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Abstract good area to use a manipulator to minimize the tissue 
damage allowing much smaller incision. 

A microsurgical telerobot system has been developed Telesurgery is a medical application of a master-slave 
according to the results of the microsurgery task anahis. integrated telerobotic system with which surgeons operate 
Several Pel& Of the microsurgerY have been investigated on a patient locallylremotely. Telesurgery can be usehl in 
and the surgerY tasks and to such cases: when a patient must be operated urgently in 
acquire guidelines for speciJications Of a microsurgical the place where no specialized surgeon is available (for 
telerobot system. A slave robot system Consists Of a 6-dOf example, on a space craft, or a battlefield, or ambulance), 
parallel micro-manipulator, that is our own modiJied Or when it is not safe for he surgeon to be in the operating 

platform @pel and a 6-dof macro-motion room (for example, long operations under X-ray, a patient 
industrial robot that mounts the parallel micro- with infectious disease)[2,3]. A telerobotic system for 
manipulator at the end A 6-dof force-reflecting master surgery is an integration of a human and a machine, which 
device has also been developed using Bve-bar parallel combines a surgeon's lnedical experience with highly 
mechanisms driven by harmonic DC servomotors. A accurate cal,ability of robots and surgical 
bilateral control algorithm has been proposed based on instruments, and high resolution of sensing devices. 
the force-position loop, and the local position controller Tactile forces sensed at the slave are being 
for the master has been developed to minimize the effect of modified and fed back to a surgeon feel the tactile 
gravity, friction, and inertia. force more realistically through the master. The force 

feedback enhances the surgeon's telepresence, and the 
1 Introduction modification such as magnification and filtering of the 

Interest on medical applications of robotics has been force can improve Overall task 
increasing greatly in the last decades. Since current robotic the 'Weon 
technology offers lower cost, better performance, and 
easier interface, it has brought innovations in various 
fields from industrial manufacturing to medical systems. 
The medial applications of robots can be classified such as 
surgery robots, human assistant robots, and bio-robots[ 11 
as shown in Fig. 1. Many practical researches in the field 
of surgery robots have been carried out recently. Robots 
are used in laparoscopic surgery and stereotactic brain 
surgery for assisting and complementing a surgeon's 

motions are 

performance. The motion reduction 
convenient, safe and accurate 

skill[2]. 
Microsurgery is different fiom macrosurgery or 

conventional open surgery. A distinction between 
macrosurgery and microsurgery implies not only different 
sizes, but also different intrinsic design features of tools 
and modes of operation. Microsurgery requires s surgeon 
to perform extremely intricate operations through highly 
refined a microscope using miniaturized precision tools 
(forceps, scissors, needles, knifes and etc.). Therefore, 
microsurgery is usually performed by specialists who have 
had advanced training courses in micro-surgical 
techniques and procedures. Microsurgery seems to be a 

Fig. 1 State-of-tha-art of the medical robot 
The 'use of an integrated telerobotic system for 

microsurgery with such capabilities mentioned above 
brings into more accurate and smaller cutting, less tissue 
damage and better treatment than conventional surgery. 
Moreover, it reduces a surgeon's hand fatigue and tremor, 
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allowing relaxed position to a surgeon compared to the 
fixed and motionless posture of the conventional surgery. 
It can also be used as a training tool to learn highly 
difficult surgical procedures[4]. 

2 Classification of Microsurgery I 

2.1 Minimally Invasive, Endoscopic Surgery 
Minimally Invasive Surgery(MIS), also called “ 

endoscopic surgery”, is regarded as a powerfbl technique 
that gives a patient’s fast recovery as minimizing tissue 
damage[5]. MIS uses long tools and tiny cameras inserted 
through three small incisions in the body to access the 
organ. Although the surgeon is directly responsible for the 
manipulation of the surgical tool, he can not acquire 
overall information necessary to control the tools on the 
contrary to open surgery. 

According to the operation fields, MIS is classified into 
thoracoscopy, arthroscopy, pelviscopy, angioscopy and 
laparoscopy. The representative field of MIS is the 
laparoscopy surgery that has a larger workspace than the 
others of MIS. In five years, laparoscopic surgery is 
expected to increase so rapidly as to replace 60 to 80% of 
open surgery. Robot application is very promising in this 
MIS field. When a surgeon or his assistant control the 
movement of a laparoscopic camera, he teleoperates the 
robot arm holding the camera[6,7]. 

