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Abstract 
A microsurgical telerobot system has been developed 

based on the results of the operation task analysis. The 
telerobot system is composed of a 6-dof parallel micro- 
manipulator attached to the macro-motion industrial robot, 
and a 6-dof force-reflecting haptic master device. The 
master device is using five-bar parallel mechanisms driven 
by harmonic DC servomotors. The proposed 6-dof 
master hand controller has nonlinear and coupled 
dynamics, and friction. Since the disturbance force 
owing to ji-iction, gravity and coupled inertia can distort 
the operator's perception, the disturbance observer has 
been introduced in the operational space and implemented 
to the microsurgery master hand controller. 

1 Introduction 
Haptic interface devices provide the operator useful 

haptic or kinesthetic information in teleoperation tasks and 
virtual reality applications. Since Goertz's pioneering 
work of the teleoperator, development of the sensitive 
haptic interface has been pursued greatly in the field of 
telerobotics. Recently, the interest in virtual reality 
applications, which is being extended from entertainment 
games to surgical training, military training, etc. , has led 
the development of sensitive interface devices that provide 
the tactile and force feedback [ 11. 

We have developed a prototype of a microsurgical 
telerobot system that will be remotely controlled by a 
surgeon [2]. This system consists of a slave robot equipped 
with a surgical instrument, a master controller with a 
surgical instrument handle and control systems. The slave 
surgery robot moves with scaled-down values of the 
surgeon's master hand controller, and the master hand 
controller applies to the operator the scaled-up values of 
contact forces generated at the slave robot. 

A number of researchers have reported on the desirable 
characteristics of a haptic device [3,4]. The consensus 
seems to be that the ideal haptic interface is a device which 

has low friction, low inertia, no backlash, high 
backdrivability and the suitable workspace. However, if 
the device mechanism requires multi-degree-of-freedom 
motion, it is unavoidable to have large, coupled inertia, 
and many joints with friction. The undesirable dynamic 
effects will distort the operator's perception [5]. 

To cancel out friction and unwanted dynamical forces, 
we designed the compensator based on disturbance 
observer in the operational space. The disturbance 
observer estimates the disturbance forces in the operational 
space and cancels it out. Using the disturbance observer in 
the operational space, the system appears to have a fixed 
diagonal equivalent mass matrix, and the motion of each 
direction in the operational space is decoupled. The 
designed control scheme is applied to the developed 
master hand controller that is using fivebar parallel 
mechanism driven by harmonic DC servo motors [6 ]  and 
its feasibility is verified by the experiments. 

2. The system 
2.1 Overview of the system 

Fig.1 is the overview of the designed system. The 
microsurgery telerobotic system consists of two main 
systems: a master system for a surgeon, and a surgical 
slave robot system located at the operation table. The 
master device is equipped with surgical instrument hand 
that is familiar to surgeon. The GUI (graphic user 
interface) has a monitoring system of surgical field and 
equipments, and the control functions. The slave robot 
system is composed of the commercial industrial robot for 
macro motion, and a micro-positioning robot equipped 
with the interchangeable surgical instruments for 
microsurgery. The master in the operation room and 
slave system in the surgery site are controlled in real time 
by individual computers and a local computer network 
connects these computers. 

The micro-slave system uses the VME (MVME162 
board including MC68040 CPU) system with Tornado 
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Fig. 1 Schematic diagram of the microsurgery system 

real-time operating system for kinematic calculation and 
the DSP(TMS320-C30) for the low-level control. The 
master system uses a Pentium PC and a DSP(TMS320- 
C44). The main control algorithm is implemented with 1 
msec sampling time via DSP system. The customized DSP 
system interfaces to the current servo amplifiers and 
sensors. 

The master and the slave systems are designed to be 
lightweight, responsive, and well balanced. The gravity 
and the unwanted dynamics are compensated in the control 
algorithm. The bilateral control system provides scaled 
motion and scaled force reflection capability that enables 
the surgeon to perform tiny motions of microsurgery with 
normal hand motions. 

2.2 Microsurgical robot 
From our studies of the analysis of microsurgical task, 

we knew that the microsurgical robot needs to have at least 
a workspace of 20mmx20mmx20mm, four to six dof 
motion capability and a position accuracy within 20pm[2]. 
It is frequently required only rotational motion in fixed 
position. Various surgical tools have to be exchanged 
during operation. Therefore, the microsurgical robot has 
to have a mechanism capable of changing the tools 
according to the surgical circumstances and its size has to 
be small considering the interference with other surgery 
equipments and monitoring camera. 

