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ABSTRACT

Measurement of mandibular kinematics for virtual 

articulation using a structured-light 3D scanner

                                                        Joo Hyun Kwon

                                                        Dept. of Dentistry

                                                        The Graduate School

                                                        Yonsei University

 

Mechanical articulators have been used for a long time in dentistry for 

simulating the temporomandibular joint movements. It is recommended to use a 

facebow transfer and fully/semi-adjustable articulator for the extensive reconstruction 

cases with vertical dimension change. The mechanical articulators have been replaced 

and supplemented with the virtual articulator in dental CAD/CAM systems. However 

in most cases the virtual articulator has been used with average-value settings. The 

aims of this study were to develop a new digital workflow that can be used to 

examine the mandibular kinematics and to determine the patient’s motion defining 

parameters at once by using a structured-light 3D scanner.

The digital 3D image of the maxilla and the whole mandible of the three 

subjects were taken using a CBCT. The segmentation and 3D reconstruction of the 

jaws from the CBCT data were performed using an image processing software 

(OnDemand3D, Cybermed, Korea). In order to supplement the inaccuracy of teeth in 

the CT scan data, more precise digital dental casts were obtained using a model 

scanner (Identica, Medit, Korea). Using an image registration tool, the original 3D 

surface model was designated as the underlying reference model and the scanned 
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digital casts were applied to the reference for geometric alignment. 

Place a lip and cheek retractor and attach four sticky non-reflective targets onto 

the incisors or adjacent gingiva with non-linear arrangement. Scan the oral cavity by 

using a facial scanner (Rexcan CS2, Medit, Korea) to obtain the 3D spatial 

relationship of each dental arch, and align the dental arches to the reference 3D 

model. In vivo tracking of the mandibular movements using the facial scanner was 

performed onto the Frankfort horizontal plane and the mid-sagittal plane.

On the basis of the least total traveling distance during the minimal opening and 

closing movements, it is possible to determine the true hinge axis points. By 

determining the true hinge axis points, we could decide the accurate Bonwill triangle 

and calculate the Balkwill angle. And the patient-specific motion parameters were 

obtained through protrusion and lateral movements. The respective characteristics of 

the subjects such as deviation and occlusal interference were evaluated with the 

trajectory chart onto the FH plane and sagittal plane. The measurement error of this 

method was evaluated in static and dynamic situation on the mechanical articulator, 

ranged from 0.044 mm to 0.076 mm.

The mandibular border movements such as maximum mouth opening that lead 

to conceal the tracking targets behind lip and cheeks may result in the tracking 

failure. Despite these limitations, we can examine easily the functional motions of the 

mandible within the general clinical situations. In summary, the proposed tracking 

method using the facial scanner offer some advantages such as more reliable due to 

the accuracy, simply applicable and accessible than the existing methods with 

transoral and extraoral devices, and most importantly, the expandibility to entire 

fields of dentistry without additional physical equipments.


Key words : mandibular kinematics, virtual articulator, motion defining parameters, 

3D registration, motion tracking, structured-light scanner, facial scanner
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Measurement of mandibular kinematics 

for virtual articulation using a 

structured-light 3D scanner

< Thesis supervisor : June-Sung Shim >

The Graduate School

Yonsei University

Department of Dentistry

Joo Hyun Kwon

1. Introduction

It is very difficult to understand definitely the functional jaw movement because 

the mandible consist of one body and two joint and have mobile articulation with 

complicated muscular actions. For this reason, mechanical articulators have been used 

for a long time in dentistry for simulating the temporomandibular joint, since most 

of procedures in the fabrication of dental restorations or in the diagnosis of 

temporomandibular dysfunctions can not be performed directly on the patient 1. The 

mechanical articulator can be classified into three categories, fully-adjustable, 

semi-adjustable and average-value articulator by degrees of adjustability and related 
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facebow type. The facebow is used to orient the maxillary working cast on the 

articulator, that is, to locate and transfer the exact transverse hinge axis to the 

articulator. The hinge axis is defined as an imaginary line that passes through the 

center of rotation of each condyle of the mandible 2. Many different methods have 

been used to locate and transfer the hinge axis to the articulator (Figure 1 & Table 

1) 3. But there is no arbitrary hinge axis location for the total population and any 

measurement chosen for an arbitrary hinge axis would create a large error and poor 

accuracy because of the wide dispersion of true hinge axis point locations 4.

The fully-adjustable articulator, also called kinematic articulator, is based on true 

hinge axis concept so that the axis-locating device with styli (kinematic facebow) is 

used for locating the horizontal axis quite precisely in order to get more precise 

prostheses. There is an ongoing debate in the literature about how much individual 

registration is actually needed in order to keep occlusal interference within acceptable 

tolerance limits 5, 6. Furthermore, there is any skeptical opinion that facebow transfer 

does not offer clinically significant advantages compared to an average mounting 7. 

