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研究成果の概要（和文）：以前より私は手術ナビゲーションシステムとしてロボットアームによる力覚補助を用
いて、これらの医療過誤を防止、治療計画に合致する治療を可能とすべく研究を行ってきた。  本研究では口腔
外科手術で使用するバイラテラル制御を用いた手術支援用の触覚ロボットの開発と，口腔外科手術におけるナビ
ゲーション手術の応用，適切な視覚情報の伝達について検討を行った．

研究成果の概要（英文）：For some time, I have been conducting research to prevent these medical 
errors and to enable treatment that conforms to the treatment plan by using force assistance with a 
robotic arm as a surgical navigation system.  In this study, I developed a tactile robot for 
surgical assistance using bilateral control for use in oral surgery, and investigated the 
application of navigation surgery in oral surgery and the transmission of appropriate visual 
information.

研究分野： 口腔外科

キーワード： ロボットサージェリー　ナビゲーションサージェリー　歯科インプラント　ロボットアーム

  ２版

令和

研究成果の学術的意義や社会的意義
近年、歯科インプラントが多くの施設で行われるようになった一方で，医療過誤も多発しており，インプラント
治療に絡む訴訟件数は年々増える一方である．主な医療過誤としては下歯槽神経の損傷，舌側皮質骨への穿孔，
上顎洞へのインプラント迷入などである．手術ナビゲーションシステムを使用しこれらの医療過誤を防止，治療
計画に基づいた治療を可能とすべく臨床応用を行ってきた．そこで，かつてのナビゲーションシステムとは一線
を画するシステムを構築すべく感覚機能を応用した術者支援ロボットアームを有する手術ナビゲーションシステ
ムを具体化し，ヘッドマウントディスプレイを組み合わせ術者への情報伝達の向上が可能となった．

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。



様 式 Ｃ－１９，Ｆ－１９－１，Ｚ－１９（共通） 
１．研究開始当初の背景 
近年，歯科インプラントが多くの施設で行われるようになった一方で，医療過誤も多発してお
り，インプラント治療に絡む訴訟件数は年々増える一方である．主な医療過誤としては 下歯槽
神経の損傷，舌側皮質骨への穿孔，上顎洞へのインプラント迷入などである．以前より，手術ナ
ビゲーションシステムを使用しこれらの医療過誤を防止，治療計画に基づいた治療を可能とす
べく臨床研究を実施してきた．また，かつてのナビゲーションシステムとは一線を画するシステ
ムを構築すべく感覚機能を応用した術者支援ロボットアームを有する手術ナビゲーションシス
テムの開発も行ってきた．今回そのナビゲーションシステムの開発をさらに具体化していき，さ
らには AR 技術を組み合わせ術者情報伝達の向上，重要臓器損傷の危険性が高い他の口腔外科
手術に応用することを目的に本研究を計画した．  
 
２．研究の目的 

(1) 口腔外科手術ロボットの開発（図１） 
 かつてはシリアルリンク機構のロボット開発を目標としていたが，口腔外科手術（主
に顎骨に対して）に耐える他自由度を実現しようとすると，エンドエフェクタ付近に多
くのモータが必要となり，サイズが非常に大きくなってしまう．一方，パラレルリンク
機構では，エンドエフェクタの近くに
多くのモータを設置することなく多自
由度を実現することができる．そのた
め，提案するロボットはパラレルリン
ク機構を搭載し，サイズを小さくする
ことができる（図 2）．また，RCM
（Remort Center of Motion:遠隔運動
中心）機構を搭載し，エンドエフェク
タの位置を変えることなく，姿勢を決
定することができる（図 3）．さらに，
本ロボットはマスタースレーブシステ
ムであり，加速度ベースのバイラテラ
ル制御を行っている．このロボットの
性能を検証するための実験を行った．  
 

 
 

(2) 効率的なナビゲーション画像の表示方法の開発 
 視覚情報を術者へ伝達する手
段として，一般的にモニターを間
欠的に確認する手法が用いられ
ている．しかし，術野から視点が
大きく逸脱するため，効率的な視
覚情報の伝達手段であるとは言
いがたい．そこで，より効率的な
情報伝達の手段としてヘッドマ
ウントディスプレイを使用し，ナ
ビゲーションシステムの複雑な
3D 画像を術野近傍に投影するシ
ステムを構築し，臨床応用した
（図 4）． 