From the above requirements, a parallel manipulator has 
been considered because of its high stiffness and precise 
positioning capability in a small space. A new parallel 
type manipulator has been proposed in order to embody 
these dexterous motions with the configuration of Fig.2. It 

has six linear linkages, a conical upper platform and a flat 
lower platform. Three linear linkages of six are connected 
with the upper platform through a ball joint and the other 
three are connected with the upper platform through 
specially designed universal joint at the vertex of the 
moving cone. They are also connected with the lower 
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 and a ball screw system 

Fig.2 6-dof Parallel Slave Manipulator for Microsurgery 

2.3 Master Hand Controller 
The force-reflecting master device in our research has 

been designed aiming not only for the telesurgery 
application but also for general teleoperation, virtual 
environment interaction, and the psychophysics of human 
perception. Considering the human operator's comfortable 
hand motion, a workspace of the master device is selected 
as 20cmx20cmx 15cm. 

A parallel type manipulator is chosen as a 6-dof force- 
reflecting master device of Fig.3, which has three sets of 
fiverbar parallel mechanism driven by Harmonic DC 
servomotor. The fivebar linkages are connected to the 
upper platform through a spherical joint, the lower 
platform through a pin joint. The upper platform of the 
master manipulator is equipped with a surgical instrument 
handle and a 6-dof forceltorque sensor for measuring the 
interaction force between the operator and the master 
device. The proposed mechanism is superior to the 
typical Stewart platform in the ratio of workspace to the 
size of the mechanism. The Stewart platform has a 
singularity when the upper and lower platform are parallel 
to each other at nominal point and the reflection-force can 
not be transmitted to the operator. 

The proposed design avoids such singularity 
configuration. In general, it is difficult to control the 
parallel mechanism in real-time because the forward 
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kinematics has sets of high order nonlinear equations and 
not in a closed form. To avoid using the numerical 
method for nonlinear equations, three extra encoder 
sensors were installed at the three pin joints of the lower 
platform. 
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Fig.3 6-dof Force-Reflecting Master manipulator 
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3 Bilateral Force Control 
In this paper, we consider control laws that can be 

applicable to the microsurgical robot system. The 
forces and displacements are accurately scaled between the 
master and the slave manipulators. With such scaling, it 
is possible to extend the manual skills of human operators 
to the very small area that is outside human capability. 
In order to achieve position following at the slave arm and 
force reflection at the master device, four primary 
architectures of master and slave feedback control can be 
considered: position-position loop, position-force loop, 
force-position loop and force-force loop. Here, the 
position-force loop was adopted because of its potential to 
have a high bandwidth of force feedback [7,8]. Fig.4 
shows the block diagram of the adopted control 
architecture. In Fig.4, Rp is a displacement reduction 
scale factor and R, is a force magnification scale factor. 

The positiordforce control can be visualized as that 
position commands propagates from the master to the 
slave, and the contact force between the environment and 
the slave propagates to the master. The robust position 
controller on the slave manipulator helps to mask internal 

friction, and use of the contact force sensed at the slave 
provides a higher quality force reflection to the operator. 
Generally, the master should have low inertia and be high 
back-drivability to avoid the distortion of operator's 
perception. 

The designed 6-dof master hand controller have 
undesired effects owing to coupled dynamics and friction 
of harmonic drive. In order to cancel out the undesired 
effects and increase the operator's perception, we proposed 
the compensator based on disturbance observer in the 
operational space. 

4 

4.1 

controller of one-dof as shown in Fig.5. 
equation can be represented by 

Controller Design based on Disturbance 
Observer 
Force Controller in operational space 

To simplify the discussion, we consider a master hand 
The dynamic 

F, + F, = M X  + Fr (1) 

where x is a master hand controller position, F,, is a control 
force, M is a inertia, Fr is a friction force and F, is a force 
imposed on the master hand controller by human. We 
can see from the equation (1) that the inertia and friction 
absorb or dissipate some of the control actuator power. 
When the masters are highly back-drivable with low 
inertia and low friction, the force-reflection allows the 
ideal transmission of the control force (F, = -F,). 

Let us define the nominal model that generates the 
desired dynamic characteristics as follows. 

F, i- F,, = M,X (2) 

As shown in the equation (2), the nominal model is 
described as a second order system which has only a 
inertia, M,,, whose value is given by a constant. The 
friction is either zero or already compensated for and the 
force imposed on the master hand controller by human is 
applied to the actuator. 

Fig.5 One-dimensional dynamic model 

The master is controlled by the force feedback 
The master is driven to make the master force, 

The control force given 
controller. 
F,, to follow the slave force, F,y. 
as equation (3). 
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Fig.6 Force control scheme in operational space 

4.2 Disturbance observer in the operational space 
If the device mechanism becomes n dimensional, the 

dynamic equations in the operational space can be 
represented by 

F,, = M ( x ) X m  + C(x,i) + G(x) + F, - F,,, (6) 

where F,, is an nxl force input vector, M(x) is an nxn 
inertia matrix, C(X, i) is an nx 1 Coriolis and centrihgal 
force, G(x) is an nxl  vector due to gravity, F, is an nxl 
vector due to friction and F,,, is an nxl force vector 
imposed by the operator. 