2.2 Ophthalmic Surgery 
Among surgical special applications, ophthalmic(eye) 

microsurgery is a very difficult procedure due to very 
small cutting force and minute cutting distance. For 
sutures, tiny instruments and very small needles are used 
resulting in less tissue damage and less scar[7]. Since the 
ophthalmic surgery treats minute vasculars or small 
tissues, a surgeon’s inaccuracy and hand tremor could 
bring about medical accidents. Thus, the application of 
robot capable of micro-positioning must be considered 
seriously. An active area of robot application is the 
treatment of retinal venous occlusion by delivery of 
anticoagulant drugs directly to blood clots in retinal 
vessels. In 1993, Kenneth W. Grace and J. Edward 
Colgate developed a six-degree of fieedom (6-dof) parallel 
micro manipulator for the treatment of retinal venous 
occlusion[8]. 

2.3 Brain Surgery 
Stereotactic brain surgery is a technique for guiding the 

tip of a probe or other dedicate surgical instruments in the 
brain through a small hole drilled in the skull. A problem 

inherent to stereotactic procedures is that a surgeon cannot 
view directly the surgical field. Therefore, some 3D 
localization of the target area is required using such as 
computed tomography(CT scanning) or MRT(Magnetic 
resonance imaging). A robot with improved accuracy was 
utilized to provide precise 3D localization of the target 
during brain surgery[9]. The MINERVA robot with five 
motorized axes equipped with reversible gears was 
developed for stereotactic brain surgery[ 10 1. 

2.4 Microvascular Surgery 
In microvascular surgery, a surgeon exposes the 

selected vessel less than 2 mm in diameter with careful 
dissection using the operation microscope, carefully 
removes the loose connective tissue surrounding the 
vessel, and places five to eight stitches in the vessel wall 
[ 1 I]. Eyes of the surgeon must be continuously fixed to 
the microscope eyepieces for long time. The surgeon’s 
fixed and awkward posture results in hand tremor due to 
physical and mental fatigue. Thus, it has been necessary to 
develop a manipulator capable of fine and accurate 
motions and filtering hand tremor. In 1995, Johns Hopkins 
developed MAD(Micr0surgery Advanced Design) that 
used piezoelectric actuators to reduce hand tremor by 
approximately 67%. 

2.5 Other (local Anesthesia) 
Epidermal or spinal anesthesia is a form of local 

anesthesia routinely used to lessen the pain of delivery. 
The needle insertion is not an easy job due to the lack of 
any visual cues, the long insertion distance and the 
proximity to the spine. It requires intensive training of 
medical residents to perform good haptic skill[l2]. In 
1993, Boston and his colleagues developed a prototype 
lumbar-puncture simulator using a specially designed 3- 
dof haptic interface with position accuracy of 
approximately lmm, and the maximum resistive force of 
1 ON[ 121. 

3 Analysis of Microsurgery task and 
tool motion 

To develop a microsurgery manipulator, the 
microsurgery tasks are analyzed to obtain design 
guidelines. However, it is difficult to analyze them 
quantitatively because they are very different fiom various 
operating fields and procedures. Therefore, we have tried 
to analyze restrictively selected four microsurgery fields; 
ophthalmic surgery, brain surgery, minimally invasive 
surgery, and microvascular surgery. The surgery tasks 
have been analyzed according to the viewpoint of 
operation field, operating tool, average span, degree of 
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freedom, and motion types as shown in Table 1. 

Required 
dof 

Average 
Span 

Table 1. Analysis of the Microsurgical Environment 

6 4 5 6 

2" 2-5 " 2" 

Ophthalmic Brain Surgery ~~~~~ 

Microvrlscular 
Surgery Surgery Surgely 

Motion 

Accuracy 

1 Too, I Trephine I Microforceps, I ~~~~~~~ Microscissors Anthroscone 

Screwing, Puncturing, Cutting, Holding, Fitting, 
Cutting Cutting Pushin& Fitting Cutting 

20 pm 50 pm 100 win 50 w 

The tip diameter of micro-forceps or needles used in 
microvascular surgery is 30pm to 1 4 0 p ,  the size of 
vessels are 0.7 mm to 2mm, the size of corneal graft in 
ophthalmic surgery is 1 O m ,  and the size of the small burr 
hole drilled in the skull is 2". Therefore, according to 
such data and Table 1 .  we conclude that the required 
accuracy for microsurgery be approximately 20pn or 
less[ 1 13, the workspace be approximately 2Ox2Ox20mm or 
more and the degree of freedom be four to six. 

.... 

....... __ . .... - ... -- -__ -I---.--. 
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Fig.2 Modeling of surgical tool motion 

Furthermore, the surgical motion is modeled and analyzed 
when the representative surgical tools are used such as 
forceps, scissors, knives, and needles. In general, surgeons 
use forceps to hold and pull tissues, scissors to cut ones, 
knives to cut and stretch, and needles to puncture. Fig. 2 
shows the required dexterous motions of a surgery 
manipulator for different surgical tools. Surgical tool 
motions can be classified into three types such as force 
applying motion, purely positioning motion, and their 

mixed motion. 
The sizes of applying force, which could be generated 

in microsurgical operations, has been localized and 
summarized in Fig. 3. 

