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CLINICAL TRIALS OF A HYDRAULICALLY POWERED PROSTHESIS 

BL DAVIES 

University College London 

Introduction 

A hydraulically powered arm prosthesis, together with portable 
power unit, was described in the previous Dubrovnik proceedings (1). This 
arm was based on the Edinburgh S. P. P. arm and had 5 degrees of freedom (2) 
(Fig 1).. It was decided to obtain further experience by hydraulically 
powering another more simple but robust arm, the pneumatic powered B. R. A. D. U. 
'radius vector' arm designed by the late Dr Alistair Bottomley (3). The arm 
has a radius of 400 we with a powered reach motion, wrist rotation and T. D. 
grip. Shoulder elevation is provided by a body powered motion which is 
ratchet locked. 

onent Construction 

The control valves for the wrist rotation and reach motions were 
placed alongside the actuators in an integral body, unlike the previous 
pneumatic system which utilised on/off valves mounted on the harness. The 
hydraulic system was arranged to have closed loop position controlled reach 
and wrist rotation with closed loop force control of the T. D. grip. The 
valve for grip was mounted remotely on the harness. All control valve 
input motions were obtained using levers attached to Bowden cables. The 
actuators for reach and wrist rotation were made double ended so that pulley 
drive cables could be attached in line. The limited space made it difficult 
to install the valves and actuators and allow the linear stroke required for 
the Bowden cable input motion. 

The T. D. grip was arranged to allow disconnection of the T. D. 
without breaking hydraulic supply lines. This was achieved by placing a 
single acting hydraulic actuator with a spring return on the and of the arm 
and using a mechanical push rod coupling to the T. D. which could be readily 
unlinked. Quick release and multiple location features were also provided. 

The portable hydraulic power unit which had been mounted for the 
Edinburgh prosthesis in the upper section of the body powered arm was too 
long to fit into the B. R. A. D. U. counterpart and so for the clinical trials 
it was temporarily mounted on a back panel. The power unit supplied oil at 
34 bar (500 lb / 

. 
2). Rechargeable nickel cadmium calls worn on a waist 

band provided tne primary energy source. 

Clinical Trials - let subject 

The first subject was a mal¢ bilateral aaelic with normal leg 
function who was left banded. For some time he had worn a closed loop 

position controlled Edinburgh gas powered arm on the left side and a body 

powered arm on the right side which utilised a gas powered Edinburgh hand. 
The right side configuration was retained but shortened to conform to the 
hydraulic powared B. R. A. D. U. arm worn on the left. To comply with the input 

sites previously used by the subject it cap on the left acromion joint was used 
as an input for the reach notion and a backward movement of the right shoulder 
for wrist rotation. The valve controlling T. D. grip was mountedýon the left 
hand side of the harness and operated by chin nudge. A further valve, also 
operated by chin nudge, was mounted on the right side of the harness to 
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control the pneumatically powered right hand T. D. (Pig 2).. All valves were 
sprung to one and of their travel so that with no input to the valves the- 
reach motion was fully extended, the wrist rotation fully pronated 
and the T. D. grip closed. 

Assessment - let subject 

It is difficult to distinguish effects due to the subjects having 
previously used a different type of arm structure from those due to the use 
of a different actuation media. However, some subjective comment is 
possible, particularly as the gas powered 'Edinburgh' arm and the hydraulic 
B. R. A. D. U. arm both used closed loop position control. 

The most frequently voiced comment from subject, occupational 
therapist and technical staff, was the increased stiffness of the system 
compared with gas power. With a blunt knife, the subject was able to slice 
an apple having a tough skin and slice a fruit cake. He could also operate 
switchable power sockets. All these activities were not previously possible 
due to the compliant nature of the gas powered system. The subject and O. T. 
thought the control more precise than for gas sybtems, being able to position 
the arm accurately and also *move it slowly and smoothly. The subject 
gradually increased in confidence until able to bring the T. D. quite close 
to his face whilst previously, for tasks such as eating, he had compensated 
by making large head and trunk movements. 

The T. D. used in the trial was a hydraulic version of the gas 
powered 'Otto Bock' hook. The patient's previous experience had been using 
the Edinburgh gas powered hand vhicfi has a powered 'thumb'. The hook was 
biased to the normally closed, position and opened by a spring return 
mechanism. With the high viscous losses in the hydraulic pipe, opening 
speed was much lower (1.8 secs) than for the Edinburgh hand. The time 
taken to close the hook was 1 sec. The pinch force (70N) and opening 
distance (65 sm) were larger than for the Edinburgh hand. The subject 
expressed a preference for the hydraulic hook, particularly its positive 
grip and was not frustrated by the slow opening speed, a feature which 
tends to be inherent in single acting, small hydraulic systems. A redesign 
of the actuator making it bidirectional rather than spring return would 
overcome these limitations. 

The force demand valve to release the T. D. grip was located on the 
harness and operated by chin nudge. This arrangement was not suited to 
eating food held between the hook blades as when the subject lowered his 
head to operate the valve, his mouth was a long. way from the T. D. Also, a 
continual force was required on the valve to limit the grip applied when 
holding crushable items, such as a paper cup, with the result that such: 
items could not be presented' to the mouth. These problems could-be over- 
come by relocating the valve on the right shoulder, using the control site 
previously required on the Edinburgh arm for powered shoulder rotation. 
The forces required to operate the position control valves Vero similar to 
the subject's gas powered arm and were not considered excessive. The 
subject, who had normal leg function, did not find the'arm and the power 
unit heavy (total weight, excluding body powered arm, 3.4 Kg). The primary 
energy store consisted of 10 Nickel cadmium rechargeable cells in series to 
form a 12 Volt, 1.8 Ah. battery pack vorn on the waist band. The battery 
was adequate for a day's use and was recharged at the end of each day's 
testing. 

Clinical Trial - 2nd subject 

The second subject was a female bilateral amslic with no legs who 
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was also left handed. She had previously worn an open loop, on/off 
controlled, B. B. A. D. U. gas powered arm on the left side with a body powered 
right arm having a gas powered T. D. and wrist rotation. The subject was 
seated in a wheel chair and had found the body powered ratchet shoulder 
elevation of the B. B. A. D. U. arm too cumbersome to operate and had for some 
time been using a gas powered actuator to pull on the cord of the ratchet 
release mechanism. This system was also utilised for the hydraulic arm 
trials, together with the body powered arm configuration and control sites. 
To conform with previous control sites a forward motion of the right 
acromion was used for controlling reach and an upward notion of the left 
acromion for wrist rotation. In view of the difficulty experienced by the 
first subject in utilising the chin nudge control for the T. D. grip, the 
T. D. control site was relocated on the seist of the wheelchair under the 
patient's left vestigial foot. The power pack was hung on the wheelchair. 

Assessment - 2nd subject 

The clinical trials for the second subject were strongly affected by 
her previous experience of the B. R. A. D. U. on/off valve control. During the 
testing period, she was unable to fully adapt to the new position control 
system and found it difficult to maintain the constant input signal, , 
necessary when using position control, to keep the arm stationary. However 
some ability to sense position of the arm from the known position of the 
input lever was gained towards the and of the trial. The increased stiffness 
compared with the gas powered system was also favourably commented upon 
(Fig 3). Valve operating forces and movements were considered large 
compared with on/off valves. 

The restricted range of notions that can be realised with the 
B. R. A. D. U. arm prevented many of the test tasks from being carried out. The 
subject was seated in a wheelchair with limited opportunity for using 
compensating trunk motions. For example the lack of any prosthesis shoulder 
rotation, or compensating trunk rotation, prevented the subject placing 
rectangular blocks in similar shaped holes (Fig 4). 

Conclusion 

The limited clinical trials indicate that it is difficult to compare, 
in isolation, the relative merits of the actuation media. The first subject 
had been used to an arm having 5 degrees of freedom and yet, because he had 
good leg function and trunk mobility, did'not feel restricted when using a 
3 degree of freedom B. R. A. D. U. arm. 'The fact that he was used to position 
control was also important in being able to realise any potential advantage 
due to a different actuation media. As an active male, be appreciated 
the increased stiffness and stability of the hydraulic system 
and could use the arm fairly intensively for a day on one battery charge 
compared with several changes of gas bottle using the pbeuaatic system. 
The second subject had many years experience using the E. R. A. D. U. arm, but 
as a velocity control system. However the change to a position control 
system, with its higher valve forces, proved to be the dominating factor. 
This, together with the restricted range of movements possible for a 
wheelchair subject when using the B. B. A. D. D. arm, resulted in only limited 
utilisation of the potential merits of hydraulic power. 

However the hydraulic powered version of the B. B. A. D. U. arm was 
thought to provide a more'rigid, precisely controlled system than its 
pneumatic counterpart. The system was-robust and had a reliability 
commensurate with its prototype development phase. The battery pack could 
provide energy sufficient for a day's energy needs and then be cheaply and 
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easily recharged. 

The clinical tests indicate that there are potential advantages in 
using a hydraulic system compared with pneumatics which can justify the 
increased complexity and cost of using hydraulic components. Further tests 
are required with a larger number of subjects to indicate those patients 
who can most benefit from a hydraulic powered system. 
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The use of robots to aid 
the severely disabled 

Aside from its industrial applications, the science of 
robotics holds great promise in the care of the disabled. 

This article reviews some of the limited applications 
already found and looks towards potential practical 

realisations 

by Brian L. Davies 

During the last two years there hav, - 
been glowing descriptions, both in the 

press and on television, of the rapid 
growth in the use of robots in industry, 

education, entertainment and the home. 
Descriptions of robot maids, butlers and 
machines for washing and vacuuming 
the car, that have appeared in the 

popular press, would lead us to expect 
that the problems of the severely disabl- 

ed are almost over. It would appear that 
the robotic nurse, constant companion 
and helpmate, is just a matter of a little 

more funding and time. 
The true picture, devoid of the media 

exaggeration, is very disappointing. The 

robot car washer, reported so glowingly 
but inaccurately in a popularised 
robotics text, turns out to be a static 
model with no working parts, used at an 
exhibition to publicise commercial 
garage carwash equipment. The robot 
butler is a rather expensive way of 
dispensing drinks, and the maid can 
take the coats of visitors and deliver 
limited messages -a great status sym 
bol for the owner but of little practical 
help for the disabled. The Disneyland 

androids' with their lifelike appearance, 
movement and speech, again lead the 
public to expect more than the limited 

preprogrammed low-force motions that 
are, in fact, incorporated. In spite of 
some very promising developments in 

©IEE: 1984 

vision systrms, spoech r,, ýýc7ný; um and 
artificial intelligence, today's robots are 
still largely blind, dumb and daft. 

This is not to say that there is nothing 
that will benefit the severely disabled in 
the robotics and microprocessor revolu- 
tion. On the contrary, the introduction of 
commercially available computer-based 
systems has revolutionised communica- 
tion and environmental control for the 
disabled. 

The British Robot Association defines 
an industrial robot as 'a reprogram- 
mable device designed to both manipu- 
late and transport tools or specialised 
manufacturing implements through 
variable programmed motion'. From this 
definition w, ...., 

I ., c,, r! 

1 Possum environmental controller and in- 
dicator unit 
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of the robot is its ability to manipulate 
and interact with the environment. 
However, it is the manipulative aspects 
of the robot that are proving to be more 
difficult to apply as medical aids. The 
problems are primarily of a mechanical 
nature, related to trying to provide a 
structure which is small and light but 
can support adequate force levels, yet is 
also cheap. The drive system needs to be 
similarly small, light, cheap and effi 
cient, with no deadzone, friction or flex- 
ibility in the power transmission system. 
It has to be admitted that, unlike the 
electronics revolution, the tool kit 
available to the mechanical engineer 
has changed little since the 1950s, apart 
from some additional materials. 
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2 Veterans Administration Prosthetic Center's telescopic manipulator mounted on a 
wheelchair 

How may the disabled be 
helped by robots? 

One approach to aids for the disabled 
would be to provide a general-purpose 
robot arm, attached to a powered 
wheelchair that could be used in any en- 
vironment. At the opposite end of the 
spectrum is an approach which provides 
a special environment in which the need 
to pick up and manipulate objects is 
minimised. The very diverse needs of the 
disabled are catered for, in the latter 
case, by a series of adaptations of normal 
domestic equipment, which are all con- 
nected into a microcomputer to provide 
an overall environmental controller. The 
addition of a keyboard and VDU can also 
provide a communication system. This 
means that the patient is totally confined 
to the house and often the room in which 
the equipment is placed, if he is to func- 
tion unaided. However, because stan- 
dard domestic equipment forms the 
basis of the system, costs are not too 
high. One example of a UK environmen- 
tal controller is that provided by Possum 
(Fig. I ). 

A microprocessor-based controller 
can be used to turn on the light, the 
radio or TV, select an appropriate chan- 
nel and adjust the volume. Other options 
allow for dialling on a telephone, open- 
ing the door, using an electronic remote 
lock and door opener and calling for 
help when needed. Those with poor 
speech can communicate using a VDU to 
display letters and words, which, using a 
microprocessor, are arrayed in order of 
their most likely use, so that even using 
on/off control, the letters can be quickly 
selected and built up into sentences. The 
problem with this approach is that any 
tasks which are not part of the controller 

facility and require extra manipulation, 
e. g. removing food from the oven, filling 

a kettle, or even just feeding the patient, 
require someone to assist. 

The alternative approach of a general 
purpose manipulator on an electric 
wheel chair is, at first sight, more attrac- 
tive, as it requires just one device rather 
than a multitude of special devices. It 

will also be equally useful in other 
homes, in an office or the local shops. 
However, the range of motions, force 
levels and gripper versatility necessary 
have so far prevented this from being a 
viable solution. 

A promising attempt was made by the 
Veterans Administration Prosthetic Cen- 
ter in New York in the mid-1970s (Fig. 2). 
A telescopic arm was mounted on a 
wheelchair, with sufficient reach to, say, 
pick up a book dropped on the floor, and 
also capable of reaching to a high shelf. 
The need for a lightweight system that 

would telescope into a small space on 
the arm of the wheel chair resulted in an 
arm that had excessive flexibility, and so 
vibrated like a fishing rod. At the same 
time force levels from the motors were 
not adequate for the tasks involved. 

The manipulator's gripper is another 
difficult area. Forces available must be 

adequate to turn door handles, pick up 
books at full reach etc., and yet have the 

sensitivity in the gripper and wrist that 

would allow tasks such as turning the 

pages of a book without tearing them. 
This particular device had a voice com- 
mand system which, although of limited 

vocabulary, provided adequate direc- 
tion and speed control. Each time the 

patient said 'slow' the device would 
halve its rate of travel, so that when near- 
ing its destination it could be moved 

very slowly and accurately. 
The traditional 'engineering com- 

promise' between the two extremes of us- 
ing a general-purpose manipulator or 
using a special environment, is to use an 
environmental controller as part of a 
workstation with VDU and keyboard and 
a small robot arm mounted alongside. 
The arm has very limited task capability, 
such as loading floppy discs into a micro- 
computer, a page-turning device for 
books and magazines or assisting with 
feeding. It might be expected that a 
small industrial robot would be ideal as 
the basis for such a system. They are 
already built in relatively large 

numbers, and are required to operate 
repeatedly with long life in en- 
vironments more rigorous than would be 

required of even the most demanding of 
patients. 

The main reasons why these arms are 
not a standard add-on feature for ex- 
isting environmental controllers is their 

cost and their safety. Safety regulations 
concerning robots have always been 

stricter in the UK than in the USA, but 

even more so since last year when a 
Japanese worker was killed by being 

pinned against a machine by a robot that 
he was repairing. In consequence, 
elaborate precautions are taken to cage 
all robots to ensure no personnel can be 

within reach when they are operating; 
clearly this presents difficulties if you 
also require the robot to feed you or turn 
the pages of your book while reading! 
Providing force transducers that force- 
limit the arm is only a partial answer, 
and triple redundancy would be needed 
to monitor for such contingencies as an 
intermittent connection in the feedback 
loop causing the arm to swing at satura- 
tion velocity to one end of its travel. 
Such skittish behaviour is not unknown 
in industrial robots. True safety can only 
be achieved if the arm has such a low 
force capability that, even if it goes wild, 
it can be pushed back with your chin 
but even this is not satisfactory if the 

gripper holds a fork and is aiming at the 

patient's eye. 
One example of a quality, small, in- 

dustrial manipulator of human propor- 
tions is the Unimate Puma 250 robot. 
While extremely robust and versatile 
with a good-quality high-level program- 
ming language, it costs over £20 000. 
The very small 'educational toy' types of 
robot are much cheaper but have the 
disadvantage of only having thin flexible 

structures and poor power transmission 

systems that make them unreliable and 
nonrobust. They are overly complex for 

the limited tasks required at a work- 
station, and are therefore thought to be 

still too expensive for the job 
The Puma 250 robot has been used as 

the basis of an ambitious research pro- 
ject at Stanford University in the USA. 3 
The commercial arm is being adapted to 

allow voice control for specifying 
operating modes. A head control unit is 

also available for making fine ad- 
justments to voice-selected motions. This 

unit has, in the past, been used to con- 
trol a 'smart wheelchair', and it is hoped 
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3 Johns Hopkins University robotic workstation 

to eventually mount the arm on the 
wheelchair base to provide a fully 
mobile arm. Much work has also gone 
into the development of a 2-fingered 
hand with optical transducers. It has 
long-range low-resolution vision for ob- 
ject detection and short-range high- 
resolution vision for precise object loca- 
tion. In addition to the LSI-11 minicom- 
puter controlling the Puma, a Z80 
microprocessor is used as the hand CPU 
and another for integrating the functions 
of the subsystems. 

Although the Stanford project is pro- 
viding some answers to underlying pro- 
blems of the disabled, much of the ac- 
tivity is of a fundamental robotics 
research nature rather than of direct 
benefit to the patient. The total system 
cost will be over £40 000 and, although a 
fascinating area of research, if the 

system reaches a clinical phase it will 
tend to be on the basis of one unit per 
large clinical centre rather than one per 
patient. A similar project, called 
Spartacus, 4 is underway in France in- 

volving 33 laboratories. The arm cur- 
rently used is based on one developed 
for the nuclear industry. 

However, the difficulty with 
sophisticated medical manipulator 
systems is that they are extremely expen- 
sive. If they are not just a high- 
technology status symbol, but are of 
direct benefit to the patient, then each 
patient will require a dedicated unit. 
This may sometimes be possible in the 
USA, where recent awards for damages 
in some road-accident cases have been 
very large, but it is unlikely to be the 
case in Europe. Experiences in the UK 

with powered prostheses suggest that the 
Department of Health & Social Security 
is most unlikely to support expensive 
high-technology devices. 

Powered prostheses 
Externally powered prosthetic arms 

have many problems in common with 
medical manipulators. Indeed, a work- 
station designed at Johns Hopkins 
University (Fig. 3)5 uses a standard 
electric-powered elbow and wrist pro- 
sthesis with an additional shoulder rota- 

tion actuator mounted on a linear mo- 
tion. In some ways a powered prosthesis 
presents a more difficult problem 
because arms are carried by the patient. 
They have to have their own power supp- 
ly and constraints on weight, space and 
efficiency are more severe than for 
manipulators. 

The advent of the Thalidomide 
tragedy in the UK gave considerable im- 
petus to powered prosthetics because 

many of the patients required bilateral 

prostheses. Unilateral amputees tend to 

prefer to use a body-powered prostheses 
to act as a relatively primitive support, 
and rely mainly on the function of their 

normal arm to compensate for this. 
Body-powered systems are often prefer- 
red by the unilateral amputee for their 
improved weight and cosmesis com- 
pared with the more functional, but 
heavier, powered prosthesis. Bilateral 

amputees, however, are likely to need 
more powered motions and require 
power for hand, wrist, elbow and often 
shoulder. The solution adopted in the 
UK for the Thalidomide children was to 

provide gas-powered arms where the ac- 
tuators could be made small, light and 
powerful, so that an arm with a gas- 
powered shoulder, elbow, wrist and grip 
became feasible. However, for safety 
reasons the C02 gas bottle used as a 
primary energy source had to be filled at 
a central filling station. This required 
each patient to have a large number of 
gas bottles whose capital and filling 

costs were considerable and the gas bot- 
tle needed replacing every few hours 

when used on sophisticated systems. The 
logistics involved in filling the bottles put 
this solution beyond the reach of a large 

country, such as the USA where 
bilateral Thalidomides had the pros- 
thetic elbow powered electrically with 
the shoulder body powered. 

Electric-powered arms have long been 

a research topic at Southampton Univer- 

sity under Prof. Nightingale, who has 

produced an electric arm and hand con- 
taining strain-gauge force sensors and 
an ingenious slip/stick sensor based on a 
microphone. 

In the USA, however, electric arms 
have been commercially available for 

some time. For instance, Fidelity Elec- 
tronics provides a hand and wrist system 
which benefits from microelectronics by 
using electromyographic (EMG) input 
signals and control circuits for low motor 
drain when fingers are stalled. ' The 
result is an arm that can allow the 
discrimination of a number of control in- 
puts from closely related EMG sites. 
Users have a degree of control that will 
allow, for example, coins to be picked 
from a pocket or objects thrown from 
hand to hand. 

In Sweden, the Sven hand has also 
been extensively tried clinically and is 
now a very sophisticated system. 
However, the considerable publicity to 
the programme for fitting prosthetic 
hands to childen in Sweden during the 
mid-1970s was with a very simple hand, 
and, in the view of the head of the Unit, 
Prof. Sörbye, owed its success more to 
the careful selection of users and fitting 
the device at a very early age, rather 
than to the sophistication of the hand 
system. 

A few types of relatively simple elec- 
tric hand are available in the UK on 
prescription. Although more limited irl 
function than the Swedish and US 
systems, they tend to be more robust and 
reliable, and reflect the preference in 
the UK for devices available or, 
prescription to be relatively cheap and 
simple, relying more on nursing staff, 
occupational therapists etc., to assist the 
patient, than the more sophisticated 
devices preferred in the USA. 

Commercially viable electric.. 
powered elbow systems are even fewer 
than hands. However, some success has 
been achieved in the USA, with both the 
Fidelity and Boston elbows. There are 
virtually no electric-powered shoulder 
prostheses available due to the relatively 
high power levels required, and the 

weight and size of the electric motors in- 

volved. The advent of rare-earth motors 
may help solve this problem, albeit at 
considerable expense. 

An alternative approach tp 

pneumatic-powered prostheses in the 
UK was to provide hydraulic power tp 
replace the gas system. When working (It 
University College London, the author 

4 Thalidomide patient using a hydraulic 'radius vector' arm to lift 
a high-pressure CO2 gas bottle weighing 1.5 kg 



5 Disabled child using a microprocessor-controlled manipulator 6 Simple medical manipulator showing enlarged pushbutton 
as a feeding aid keyboard 

developed a portable hydraulic power 
pack which used rechargeable nickel- 
cadmium cells. Two types of standard 
pneumatic arm were adapted at UCL to 
be powered hydraulically, and one was 
developed to a stage where clinical trials 
were carried out (Fig. 4). e They were 
quite successful in providing a reliable 
system which not only had advantages in 
recharging the power source but was 
also quieter, stiffer and had greater 
force capability than the gas system. 
However, the work has not been taken 
up by the DHSS. In the author's view this 
reflects a general policy of providing 
support for relatively simple devices 
which will aid a large patient popula- 
tion, rather than costly sophisticated 
devices which aid a small, badly disabl- 
ed group of patients. The implications of 
this for medical manipulators are that if a 
research device is to be used by patients 
it must be robust enough to require very 
little support facility and it must be 

cheap. 
It is often argued that it is only a mat- 

ter of time before medical robot 
manipulators become cheap enough to 
be generally available. However, 
although the electronics costs are falling 

rapidly, the cost of mechanical com- 
ponents is rising. Thus we are likely to 
see a considerable reduction in the cost 
of high-electronics-content systems such 
as environmental control units. 
However, the mechanical manipulator 
system is not likely to see a big cost 
reduction unless made to have only a 
limited function. 

Simple manipulator 
An alternative to the standard in- 

dustrial manipulator is to provide a 
special-purpose microprocessor- 
controlled manipulator, simple and of 
very limited function, but cheap enough 
that every patient who needs one can 
have its dedicated use. The author work- 
ed on such a device at University of 
Adelaide, South Australia, which has a 
simple structure which could operate as 
a feeding aid, page turner or drawing 

aid (Figs. 5 and 6). 9 A simple robust 
linkage provides the equivalent of 
shoulder elevation and elbow bend us- 
ing two stepper motors while the linkage 

keeps the spoon at a constant attitude 
referenced to the shoulder. A further 

stepper motor gives the equivalent of 
shoulder rotation. The steppers are 
without feedback for simplicity, and so 
they return to a physical end-stop to re- 
establish step synchrony. A micro- 
processor controls the stepper pulses 
directly and also allows the patient to use 
software to select the mode of operation: 
page turning, drawing or feeding, as 
well as the speed of operation. 

A clinical trial of the system on a child 
with cerebral palsy used an enlarged 
button keyboard to initiate the cycle re- 
quired. For feeding, a deep plastic tray 
was used to hold chopped food and a 
spoon was clipped to the arm. On press- 
ing the keyboard button, the spoon 
would come forward, dip into the food, 
lift the spoon back over the centre of the 
tray to shake off any excess drips. The 
food was then presented to the mouth 
and, depending on the cycle chosen, 
would either pause a few seconds before 
starting again, or wait until the keyboard 
button was depressed. With the limited 
functions available, the arm could not be 
justified on the grounds of saving nurs- 
ing staff as they had to be available to 
prepare the food in the tray and place it 
under the manipulator. The main 'justifi- 
cation' was in terms of the psychological 
benefit to the patient, who for the first 
time, was able to eat his meal as slowly 

as he wished without feeling that he was 
keeping someone waiting. The sense of 
having some degree of control over his 
environment also gave tremendous 
satisfaction. 

Work on a new version of this type of 
arm is now continuing at Imperial Col- 
lege, London. It is hoped to produce, for 
less than £300, a device having a similar 
limited function, controlled by a 
dedicated single-chip microcomputer. 
The option to further expand the set of 
functions using a home computer will 
also be available. 

In the future, there will no doubt be 
developed more small limited-motion in- 
dustrial robots which will fill the gap bet- 

ween the present educational robot and 
the more expensive industrial system. In 
the meantime, the disabled are most 
likely to gain benefit from environmental 
control systems operating in a relatively 
special environment which will include 
cheap manipulative devices of relatively 
limited and specific function. It is unlike- 
ly for some years to come that robots will 
be sufficiently useful to replace helpers 
for the disabled, and so it will not be 

possible to point to cost savings resulting 
from the use of robots. However, the 
psychological benefits to the patient in 
being able to have even a small increase 
in his ability to control his own environ- 
ment make the use of robots well wor- 
thwhile. 
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ABSTRACT 

This paper describes a feasibility study carried out at Imperial College into the use of robot systems 
as an aid to prostate surgery. As a result of research carried out at the Urological Institute, an 
advanced cutting and inspection device has been developed as an aid to the removal of part of the 
prostate gland. The device was mounted in a specially designed linear drive unit and clamped to the 
end of a6 axis Puna robot. In a preliminary series of trials, the robot was programmed to execute a 
series of cutting and sealing strokes to produce an appropriate cavity in a potato. A video of this 
operation will be shown at the conference. 

1.0 Introduction 

The words 'Robot Surgeon' may conjure up visions of totally autonomous robots operating on patients 
with no other human present in the theatre. However, this in far from the intention of the work 
described here. It is intended that the surgeon will be present, and through the use of additional 
sensing devices, will monitor the process closely. Then the surgeon can judge whether further cuts are 
necessary and can override the robot at any time during the process. A surgeon is often required to 
operate in a very restricted space, whilst avoiding cutting into adjacent vital organs. The posture he 
is required to adopt can be awkward and tiring. A robot, however, can relieve him of many of these 
problems. The ability to make repetetive cuts quickly and accurately with a complex trajectory, whilst 
physically prevented from contact with adjacent organs, makes the robot an extremely attractive 
proposition for many surgical operations. One such case is the operation to remove the prostate gland. 

2.0 The prostate gland operation 

In recent years, this operation has been carried out by the use of 'non- invasive' techniques with the 
aid of a small diathermic loop which is inserted down the centre of the penis. The end of the loop, 
consisting of a U-shaped piece of wire, is used to burn away small sections of the prostate until the 
aperture is sufficient to allow the unrestricted flow of urine. The very large number of cuts, 
combined with the complex conical trajectory of the cutter, makes this a long and tiring operation 
which takes at least an hour to perform. The necessity to avoid cutting into the urethral sphincter 
below the prostate gland, further complicates the process. Since this resection operation is now very 
common, there is a large incentive to reduce the time, akill and stress of performing this operation. 

2.1 The ELSA device 

In an attempt to improve on traditional cutting techniques, one of the authors (Coptcoat) has 
undertaken research at the Institute of Urology to develop a new form of cutting instrument called ELSA 
(Endoscopic Liquidiser and Surgical Aspirator). This consists of a fast rotating cutting blade which 
is passed down a guide tube containing irrigation and auction channels as well as an endoacope (Fig 1). 
The ELSA device is used in a 'minimally invasive' technique in which the guide tube containing the 
endoacope is passed down the centre of the penis. The cutter drive shaft is passed through the guide 
tube to connect the cutter to the cutter drive so that the cutter, whilst rotating, can reciprocate 
relative to the guide tube with a stroke equal to the length of the prostate. The cutter is moved by 
the surgeon through a complex trajectory to remove the excess tissue from the prostate. The surgeon 
has to take great care to ensure that the cutting stroke is limited so that the adjacent urethral 
sphincter is not damaged. After a cutting stroke the whole cutter unit can be rotated through 1800 to 
bring a small diathermic loop into position to cauterise and seal the cut. The action of the complete 
ELSA device is faster and more efficient than the previously used diathermic lcop. Nevertheless 
considerable skill is still required of the surgeon to ensure that the correct trajectory is given to 
the cutter over a long time period, whilst making clinical judgements based on the view seen through 
the endoacope. It is very easy for the surgeon to lose his sense of orientation of the cutter within 
the prostate and it is then necessary to return to the original cutting position to re-establish his 
sense of orientation. Since the motions are precise and repetetive in nature, it was felt that the 
process is an ideal task for a robot to both position and orientate the endoscope guide tube, giving 
the required conical trajectory, and also provide a linear translation of the cutter. 
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3.0 Selection of a robot system 

The ideal form of robot is one designed specifically for the surgical task. This would have a minimum 
of motion and sufficient hardware and software features to ensure the robot performs only the required 
motions with 'fail- safe' procedures in the event of any machine failure. However, such safety 
procedures would sake the prototype robot complex and expensive and so it was felt that an initial 
feasibility study should be carried out using an existing robot which was adapted to the task. Because 
of the lack of safety features it is not intended that these tests will be carried out on live 
subjects, but they will be adequate to show the viability of the robot procedures. 

3.1 Robot hardware 

The robot selected for the task was a6 axis Unimate 'Puma 560' which was modified by the addition of a 
drive to provide the cutter with a linear motion whilst also allowing the required changes in 
orientation. The Puma robot was chosen because it was compact, could carry the required load, and the 
combination of 6 degree of freedom and the VAL language enabled relatively easy programming of the 
complex trajectories. A setup was chosen in which the endoscope and guide tube was locked to the 5th 
(pitch) axis whilst the cutter drive motor was clamped to the 6th (rotation) axis. Thus the endoscope 
and guide tube could be appropriately positioned and orientated whilst the 6th axis was used to rotate 
the complete cutter assembly through 180° to allow the diathermic loop to be brought into position to 
provide a cauterisation stroke. In addition to carrying the cutter assembly, the 6th axis also holds a 
small DC motor coupled to a linear ball screw to provide the 25 ® stroke length for the reciprocating 
cutter motion. The endoscope was coupled directly to a small charge coupled camera to allow a view or 
the cutter and prostate to be shown on a visual display unit. The use of water irrigation and suction 
tubes ensures that debris can be continuously removed to give a reasonable level of visibility which 
ensures the surgeon can monitor the process. For the initial feasibility study, tissue with properties 
similar to that of the human prostate was used. A potato was selected as the most suitable and was 
clamped into position to model the shape and orientation of the prostate gland. 

3.2 The robot software 

To allow for even the most enlarged prostate, the robot was programmed to take the first cut down the 
centre of the gland. The cutter was then moved out radially by a distance of half the cutter diameter 
and a series of cuts made in a ring around the prostate. Each out was overlapped with the next to 
ensure that no large debris particles could be generated, thus minimising a blockage of the debris 
suction tube. The path of the cut is a curve compounded from the motions of the linear cutter drive 
and the angular orientation provided by the robot's 5 axes. At the end of each cutting stroke, the 6th 
axis of the robot is rotated through 1800 to bring a diathermic electrode into contact with the cut 
surface. The current to the electrode is switched on automatically and the robot motion reversed along 
the trajectory of the cut, thus cauterising the tissue. After each ring of cuts has been made. at the 
press of a switch the cutter can be moved radially out by half its diameter to initiate the next circle 
of cuts. This process is then repeated until the desired quantity of gland has been removed. The 
sequence of cuts is shown in Pig 2. A maximum of 70 cuts is required to complete the operation. 

During the whole procedure the surgeon can examine the process using the endoscops and camera and caa 
stop the operation at any time with the press of a button. This causes the current position of the 
cutter to be registered before moving the cutter to a safe position. The cutter can than automatically 
return to the interrupted location, or be moved to any other desired position, to resume cutting. 

4.0 Conclusions 

This initial study has demonstrated the feaability of the use of robots as an aid to prostate surgery. 
The time required is about one tenth of those using the current method of a diathermy resectoscope for 
tissue removal. The robot is capable of giving controlled and repeatable notions with adequate force 
levels to both carry and move the cutter through the tissue. This relieves the surgeon of much of the 
physical strain and discomfort inherent in current manual methods. The surgeon has no longer to carry 
the equipment and provide complex notions of the cutter whilst avoiding adjacent vital organs. This is 
all carried out by the robot, leaving the. surgeon free to supervise the cutting strokes, as displayed 
on the monitor, without physical distractions. The process can also be interrupted or retraced to a 
particular cut at any stage of the procedure. This allows the skill and judgement of the snrgon to be 
utilised to the maximum whilst using the robot for routine processes. The prostate removal operation 
is particularly suited to the use of robot aids becauje the sequence of cuts can be specified 
beforehand and the sine of prostate does not differ sufficiently to require reprogramming of the robot 
for different patients. Thus all that is required is that the patient is carefully positioned and 
oriented with reference to the robot before the start of the operation. 