  

series between the base and the end-effector by links. As
characteristics, workspace is large, therefore the serial mech-
anism can correspond to various works flexibly. However,
there are disadvantages that are low-rigidity, low-speed, and
so on. On the other hand, the parallel mechanism has the
structure that actuators are installed in parallel between the
base and the end-effector by links and passive joints. As
characteristics, there are high-accuracy, high-speed, high-
rigidity, and so on. However, there are disadvantages that are
workspace is small. A hybrid mechanism is a combination of
the serial mechanism and the parallel mechanism. The hybrid
mechanism can obtain the advantages of both mechanisms. In
the base side of the proposed robot, the error affects a tip side
significantly and a high-rigidity is needed to support the tip
side. Hence, the base side of the proposed robot implements
the parallel mechanism. In the tip side of the proposed
robot is needed a high-precision and a large workspace.
Therefore, the tip side of the proposed robot implements
the serial mechanism. Moreover, remote center of motion
(RCM) mechanism is implemented in the serial mechanism.
RCM mechanism can decide the posture of the end effector
without changing the position. Furthermore, the proposed
robot is the master-slave system and ABC is implemented
to communicate haptic sensation.

This paper consists of five sections. In section II, the
mechanism of the proposed robot is explained. In section III,
the motion control is explained. In section IV, the experiment
is carried out to validate the performance of the proposed
robot. Finally, in section V, this paper is summarized.

II. PROPOSED ROBOT

The proposed robot is the master-slave system. Moreover,
the master robot and the slave robot are the same structure.
Therefore, the structure of one robot is explained.

Fig. 1 shows the overview of the proposed robot. The
proposed robot has a parallel link part and an end-effector
part. The parallel mechanism can achieve multi DOF motion
without motors that are installed near the end-effector. The
parallel link part has three DOF that are heaving, pitching,
and yawing. The position and posture of the end-effector part
are decided by the parallel link part. The end-effector part has
three DOF that are rolling, RCM, and linear motion. RCM
mechanism can decide the posture of end-effector without
changing the position of the end-effector. The linear motion
can be utilized for avoiding the drill stuck. Each part has
three DOF and the proposed robot has six DOF totally. In
the proposed robot, force information is obtained by Reaction
Force Observer (RFOB) [15], therefore the proposed robot
has no force sensor. Hence, the size of the robot can be
reduced and it is possible to reduce cost.

A. Parallel Link Part

Fig. 2 shows the design of the parallel link part. The
parallel mechanism can achieve multi DOF motion without
motors that are installed near the end-effector and has some
advantages such as high-rigidity, high-accuracy, and so on.
The parallel mechanism is designed by three arms. Each arm
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Fig. 1. Overview of proposed robot.
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has a rack pinion, a rotary joint, and a ball joint. These arms
are connected to a top plate and shifted by 120 degrees. The
rotary motors (Faulhaber, 2057S024B) for pinions are used.
Moreover, the optical rotary encoders (Faulhaber, IE2-1024)
are installed in all rotary motors to obtain the information of
angle response.
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図 1 開発した手術ロボット構成 

図 2 パラレルリンク部 図 3 エンドエフェクタ部 

図 4 ナビゲーションシステム構成 



３．研究の方法 
(1) 口腔外科手術ロボットによる性能実験 

 今回は，エンドエフェクトの位
置と姿勢についての検証を目的
とし，切削運動のためのリニアモ
ーターは使用せず固定された状
態で行った．実験は，自由運動と
接触動作が行われ，自由運動で
は，マスターロボットとスレーブ
ロボットの間に発生する操作力
について検証した．接触動作では
マスターロボットとスレーブロ
ボットの間に発生する反力につ
いて検証した．（図 5） 
 

(2) ヘッドマウントディスプレイを併用した手術ナビゲーションシステム 
 Horos 4.0(Horos Project, horosproject.org)を使用して骨切り線，腫瘍組織や解剖学
的ランドマークを描画した DICOMデータを作成，必要に応じて 3D プリンタで作成し
た 3D モデルに対してモデルサージェリーを行い，その結果を DICOMデータに反映さ
せた（図 6）．加工された DICOM データをナビゲーションシステム（ストライカー社
製 Navigation Cart II System）に読み込み，ヘッドマウントディスプレイ（エプソン
社製 BT-30E）にナビゲーション画面を描画し手術を実施した（図 7，8）． 