In general, there is a difference between the response of 
the real system given by equation (6) and the response of 
the nominal dynamic model given by equation (4). We 
refer this difference to the disturbance force in the 
operational space and we define it as Fd,,. The real system 
in the operational space is rewritten as equation (7) by 
using the nominal dynamic model and the disturbance 
force Fdis. 

M ,  X = Fu - F, - Fdls (7) 

Using the disturbance force, equation (6) and (7) are 
equivalent in expressing the real system in the operational 
space. Fdis is evaluated by subtracting equation (6) from 
equation (7) 

FdrS = [M(x)  - M , ] i +  C(x, X) + G(x) + F, (8) 

This disturbance force deteriorates the performance of the 
master hand controller in the operational space and should 
be cancelled out. 

The disturbance force Fd,, is rewritten as equation (9) 
from equation (8). 

FdrS = F,, -M,X - F,,, (9) 

This equation means that the disturbance force Fdfs can be 
calculated from the control input force F,,, the end-effector 
acceleration of master X , and the force imposed by human 
F,,, . Generally, the end-effector acceleration of the 
master hand controller can be calculated by differentiating 
the velocity x . In the parallel manipulator, the Jacobian 
which relates d with i inversely compared to the serial 
one, is given by 

i,,, = J,-’d (10) 

Then, a low-pass filter is inserted to reduce the noise 
included in the velocity signal. The operational space 
disturbance observer is summarized as follows[9]. 

‘ d , s = Q , ( s ) [ F ” - M , x - F , l  (1 1) 
= Q,(s)[F, - F, -Q(s)M,XI-Q(s)M, X 

where QF(s)  and Q(s) are diagonal matrices defined as 
follows. 

r 

Fig.7 shows the compensated master system by 
disturbance observer in operational space. 

Fig.7 Designed compensator in the operational space 
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By the equivalent transformation of the block diagram 
shown in Fig.7, the dynamic equations of the proposed 
system are also rewritten as 

&, = M n S 2 X  - Fmt - sdts(s)Fdts (13) 

Here, Sd,Js) is a kind of sensitivity function, which is an 
index of disturbance force reduction effect. The 
frequency characteristics of SJs) is given by equation 
(14) and is determined by the pole of the observer. 

sdts (SI = I - QF (SI (14) 

The higher cut-off frequency of Qds), the further the 
reduction in disturbance force effects. Hence, the 
disturbance force gives little effect to the system. 
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5 Experimental Results and Discussion 
In the experiment, we used the virtual slave simulator 

that runs on a Pentium 200MHz PC connected through 
ethernet to consider the master device performance only. 
Two kinds of performance were measured: force distortion 
during the unstrained motion, and force distortion during 
the constrained motion. 

A . ,  

I 

4 . -  

(a) A Photograph of the experimental apparatus 

En 

Parallel 

(TMS320C44) 

(b) Architecture of the haptic interface system 

Fig3  Experimental setup 

For an ideal unconstrained manipulation, the human 
However, due to the operator should feel no resistance. 

friction and inertia of the system, the operator must exert 
net work in force reflection. Such hysteresis measured is 
shown in Fig.9 and 10 for the controller withouvwith 
disturbance observer, respectively. Fig.9 shows the 
hysteresis about k4N and Fig.10 shows about k1.2N. The 
force control with disturbance observer performed the 
better than without disturbance observer. 

Fig.9 Force distortion in the unconstrained motion : 
without disturbance observer 

Fig. 10 Force distortion in the unconstrained motion : 
with disturbance observer 

Force distortion is also measured when the slave 
manipulator is under the constrained motion. Ideally, 
virtual environment force versus reflecting force of master 
should be identical. The experimental results are shown 
in Fig.1 1 and 12. The force control without disturbance 
observer shows larger force distortion. While the result of 
force control with disturbance observer of Fig.12 is also 
imperfect, it is better than the controller without 
disturbance observer. 

6 Conclusion 
W e  have developed a microsurgical telerobot system 
that is composed of the master hand controller system 
and the slave robot system, and introduced the 
control method for high fidelity force reflecting. 
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Fig. 1 1 Force distortion in the constrained motion : 
without disturbance observer 
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Fig. 12 Force distortion in the constrained motion : 
with disturbance observer 

The proposed 6-dof master hand controller has 
nonlinearity due to coupling and friction. To 
eliminate the nonlinear effects, the disturbance 
observer in the operational space was introduced. 
The total sum of the nonlinear effect in operational 
space was estimated by the disturbance observer and 
canceled out. The feasibility of the proposed 
control method was verified through experiment. 
While the performance of the proposed control 
method is not perfect, operator’s perception was 
increased about 70%. 
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