It is now planned to design a robot with only the minimum number of motions and with sufficient 
hardware and software interlocks and checks to ensure safety. The resulting system could then make the 
use of a robot, as an aid to the surgical removal of the prostate gland, into a routine procedure. 
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Figure 1. ELSA cutting device. 
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Figure 2. Shape and sequence of cuts at bladder neck. 
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An industrial robot is well known for its ability to position its end point accurately in either joint, 

world or tool coordinates. This, together with its versatile range of articulated motions, is of great 

potential benefit in the world of surgery. The authors have explored this potential in a unique 

feasibility study in which a standard 6 axis Unimate 'Puma' robot was used as an aid in a 

prostatectomy operation(1 ). The operation is traditionally carried out by inserting a special 

cutter down the centre of the penis and then removing a conical shape of material from the prostate 

gland (Fig I). The apex of the cone is positioned at the base of the penis whilst the base circle is 

located further inside the body at the bladder neck. The complex geometry and wide range of motions 

is beyond the capability of a standard robot. Thus the Puma robot required modification by adding a 

pair of frameworks to the end of the robot to carry the cutter and ensure it had both an adequate 

stroke length of motion and could also sweep out the required geometry. 

The viability of the concept was demonstrated by simulating the arrangement of the penis and 

prostate. A simulated penis was attached to a perspex box into which a potato was rigidly fixed (Fig 

2). The cutter was then inserted through the centre of the penis and an appropriate shape removed 
from the potato using a programmed sequence of cuts supervised by the surgeon (Fig 3). The result 

was that the appropriate shape and size of material was removed from the simulated prostate within 
5 minutes. This compares favourably with the period of I hour which is often required to perform 

prostatectomies manually. A video of this feasibility study will be shown at the presentation. 

This work has subsequently led to a rethink of the basic requirements of a prostatectomy and has 

resulted in the development of a special purpose robot specifically designed for prostatectomies. 
This 'robot' is being implemented in a staged sequence, starting with a mechanical fixture which 
will be subsequently powered, but still under the direct sequenced control of the Surgeon. The 

motorised fixture will then have control software added, in order to ensure that the Surgeon 

Assistant Robot can perform the correct sequence of cuts automatically. The mechanical fixture, or 
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'frame', is so arranged that the necessary complex motions can be readily obtained whilst ensuring 
that the maximum range of movements is physically limited by the hardware. Thus the frame can 
be seen as an additional safety device which is used to limit the motion of the cutter, whilst it is 

manipulated and supervised by the Surgeon. In this way there can be no objection to the use of the 
frame from an ethical viewpoint, since it is under the direct control and supervision of the Surgeon. 

Transurethral resection of the prostate (TURP) is now the most common method of relieving 

urinary outflow obstruction secondary to prostatic enlargement. It is estimated that a forty year 

old man has a one in ten chance of undergoing a TURP (2). The procedure now accounts for 38% of 

all major surgical procedures carried out by American urologists and, in the States, is second only 
to cataract extraction as the most costly major operation under Medicare (3). It is not only 

regarded as a complex procedure but to achieve proficiency requires that more TURP procedures be 

carried out during training than any other urological operation. 

The procedure involves insertion of a resectoscope (up to 9mms in diameter) up the penis. The 

working element of the resectoscope consists of a tungsten wire loop. Under direct endoscopic 

vision a high frequency current is applied to the loop and the obstructing tissue is removed in 

"chips" by successive cuts. The resection continues until all the tissue is removed. At the end of the 

procedure the cavity approximates to an assymetrical truncated cone (Fig I). Haemostasis is 

effected by sealing the blood vessels with a high frequency coagulating current. During the 

procedure the operator's vision through the endoscope is maintained by continuous inflow of a 

non-electrolytic hypo-osmolar solution irrigant into the resectoscope. 

TURP is associated with a lower morbidity, in-patient stay and mortality than open surgery. 
Complications that occur are due to haemorrhage itself, haemorrhage impeding the operator's view 

or from systemic absorption of the irrigating solution. The morbidity and mortality associated with 

a TURP are related to the size of the gland to be resected and the resection time. (4) Blood loss 

increases with tissue weight resected (mean 15mVg). The severity of bleeding increases with the 

length of the procedure from 5.2 ml/min in a gland less than l0grms to 20 ml/min in a gland of 
80grms or greater (5). 

A frame has been designed to permit the resection of an asymmetrical truncated cone of prostatic 
tissue. The device consists of a circular metal frame (Fig 4) which is attached to the end of the 

operating table. 
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The frame can be positioned in space by means of horizontal and vertical motion tables and by a 

pivot pin to allow angulation of the frame prior to clamping rigidly. 

An outer ring is supported on the fixed frame by 3 roller bearings so that the ring can rotate 

through 3600. A series of holes are provided so that the ring can be rotated through small positive 
increments against a detent whose resistance can be varied. A curved 'diametral ring' is attached to 

the outer ring and positioned orthogonal to the outer ring. The diametral rings acts as a support for 

a carrier to which the resectoscope is clamped. The carrier can slide over the diametral ring so 

that, together with the rotation of the outer frame, a conical motion is swept out about a pivot 

position located towards the tip of the resectoscope. The stroke of the resectoscope determines the 

length of the truncated cone. 

The sequence for the procedure is to position the patient in lithotomy to allow access for the frame 

and the surgeon. A preliminary urethrocystosoopy is carried out and the frame position and 

orientation is then adjusted to allow the resectoscope to be clamped without disturbing its 

alignment. 

The resection is then carried out by the operator with electro-cautery. The movement of the 

resectoscope is limited to within the area predetermined by the setting of the frame. Haemostasis is 

achieved in the usual way. 

With the current design the resected weight can be varied up to a maximum of 18g. 

Results of Resection 

To date a Frame TURP has been carried out on 6 patients presenting to the St Peter's group of 

hospitals with symptoms of prostatic outflow obstruction. The patients were assessed by out- 

patient uroflowmetry, a flow rate of 15 mis/sec or less indicates obstruction, and pressure-flow 

studies, where P/F2 > 0.5, confirms increased outflow resistance. Transrectal ultra-sonographic 

estimation of prostate dimensions and volume were also obtained. Details of six patients are as 

follows. 



94 

PROSTATIC DIMENSIONS OF TRANSRECTAL U. S. 

NAME X MEAN FLOW RATE LENGTH WIDTH ANTERO- WEIGHT 

(mis/sec) (cros) POSTERIOR (grms) 

DIAMETER 

W. C. 65 10.0 4.8 8.6 4.4 65 

J. N. 59 9.3 5.2 6.0 4.0 69 

C. D. 63 13.2 3.8 5.6 2.7 27 

B. P. 49 11.4 3.8 4.6 2.7 21 

A. W. 55 9.4 3.7 4.7 3.2 28 

A. T. 73 A. R. 5.0 5.2 3.3 51 

A. R. - Acute Retention of Urine. 

NAME - MEAN F. R. RESECTION TIME RESECTED POST OPERATIVE 

(mis/sec) W. T. FLOW RATE' 

W. C. 65 10.0 21 mins 14 g 42 mis/sec 

J. N. 59 9.3 22 mins 14 g 38 mis/sec 
C. D. 63 13.2 20 mins 6g 24 mis/sec 
B. P. 49 11.4 21 mins 6g 27 mis/sec 

A. W. 55 9.4 22 mins 5.5 g 15.5 mis/sec 
A. T. 73 A. R. 35 mins 13 g 20 mis/sec 

There were no intra-operative or post-operative complications and all patients were discharged by 

the third post-operative day. 

To date postoperative flow rates are available on all of the patients and show that all have had 

effective relief of their obstruction. 

The preliminary clinical trials have led to a number of conclusions regarding the future form of the 

framework. The addition of electrically powered motions, followed by the use of software control 

with "majority voting" techniques to achieve satisfactory safety requirements, should give a step by 

step implementation which will hopefully ensure acceptability by both the medical community and 
the public at each stage. 
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Thus although a "surgeon robot" may be considered by many Surgeons today to be extremely 

advanced and outside the realms of possibility, the use of a powered frame with inherent software 

safety features should prove to be perfectly acceptable, with considerable benefit to both the 

surgeon and the patient. 
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Fig. 2. Schematic diagram of experimental set-up showing 
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Fig. 3. Schematic diagram of prostate shape showing 
sequence of cuts 
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Fig 4. Photograph of frame for prostatic resection. 
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A surgeon robot prostatectomy -a laboratory evaluation 

B. L Davies, P. D. Hibberd, t M. J. Coptcoat$ and 
J. E. A. Wickham* 
t Coax for Rik &s, Iwpriol C. &gi, Los1M, 1 Urolo. Dspaawad, M 
Aia>>'f Hupitd, Rtunpu k, " lxdi i is of Ui'olog,, London 

Introduction 

In recent years, innovations in industrial robots have 
been considerable. Advances in mechanical design have 
resulted in robots which are lighter, faster and with 
greater reach than before. Developments in control have 
produced robots which are capable of real time, adaptive 
control to achieve good accuracy, even for complex 
`continuous path' motions. The application of vision and 
other sensors has provided the ability to respond 
appropriately, both in ordered and disordered enviroii 
meets. However, the use of robots in surgery has, until 
now, been very limited. 

The potential contribution from surgeon robots is con- 
siderable. Robots are capable of positional and force 
control to accuracies at least equal to those of a surgeon. 
Indeed the use of micro-robots could considerably 
improve on human positioning capability. Robot vision 
and other sensing systems can discriminate in some 
situations better than a human, particularly when 
supplemented by the visual senses of the surgeon using a 
camera and remote monitor. It is in the area of `feel' 
however that sensors remain relatively poor when 
compared to human capability. Also, the ability to 
respond appropriately in unforeseen circumstances is 
very limited. The main reason for the slow introduction of 
robots in the area of surgery has been considerations of 
safety. Legislation on industrial robot safety has meant 
that the operator is not allowed to be within reach of the 
robot whilst it is in a fully powered condition. Even those 
who prpgram robots, for whom it is necessary to be 
alongside a robot when in a `teach' mode, are required to 
keep out of range of the robot's potential reach and must 
replay motions at very slow speeds. Of necessity, most 
medical applications require the robot to be able to 
contact the patient even if the operator is safely out of 
reach, and this will require a complete rethink of the 
Robotic Health and Safety Codes. 

In spite of these difficulties and limitations some prelimi- 
nary work has been carried out. A study by Kwoh et al. [1J, 
has used a standard robot to position a locating jig so that 
a surgeon can then use the jig to manually drill the skull of 
a patient as part of a CT-guided stereotactic brain 
surgery project. Although the use of standard robots to 
position external jigs and frameworks is inherently safer 
than their direct use in invasive surgery, there are still 
many potential hazards. It is not unknown for standard 

robots to develop hardware or software faults which cause 
them to jerk in an uncontrolled manner. Similarly it is 
quite possible for the user to inadvertently call up the 
wrong piece of software, leading to unpredicted motions. 
Unless the robot has physical contraints, so that it is 
inherently incapable of moving outside a specified area, 
and has fault tolerant software, it is unlikely that powered 
robot applications will be generally acceptable. These 
constraints usually imply the construction of a special 
purpose robot system. One way of avoiding these 
difficulties is to ensure that the `robot' is not powered 
and is thus not capable of moving other than when re- 
positioned by the surgeon. This type of approach has 
been taken by Soni [2] in the use of a passive robot which 
acts as a positioning aid for spine surgery. 

However, if a special purpose surgeon robot was con- 
structed it could be made intrinsically safe since it would 
be possible to introduce physical stops to limit the range 
of robot motion to `safe' areas. Also, software and sensors 
can be triplicated to use majority voting techniques to 
cater for potential failure. These, together with continual 
monitoring by a surgeon, imply that safety criteria could 
be satisfied. Parallels may be drawn with the case of 
aircraft automatic landings in which the safety of 
passengers depends upon the correct operation of sensors 
and control systems, albeit monitored by the pilot, and 
which have gradually become accepted by the public as a 
routine procedure. Recent activity by the Dept of Trade 
and Industry (DTI) under the Advanced Robotics 
Initiative tends to support the view that surgeon robots 
are possible. As one aspect of the DTI series of initiatives, 
a `surgeon robot' project is being proposed in which 
Imperial College will collaborate. This project will study 
the potential for using robots as an aid to. surgery across a 
wide range of applications. However the authors have 
already carried out a successful feasibility study in one 
particular area which shows great potential for robotics; 
that of a surgeon robot for prostate gland resection. 

The potential for a robot to assist in prostztectomy 

A prostatectomy involves removal of some, or all, of the 
prostate gland tissue which has grown to block the 
urinary tract. The tissue is generally removed in a `non 
invasive' technique in which a diatherinic lance is 
inserted into the penis and a conical section removed from 
the prostate gland. This is achieved by swivelling the 
cutter about the base of the penis so that the apex of the 
cone is just next to the verumontanum, which must not be 
damaged, whilst the open end of the cone is located 
further inside the body at the bladder neck. Typical 
dimensions are shown in figure 1. Great care is needed by 
the surgeon not to exceed the prescribed boundary of the 
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Figure 1. Typical dimensions of prostate tissue to be removed. 

cut. This requires the surgeon to continuously view the 
operation through an endoscope attached to the end of 
the cutting instrument. This, together with the wide 
changes in angle of the instruments, can lead to surgeons 
having chronic neck and back pain in later life. The 
operation typically takes up to one hour to perform. The 
lengthy procedure and the fact that the number of urology 
specialists in the UK per head of population is amongst 
the lowest in Europe, results in long waiting lists for a 
prostatectomy - over two years in some Health Regions. 

Robots do not tire, can work quickly and consistently, 
and are good at precisely achieving a required position 
and angular orientation whilst working within prescribed 
limits. These attributes imply that a robot could be useful 
as an aid to a prostatectomy. It was decided to carry out a 
feasibility study to see if it was possible for the required 
motions to be performed by a robot. The study would also 
delineate the principal requirements so that a specifica- 
tion could be produced for building a special purpose 
robot at a later date. The cutting instrument used in the 
trial was a new type called a Wickham Endoscope 
Liquidiser and Aspirator (WELSA) [3]. The Welsa 
consists of a small cutting blade rotating at 40 000 rpm, 
and driven by a high speed motor (figure 2) the cutter is 
placed in a guide tube which in turn is supported in an 
outer tube containing the light-conducting fibres for the 
endoscope. Tubes are also supplied for water irrigation 
and for suction to remove particles of debris. Facilities are 
also available to supply high frequency current to a 
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diathermic lance which can be placed inside the outer 
tube and used to cauterize the cut surface to prevent 
bleeding. Thus the tip of the cutter must sweep out the 
conical trajectory shown in figure 1 with its asymmetric 
profile at the bladder neck. It must also simultaneously 
reciprocate to cut on the forward stroke and cauterize on 
the return. The latter is achieved by rotating the cutter 
guide tube 180° about its axis to bring the diathermic 
lance into contact with the cut surface. 

The complex geometry required has lead to the adap- 
tation of a six-axis Unimate Puma robot to provide the 
primary motions. The robot was provided with a 
specially designed framework which in turn carried the 
cutter assembly and provided the required reciprocation 
of the cutter. The fifth (pitch) axis of the Puma was used 
to carry the external framework which contained the 
whole cutter assembly. These five axes allow the cutter 
end point to be positioned and orientated correctly. The 
sixth (rotation) axis was then used to carry the inner 
framework. The latter supported the cutter blade and 
high speed motor and also carried a motor/gearbox 
assembly that provided the linear motion of the cutter. An 
adjustable stroke length was provided using resettable 
microswitches. Thus the inner framework could recipro- 
cate and rotate with reference to the outer frame. 

Experimental set up 

It was decided to demonstrate the ability to cut the 
desired pattern in prostate by producing the appropriate 
shape inside a potato. The potato was mounted inside a 
perspex box placed at the root of the simulated penis 
(figure 3). Saline solution was used for irrigation and a 
separate suction tube attached to a pump to remove fluid 
and particles of debris. A video camera was attached to 
an endoscope and a high intensity laser light used to give 
good illumination, thus permitting a VDU display of the 
cutting process. The view on the monitor was most 
realistic and similar to that seen when performing a 
standard prostatectomy. The variation in angle of the 
cutter can be very wide, from 60° above the horizon to 30° 
below. Because the guide tube must pass down the penis 
and then pivot about the root of the penis, the robot will 
sweep out an inverted and amplified motion correspond- 
ing to the desired shape of prostate. The amplifying 
effect of the ratio of lengths 'handls to the pivot'/`adier to 
picot' is large at around 8: 1. This means that the motion 
swept out by the end of the Puma is considerable and care 
must be taken to ensure that all the joints remain within 
the permitted range of motions during the whole 
operation. To ensure that singularities of motion do not 
occur, the sixth axis of the Puma is returned to its start 
position when the cut sequence has moved around the 
circle 180° from its start location. A major advantage of 
the robot is that, provided these precautions are observed 
the trajectory is predictable and the robot does not get 
lost in space. The surgeon however, in purely manual 
operation, can often lose orientation and find it necessary 
to go back to the start position to re-establish where he is 
in space. Also to ensure a good view through the 
endoseope it is necessary to cauterize after each cut to 
minimize bleeding. The robot however can make a ring of 
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endoscope 

V 

suction 
Figure 2. The Wickham Endoscopic Liquidiser and Aspirator (WELSA) showing guide tube and cutler 

simulated 
prostate 

robot 
Figure 3. Overall view of experimental set-up showing framework mounted on the robot with the simulated penis and prostate mounted on a 
Perspex box. 

cuts without losing its location and so the frequency of 
cauterization can be considerably reduced. Indeed since 
the whole cut sequence can be performed within five 
minutes, the small amount of bleeding could be cauter- 
ized after the final cut, further reducing the time taken 
and hence the trauma for the patient. 

are then used as a datum for calculating automatically the 
subsequent series of motions. Provided the patient is 
strapped firmly to the table it is not anticipated that the 
prostate will move significantly with reference to the 
robot. 

For the purposes of the trial, the simulated prostate was 
fixed with respect to the plastic container onto which the 
simulated penis was also mounted. At the commence- 
ment of the process the surgeon moves the robot to the 
correct start position, using the view through the 
endoscope as a guide. When operating on a patient it is 
anticipated that the WELSA will be inserted by the 
surgeon to the correct position and angle, as for a manual 
prostatectomy. An assistant will then move the robot 
fixture, which is mounted on the surgery table, to enable 
the WELSA device to be quickly damped to the robot 
without disturbing the WELSA location. The coordinates 
of the robot position measurement system at this location 

Cut sequence 

The WELSA device is first inserted into the penis and 
positioned so that it is at the centre of the prostate at its 
most anterior position. The mounting frame is then 
moved into the correct location relative to the patient and 
the WELSA damped into position. In order to produce 
the required shape at the bladder neck, the area of 
prostate to be resectioned was divided into a sequence of 
overlapping cuts (figure 4). Axes 1 to 5 of the Puma were 
positioned to allow the insertion of the cutter assembly at 
the desired orientation to take the preliminary centre cut 
number 1. An axial cut was then taken on the forward 
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Figure 4. Sequence of overlapping cuts in prostate at bladder neck. 

stroke and a diathermic cauterization automatically 
initiated on the return stroke. Axis 6 was then used to 
rotate the shielded cutter 180° to bear onto the new 
material to be removed. The fifth axis was readjusted to 
bring the cutter to the correct position and orientation for 
the second cut to be taken. On completion of cut number 
2 the second ring of cuts 3-6 was taken. This was achieved 
by again using robot axes 1-5 to position the cutter in 
space whilst axis 6 was used to bring the exposed part of 
the cutter, or the diathermic lance, into contact with the 
prostate tissue as appropriate. When the cutter is 
positioned at the six o'clock position (cut 5 in this row) 
the fourth axis was rotated back by 180° to avoid the 
possibility of the robot moving to such an extreme angle 
that a singularity point is reached when cutting in the 6 to 
12 o'clock region. 

At any point in the process the surgeon has the 
opportunity to interrupt the cut by pressing a single key. 
The robot then automatically moves back to its original, 
safe, position. On asking the robot to resume cutting, the 
robot will position itself back at the interrupted cut and 
restart the cutting cycle for that location. The surgeon is 
also asked at the end of each row of cuts if the next row is 
to be removed. Only when acceptance is indicated will 
the robot move to the next position. The asymmetric 
nature of the prostate gland is accommodated by the 
complete removal of the first four rows of material and the 
partial removal of rows 5,6 and 7. Again the decisions 
whether or not to take a cut are in the hands of the 
surgeon who can continually monitor the whole operation 
using the camera and VDU. 

Results 

The results of the feasibility study was to produce a dean 

cut in the simulated prostate of the correct shape and size. 
The total cutting time was reduced from typically 45 
minutes to around five minutes. Because the time of 
operation is greatly reduced, and the necessity to prevent 
all bleeding to improve visibility is no longer of such 
importance to the conduct of the process, it is possible to 
considerably reduce the number of cauterizing strokes. 

This has further potential benefits to the patient in 
minimizing any risk of heart attack. 

The ability for the surgeon to monitor the process on the 
VDU and intervene whenever necessary gives him 
considerable control. Thus the skill, experience and 
judgement of the surgeon can be supplemented by the 
robot's ability to precisely and repeatedly position the 
cutter within defined limits. This releases the surgeon 
from the physical strain of having to position himself at 
awkward angles for long periods of time. It also avoids the 
necessity for the surgeon to continually prevent any 
possibility of slipping or jerking, which might result in 
cutting tissue outside the predetermined limits. 

Future work 

As has been found with many robot feasibility studies, 
this work pointed to the potential benefits of an interim, 
nonrobotic, process which permits manual motions of the 
surgeon but avoids many of the problems inherent in the 
current approach. A jig, or fixture, is currently being 
developed which constrains the cutter between physical 
pre-set limits, but allows the cutter to move through the 
permitted range, orientation and sequence of motions. 
The surgeon provides the motive power to move the 
cutter between the end stops whilst monitoring the 
process. This interim fixture stage should also give 
additional confidence in the process, allowing the more 
ready acceptance of a special robot, built for the purpose, 
incorporating all the necessary hardware and software 
safety features. It is hoped that such a robot will be the 
eventual outcome of this activity. 

Conclusions 

This feasibility study has shown that a robot can assist 
the performance of a prostatectomy with many potential 
advantages over a purely manual operation. The robot 
does not lose its orientation in three-dimensional space 
and can be precisely positioned to avoid damage to 
adjacent tissue. It can produce a sequence of cuts more 
quickly than a surgeon and does not get tired. Provided 
adequate safety features are built into the hardware and 
software, there is no reason why a robot should not 
adequately carry out the required operation. The use of a 
surgeon to continuously monitor the process, with the 
ability to select the next stage or halt the whole operation, 
allows the skill and judgment of the surgeon to be better 
utilized. 

The feasibility study has demonstrated some of the 
potential benefits to be obtained from the use of robots in 
general surgery. These come primarily from the ability of 
the robot to position itself accurately, repeatedly and 
tirelessly whilst providing the surgeon with sufficient 
sensory data to continuously monitor the process and 
exercise his skill and judgement. This combination of the 
surgeon and robot, acting together, can thus lead to 
improved health care for all concerned. 
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ABSTRACT 

The potential contribution of robots in surgery is considerable, as they are capable of precise placement of their 
end effector in space with an accuracy that is impossible for a surgeon. One of the main reasons for the limited 
use of robots in surgery relates to safety issues. However, if a special-purpose robot were constructed, it could 
be made physically safe, as it would be possible to introduce mechanical stops to limit the range of movement of 
the robot to a safe area. This article describes the use of a special safety frame, the first stage in the development 
of a purpose-built robot for prostatectomy, in 30 patients awaiting elective prostatectomy for urodynamically 
proved prostatic outflow obstruction. 

INTRODUCTION 

T HE IMMEDIATE MORBIDITY RATE of a transurethral prostatec- 

tomy is 18% and has remained stationary in three large 
series over a 27-year period. " Transurethral prostatectomy has 
been regarded as a safe procedure, and the immediate mortality 
rate has declined over the same time period. Both immediate 
morbidity and mortality rates are related to the time of operation, 
the size of the gland, and the age of the patient. There is concern 
that the long-term mortality rate is higher than after open 
prostatectomy and that this may be attributable to irrigant 
absorption. `' Transurethral prostatectomy is associated with a 
significant decrease in cardiac output and an increase in vascular 
resistance, ' and this effect increases with operation time and 
occurs even during apparently uneventful procedures. Our aim 
in automating prostatectomy is to reduce the operation time and 
fluid absorption and thus reduce morbidity and mortality rates. 

One of the main reasons that robotics have not been applied 
previously to surgical practice relates to safety requirements. A 
safety frame was designed to hold a resectoscope during trans- 
urethral prostatectomy in such a way that the resectoscope can be 
moved through controlled incremental motions to sweep out a 
predetermined resection cavity while the maximum range of 
movement is physically limited by the hardware. -` Motoriza- 

"Instiwte of Urology, London, England. 
tCentm for Robotics, Imperial College London, London, England. 

Lion of this frame with the addition of control software would 
result in a special-purpose robotic prostatectomy device. Thus, 
this frame can be viewed as the first stage in the development of 
a surgeon-assistant robot. 

The aim of this study was to determine if a resection carried 
out with the frame would relieve prostatic outflow obstruction in 
patients awaiting a transurethral prostatectomy. 

METHODS 

The frame has been described in detail previously. " Briefly, 
if consists of an outer metal frame, which is fixed to the end of 
the table after the patient is placed in the lithotomy position. A 
wheel is mounted on this fixed frame and carries a pin that 
locates in 24 peripheral indents positioned around the fixed 
frame. An arc-shaped crossbeam is mounted on the wheel and 
carves eight similar indents. These indents allow the resecto- 
scope to rest in various defined positions during the procedure. 
A sliding carriage is mounted on the arc, and the resectoscope 
can be mounted rigidly on this carriage. 

After preliminary cystoscopy, the resectoscope is positioned 
at the level of the verumontanum by the operator and then 
mounted on a central locking mechanism. The resectoscope is 
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rigidly locked to this mechanism and can be rotated through 360° 
and traverse the crossbeam. The frame pivots the resectoscope at 
a point 37 mm proximal to the distal tip of the resectoscope loop. 
Movement of the resectoscope across the arch and rotation of the 
ring resects a symmetrical truncated cone of tissue. 

The original design of the frame permitted resection of a 
cavity of 23 to 25 mm in length. The radius of the base, toward 
the bladder neck, could be varied from 5.25 mm to a maximum 
of 24 mm by increasing the distance the resectoscope travelled 
across the crossbeam (Table 1). The resection volume could be 
increased to a maximum of 18.2 cc. A longitudinal travel of 25 
mm was subsequently introduced, increasing the length of the 
cavity that can be resected to as much as 48 mm and the 
maximum volume to 60 cc (Fig. 1). During this stage, the 
resectoscope is moved manually by the surgeon. and hemostatis 
is obtained after the resection is complete. 

A trial in patients awaiting elective prostatectomy was under- 
taken. Before entry into the trial, the patient provided three flow 
rates with at least 150 ml voided. Any patient with a flow rate in 
excess of 15 ml/sec was excluded. Conventional pressure-flow 
studies, using an Ormed Urodynamic Investigation System 
5000. were carried out after drainage of the residual urine. 
Fluid-filled lines (4F) were used to measure bladder and rectal 
pressures, with zero reference being at the level of the symphysis 
pubis. A lOF catheter was used to fill the bladder at a medium 
rate, as defined by the International Continence Society. ' 
Transrectal ultrasound estimation of prostatic dimensions and 
volume and transabdominal estimation of bladder urine volume 
were carried out using the Proscan ultrasound imaging system 
with a 7.5-MHz biplanar transrectal probe and a 5-MHz general- 
purpose probe, respectively. 

The "resection time" refers to the time taken to resect the 
prostatic tissue and carry out diathermy during the resection but 
excludes the setting up time and the time required to achieve 
hemostasis at the end of the resection. Postoperative bladder 
drainage was via a three-way continuous drainage system. 

Postoperatively, a free flow rate and transabdominal ultra- 
sound estimation of residual urine volume were planned on 
discharge, at 6 weeks, 3 and 6 months, and I year and repeat 
transrectal ultrasonography at 3 months. Relief of obstruction 
was considered achieved if, after the operation, the flow rate was 
greater than 15 ml/sec. Repeat pressure flow studies were 
planned at 6 months if flow rates fell below this figure. 

TABLE 1. RESECTED RADIUS AT BLADDER BASE (Rb) AND 
VERUMONTANUM (R, ) FOR VARIOUS INDENT VALUES 

Air 
Indent No. 

Rb 
(mm) 

R. 
(mm) 

Resection Volume 
(cc) 

1 5.25 4.0 1.4 
2 8.25 5.0 3.3 
3 11.75 7.0 5.8 
4 16.0 8.75 10.3 
5 19.25 9.5 13.7 
6 21.25 10.25 15.5 
7 24 10.5 18.2 
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FIG. 1. Maximum resection cavity. 

RESULTS 

To date, 30 patients have been entered in the trial. Their mean 
age was 67 years (range 55-81). The mean preoperative peak 
flow rate of 26 patients was 9.8 ml/sec (range 4.2-13.6). 
Preoperative flow rates for four patients are not available 
because of inadequate voided volume, but on urodynamic 
testing, all four had peak detrusor pressures at maximum flow of 
90 cm H2O or greater. The mean catheter-determined residual 
urine volume was 230 ml (range 15-1100). On urodynamic 
assessment, seven patients had a detrusor pressure at peak flow 
of less than 70 cm H, O. The transrectal ultrasound assessment of 
prostatic weight was 48 g (range 20-86) and length 41 mm 
(range 29-59). The average setting up time was I1 minutes 
(2-35) and the resection time 28 minutes (20-45). 

At the end of the frame resection, two patients had residual 
median lobe, tissue, and a manual resection was carried out. 
Therefore, 28 patients had a frame resection alone. Postopera- 
tive flow rates are available on 26 of these patients. The mean 
peak flow rate was 22.2 ml/sec (9-40.5); the mean ultrasound- 
determined residual urine volume was 121 ml (0-589). Postop- 
eratively, one patient failed to void and had a conventional 
transurethral prostatectomy. One patient voided less than 150 ml 
on discharge. Five patients have flow rates less than 15 ml/sec: 
one at discharge, one at 6 weeks, and three at 6 months (Fig. 2). 
Repeat pressure-flow studies on these three patients confirm 
outflow obstruction. Two patients have had further surgery: one 
a bladder neck incision for stenosis and one removal of residual 
prostatic tissue. One patient has declined further surgery be- 
cause of subjective improvement. Five patients had a coinciden- 
tal carcinoma on histologic examination. 

DISCUSSION 

As a robot is equipped with position sensors, it always 
"knows" where it is with reference to its working space. Thus, a 
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FIG. 2. Peak flow rates in patients before and after frame prostatectomy. 

robot can insert a surgical instrument to a desired position and 
orientation, deep within the body, with an accuracy impossible 
for a surgeon. The potential use of an industrial robot to 
complete an experimental resection using a potato as a model 
was first demonstrated in 1989.10 In this experiment, a precise 
and predictable cavity was resected in approximately 5 minutes. 
This pilot study was felt to demonstrate the feasibility of a 
robotized procedure. 

The main reason for the limited application of robots in 
surgery has been considerations of safety. Two centers have 
used robots to guide the surgeon during a brain biopsy. ". ' 2 The 
robot positions the cannula adjacent to the skull with a pre- 
defined orientation and position. The surgeon then inserts the 
biopsy needle through the cannula to a predefined depth. 
Regulations on industrial robot safety require that when a robot 
is working, humans remain outside the operating environment. 
The application of robotics in surgery, however, requires that 
the robot may be within reach of the patient, surgeon, anesthe- 
tist, or theater staff. To satisfy safety requirements of both 
patients and surgeons, a device to limit the movement of any 
roboticized system to within a predetermined envelope of tissue 
was required. The frame is such a safety device, as it is intended 
to confine a motorized resectoscope to a given volume of space 
as determined by a preoperative transrectal or perioperative 
transurethral ultrasound scan. This motorization, with the addi- 
tion of control software, will result in a first-generation robotic 
device the aim of which is to reduce operation time and irrigant 
fluid absorption. The frame limits the surgeon to resecting a 
volume of tissue in the shape of a truncated cone. Before 
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motorization, it was necessary to prove that this resection cavity 
could objectively relieve outflow obstruction. 

The decision to operate on these patients was based on the 
assessment of symptoms and a flow rate less than 15 ml/sec. 
Pressure-flow studies were carried out preoperatively, as a 
persistent low flow postoperatively can be secondary to a poorly 
contracting detrusor rather than persistent obstruction. " Twen- 
ty-one patients (75%) who underwent frame prostatectomy have 
a flow rate of 15 ml/sec or greater at last followup. This 
compares with 83% of 53 patients who had relief of obstruction 
in the series of Abrams and associates, but those investigators 
excluded patients who had a poorly functioning detrusor. 1I Of 
the seven patients in our series with a postoperative flow rate less 
than 15 ml/sec, three had a detrusor pressure at maximum flow 
of 70 cm H, O or less on urodynamic assessment preoperatively. 

Neal and coworkers reported a flow rate of 18 ±9 (SD) 
ml/sec at mean followup of II months. 14 Abrams" and Fri- 
modt-Moller and associates16 reported flow rates at 12 months 
as a mean of 21.2 (range 5-48) and median 19.6 (range 
4.7-42.5), respectively. The mean peak flow rate in the current 
series is 22.2 ml/sec (9-40.5). The mean followup after a frame 

prostatectomy is shorter, but both Abrams and Frimodt-Moller 
et al. reported flow rates in their patients at 3 months that were 
lower than the 12-month figure. We therefore suggest that the 
outcome after a frame prostatectomy is similar to that after 
conventional transurethral prostatectomy. 

The manual frame does not reduce the total operation time. 
This is partly because of the time taken to set up the device and 
the fact that the resection is carried out manually by the surgeon. 