 
 
 

 
 
４．研究成果 
(1) 口腔外科手術ロボットによる性能評価 

 加速度ベースのバイラテラル制御の制御目標を達成するこ
とができ，マスターとスレーブの間で力の情報を伝達すること
が確認された．さらに，スレーブロボットが受信した感覚情報
をマスターロボットに伝えることが可能であった． 

(2) ヘッドマウントディスプレイを併用した手術ナビゲーション
システムの臨床応用 
 骨切り線や腫瘍切除範囲をナビゲーションシステムに反映
することで計画した骨切り，骨片移動，腫瘍切除が可能であっ
た．ヘッドマウントディスプレイは術野を妨げることなく，ま
た，視線移動が少なく効率的な切除範囲の設定，切除が可能で
あった（図 9）． 

 

今後は，これらのシステムを組み合わせることで，感覚，視覚を同時

にサポートしたナビゲーションシステムの構築を目的として開発をす

る予定である． 

 

Fig. 4. Schemtic drawing of proposed robot.

B. End-effector Part

Fig. 3 shows the design of the end-effector part. End-
effector part has two rotary motors with the rotary encoders
(Microtech Laboratory Inc., MDH-3018-108KE) and a linear
motor (Faulhaber, LM1483-040-11). Two rotary motors are
used for rolling and RCM. RCM mechanism can decide
the posture of end effector without changing the position.
The rotary motors are connected to the top plate of the
parallel link part. An optical linear encoder (Technohands
Co., Ltd., TA-200) is installed in the linear motor to obtain
the information of position response.

C. Description of motion

Fig. 4 shows a schematic drawing of the proposed robot. In
Fig. 4, qi shows a displacement of motor i. The rack pinions
driven by motor 1, motor 2, and motor 3 are simplified as
the linear motors.

When motor 1, motor 2, and motor 3 that are point A1,
A2, and A3 move in the same direction, the top plate that
is point E performs heave motion. When motor 2 is fixed
and the others move in the different direction from each
other, the top plate performs pitch motion. When motor
2 moves and the others move in the different direction
from motor 2, the top plate performs yaw motion. Next,
when motor 4 rotates, point F performs roll motion. Point
F, G, H, I, J, K, and M show the RCM mechanism
and the posture of the end-effector that is point M changes
without changing the position of the end-effector when motor
5 rotates. Finally, when motor 6 performs linear motion that
is used for avoiding drill stuck, the end-effector moves from
point M to point M ′.

III. MOTION CONTROL

ABC that has DOB and RFOB is implemented for the
proposed robot. DOB can estimate the disturbance from a
calculation and suppress the effect of disturbance by applying
the compensation current. RFOB can estimate the reaction
force by subtracting friction effect and internal interactive
force from the disturbance estimated by DOB. DOB and
RFOB can realize the force sensorless control.
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Fig. 5. Block diagram of acceleration based bilateral control.
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Fig. 6. Experimental setup.

Fig. 5 shows the block diagram of ABC. The control target
of bilateral control is simultaneously achieving position
tracking and the law of action and reaction as follow:

qm − qs = 0 (1)

fm + fs = 0 (2)

where, q shows the positon and f shows the reaction force.
The subscripts m, s show master and slave. Handling the
position control and the force control severally is difficult.
However, the target of position control and the target of force
control can be achieved simultaneously by the high-precision
acceleration control using DOB. The acceleration references
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Introduction : 
Surgical navigation is also used in oral surgeries. Model surgeries are 
performed on a computer, and data are imported into a navigation 
system [1]. However, it is difficult to introduce a software for model 
surgery in a community hospital because of low cost-effectiveness. In 
addition, collision detection using a model-surgery software is limited, 
and it may be difficult to reflect the actual surgery. Furthermore, it is 
difficult to create and segment complex 3D models, as the computer 
processing power is low in the old navigation system. Therefore, we 
apply the surgery model created by the DICOM viewer and a 3D 
printer and construct a system to display a 3D image that is easily 
visualized even on the old navigation system and report its clinical 
application. 