Although the debated issues, it is clear that using inaccurate arbitrary hinge axis 

points or mean values can lead to occlusal errors if the vertical relation is changed 

in the articulator (e.g., when a centric relation record is used or when the change of 

patient’s vertical dimension is needed) 8. In other words, the change of the incisal pin 

height leads to horizontal occlusal errors occurring because the arc of closure on the 

articulator is not equal to that observed in the patient (Figure 2) 9. Therefore it is 

recommended to find the true hinge axis for the extensive reconstruction cases, if 

possible. However, regrettably the work of determining a patient’s true hinge axis 

using the kinematic facebow rarely applied in dental clinics, since it is considerably 

more complex and time-consuming procedure in comparison to mounting techniques 

based on arbitrary hinge axis points or mean value settings. Even now we have no 

simple way to fine the true hinge axis accurately.
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Over the past few decades, the mechanical articulators used to simulate 

mandibular movements have been replaced and supplemented with the virtual 

articulator in the dental computer-aided design/computer-aided manufacturing 

(CAD/CAM) systems as the result of developments of digital dentistry 10. The virtual 

articulator could be defined as a software tool based on virtual reality technology for 

the analysis of the complex static and dynamic jaw relations. Its chief application is 

the diagnosis of individual occlusion and the simulation of the mechanical articulator. 

 In contrast to the conventional mechanical procedures, the virtual articulator 

enable virtual three-dimensional (3D) navigation through the calculated jaw 

movement via the temporomandibular joint (TMJ) parameters, or through the 

patient-specific dynamic motion data from the special devices (Figure 3) 11, 12. 

Currently several CAD/CAM systems provide a virtual articulator simulation 13. The 

first virtual articulator was based on a mathematical simulation of the mandibular 

movements that take place in a mechanical articulator. With input of motion 

defining parameters, the virtual articulator could simulate the constrained jaw 

movements like the mechanical articulator. The second type was designed to record 

the exact movement pathways of the mandible by using an electronic jaw movement 

registration system, called Jaw Motion Analyzer, and then to move digitalized dental 

arches along those pathways in the computer. With these tools, the virtual articulator 

could calculate and visualize actual dynamic occlusal collisions as well as static 

centric occlusion. Unfortunately although the integration of the dynamic occlusion 

into the restoration design shows high precision and the saving of time, there is a 

limit in terms of accessibility. Because we should prepare special additional 

equipments, the mandibular motion-tracking system, for capturing dynamic jaw 

motion and there is not yet a universal digital format for saving the jaw motion 

data and then sharing it with overall virtual articulators. Therefore, the virtual 

articulator with motion defining parameters would be more suitable in clinical 
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situations if we can gather the parameters more accurately with the fully-adjustable 

articulator level in a short time.

Major weaknesses in the digital workflow are the step of integrating information 

from the facebow into the digital process and it is the still time-consuming process 

of electronic registration.  Recently some virtual facebow technique has been reported 

but still stay at clinical trial level. Because there is no standardized virtual facebow, 

we cannot help obtaining the parameters from conventional standard methodologies. 

In the conventional situation, the facebow provides information on the TMJ positions 

relative to the tooth positions. In the virtual articulation, the Bonwill triangle and 

height above the occlusal plane or the Balkwill angle is used for determining the 

position of the condyles accordingly 14. The Bonwill triangle is the triangle formed by 

lines drawn between lower incisors, right and left condyle head. The Balkwill angle is 

the angle formed by the imaginary plane of the Bonwill triangle and the occlusal 

plane described by the incisors and the distobuccal cusps of the mandibular second 

molars (Figure 4) 15. In the virtual situation, the posterior determinants of occlusion, 

such as the sagittal inclination of the condyle path and the Bennett angle, should be 

determined equally by the time-consuming conventional registration methods.

The aims of this study were to develop a new digital workflow that can be 

used to examine the mandibular kinematics and to determine the patient’s motion 

defining parameters at once by using a structured-light 3D scanner and an image 

registration tool, and to demonstrate the clinical application of the method through 

in vivo measurements on the subjects. Especially it would be described how to find 

the true hinge axis point of mandibular condyle. Finally, to evaluate the measurement 

error of 3D kinematic data and suggest the future clinical applicabilities.
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Figure 1. Reference lines for locating an arbitrary hinge axis. O, Orbitale. C, outer 

canthus of eye. P, Porion. T, Tragus. t, true hinge axis location. a, center of external 

auditory meatus. b, middle of tragus. c, inferior border of tragus.