Pre-op Disc. 6/52 6/12 1 year 
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A reduction in operation time and irrigant fluid absorption will 
occur when the device is motorized and the procedure can be 
carried out automatically. 
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The development of a surgeon robot for 
prostatectomies 
BL Davies, MPhil, CEng. FIMcchE, RD Hibberd, BSc, PhD, WS Ng, MEng 
Centre for Robotics and Automated Systems, Imperial College of Science, Technology and Medicine, London 

AG Thuoney, FRCS and JEA Wickham 
Institute of Urology, London 

The removal of prostatic tissue through transurethral resection of the prostate (TURP) is an operation that can require considerable 
skill from a surgeon as well as being a lengthy procedure. The potential for using robotic techniques was investigated in a preliminary 
feasibility study using a standard six axis 'Puma' robot. This led to the construction of a manually operated 'safety frame' which has 
been shown to be effective through clinical trials on 30 patients. A special-purpose robot, based on the design of the manual frame, has 
now been constructed. Some of the safety issues are discussed which make this procedure an ideal candidate for a robotic device. 

1 INTRODUCTION 

The use of a robot as an aid to surgery may initially 
appear to be an unlikely application for robotics. 
However, closer consideration will reveal that some of 
the capabilities inherent in industrial robots may be of 
considerable benefit to a surgeon. Robots have the 
ability to operate in either `world' or `tool' coordinates 
so they always keep track of where they are. Thus a 
robot can insert a cutting tool to a desired position and 
orientation, deep inside the body, with an accuracy 
impossible for a surgeon. It is possible for a surgeon to 
lose track of his location, particularly where the view is 
very restricted, such as when working with tools using a 
minimally invasive or `keyhole' approach. In such situ- 
ations it is necessary for the surgeon to reestablish 
contact with a datum position in order for the surgeon 
to get his bearings and then return to the working area. 
This is a situation that does not occur with robots 
because they do not lose their spatial reference. Simi- 
larly robots are very good at precise motions along 
complex trajectories and can also exert precise forces, 
from the very large through to the very delicate. 

One of the main reasons for the lack of surgeon robots 
relates to safety issues. The health and safety guidelines 
for industrial robots dictate that the robot must be con- 
fined within a cell from which all personnel are 
excluded. Clearly this is inappropriate for surgeon 
robots, which will not only be in intimate contact with 
the patient but may require the surgeon, anaesthetist 
and other theatre staff to be within the operating range 
of the robot. Two projects that have used robots as an 
aid to brain surgery (1,2) have so far used the robot 
simply to position a jig, or guide tube, adjacent to the 
skull with a predefined orientation and position. This 
enables the surgeon to then manually insert a biopsy 
needle through the guide tube to a predefined depth. 
Even this procedure has robot safety implications 
because general-purpose robots have been known to 
suffer from faults in either hardware or software, which 
could have disastrous results for the patient. This diffi- 
culty has been minimized by the French team by pro- 

The MS was received on 12 November 1990 and was accepted for publication on 
6 March 1991. 

viding a very large reduction gearbox on each motor so 
that all motions take place very slowly (2). It is claimed 
that there is plenty of time for the surgeon to press an 
emergency stop should anything untoward happen. 
However, even this approach is not foolproof and also 
has the problem that long delays can occur in the pre- 
liminary setup, when large initial motions are required 
at a very slow speed. 

A very different approach has been adopted in a col- 
laborative project which is being undertaken by 
Imperial College and the Institute of Urology in which 
a surgeon robot is being developed to assist with pros- 
tatectomies. 

2 PRELIMINARY EVALUATION OF A ROBOT TO 
AID IN A PROSTATECTOMY 

The Robotics Centre at Imperial College was initially 
approached by the Institute of Urology to see if it was 
possible to use a robot to assist with prostatectomies 
(3). A prostatectomy involves the removal of some, or 
all, of the prostate gland tissue which has grown to 
block the urinary tract. Transurethral resection of the 
prostate (TURP) is now the most common method of 
relieving urinary outflow obstruction resulting from 
prostatic enlargement and is regarded as a safe pro- 
cedure (4). It is estimated that a forty-year-old man has 
a 29 per cent chance of undergoing a TURP in his life- 
time (5). The procedure now accounts for 38 per cent of 
all major surgical procedures carried out by American 
urologists and is second only to cataract extraction as 
the most costly major operation under Medicare (6). It 
is not only regarded as a complex procedure but to 
achieve proficiency requires that more TURP pro- 
cedures be carried out during training than any other 
urological operation. 

The traditional procedure involves insertion of a 
resectoscope (up to 9 mm in diameter) up the penis. The 
working element of the resectoscope consists of a tung- 
sten wire loop. Under direct endoscopic vision a high- 
frequency current is applied to the loop and the 
obstructing tissue is removed in `chips' by successive 
cuts. The resection continues until all the tissue i% 
removed. At the end of the procedure the cavity 
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Table 1 

Mean Range 
mm mm 

Length 41 29-59 
Width 52 48-80 
Anterior-posterior diameter 35 33-60 

approximates to an asymmetrical truncated cone. Hae- 
mostasis is effected by sealing the blood vessels with a 
high-frequency coagulating current. During the pro- 
cedure the operator's vision through the endoscope is 
maintained by the continuous inflow of a non- 
electrolytic hypo-osmolar solution irrigant into the 
resectoscope. A typical shape of the prostate gland can 
be approximated to a truncated cone (3). The apex of 
the nearly conical shape is positioned at the base of the 
penis, next to the veru montanum which must not be 
damaged. The base circle of the cone is located at the 
bladder neck. Thus the material can be removed by the 
cutter sweeping out the nearly conical shape whilst piv- 
oting about the base of the penis. 

The surgeon must exercise considerable skill, when 
cutting manually, not to move back beyond the veru, as 
removing tissue from this region can result in inconti- 
nence. Also only adenomatous tissue should be 
removed from the prostate and typically only 38 per 
cent of the preoperative transrectal ultrasound weight is 
resected (7). The actual dimensions of the prostate in 30 
patients measured by the authors in a preoperative 
transrectal ultrasound assessment were as shown in 
Table 1. 

3 FEASIBILITY STUDY FOR A ROBOTIZED 
PROCEDURE 

The complex trajectory described above is difficult to 
achieve using a standard six degree-of-freedom robot. It 
was found necessary to add an additional framework to 
a conventional six axis Unimate 'Puma' robot to 
achieve the appropriate motions. Part of the framework 
was hung on the fifth (pitch) axis of the Puma to carry 
the external framework which, in turn, held the cutter 
assembly. The combination of these five axes enables 
the cutter to be positioned and orientated correctly. The 
sixth (rotation) axis was then used to carry a high-speed 
rotary cutter, mounted in an endoscope, held on an 
inner framework so that the cutter could reciprocate 
through its stroke length. The inner frame could thus 
reciprocate and rotate with reference to the external 
frame. 

The feasibility of performing the required procedure 
was demonstrated by cutting the appropriate near 
conical shape from a potato mounted in a perspex box 

as shown in Fig. 1. An artificial penis was mounted on 
the box and the endoscope with cutter was passed down 
the centre. Saline solution was used for irrigation and a 
separate suction tube used for removing fluid and par- 
ticles of debris. A video camera was attached to the eye- 
piece of the endoscope, which, together with 
high-intensity illumination, permitted the cutting 
process to be displayed on a monitor. The cutter swept 
out a wide angle which varied from 60° above the 
horizon to 30° below and required careful programming 
of the sequence of cuts to avoid any singularity points 

in the robot motion. These singularities may lead to 
unpredictable motions in some positions with disas- 
trous consequences. 

In order to provide a realistic feasibility study, the 
software was written to allow full control by the 
surgeon. Before commencing the procedure, the surgeon 
inserted the cutter down the centre of the penis to the 
start position, using the view through the endoscope as 
a guide. The coordinates of the size of the robot trajec- 
tory were then selected by the surgeon and the sequence 
of cuts to produce the shape were automatically gener- 
ated. The surgeon had the ability to intervene at any 
point based on viewing the procedure on the monitor 
and could select further sequences of cuts to enlarge the 
resected aperture. Thus the surgeon could control the 
whole procedure, using his experience and judgement, 
but was relieved of the necessity to make awkward 
physical motions, thus avoiding the back and neck 
strain prevalent amongst many urologists. The whole 
sequence of cuts could be performed within five 
minutes, compared to normal procedures which can 
take over an hour. This time reduction could lead to an 
added benefit because it is not necessary to cauterize 
until the end of the procedure. This would have the 
benefit of not only saving time but can also minimize 
the amount of irrigant absorbed, which could further 
enhance the safety of the procedure. Thus the feasibility 
study was felt to successfully demonstrate the viability 
of using a robotized procedure. However, it was con- 
sidered that the use of an unconstrained conventional 
robot, without the benefit of safety features, was not 
acceptable for use on patients. It was therefore decided 
to gradually build up towards the use of a special- 
purpose robot for prostatectomies by constructing a 
special safety frame that could be manually operated by 
the surgeon and then subsequently implementing a 
motorized version of the frame with specially imple- 

mented safety software. 

4 THE MANUAL SAFETY FRAME 

To avoid the necessity of using 7 degrees of freedom to 
produce the complex shape required in a TURP, it 
special frame was designed (Fig. 2) with only three 
motions (8). The reciprocating cutter is located inside an 
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Fig. I Equipment used to demonstrate the feasibility of 
using a robot to resect the prostate 
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Because the structure of the safety frame limits the 
shape of the resection to a truncated cone it was neces- 
sary to also demonstrate that this shape of resection 
was effective in relieving outflow obstruction. 

5 RESULTS OF THE FRAME RESECTION 

endoscope which is carried on a circular arc which is in 
turn mounted on a ring that is free to rotate through 
360°. The arc, together with the ring, is arranged to give 
a conical motion of the cutter pivoted about the tip of 
the resectoscope. A series of indent locations on both 
the arc and the frame of the ring allow incremental 
motions to be made which permit controlled cuts to be 
taken in sequence, as shown in Fig. 3. The addition of a 
metal shield, clamped to the ring, provides a physical 
stop for the cutter, thus preventing any cuts being taken 
outside the predefined range. Thus the frame acts as a 
safety fixture which prevents the surgeon from inadver- 
tently cutting outside of a predefined volume. 

The sequence for the operating procedure is to first 
position the patient in lithotomy to allow access for 
the frame and the surgeon. A preliminary ure- 
throcystoscopy is carried out and the frame is then posi- 
tioned and oriented to allow the resectoscope to be 
clamped without disturbing its alignment. The resection 
is then carried out by the surgeon using electrocautary. 
Haemostasis is achieved generally at the end of the pro- 
cedure, with the resectoscope freed from the frame. 
Using the current design of frame a volume of up to 
60 cm3 can be resected. 
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Fig. 3 Typical sequence of cuts at the bladder neck 
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To date a frame TURP has been carried out on 30 
patients presenting to the St Peter's group of hospitals 
with the symptoms of prostatic outflow obstruction. 
The patients were assessed by out-patient uroflowmetry 
where a flowrate of 15 ml/s or less suggests obstruction. 
Pressure flow studies were also used to confirm outflow 
resistance. Transrectal ultrasonographic estimation of 
prostate dimensions and volume were also obtained. 
The results are shown in Table 2. More detailed results 
are shown in Timoney et al. (9). Postoperative assess- 
ment was carried out on discharge, after 6 weeks, 3 
months, 6 months and 1 year. The pre- and postopera- 
tive flowrates of 10.0 and 22.2 ml/s using the frame com- 
pared favourably with those found by Neal et a!. (10) in 
a study of 205 patients undergoing traditional TURP 
who showed pre- and postoperative flows of 9 and 18 
ml/s respectively. Similarly Abrams and Frimodt- 
Moller and their co-workers reported flowrates at 12 

months of a mean 21.2 ml/s (range 5-48) and median 
19.6 mI/s (range 4.7-42.5) respectively (11,12). Thus it 
would appear that the outcome after a frame prostatec- 
tomy is similar to that after a conventional TURP. 

6 THE MOTORIZED FRAME 

Following the successful achievement of manual resec- 
tion using the frame as a safety fixture, the frame has 
been completely redesigned and each motion motorized. 
A continuous flow resectoscope with rack and pinion 
drive has been mounted onto the arc and is driven by a 
d. c. motor. All the motors have additional encoders for 

position measurement and are driven by a control 
system which is in turn monitored by an IBM PC. Soft- 
ware is being written for the PC that will allow the 
surgeon to specify the size of the prostate and its shape 
at three different cross-sections, using information 
obtained from a transurethral ultrasound inspection 
carried out beforehand. An automatic curve-fitting 
routine will then define the combined motions of the 
motors to produce the required curved trajectory of the 
cutter. Safety checks will be incorporated throughout 
the software to ensure that at no time can the motor/ 
encoder system be asked to move the cutter outside the 
predefined limits of the prostate. The system will be 

Table 2 Frame prostatectomy-patient details for 30 
patients 

Preoperative results for 30 patients 
Mean age 68 years (range 55-81) 
Mean flowrate 10.1 ml/s (range 5.5-13.6) 

[At the end of the frame resection, two patients had residual median 
lobe and a manual resection was carried out; 28 patients therefore 
had a frame resection alone. A further three patients failed to void a 
volume of 150 ml (one on discharge and two after 6 weeks). One 

patient totally failed to void and had a conventional TURP. ] 

Postoperative results for 24 patients 
Mean peak flowrate 22.2 mI/s (range 9.0 -40.5) 
Mean weight resected 11.8 g (range 4-30) 

Proc Instn Mech Engrs Vol 205 

Fig. 2 Manual safety frame, in use on a patient 
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under the continuous control of the surgeon who can 
observe the procedure on a monitor via a camera 
attached to the endoscope. The motions can be inter- 
rupted at any time, incorporating inherently safe tech- 
niques for shutdown, and the procedure completed 
manually. In this way, a special-purpose `robotized' 
device can be constructed that will be inherently safe. 
For safety reasons, it is not intended that any form of 
expert system will be involved. Instead the knowledge, 
skill and judgement of the surgeon will be available at 
each stage and a conscious decision (and keyboard 
input) will be required from the surgeon before a new 
motion is made. This will ensure that the surgeon keeps 
complete control of the operation and can assure 
himself that everything is performing satisfactorily. 

also help to diminish the waiting list in the United 
Kingdom for prostatic resection procedures. 

It is felt that the use of robotic principles, embodied 
into a special-purpose device for prostate resection, has 
shown that the use of robot devices as an aid to surgery 
is now viable. 
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7 CONCLUSIONS 

A preliminary laboratory evaluation, using a standard 
Puma robot, showed that the use of robotic principles 
to aid in removing prostatic material is perfectly feas- 
ible. A specially designed safety frame, which allows the 
surgeon to move a resectoscope through the required 
volume without moving outside a predefined size, has 
been used clinically on some 30 patients. Results to date 
show this to be a procedure in which postoperative 
flowrates are as good as traditional procedures. The use 
of a safety frame, in both manual and robotized pro- 
cedures, prevents the resectoscope from moving outside 
a predefined volume. The cutter can thus be prevented 
from moving distal to the veru so that the continence 
mechanism is not affected. The robotized version of the 
frame can also be made safe, independent of software, 
by providing adjustable mechanical stops to physically 
prevent motion outside the desired volume. The ability 
to resect a standard volume of material from the pros- 
tate, at a known orientation, also provides a system- 
atized procedure which is allowing an opportunity to 
study the comparative effects of tissue removal, 
revealing new insights into the nature of the prostate 
and its function. 

On the basis of the clinical trials, a new motorized 
frame is being produced which will be controlled by 
software under the direct supervision and intervention 
of the surgeon. By this means it is hoped to be able to 
safely remove prostatic tissue, of the appropriate shape, 
within a short time (typically several minutes). This will 
make the procedure safer from the viewpoint of a 
shorter time under anaesthetic and will also limit the 
amount of irrigant that can be absorbed by prostatic 
tissue, hopefully leading to improved morbidity and 
mortality. The shortened time for the procedure may 
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CONTRAINTES MECANIQUES : SOLUTION POUR LE PROBLEME DE 
SECURITE EN ROBOTIQUE CHIRURGICALE ? 

B. L. DAVIES, R. D. HIBBERD, W. S. NG, A. G. TIMONEY, J. E. A. WICKHAM 

RESUME : 

Une caract6ristique essentielle que doit posseder tout systeme de robotique chirurgicale 
est d'etre intrinsbguement fiable et sür. Le systeme ne doit gEnErer aucun dEplacement qui 
pourrait blesser le patient ou le personnel medical. En tant qu'approche initiale, nous 
proposons une solution efficace dans laquelle les deplacements des axes du robot sont 
mecaniquement contraints. Les articulations ont une structure cindmatique adaptee ä la 
täche realisee, en limitant les deplacements physiquement de telle sorte que toute position 
de 1'outil situC ä 1'extrdmit6 du robot soit contrainte de rester dans une enveloppe de 
sCcurit6. Cette technique est illustr6e par un cas dans lequel un systeme robotise 
specialement concu permet de realiser une resection de prostate. Ce papier dEtaille le 
principe de base du systbme et presente des resultats cliniques obtenus avec ce robot. 

Mots des : robotique chirurgicale, d&placements contraints, securit6, resection de la 
prostate. 

MECHANICAL CONSTRAINTS - THE ANSWER TO SAFE ROBOTIC SURGERY ? 

ABSTRACT : 

The primary requirement for robotic surgery is that the system should be intrinsically safe 
and that no unexpected motions, which might endanger patients or medical staff, should 
occur. It is proposed that a useful initial approach is a system of mechanically 
constraining the motion axes. The axes are of a specific kinematic form appropriate to the 
task, with a range of movements which is physically limited to ensure that motion is 
restricted to a safe envelope. This technique is illustrated by a case study in which a 
specially designed robotic system is used for prostate resection. The background to this 
system and subsequent clinical experiments are discussed in some detail. 

Key Words : surgical robotics, constrained motions, safety, prostate resection. 

Innov. Tech. Biol. Med., Vol. 13, n° 4,1992. 



- 426 - 

Davies BL', Hibberd RD*, Ng WS', Timoney AG+, Wickham JEA+ 

Robotics Centre, Imperial College of Science. Technology and Medicine 
+ Institute of Urology 

The primary requirement for robotic surgery is that the system should be 
intrinsically safe and that no unexpected motions, which might endanger patients or 
medical staff, should occur. It is proposed that a useful initial approach is a system 
of mechanically constraining the motion axes. The axes are of a specific kinematic 
form appropriate to the task, with a range of movements which is physically limited 
to ensure that motion is restricted to a safe evelope. This technique Is illustrated by 
a case study in which a specially designed robotic system is used for prostate 
resection. The background to this system and subsequent clinical experiments are 
discussed in some detail. 

The use of robotic systems as an aid to surgery has long been discussed, but the 
majority of applications have so far been limited to the use of a standard robot, 
partially modified, to hold a jig or fixture. The actual insertion and manipulation of 
cutting tools is then carried out manually by the Surgeon whilst the robot is locked 
in an immobile state. The reasons for this cautious approach are based on the need 
for safety. In order to ensure the safety of both patients and staff, the robot motions 
must be fully predictable and guaranteed, either when In close proximity to the 
patient or when manipulating tools and sensors inside the patient envelope. With 
standard robots it is difficult to make such guarantees. Even well developed 
industrial robots have been known to fail, producing erratic behaviour in any one of 
its properties of trajectory, range, velocity or force. In addition to limiting the role 
of the robot to positioning and orienting an external fixture, attempts to minimise 
these potentially unsafe effects include modifying the robot to be intrinsically slow, 
(eg by using additional high ratio gearboxes) or limiting the force capability (eg by 
substituting low torque drive motors). 

The use of a high level software safety system, to monitor the motions of the 
standard robot, is also an approach which has been suggested. This. too, may have 
problems because the monitoring is at a high level and not at the hardware servo 
level and hence may be slow to act. It is possible to imagine a scenario in which the 
servo is moving in a straight line when failure causes it to try to take off at high 
speed in the same direction. The inertia of the system may cause the robot arm to 
travel some distance before the fault is detected by the high level monitor and the 
brakes can bring the arm to a halt. It could be argued that only hardware monitoring 

Mr BL Davies, Centre for Robotics and Automated Systems. Imperial College of 
Science, Technology and Medicine, Exhibition Road, London, SW7 2BX 
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at the servo level will give the necessary speed of response to avoid damage in 
critical instances. Some redundancy in sensors and software systems is also 
desirable for reliability. Dual sensors, one on each servo motor and one on each 
output drive, could act as a check that the drive output system is not slipping and that 
encoder integrity is being maintained. Dual software systems, running on separate 
transputers in parallel, are another means of checking for errors. Additionally, all 
software codes must be assured. Whilst dependable computing systems have made 
great strides, complex software still cannot be guaranteed to be totally safe. 

It is this level of certainty of guarantee that Is at Issue. Even the most 
expensive aerospace applications still have some failures. With the cost constraints 
that occur in medical systems, a 100% safe system is not possible. It should be 
acceptable if the robotic surgery 'failure' rate Is less than that of the human surgeon 
or if the task Is impossible for the Surgeon to carry out at all unaided. However In 
the event of such a failure, it is still probable that the robot failure will result In 
litigation in a way that may not occur in a human surgeon failure. What Is needed is 
a general consensus by Society at large of just how safe Is "safe". Such discussion 
should be lead by the medical and robotic communities so that the public is informed 
about the possible risks and benefits from robotic procedures. 

In the interim, pending such agreement, it is necessary to proceed cautiously. 
At Imperial College, we feel that this implies the need for special purpose robots 
designed for the particular surgical procedure to operate within a localised region. 
Such considerations tend to mitigate against the use of anthropomorphic robots which 
are capable of reaching a large volume of space (the very feature which makes them 
attractive to industry). If such systems are used they should be applied in 
conjunction with a substantial restraining 'cage' which physically prevents motion 
outside a limited area. A further implication of this approach is that, where possible 
axes should be moved sequentially, one at a time, rather than in parallel, to 
minimise the volume of space that can be swept out by an unforeseen motion. This 
Implies that complex shapes resulting from the interaction of many axes of motion 
may need to be approximated by a series of simple shapes, resulting from a sequence 
of single axis motions. In addition to the usual sensor based software limits on 
motion, mechanical stops may need to be positioned for each programmed size of cut, 
to physically limit the range of motion to a safe and acceptable limit should anything 
unforeseen occur. In general, in robot surgery it is only necessary to bring the 
robot to a controlled stop position in the event of a failure. Unlike sophisticated 
aircraft, it is not necessary to have so much redundancy in the control system that 
further control systems take over to automatically finish the task when a fault 
occurs. 

The concept of mechanical constraint is illustrated with the following case 
study in which a robotic system has been designed and used for prostatectomies. The 
nature of a prostatectomy is described, then the sequence of development of the 
robotic system is briefly outlined, before discussion of the automated surgical 
procedure. 

Transurethral Resection of the Prostate (TURP) is an ideal operation for 
Implementation of a robotised procedure. The reason for this is that it involves the 
recreation of a void within the prostate. Thus, provided the system Is mechanically 
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constrained to move only within that volume, the operation can be made intrinsically 
safe. The positional tolerance which is acceptable is 2 to 3mm and so is not 
particularly demanding of robot accuracy. The TURP operation consists of inserting 
a$ 9mm instrument down the centre of the penis to resect away a roughly conical 
shape of prostate material (Fig 1). The apex of the cone is located at the 
verumontanum near the base of the penis and forms a limit beyond which the cutter 
must not be removed. The base circle of the cone is at the bladder neck. The 
asymmetrical nature of the conical shape of tissue to be removed varies from patient 
to patient, as does the size of the prostate. The cutting stroke therefore needs to be 
adjusted for each patient and depends on preliminary measurements being taken 
using an ultrasonic imaging system. 

The Robotics Centre at Imperial College was initially approached by the 
Institute of Urology to see if It was possible to use a robot to assist with 
prostatectomies (1). A prostatectomy involves the removal of some, or all of the 
prostate gland tissue which has grown to block the urinary tract. TURP Is now the 
most common method of relieving urinary outflow obstruction resulting from 
prostatic enlargement and is regarded as a safe procedure (2). It is estimated that a 
forty year old man has a 29% chance of undergoing a TURP In his lifetime (3). The 
procedure now accounts for 38% of all major surgical procedures carried out by 
American urologists and is second only to cataract extraction as the major operation 
causing expenditure under Medicare (4). It is not only regarded as a complex 
procedure but to achieve proficiency requires that more TURP procedures be carried 
out during training than any other urological operation. 

The working element of the resectoscope consists of a tungsten wire loop. 
Under direct endoscopic vision a high frequency current is applied to the loop and the 
obstructing tissue is removed in "chips" by successive manual cuts. The resection 
continues until all the tissue is removed to form a cavity which approximates to an 
asymmetrical truncated cone. Haemostasis is effected by sealing the blood vessels 
with a high frequency coagulating current. During the procedure the operator's 
vision through the endoscope is maintained by continuous Inflow of a 
non-electrolytic hypo-osmolar solution irrigant into the resectoscope. The irrigant 
and 'chips' of tissue pass into the bladder, from which they are removed at intervals 
using a suction 'bulb'. 

The complex trajectory required for a TURP is difficult to achieve using a 
standard 6 degree of freedom robot. To move the cutter in a conical motion about the 
base of the penis without excessive motion of the latter, it was found necessary to add 
an additional framework to a conventional 6 axis Unimate 'Puma' robot. Part of the 
framework was hung on the 5th (pitch) axis of the Puma to carry the external 
framework which, in turn, held the cutter assembly. The combination of these 5 
axes enables the cutter to be positioned and orientated correctly. The 6th (rotation) 
axis was then used to carry a high speed rotary cutter, mounted in an endoscope, held 
on an inner framework so that the cutter could be rotated to the correct angle and 
reciprocated through its stroke length. The inner frame could thus reciprocate and 
rotate with reference to the external frame. 

The feasibility of performing the required procedure was demonstrated by 
cutting the appropriate near conical shape from a potato mounted in a perspex box as 
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shown in Fig 2. An artificial penis was mounted on the box and the endoscope with 
cutter was passed down the centre. Saline solution was used for irrigation and a 
separate suction tube used for removing fluid and particles of debris. A video camera 
was attached to the eye piece of the endoscope which, together with high intensity 
illumination, permitted the cutting process to be displayed on a monitor. The cutter 
swept out a wide angle which varied from 600 above the horizon to 300 below and 
required careful programming of the sequence of cuts to avoid any singularity points 
in the robot motion. These singularities may lead to unpredictable motions in some 
positions with disastrous consequences. The whole sequence of cuts could be 
performed within 5 minutes, compared to normal procedures which can take over an 
hour. The reduction in time taken could lead to an added benefit because it is not 
necessary to coagulate until the end of the procedure. This would not only save time 
but would also minimise the amount of irrigant absorbed, further enhancing the 
safety of the procedure. Thus the feasibility study successfully demonstrated the 
viability of using a robotised procedure. However, it was felt that the range of 
motions that could result from a standard 6 axis robot with extra degrees of freedom 
was too great to ensure safety, particularly when the software/hardware had not 
been developed with safety as a paramount criterion. It was therefore decided to 
develop a special mechanism which would be specific to the motions required. 

To avoid the necessity of using 7 degrees of freedom to produce the complex 
shape required in a TURP, a special frame was designed (Fig 3) with only 3 motions (5). The reciprocating cutter is located inside an endoscope which is carried on a 
circular arc which is in turn mounted on a ring that is free to rotate through 3600. 
The arc, together with the ring, is arranged to give a conical motion of the cutter 
pivoted about the tip of the resectoscope. A series of indent locations on both the arc 
and the frame of the ring allow incremental motions to be made which permit 
controlled cuts to be taken in sequence (Fig 4). The addition of a metal shield, 
clamped to the ring, provides a physical stop for the cutter thus preventing any cuts 
being taken outside the predefined range. Thus the frame acts as a safety fixture 
which prevents the surgeon from inadvertently cutting outside the predefined 
volume. 

The sequence for the operating procedure is to first position the patient In 
lithotomy (ie, with legs in stirrups) to allow access for the frame and the surgeon. 
A preliminary examination is carried out and the frame is then positioned and 
oriented to allow the resectoscope to be damped without disturbing its alignment. 
The resection is then carried out by the surgeon using electro-cautery. Haemostasis 
is achieved generally at the end of the procedure, with the resectoscope freed from 
the frame. Using the current design of frame a volume of up to 60cc can be resected. 

To date a safety frame TURP has been carried out on 30 patients referred to the 
St Peter's group of Hospitals with the symptoms of prostatic out-flow obstruction. 
The patients were assessed by out patient uroflowmetry, where a flow rate of 15 
mVs or less indicates obstruction. Pressure flow studies were also used to confirm 
outflow resistance. Transrectal ultra-sonographic estimation of prostate dimensions 
and volume were also obtained. Detailed results are shown in Timoney et al (6). 
Post operative assessment was carried out on discharge, after 6 weeks, 3 months, 6 
months and 1 year. The pre and post operative flow rates of 10.0 and 22.2 mis 
using the frame compared favourably with those found by Neal(7) in a study of 205 
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patients undergoing traditional TURP who showed a pre and post operative flow of 9 
and 18 mVs respectively. Thus it would appear that the outcome after a frame 
prostatectomy is similar to that after a conventional TURP. 

The manual frame has been redesigned using similar kinematics, and each 
motion has been motorised (Fig 5). A continuous flow resectoscope with rack and 
pinion drive has been mounted onto the "arc" and is driven by a DC motor. All the 
motors are rare earth permanent magnet motors with integral optical position 
encoders and an epicyclic gearbox, and are driven by a control system which is in 
turn monitored by an IBM PC. Software has been written for the PC which will 
eventually allow the surgeon to specify the size of the prostate and its shape at 3 
different cross sections, using information obtained from an ultrasound inspection 
carried out beforehand. An automatic curve fitting route could then define the 
combined motions of the motors to produce the required curved trajectory of the 
cutter or the sequence of single axes motions which approximate the required shape. 
Safety checks are incorporated throughout the software to ensure that at no time can 
the motor/encoder system be asked to move the cutter outside the predefined limits 
of the prostate. In addition a physical clamp system, attached to the "arc" drive, 
ensures that even if the motor should attempt to move the cutter outside of the 
predetermined conical shape, it will be physically prevented from doing so and the 
motor controller will cut out. The system is under the continuous control of the 
surgeon who can observe the procedure on a monitor via a camera attached to the 
endoscope. The motions can be interrupted at any time, Incorporating inherently 
safe techniques for shut down, and the procedure completed manually. In this way, a 
special purpose "robotised" device has been constructed which is inherently safe. 
For safety reasons, it is not Intended that any form of expert system will be involved. 
Instead the knowledge, skill and judgement of the surgeon are available at each stage 
and a conscious decision (and keyboard input) are required from the surgeon before a 
new motion Is made. This ensures that the surgeon keeps complete control of the 
operation and can assure himself that everything is performing satisfactorily. 

Servo control is provided by two master controller boards, one of which drives 
two slave controller boards and the other drives an I/O unit. Each master controller 
has a program (written in BASIC) resident in its memory. These programs Interact 
with a human interface program (written in Turbo Pascal) running on the IBM 
through RS232 links. The human interface program receives Instructions from the 
surgeon. Several pages were designed to achieve the following tasks: - 

Formation of a 3D ellipsoidal digital model of the prostate. 

Formation of a Patient's database, including both pre- and post-operative 
records. 

Selection of a mode of cutting -- Overlapping cone method or barrel shaped 
method. 

To ensure safety of the operation, the obvious solution Is to have a total back up 
system, but this is not economically viable. A suitable alternative would be to have a 
selective back up. This is ensured by providing reliable hardware functionality and 
following existing safety requirements. Equipment such as an uninterruptible power 
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supply is essential, from which the motorised frame and computer system would 
draw their power. Hard limit stops are installed to physically prevent movements 
from going beyond a predetermined limit for the patient concerned, if the software 
should fail. Another issue to be considered is the inclusion of safe recovery 
procedures in the event of system failures or unexpected interruption to the 
operation, so that the operation can be resumed if possible, or else be terminated 
safely and gracefully. 

Fig 6 illustrates the use of two back up systems running in parallel with the 
main system which is the IBM AT computer. They communicate with each other on 
the AT bus, forming a triangular interchecking loop. Each back up system Is similar 
to the main system in that they will have a safety monitor, a kinematic model of the 
motorised frame, error recovery procedures and a communication protocol are 
embedded in its software. Independently they receive feedback from the sensors 
which are mounted on the motorised frame. 

Sizing the Prostate 

It is crucial that the enlarged, adenomal, portion of the prostate (the target for 
the motorised frame) be sized sufficiently accurately. Only then can a safe automatic 
cutting and motion sequence be fully generated, so that only the adenoma and not the 
prostatic capsule, is resected. The current sizing method, when applying the manual 
frame, is transrectal ultrasound scanning. A typical scanned picture is shown in Fig 
7. This procedure Is carried out preoperatively. Successive transverse scans at 5 
mm interval are taken from the bladder neck towards the verumontanum. In each 
scan, the anterior to posterior height (AP diameter) and the width of the prostate are 
noted. These dimensions are used to plan the extent of the Arch, the Ring and the Head 
movements. Successive conical resections enable the cavity to be matched to the 
prostate shape and size as shown in Fig 1. 

Although the transrectal ultrasound worked well in the case of the manual 
frame, because it was done manually, it substantially Increased the overall time for 
an operation. Furthermore, it did not give accurate measurements of the prostate for 
a frame TURP, partly because the axis of entrance to the prostate was not well 
defined, and partly because the location of the verumontanum could not be obtained 
positively. 

Ultrasound scans can also be done transurethrally. but this requires the patient 
to be put under anaesthetic, hence it is not appropriate, or desirable, for use in a 
preoperative procedure. However, it can be used in the motorised frame at the start 
of an operation when a semi-automated scan can be carried out. The ultrasound 
sensor is clipped to the frame in place of the diathermic loop. As both the axis of 
entrance and the position of the verumontanum are known, and the scanning Is done 
Immediately before an operation, the transurethral ultrasound will provide accurate 
measurements of the gland for use by the surgeon to plan the automated sequence. 

RESULTS 

The first stage of the development of the motorised frame has now been 
completed. Successful resections have been obtained using the hot loop diathermy on 
potatoes to simulate the prostate. Improvements to the system have been made and 
preliminary trials have been successfully carried out using the motorised frame 
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(Fig 8). The appropriate levels of sterilisation are achieved by mounting the motor 
encoder system to the frame when it has been sterilised and set up pre operatively. 
The motors etc are then shrouded In a sterile sheath. A partial resection has been 
carried out on 5 patients to date, the remainder of the procedure being completed 
manually. The complexity of the operating theatre environment should not be 
underestimated. It is very difficult to simulate the environment of an actual 
operation in a laboratory, or even in the theatre itself. 

