이 수술 전 계획된 위치로 위치될 수 있으며, 수술

계획을 실제 수술에 적용하기 위해 상악고정용 스플린트를 사용하는 전

통적인 방법의 대안이 될 수 있을 것이다. 그럼에도 이러한 형판 기반

악교정 수술은 보편적으로 적용하기에는 여러 한계점을 갖고 있으며, 이

에 로봇 팔과 내비게이션을 이용한 악교정 수술 방법을 개발하였다. 개

발된 방법을 통해 상악골은 성공적으로 재위치되고 안정화되었으며, 기

존의 수술 방법과 비교할 때 보다 향상된 정확도를 보였다.

─────────────────────────────────

주요어 : 악교정 수술, splintless, 수술용 형판, 로봇 팔, 내비게이션,

정확도

학 번 : 2013-31209
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