Figure 2. Occlusal errors by a simple articulator (Redrawing from Weiner 1995). 

Discrepancies in the position of the condylar elements relative to the teeth can bring 

about occlusal errors. (left) The small-sized simple articulator will lead to posterior 

displacement. (right) Use of a real-sized articulator will minimize the posterior errors in 

the same anterior vertical dimension increase.
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Figure 3. Virtual articulator designing method (Redrawing from Kordass 2002).

Figure 4. Anatomical landmarks for the virtual articulator (Redrawing from Ohm 

1982; Maggetti 2015). (green triangle) Bonwill triangle. (gray plane & yellow line) 

occlusal plane. a, right and left arm of Bonwill triangle. b, base of Bonwill triangle. 

h, height of Bonwill triangle. B, Balkwill angle. pi, middle incisal edge point. pm, 

distobuccal cusp tip of the second molar. pc, center of condyle. 



Author

Year

Posterior point of 

reference line

Anterior point of 

reference line
Measuring reference point

Distance

(mm)

Gysi

1910
center of tragus outer canthus posterior margin of tragus 10 anterior

Beyron

1942
center of tragus outer canthus posterior margin of tragus 13 anterior

Schallhorn

1957

upper margin of 

tragus
outer canthus posterior margin of tragus 13 anterior

Bergstrom

1950
7mm below Frankfort horizontal plane posterior margin of tragus 11 anterior

Lauritzen & Bodner 16

1961
Porion outer canthus

center of external auditory 

meatus

12 anterior 

& 2 below

Weinberg

1961
middle of tragus outer canthus

middle and posterior of 

tragus

11~13 

anterior

Teteruck & Lundeen 17

1966
base of tragus outer canthus lower margin of tragus 13 anterior

Simpson 18

1984
Camper's line (Ala-tragus line) upper margin of tragus 10 anterior

Table 1. Anatomic landmarks and different distances for locating an arbitrary hinge axis
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2. Materials & methods

2.1. Pre-tracking procedures

2.1.1. Cone-beam computed tomography (CBCT) scan

Three subjects without missing teeth, dental prostheses and TMJ disorders 

participated in this study with informed written consent. The digital 3D images of 

the maxilla and the whole mandible were taken using a CBCT (PaX-Zenith3D, 

Vatech, Korea) with voxel size of 0.4mm and field of view (FOV) of 24 × 19 cm. 

According to the manufacturer, the CBCT scanning took 24 seconds and had tube 

voltage of from 100 to 120 kVp and tube current of 6mA.

2.1.2. 3D reconstruction of the CBCT data

The segmentation and 3D reconstruction of the skull and jaws from the CBCT 

data were performed using an image processing software (OnDemand3D, Cybermed, 

Korea) (Figure 5). The software is used to create the 3D surface models in STL1) 

format from the CBCT data in DICOM2) file, that is, stacks of 2D image data.

2.1.3. 3D scan of the dental casts 

The accuracy and exactitude of the outline form of the teeth in the CBCT 

image was not sufficient to align the upper and lower arches in 3D spatial 

1) STereoLithography

2) Digital Imaging and Communications in Medicine 
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coordinate system. In order to supplement the inaccuracy of teeth in the CT scan 

data, a more precise dental cast was necessary.

The maxillary and mandibular stone casts of each subject were fabricated by use 

of polyvinyl siloxane elastomeric impression material (Aquasil Ultra, Dentsply Caulk, 

US) and improved dental stone (Hi-Koseton, Maruishi, Japan). And then the 3D 

digital casts were obtained using a dental model scanner (Identica hybrid, Medit, 

Korea) with scan accuracy of ±7μm (Figure 6).

These procedures could be simply substituted for an intraoral dental scanner on 

condition that its accuracy is comparable to the extraoral model scanner.

2.1.4. Registration of the 3D scan data

Using an image registration tool (Medit test platform, Medit, Korea), the original 

3D surface model from CBCT scan was designated as an underlying reference model 

and the scanned digital casts were applied to the reference model for geometric 

alignment and transformation, that is the re-organization of the triangulated mesh of 

points (Figure 7). The more precise integrated 3D model enabled us to see more 

smooth and natural simulation in the mandibular motion tracking process.
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Figure 5. Segmentation and 3D reconstruction of CBCT scan image (captured image). 

Consequently the conversion of the DICOM file to STL format.

Figure 6. 3D scan of the dental cast using an extraoral model scanner (captured 

image).
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Figure 7. Alignment of digital scan data using an image registration tool (captured 

images). (upper) Original 3D model from CBCT scan. See the irregularities and 

artifacts around the dental arches. (lower) Improved 3D model after the image 

registration. See the increased mesh density on the dental arches.
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2.2. In vivo tracking process

2.2.1. Intraoral preparation

Place the lip and cheek retractor (Optiview, Kerr Hawe, Switzerland) into the 

mouth. Get rid of moisture in the oral cavity as much as possible, and place cotton 

rolls under the tongue to avoid the overflow of saliva. 