The next phase of development for the motorised frame is to further develop 
fault tolerant software; to suitably and adequately duplicate sensors for the frame 
and to devise a quick and reasonably accurate way of obtaining transurethral 
ultrasound data of the prostate adenoma, with reference to an easily identifiable 
datum. Following that phase, it should be possible for the complete procedure to be 
carried out robotically. 

The safety of surgeon robots Is of paramount importance and some suggestions 
have been made concerning methods of achieving adequate safety. A case study has 
been presented of this approach applied to a prostatectomy. A special purpose 
kinematic system was designed, based on a preliminary feasibility study. This 
'safety frame' was then constructed and applied clinically to 40 patients using the 
surgeon to move each axis within the physical constraints of the frame. The results 
of these tests confirmed the validity of the kinematic approach and demonstrated the 
necessary sequence of procedures. These were then used to construct an automated 
system based on robotic principles. This robotic system has now been applied to 5 
patients to produce a partial resection automatically, on the basis of pre operative 
ultrasound. This represents a world 'first' in robotically removing substantial 
quantities of tissue from a human patient. 

The refinement of the procedures, together with the use of transurethral 
ultrasound for preliminary sizing of the prostate, should shortly result in a totally 
automated procedure using an Inherently safe system. 
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Fig 7 Typical Transrectal Ultrasound Sinn 
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Application Software for a Robot for Prostate Surgery 
BL. Davies*, W. S. Ng*, R. D. Hibberd*, A. Timoney+ 
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The background to the development of a 
ecial purpose robot for prostatectomies is outlined. 

'etails of the robot mechanisms, control system and 
! CI are then discussed with special emphasis on 
gftware. The application of the system clinically is 
ien considered using a fully powered and software 
ontrolled system. Detailed discussion centres on the 
equirements for software to be used in the operating 
/entre by the surgeon. The need is emphasised for 
afe error recovery, effective HCI and a structure 
'hick facilitates reliable surgical procedures. 

The requirements for further work to develop a 
ommercially applicable system are discussed. 

Introduction 

The feasibility of robotic TURP was described 
; arlier in several papers [1 - 4]. TURP is a 
keyhole" operation involving the use of a 
ransurethral resectoscope which passes down the 
: entre of the penis. The resectoscope is a multi- 
, heathed device carrying the optical lens for vision; 
)assages for the flow of irrigant; and a cutting 
clement for repeated chipping of the unwanted tissue 
rom the prostate. (Fig 1) The method for cutting is 
he electrosurgical diathermy which delivers current at 
500 kHz and at a power ranging from 120 to 180 
watts. 

The motivation for robotising the TURP was 
lerived from the approximately conical cavity needed 
'or the removal of the enlarged portion of the prostate 
medically known as the adenoma). thereby achieving 

. 'elief of outflow obstruction. (Fig 2) Overlapping 
: onical cavities may be required depending on the size 
A the adenoma. Other advantages such as positional 
'ertainty, repeatability and time saving that are 
Dffered by the robotic actions are attractive factors for 
the TIJRP operation. The direct result of time 
saving is a reduction in irrigant absorption and 
duration that the patient is put under anaesthetic, and 
hence decreased mortality rate of the operation. [5] 

Following the success of the use of a 
preliminary hand driven 'robot' (a manual safety 

frame) [2], a motorised frame having similar 
kinematic configuration was built and used on a few 
occasions in a clinical setting. [3] It is given the 
name Surgeon Assistant Robot for Prostatectomy 
(SARP). 

A very important consideration for automated 
surgery (inevitably computer-based) is that of safety. 
The nature of the automated surgery determines that 
it is a safety critical system. There are many areas 
that have safety considerations, for example, the 
electronic programmable system (EPS) and its use; 
the mechanical hardware and its use; and the use of 
the diathermy unit. The kinematic configuration of 
the motorised flame is such that the work envelop it 
produces is volumetrically limited by the physical 
dimensions of the frame. Further constraints can be 
imposed by setting mechanical limit stops so that 
the axes can not move beyond the pre-determined safe 
limits of size which vary with the size of the 
adenoma. 

For the purpose of laboratory prototype 
development, SARP employs a micro-computer 
(IBM PC AT) which acts as a high level supervisor 
to a motion controller. (Fig 3) Communications 
between the systems are through serial (RS232C) 
links. This sort of arrangement is gaining wide 
acceptance because of its relatively low cost and ease 
of implementation. Fig 4 is a picture of the entire 
EPS for SARP. - 

Unlike conventional robots for use in 
industry, a robot like SARP, which is to be used in 

an operating room and which is to come into close 
contact with human patients, requires radical changes 
to the safety requirements set for industrial robots. 
[6,7] A careful study revealed that the following 
points are essential: - . 

" The work envelop of the robotic device should 
be confined rigidly within a pre-defined safe 
limit, and at the same time with the flexibility 



to accommodate anticipated variations of target 
size. 
Movement of all actuators should be closely 
monitored, if possible, with independent 
duplicate sensors. [8] The servo-controller 
must be equipped with such safety facilities as 
overcurrent, overvoltage etc. to guard against 
unexpected and erratic movements. They must 
be able to respond within a safe time frame. 

" Safety must be incorporated into the software, 
such as unconditional interrupt and sentry 
modules that guard all control commands that 
are being channelled into the motion 
controller. 

"A backup control system is necessary, which 
must not be e passive system but an active 
system. 

" Both the robotic device and the target system 
must be firmly held in position relative to the 
patient. [9] 

" Force and proximity sensing may be needed 
depending on the nature of the surgery. [9] 

" Imaging systems, when employed, should be 
capable of positively identifying a reference 
point, from which the robot can take reference. 

" An operation check list. 

Although SARP is a safety critical system, it 
does permit emergency shut down, that is, premature 
termination of the operation in the event of 
unrecoverable errors being encountered Some 
systems, for example the computing systems for 
aircraft, space mission projects or banking systems, 
are continuous systems. In this sense they are not 
only safety critical, but also mission and security 
critical, allowing no shut down of operation without 
disastrous consequences. The following are further 
safety requirements for SARP based on those 
outlined above: - 

" Easy and safe interruption of the operation. 
once it is underway, to allow for last minute- 
change-of-mind, or unexpected conditions 
suggesting dangerous outcomes. 

" Adequate suppression of electromagnetic 
interference or other kinds of interference in the 
operating room. 

" Legitimate communication protocols. 

" Stringent checking mechanisms on cutting 
boundaries, ensuring (kinematically) at all 
times the predefined boundary is not exceeded - 
data integrity. 

" Turning off the cutting diathermy current 
automatically in the event of errors. 

" Semi-automatic image guidance. 

Other requirements for safety critical systems 
not applicable to or emphasised in SARP are: - 

" Continuous operation over a period which can 
be definite or indefinite. 

" Very fast error recovery (in milliseconds 
range). 

" Very fine servo accuracy. 

" On line image guidance, fully automatic. 

" Predictable and fast recovery after panic button 
activation. 

The software for SARP [10] was written in 
Turbo Pascal 1- a structured and efficient high level 
language for the IBM PC. Fig 5 illustrates the 
various functional layers of an IBM PC. Only the 
two outermost layers are of direct relevance here, but 
it is understood that errors can inadvertently be 
present at virtually any system level and these must 
be avoided or counter measures installed. 

Some of the properties a language must 
possess for a safety critical system are given below. 
Some of these features were considered to be durable 
in facilitating the conecmess of the software. [12-18] 
Other features are discussed in later pwagmphs. 

0A built-in mechanism for customised error 

" Easy and flexible error exit 

"A structured. top-down approach to problem 
solving- 

" Easy exploitation of parallelism (for fault 
tolerance implementation). 

" Rely on a mathematics foundation so as to 
facilitate mathematical reasoning in 

Wig. 

" Simple but quick and dynamic error recovery. 1 Turbo Pascal is a trade mark of Borland 
International Inc., U. S. A. 
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As an essential safety measure to the 
operation, a keyboard interrupt feature is configured 
into the software for SARP. Motor movements can 
be interrupted at any stage of the operation when a 
critical situation occurs, that otherwise can only be 
dealt with by activating the emergency button. The 
keyboard interrupt is active only when one or more 
axes are moving. 

The keyboard interrupt is configured into the 
software by capturing the Timer Interrupt (number 
18), the Keyboard Interrupt (number 09) and the DOS 
busy Interrupt (number 28). The interrupt service 
was made to be a' terminate stay resident (TSR) 
program to handle various tasks for a smooth 
keyboard interrupt function. To make room for the 
large program in the conventional memory space. the 
terminate stay resident keyboard interrupt handler is 
located in the high memory area. Fig 6 shows a 
typical screen display during a motion rote ruption. 

To handle unexpected termination of the 
program, customised exit procedures and memory 
error handlers will have to be installed because some 
errors just cannot be foreseen or their potentials 
undetected despite many testings of the software. 
The unexpected error handlers will let the program 
terminate in a "fail-safe" manner. The programming 
environment of Turbo Pascal has allowed such 
procedures or handlers to be installed with ease. 

A simple check on data validity is carried out 
at the point of data entry. Data are grouped into three 
categories for this purpose, numeric data, alphabetic 
data and alphanumeric data. Any invalid data entered 
will be ignored. 

The term "error" can be 1) some 
malfunctioning in the hardware external to that on 
which the error handling routines are being executed; 
2) logical faults in the program being executed on the 
host controller, 3) logic faults in programs being 
executed on external hardware. Hardware errors of the 
host, from which error handling routines are 
launched, are beyond the scope of discussion here. 
Hardware fault tolerance is needed for such errors. All 
error handling algorithms involve a detection phase, 
identification and resolution of the errors. Therefore, 
in order that an error can be handled successfully, it 
must be foreseen and provisions allowed for it. 

When a run time error occurs in SARP, the 
position feedback from the encoders can no longer be 
trusted. This is because they may not reflect the 
actual position of the axes. Instead, the human 
operator is relied upon to move the axes back to their 
home positions by hand. Calibration marks are used 
for this purpose to assist in locating the axes to 
home positions within an accuracy of tI mm which 
is quite adequate for the surgical requirements. 

Detection An external failure can be a 
total shutdown, out of synchronism or a 
corruption of data. When these happen, it is 
possible to report them to the host system via 
communication links or alternatively the host 
can have some intelligent algorithms installed 
to detect the errors. The erroneous condition is 
most appropriately received via interrupts 
either during normal program execution or 
when it is idling. In the case of SARP, an 
abnormal controller condition is reported by 
sending a special character back to the IBM 
host. Upon receiving it via a customised 
interrupt routine, the error handling routine is 
then activated. 

Another way of detecting an error 
condition is by setting designated global 
variables (normally done by interrupting the 
normal execution). When the program control 
returns to the interrupted procedure, the latter 
will find that an error has occurred and a branch 
into error handling is carried out. 

Recovery When the programming 
language is swctured, nested procedure calls 
are allowed. In such cases, errors occurring at 
the current procedure which is the deepest 
rooted procedure can escape by way of 
honouring a global variable. This global 
variable is set by the fault condition and will 
be used by all procedures to signal premature 
termination. 

Another way to exit from an error 
condition in the midst of a program execution 
is by way of a built-in escape feature installed 
in the programming language or environment 
itself. Such a feature would allow direct or 
automatic freeing of stack space (memory 
space), and the changing of pointers to 
designated locations referenced by procedure 
names. Of course, there should always be a set 
of initial data stored for reference at the 
entrance to each procedure. The modified data 
through the procedure will be discarded when 
the procedure exits from the error condition and 
the stored initial data may be used if the 
procedure is menteed. 
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The mechanism described in the 
paragraph above is partially realised in the 
GoTo statement of the ANSI C language 
discussed in [19. pp 65 - 68]. The use of 
GoTo in this case allows jumping out from 
the error condition to a suitable area outside the 
current function or procedure. Similar 
situations will occur on the motion controller 
if it has a customised program for execution. 
Provisions must be allowed for returning to 
the program line where errors occur, even if the 
system goes through a soft reset. In other 
words, the line number must be remembered 
when branching to the error handler. 

Handling of internal software errors such 
as graphics errors, mathematical overflow 
errors, memory errors etc. should be provided 
by the software language in use. In SARP, 
the Turbo Pascal language allows customised 
exit procedures and memory space (heap) 
management routines to be written. 

Errors can occur again in the recovery process 
for the previous error(s). Depending on the situation, 
the GoTo statement, previously discussed, can be 
reused unlimitedly or for an appropriate number of 
times. 

An important area for consideration when 
implementing software in an operating room is the 
interface between the computer and the user, in this 
case, the surgeon. Because the software is going to 
be used by non-engineering personnel who may not 
be familiar with computers or EPS at all, the human 
computer interface should be designed in such a way 
that one can become acquainted with it in a relatively 
short time of perhaps only a few practice occasions. 
Also the way data are presented, and the way they are 
inputed into the software routine, must be simple, 
effective and yet fleuöle, allowing no chance of 
erroneous data input. The operating room 
environment is a difficult one with many distractions 
and correct decisions must be made in emergencies on 
the basis of a very easy to use human/computer 
interface (HQ). 

To further enhance the underlying structured 
approach to programming (for which the Pascal 
language was used), the software for SARP divides 
its task into a series of components, conveniently 
presented as pages of screen display. To facilitate 
future expansions, the design of the software has 

been as comprehensive as possible. Fig 7 shows the 
screen display under normal operating condition. 

The pages of screen display handle the tasks 
listed below. 

1. Providing easy control of each axis of the 

2. Setting up the system for operation. 

3. Storing patients' particulars for database 
purpose. Both pre- and post-operative results 
can be stored for statistical studies. 

4. Generating the desired cut sequence based on 
results of ultrasound sizings. 

5. Giving safety observations. 
The software for SARP uses a non-overlay 

unit DEFN as a 'global unit' in which variables that 
are safety related and are used to control the operation 
are declared. This allows a more systematic and 
central control of important parameters. Switching 
from one page to another can be easily controlled by 
a series of tests which ensure the availability and 
correctness of data before the next page is entered. 
As is typical of imperative languages, there is a 
logical sequence neatly interwoven into the page 
displays. This logical sequence is clearly spelled out 
and will contribute to reduced chances of logical 
sequence errors. 

File reading and writing operations are kept to 
a minimum within the execution of a page display. 
They appear only at the entry and leaving points of 
the page. This not only speeds up data processing 
but also provides easy verification of data. However, 
the pay-off for this is memory intensiveness. 

Clinical experience reaffirmed that 
considerations for the surgeon must be a primary 
issue in the design of the software. The introduction 
of a computer system into the operating room should 
be done with care because it is to be used by the 
surgeon or his assistant, in addition to their normal 
scope of work. The time factor should be regarded as 
crucial; a task should not involve too many steps or 
take too long to achieve its end. They must be 
trained in use of the automation system. 

The considerations for the software for SARP 
are listed below: - 

" Task accomplishment is self-driven using 
pull down menus and pop-up windows where 
appropriate to provide simple and effective 
explanations. 
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" Mouse driven selection and keyboard driven 
selection should be considered. 

" Only a handful of keys (on the keyboard) 
should be used hequently to avoid difficulties 
in getting used to their assigned functions. 
For this reason, a key should not be assigned 
for more than one function unnecessarily, or 
at all. 

" Data entry, if possible, is best not done 
manually via the keyboard. A good way is 
via the use of a light pen or stylus. 

" Graphical presentation of 3D models is 
desirable as it gives the user a tangible grasp 
of the information captured by the computer. 

" When a decision is asked of the user, the 
answer is confirmed twice. This allows for a 
change of mind. 

" Even when an action is underway, having 
received the use's decision, there is always an 
interrupt mechanism to provide for "a change 
of mind". 

These suggestions aim to reduce the work 
required from the surgeon and hence the likelihood 
that he will commit a mistake. 

Some of the methods discussed above have 
been utilised in the software for SARP to make it 
safe in operating theatre condition. Both hardware 
and software must be designed, for safety when a 
computer-based system like SARP is to be used. If 
the software fails it must be possible to shut down in 
a safe orderly manner using an independent hardware 
system. Similarly hardware failures must be 
recoverable using software. For example, if software 
inhibit fails; the operator can activate the inhibit 
switch or hit the panic button, as a last and drastic 
resort. Of course, the promptness of activation must 
be considered at the design stage. If delays in the 
ability for the human to respond in an emergency are 
safety critical, then software reliability and accuracy 
must be ensured. 

In the extreme case when both hardware and 
software fail, the system should then be shut down 
by an emergency button which cuts off the overall 
power supply. This measure is possible for SARP 
even though it may not be acceptable for other types 
of safety critical system, because SARP can be 
recovered through manual intervention. 

There are many approaches to establishing the 
reliability of software, such as formal methods; 
software design and construction on the coding and 
data level; building of statistical models similar to 
those used for hardware. The latter is not suitable 
because software 'wears in' and hardware 'wears out', 
and large sample-size failure statistics are not 
obtainable for software used by only a few users. (20] 
Another method is the "error calibration method" in 
which known errors are injected hoping to trigger 
some unknown errors. Tests are carried out to 
investigate the modifiability of the software. Due to 
the complexity of the causal chain and the problem 
of repeating the errors, this method may not be 
practical in some cases. 

A more practical yardstick to judge the 
reliability of software is by drawing upon the 'wear 
in' behaviour of software. That is, to measure the 
Mean Time Between Failure (MTBF), a general trend 
of increased MTBF should be observed, otherwise the 
software is not reliable. The time taken before 
reliability can be established with this method can be 
substantial and may not be acceptable in a safety 
critical system. 

Clinical trials using both the manual and 
motorised frames have shown that the use of robotic 
principles in an operating room is feasible. 
However, before the motorised frame can be routinely 
applied more detailed work will be required on fault 
tokxance, software error recovery, and an efficient and 
dependable method to implement image guidance. 

The use of EPS in the operating theatre for 
automated surgery can offer great assistance to the 
surgeon, but they require legitimate and careful 
measures to safe-guard their use. This imposes many 
constraints on the design of the surgical robot - 
mechanical, computational and electronic. The fact 
that it is to be used in an operating theatre further 
demands careful p n& 

The software for SARP has to be 'reliable' or 
'safe to an acceptable level. A simple error detection 
and recovery procedure is incorporated in the software 
for SARP. This allows safe system shutdown if an 
error occurs during automated surgery. The main 
safety feature of the software is the keyboard 
interrupt, which allows the surgeon to suspend the 
operation safely at any point during an operation. A 
legitimate communication protocol has been designed 
to ensure undistorted communication. All these 
measures aim to promote the 'safety' of SARP. 
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Fortunately, the cost of hardware for the 
fabrication of an EPS has dropped considerably over 
the years. This makes possible the implementation 
of hardware fault tolerance, through redundancy, in a 
cost effective manner. 
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Fig 6A Typical Screen Display during interruption 
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Robotic Surgery 
A First-Hand Experience 

In Transurethral Resection of the Prostate 
On March, 25,1991, at the Institute of 

Urology of London, Shaftesbury Hospi- 
tal, a device which works on robotic prin- 
ciples was used for the first time in a 
clinical trial. This instrument systemati- 
cally removed prostatic tissue from a live 

patient, aged 68 (Fig. 1). This was the 
world's first active surgical robot, under 
computer planning and control, designed 
to remove relatively substantial amounts 
of prostatic tissue from a patient in the 
transurethral resection of the prostate 
(TURP), which is known as a "keyhole" 
operation. However, it will be some time 
before the device, known as "SARP"- 
Surgical Assistant Robot for Prostate- 
ctomy-can be routinely applied to 
perform TURP in an operating theater. 
Some important areas which need to be 

addressed thoroughly include: the safety 
of the computer-based system, software 
reliability, dependable image guidance 
through the use of transurethral 
ultrasound, sterility, and clinical trials to 
further establish the effectiveness and 
credibility of the system. 

Background 

W. S. Ng' 
B. L. Davies' 
R. D. Hibberd' 
A. G. Timoney2 

Centre for Robotics, Imperial College of Science, 
Technology and Medicine, London 

2 Guilford Hospital, Surrey, UK 

This procedure involves the introduction 
of a cutter through the urethra, extending 
into the prostate, where successive cuts 
can be performed to remove the adenoma. 
The cutter typically consists of a hot wire 
(made of tungsten) diathermic loop. The 

verumontanum is identified transurethral- 
ly using an endoscope. The proximal pros- 
tate enlargement is excised but the distal 
tissue is protected. 

Robotic TURP 
The feasibility of robotic TURP was 

first investigated in 1989 and 1990, 
through the use of a 6-axis PUMA robot 
equipped with two additional degrees of 

freedom (Fig. 3) 131, and through the use 
of a manual safety frame (Fig. 4) 14,51. 
The latter was designed to avoid the in- 
herent shortcomings of an industrial 

robot, which was considered to be not 
suitable for use in an operating room (OR) 
because of safety requirements (too many 
degrees of freedom, which can be difficult 
to constrain without severely limiting the 
work envelope). It was used in clinical 
trials on 39 patients, whose pre- and post- 
operative results had shown that the frame 
design could achieve relief of outflow 
obstruction similar to that obtained by 

conventional TURF 161. 
The manual safety frame is really a 

"preliminary" version of the next activity 
in the sequence of trials-a kinematically 

similar frame driven by servo motors and 
controlled by programmable electronic 
systems (Fig. 5), which will automatically 
carry out the operation under the close 
supervision of the surgeon. Two immedi- 

ate advantages derived from a robotic 
operation are positional certainty and time 

saving. These features are important in an 
operation such as TU RP, or for that matter 
ill most surgical procedurrs Thc crrtainty 

The prostate gland is a chestnut size 
structure situated immediately below the 
bladder [ I]. The urethra, which leads to 
the bladder, passes through the gland. In 
Fig. 2, a sagittal view of a normal prostate 
is shown, in which V is the verumonta- 
num, and B is the bladder. The verumon- 
tanum forms the junction between the 
urinary duct (UD) and the ejaculatory duct 
(E). Distal to the verumontanum is the 
sphincter mechanism, which prevents 
incontinence. Both the sphincter and the 
verumontanum must not be cut in a pros 
tatectomy. As part of the male aging 
process, enlargement of the prostate gland 
inevitably occurs, usually causing 
obstruction to urinary outflow. The enlar- 
gement, also called adenoma, is always 
proximal to the verumontanum. It must he 

removed surgically in order to relieve the 
obstruction. 

Transurethral resection of the prostate 
is currently the most common method of 
relieving such outflow obstruction [2]. '1 
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in position ensures that resections will not 
unknowingly be directed into unwanted 
(and often dangerous) areas. Also, the 
repeatability in position offers a sys- 
tematic resection, impossible for a human 
surgeon in an operating room setting. 
Time saving, achieved by high motor 
speeds, will directly reduce the duration 
the patient is under anaesthetic and the 
amount of irrigant absorption. The time 
for a conventional TURP can exceed one 
hour [1]. SARP aims to reduce this by 
three fold, that is, to achieve a complete 
operation within 20 to 25 minutes. Both 
factors will improve the mortality rate of 
the operation and are therefore highly 
desirable [7]. 

The overall system, shown schemati- 
cally in Fig. 6, consists of an IBM PC-AT, 
an integrated motion controller and driver, 
the servo motors, the ultrasound imaging 
system and the safety frame. An 
electrosurgical diathermy unit is used to 
generate radio frequency (RF) for cutting. 
All the surgical instruments, such as the 
resectoscope (Fig. 7), the optical lens, etc., 
are supplied by the hospital as standard 
urological equipment. 

System Description 
Figure 6 shows various functional 

blocks of the automated prostatectomv 
system. There are six system areas in all 
The surgeon interacts with three of them 
during an operation. The IBM computer 
and its associated monitor display are the 
primary systems. Various information 
about the state of the operation will he 
directed to the IBM monitor under 
software control. The second system is a 
video display unit which displays an en- 
doscopic view of the prostatic fossa. This 
gives the surgeon a comfortable view of 

Two immediate 

advantages derived 

from a robotic 

operation are 

positional certainty 

and time saving, 

features important in 

TURP, or, for that 

matter, most surgical 

procedures 

the progress of the resection. The third 
system is a bank of switches and a light 
emitting diode (LED) display, designed 
for safety purpose. These switches can 
by-pass the normal route of control. They 

are emergency on/off control for the entire 
system, the diathermy unit, and for imme- 

tli: ite ýuýpen, ion of each ; Ryi', of motion. 

The LED displays indicate different types 
of faults in the motion controller, and the 
activation of limit and inhibit switches. 

Mechanical Construction 
Figure 8 shows a schematic layout of 

the main mechanical components of 
SARP. The working envelope is small and 
can be flexibly constrained using 
mechanical stops to improve safety. The 
envelope is approximately the frustum of 
it cone. Several cones may he needed. 
depending on the size of the prostate, to 
remove the unwanted enlarged tissue from 

within the prostate. 
The manual frame can only produce 

conical cavities because it is manually 
driven. However, the motorized frame is 

capable of producing both conical and 
barrel shape cavities. As a start, conical 
cavities are advocated to avoid moving 
along more than one axis at a time. Coni- 
cal cavities are easy to produce using hot 
loop electrosurgery. Similar to the manual 
Inane 141, a ring shape frame fitted with a 
diametral arch was designed. Riding on 

the diametral arch is a carriage that carries 
the resectoscope. A C-shaped bracket 
fixed to the resectoscope helps ease the 
introduction of the motorized frame to the 
resectoscope. The axes are designed to be 
driven by motors. Back driving is possible 
when the servo action is disabled. 

Successive cuts are made by extending 
and retracting the cutting loop repeatedly 
and turning on the cutting current at the 
return stroke of the cutter. The ring moves 
toi it Iles" position t"I I. ., 1 A ['I 
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2. Sagittal view of a normal prostate 
gland (adapted from Ref. (261). 
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The IBM-AT computer communicates 
with the motion controller through two 
RS232 lines. Transmitted on these lines 
are the axes information, motion com- 
nmands, and program codes in ASCII for- 
mat. The program codes determine the 
sequence of motion and are downloaded 
to the motion controller RAM space prior 
to an operation. Figure 9 shows the levels 
of control in SARP. 

S. S: VL1' and its EPS. 

tioned above, several conical cavities can 
be resected from the prostate to relieve 
blockage. To achieve one or more of these 
conical cavities inside the prostate. the 
frame is fixed to a head travel so that it can 
move axially along the rotation axis of the 
ring axis. 

The Computing System 
The computing system consists of an 

IBM-AT microcomputer, which is the top 
level supervisory controller that oversees 

all other sub-control activities in SARP. 
The other computing system proposed for 
SARP is the transputer system, which is 
to serve as a hack-up. Transputers are 
proposed because of the ease with which 
a decentralized concept can be inmple- 
mented, through the dynamic and flexible 
use of channels, for safety. The problem 
of synchronization due to different speeds 
of the processors can be dealt with by 
OCCAM, a parallel programming lan- 
guage for the transputer. 

The Software 
A surgeon interface program written in 

high level language (Turbo Pascal) is run 
on the IBM computer. The program 
receives inputs from the surgeon, it 

processes the information, and outputs 
controls to the motion controller. One task 

undertaken by the program is the genera- 
tion of a motion sequence for the four axes 
of the motorized frame. In its final form, 

this sequence is a series of control charac- 
ters sent to the motion controller. The 
interface program also receives feedback 
Irom the motion controller. Other tasks 
performed by the interface program are 
the setting up of a database for patient 
records and the reconstruction of a 3-1) 

ellipsoidal model of the prostate. The 

methodology described above is designed 
for a prototype development. The ap- 
proach is straightforward, without con- 
cern with fault-tolerance through the use 
of alternate codes [8[. 

A safety monitoring and error recovery 
algorithm is to be included as a separate 
feature in the interface program. A 
counterpart of this is resident in the mo- 
tion controller memory, collaborating 

ith the interface program. These algo- 
rithms closely monitor the system status and 
Mill trigger a series of error recovery at- 
tempts when an error is confirmed positive. 
Implementations of these tasks in a simple 
manner have been carried out. Details of the 
proposed safety monitoring and error 
r'cirvers routines are discussed in [9]. 

The Motion Controller 
A (our-axis motion controller is 

responsible for the position, speed, and 
acceleration control of the motors that 
drive the tour axes of the motorized frame. 
When suitably programmed, a designated 

sequence of motions can be carried out by 

the motion controller. The motion of each 
axis can he coordinated and/or condi- 
tioned according to some external states, 
such as activation of limit switches or 
other preset conditions. Such conditions 
are accommodated by built-in features 

available in the BASIC interpreter resi- 
dent on the ROM of the motion controller 
hoards. 
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The control signals are sent to a pulse 
width modulation (PWM) amplifier 
which, in turn, sends the analogue drive 
signals to the motor. Each motor is con- 
trolled by a dedicated motion control 
board. An I/O unit is incorporated and 
controlled within the motion controller. 
Logic signals are sent from the I/O unit to 
turn on and off peripheral devices, for 

example the diathermy unit. On the other 
hand, critical system status can be en- 
coded in a suitable format and sent to the 
I/O unit to activate appropriate error han- 
dling routines to deal with system errors. 

Each controller has a watchdog, a 
limits stop and an inhibit signal inputs. 
These safety features are input/output 
functions on the controller front panel, 
providing additional control to the axis 
based on secondary senor teedback or on 
some external condition. 

The Imaging System 
The ultrasound image and processing 

system employed by SARP is the B&K 
(Bruel and Kj(er Inc., Denmark) type 1846 

scanner equipped with 7 MHz and 5.5 
MHz probes. The image system is a diag- 
nostic scanner and is used in SARP 

primarily for sizing the prostate. The 

sizing is accomplished by successive 
transverse scans of the prostate taken 
transrectally preoperatively. Continuous 

stacks of transverse scans are 
reconstructed on the IBM computer to 
form a 3-D model of the prostate. Current- 
ly, the transrectal ultrasound imaging 

procedure is highly manual and hence 
laborious. A new technique, using a tran- 
surethral imaging system with reduced 
labor, is discussed in [ 10]. Ultrasound has 
been used in SARP because of its relative- 
ly low cost, the ease with which it can be 
easily introduced into the OR, and be- 
cause it has no unfavorable effects on the 
patient. 

Further Considerations and Work 
Prior to its use in the operating room, 

SARP has been used in numerous test runs 
on potatoes to demonstrate its functiona- 
bility-its ability to make cuts that 
generate the desired cavities; and also its 

capability in a relatively quick and safe 
error recovery procedure. Apart from 
these aspects, the potato can not simulate 
real prostatic tissue which, among other 
things, bounces back after each cut be- 

cause of its elasticity. 
Another aspect of importance to 

SARP is the electrical interference 
caused by electromagnetic fields. A 
radio frequency (5(x) kHz) generator is 
traditionally used to perform 

Ultrasound Imaging 4-Axis Controller Motorized 
Unit and I/O 

H4-Axis 
Frame 

Diathermy 
Safety Backup Unit 

System IBM Computer 
Patient 

6. Simplified schematic diagram of the overall system. 

electrocauterization and coagulation. 
Stray energy from this source, if not 
properly suppressed or confined, could 
cause erratic behavior in the servo system, 
with disastrous results. 

At present, the task is to investigate 
the possibility of using transurcthral 
ultrasound imaging as an intra-op- 
erative procedure to guide SARP in 
order to perform the operation more 
safely. The imaging process proposed 
involves taking transurethral ultrasound 
scans at several transverse sections (2- 
D) of the prostate at a suitable distance 
apart, starting from the bladder neck. 
These slices of 2-D scans will then be 

used to construct a 3-D model of the 
prostate. so that the resection procedure 
can be planned by the surgeon. 

The outline of the adenoma boundary 
in each transverse scan will be defined 

using a device such as a mouse. Automatic 
adenomatous edge detection is not 
favored because of safety implications, 

the participation of the surgeon in decision 

making is considered essential. 
Further clinical trials of the SARP sys- 

tem are anticipated in I993. 

Conclusion 
The progress of robotic surgery has 

become active in the past decade or so. In 
the 1980s, many surgical robots were 
developed and some were tested in clini- 
cal trials. Interested readers can find infor- 
mation in 111-251. SARP is an unusual 
example in which a specific safety frame 

of suitable kinematic configuration is 
developed to generate multiple conical or 
barrel shape cavities in the prostate. Un- 
like many other systems, SARP is an ac- 
tive surgical robot. It does not passively 
assist the surgeon by holding a `guide or 
something of that nature, but goc s (active- 
ly) into the patient to perform the surgery, 
removing tissue under the supervision of 
the surgeon. 

SARP, like other industrial robotic 
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systems, consists of the mechanical 
hardware, a control system, a sensory sys- 
tem, and a sequence of motion that is 
programmable. Because of the nature of 
the application, special requirements are 
imposed on SARP, safety in particular. 
The mechanical design of SARP is based 

on several considerations for use in nn 
operating room. Not only is sterility and a 
quick set up allowed for, but also, in the 
case of an emergency, a quick switch over 
from automatic mode to manual mode is 
possible. 

The next phase of development is to 
improve on the software and the hardware 
(i. e., the computing platform) to make 
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SARP ever more safe and dependable and 
hence acceptable in an operating room for 
routine use by a surgeon with little or no 
robotic experience. 
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has been into drug treatment of prostate 
disease, stone disease and the use of 
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ROBOTS IN SURGERY: A SURVEY 

Brian Davies 

Department of Mechanical Engineering, 
Imperial College, London SW7 2BX. 

ABSTRACT 

In recent years there has been an upsurge of activity in the areas of Robotic and Computer Assisted 
Surgery, Therapy and Diagnosis. The paper describes these areas and discusses the differences 
between them, together with their problems and future implications. The major safety issues are 
outlined and proposals made for international collaboration to arrive at agreed procedures. The 
current international research work is also surveyed. 

INTRODUCTION 

Some of the earliest robotics activity in surgery used small industrial robots for Neurosurgery in an 
attempt to treat brain tumours. In April 1985, the department of Radiology at The Memorial Medical 
Center, Longbeach, California, carried out clinical trials of Neurosurgery using a Unimate Puma 200 
robot arm for stereotactic biopsies on the CT scan table [1 , 2]. Here, however, the robot was only 
used to hold a fixture at the appropriate position and orientation so that the Surgeon could manually 
insert the biopsy needle into the patient. Subsequently a group at the Hospital for Sick Children In 
Toronto, Canada also used a Puma robot in a similar way to successfully remove deep seated brain 
tumours from a group of children who had not responded to conventional surgery[3]. 

In both the above cases, the robot was used only as a device to hold a fixture. However it was not 
until April 1991, when the author's group at Imperial College used the robot clinically for removal of 
the prostate, that the first true robotic operation was performed to use the robot to actively Insert 
the cutting device into the patient and remove quantities of tissue 14,5]. 