0 411 20 50 40 50 10 70 M W I W  9, 

FomMacinMudw&inmenliww 

Fig.3 The sizes of applying force in microsurgery 

As a result of the analysis, a manipulator for 
microsurgery is required at least workspace of about 
2Ox2Ox20mm, accuracy of about 2 0 p ,  6-dof, and 
applying force of 100gf or less[3]. Besides, the 
microsurgery telerobotic system need to have tactile force 
magnification and position reduction capability. 

4. The system 
4.1 Overview of the system 

Fig.4 shows an overview of the designed system. The 
microsurgery telerobotic system consists of two main 
systems: a master hand controller system for a surgeon and 
a surgical slave robot system located at the operation 
room. 

Network 
.. 1 .............................................................................. 

Opentionmom i 

j j 

: VME Control System Master Hand Controller 
...t ............................................................................. ........................................................................... 

Macro Robot 1 
j VME Control System 

Slave Robot System j ................................................................................. j surgeryslh 

Fig.4 Schematic diagram of the microsurgery system 
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The master hand controller system is equipped with a 
surgical instrument of the operator's hand side. The GUI 
(graphic user interface) has a monitoring system of the 
surgical field and the control functions. The slave robot 
system is composed of the commercial industrial robot for 
macro motion, and a micro robot mounted at the end of the 
macro robot. The micro robot is equipped with 
interchangeable surgical instruments for microsurgery. 
The master system in the operation room and the slave 
system at the surgery site are controlled in real time by 
each controller and a local network connects these two 
operating sites. 

The controller uses a VME (MVME162 board 
including MC68040 CPU) system with Tomado real-time 
operating system for high level control and a customized 
DSP (TMS320C30) system for bilateral force/position 
control of the master device and slave robot system as 
shown in Fig.5. The main control algorithm is 
implemented with 1 msec sampling time via DSP system. 
The current servo amplifiers and sensors interface to the 
DSP. 

I I 

I I 

I , 
I 
I I 

I 6 

I 

I 
I I 

I 
I 
I 
I 

Fig.5 VMEbus controller 

4.2 Save Manipulator 
As described in the analysis of microsurgical tasks in 

the previous chapter, the micro surgical manipulator needs 
to have at least a workspace of 2Ox2Ox20mm, 6-dof 
motion capabilities and positioning accuracy of 2 0 p .  
Surgical operation frequently requires only rotational 
motions in a fixed position. Also various surgical tools 
have to be exchanged during operation. 

From the above requirements, a parallel type 
manipulator has been considered to be more suitable rather 
than a serial type one, since it has high bandwidth, high 
positioning accuracy, low inertia and compactness. 

In order to embody these dexterous motions, a new 
parallel type manipulator has been proposed as the 
configuration of Fig.6. It has six linear linkages, a conical 

moving platform and a flat base platform. Three linear 
linkages are connected with the moving platform through a 
ball joint and the other three are connected with the 
moving platform through a specially designed universal 
joint at the vertex of the moving cone. Also, they are 
connected with the base platform through a ball joint. The 
proposed manipulator is suitable for surgical operation 
that requires intensive rotational mobility. The linear 
actuator has been designed using a DC motor with a ball 
screw system. It has the speed of 30mm/sec, the resolution 
of 5pm, the force of 700gf and the stroke of 25mm[3]. 

Base platform 

Fig.6 6-dof Parallel Slave Manipulator for Microsurgery 

4.:3 Master Hand Controller 
The master hand controller controls the movement of a 

slaive manipulator at the remote site by means of a highly 
responsive and force-reflecting servo controller. The 
master hand controller for microsurgery must have a high 
precise position accuracy and be designed to have a 
relatively large workspace because a large workspace 
neteds to be scale-downed to the small workspace of the 
slaive robot along the position reduction scale. Considering 
the workspace of the micro surgical manipulator, its 
workspace is selected as 2Ox2Ox2Ocm. 

'With the above requirements, a parallel type manipulator 
is chosen as a master device. A 6-dof force-reflecting 
master hand controller has been developed using a five-bar 
parallel mechanism driven by Harmonic DC servomotors. 
The proposed mechanism as shown in Fig.7 has three sets 
of five-bar linkage, which are connected with the upper 
platform through a ball joint, and the lower platform 
through a pin joint. The upper platform of the master hand 
controller is equipped with a surgical instrument handled 
by a surgeon and a 6-dof forcehorque sensor for 
measuring the interaction force between the surgeon and 
the master. The proposed mechanism uses rotational 
acituators that can be easily implemented in small 
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mechanisms. Also, the mechanism is designed to be 
superior to the typical Stewart-platform type in the ratio of 
workspace to the size of the mechanismrl31. Since the 
Stewart-platform type brings about singularity when the 
upper and lower platform are parallel to each other at 
nominal point, the reflection-force can not be transmitted 
to the operator through it. The proposed master device has 
been designed with five-bar mechanisms to avoid the 
singularity. 