Attach four sticky non-reflective targets onto the incisors or adjacent gingiva 

with non-linear arrangement. The targets on the maxilla and mandible differ from 

each other in color, a inverted color. All the targets must be shown at the maximum 

intercuspation position without interferences by the opposite teeth and overlying lips. 

And all the reflective surfaces had better be covered with a anti-reflect spray (VITA 

CEREC propellant & CEREC powder, VITA Zahnfabrik, Germany) for minimizing 

the scan error (Figure 8).

Figure 8. Non-reflective tracking targets. Four targets are attached onto the incisors 

with non-linear arrangement. (left) Application of a anti-reflect spray on the shiny 

surfaces. (center) Targets on the adjacent gingiva due to the deep bite. (right) 

Relatively easy attachment with the open bite.
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2.2.2. Alignment of the dental arches onto the 3D model

Scan the oral cavity with maximum intercuspation by using a structured-light 

3D scanner, also called a “facial scanner” (Rexcan CS2, Medit, Korea), to obtain the 

3D spatial relationship of each dental arch (Figure 9). Load the scan data from the 

scanner into the image registration software and align the dental arches to the 

reference 3D model (Figure 10). The alignment process is to determine the 

transformation matrix by comparing the four reference points in vivo and those in 

digital 3D casts. Now it is ready to trace the mandibular movements.

2.2.3. In vivo tracking of the mandibular movements

In vivo tracking of the mandibular movements using the facial scanner was 

performed with the subject’s Frankfort horizontal plane (FH plane) parallel to the 

ground and the mid-sagittal plane perpendicular to the FH plane. The tracking 

processes were conducted sequentially according to the following 3 steps.

Step 1. Opening and closing movement within 20mm for finding the true hinge 

axis points.

Step 2. Protrusion upto the edge to edge position for measuring the condylar 

guidance angle. 

Step 3. Lateral movement to left and right side upto the canine to canine position 

for measuring the contralateral Bennett angle and ipsilateral immediate side shift.
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Figure 9. Obtaining the 3D spatial relationship of each dental arch. (left) 

Structured-light 3D scanner (Rexcan CS2, Medit, Korea). (right) 3D scanning of the 

targets and teeth using the facial scanner.

Figure 10. Alignment of the dental arches in vivo to the reference 3D model 

(captured image).
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2.3. Data analysis

2.3.1. Opening and closing movement

For pure rotation of the condyles, the opening and closing movement by the 

chin-point guidance or bimanual manipulation was guided to the subjects within 20 

mm. On the basis of the least total traveling distance during the opening and closing 

movements, it was possible to determine a point among the entire triangular mesh of 

each side of mandible model. The line that passes through the two determined points 

on the left and right mandibular condyles corresponds to the true hinge axis of the 

patient. And a delicate location of the true hinge axis point was determined by the 

mid-point of two, inside and outside crossing point of the hinge axis line penetrating 

through each mandibular condyle head meshes (Figure 11).

By determining the true hinge axis points, we could decide the accurate Bonwill 

triangle and calculate the Balkwill angle. The distance between the two true hinge 

axis points refers to the base of Bonwill triangle, and the distance between the true 

hinger axis point and the middle incisal edge point refers to the arm of Bonwill 

triangle. And the Balkwill angle could be decided by the angle between the Bonwill 

triangle plane and the occlusal plane (Figure 4 and 12).

2.3.2. Protrusion

Let the subject protrude the mandible upto the edge to edge position. During the 

protrusion, the movement of the true hinge axis point on each side was analyzed 

with the projection onto two planes, the FH plane and the mid-sagittal plane 

perpendicular to the FH plane. With the projection of hinge axis points onto the 
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sagittal plane, we could measure the condylar guidance angle on each side by 

drawing the least-squares regression line on the trajectory chart.

2.3.3. Lateral movement to left and right side

During the lateral movement to left and right side upto the canine to canine 

position, we could measure the contralateral Bennett angle and ipsilateral immediate 

side shift with the projection of hinge axis points onto the FH plane. For more 

accurate measurement of the Bennett angle, we made a new trajectory chart of 

contralateral hinge axis point on the assumption that ipsilateral hinge axis point is a 

fixed rotation axis, that is, there is no immediate side shift.