The term 'robotic surgery' is usually regarded by researchers to mean a motorised re pro- 
grammable computer controlled device which can carry a series of sensors and tools as an aid to 
diagnosis, therapy or surgery. However many clinical groups also use the term 'robot surgery' for 
the area which more properly should be considered 'computer assisted surgery'. The majority of 
applications to date have been in this area, partially because they are regarded as safer than active 
robot systems. For this reason a preliminary discussion of Computer Assisted Surgery is given 
below. 

Computer Assisted Surgery [CAS) 

CAS [like robotics] generally Involves four stages: imaging, modelling, datuming and tracking 
motions. However, whilst robots are motor powered, CAS systems are moved manually by the 
Surgeon. Medical imaging systems are conventionally used preoperatively to provide qualitative 
images of the patient's condition. For CAS systems, these images are usually more sophisticated and 
involve the provision of quantitative data. They range from the relatively cheap Ultrasound [U. S] and 
X-ray images through computer tomography [CT] to the more costly Magnetic Resonance Imaging 
[MRI]. These images are generally of a 2D nature and so are often used in conjunction with a CAD 
based modelling system. The CAD system takes positional data from multiple 2D images [e. g. CT 
slices] and builds them into a 3D form, so that they are easier to interpret, as an aid in both diagnosis 
and pre-operative planning of the surgical procedure. The cost of 3D modelling systems can rise 
rapidly with increased accuracy, resolution and ability to provide multiple views and to rotate the 3D 
Image quickly to provide new viewpoints. This is currently an area of rapid growth, primarily 
focused in computing and medical physics groups. A major challenge Is to bring the quality and 
accuracy of imaging and modelling into the area of physical interventions. There has been 
considerable work in the past on imaging and modelling systems. This paper concentrates more on 
the intervention aspects. 

The above images and models may also be used simply as a qualitative guide for the surgeon 
antra-operatively as well as in pre-operative planning. However, much greater advantage can be 
gained if the model position data can be linked to motions of the surgeons tools [e. g. biopsy needles]. 
This requires two preconditions. Firstly, the tool position must be capable of being sensed and 
recorded in 3D space. Secondly, the coordinates of the tool sensing system must be capable of being 
registered to the patient's current anatomy and then back to the referencing system for the 
pre-operative imaging and modelling. The accuracy of each link in the processes of imaging, 
modelling, registration and tool coordinate measurement is critical to the overall accuracy and 



success of the operation. To Improve the accuracy of the registration process, pre-operative 
imaging often takes place with markers which can be used as intra-operative datuming markers. To 
ensure that the markers are not affected by motion of soft tissue, they are often anchored to boney 
landmarks in a pre-operative process requiring local anaesthetic. To avoid this additional trauma, 
workers have recently attempted to locate anatomical features pre operatively, to form a surface 
mapping of the anatomy which can be registered with the same surface that is identified from the 
pre-operative model(s). Good accuracies [around I mm] have been claimed for this technique. 

To track the motion of tools and bones; two types of systems have been used; trans- 
mitter/receiver remote sensors and linked manipulators. 

A: Transmitter/Receiver remote sensors. 

The most common is an optical technique, In which the position and orientation of a number of markers 
[e. g. L. E. D] is attached to the tool and is monitored by a camera system of three or four cameras. 
These tend to be very expensive to obtain the required accuracy over a large field of view and have the 
problem that the LED's in the region of the target area may be obscured by the surgeon or tasks 171. 
Even though a larger number of cameras help, the problem can still remain. Alternative cheaper 
methods use electromagnetic systems. These involve the detection of the position of a series of 
magnets by a receiver system. The inductance effect of such devices is distorted by metal objects, 
which can be difficult to compensate for by using calibration techniques. Thus most of these systems 
use plastic components, but doubts remain about clinical robusness in an environment which may use 
many metallic devices. 

B: Linked Manipulation Arm. 

The use of a linked manipulator arm, usually of the open chain (anthropomorphic] type that gives a large 
range of motion, is used to avoid the inaccuracies associated with remote sensors. Measurement of 
the joint angles, using encoders or potentiometers, allows the position and end point orientation of tools 
to be determined. The quality and cost of both the measurement system and the arm structure is 
highly variable. Some arms are very cheap, small and light, and give only a poor positional accuracy [8,9]. Others are large, robust and with very costly measurement systems(1 o1" The surgeon can 
position the hand held tools so that a tracking cross on a computer display (representing the tool 
location] can be matched to the appropriate target on the computer model. Thus the surgeon is 
responsible for keeping track of the target, although the information on which he relies is dependant on 
the accuracy integrity and safety in-built into the system by the Engineers. In order to allow the 
surgeon to let go of the tools, manipulator systems are often supplied with electromagnetic brakes to 
lock the arm in position, allowing tools to be changed and giving improved safety, e. g. hazardous radio 
active seeds can be inserted for therapy or x-rays can be taken from a safe position. It can be seen 
that the simple addition of prime movers to the joints of the manipulator arms results in a fully 
powered surgical robot. 

Powered Robots for Surgery, Diagnosis and Therapy. 

Powered surgical robots differ from manipulator arms used in Computer Assisted Surgery, simply in 
the addition of motors, gearboxes and motor controllers. The joint motions are directly controlled 
from a computer programme, rather than being positioned by the Surgeon as in Computer Assisted 
Surgery. The advantage is that the motions are constrained by the computer control system to give 
high accuracies with predictable velocities and accelerations without overshoot. Repeated and 
incremental motions can be performed without difficulty, in addition to all the benefits of C. A. S. The 
complexity of a robotic procedure lies, not so much in the robot motions, as in the total system 
requirements for patient clamping and datuming. The following list shows the typical procedure for 
knee surgery. 

TIC SYSTEMS FOR SURGERY 

Pre operatively Image Patient and Create 3D Model 
Plan Operative Procedure 
Fix and Locate Patient on Table 
Fix and Locate Robot [on Floor or on Table] 
Input 3D model into Robot Controller 
Datum Robot to Patient 
Carry out Robot Motion Sequence 
[Monitor for Patient Motion] 
Remove Robot from Vicinity 
Release Patient 



Check Quality of Procedure 
Re clamp Patient 
Re position and Datum Robot to Patient 
Repeat Robotic Procedure 

An additional unexpected benefit that has emerged from Robot Surgery is that the repeatable motions 
allow a uniform procedure, independent of the Surgeon. This has resulted in standard shapes being 
resected, etc. allowing a scientific basis for experimentation, leading to further insights into the 
efficacy of particular surgical procedures. The further potential benefit from robots is that, once the 
preliminary clamping and datuming activities are over, the actual motion sequence can be carried out 
rapidly, leading to a reduced time for the actual surgery. The main difficulty with powered robots is 
that they imply greater safety problems. 

Safety Issues. 

The Health and Safety Executive [HSEJ recommendations on Industrial robots state that the robot should 
be used inside a cell from which people are excluded. This would make the use of surgical robot 
impossible. Thus, there are no official guidelines for safety of surgical robots. Discussions with the 
HSE and DTI suggest that the robot and medical communities should make recommendations which they 
and the general public will discuss. The author has made a number of suggestions to this end [11,12,13]. One of the major problems is that the more safety systems are Incorporated the more 
complex and costly the system and the less likely it is to be justifiable. Apart from some aspects of 
Neurosurgery, the use of robotic systems are seldom seen as life saving. They generally give a more 
consistent, repeatable result that, even used by a junior Registrar, can give results as good as the best 
Consultant. They are therefore used to improve quality, reduce time and occasionally to reduce 
hazards [e. g. exposure to x-ray] for both patient and Surgeon. In many of these activities the 
justifiable increase in cost and complexity of a robotic system is limited and, given that no system is 
absolutely safe, how safe such a system should be is all open to question. The use of robotic systems 
for therapy in treating otherwise inaccessible cancerous tumours is in its early stages. This 
potentially life saving activity can also change the arguments since it would be senseless to suggest 
safety constraints so severe that the robot would be too complex and it could not be used to save lives! 
Table 1 shows that as systems proceed from hand held tools towards complex robotic systems, the 

control is taken out of the hands of the Surgeon and resides In the systems provided by the Engineers. 
Medical personnel are often unaware of the full Implications and features incorporated in the more 
automated systems. Thus, they tend to favour the simpler CAS systems over which they feel they 
have more direct control. However, if full safety systems have been implemented in robots, there is 
much less reason for error than in more manual systems where motions are totally unconstrained. 
Where potentially lethal cutting systems are held manually without constraint, the result can be less 
safe than using a robot. The questions of how safe should robots be and what safety features should be 
incorporated is one which the author is seeking to promote by setting up a UK forum for Robotic and 
Computer Assisted Surgery under the aegis of the IEE and IMechE. It is hoped to start an International 
Society to further this discussion at the September 1994 Conference on Medical Robots and Computer 
Assisted Surgery in Pittsburgh, USA. 

A Brief Survey of International Work. 

U. S. A and Canada. 

One of the most advanced robotic surgery systems is the 'Robodoc' hip surgery robot by Integrated 
Surgical Systems [ISS], California 114,151. The robot used is a 'scara' style Industrial robot, 
specially adapted to the task by Sanko Seiky of Japan in a joint project. The robot has a number of 
safety features, including force sensing at each of the joints as well as a six axis wrist force sensor. 
As soon as any excess forces . re felt, the system interrupts and gives the Surgeon a message on the 
display screen, asking for the'sequence to be restarted. Work to date has focused on accurate 
machining of a recess in the hip bone to take a prosthetic implant. Considerable attention is paid to 
building up 3D models from preliminary CT scans, the use of landmark pins and clamping of the patient. 
The system is claimed to be generic and It is hoped to use It for knee and spine orthopaedic tasks. 

Early experiments on dogs quickly gave way to its use for Veterinarian Surgery. First human trials 
took place in November, 1992 and twenty patients have been treated In trials carefully monitored by 
FDA. A further trial of one hundred and fifty patients by robot and one hundred and fifty by 
conventional surgery is planned for three clinical centres, in an attempt to show the clinical benefits of 
the robot. It is hoped to also conduct trials at a hospital in Germany in Summer 1994. 

IBM Watson Research Centre, N. Y., conducted the early work on the above Robodoc system under the 
direction of Dr Russ Taylor(16J in conjunction with the University of Davis, California. Current 
projects are concerned with craniofacial reconstruction using a series of special purpose robots that 



combine active and passive systems to position tools about a remote centre[17]. A major focus of the 
work is the provision of a generic computing software and hardware facility that will take information 
from imaging systems, develop 3D models and allow pre operative planning as well as a user friendly 
inter-operative human computer interface. 

The Department of Radiology, Memorial Medical Centre, Longbeach, California has undertaken some of 
the earliest work on Neurosurgery and 3D modelling of the brain. A Unimation Puma 200 robot was 
used in preliminary clinical trials for Neurosurgery in 1985 under the direction of Dr Kwoh11 ]. The 
purchase of the Unimation Company by Westinghouse resulted In a decision to cease support for all 
medical robot work. The current owners of Puma robots, Staublie Automation, have written to the 
author saying that they do not approve of the use of their robots for medical projects as the robots 
were not designed for use next to people. The Longbeach group has ceased to work In robotic surgery. 

The Department of Mechanical Engineering, North Western University, Chicago has been carrying out 
laboratory studies into robot systems for knee surgery under the direction of Dr M. Peshkin and Dr D. 
Stulberger, Surgeon[18]. The project has been aimed at the machining of knees for accurate fitting of 
prosthetic implants. A series of studies have been concerned with 3D modelling of CT scans, use of 
landmark pins, patient clamping and Interoperative datuming of a Puma robot using a6 axis force 
sensor on the end of the robot. The robot then holds a fixture in the appropriate accurate positions In 
order to allow a surgeon to hand drill the bones for locating holes and associated pins to mount the 
conventional fixtures. In the next stage, it is planned to hold the fixtures in the robot gripper, so that 
the surgeon can then cut the shapes for the prosthesis in the bone using a conventional oscillating saw. 

The Stanford Research International, [SRI] Stanford, California has been carrying out work into 
concepts which have been termed "virtual reality' applied to minimally invasive surgery under the 
direction of Dr Phillip Green in collaboration with the surgeon, Dr Richard Sattava 119). The Intention 
is to use a teleoperator master/slave system with force control. Forces experienced by the Slave 
unit are fed back to the masters. The addition of a head-up computer generated display of the target 
area, with a model of the slave end effector, completes the concept of a virtual reality system. The 
benefit of the system is that it allows the feedback of amplified forces so that large motions and forces 
at the master can result in smaller motions and forces at the slave. This is useful for accurate control, 
particularly for micromotions, such as in eye surgery or in vascular surgery. A further proposed 
benefit is that the master can be many miles from the slave, so that a master can be in a city whilst 
the slave can be transported to a Third World country area. A further interest is for a system for the 
battlefield which will enable soldiers to undergo emergency operation in the field whilst the surgeon is 
at a safe remote region. The system has been much discussed as a result of a video showing a 
simulation of the 'slave' being used to sew tissue. However, only one detailed paper has been published 
as the SRI group have wished to obtain patents prior to revealing details. 

The Department of Electrical Engineering, Washington State University has been concerned with force 
control and micro- manipulation under direction of Dr Blake Hannaford. The potential for force control 
In surgery can be seen in SRI's virtual reality work but also has significance in many datuming and 
locating systems. The need for very fine control of forces and of micro- motions is at the heart of 
many systems. The Washington group have demonstrated the ability for the slave to sense a single 
strand of cotton wool and feed this back to the master unit as a tangible force. The sensor unit is 
constructed from the head of a compact disc drive. A prototype six axis micromanipulator has also 
been constructed[20]. 

The Hospital for Sick Children in Toronto, Canada under the direction of Dr James Drake, has used a 
Puma 200 robot to aid in removing deep seated tumours from a group of children. The group had all 
had prior conventional treatment which was unsuccessful in accurately targeting the whole tumour. 
The use of the Puma to hold a fixture resulted in accurate placement of tools by a surgeon to treat the 
tumour[2]. The group has subsequently gone on to treat tumours as well as epilepsy and vascular 
problems In neurosurgery using the I. S. G. viewing wand. Using CT and MRI images the tumour is 
outlined by the Surgeon and the boundary fed into a computer to generate the 3D model on the ISG 
system, together with the probe direction. After preoperative planning to determine the optical track, 
the ISG passive arm is brought into use to show the current probe position superimposed over the model 
showing the desired track. Alignment of the two allows the Surgeon to manually follow the desired 
track to insert the tool. [This system has also been applied in the UK by Dr D. Sandeman at the 
Department of Neurosurgery, Bristol [2111. 

U. K. 

The author's group at Imperial College has been concerned with robots In rehabilitation for sometime 
which has given useful insites into their safety requirements and which has also helped in the 
development of surgical robotsl22l. Starting in 1987, preliminary feasibility studies were 
conducted into prostate surgery using a Unimation Puma 560 robot that was modified to carry two 
additional frameworks to provide the necessary motions (23). This led to the development of a 
special purpose frame to give the required motions with the minimum degrees of freedom. This was 
manually powered and was tried clinically on forty patients with good results1241. Having proved the 



kinematics, the system was powered under computer control and applied clinically on five patients 
[25). A current SERC grant for laboratory studies has given the opportunity to use an ultrasound 
probe attached to the frame to directly measure the gland size at the start of the procedure and 
interchange this with a diathermic cutter. Other cutting modalities are also being Investigated. The 
group Is also researching the use of force control strategies, for prosthetic implant knee surgery, 
which will allow the surgeon to hold a cutter on the and of the robot and machine the knee bones within 
software constraints provided by the robot. Low force control Is provided within the defined region to 
allow the Surgeon to feel the cutting forces. Towards the edge of that region, the robot gradually 
switches into high gain position control (26] The group Is also Investigating the use of a low cost 
passive arm, using a 4-bar linkage with potentiometers, to insert biopsy needles into the kidney. The 
use of calibration objects turns a qualitative image from a low cost x-ray C arm Into a quantitative one 
which can provide 3D coordinates for the passive arm. The arm can be locked to allow tools to be 
changed or remote x-rays to be taken(271. Other work Is concerned with force sensing and micro 
motions for 'virtual reality' surgery. A further group under Professor C. Besant has implemented a 
substantial and accurate arm for guiding a drill held by the Surgeon to drill the spinal pedical. A second 
arm monitors motion of the spine and updates the model of the current target position. 

A group at Loughborough University under Professor Hewitt and Dr Bouazza-Marouf has developed a 
prototype arm which combines passive and active motions for the drilling of the femur in fracture 
repairs (28). 

Another group at AMARC at Bristol University, under Dr P. Brett, has investigated a 'prototype drill' 
instrumented for force, which is aimed at performing ear stapedotomies. Useful information about the 
very small forces has been obtained [29j Dr R. O. Buckingham, also at AMARC, has conducted 
preliminary studies of the kinematics of mechanisms for antra cranial surgery (30). In the 
Neurological Sciences Department, Dr. D. Sandeman has clinically applied the ISG viewing wand 1211. 

A further group Hull University, Computer Science under Professor Phillips, in conjunction with Hull 
Royal Infirmary is concerned with modelling systems for surgery. Current work is focussed on 
insertion of a 'nail' for femour fracture repair. A passive arm is being purchased. 

One of the few companies in the World concerned solely with medical Robots is Armstrong Projects 
who have a motorised device to help in moving the laparoscope in minimally invasive surgery. They 
also have a Scara style passive arm whose end vertical axis is counterbalanced and which can carry 
surgical tools [31]. 

Japan 

Considering how much Japanese research has been carried out on industrial robots, there is 

surprisingly little activity applied to CRATS. Whilst much of the activity could potentially be applied 
to, e. g. micromotion manipulators for eye surgery, or force control for virtual reality surgery, little 
has been demonstrated. One of the exceptions is a group at Tokyo University, Department of 
Neurosurgery who report in 1987 the use of a passive arm for aiding in neurosurgery on twelve 
patients[3 ]. An accuracy of around 5mm was reported using C. T. slices 10mm thick. The six joint 

arm was specially built from aluminium and used high resolution potentiometers with twelve bit AID 

converters. Beads were imaged in preoperative C. T. scans. Their locations picked off the computer 
display to allow comparison and datuming with the same beads checked intra operatively by the arm 
pointer. The other group working on applications is that of University of Tokyo, Faculty of 
Engineering [in conjunction with two Tokyo hospitals] who have a background of surgical simulation and 
3D modelling. Recent system developments include a prototype for laser treatment of liver cancer. 
The same prototype is being modified for Neurosurgery to fit into a CT Scanner. A further system is 
being developed for corneal microsurgery using UV pulsed lasers and an xy galvanometer for scanning. 

A He-Ne laser is used for scanning, whilst an Excimer laser is used for cutting [33]. 

Europe 

One of the most established research groups in Europe is that of University of Grenoble who have made 
a speciality of imaging and 3D modelling for surgery. An early project applied this to head surgery by 

using a standard industrial robot which had been modified with a very large gear reduction at each 
joint. The robot could thus move slowly to position a fixture, held in the robot tip, next to the head. 
The task was observed by the Surgeon who could push a hand-held pendant stop button in emergencies. 
The Surgeon then manually inserted biopsy needles into the fixture. The robot was thus acting purely 

as a positioning/orientating device which was locked off, during the intervention, for safety reasons 
[34]. 

Subsequent work has concentrated on passive devices, primarily concerned with tracking tools using 
an Optotrak system which used three cameras to track up to 256 light emitting diodes. A major aspect 
of this work is the ability to datum tools to anatomical features by building up a surface which can be 
matched with the preoperative equivalent in a 3D model[35]. An interesting recent concept is that of 



a passive constraint arm which allows a Surgeon to move only in a predefined direction, all other 
directions being inhibited by a braking mechanism [36]. The difficulty is that of finding brakes with a 
fast enough response so that the system does not require excessive viscous damping to slow it down. 
The concept is the passive equivalent of that used at Imperial College for active knee surgery. 

Another French group is that at University of Lille who are concerned with a micro telemanipulator, 
originally used for ocular vitrectomy but more recently for Radial Keratomy, which has been tried in 
phantoms 1371. 

An active research group in CRATS Is that of Professor P. Dario in University of Pisa, Italy. They 
have instituted a special purpose laboratory for orthopaedic surgery studies which is equipped with a 
number of Puma robots for evaluation of procedures. A number of concept evaluations have been 
conducted concerned with force control scalpels, implantable neurons and computer assisted 
orthoplasty [38]. Also in Italy, Dr Giorgi at the Institute Neurologica, Milan, has had a number of 
years of clinical experience in the use of passive devices In Neurosurgery. He has recently developed a 
five axis device which incorporates encoders and electromagnetic brakes which has been used for 
phantom studies 139]_ 

A further neurosurgery group who have made a recent breakthrough is that of Professor C. 
Burckhardt, of University of Lausanne, who has recently reported the clinical use of an ambitious 
special purpose powered robot for neurosurgery in association with a C. T. imaging system (40). The 
system employs a series of single axis motion tools which are locked into position by an automated 
carousel which then advances the tool into the region of the patient's head where it is datumed to a 
stereotactic frame. These actions can take place within the CT machine to ensure intra operative 
imaging.. 

A system for ENT surgery has been specially developed by a group at Aachen Hospital, Germany, 
under Dr R. Mosges [41 ]. This is a floor standing passive anthropomorphic arm, with very accurate 
encoders, which has a large reach and is counterbalanced for gravitational forces. The arm has been 
used for facial reconstruction surgery. It employs a series of bead markers for preoperative imaging 
associated with stencilled marks which are used operatively to datum the robot. The markers are 
placed over bony prominences to minimise local motions of the beads. 

Conclusions 

The ability to image and model structures for diagnosis, therapy and surgery has outstripped our 
ability to perform physical interventions. In an attempt to rectify this situation, the last nine years 
has seen an upsurge in activity using a range of robotic devices. Some groups have concentrated on 
providing simple tracking devices on standard tools. Others have placed the tools on passive 
manipulator arms, some of which can be clamped. In both instances, the tool location is displayed on a 
screen together with the desired target, generated from preoperative images and models. This 
approach keeps the Surgeon in control and sidesteps safety Issues, but falls to take advantage of the 
full potential of powered robots. A few groups have used standard industrial robots, sometimes 
modified to move slowly, that hold fixtures appropriately whilst interventions are carried out by hand. 
Only three groups (including that at Imperial College) have devised special purpose powered systems 

that allow autonomous cutting actions, all of which have been clinically applied in the last three years. 
It is still early days in this area of activity and many safety Issues have still to be resolved. The 

second decade of activity should see further developments in the areas of micromotion and virtual 
reality as well as a consolidation of the existing systems. 
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Software Considerations for Robotic Prostate Surgery 
B. L. Davies, W. S. Ng, R. D. Hibberd 

Robotics Centre, Imperial College, London, SW7 2BX, UK. 

Abstract 

The paper describes the stages 
in the development of a special 
purpose robot surgery system for 
the removal of the prostate gland. 
The robot mechanisms, control 
system and H. C. I. are discussed 
with special emphasis on software. 
The motorised and computer 
controlled system was applied 
clinically in April '91 on 5 
patients in a partial 
prostatectomy. This represents a 
World first in the use of an active 
robot to directly remove quantities 
of tissue from a human patient. 
The clinical requirements and 
safety issues are discussed. The 
need is emphasised for safe error 
recovery, effective H. C. I. and a 
structure which facilitates 
reliable surgical procedures. 
Current activities, which are 
funded by a new SERC project, are 
also described. 

Introduction 

The feasibility of robotic TURP 
was described earlier in several 
papers (1 - 4). TURP is a 
"keyhole" operation involving the 
use of a transurethral resectoscope 
which passes down the centre of the 
penis. The resectoscope is a 
multi-sheathed device carrying the 
optical lens for vision; passages for the flow of irrigant; and a 
cutting element for repeated 
chipping of the unwanted tissue 
from the prostate. (Fig 1) The 
method for cutting is the 
electrosurgical diathermy which delivers current at 500 kHz and at 

a power ranging from 120 to 180 
watts. 

The robotic TURP attempted to 
produce the approximately conical 
cavity needed for the removal of 
the enlarged portion of the 
prostate (medically known as the 
adenoma), thereby achieving relief 
of outflow obstruction. (Fig 2) 
Overlapping conical cavities may be 
required depending on the size of 
the adenoma. Other advantages such 
as positional certainty, 
repeatability and time saving that 
are offered by the robotic actions 
are attractive factors for the TURP 
operation. The direct result of 
time saving is a reduction in 
irrigant absorption and duration 
that the patient is put under 
anaesthetic, and hence decreased 
mortality rate of the operation. 
151 

Following the success of a 
feasibility study using a standard 
industrial 'Puma' robot which led 
to the clinical use of a special 
purpose hand driven 'robot' (a 
manual safety frame) (2], a 
motorised frame having similar 
kinematic configuration was built 
and used on five occasions in a 
clinical setting. (3] The system 
is given the name Surgeon Assistant 
Robot for Prostatectomy (SARP). 

A very important consideration 
for automated surgery (inevitably 
computer-based) is that of safety. 
The nature of the automated surgery 
determines that it is a safety 
critical system. There are many 
areas that have safety 
implications, for example, the 
electronic programmable system 
(EPS) and its use; the mechanical 

hardware and its use; and the use 
of the diathermy unit. The 
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kinematic configuration of the 
motorised frame is such that the 
work envelop it produces is 
volumetrically limited by the 
physical dimensions of the frame. 
Further constraints can be imposed 
by setting mechanical limit stops 
so that the axes can not move 
beyond the pre-determined safe 
limits of size which vary with the 
size of the adenoma. 

The Computer-Based System 

For the purpose of laboratory 
prototype development, SARP employs 
a micro-computer (IBM PC AT) which 
acts as a high level supervisor to 
a motion controller. (Fig 3) 
Communications between the systems 
are through serial (RS232C) links. 
This sort of arrangement is gaining 
wide acceptance because of its 
relatively low cost and ease of 
implementation. Fig 4 shows a 
picture of the entire EPS for SARP. 

Safety Considerations 

Unlike conventional robots for 
use in industry, a robot like SARP, 
which is to be used in an operating 
room and which is to come into 
close contact with human patients, 
requires radical changes to the 
safety requirements set for 
industrial robots. [6,7] These 
safety issues are particularly 
important because SARP is to be 
used as an active robot system for 
direct removal of tissue, and not 
just as a passive positioning jig. 
A careful study revealed that the 
following points are essential: - 

" The work envelop of the robotic 
device should be confined 
rigidly within a pre-defined 
safe limit, and at the same 
time with the flexibility to 
accommodate anticipated 
variations of target size. 

Movement of all actuators 
should be closely monitored, if 
possible, with independent 
duplicate sensors. (8] The 
servo-controller must be 
equipped with such safety 
facilities as overcurrent, 

overvoltage etc. to guard 
against unexpected and erratic 
movements. They must be able 
to respond within a safe time 
frame. 

" Safety must be incorporated 
into the software, such as 
unconditional interrupt and 
sentry modules that guard all 
control commands that are being 
channelled into the motion 
controller. 

"A backup control system is 
necessary, which must not be a 
passive system but an active 
system. 

" Both the robotic device and the 
target system must be firmly 
held in position relative tc 
the patient. (9) 

" Force and proximity sensing may 
be needed depending on the 
nature of the surgery. (9) 

" Imaging systems, when employed, 
should be capable of positivell- 
identifying a reference point, 
from which the robot can take 
reference. 

" An operation check list. 

Although SARP is a safet} 
critical system, it does permit 
emergency shut down, that is, 

premature termination of the 

operation in the event of 
unrecoverable errors beinc 

encountered. The system can ther 
be quickly removed and the 

procedure completed by hand. SOME 

systems, for example the computinc 
systems for aircraft, space missior 
projects or banking systems, arE 
continuous systems. In this sensE 
they are not only safety critical, 
but also mission and securit} 
critical, allowing no shut down of 
operation without disastrous 

consequences. The following arf 
further safety requirements fog 
SARP based on those outlinec 
above: - 

" Easy and safe interruption o: 
the operation, once it i: 

underway, to allow for last 

minute-change-of-mind, 03 
unexpected condition: 
suggesting dangerous outcomes. 
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" Adequate suppression of 
electromagnetic interference or 
other kinds of interference in 
the operating room. 

"Legitimate communication 
protocols. 

" Stringent checking mechanisms 
on cutting boundaries, ensuring 
(kinematically) at all times 
the predefined boundary is not 
exceeded -- data integrity. 

" Simple but quick and dynamic 
error recovery. 

" Turning off the cutting 
diathermy current automatically 
in the event of errors. 

" Semi-automatic image guidance. 

Other requirements for safety 
critical systems not applicable to 
or emphasised in SARP are: - 

" Continuous operation over a 
period which can be definite or 
indefinite. 

" Very fast error recovery (in 
milliseconds range). 

" Very fine servo accuracy. 

" On line image guidance, fully 
automatic. 

" Predictable and fast recovery 
after panic button activation. 

Software Considerations 
The software for SARP was 

written in Turbo Pascale -- a 
structured and efficient high level 
language for the IBM PC. Fig 5 
illustrates the various functional 
layers of an IBM PC. Only the two 
outermost layers are of direct 
relevance here, but errors could 
inadvertently be present at 
virtually any system level and 
these must be avoided or counter 
measures installed. 

Some of the properties a 
language must possess for a safety 

Turbo Pascal is a trade mail of Barland 
International Inc., U. S. A. 

critical system are given below. 
Some of these features were 
considered to be desirable in 
facilitating the correctness of the 
software. (10-16] Other features 
are discussed in later paragraphs. 

"A built-in mechanism for 
customised error recovery. 

" Easy and flexible error exit. 

"A structured, top-down 
approach to problem solving. 

*. Easy exploitation of 
parallelism (for fault 
tolerance implementation). 

" Rely on a mathematics 
foundation so as to facilitate 
mathematical reasoning in 
programming. 

Keyboard Interrupt 
As an essential safety measure 

to the operation, a keyboard 
interrupt feature is configured 
into the software for SARP. Motor 
movements can be interrupted at any 
stage of the operation when a 
critical situation occurs, that 
otherwise can only be dealt with by 
activating the emergency button. 
The keyboard interrupt is active 
only when one or more axes are 
moving. 

The keyboard interrupt is 
configured into the software by 
capturing the Timer Interrupt, the 
Keyboard Interrupt and the DOS busy 
Interrupt. The interrupt service 
was made to be a terminate stay 
resident (TSR) program to handle 
various tasks for a smooth keyboard 
interrupt function. To make room 
for the large program in the 
conventional memory space, the 
terminate stay resident keyboard 
interrupt handler is located in the 
high memory area. Fig 6 shows a 
typical screen display during a 
motion interruption. 

183 



Unscheduled Termination 

To handle unexpected 
termination of the program, 
customised exit procedures and 
memory error handlers will have to 
be installed. The "unexpected 
error" handlers will let the 
program terminate in a "fail-safe" 
manner. The programming environment 
of Turbo Pascal has allowed such 
procedures or handlers to be 
installed with ease. 

Data Entry 

A simple check on data validity 
is carried out at the point of data 
entry. Data are grouped into three 
categories for this purpose, 
numeric data, alphabetic data and 
alphanumeric data. Any invalid 
data entered will be ignored. 

Error Recovery at the Application 
Level 

The term "error" can be 1) some 
malfunctioning in the hardware 
external to that on which the error 
handling routines are being 
executed; 2) logical faults in the 
program being executed on the host 
controller; 3) logic faults in 
programs being executed on external 
hardware. Hardware errors of the 
host, from which error handling 
routines are launched, are beyond 
the scope of discussion here. 
Hardware fault-tolerance is needed 
for such errors. All error handling 
algorithms involve a detection 
phase, identification and 
resolution of the errors. 
Therefore, in order that an error 
can be handled successfully, it 
must be foreseen and provided for. 

When a run time error occurs in 
SARP, the position feedback from 
the encoders can no longer be 
trusted. This is because they may 
not reflect the actual position of 
the axes. Instead, the human 
operator is relied upon to move the 
axes back to their home positions 

by hand. Calibration marks are 
used for this purpose to assist in 
locating the axes to home positions 
within an accuracy of ±1 mm which 
is quite adequate for the surgical 
requirements. 

Detection An external 
failure can be a total 
shutdown, out of synchronism or 
a corruption of data. When 
these happen, it is possible to 
report them to the host system 
via communication links or 
alternatively the host can have 
some intelligent algorithms 
installed to detect the errors. 
The erroneous condition is most 
appropriately received via 
interrupts either during normal 
program execution or when it is 
idling. In the case of SARP, 
an abnormal controller 
condition is reported by 
sending a special character 
back to the IBM host. Upon 
receiving it via a customised 
interrupt routine, the error 
handling routine is then 
activated. 

Another way of detecting an 
error condition is by setting 
designated global variables 
(normally done by interrupting 
the normal execution). When 
the program control returns to 
the interrupted procedure, the 
latter will find that an error 
has occurred and a branch into 
error handling is carried out. 

Recovery When the 
programming language is 
structured, nested procedure 
calls are allowed. In such 
cases, errors occurring at the 
current procedure (which is the 
deepest rooted procedure) are 
handled by a global variable. 
This global variable is set by 
the fault condition and will be 
used by all procedures to 
signal premature termination. 

Another way to exit from an 
error condition in the midst of 
a program execution is by way 
of a built-in escape feature 
installed in the programming 
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language or environment itself. 
Such a feature would allow 
direct or automatic freeing of 
stack space (memory apace), and 
the changing of pointers to 
designated locations referenced 
by procedure names. Of course, 
there should always be a set of 
initial data stored for 
reference at the entrance to 
each procedure. The modified 
data through the procedure will 
be discarded when the procedure 
exits from the error condition 
and the stored initial data may 

, 
be used if the procedure is re- 
entered. 

The mechanism described in 
the paragraph above is 
partially realised in the GoTo 
statement of the ANSI C 
language discussed in [17, pp 
65 - 681. The use of GoTo in 
this case allows jumping out 
from the error condition to a 
suitable area outside the 
current function or procedure. 
Similar situations will occur 
on the motion controller if it 
has a customised program for 
execution. Provisions must be 
allowed for returning to the 
program line where errors 
occur, even if the system goes 
through a soft reset. In other 
words, the line number must be 
remembered when branching to 
the error handler. 

Handling of internal 
software errors such as 
graphics errors, mathematical 
overflow errors, memory errors 
etc. should be provided by the 
software language in use. In 
SARP, the Turbo Pascal language 
allows customised exit 
procedures and memory space 
(heap) management routines to 
be written. 