Methods: 
Create DICOM data of osteotomy lines, tumor tissues, and anatomical 
landmarks using Horos 4.0 (Horos Project, horosproject.org). Perform 
model surgery on 3D models created using a 3D printer, if necessary, 
and display the results on DICOM. They are reflected in the data. 
Subsequently, input the processed DICOM data into a navigation 
system (Navigation Cart II System, Striker). Draw a navigation screen 
on the head-mounted display (BT-30E, Epson), and perform the surgery.  

Case 1 
The diagnosis was Angle’s Class I and skeletal 
class II maxillary prognathism. Before surgery, 
a model surgery using a 3D model was 
performed. The procedure was planned to be 
maxillary anterior alveolar osteotomy. DICOM 
data showing the bone cutting line were 
displayed on the navigation screen, and the 
anterior alveolar bone cutting and posterior 
movement of the anterior region were carried 
out as planned.  

Case 2 
The diagnosis was Maxillary myxoma. The planned surgery 
was a maxillary partial resection. An excision range was set 
using CT and MRI, and an image emphasizing the excision 
range, including the tumor tissue was created using the 
DICOM viewer and displayed on the navigation screen. The 
surgery was performed using the intraoral method, and the 
resection of the upper margin, especially when the surgical 
area was poor, could be confirmed using this system. 

Discussion and Conclusion: 
Model surgery in a 3D model was able to reproduce the bone fragment movement. Planned osteotomy, bone fragment movement, and tumor 
resection were possible by reflecting the osteotomy line and tumor resection range on the navigation system. The head-mounted display did not 
disturb the operative field, and it was possible to perform efficient surgery with less gaze movement. In the otorhinolaryngology department, 136 
faculty (83%) have experience in navigation surgery [2]. Therefore, it can be expected to introduce this system if it is a hospital dentistry and oral 
surgery department that has brain surgery and otolaryngology department. 
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system [1]. However, it is difficult to introduce a software for model 
surgery in a community hospital because of low cost-effectiveness. In 
addition, collision detection using a model-surgery software is limited, 
and it may be difficult to reflect the actual surgery. Furthermore, it is 
difficult to create and segment complex 3D models, as the computer 
processing power is low in the old navigation system. Therefore, we 
apply the surgery model created by the DICOM viewer and a 3D 
printer and construct a system to display a 3D image that is easily 
visualized even on the old navigation system and report its clinical 
application. 

Methods: 
Create DICOM data of osteotomy lines, tumor tissues, and anatomical 
landmarks using Horos 4.0 (Horos Project, horosproject.org). Perform 
model surgery on 3D models created using a 3D printer, if necessary, 
and display the results on DICOM. They are reflected in the data. 
Subsequently, input the processed DICOM data into a navigation 
system (Navigation Cart II System, Striker). Draw a navigation screen 
on the head-mounted display (BT-30E, Epson), and perform the surgery.  
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The diagnosis was Angle’s Class I and skeletal 
class II maxillary prognathism. Before surgery, 
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performed. The procedure was planned to be 
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anterior alveolar bone cutting and posterior 
movement of the anterior region were carried 
out as planned.  
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using CT and MRI, and an image emphasizing the excision 
range, including the tumor tissue was created using the 
DICOM viewer and displayed on the navigation screen. The 
surgery was performed using the intraoral method, and the 
resection of the upper margin, especially when the surgical 
area was poor, could be confirmed using this system. 

Discussion and Conclusion: 
Model surgery in a 3D model was able to reproduce the bone fragment movement. Planned osteotomy, bone fragment movement, and tumor 
resection were possible by reflecting the osteotomy line and tumor resection range on the navigation system. The head-mounted display did not 
disturb the operative field, and it was possible to perform efficient surgery with less gaze movement. In the otorhinolaryngology department, 136 
faculty (83%) have experience in navigation surgery [2]. Therefore, it can be expected to introduce this system if it is a hospital dentistry and oral 
surgery department that has brain surgery and otolaryngology department. 
This system can easily reflect the preoperative surgery plan. Further, we are planning to improve it to perform various surgeries in the future. 
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図 5 実験機材の構成 

図 6 Horos ソフトウェアの ROI ツールを使用し腫瘍の範囲を描出 

図 7 フュージョン画像 図 8 ナビゲーション 3D 画像をヘッドマウントディスプレイに出力 
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