2.4. Evaluation of the measurement error 

The dental casts of the first subject were mounted on a semi-adjustable 

articulator (Hanau modular articulator 190, Whip Mix, US) with a facebow transfer 

(Hanau Spring-Bow, Whip-Mix, US) (Figure 13). During the opening and closing 

movement on the articulator, we could find the hinge axis points with the same 

manner in vivo. And then we could examine the trajectory of the axis points 

through the same tracking process using the facial scanner. The measurement error 

was evaluated in static and dynamic situation on the articulator. The range of the 

hinge axis point movement would refer to the measurement error.

2.4.1. Static situation
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The measurement error in static situation was estimated in maximum 

intercuspation position without any movement on the articulator. If ideally there is 

no measurement error, the axis points on the trajectory chart would not move 

because of the static condition. 

In practice, since the axis points showed a irregular discrete distribution due to 

the unavoidible measurement bias, we calculated a root mean square errors (RMSEs) 

of the distance between the center and estimated tracking positions for the 

measurement errors in static situation. 

RMSE formula:    






  







2.4.2. Dynamic situation

Because generally it is possible to simulate a firm and reproducible rotation 

movement with a mechanical articulator, the measurement errors in dynamic situation 

were evaluated through opening and closing action of upper compartment on the 

articulator. If the articulator could simulate a true rotation, the axis points on the 

tracking process also would not move.

Actually, the hinge axis point movement on the FH plane showed a 

anteroposterior linear pattern so that the measurement error was evaluated with the 

standard deviation on the horizontal x-axis. Since the hinge axis point movement on 

the sagittal plane showed a inclined linear pattern, the measurement errors on the 

sagittal plane were calculated by STEYX function in a spread sheet software (Excel, 

Microsoft, US). The standard error value by STEYX function was a measure of the 

amount of error in the least-squares regression line on the trajectory chart. The 

standard error value could indicate the measurement error of the tracking process.
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Figure 11. Determining of the true hinge axis points (captured images).

Figure 12. Reference planes (captured images). (left) Frankfort horizontal plane. 

(right) Occlusal plane.

Figure 13. In vitro measurement error evaluation. (left) Facebow transfer. (center) 

Mounting of the dental casts on a semi-adjustable articulator. (right) Tracking 

process during the opening and closing movement on the articulator.
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3. Results

3.1. Measurement error

3.1.1. Static situation

The measurement error in static situation was evaluated onto FH plane and 

mid-sagittal plane (Figure 14). The RMSE on right and left side onto the FH plane 

were 0.055 mm and 0.044 mm, and onto the mid-sagittal plane 0.076 mm and 

0.063 mm, respectively (Table 2).

3.1.2. Dynamic situation

The simulated rotational movement on the articulator was analyzed onto two 

planes (Figure 15). The standard deviation of tracking measurement on right and left 

side onto the FH plane were 0.045 mm and 0.046 mm, and the standard error onto 

the sagittal plane 0.065 mm  and 0.044 mm, respectively (Table 2).

3.2. In vivo tracking

The motion defining parameters of three subjects that measured through in vivo 

tracking process using the facial scanner and image registration tool, are summarized 

in Table 3.



- 20 -

3.2.1. Subject 1

The first subject was a 28-year old male who presented the class I molar 

relationship with the partial group function at canine and premolar region. The 

kinematics of the hinge axis points on the mandibular condyles using the facial 

scanner and the image registration tool is shown in Figure 16. In data analysis, 

relatively shallow condylar guidance and slight deviation to right side were shown. 

Overall the tracking paths seem to be clear and continuous.

3.2.2. Subject 2

The second subject was a 41-year old male who presented the class II molar 

relationship with anterior deep bite. The kinematics of the mandibular condyles is 

shown in Figure 17. During the protrusion, the condylar guidance angle was very 

steep and the deviation to right side of about 1 mm was shown. Interestingly, 

relatively large amount of immediate side shift was shown during the lateral 

movements. In general, total traveling distances of the hinge axis points seem to be 

longer than other subjects. See the video via http://youtu.be/sm3KG8ZOEtE.

3.2.3. Subject 3

The third subject was a 26-year old male who presented the class III 

malocclusion with anterior open bite and partial g roup function at molar region. 

The kinematics of the mandibular condyles is shown in Figure 18. The tracking 

paths on the trajectory chart seem to be irregular and discontinuous.



Figure 14. Measurement error evaluation in static situation. (upper) Projection of the hinge axis point onto the 

FH plane. Entire horizontal view. (lower left) Enlarged-scale horizontal view. (lower right) Projection of the 

hinge axis point onto the mid-sagittal plane. Sagittal view.

Figure 15. Measurement error evaluation in dynamic situation.



in Static situation in Dynamic situation

FH plane Sagittal plane FH plane Sagittal plane

RMSE* RMSE* Standard deviation Standard error

Rt. Lt. Rt. Lt. Rt. Lt. Rt. Lt.