Errors can also occur again in 
the recovery process for the 
previous errors). Depending on 
the situation, the GoTo statement, 
previously discussed, can be reused 
unlimitedly or for an appropriate 
number of times. 

The Surgeon/Computer Interface 
An important area for 

consideration when implementing 
software in an operating room is 
the interface between the computer 
and the user, in this case the 
surgeon. Because the software is 
going to be used by non-engineering 
personnel who may not be familiar 
with computers or EPS at all, the 
human computer interface should be 
designed in such a way that one can 
become acquainted with it in a 
relatively short time of perhaps 
only a few practice occasions. 
Also the way data are presented, 
and the way they are inputed into 
the software routine, must be 
simple, effective and yet flexible, 
allowing no chance of erroneous 
data input. The operating room 
environment is a difficult one with 
many 

. 
distractions and correct 

decisions must be made in 
emergencies on the basis of a very 
easy to use human/computer 
interface (HCI). 

Software Structure for SARP 

To further enhance the 
underlying structured approach to 
programming (for which the Pascal 
language was used), the software 
for SARP divides its task into a 
series of components, conveniently 
presented as pages of screen 
display. To facilitate future 
expansions, the design of the 
software has been as comprehensive 
as possible. 

The pages of the screen display 
handle the tasks listed below. 

1. Providing easy control of each 
axis of the frame. 

2. Setting up the system for 
operation. 

3. Storing patients' particulars 
for database purpose. Both 
pre- and post-operative 
results can be stored for 
statistical. studies. 
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4. Generating the desired cut 
sequence based on results of 
ultrasound sizings. 

5. Giving safety observations. 

The software for SARP uses a 
non-overlay unit DEFN as a 'global 
unit' in which variables that are 
safety related and are used to 
control the operation are declared. 
This allows a more systematic and 
central control of important 
parameters. Switching from one 
page to another can be easily 
controlled by a series of tests 
which ensure the availability and 
correctness of data before the next 
page is entered. As is typical of 
imperative languages, there is a 
logical sequence neatly interwoven 
into the page displays. This 
logical sequence is clearly spelled 
out and will contribute to reduced 
chances of logical sequence errors. 

File reading and writing 
operations are kept to a minimum 
within the execution of a page 
display. They appear only at the 
entry and leaving points of the 
page. This not only speeds up data 
processing but also provides easy 
verification of data. However, the 
pay-off for this is memory 
intensiveness. 

Considerations for the User /Surgeon 
Clinical experience reaffirmed 

that consideration of the needs of 
the surgeon must be a primary issue 
in the design of the software. The 
introduction of a computer system 
into the operating room should be 
done with care because it is to be 
used by the surgeon or his 
assistant, in addition to their 
normal scope of work. The time 
factor should be regarded as 
crucial; a task should not involve 
too many steps or take too long to 
achieve its end. Personnel must be 
trained in the use of the automated 
system. 

The considerations for the 
software for SARP are listed 
below: - 

Task accomplishment is self- 
driven using pull down menus 
and pop-up windows where 
appropriate to provide simple 
and effective explanations. 

" Mouse driven selection and 
keyboard driven selection 
should be considered. 

" Only a handful of keys (on the 
keyboard) should be used 
frequently to avoid 
difficulties in getting used 
to their assigned functions. 
For this reason, a key should 
not be assigned for more than 
one function. 

" Graphical presentation of 3D 
models is desirable as it 
gives the. user a tangible 
grasp of the information 
captured by the computer. 

" When a decision is asked of 
the user, the answer is 
confirmed twice. This allows 
for a change of mind. 

" Even when an action is 
underway, having received the 
user's decision, there is 
always an interrupt mechanism 
to provide for "a change of 
mind". 

These suggestions aim to reduce 
the work required from the surgeon 
and hence the likelihood that he 
will comMit a mistake. 

Discussion 
Some of the methods discussed 

above have been utilised in the 
software for SARP to make it safe 
in operating theatre conditions. 
Both hardware and software must be 
designed for safety when a 
computer-based system like SARP is 
to be used. If the software fails 
it must be possible to shut down in 
a safe orderly manner using an 
independent hardware system. 
Similarly hardware failures must be 
recoverable using software. For 
example, if software inhibit fails; 
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the operator can activate the 
inhibit switch or hit the panic 
button, as a last and drastic 
resort. Of course, the promptness 
of activation must be considered at 
the design stage. If delays in the 
ability for the human to respond in 
an emergency are safety critical, 
then software reliability and 
accuracy must be ensured. The use 
of a "dead mans switch" is highly 
desirable. This gives a continuous 
"ok to continue" signal whilst held 
closed. Thus it is only necessary 
to let go of the button in an 
emergency, rather than find an 
emergency "off" button. 

In the extreme case when both 
hardware and software fail, the 
system should then be shut down by 
an emergency button which cuts off 
the overall power supply. This 
measure is possible for SARP even 
though it may not be acceptable for 
other types of safety critical 
system, because SARP can be 
recovered through manual 
intervention. 

On the issue of Software Reliability 
There are many approaches to 

establishing the reliability of 
software, such as formal methods; 
software design and construction on 
the coding and data level; building 
of statistical models similar to 
those used for hardware. The 
latter is not suitable because 
software 'wears irr' and hardware 
'wears out', and large sample-size 
failure statistics are not 
obtainable for software used by 
only a few users. (18] Another 
method is the "error calibration 
method" in which known errors are 
injected hoping to trigger some 
unknown errors. Tests are carried 
out to investigate the 
modifiability of the software. Due 
to the complexity of the causal 
chain and the problem of repeating 
the errors, this method may not be 
practical in some cases, 
particularly where a number of 
safety sensors are utilised. 

A further yardstick' to judge 
the reliability of software is by 
drawing upon the 'wear in' 

behaviour of software. That is, to 
measure the Mean Time Between 
Failure (MTBF), a general trend of 
increased MTBF should be observed, 
otherwise the software is not 
reliable. The time taken before 
reliability can be established with 
this method can be substantial and 
may not be acceptable in a safety 
critical system. 

Conclusions 
The motorised frame was first 

used clinically in April 1991 -a 
World first for an active surgery 
robot (19) This, and four 
subsequent patient trials, have 
shown that the use of robotic 
principles in an operating room is 
feasible. However, before the 
motorised frame can be routinely 
applied by the surgeon, without the 
aid of Engineers, more detailed 
work will be required on fault- 
tolerance, software error recovery, 
and an efficient and dependable 
method of image guidance. 

The use of EPS in the operating 
theatre for automated surgery can 
offer great assistance to the 
surgeon, but they require careful 
measures to safe-guard their use. 
This imposes many constraints on 
the design of the surgical robot 
(mechanical, computational and 
electronic). The requirements of 
the operating theatre further 
impose HCi interface needs, which 
demand careful planning. 

The software for SARP has to be 
'reliable' or 'safe' to an 
acceptable level. A simple error 
detection and recovery procedure 
incorporated in the software for 
SARP enabled the automated surgery 
to proceed with a certain degree of 
system errors. The main safety 
feature of the software is the 
keyboard interrupt, which allows 
the surgeon to suspend the 
operation safely at any point 
during an operation. A legitimate 
communication protocol has been 
designed to ensure undistorted 
communication. All these measures 
aim to promote the 'safety' of 
SARP. 
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Fig 3 The Motion Control System for SARP 
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Fig 5 Functional Layers of the IBM PC (adapted from [11]) 
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MANIPULATOR ASSISTED RENAL TREATMENT 

P. Potamianos, B. L. Davies and R. D. Hibberd 

Centre for Robotics, Imperial College of Science, Technology and Medicine, London SW7 2BX, U. K. 

A computerized manipulator assisted method is presented to facilitate the execution of minimal 
access surgical procedures. The proposed method employs a passive manipulator to assist the 
surgeon in the three-dimensional spatial location of anatomical features, using general purpose X- 
ray fluoroscopy or ultrasound imaging equipment with video input/output facilities. The method 
enables the three-dimensional navigation of surgical tools in correlation with two-dimensional 
medical images. 

A system is under development at the Imperial College Centre for Robotics for the application of 
this method to renal procedures. The system will enable the spatial location of renal calculi and the 
establishment of percutaneous renal track axes. The proposed method is compatible with 
existing urological procedures and imaging equipment and enables the correlation of X-ray and 
ultrasound imaging modalities. 

Minimal access surgery (MAS) is a relatively new and expanding field, whose growing popularity is 
due to the numerous advantages it offers over conventional open surgical procedures [1J. MAS is 
performed with specially designed "long-reach" surgical micro-instruments, introduced into the 
body through narrow cannulas and manipulated under endoscopic vision. This approach reduces 
the trauma of access by virtually abolishing the wound, resulting in accelerated patient recovery. 
The reduction in hospital stay diminishes the cost of therapy and permits a greater tum-over rate 
of patients, while the reduction in operative time made possible with MAS implies a reduced 
dosage of anaesthetic and X-rays administered during a surgical procedure. 

In the initial "access" stage of MAS, the surgeon requires three-dimensional (3D) spatial 
knowledge of the exact position of particular target sites (lesions, kidney stones etc. ) inside the 
body. These sites must be located relative to nearby landmark anatomical features, so that a 
suitable access path may be determined. The surgeon is guided in this process through the 
interpretation of medical images. Conventional medical imaging systems do not offer any true 3D 
location facility, relying instead on the operator's skill in 3D inference from two-dimensional (2D) 
planar images. A C-arm type X-ray machine or a hand-held B-type sector scanning ultrasound (US) 
probe can greatly enhance a radiologist's 3D anatomical understanding, but the burden of spatial 
perception rests solely on human ability. No correlation of X-ray or US modalities is possible under 
these circumstances. 

For treatment specifically addressed to renal stones, Percutaneous Nephrolithotomy (PCNL) is a 
well-established MAS procedure for the restoration of renal function reduced by renal or upper 
ureteric calculi. Extra-Corporeal Shock Wave Lithotripsy (ESWL) is an alternative non-invasive 
method, whose successful application may however necessitate repeated sessions. In order to 
effect treatment, both methods require that the target stone be located in 3D space. The recent 
emergence of Retrograde Intrarenal Surgery also seems promising; this method has not yet 
gained wide acceptance. 

Non-invasive ESWL is performed with specialized Iithotriptor systems equipped with dedicated X- 
ray or US imaging devices. Treatment requires no anaesthesia and is administered on an out- 
patient basis. ESWL employs ultrasonic shock waves to shatter kidney stones into fragments of 
sufficiently small size to allow them to pass through the urinary system. Large stones may require 
multiple treatments; this implies a limit on the size and extent of kidney calcification suitable for 
ESWL treatment. The method's effectiveness varies, depending on the particular design and 
means of shock wave generation, i. e. electro-hydraulic, elektro-magnetic or piezo-electric. Typical 
X-ray fluoroscopy positioning devices with twin orthogonal tubes constitute the most expensive 
part of commercial lithotriptor systems, without always providing correct focal location of the shock 
wave. This is due to the fact that, unlike the guiding X-rays, the US shock waves do not travel 
along a straight linear path inside the body. Given that large, multifocal or multibranched staghom 
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calculi may be unsuitable for ESWL and thus require PCNL, the high cost of ESWL systems can 
be hard to justify. Systems that combine X-ray and US location devices enable the correlation of 
the two modalities, but at even higher cost. 

PCNL can be carried out under either X-ray or US guidance. It is usually performed with general 
purpose medical imaging equipment, such as a standard barium table with undercouch 
fluoroscopy tube, an X-ray C-arm or a B-type sector scanning US probe. Alternatively, a 
specialized uro-radiology table with overcouch tube may be employed. In general, PCNL imposes 
a lower cost of dedicated equipment than ESWL, requiring instead specialized surgical skills and a 
short hospital stay. This type of MAS procedure is suitable for a wide range of treatments, such as 
lesion biopsy, kidney stone removal, laser coagulation and radioactive seed implantation. In such 
procedures, the establishment of a track for the insertion of a cannula to access the target site is 
of primary concern. This is a task demanding considerable skill and experience, due to the lack of 
3D imaging facilities and surgical tool guidance. 

In traditional PCNL procedures, the radiologist initiates the operation and establishes the 
percutanedus access track in the radiology suite. At this stage, tissue samples may be taken for 
diagnosis. The successful insertion of a cannula into the appropriate kidney calyx constitutes the 
end of this preliminary operative phase. The operation is then carried out by a urologist in situ, or 
the patient is transported to the operating theatre for treatment. The operation may require a 
relocation of the cannula, which must be performed under high quality X-ray Imaging. A C-arm Is 
the usual X-ray facility available in the operating theatre; it is considered adequate for qualitative 
monitoring, but may not be good enough for precise cannula placement. It is therefore not 
uncommon to perform the entire operation in the radiology suite. The requirement for skilled 
interpretation of high quality X-ray images can thus impose a compromise in terms of available 
urological equipment and facilities. The need exists for the disassociation of PCNL from the 
radiology suite, allowing the urologist to have full control over the entire procedure in the 
operating room. This will enable the use of specialized operating room facilities and free the 
radiology suite for other examinations. 

The proposed manipulator assisted method aims to improve the accuracy and minimize the 
duration of the preliminary "access" phase of PCNL, by enabling a rapid and confident 
establishment of the percutaneous track axis. It allows the entire procedure to be carried out in 
the operating room, with the use of readily available C-arm equipment. The C-arm is interfaced to a 
PC equipped with a video frame grabber. A suitable calibration method enables the C-arm to be 
used for quantitative image acquisition. The PC derives a model that describes the spatial 
relationship between patient features and X-ray images. The X-ray images are referenced to a 
World Coordinate System (WCS) which includes the patient. The use of a passive robotic 
manipulator as a surgical toolhoider enables a tool's position and orientation to be referenced to 
this WCS and included in the patient/image model. The X-ray based model can also be linked to, 
or substituted by, an US imaging derived model, by attaching an US probe to the manipulator's 
end-eff ector. This enables continuous monitoring of the procedure without radiation exposure, 
but with inferior imaging quality. A surgical tool navigation system is thus made available to assist in 
a variety of MAS procedures, using only conventional medical Imaging equipment that is 
commonly available in operating rooms. 

Percutaneous Neohrolithotomv 

PCNL is a MAS procedure performed under general anaesthesia. Its aim is the removal of renal 
stones (or fragments thereof) through a narrow cannula inserted into the kidney. To insert the 
cannula, a percutaneous track must be established to enable the urologist to gain access to the 
kidney. The track must be carefully selected to provide direct access from a suitable point of entry 
without disturbing major blood vessels or other critical structures. The development of a 
percutaneous track generally requires the services of a radiologist. The procedure involves the 
insertion of a three-piece needle from the patient's lower back Into the kidney, thus establishing 
the percutaneous track's centre axis. During manual insertion, the needle Is rotated to minimize 
any deviation from a straight linear path. The needle consists of an inner bevel- or diamond- 
headed stilette, a hollow middle needle and a Teflon outer sheath. Withdrawal of the stiletto 
allows the insertion of a guidewire. through the hollow middle needle and outer sheath, into the 
kidney. This guidewire serves as a basis for the track's subsequent dilatation. Upon removal of the 
middle needle and outer sheath, dilators of consecutively larger diameter are introduced co-axially 
down the track and slid along the guldewire into the kidney, until the desired track diameter Is 
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achieved. A variety of minimal access surgical instruments are then introduced down the track to 
fragment, grasp and remove the stone(s) under endoscopic vision. 

" Using X-ray guidance, 
In a conventional PCNL, the initial approach is determined by first laying a surgical tool on the 
patient's loin, with its tip pointing in the general direction of the stone and then taking an X-ray. 
The direction of needle insertion is thus established on a trial and error basis, by monitoring the 
tool's position (and subsequently the needle's progress) on a fluoroscopy display. The patient is 
then slightly displaced and further X-rays are taken. This enables the radiologist to develop a 3D 
understanding of the patient's internal features, based on 2D live X-ray images obtained from 
several viewpoints, to determine if the needle is above, below or on target. The use of a standard 
over/undercouch fluoroscopic system requires the patient to be rotated inside a live X-ray field. 
Alternatively, a C-arm enables multi-viewpoint image acquisition without disturbing the patient. A 
C-arm consists of an X-ray generator and a fluoroscopic Image intensifier with video camera 
mounted on opposite ends of a semi-circular C-shaped beam, which can be rotated by virtue of 
being mounted on a track. The track Is attached to a mobile gantry providing additional degrees of 
freedom (DOF) (Figure 1) . This versatile imaging configuration facilitates the 3D perception of 
anatomical structures. Visualization of the renal system is enhanced with the administration of a 
radio-opaque contrast medium via retrograde ureteric catheterization. The contrast medium 
contains methadone blue, allowing visual verification of kidney penetration by the aspiration of 
contrast solution through the outer sheath of the biopsy needle. However, successful 
penetration does not invariably produce contrast solution in the needle. It may give rise to only a 
single drop or occasionally no contrast solution at all. 

" Using ultrasound guidance 
Under US guidance, the direction of needle insertion is established with a hand-held sector 
scanning probe. The needle guide may be directly attached to the probe's casing; alternatively, 
the guide may be held independently with a self-retaining retractor. The probe can also be held in 
a standard fixation system. The transducer head must be sterile and in direct contact with the 
patient's skin; alternatively, it may be placed Inside a sterile bag filled with US gel and the bag 
applied to gel on the skin. For needle guides mounted directly on the probe, the needle's path is 
arranged so that, upon full insertion, the tip of the needle coincides with the extreme central 
location on the scanning plane. Real time US systems may overlay a cursor marking this location 
on the image. The transducer must be placed against the patient's lower back, so that the chosen 
target appears on the image. The puncture is then performed under continuous live image 
monitoring. Should any minor haemorrhage develop, this can be observed on the US image [2]. 
The main advantage of US guidance is the elimination of radiation exposure during this 
preliminary operative phase. However, this method is not always preferred, due to the inferior 
imaging quality of US In comparison with contrast medium enhanced radiography. The Imaging 
quality Is directly related to the US frequency, i. e. the higher the frequency, the better the picture. 
However, an inverse relationship exists between frequency and depth penetration, necessitating 
a compromise between imaging quality and depth of field 121. The extraction of detailed 
information may also require considerable transducer pressure against the skin, causing a 
significant temporary shift in kidney position. This can result in an undesirable needle direction 
after the probe's withdrawal. Ultimately, US imaging is heavily dependent on operator skill and 
experience in good image acquisition and interpretation. It is not uncommon for US guided PCNL 
practitioners to resort to occasional X-ray verification of the needle's position and orientation with 
respect to the target point. 

The concept of Surgical Robotics was launched by Kwoh in 1985 [3]. Since then. industrial and 
custom designed robots have found primary and auxiliary application in the fields of neurosurgery 
[3][4], prostatectomy and hip replacement surgery [5]. They have been evaluated for 
implementation in eye surgery, lung biopsy [6], spine surgery 14j, knee arthroplasty and chorion 
villa biopsy. Studies have also been performed on the use of robots as external and endoscopic 
imaging system guides and hand tremor compensators. 

Robots are considered to offer surgeons the potential for increased accuracy, improved 
repeatability, precise force exertion, 3D navigation of complex trajectories and tele-manipulation. 
During lengthy procedures, their tireless operation can relieve surgeons of considerable physical 
strain. Nevertheless, public acceptance of robots in the operating environment is hindered by 
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safety considerations. The level of perceived risk varies with the extent of the system's similarity to 
existing tools and procedures, the degree of autonomous robot mobility and the extent of 
robot/patient interaction [7]. Given the need for accurate 3D coordinate registration in surgery, 
several research groups have opted for the use of non-actuated or "passive" robotic 
manipulators, thus eliminating some of the safety concerns. This area of non-active surgical 
manipulation is generally known as Computer Assisted Surgery (CAS). 

" Passivs manipulators 
Passive robotic manipulators (PRMs) have been used extensively as surgical aids in a variety of 
medical applications. Their primary function is to spatially relate their end-effector to some 
reference coordinate system, thus enabling the relation of pre- and antra-operatively acquired 
images and virtual patient models to physical patient features. A common approach involves the 
identification of natural or artificially Implanted or super-imposed (skin) reference features on the 
images and the subsequent "logging" of their coordinates on the patient by means of a PRM 
equipped with a pointer. In neurosurgery, PRMs have been Implemented as 3D digitizers 
[8][9110] as well as surgical toolholders [11). They have also been used as US sector scanning 
and Doppler flow meter probe guides, to reference these modalities to pre-operatively obtained 
CT-scan derived images and patient models [9). Appart from neurological Interventions, their 
value in 3D planning and navigation has been evaluated In spine surgery [12][13] and 
osteosynthesis [5] and established in ear, nose and throat surgery (14). With the appropriate 
tools, PRMs can assist with the handling and correct alignment of anatomical features, such as 
bone fragments in craniofacial osteotomy [5]. Their usefulness in relating different imaging 
modalities has also been evaluated In spine surgery, with a PRM serving as an antra-operative 
video camera guide, relating the live image to a model derived from pre-operative CT-data [4][12]. 
Whenever such 3D patient data is available, PRMs can be used to simulate a surgical procedure 
pre-operatively on virtual 3D patient models [5)[8][9][10][11][12)[14). It is also possible to obtain 
data required for 3D models with a 2D imaging sensor, such as a B-type US sector scanning 
probe, guided with a PRM to acquire a series of parallel cross-sectional slices of a volume of 
interest. 

A PRM instrumented for joint angle measurement allows the determination of its end-effector 
configuration with respect to its base, as well as the positioning of the end-effector in pro- 
specified configurations. This 3D "awareness" of end-effector configuration enables a PRM to act 
as a 3D digitizer/navigator. Equipped with a physical or software generated virtual pointer, it can 
be used to register patient features or simulate a desireable approach to the target of interest, 
with the pointer being projected by software onto appropriately referenced medical images. In 
order to establish a fixed relationship between the manipulator and a patient under general 
anaesthesia, the PRM base is typically attached to the operating table. In the case of head 
surgery, the skull can be secured to the operating table with special fixtures, thus ensuring a 
robust reference between patient and manipulator. This approach works well for procedures 
addressing bone tissue or soft tissue that is reasonably bounded by a skeletal enclosure, as is the 
brain inside the skull. Should the need arise for the head to be moved, the PRM can be used to 
log" the head's new fixed configuration and the operation can proceed as before. This functional 
aspect also serves to monitor the skull for any slippage inside its fixture [9). As will be discussed 
later, the targeting of abdominal soft tissue, such as the liver or kidney, presents a considerably 
greater challenge. 

" Manipulators vs. non-contact methods 
In addition to the aforementioned type of instrumented PRM, a number of alternative 3D digitizing 
methods exist that enable non-contact measurement of patient features. Optical methods employ 
video cameras to track a number of LEDs 15114] or reflective markers, using custom developed or 
commercially available systems, such as the Optotrak by Northern Digital (USA). Such systems are 
not restricted by physical arm links and offer considerable convenience. They do however require 
an unimpaired line of sight between cameras and markers, necessitating some vision 
redundancy, as well as considerable computational power for real time tracking, resulting in costly, 
equipment intensive applications. Ultrasonic systems have also been tested for non-contact 
measurement in the operating theatre, using microphones that sample ultrasonic signals from 
speakers. A number of such devices are now on the market, such as the 3D Sonic Digitizer by 
SAC (USA) and the 3D Mouse by Logitech (USA). These systems require an unimpaired One of 
sight between transmitters and receivers and are susceptible to temperature fluctuations, stray 
reflections and noises, requiring constant temperature monitoring and environmental noise 
filtering. Another non-contact 3D coordinate measurement method is based on low frequency 
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magnetic field detection, with a "base" set of three orthogonal coils and a similar sets of "sensor" 
coils. The 3Space Fastrack by Polhemus (USA) is such a device, an earlier version of which has 
been tested for the surgical environment. This method does not require a direct line of sight 
between transmitter and receiver, but is extremely susceptible to the nearby presence of 
stationary or moving ferrous materials, even more so when such materials are placed directly in the 
line of sight. 

The most significant advantage of PRMs over non-contact methods Is their ability to serve not 
only as tool navigation guides but also as toolholders. The need for a physical holder that can 
positively establish, maintain and constrain a desired tool configuration cannot be overstated. A 
number of specialized devices have been developed commercially, to assist in surgical tool and 
endo/laparoscope fixation, such as the Iron Intern by Automated Medical Products (Switz) and the 
First Assistant by Leonard Medical (USA) [1). These consist of multi-link arms with mechanically or 
pneumatically lockable joints and can assist in a variety of laparoscopic procedures, although their 
usefulness is limited by a lack of 3D "awareness". The PRM described below combines the ability 
to physically constrain a surgical tool with a 3D knowledge of the tool's position and orientation. By 
virtue of being computer controlled, it allows for exact positioning of such a tool and facilitates the 
repetition of any previously established configuration. 

"A now manipulator design 

The PRM under development at the Imperial College Centre for Robotics consists of a5 DOF 
anthropomorphic arm designed to accomodate a variety of sterilizable end-effectors, such as 
biopsy needle guides and endoscope fixators. The arm is intended for direct mounting onto the 
operating table and is counterbalanced for nearly static behaviour. The arm's joints are equipped 
with potentiometers for angle measurement, interfaced to a 387 IBM PC via a 14-bit A/D card. The 
5 DOF design facilitates the end-effector's manual placement in specified configurations, a task 
that can be difficult with 6 DOF manipulators [5]. This is due to the fact that the desired end- 
effector configuration is not always fully specified, as a number of surgical tools (needles in 
particular) are axisymmetric and thus indifferent to rotation about their main axis. In order for the 
arm to hold a tool in a fixed configuration, each joint Is equipped with an electromagnetic brake. To 
ensure operational flexibility, brake activation is under dual control, i. e. software driven and 
footswitch activated. The three major axes are also equipped with mechanical locks, intended for 
application once the desired entry configuration has been finalized. The arm's rigidity is further 
enhanced by the four-bar-link configuration of the longer "reach" links. 

The manipulator is subjected to sensor and kinematic calibration. Each potentiometer is 
independently calibrated and matched to a particular joint. The kinematic calibration aims at a 25 
cm cube, which is the expected volume of interest for renal procedures. The calibration 
technique is similar to the well known 2D "chessboard" approach of sampling a matrix of reference 
points (3], but is enhanced by the use of a 3D "chessboard", developed for this application in 
conjunction with a matching calibration probe end-eff ector. 

Surgical Robotics applications have generally been based on patient feature data acquired with 
3D Imaging devices, such as CT, MRI, PET, SPECT etc. [3j(4](5][8][9][10J[11][12][14j(15j. This 
type of image data allows the generation of 3D virtual models of anatomical features. The data can 
be displayed as a series of arbitrarily reconfigured cross-sectional slices, or computer graphics 
techniques can be employed to display simulated organ surfaces. A physical World Coordinate 
System (WCS) is associated with the patient and a virtual Image Coordinate System (ICS) Is 
associated with the computer model. The identification of a minimum of three point features on 
the patient and in the computer model enables the determination of a transformation between the 
two coordinate systems (9)[10]. This makes it possible to place a virtual surgical tool Inside the 
computer model and display its location on model cross-sections. The virtual tool's position Inside 
the model corresponds to a physical tool's equivalent position inside the patient. Pre-operative 
simulation and antra-operative tool monitoring are thus made possible. 

Intra-operative imaging is desirable for the monitoring of operational progress and the verification 
of surgical tool location. In the original Surgical Robotics application by Kwoh, a dedicated CT 
scanner was used for occasional intra-operative imaging [3]. The possibility of performing an 
entire operation within the CT scanner gantry has also been considered [15). This is by far the 
most expensive approach. Other researchers have correlated antra-operative 2D directional X-ray 
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[4], video [12] and US [9] images with pre-operatively generated 3D patient models. Each 2D 
ini. ra-operative image Is assigned its own ICS, which must be referenced to the virtual model's ICS, 
as well as the physical WCS. The 2D/3D correlation is performed by exact matching of artificial 
reference features, elastic matching of anatomical features or direct monitoring of the imaging 
device's spatial configuration in the WCS. 

" Ouantitativa X-ray guidance for PCNL 

PCNL is a routine procedure for which no 3D pre-operative imaging is performed. Consequently, 
no 3D model of the abdominal volume and kidneys is available for pre-operative simulation and 
antra-operative matching. This precludes any modelling of kidney surface displacement caused by 
kidney translation or deformation during puncture. The Introduction of a CT/MRI scan requirement 
for PCNL is considered inappropriate, due to the added complexity and higher cost this would 
involve. Directional stereo vision is the only available modelling method, allowing the construction 
of a model relating anatomical point features to their point projections on antra-operative 2D 
images. An appropriate referencing method, discussed in the following section, enables the 
derivation of coordinate transformations between the physical WCS and the ICS of each obtained 
image. Each one of these transformations can be employed M the projection of known 3D points 
onto a corresponding image. Any physical point whose world coordinates are known in the WCS 
can thus be projected onto an intra-operatively acquired image, provided that said point is 
"visible" from the image's point of view. In this manner, a surgical tool attached to a PRM's end- 
effector can have its tip projected and displayed on 2D intra-operative images. In the case of a 
biopsy or PCNL needle, a real or virtually extended section of needle that Is "visible" within an 
image's viewing range can be displayed as a straight line (Figure 2). 

The aforementioned coordinate transformations can also be employed to determine the 3D 
coordinates of world points from matched antra-operative 2D images, through a process of 
triangulation. A minimum of two images of a target point T must be acquired from disparate 
viewpoints F1 and F2 and the coordinate transformations between ICS1 and the WCS and ICS2 
and the WCS derived (Figure 3). The line connecting the focal points F1 and F2 is known as the 
stereo baseline. Any plane containing this line, such as the plane defined by F1, F2 and T, is 
called an epipolar plane. An image plane's intersection with an epipolar plane is known as an 
epipolar line. By identifying the image points P1 and P2 of target point T on the two images, the 
3D coordinates of T in the WCS can be determined by triangulation. Each point on an image plane 
lies on a line of sight (i. e. FIT, F2T), whose projection on the other image plane constitutes an 
equivalent epipolar line. The identification of matching image points is facilitated by the display of 
such epipolar lines. When an image point is selected on one view, its match can be found along 
the equivalent epipolar line displayed on the other view. 

The methodology for 3D spatial location of anatomical features consisting of bone tissue Is well 
established. In the case of hip, femour or knee surgery, special fixation devices can immobilize 
the appropriate parts, once the bone tissue has been exposed. Similarly, fixation adapters are 
used by neurosurgeons to lock the skull onto the operating table. Various methods are employed 
to correlate the bone tissue with CT images, such as repeatable marker superposition with a 
stereotactic frame [3][15], marker superposition during pre-operative Imaging and skin colouring 
of marker locations for antra-operative referencing (9][14]. marker Implantation (5] and Image- 
based anatomical feature matching (4112). 

The 3D position of soft tissue varies with time, due to breathing, heartbeat and compliance to 
external forces; its location is therefore only possible with limited accuracy. In the case of 
neurosurgery, brain movement within the skull can be significant. A stereotactic localization error 
of the order of 2 millimetres 191 may be considered aaeptable, given the tissue's displacement 
during surgery, which can be significant. Tumour resection is therefore best performed on the 
basis of visually defined margins. One way of getting around this problem is the implantation of 
markers in the soft tissue. Metallic epicardial markers have been used extensively In the study of 
heart wall motion. Similarly. steel reference balls placed throughout a brain tumour to be resected 
can be tracked antra-operatively by serial teleradiography, to determine the tumour's 
displacement. This method is naturally limited to organs that have already been accessed in open 
surgery and is therefore unsuitable for MAS. 
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9 Compensation for soft tissue motion 

If 3D Imaging data of the soft tissue is available, intra-operative Image-based anatomical feature 
matching becomes possible [4](121, with accuracy being governed by imaging quality. The 
advantage of this approach becomes evident when a soft organ's compliance is considered 
during needle puncture. Appropriate image transformation algorithms could be employed to 
compensate for tissue deformation, complementing the surgeon's tactile feel of tissue 
consistency with synthetic visual feedback. As no 3D data Is available for PCNL, the exact kidney 
shape and location can only be determined by inspection on 2D directional antra-operative 
images. In the case of US guidance, kidney movement during the breathing cycle and 
deformation during puncture can be visualized in real time without any radiation hazard. For X-ray 
guided procedures, it Is desireable to monitor kidney position with a principal viewing axis 
perpendicular to the axis of kidney motion. The first few centimetres of needle entry must be 
effected along a suitable direction. A manually inserted free needle will then follow the tissue's 
movement throughout the breathing cycle and tend to point to the target, although some 
compensation may still be required for kidney motion. The case of a needle attached to a PRM will 
be discussed In the following section. When the needle reaches the kidney's external surface 
and an attempt Is made to pierce it, the tissue's compliance will result in kidney displacement and 
deformation, requiring further image acquisition for exact needle location with respect to the 
target. 

it is possible to cease the breathing of a patient under general anaesthesia for a short period 
without exposing the patient to any danger. This solution would greatly enhance the accuracy of 
target acquisition, as penetration could be effected in 20-30 seconds without substantial kidney 
movement. An alternative method known as Enforced Rapid Breathing can also significantly 
reduce kidney movement during the access phase. The decision to implement such methods 
naturally rests with the anaesthesiologist and will vary on a case by case basis. For X-ray guided 
procedures, it is thought that even without such advantageous techniques, target acquisition is 
still possible with considerable accuracy, at the cost of a few extra antra-operative X-ray images. 

" Coordinate transformations 

The operating table, with the PRM's base attached to it and the patient lying on it, constitutes the 
physical world described by the WCS, whose origin is located at the PRM's base (Figure 4). The 
need exists to relate this WCS to the ICS of each infra-operatively obtained image. As stated 
previously, it is intended that general purpose X-ray fluoroscopy or US imaging equipment be 
used, without subjecting it to any modifications. The only requirement concerns the availability of 
video signal input/output facilities, through which the PC will communicate with the imaging 
devices. 

For X-ray guided procedures, a C-arm is required, as it offers the necessary flexibility to select 
optimum viewpoints. There are two aspects to the referencing of an Image's ICS to the WCS. The 
first concerns the C-arm's optical properties, which must be calibrated. This Is referred to as 
internal calibration. The X-ray projection process Is fairly linear and can be approximated by a cone, 
with its vertex at the X-ray generator's focal point and its base on the image intensifiers input 
surface. However, the Image Intensification process introduces considerable distortion, as the 
image Intensifier and video camera exhibit nonlinear optical properties. A suitable calibration 
object has been manufactured that will enable the optical calibration of any directional X-ray 
fluoroscopy system, with a method specifically developed for this application. The method 
derives global as well as image sector specific transformations that map the distorted digital Image, 
acquired by the PC from the C-arm's video output, onto an undistorted image on the image 
intensifier's input surface. This is the image that would form on an X-ray film placed on the Image 
intensifier's input surface, as Is the case during conventional radiography. 