In general, it is difficult to control the parallel 
mechanism in real-time because the forward kinematics 
has sets of high order nonlinear equations, not in a closed 
form. To avoid using the numerical method for nonlinear 
equations, three extra encoder sensors are installed at 3 pin 
joints in the lower platform. 

Fig.7 6-dof Force-reflecting master hand controller 

4.4 Controller Design 
An operator manipulates the master hand controller with 

his hand to send the motion command to the slave robot, 
and then the slave follows the scaled-down value of the 
master position command. At the same time, the forces 
that arise at the interaction between the slave arm and the 
environment(surgica1 tissue) are sensed and reproduced on 
the master arm as a magnified value. 

If x, and x,,, are the position of the slave and the master, 
the relation is as follows. 

X, = K p x ,  

where Kp is a smaller than unity. Also an operator through 
the master hand controller can feel the scaled-up values of 
the interaction force that the slave senses ffom the 
environment. If F, and F,,, represent the forces on the slave 
and the master, the relation between these forces is as 
follows. 

F, = K,F, 

where KF is a greater than unity for microsurgery. 
In force reflection control methods, four primary 
architectures of master arid slave feedback control are used 
generally: position-position loop, position-force loop, 
force-position loop and force-force loop. In our scheme, 
the force-position loop is adopted because it provides a 
high bandwidth of force feedback[ 14,151. The overall 
control system diagram is shown in Fig. 8. It includes a 
local PID force controller for the master arm, a local 
position controller for the slave arm and a bilateral 
controller for linking the master and slave systems. Also, 
low-pass filters are used for the measured force signals. 

Slave 
Manipulator 

' 

I .  

I I I 
... .. . .. ................. .... . ......... .... ... . ... .. .. I .  ..................................................... 

Force Controlled Master Manipulator Position Controlled Slave Manipulator 

Fig.8 Proposed control block diagram 

The master hand controller needs to appear as 
transparent to the operator as possible. It is ideal to 
transmit to the operator only the interaction forces that are 
generated in the remote site. However, the forces felt by 
the operator includes granity, fiiction and inertial force of 
the master devices[ 171. 

dve Fbmm :qxm *- ..A ,- - ._-. - - 
; Mmm 0 L ---__________________ 

I-____________________ 

~............. I - - 
F,.p 0 Fm 

Fig.9 Ideal teleoperation system 

In order to make an operator feel only the interaction 
forces of the slave, the master-slave system is preferred be 
designed as if the master system has no dynamic effects 
shown in Fig.9. Since the reduction of physical dynamic 
effect is limited in the design, a control scheme has been 
proposed to cancel the master manipulator dynamics. To 
compensate gravity, fiiction and inertial effect of the 
master hand controller, a compensation loop has been 
added to a closed-loop velocity controller. 

5 Summary 
Based on the results of microsurgery task and motion 

analysis, the requirements of the microsurgical telerobot 
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system have been defined, and the master hand controller 
and the slave robot system have been designed. A 
dexterous and compact parallel master hand controller that 
has precise positioning capability, relatively large 
workspace, and force-reflecting capability has been 
developed using five-bar parallel mechanism driven by 
harmonic DC servo motors. For the micro slave 
manipulator, a new parallel-type manipulator has been 
proposed to meet the high positioning resolution, high 
motion bandwidth and enhanced rotational motion. Its 
special features are the cone-type moving platform and the 
middle joint specially designed universal joint. The linear 
actuators are also specially designed having compact and 
high resolution and large stroke suitable for requirements 
of the slave manipulator. A bilateral force-position control 
scheme has been proposed to transmit tactilekontact 
forces transparently compensating the disturbance due to 
gravity, fi-iction and inertia of the master device. The 
master hand controller and the micro surgical manipulator 
are preferred to be lightweight, responsive, well balanced, 
and gravity-compensated. It is expected to eliminate the 
usual drawbacks of inertia and friction, which degrade 
operator performance and increase operator’s fatigue after 
prolonged use. The bilateral control system provides 
scaled motion and force reflection capability that enables a 
surgeon to perform easily microsurgery with normal hand 
motions. Currently, the experimental test is being 
proceeded to enhance the force reflecting performance. 
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