0.055 0.044 0.076 0.063 0.045 0.046 0.065 0.044

Table 2.  Measurement errors in static and dynamic situation

 *Root Mean Square Error

Subject

Base 
(mm)

Arm 
(mm)

Balkwill 
angle (°)

Condylar guidance 
angle (°)

Bennett angle 
(°)

Immediate side 
shift (mm)

Rt. Lt. Rt. Lt. Rt. Lt. Rt. Lt.

1 101.6 104.5 105.3 15.7 27.7 29.0 0.5 2.8 0.11 0.14

2 124.0 103.3 100.5 17.6 50.1 49.5 0 5.4 0.87 0.91

3 107.9 108.9 110.7 19.7 43.6 42.4 1.4 2.3 0.83 0.47

CEREC* 100 105 23 35 35 15 15 0 0

Table 3.  Motion defining parameters of the subjects

 *Average-value default setting of the virtual articulator in CEREC inLab system.



Figure 16. Mandibular kinematics in the first subject who presented class I molar key and partial group function at 

canine and premolar region. All the charts are horizontal view except d and e. (a) Protrusion. (b) Lateral movement 

to left side. (c) Lateral movement to right side. (d) Protrusion. Right sagittal view. (e) Protrusion. Left sagittal view. 

(f) Protrusion. Enlarged-scale view of chart ‘a’. (g) Lateral movement to left side rearranged with fixed rotation 

axis. (h) Lateral movement to right side rearranged with fixed rotation axis. 



Figure 17. Mandibular kinematics in the second subject who presented class II molar relationship, anterior deep bite 

and anterior partial group function. All the charts are horizontal view except d and e. (a) Protrusion. (b) Lateral 

movement to left side. (c) Lateral movement to right side. (d) Protrusion. Right sagittal view. (e) Protrusion. Left 

sagittal view. (f) Protrusion. Enlarged-scale view of chart ‘a’. (g) Lateral movement to left side rearranged with 

fixed rotation axis. (h) Lateral movement to right side rearranged with fixed rotation axis. 



Figure 18. Mandibular kinematics in the third subject who presented class III malocclusion, anterior open bite and 

posterior partial group function. All the charts are horizontal view except d and e. (a) Protrusion. (b) Lateral 

movement to left side. (c) Lateral movement to right side. (d) Protrusion. Right sagittal view. (e) Protrusion. Left 

sagittal view. (f) Protrusion. Enlarged-scale view of chart ‘a’. (g) Lateral movement to left side rearranged with 

fixed rotation axis. (h) Lateral movement to right side rearranged with fixed rotation axis.
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4. Discussion

The main purpose of this study was to introduce an improved method for 

obtaining 3D kinematic data of the mandibular condyle in vivo without the use of 

interfering transoral devices. The 3D kinematic data would have great potential in 

many ways, for making a diagnosis of TMJ disorders, analyzing occlusal patterns in 

oral examination, detecting occlusal collisions in CAD systems, realizing a digital 

functionally generated path (FGP) technique, contributing to more accurate virtual 

articulation and so on.

For these objectives, various methods have been introduced in the earlier studies 

using optoelectronic system 19, 20, optical camera with magnetic resonance imaging 

(MRI) 21, electromagnetic tracking devices 22, fluoroscopy 23, ultrasonic devices 24, and 

optical camera with CT data 25. In most methods it was required to make 

patient-specific transoral appliances and/or to wear heavy extraoral equipments on 

the patient’s head. Moreover the tracking accuracy was not good enough in several 

methods. It seems like those time-consuming procedures were inconvenient and 

tiresome for both patients and dentists. On the contrary, the current tracking method 

using a facial scanner requires only to place a simple retractor and some small 

targets, so it would be useful for accurate measurement of less limited mandibular 

motions. The method was shown to have measurement errors from 0.044 to 0.076 

mm for each direction on the trajectory charts, much smaller than previous published 

methods 26. These results suggest that the proposed method can be used to measure 

the in vivo kinematics of the mandibular condyle during functional movements.

In previous studies on the TMJ kinematics, researchers have examined the 

motion of the mandibular condyles as a landmark during jaw movements. However, 

it is difficult to find the correct anatomical locations of the condylar points using 
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conventional kinematic methods alone because of their location approximately 2 cm 

subcutaneously. Therefore those studies might have shown an incorrect kinematic 

result. In this study, in contrast, on the basis of the fact that the axis of rotation 

itself is not moving or have the least total traveling distance, we have found the true 

hinge axis points, the condylar kinematic center 27, without the cumbersome 

equipments. Although of course there is strong potential to obtain a more reliable 

data in current study, it is also important to guide true rotational opening and 

closing movement within 20 mm 28 by the chin point guidance or bimanual 

manipulation technique.