The second aspect concerns the C-arm's position and orientation in the WCS, whose 
determination is referred to as external calibration. This requires the imaging of a number of 
reference markers, whose coordinates are known in the WCS. The large volume and variation in 
size of patients' abdominal regions precludes the use of fixed marker clusters, while the soft 
tissue's compliance renders the attachment of markers to the skin questionable. Any such 
approach would complicate and interfere with the surgical procedure, while severely limiting the 
feasible disparity of viewpoints. The requirement for flexible imaging from a variety of viewpoints 
indicates the need for a free marker cluster that can be positioned arbitrarily, resulting in the 
development of a radiolucent PRM end-effector. The end-effector carries suitable markers and is 
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designed to be included in the "picture" without obstructing the object of interest. A minimum of 
six markers is required to derive the external calibration parameters. Measurement of marker 
Image coordinates will enable the determination of a transformation from the WCS to the ICS, 
allowing the projection of any 3D world point visible from that viewpoint onto the image. This 
enables the display of a physical or virtual needle's position on an X-ray image, provided the 
needle is placed with the PRM within the C-arm's field of vision for that particular Image. 

For US guided procedures, a B-type sector scanning probe and needle guide can be directly 
mounted on the PRM by means of an appropriate end-effector. The probe will require calibration, 
which can be effected by means of a suitable US phantom. The WCS Is directly referenced to the 
ICS by virtue of the probe being physically linked to the PRM, allowing the projection of any 3D 
world point lying on the scanning plane onto the image. 

The use of a PRM enables the correlation of X-ray and US modalities. X-rays offer superior image 
definition at the expense of radiation exposure, while US offers continuous live imaging without 
radiation hazard at the expense of image definition. These imaging modalities can be used in a 
complementary way: X-rays can be employed for the initial kidney examination, the identification 
of the target stone and the establishment of the required needle configuration, while US can be 
used for live imaging guidance during needle penetration. During US guided biopsy, the 
needle's position can be projected onto X-ray images obtained and referenced before the 
penetration, as well as the live US image, thus providing simultaneous correlation of the WCS with 
both X-ray and live US images. 

As discussed previously, the proposed manipulator assisted method Is primarily Intended to offer 
guidance during the initial "access" phase of MAS procedures. The modus operandi relevant to 
PCNL is outlined below. However, it should be noted that the PRM can be used with great 
flexibility throughout the duration of a surgical procedure as a toolholder, by virtue of its 3D 
"awareness" and computer controlled joint brakes. 

" Using X-ray guidance 
For PRM assisted procedures under X-ray guidance, a requirement exists for two or more 
parallaxed views of the kidney. In theory, the more the views the better the surgeon's 
understanding of patient anatomy. In practice, It is sensible to acquire as many views as can be 
displayed-simultaneously. For every suitable viewpoint, the PRM's radiolucent end-effector must 
be brought into view, the PRM locked in that configuration and an image acquired (Figure 4). 
Location of the end-effectors markers on each image provides the means to compute the WCS 
to ICS transformation. It is imperative that all images be acquired in phase, I. e. the same point In 
the breathing cycle, so that they all correspond to the same kidney 3D spatial location. PCNL Is 
usually initiated at mid-inspiration; however, the extreme of the breathing cycle may prove more 
repeatable. Alternatively, the breathing can be interrupted by the anaesthesiologist at some 
repeatable phase and the Images acquired. 

With the image acquisition step completed, a sterile needle carrying end-effector is mounted on 
the PRM. The needle is virtually extended by software, to assist the selection of entry 
configuration. The needle is placed in position, with its tip just off the desired point of entry and its 
virtual extension projected onto the images (Figure 2). The needle and its virtual extension must 
be adjusted so that the virtual tip appears on target on all images, thus establishing the correct 
configuration for entry. With the needle configuration finalized, the PRM must be locked and the 
end-effector's depth stop set to correspond to the virtual extension length. Should the 
manipulator be used to explore alternative approaches, each "final" configuration can be stored 
and re-established by the surgeon under software guidance with a graphic model display. An 
alternative method entails the selection of target points with stereo triangulation (Figure 3). A 
target point visible on two or more images may be directly selected on each image with a mouse. 
Stereo triangulation is employed to solve for the target point's 3D coordinates. The matching of 
points on different images can be facilitated with the display of matching epipolar lines. Using the 
PRM as a 3D digitizer, the desired point of entry must be "dogged" on the skin. The PC can then 
derive the required end-effector configuration and guide the surgeon to adjust the PRM with the 
graphic model display. 
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For procedures performed with the breathing interruption method, the PRM remains locked until 
the needle has reached its full depth. Entry is effected in breathing phase with the images. If the 
interruption of breathing is not desirable, a number of alternatives can be considered. The use of 
an end-effector rigidly coupled to the PCNL needle will require the manipulator's joints to be 
unlocked after the first few centimetres of penetration. The surgeon must then handle the end- 
effector in such a way as to cause the needle to advance to its pre-set depth while following the 
tissue's movement. If no 3D Information on the needle's configuration is required during this 
"free" insertion phase, the end-effector can be uncoupled from the manipulator to serve as an 
independent depth-stop mechanism. An alternative scenario entails the use of an end-effector 
that allows flexible as well as rigid coupling of the needle. After the first few centimetres of 
penetration, the PRM's joints remain locked while the needle is allowed to follow the tissue's 
motion within elastically applied constraints, until it has reached its full depth. The use of a spring- 
firing mechanism is also being considered. With the manipulator locked and the depth stop set, 
the needle can be fired in and released at once, the target having moved imperceptibly during the 
entire process. 

" Using ultrasound guidance 
In the case of US guided procedures, the kidney can be constantly visualized in real time without 
any concern for radiation exposure. With the US probe and needle guide mounted on the PRM 
with a suitable end-effector, the needle is virtually extended by software and displayed on the 
image. The probetneedle assembly must be placed so that the needle's tip is just off the desired 
point of entry and the target is visible on the image. The needle and its virtual extension must be 
adjusted so that the virtual tip coincides with the target. With the needle configuration finalized, 
the PRM must be locked and the end-effector's depth stop set to correspond to the virtual 
extension length. Entry is effected under continuous monitoring and the needle advanced a few 
centimetres, so that the correctness of its configuration may be verified. This can be easily 
determined by virtue of the continuous live imaging. The end-effector is then uncoupled from the 
manipulator and the needle advanced to its pre-set depth under live monitoring. As discussed 
previously, it Is also possible to establish the correct configuration for penetration under X-ray 
guidance and then perform the puncture with US imaging. 

Conclusions 

A PC-based manipulator assisted method was presented that provides surgeons with a 3D 
navigation capability, while operating under conventional 2D imaging equipment guidance. The 
method enables the correlation of intraoperative X-ray and US Images with patient features and Is 
intended to assist in the planning and execution of MAS for the kidneys and other deep lying 
organs. 

The need exists for widely available low cost 2D imaging equipment, such as the C-arm type of X- 
ray machine or the B-type sector scanning US probe, to offer quantitative guidance In the 
operating room, without any support from expensive, high resolution 3D imaging systems, whose 
use Is unjustifiable and impractical for a large number of surgical procedures. Surgical navigation 
enhancement should be made available through a simple, low cost PC-based system, that can 
provide surgical tool guidance In relation to antra-operative medical Images. The system should be 
impervious to electromagnetic or sonic disturbances and surrounding ferrous material; it should 
allow the establishment and constraint of specified tool configurations In a repeatable way. These 
requirements lead to the development of a rigid, lightweight and counterbalanced passive 
manipulator with computer controlled lockable joints, that enables a variety of sterilizable end- 
effectors to be accurately positioned In 3D space. 
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The use of ultrasound in automated 
prostatectomy 
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Abstract -A new way of applying transurethral ultrasound scanning in the common 
surgical procedure of the transurethral resection of the prostate is described. The 
scanning is incorporated as part of a robotic procedure for surgery, so that the overall 
time spent in an operation can be further shortened, and a safe and accurate oper- 
ation can be achieved. The prostate dimensions obtained pre-operatively by the 
transrectal method and those obtained operatively are compared. A robotic system, 
which was developed specifically to remove prostatic adenoma automatically, is dis- 
cussed. The system, called a motorised frame, is briefly described, together with its 
predecessor, a manual frame, in relation to ultrasound measurements. Sizing of the 
prostate pre-operatively using transrectal ultrasound methods is discussed, using 
both the manual and the motorised frame. The shortcomings of transrectal ultrasound 
for use in a robotic procedure are highlighted. 
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1 Introduction 
THE PROSTATE gland is a chestnut-sized structure situated 
immediately below the bladder, with the urethra leading to 
the bladder passing through the gland (Fig. 1) (McNEAL, 
1989). In Fig. 1, a sagittal view of the prostate is shown, in 
which V is the verumontanum, and B is the bladder. As 
can be seen, the verumontanum forms the junction 
between the urinary duct (UD) and the ejaculatory duct 
(E). Distal to the verumontanum is the sphincter mecha- 
nism. Neither the sphincter nor the verumontanum must 
be cut in a prostatectomy. Damage to the sphincter 
mechanism during prostatectomy results in incontinence 
and occurs in up to 4 per cent of patients (FOWLER et al., 
1988). As the verumontanum is the landmark of the 
sphincter mechanism, the resection must be confined to the 
area between the bladder enck (proximally) and the veru- 
montanum (distally). 

As part of the aging process, enlargement of the prostate 
gland inevitably occurs, causing obstruction to urinary 
outflow requiring surgery in up to 29 per cent of men 
(GLYNN et al., 1985). The enlargment, also called adenoma, 
is always proximal to the verumontanum. It has to be 
removed surgically to relieve the obstruction. The veru- 
montanum is a distinct landmark; it can be positively 
located endoscopically and is used as a reference point 
during a transurethral resection of the prostate (TURP) to 
ensure safety of the operation. 

A robotic device for prostatectomy surgery has been 
developed that aims to remove excess tissue from the pros- 
tate, safely, quickly and systematically (Ng et al., 1991). 
This device is part of a series of studies that are intended 
to provide a robotic system to assist a surgeon in a TU R P. 

First received 2nd September 1991 and in final form 19th May 1992 

A TURP is performed by the surgeon inserting a 
resectoscope through the centre of the penis and removing 
a roughly frustum shape of adenomatous tissue from the 
prostate. The apex of the cone is located near the base of 
the penis, at the verumontanum, and the base circle is at 
the bladder neck. The conventional operation is very 
common but requires considerable skill and training and is 
quite lengthy (HoI. TGRewt: et al., 1989). A typical oper- 
ation can take approximately I h. In seeking a robotic 
solution, it was hoped to de-skill the procedure and 
shorten the time taken. This would benefit the patient by 
reducing the time spent under anaesthetic and decreasing 
potential for absorption of the hypo-osmolar irrigant. 

Following a preliminary feasibility study using a stand- 
ard six-axis PUMA robot fitted with an additional frame- 
work (DAviEs et al., 1989a; b), it was decided to produce a 
much simpler frame, specifically configured to give the 
desired motions to a standard tesectoscope and to be 
manually driven by the surgeon. Clinical trials using this 
device on 39 patients have demonstrated it to be as effec- 
tive in the long-term relief of prostatic obstruction as a 

(cý IFMBE: 1993 Fig. I Sagittal New of normal prostate gland 
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conventional surgical procedure. The trials also confirmed 
first that the initial position and orientation of the frame 
could be satisfactorily achieved by endoscopic observation, 
and secondly that, once the endoscope has been mounted, 
the relative position of the endoscope axis and gland 
remains unchanged during the operation (TIMONEY et al., 
1991; DAVIES et al., 1991). The experience gained from the 

carriage head travel 
prostate gland 

stroke 
arch travel 1 ring 

rotation 
diametral arch 

_ 

Pivot 

conical cavity 

ring -- movement 

Fig. 2 Three-dimensional schematic diagram of the motorised 
frame 

manual frame has led to the development of a motorised 
version, using a similar kinematic arrangment and under 
software control. For convenience, this robotic device is 
referred to as the motorised frame in this paper. It has four 
axes of movement, namely the head travel, the ring rota- 
tion, the arch travel and the cutter stroke. Fig. 2 gives a 
three-dimensional schematic illustration of the motorised 
frame and its motions. The arrangement is such that one 
or more overlapping conical cavities can be removed from 
within the prostate. The bases of the conical cavities are 
flat, and that of the first cone is at, or near, the bladder 
neck (Fig. 3). The last conical cavity has its apex located at 
the verumontanum, which is a visible landmark at the 
entrance to the prostate, used by the surgeon as a reference 
point. 

An IBM computer, acting as a host system, is used to 
provide a human-machine interface via a high-level lan- 
guage program known as the automated prostatectomy 
user interface (APUI). A stack of elliptic contours joined 
by spline curve fittings allows a three-dimensional model 
of the gland to be generated. The APUI then generates an 
automatic cutting sequence based on the boundaries of the 
prostate determined by the surgeon using an imaging 
system. The cutting sequence is a series of overlapping 
cones that are displayed to the surgeon for confirmation or 
modification. Both the capsule (normal prostatic tissue) 
and adenoma (abnormal benign growth to be removed) 
are considered. The cutting sequence so planned is imple- 
mented by a four-axis motion controller that communi- 
cates with the IBM computer via RS232 links, through 
which sensor status and motion commands are transmit- 

desired flat base 

X 

axis of entrance 
or rotation 

path of the cutter for a 
fixed pivot point 0 

Fig. 3 Arch effect compensation- x= arch compensation 

ted. Fig. 4 shows a picture of the nuVtorised frame in use 
on a patient. 

Both the motorised frame and the manual frame rely on 
ultrasound scannings to provide information on the size of 
the prostate for which the operation is to be carried out. 
Currently, tissue removal is achieved by hot-loop dia- 
thermy using electric current of high frequency (500kHz) 
and high potential (1.5 kV). 

2 Imaging techniques 
Several imaging technique are available for the prostate 
gland. Their usefulness depends on the type of application 
in which they are employed. Three popular methods of 
imaging are used to study the prostate: computed tom- 
ography (CT), magnetic resonance imaging (MRI) and 
ultrasound imaging (US). CT and MRI have been used for 
imaging in robotic surgery in a number of projects 
(LAVALLEE and CINQUIN, 1991; RUSSELL et al., 1991, Lotim- 

SALMI and KolvuKANGos, 1990), but there are significant 
problems associated with their use. 

CT involves the use of X-ray and is therefore radioac- 
tive. The problems of radiation can be prohibitive. Both 
the initial and maintenance costs of CT are very high (the 
initial cost is about £500000, compared to £70000 for that 
of the ultrasound method). Although CT is accurate in 
determining the prostatic volume (TALNER, 1990), it is not 
an online method, which makes it unsuitable for use imme- 
diately before an operation. 

The MRI technique reveals the zonal anatomy of both 
the normal and abnormal prostatic tissue. It predicts the 
weight of the enucleated prostate more accurately than 
combined suprapubic and endorectal ultrasound (TALNER, 
1990). Like the CT method, MRI is very costly. Also, 
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equipment containing ferro-magnetic material cannot be 
used near MRI, and many patients exhibit claustrophobia 
owing to being confined in a box. The imaging process of 
MRI is lengthy (typically 45 min). All these factors prevent 
its use in an operating room, where quick image analysis is 
a necessity. 

Ultrasound methods are preferred because their side- 
ei%cts are minimal, and they are easy to use. The trans- 
rectal ultrasound method has been used for the manual 
frame as a pre-operative procedure to size the prostate. At 
present, the transrectal method is under intensive clinical 
investigation as a screening test for cancer. Many com- 
puter techniques have been developed to analyse the pros- 
tate (KAYE and RicH R, 1990), especially in the detection 
of cancerous growth (LocH et al, 1990). Usually, the image 
of the enlarged prostate and adenoma outline can be seen 
clearly (Fig. 5), and an ellipsoidal model of the prostate 
can be established with the aid of the surgeon. 

3 Ultrasound scannings for use with the manual 
frame 
For the manual frame, the transrectal ultrasound scan 

was carried out pre-operatively, with no anaesthetic 
required. Transverse ultrasound images were obtained at 
5 mm intervals, moving from the bladder neck section 
towards the verumontanum section, as shown in Fig. 6. 
The number of scans taken is dependent on the visibility of 
the capsule boundary, which becomes progressively 
smaller towards the verumontanum and eventually van- 
ishes. 

Two dimensions are read from each scan. These are the 
anterior to posterior (AP) diameter and the width of the 
capsule boundary. Fig. 5 shows a typical image with the 
measurements taken. Based on these values, a sagittal view 
and plan view of the prostate can be reconstructed, as 
shown in Fig. 6. These views are used as a guide to deter- 
mine the extent of the arch movement, so that the correct 
base diameter of the conical cavity to be removed is 

capsuleladenoma adenoma 

boundary boundary 

adenoma i 
1 i' AP diameter 

1 
bladder neck 

side 
/ 

verumontanum 
side 5mm ' 

12"""n 

width 

Fig. 6 Transverse sections for transrectal ultrasound scars: 
(a) Sagittal view: (b) Plan view 

Table 1 Progressively increased base diameters 

Arch 
frame 
indent Arch angle, ° 

Base 
diameter, 

mm 
Compensation, 

mm 
0 0 4.0 0.0 
1 5.75 6.5 0.5 
2 10.5 10.5 2.5 
3 16.5 13.7 2.5 
4 22.5 17.5 4.2 
5 27.5 20.5 6.0 
6 32.7 23.5 8.0 
7 36.0 25.7 10". 0 

achieved, for a given section. Table I shows the base diam- 
eters at various angles of the arch. The compensation is a 
linear distance on the axis of rotation to counteract the 
movement of the cutter, as illustrated in Fig. 3 as X. 

The above procedure has been used for the manual 
frame, and to date 39 patients have gone through the so- 
called 'frame TURP', with very satisfactory results 
(TIMONEY et al., 1991). Fig. 7 shows a sketch of a typical 
resected cavity and the corresponding capsular/ 
adenomatous boundary (obtained by transrectal 
ultrasound), at three cross-sections. The three conical 
volumes of resection were worked out by the surgeon 
using Table I as a guide. Each successive cone is 5 mm 
from the next, as dictated by the transrectal ultrasound 
scans. 

4 Correlating transrectal ultrasound and clinical 
findings 
For a comparison between the transrectal ultraso- 

method and the clinical findings, the bladder nec' 
chosen as a common reference. This was because "' 
montanum could not be identified positively 
ably by the transrectal method. From experiv 

sagittal view _ _-______ TRUS len% 

42 mm (long. 
30 mm (planimt 
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I 
section 1 
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Fig. 7 Typical cavity resected using a frame TURP 
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in those cases where a manual frame TURP was 
employed, a great discrepancy was found between the 
actual prostate length and that measured by transrectal 
ultrasound. The actual prostate length was measured 
transurethrally, by the movement of the manual frame 
head travel, under endoscopic vision, starting from the 
verumontanum to the bladder neck. The prostate length 
obtained by transrectal ultrasound can be of two types, the 
sagittal length or the planimetry length. Sagittal length is 
obtained on the sagittal scan between the bladder neck 
and the verumontanum. The verumontanum is not readily 
identifiable on the sagittal scan, using transrectal ultra- 
sound. Often, the length of the prostate so measured is 
grossly bigger than the true length. Planimetry length is 
obtained by withdrawing the ultrasound probe in steps of 
5 mm, until the capsule boundary, revealed on the trans- 
verse scan, vanishes. Figs. 8 and 9 show graphs of the 
planimetry length and sagittal length of the prostate, mea- 
sured by the transrectal method, against the prostate 
length measured operatively by direct endoscopic vision. It 
can be seen that, in both cases, the coefficient of corre- 
lation r is highly unfavourable (r is the coefficient of corre- 
lation and r2 is the coefficient of determination. The value 
of r2 is in the range 0-1.0 corresponds to no correlation at 
all, and I means all data fall on the least square line). 

In addition to the prostate length, measurements such as 
the width and AP diameter (anterior to posterior height) 
were taken by the transrectal ultrasound, and the clinical 
findings were studied to see if there was a definite corre- 
lation for other transverse sections. Fig. 10 and 11 show 
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Fig. II Width of the prostate at the bladder neck. El = resecte, 
width; r2 = 0.101 

typical comparisons of the width and the AP diameter of 
the prostate, taken at the bladder neck. Similar compari- 
sons were made at several other sections. The coefficient of 
determination (r2) in general was found to lie between 0.1 
and 0.4, which is rather discouraging. 

In Figs. 10 and 11, the resected AP diameter and width 
of the prostate reflect the extent of resection determined by 
the surgeon operatively using the manual frame. The 
transrectal method reflects measurements taken at the 
capsule boundary. The scatter of the data suggests no 
straightforward relationship between the capsule volume, 
which is measured by transrectal ultrasound, and the 
resected volume, which is obtained on the operating table. 

As the verumontanum could not be clearly identified, 
it would seem that there is no positive method by which 
transrectal ultrasound could give an accurate reading of 
the length of the prostate. The prostate length is defined to 
be the distance between the verumontanum and the 
bladder neck, for the purpose of automated prostatectomy. 
Furthermore, the mechanical set-up for providing a datum 
on which the transrectal ultrasound method depended was 
independent of that used for an operation. The axis of 
entrance to the prostate is generally not symmetrical in the 
sagittal plane; therefore, if only transrectal data were used, 
more tissue would be removed from the anterior portion of 
the gland than necessary. Thus the data collected by the 
transrectal method can, at best, be used as a guide for a 
manual 'frame TURP', and cannot be used as a safe mea- 
surement system for the motorised frame. 

In contrast, the direct endoscopic vision method, per- 
formed transurcthrally, is a better way of measuring the 
size of the prostate. First, it offers a direct measurement of 
the prostate, in that both the verumontanum and bladder 
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neck are clearly and positively identified. Secondly, the 
mechanical set-up used for both the transurethral measure- 
ment and for the resection is identical. This means that 
measurements taken can be used immediately and without 
any loss in accuracy as a basis for the operation. 

5 Semi-automated scanning for the motorised 
frame 
This section describes a method of transurethral ultra- 

sound scanning that can be used with the motorised frame. 
The method is semi-automatic in that the surgeon partici- 
pates in defining the size of the prostate, but in a very 
simple manner. Most other tasks needed in the trans- 
urethral scanning are preplanned and are performed under 
the control of a program running on the IBM computer. 
The involvement of the surgeon in the sizing of the pros- 
tate is very important in realising a safe and depend- 
able operation. In theory, image recognition techniques 
can be employed to replace the surgeon. Although this 
could marginally reduce the time spent, the method will be 
technically involved, and its reliability is highly question- 
able. 

Fig. 12 shows schematically the steps proposed for the 
semi-automated scanning. The entire scanning is carried 
out immediately before an operation and should take less 
than 5 min to complete (L Avm. [ as and CINQuna, 1991). 
The motorised frame is mounted in position following a 
preliminary cystoscopy, and a systematic set-up procedure 
is undertaken (Fig. 13). The ultrasound probe is then intro- 
duced onto the carriage of the frame via a bracket, which 
locates the scan proximal to the verumontanum section. 

The distance from the verumontanum to the bladder 
neck is first determined under direct endoscopic vision. 

continue from initial cystoscopy and 
mount up frame 

under endoscopic vision, 
advance head travel forward 

until bladder neck is 
reached. Note the prostate 

length 
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Fam. 12 Flowchart showing steps in sizing the prostate trans- 
urethrally 
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Fig. 13 Flowchart showing set-up procedures for the motorised 
from 

Using the same set-up and under the supervision of the 
surgeon, the head travel of the motorised frame is 
advanced until the bladder neck is reached. The ultra- 
sound image is fed back onto a frame grabber, which is in 
the IBM computer, and an image is reproduced on either 
the main screen or a secondary screen of the IBM com- 
puter. A light pen will be provided for the surgeon to 
outline the capsule/adenoma boundary, which is used by 
the APUI to establish a three-dimensional model of the 
prostate and subsequently to determine the extent of the 
resection. The APUT directs the head travel to move the 
ultrasound probe, at 5 mm intervals, from the bladder 
neck towards the verumontanum, stopping at each interval 
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for light-pen input. The input from the light pen is a digi- 
tised x-y co-ordinate used by the APUI for further numeri- 
cal analysis to form an ellipsoidal model of the prostate. 

The initial set-up is not disturbed during the preliminary 
examination of the prostate to determine its length and 
cross-section, nor during the replacement of the ultrasound 
probe by the resectoscope. This ensures a common refer- 
ence for all activities, which is necessary for a repeatable 
and reliable robotic operation. 

6 Conclusions 
The use of imaging systems for sizing the prostate has 

been discussed, with emphasis on transrectal ultrasound 
scanning and transurethral endoscopic vision. A novel 
robotised procedure for removing prostatic tissue has been 
outlined, which has resulted in a manual safety frame. 
More recently, a motorised frame under software control 
has been used clinically. The importance of basing the 
resection procedure on accurate and reliable images of the 
prostate has been pointed out. Results from experiments 
on transrectal scanning were found to be highly inaccurate 
and unreliable in determining the length of the prostate. 

Attempts were made to correlate the transrectal findings 
with those of the transurethral endoscopic method, using 
the manual frame. It was hoped that transrectal scanning 
could be used to infer prostate dimensions for resection by 
the motorised frame, but no positive conclusion could be 
drawn. As a result, a new procedure is outlined using the 
transurethral method to obtain accurate sizing of the pros- 
tate. This procedure offers accurate, safe and direct sizing 
of the prostate, which can be readily integrated into an 
automated prostatectomy performed by the motorised 
frame. 

An automated surgery, such as that of the motorised 
frame, requires positive imaging of the target tissue, so that 
a safe and reliable operation can be planned by computer 
algorithms. An easy-to-use method of imaging employing 
transurethral ultrasound is described in this paper. 
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A ROBOTICS ASSISTANT FOR PROSTATE SURGERY 

B. L DAVI S*, R. D. HIBBERD'. A. G. TIMONEY + 

Centre for Robotics. Imperial CMege of Science, Technology and Medicine, Exhibition 
Road, London. SW7 2BX 
Department of Urology, St Georges Hospital. London, SWI7. 

Abstract. A special purpose robotic safety frame has been designed and used clinically in 
April '91 for transurethral resection of the prostate. This presents a world first in removing 
quantities of tissue from a human patient by direct action of robot. Details are given of the 
first feasibility studim leading to a final system design. The control system and human 
computer interface are described, together with the more general difficulties in ensuring patient 
safety. 

Key Words. Robas. Medical System, Computer control. Real Time Computer Systems. 

1. INTRODUCTION 

Prostate surgery (or a prostatectomy) involves the removal 
of some, or all of the prostate gland tissue, which has 
grown to block the urinary tract. A conventional 
prostatcctomy, known as Transuretheral Resection of the 
Prostate (TURP), consists of inserting a9 mm diameter 
instrument down the centre of the penis to resect away a 
roughly conical shape of prostate material. This process is 
of a type known as "key-hole" or minimally invasive 
surgery and uses a rod lens endoscopic system for vision. 
The process is difficult to carry out manually, requires 
considerable training and can often take over an hour to 
perform. Therefore the Institute of Urology in London 
approached the Robotics Centre at Imperial College to see 
if it was possible to use a robot to assist with 
prostatectomies. Davies et ei. (1971a). It was hoped that a 
robotic procedure could reduce the time for the operation 
and also require less skill from the surgeon. A shorter 
operational procedure could result in improved safety, not 
only because of the reduced time under anaesthetic, but 
also a reduction in absorbtion of the non-ekctrolitic 
hypo-osmolar solution which is used as an irrigant. It is 
thought that absorbtion of the irrigant can cause an 
increased risk of heart attack. 

2. PRELIMINARY FEASIBILITY STUDY 

In order to initially assess the feasibility of a robotic 
prostatectomy, a conventional 6 axis Unimate Puma robot 
was used A complex sequence of notions is required in 
order to remove a roughly conical shaped section of 
material, in which the apex of the cone is located near the 
base of the penis at the Verutnontanum (a visually 
identifiable feature that most not be cut) and the base circle 
of the cone at the bladder neck. To achieve the required 
trajectories it was found necessary to attach an external 
framework on the conventional robot. An outer frame was 
mounted on the fifth (pitch) axis of the Puma and held the 
cutter assembly. The sixth (rotation) robot axis was then 
used to carry an inner framework on which was mounted a 
high speed rotary cutter and an endoscope. The inner 
frame thus allowed the cutter to rotate to the correct angle 

and reciprocate through its stroke length. The feasibility of 
the procedure was demonstrated using a potato to simulate 
the prostate. The texture of a potato when being cut is 
close to that of human prostate and potatoes (Idaho) are 
frequently used for training purposes. A sequence of 
overlapping single axes cuts was used to produce the 
conical resection in a period of 5 minutes. It was felt that 
the viability of using a robotised procedure was 
successfully demonstrated. However, the range of 
motions that could result from a standard 6 axis robot, to 
which two extra degrees of freedom had been added, was 
too great to ensure safety. Further, the robot's software 
and hardware 'had not been developed with safety as a 
paramount criterion. It was therefore decided to develop a 
special mechanism with the kinematics specific to the 
motions required and that could be moved manually by the 
surgeon. 

3. THE MANUAL SAFETY FRAME 

The use on 8 degrees of freedom robot to produce the 
complex shape required in a TURP, was avoided by 
designing a special manual design safety framework 
having only 4 motions. (see Fig. 1). Davies et at (1989) 
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Fig. 1.3D Schematic of the Safety Frame. 
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The safety frame allowed an endoscope carrying surgery a 
standard diathermic cutting loop to be held on a circular arc 
which was in turn mounted on a ring free to rotate through 
360°. The arc and ring are arranged to give a conical 
motion of the cutter pivoted about the tip of the 
resectoscope. A series of indents on the arc and frame of 
the ring allow incremental motions to be taken to permit 
control of the size of the cone to be removed. The addition 
of stops, clamped to the ring, allow motions to be 
physically constrained to prevent cuts being taken outside a 
predefined range. Thus the frame acts as a safety fixture 
which prevents a surgeon from inadvertently cutting 
outside a predefined volume. The entire framework can 
be fixed to an overhead linear travel axis hung from a 
gantry attached across the operating table. (see Fig. 2). 

U\ .. ý �SIB t "ýr 

transrectal ultrasound inspection. An automatic curve 
fitting routine defines the combined motions of the motors 
to produce the required curved trajectories of the cutter. 
Safety checks are incorporated throughout the software to 
ensure that at no time can the motor/encoder system be 
asked to move the cutter outside the predefined limits of 
the prostate. In addition, a physical clamp system, 
attached to the "arc" drive, ensures that even if the motor 
should attempt to move the cutter outside of the 
predetermined conical shape, it is physically prevented 
from doing so, and the motor will stall. The system is 
under the continuous control of the surgeon who observes 
the procedure on a monitor via a camera attached to the 
endoscope. A continuous display of motor parameters is 
also provided on the PC screen so that the surgeon can 
monitor the motorised system. The motions can be 
interrupted at any time, incorporating inherently safe 
techniques for shut down, and the procedure completed 
manually. In this way, a special purpose "robotised" 
device has been constructed which will be inherently safe. 

:4 

Initially the safety frame was manually powered by the 
surgeon to perform a series of TURP's on 39 patients with 
symptoms of prostatic out-flow obstruction. Post 
operative assessment of the patients showed that the 
operation using the kinematics of the safety frame 
produced results similar to a conventional TURP. Timoney 
et al. (1991). The kinematics of the manual safety frame 
were therefore shown to be appropriate. A robotic 
implementation employing the same kinematic structure 
was designed and each motion motorised with additional 
gear drives. 

4. THE MOTORISED ROBOTIC FRAME 

Like the manual frame, the motorised frame has 4 axes of 
movement. (see Fig. 3). However, each axis is driven by 
a servo motor comprising an integral unit which consists 
of an optical encoder, a 'rare earth' permanent magnet DC 
motor and 'harmonic drive' gearbox. Servo control is 

provided by 2 master control boards, one of which drives 
2 slave controller boards and the other drives an VO unit. 
Each master controller has a program resident in memory. 
These programs interact, through RS232 links, with a 
human computer interface program (in Turbo Pascal) 
running on an IBM PC. The PC is used to control and 
monitor the overall operation. The human computer 
interface program receives instructions from the surgeon 
who can specify the size of the prostate and its shape at 3 
different cross sections, using information obtained from a 

It is not intended that any form of expert system will be 
involved. Instead the knowledge, skill and judgement of 
the surgeon are available at each stage and a conscious 
decision (and keyboard input) is required from the surgeon 
before a new motion is made. This ensures that the 
surgeon keeps complete control of the operation and can 
assure himself that everything is performing satisfactorily. 

The robotic system was first tried clinically in April 1991 

and has now been used on five patients to successfully 
remove part of the prostatic obstruction. The remainder of 
the sequence of cuts was then carried out manually by the 
surgeon in the normal way. The next step is to use the 
transuretheral ultrasound imaging system to more 
accurately define the size of the gland to be removed. The 

transuretheral probe will be mounted on the same robotic 
framework to provide a common datum. In this way the 
size of the prostatic tissue to be removed can more 
accurately be obtained and the robotic system can then be 

used to remove the full adenomatous prostatic tissue. A 

recent grant from the Science and Engineering Research 
Council (SERC) has enabled the purchase of a 
transuretheral ultrasound system and also the laboratory 
investigation of the use of the motorised frame for other 
forms of tissue destruction such as high intensity 

ultrasound and laser. Since the frame can hold positions 
for long periods and also move at a known rate it is ideal 
for carrying cutter tools which otherwise might provide 
safety problems. 
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Fig. 2. Photograph of the Safety Frame auaLhcd to the 
operating table. 

Fig. 3. Photograph of the Motorised Robotic Frame seen 
alongside the Motion Controller and PC. 