Contrary to general expectations, the simulation of opening and closing 

movement on the Hanau semi-adjustable modular articulator for validating the 

measurement error did not show a true rotation even though the articulator was a 

new one and locked tightly in centric. The tracking points on the trajectory chart 

did not show concentrations in one point but aggregations to a line. So degree of 

aggregation of the tracking points by the standard error value using the STEYX 

function in Excel software might represent the accuracy of the tracking method in 

this study. The measurement errors, even though under 0.08 mm, were unavoidable 

in this study. The causes of errors are thought to originate from the optical noise 

itself of the photographs by continuous shooting of 30 frames per second (fps) using 

the facial scanner, and to derived from the deformed location of targets on the 

incisors by the photographing angle change in accordance with the mandibular 

motion. For minimizing the deformation of target location, the key point is that the 

targets must be arranged with non-linear position in the 3D geometric space. Since 

the facial scanner take two 2D images with different photographing angle for the 3D 

spatial alignment, the targets stand in a line may confuse the alignment process 

because of two similar images despite of different angle.

Throughout the study there were several limitations about the clinical 
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applicability. The retractor that helps to expose the targets to the facial scanner tends 

to restrict the freedom of mandibular motion so that an unnatural motion might be 

arised. Therefore it is recommended to use as little elastic restoring force of the 

retractor as possible.

The mandibular border movements such as maximum mouth opening and 

maximum protrusion that lead to conceal the tracking targets behind lip and cheeks 

may result in the tracking failure. In order to record all the mandibular border 

movements, the patient-specific transoral appliance is essential. For more natural 

motion detecting, the tracking methods that does not rely on targets or transoral 

devices, such as electromagnetic device and fluoroscopy, may have benefits, however, 

force to abandon the accuracy and applicability. Despite limitations in application 

scope, the most significant advantage of the proposed method is the accessibility and 

the accuracy. Within the general clinical situations, we can examine easily and 

accurately the functional motions of the mandible by using the facial scanner. And 

an improved measurement setting such as higher image resolution and increased 

frame rate, would provide the more exact trajectory data.

We could acquire automatically the motion specific parameters through the 

mandibular motion tracking process among the clinical applications on the subjects 

(Table 3). The average condylar guidance angle for all subjects was 40.4°, a little 

larger than approximately 30° by classic references and very similar result by 

measurements using CT scan 29. And the average Bennett angle of the subjects in this 

study was 2.0° (maximum 5.4°), a lot smaller than previous reported values, 

12.33° by Isaacson 30,  24° by Fanucci 31, and 7.7° by Cimić 32. Actually the 

parameters of the respective subject were very diverse according to the shape and 

size of the mandible itself, the occlusal scheme, occlusal interferences, the habitual 

movement pattern and so on. These results explain to us why the use of a simple 

hinge articulator or an average-value articulator would be an inappropriate choice in 
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most laboratory works with changes in vertical dimension of occlusion.

Through in vivo measurements on the subjects we could also obtain unique 

features of their occlusion in addition to the motion specific parameters. Occlusal 

features of the subjects in this study are as follows. The clear and stable trajectory 

paths of the first subject who presented the class I molar relationship is thought to 

be originated from the reproducible partial group function through well-defined wear 

facets at canine and premolar region. The second subject who presented class II 

molar key with anterior deep bite had shown very steep condylar guidance of 

approximately 50° as the generally accepted idea. And the apparent deviation of the 

mandibular condyle to right side was thought to be came from the close contact 

between palatal slopes of maxillary incisors and incisal edges of mandibular incisors 

during the steep anterior guidance. In the third subject who presented the class III 

malocclusion with anterior open bite and partial group function at molar region, the 

tracking paths on the trajectory chart seem to be discontinuous and irregular. 

Because there is no anterior guidance contact but only posterior interferences during 

the protrusion and lateral excursion.

According to these results, the proposed method could be useful not only for the 

fabrication of extensive prosthodontic restorations but also for the diagnosis of 

temporomandibular disorders. And if a patient's liberal motion data itself could be 

saved and shared by a new digital format, we could make a more precise restoration 

by a new digital FGP technique beyond the computer-generated dynamic occlusion 

without mounting on an articulator 33. In order to expand the clinical application 

field of the facial scanner, it should be essential to lower the entry barriers for 

general practitioners and to develop a variety of solutions in dentistry. For example, 

a comparison of before and after the therapy accompanied by appearance change 

such as removable prosthodontic treatment, orthodontic treatment, and orthognathic 

surgery.
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5. Conclusion

This study presented a methodology in which the mandibular movements were 

measured during the functional motions, and the motion defining parameters was 

calculated to simulate virtual dynamic articulation suitable for dental CAD/CAM 

systems. In summary, the proposed tracking method using the facial scanner offer 

some advantages such as more reliable due to the accuracy, simply applicable and 

accessible than the existing methods with transoral and extraoral devices, and most 

importantly, the expandibility to entire fields of dentistry without additional physical 

equipments.
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국문 요약

구조광 3D 스캐너를 이용하는 하악 운동 측정 방법

복잡한 운동 양상을 보이는 측두하악관절 운동을 재현하기 위해 교합기를 사용한다. 

교합고경을 변경하는 광범위한 보철 수복시에는 정확성을 높이기 위해 안궁이전과 전/반

조절성 교합기를 사용하는 것이 추천된다. 최근의 디지털치의학 분야에서도 가상 교합기

를 사용하여 보철물의 정확성을 높일 수 있으나 대부분 평균치 설정을 사용하고 있는 실

정이다. 이에 본 연구에서는 3차원 구조광 스캐너(안면 스캐너)를 이용하여 가상 교합기

를 위한 설정값을 전조절성 교합기 수준으로 정확하게 측정하고자 하였다.

3명의 실험 참가자의 CBCT 영상을 촬영한 후 영상 처리 프로그램(OnDemand3D, 

사이버메드, 한국)으로 분할 및 3차원 재건을 시행하였다. 상하악 모형을 모델 스캐너

(Identica, 메디트, 한국)로 디지털화하여 CT 영상과 정합한 후 가상 3차원 공간에 상하

악 모형을 입력하였다. 전치부 노출을 위해 구강내에 리트렉터를 장착하고 상하악 전치부

에 추적용 비반사 타겟을 4개씩 비선형으로 부착하였다. 이후 안면 스캐너(Rexcan CS2, 

메디트, 한국)를 이용하여 구강내 상하악 관계를 채득함으로써 실제 구강과 3차원 가상 

공간 좌표를 일치시킨다. 먼저 20mm 이내의 순수 회전 운동을 유도하여 하악 과두상의 

true hinge axis의 위치를 결정하였다. 전돌운동, 측방운동의 하악 한계 운동을 유도하면

서 안면스캐너를 이용하여 찾아 낸 접번축의 위치를 추적함으로써 3차원 공간상에서 과

두 움직임을 재현하고 가상 교합기를 위한 설정값들을 구하였다. 구강내와 동일한 방법으

로 안궁이전된 교합기상에서 측정 오차를 구하여 본 측정 방법의 신뢰성을 검증하였다.

측정 오차는 0.044 mm에서 0.076 mm 범위의 값을 나타냈으며 최대 0.08 mm 미

만으로 타 방법들에 비해 좀더 정확한 측정 방법이라 할 수 있겠다. 3명의 실험 참가자의 

하악 운동을 추적하여 프랑크푸르트 수평면과 정중 시상평면 상에 접번축의 움직임을 투

영하여 기록함으로써 가상교합기 설정값들을 구하고 하악 운동 양상을 분석하여 교합 간

섭, 정중선 편이와 같은 각각의 교합 특징을 관찰할 수 있었다. 
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하악 운동을 추적하는 기존의 방법들은 구강내/외에 커다란 장치를 부착하여 번거롭

거나 절차가 복잡하여 임상 효용성이 떨어지고 그 정확성이 낮아 한계가 있었다. 반면 3

차원 광학 안면 스캐너를 이용한 방법은 구강내에 리트렉터를 장착하고 광학 표적만 부

착하면 되므로 접근성이 우수하고 기존 방법들보다 정확성이 높은 장점을 갖는다. 다만 

입술에 의해 표적이 가려지면 운동 추적이 불가능하므로 모든 하악 한계 운동을 측정할 

수 없다는 한계점은 있으나 보철물 제작에 중요한 일반적인 기능 운동 범위에서는 제약

이 없다. 향후 실제 보철물 제작 비교 실험으로 임상적 효용성 검증이 요구되며, 궁극적

으로는 환자의 하악 기능 운동 자체를 가상 공간상의 하악 모형에 직접 적용시켜 디지털 

FGP를 구현하는 방향으로 개선되어야 할 것이다.

안면 스캐너를 이용하여 하악 운동을 재현하는 방법은 측정 오차가 작아 신뢰할 수 

있는 수단이라 할 수 있으며, 환자에게 적합한 가상 교합기 설정값을 간편하게 구함으로

써 광범위한 CAD/CAM 보철물 제작시 정확성을 높이는 데 도움을 줄 수 있을 것으로 

기대된다.


핵심되는 말 : 하악 운동, 가상 교합기, 후방 결정 인자, 3차원 정합, 운동 추적, 구조광 

스캐너, 안면 스캐너