5. CONCLUSIONS 

A robotic surgeon assistant for prostatectomies has been 
successfully demonstrated. The gradual experience gained 
through a series of feasibility studies on potatoes, and then 
on human patients, has allowed the safe development of a 
robot surgeon system. The safety of this particular type of 
operation is further enhanced because a pre-existing void is 
being recreated. This means that, provided the robot is 
constrained to move only within the volume to be resected, 
the system is intrinsically safe. The provision of 
mechanical end stops preventing motions outside the 
predefined volume ensure that even in the event of 
software or electronic failure the cutter could not move 
beyond the confines of the tissue which is to be removed. 
This approach has allowed the safe use of a robot assistant 
surgeon on human patients to directly remove large 
quantities of tissue. Since most other systems have used 
the robot to hold a jig or fixture which is then used to 
guide a cutter whose insertion is manually operated by a 
surgeon, the surgeon assistant prostatectomy robot 
represents a world first in actively removing tissue. 

The special purpose device for prostate resection is based 
on robotic principles. An imagmE system is first used to 
size the gland. Data concerning the shape and size of the 
gland are input by the surgeon into the computer. The 
trajectory and number of cuts are automatically obtained 
for that size of gland. The cut sequence is then displayed 
for verification and modification by the surgeon. The run 
cut is initiated by the surgeon. The software asks the 
surgeon to confirm the next cut thus ensuring that the 
surgeon is in control of the procedure at all times. The 
safe use of a robotic device as a direct means of surgical 
intervention has therefore been demonstrated. 

The use is advocated here of a special purpose robotic 
system specifically configured for the task and 
mechanically contained so that even if all software safety 
systems should fail, the robot cannot move outside a 
predefined area. This approach is likely to give a cheaper 
simpler system, more acceptable to surgeons and public 
than a more general purpose robot system Such general 
purpose systems can no doubt be made adequately safe 
given enough sensor and safety mechanisms. However, 
in the authors view, it will be some time before the 
benefits of a general purpose system that can be used for a 
number of operations, will outweigh the increased cost and 
complexity. This reluctance is likely to be further 
compounded by worries concerning the levels of safety 
that should be incorporated in such general purpose 
systems. 
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Robotic Surgery at Imperial College London. 
B. L. Davies and R. D. Hibberd 

Robotics Centre, Imperial College London SW7 2BX. 

ABSTRACT 

The paper presents an overview of the special purpose robot 
surgery projects currently at Imperial College London, Robotics 
Centre. These include: extensions to the prostate robot system 
(first tried clinically in April, 1991 and up to now applied to 5 
patients) which have resulted in a new Science Engineering 
Research Council fu ding initiative; biee surges project (funded 
by a London Hospital) for a robotic device to machine the bones 
of biees for prosthetic implants; a passive manipulator arm with 
electromagnetic brakes which is used for kidney biopsy in 
conjunction with a specially adapted 'C' arm X-ray machine that 
can give 3D quantitative measurements. 

Robotic Prostate Resection 

The clinical use of the automated prostate resection system in 
1991(1) was the result of four years of research, design and 
development by the Imperial College Robotics Centre in 
collaboration with the Institute of Urology. The work stemmed 
from an initial approach by the Institute to see if it were possible 
to reduce lengthy proststectomy operations by the use of robotic 
techniques. Proststectomies involve the removal of some or all 
of the adenomatous growth of the prostate gland which can cause 
restriction or blockage of the urinary track. 

The resection, a transurethal resection of the prostate (TURP), is 
carried out by the insertion of a resectoscope down the ure@rca 
through the penis in order to remove a roughly conical volume of 
prostatic tissue. This is a very common procedure and is 
considered to be a safe operation. However, it is lengthy and 
requires a high level of training and skill. Furthermore, as carried 
out using diathermic cutting, using a tungsten wire loop 
conducting a high frequency high voltage electrical current, it 
brings the risk of absorption of the hypo osmolar fluid used to 
irrigate the operation. This may result in an increase in 
morbidity. 

1.1 Feasibility Study. 

A surgeon carrying out the resection removes "chips" of adenoma 
using the loop. The tissue is removed between the veswnontanum 
(at roughly the base of the penis), and the bladder neck. 
Resection proceeds outwards from the urethra and the cavity 
finally approximates to an irregular truncated cone with its apex 
at the ver mrowmm and the base circle at the bladder neck. 

The first element of the research programme was to conduct a 
feasibility study to investigate the creation of such a cavity using 
conventional robotics. The complex trajectory required was 
difficult to achieve using a standard 6 degree of freedom robot. In 
order to move the cotter in a conical motion about the base of the 
penis without excessive motion of the latter it was found 
necessary to add an additional axis and structural framework to the 
end of a standard six axis PUMA 560 robot. An outer frame was 
clamped to the fifth (pitch) axis. This held an inner frame 
containing a reciprocating cutter assembly ("the 7th axis") which 
was rotated and orientated using the robots 6th (tool roll) axis. 
The inner axis could therefore reciprocate and rotate with reference 
to the external frame. Careful programming was needed to avoid 
singularities which can cause erratic motions. 

The study showed that it was possible to complete a 
rell 

series of 
cuts in about five minutes. a very significant 

fuduction 
in 

operation time. which indicated that the approach had treat 
potential - However, it was considered that the range of motion 
possible using standard robots posed significant safety problems 
for actual clinical we, especially as their development had not 
been carried out with safety as the prime criteria. It was therefore 
necessary to proceed with the development of a special system 
which would provide the specific motions required within a very 
restricted envelope. 

1.2 The Manual Resection Frame 

The strategy adopted was to proceed in a series of incremental 
steps with significant surgeon control. especially in the early 
stages. The first development was the construction of a manually 
"powered" system with a kinematic configuration which would 
provide the required shape of resection with only 3 degrees of 
freedom rather than the seven needed with a conventional 
ant ropomorphic arm (Fig-1). The reciprocating cutter is located 
inside an endoscope which is carried on a circular arc which in turn 
is mounted on a ring that can rotate through 360°. The 
combination of arc and ring is arranged to give a conical motion 
of the cutter with the apex of the cone adjacent to the tip of the 
endoscope. Indents on the arc and ring allow controlled 
incremental movements and shields and stops, mounted on the 
ring and arc. provide a physical barrier to limit the cutter motion. 
The frame therefore, whilst being an analogue of a possible 
automated system, acts also as a safety frame preventing the 
surgeon cutting outside a predefined volume. In subsequent 
development a fourth axis was added. to allow the frame to be 
moved in and out along the axis of the cone. so that long prostate 
glands could be r eted. 

1.3 Procedures using the manual frame. 

Prior b the TURP. the prostate needs to be imaged to identify the 
she aid position of enlarged admomatoos portions of the gland. 
The was carried out trwrectafy. Successive scans at stem 
intervals are taken from the bladder neck to the vmmwtwnum and 
the a torior to posterior height. and the width noted. These 
dimeatian could be used to plan the Arch. Ring, and Head Travel 

motions. Suaasive conical resections allow the cavity to be 

mmICLed to the prostate size and soaps. 

The actual operating sequence following sizing would be as 
follows. After placing the patient in lithotamy (i. e. legs in 

stirrup) the surgeon carried out a preliminary visual examination 
and the resectoscope placed and clamped with its tip just beyond 
the verumonunum. The manual him is then swung in and the 
resecioseope attached without disturbing the position of the 
latter. The resection is then carried out using electrocautary and 
final haemostasis achieved manually with the resectoscope freed 
from the frame. 

This procedure was carried out on approximately forty patients 
with the symptoms of prostate outflow obstroetion. The patients 
were assessed by uroibwmetry and pressure flow studies together 
with tnnsrectal sonography. Detailed results(2) show that 
outflow rates achieved using the frame, pre aid post operative 
average outflow rates of 103 and 22.2 ni /a. compare favourably 

with those found in large studies of patients undergoing 
conventional TURP. 
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1.4 Robotised system 

The successful use of the manual frame led to the development of 
an automated system based on identical kinematics (Fig 2). A 
continuous flow resectoscope with a rack and pinion drive has 
been modified to take a servo motor. As before the resectoscope 
is mounted on the "Arc" on a carriage. This is gear driven along 
the are and is powered by a rare earth servo motor with encoder 
feedback and an epicyclic speed reduction gearbox. Similar drives 
are fitted to the other major axes, the ring and the head travel. 
Servo control is provided by two linked master controller boards 
one of which has two slaves and the other controls input and 
outputs. The whole system is supervised by a PC which also 
provides the interface with the surgeon (the HCI4 human computer 
interface ). 

Safety is ensured at a number of levels. The system can only work 
within a very restricted envelope. This can be further restricted 
utilising hard stops on the individual axes where the actual 
prostate size indicates a reduction in the resection volume. 
Operation of the system is monitored in both the supervisor and 
the controllers and safe shutdown will occur in the event of errors 
being detected. In the theatre the system is under the continuous 
supervision of the surgeon who can observe the procedure via an 
endoscopic camera. Each stage of the operation can only occur 
following positive confirmation by the surgeon who may also 
terminate the activity at any moment. 

Imaging has initially followed the procedure adopted for the 
manual frame. Pre operative transrected scans have been used to 
determine prostate shape and size. This is entered into the HCI 
system which produces projected cut trajectories which can be 
selected by the surgeon. However, studies (3) have shown that 
the transrectal approach whilst giving an adequate indication of 
prostate size is insufficiently accurate for fully automated 
trajectory planning. In the clinical use of the motorised system 
the surgeon his used the system itself to visually measure the 
prostate length. This has then been used to modify the cutting 
plan. In all cases a very conservative approach has been used 
with only a partial resection carried out automatically. As the 
studies proceed full resection will be approached. 

1 .5 Current Research on Prostatectomy. 

The current research programme funded by the SERC is based on 
the studies outlined above. These have indicated a number of areas 
where further work is needed. Although the present programme is 
taking a comprehensive view of the prostate resection procedure 
the work is essentially generic and addresses an issue relevant b 
many eidoscopic surgical procedures. The prime intention is b 
enable the realisation of safe automated procedures which will 
allow faster and less invasive surgery. 

1. S. 2 Imaging and HCI. 

Preliminary studies using transurethral ultrasound have shown 
that more reliable results can be achieved using transurethral 
rather than transrectal images. However. this approach requires 
the patient to be anaesthetised and can therefore only be 
undertaken at the time of operation. Image acquisition must 
therefore be fully automated with fast 3D modelling of the gland. 
The 3D model can then be matched to possible resection plans for 
surgeon confirmation. This work is underway and is linked to 
developments in the Human Computer Interface aspects of the 
work. Overall control remains with the surgeon who must be able 
to easily and accurately assess the situation to and during the 
operation. Clear and unambiguous information needs to be 
presented with similar responses demanded. 

1.5.2 Sterility 

Sterility has been achieved so far by sterilising the mechanical 
parts of the frames and by sheathing motor and electrical 
equipment. This is time consuming process and the techniques 
used are being assessed in order to develop more rapid procedures 
without compromising sterility. 

1.5.3 Cutting Modality 

The use of electric cutting. whilst being an effective and reliable 
technique, has disadvantages for automated surgery. The non 
axisymetric nature of the cutter increases system complexity as 
cutting loop has to be carefully orientated. The loop is also 
somewhat fragile and has a lower life when used automatically. 
Perhaps its greatest disadvantage is that it results in a very high 
level of electromagnetic interference, demanding very careful 
shielding and protection of all the electronic system. For these 
reasons research is being directed at alternative cutting procedures 
using high frequency ultrasound, laser cutting and mechanical 
liquidation and aspirations. 

Knee Surgery. 

A preliminary feasibility study has been funded by the Middlesex 
Hospital Trust to investigate the use of robot systems for knee 

surgery. Reasons for using robotic systems are their improved 

accuracy together with the possibility that the operation time 
may be reduced. However, a further reason is the potential for a 
minimally invasive procedure. This will naturally require the 
insertion of relatively small prosthetic implants and implies the 
use of a pair of unicondylar prostheses inserted through small 
incisions either side of the knee. A robotic system is necessary 
to achieve the complex but precise motions that are required. A 
special purpose small reach robot system, which can be 
mechanically constrained for safety so that it can not damage 
either patient or medical staff, is being constructed at Imperial 
College. 

It is proposed to take CT scans preoperatively. without the use of 
invasive markers. A 3D computer model will then be generated 
and used as a basis for planning the operation. Registration of 
the robot with the computer model and with the patients leg will 
be achieved by infra operatively checking a series of points on 
the bones. This forms an anatomical surface which can then be 
matched with the 3D model. As with the prostate surgery project, 
is is felt that a special purpose robotic knee surgery system, with 
mechanical constraints, will be intrinsically easier to make safe 
than the use of a general purpose robot. The latter tend to have a 
large number of axes acting simultaneously. are big and powerful 
and have a large reach. All of this requires complex and 
expensive safety monitoring systems. Since the safe use of 
active robots next to patients is still an area of considerable 
debate, it is felt that such general purpose systems will be a 
longer to.. solution. 

3. Computer Assisted Renal Treatment 

There are a number of surgical applications for which the fully 
active robot system discussed above is not necessary. For these. 
what is primarily required is the ability to locate the coordinates 
in 3D space of a part of the anatomy using an appropriate imaging 
system. A simple manipulator arm will position measurement is 
then used to point to the same feature so that e. g.. a biopsy needle 
can be entered. This implies that the arm must be able to datum 
operatively to the same feature that was pre operatively imaged, 
which is not always a simple task. The addition of powered 
brakes to the manipulator enables the arm to be held in a fixed 
position for considerable lengths of time e. g. to permit treatment 
with radioactive seeds. This type of approach, which uses a 
passive arm instead of an active robot, is often preferred not only 
because it is simpler and cheaper but, because control remains 
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totally in the hands of the Surgeon, is more acceptable in the 
short term to the medical community. 

An example of this type of activity is that of a passive 
manipulator with electro magnetic brakes, which is being 
investigated at Imperial College for use in renal treatment. The 

particular task being demonstrated is that of Percutneous 
Nephrolithotomy (PCNL) in which renal stones are removed in 
order to restore renal function reduced by renal or upper ureteric 
calculi. Conventionally these are removed by Minimal Access 
Surgery (MAS) in which a general purpose Xray an ultrasound 
imaging system is used to locate the target in 2D space and a fine 

canula is introduced through the skin until it enters the particular 
calyx of the kidney where the stone resides. 

The difficulty is that the Surgeon has to interpret 2D imaging data 
(which is not quantitative) and translate this into a series of 3D 
hand motions. The result is that the canula often appears to be in 
the appropriate calyx on the 2D image plan view but is in fact 
either above or below the calyx if a side image were obtained. thus 
the successful targeting needs considerable skill and can require a 
number of interactions to achieve the correct target. Since for 
clarity the preferred imaging modality is X ray, this can result in 
excessive exposures to both patient and, more detrimentally the 
Surgeon, whose hands can be particularly at risk from routine 
daily exposures. It was felt that the use of a quantitative imaging 
system with an associated manipulator arm, whose joint 
positions are sensed, would enable a "right first time" targeting 
procedure that would benefit both patient and Surgeon. Not only 
would the patient be saved multiple 'punctures' with the risk that 
an inappropriate track could be opened up that would constantly 
deviate the canula from its desired target, but both patient and 
Surgeon could have less exposure to X rays. Hopefully the 
procedure could also become much faster, reducing twice under 
anesthesia with attendant safety benefits and the reducing costs. 

The problem is that the process is not generally considered to be 

of high risk and so the cost that can be justified for equipment 
must be low. The traditional location for the activity is in the 
radiology suite where the canula is inserted by the radiologist 
using a standard over/under couch fluoroscope. If subsequent 
surgery is required, the patient is usually then moved to an 
operating theatre where a C-arm X ray machine is used to obtain 
qualitative images. There is also a desire by Surgeons to have 

control of the total procedure and for it to take place in the 
operating theatre which is equipped for all emergencies, without 
the need to transport the patient from the radiologists suite with 
attendant delays and risk of displaced canula. 

Since the operating theatre C-arm is readily available, it was 
hoped that this might be transformed into a quantitative 
measuring device of sufficient accuracy so that it could be used to 
provide the manipulator arm with the required referencing data. 
Alternatively, referencing could be supplied cheaply via an 
ultrasound imaging system, although imaging quality is not 
generally considered to be as good as for x-ray. Having obtained 
the 3D coordinates of the target a passive robot manipulator is 

needed to point a biopsy needle, held at its tip, at the target. 

3.1 The Passive Manipulator. 

The passive manipulator under development at the Imperial 
College Centre for Robotics consists of a5 DOF 
anthropomorphic arm designed to accomodate a variety of 
sterilizable end-effectors, such as biopsy needle guides and 
endoscope fixators. (Fig 3). The arm is intended for direct 
mounting onto the operating table and is counterbalanced for 
nearly static behaviour. The arm's joints are equipped with 
potentiometers for angle measurement, interfaced to a 387 IBM 
PC via a 14-bit AID card. The 5 DOF design facilitates the end- 
effector's manual placement in specified configurations, a task 
that can be difficult with 6 DOF manipulators [4). This is due to 

the fact that the desired end-effector configuration is not always 
fully specified, as a number of surgical tools (needles in 
particular) are axisymmetric and thus indifferent to rotation about 
their main axis. In order for the arm to hold a tool in a fixed 
configuration, each joint is equipped with an electromagnetic 
brake. To ensure operational flexibility, brake activation is under 
dual control. i. e. software driven and footswitch activated. The 
three major axes are also equipped with mechanical locks, 
intended for application once the desired entry configuration has 
been finalized. The arms rigidity is further enhanced by the four- 
bar-link configuration of the longer "reach" links. 

The manipulator is subjected to sensor and kinematic calibration. 
Each potentiometer is independently calibrated and matched to a 
particular joint. The kinematic calibration aims at a 25 cm cube, 
which is the expected volume of interest for renal procedures. The 

calibration technique is similar to the well known 2D 
"chessboard" approach of sampling a matrix of reference points 
(5). but is enhanced by the use of a 3D "chessboard". developed 
for this application in conjunction with a matching calibration 
probe end-effector. 

3.2 Coordinate transformations 

The operating table, with the manipulator base attached to it and 
the patient lying on it, constitutes the physical world described 
by the World Coordinate System (WCS), whose origin is located 

at the passive manipulator's base. The need exists to relate this 
WCS to the Image Coordinate System, (ICS), of each intra- 

operatively obtained image. It is intended that general purpose X- 

ray fluoroscopy or Ultrasound imaging equipment be used, 
without subjecting it to any modifications. The only requirement 
concerns the availability of video signal input/output facilities, 

through which the PC will communicate with the imaging 
devices. 

For X-ray guided procedures. a C-arm is required, as it offers the 

necessary flexibility to select optimum viewpoints. There are two 

aspects to the referencing of an image's ICS to the WCS. The first 

concerns the C-arm's optical properties. which must be calibrated. 
This is referred to as internal calibration. The X-ray projection 

process is fairly linear and can be approximated by a cone, with 
its vertex at the X-ray generator's focal point and its base on the 
image intensifier's input surface. However, the image 

intensification process introduces considerable distortion, as the 
image intensifier and video camera exhibit nonlinear optical 
properties. A calibration object (Fig. 4) has been manufactured 
that will enable the optical calibration of any directional X-ray 

fluoroscopy system, with a method specifically developed for this 

application. The method derives global as well as image sector 
specific transformations that map the distorted digital image. 

acquired by the PC from the C-arms video output. onto an 
undistorted image on the image intensifiers input surface. This is 

the image that would form on in X-ray film placed on the image 

intensifier's input surface, as is the case during conventional 
radiography. 

The second aspect concerns the C-arm's position and orientation 
in the WCS. whose determination is referred to as external 
calibration. This requires the imaging of a number of reference 
markers, whose coordinates arc known in the WCS. The large 

volume and variation in size of patients' abdominal regions 
precludes the use of fixed marker clusters, while the soft tissues 
compliance renders the attachment of markers to the skin 
questionable. Any such approach would complicate and interfere 

with the surgical procedure, while severely limiting the feasible 
disparity of viewpoints. The requirement for flexible imaging 
from a variety of viewpoints indicates the need for a tree marker 
cluster that can be positioned arbitrarily, resulting in the 
development of a radiolucent passive manipulator end-effector. 
The end-effector carries suitable markers and is designed to be 
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included in the "picture" without obstructing the object of 
interest. A minimum of six markers is required to derive the 
external calibration parameters. Measurement of marker image 

coordinates will enable the determination of a transformation 
from the WCS to the ICS. allowing the projection of any 3D world 
point visible from that viewpoint onto the image. This enables 
the display of a physical or virtual needle's position on an X-ray 
image, provided the needle is placed with the passive manipulator 
within the C-arm's field of vision for that particular image. 

For Ultrasound guided procedures, a B-type sector scanning probe 
and needle guide can be directly mounted on the passive 
manipulator by means of an appropriate end-effector. The probe 
will require calibration, which can be effected by means of a 
suitable Ultrasound phantom. The WCS is directly referenced to 
the ICS by virtue of the probe being physically linked to the 
passive manipulator. allowing the projection of any 3D world 
point lying on the scanning plane onto the image. 

The use of a passive manipulator enables the correlation of X-ray 
and Ultrasound modalities. X-rays offer superior image definition 
at the expense of radiation exposure, while Ultrasound offers 
continuous live imaging without radiation hazard at the expense 
of image definition. These imaging modalities can be used in a 
complementary way: X-rays can be employed for the initial 
kidney examination, the identification of the target stone and the 
establishment of the required needle configuration, while 
Ultrasound can be used for live imaging guidance during needle 
penetration. During Ultrasound guided biopsy, the needle's 
position can be projected onto X-ray images obtained and 
referenced before the penetration, as well as the live Ultrasound 
image, thus providing simultaneous correlation of the WCS with 
both X-ray and live Ultrasound images. 

3.3 Procedure for Renal Imaging and Target 
Acquisition 

As discussed previously. the proposed manipulator assisted 
method is primarily intended to offer guidance during the initial 
"access" phase of the procedure. However, it should be noted that 
the passive manipulator can be used with great flexibility 
throughout the duration of a surgical procedure as a toolholder. by 
virtue of its 3D 'awareness" and computer controlled brakes on 
the joints. 

3.4 Using X-ray guidance 

For passive manipulator assisted procedures under X-ray guidance, 
a requirement exists for two or more parauaxed views of the 
kidney. In theory, the more the views the better the surgeons 
understanding of patient anatomy. In practice, it is sensible to 
acquire as many views as can be displayed simultaneously. For 
every suitable viewpoint, the passive manipulators radiolucent 
end-effector must be brought into view, the passive manipulator 
locked in that configuration and an image acquired. Location of 
the end-effector's markers on each image provides the means to 
compute the WCS to ICS transformation. It is imperative that all 
images be acquired in phase. i. e. the same point in the breathing 
cycle, so that they all correspond to the same kidney 3D spatial 
location. This is usually at mid- inspiration; however, the 
extreme of the breathing cycle may prove more repeatable. 
Alternatively, the breathing can be interrupted by the 
anaesthesiologist at some repeatable phase and the images 
acquired. 

With the image acquisition step completed, a sterile needle 
carrying end-effector is mounted on the passive manipulator. The 
needle is virtually extended by software, to assist the selection of 
entry configuration. The needle is placed in position, with its tip 
just off the desired point of entry and its virtual extension 
projected onto the images. The needle and its virtual extension 

must be adjusted so that the virtual tip appears on target on all 
images, thus establishing the correct configuration for entry. 
With the needle configuration finalized, the passive manipulator 
must be locked and the end-e fector's depth stop set to correspond 
to the virtual extension length. Should the manipulator be used to 
explore alternative approaches. each "final" configuration can be 
stored and re-established by the strgeon under software guidance 
with a graphic model display. An alternative method entails the 
selection of target points with stereo triangulation. A target 
point visible on two or more images may be directly selected on 
each image with a mouse. Stereo triangulation is employed to 
solve for the target point's 3D coordinates. The matching of 
points on different images can be facilitated with the display of 
matching epipolar lines. Using the passive manipulator as a 3D 
digitizer, the desired point of entry must be "logged" on the skin. 
The PC can than derive the required end-effector configuration and 
guide the surgeon to adjust the passive manipulator with the 
graphic model display. 

For procedures performed with the breathing interruption method 
the passive manipulator remains locked until the needle has 
reached its full depth. Entry is effected in breathing phase with the 
images. If the interruption of breathing is not desirable, a number 
of alternatives can be considered. The use of an end-effector 
rigidly coupled to the biopsy needle will require the manipulator's 
joints to be unlocked after the first few centimetres of 
penetration. The surgeon must then handle the end-effector in 
such a way as to cause the needle to advance to its pre-set depth 
while following the tissue's movement. If no 3D information on 
the needle's configuration is required during this "free" insertion 
phase, the end-effector can be uncoupled from the manipulator to 
serve as an independent depth-stop mechanism. An alternative 
scenario entails the use of an end-effector that allows flexible as 
well as rigid coupling of the needle. After the first few centimetres 
of penetration, the passive manipulators joints remain locked 
while the needle is allowed to follow the tissue's motion within 
elastically applied constraints, until it has reached its full depth. 
The use of a spring-firing mechanism is also being considered. 
With the manipulator locked and the depth stop set, the needle can 
be fired in and released at once, the target having moved 
imperceptibly during the entire process. 

3.5 Using ultrasound guidance 

In the case of Ultrasound guided procedures. the kidney can be 

constantly visualized in real time without any concern for 

radiation exposure. With the Ultrasound probe and needle guide 
mounted on the passive manipulator with a suitable end-effector, 
the needle is virtually extended by software and displayed on the 
image. The probelneedle assembly must be placed so that the 
needle's tip is just off the desired point of entry and the target is 
visible on the image. The needle and its virtual extension must be 
adjusted so that the virtual tip coincides with the target. With the 
needle configuration finalized, the passive manipulator must be 
locked and the end-effector's depth stop set to correspond to the 
virtual extension length. Entry is effected under continuous 
monitoring and the needle advanced a few centimetres. to that the 
correctness of its configuration may be verified. This can be 

easily determined by virtue of the continuous live imaging. The 

end-effector is then uncoupled from the manipulator and the needle 
advanced to its pre-set depth under live monitoring. As discussed 
previously, it is also possible to establish the correct 
configuration for penetration under X-ray guidance and then 
perform the puncture with Ultrasound imaging. 

4. Conclusions 

A PC-based passive manipulator assisted method provides 
surgeons with a 3D navigation capability, while operating under 
conventional 2D imaging equipment guidance in a way that can be 

considered safer than for fully active robot surgery. [6). The 

method enables the correlation of infra-operative X-ray and 
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Ultrasound images with patient features and is intended to assist 
in the planning and execution of Manipulator Aided Surgery for 
the kidneys and other deep lying organs. 

The need exists for widely available low cost 2D imaging 
equipment, such as the C-arm type of X-ray machine or the B-type 
sector scanning Ultrasound probe, to offer quantitative guidance 
in the operating room, without any support from expensive. high 
resolution 3D imaging systems, whose use is unjustifiable and 
impractical for a large number of surgical procedures. Surgical 
navigation enhancement should be made available through a 
simple, low cost PC-based system, that can provide surgical tool 
guidance in relation to infra-operative medical images. The 
system should be impervious to electromagnetic or sonic 
disturbances and surrounding ferrous material; it should allow the 
establishment and constraint of specified tool configurations in a 
repeatable way. These requirements lead to the development of a 
rigid, lightweight and counterbalanced passive manipulator with 
computer controlled lockable joints, that enables a variety of 
sterilizable end-effectors to be accurately positioned in 3D space. 

Minimally invasive prosthetic implant knee surgery represents a 
challenging task in that it not only requires a robotic solution but 
also implies that new prosthetic implants need to be designed for 
minimally invasive use. As an active robotic system, however. 
the special purpose device should be relatively small and will be 
easier b make into an intrinsically safe solution. 

The prostatectomy robot represents the most advanced of the 
projects at Imperial College. Not only have clinical tests been 
carried out using an active robot system but follow up work has 
been funded by the UK Science and Engineering Research Council 
The range of projects described above are typical of a group which 
aim to investigate the most appropriate fors of robotic surgery 
systems for specific tasks. 
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Safety of medical robots 
Brian Davies 

15.1 INTRODUCTION 

Unlike industrial robots, medical robots do not have dear safety guidelines. 
The health and safety requirements for industrial robots suggest that they 
should not operate in contact with people, but should be isolated in a cell 
with safety interlocks, for example on the doors, to prevent the robot 
functioning while people are in the cell. The only exception to this is that 
the robot may be programmed by a skilled operator in the cell. During 
programming the robot can only move under reduced speed conditions 
while the operator keeps out of reach of the moving arm. If medical robots 
were to operate under the same requirements as industrial robots, they 
dearly would be very limited in their capability and application. 

Medical robots, like domestic robots, are a new application in which, to 
be fully effective, they must operate in contact with people. Such a concept 
represents a new departure for robots, and appropriate safety procedures 
have yet to be defined that would allow them to carry out their functions 
with adequate safety margins. On the other hand, such safety margins 
should not require the robots to be so complex and high in cost that they 
are priced out of the market The questions of how adequate the safety 
must be and how safe is `safer are matters that need to be discussed by the 
community at large. 

It is generally recognized that even where safety is of over-riding 
importance, for example, in the space shuttle, there is no such thing as 100 
per cent safety, and errors in software and failures of hardware do occur, in 
spite of replication of systems and the very high costs which ensue. What 
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is needed is a recognition that the benefits to be obtained from medical 
robots are such that a small amount of risk is inherent in their use, and a 
confidence that this is justifiable and acceptable. This is not to say that 
unsafe or unsound medical robot systems should be utilized. Every 
reasonable effort should be made to ensure that the system is as safe as it 
possibly can be. Having done this, it is likely that some risk, no matter how 
small, will still be present. 

However, in the field of medical robotics, there is almost never a case 
where failure to function will result in a life-damaging situation. Provided 
that the medical robot is designed to fail in a safe manner and come to a 
controlled halt so that it can be removed and the procedure completed 
manually, no danger to life should ensue. This is unlike the case of, say, a 
military aircraft, which could not be flown manually if the computer 
control system failed. In the event of failure, medical robots can generally 
be removed and the procedure completed manually without any risk to the 
patient, and this is preferable to having a very long mean time between 
failures (MTBF), which is a less important criterion. 

Justification for the use of medical robots is not easy to quantify. In the 
early days of the motor car, it was considered necessary for a man to walk 
in front with a red flag. It is accepted nowadays that motor cars bring 
sufficient benefits for their unconstrained use (even when being driven at 
high speed along motorways) to be considered acceptable, and for the 
number of injuries and deaths which occur annually to be considered 
justifiable. If a medical robot allows a life-saving operation to be performed, 
such as when a surgery robot is used for brain tumour removal (a process 
which could not be carried out as accurately manually), then one could 
argue that, provided all reasonable safety measures have been taken so that 
failure of the system is rare, the overall use of the robot is justified. Because 
its use would save lives which would otherwise be lost, the use of 
expensive safety measures would also be easy to justify. 

However, such arguments do not generally apply to the majority of 
robot surgery applications or to those of manipulators in the rehabilitation 
field. Here the robots are generally functioning as a replacement for 
human activity, simply because they are more accurate, are faster, or do not 
require the continuing attendance of a person. The benefits that accrue are 
therefore generally less easy to quantify and are concerned with cost saving 
or convenience. Since these benefits are not life critical, the safety measures 
needed, and to what extent they can be justified in terms of complexity and 
cost, are less dear. What is needed is for the medical community to make 
recommendations of a level of safety which is acceptable, with the various 
implications discussed so that users, helpers, relatives, - and the public at 
large, can come to a consensus on what is an agreed standard. 

If such a consensus is not achieved, the development of medical robots 
(and domestic robots) will continue to be slow. Companies are 
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understandably reluctant to develop new products when the required 
levels of safety and the attendant legal issues are not clear. It appears that 
in the UK and, to some extent, in the rest of Europe, it is an adequate 
defence, in the event of an accident resulting from equipment failure, for 
the equipment to have been designed and manufactured to 'best current 
practice'. However, since standards of best current practice have yet to be 
laid down, the issues are still not dear and would have to be tested in law 
before they can be clarified. 

The situation in the USA, which is a potentially large and lucrative 
market is even less dear, since design to best practice is not considered to 
be an adequate defence in the event of an accident. The American practice 
of charging legal fees only when a court case has been successful makes the 
likelihood of being sued in the USA even greater. Such concerns about the 
uncertainties of how safe products should be, and about the legal 
implications, have limited the development of medical robots. 

15.2 SURGEON ASSISTANT ROBOTS 

One approach to the safety of surgeon assistant robots has been to suggest 
that their safety levels should be better than those achieved by conventional 
surgery. At first sight, this is an attractive proposition because the robot 
would be safer than the traditional surgeon. However, in practice this 
concept would give rise to considerable difficulties. Firstly, the exact safety 
record of traditional surgery, in specific applications, is very difficult to 
obtain. Secondly, statistical estimates of robot surgery safety would not be 
acceptable. It would be necessary for the robot to perform a number of 
operations to a degree of safety greater than that expected of a human 

surgeon. However, if a failure did occur earlier than a given predicted 
time, which is statistically possible, it would be difficult to argue a case in a 
court of law on the basis of statistics. No matter when a robot failure 
occurred, if this resulted in an accident, it is unlikely that the damaged 
parties would waive their rights to sue the robot supplier simply on the 
basis of statistical probability. 

A further aspect to this problem is that, when surgeons use simple tools 
and an error occurs, it is seldom that those tools and the manufacturers are 
blamed. It is often accepted that surgery is a risky business and unless the 
surgeon has been negligent, no court case results. However, when the 
surgeon uses a relatively autonomous piece of equipment, such as a robot 
assistant, it is difficult to see how the surgeon will be totally liable. It is for 
this reason that the author believes it is essential, when using robot 
assistant surgeons, to involve the surgeon wherever possible to confirm 
decisions throughout the surgical procedure. On the basis of the information 
displayed by the sensor systems and the human-computer interface (HCD, 
it would then be the surgeon's judgement whether to proceed with the 



196 Safety of medical robots 

operation. 
One successful approach to these difficulties has been undertaken by a 

group in Grenoble for head surgery [Lavallee 89]. Here a six-axis robot has 
been used to carry a jig or fixture close to the head of a patient. When the 
fixture is at the correct position and orientation, a series of cutting 
instruments are clipped to the jig and used by the surgeon manually. Thus 
the robot is reduced to a preliminary role as a positioning jig and not for 
direct intervention. The safety of the robot is further assured by introducing 
a very large reduction gear ratio to each of the motor output drives. This 
means that in the event that something goes wrong with the robot, there is 
plenty of time to hit the emergency 'off' utton, because the robot is 
moving so slowly. 

Another approach has been suggested in which a standard robot uses 
high-level software to monitor the motions of the operational robot. This 
may have problems, because the monitoring is at a high level and not at the 
hardware servo level and, hence, it may be slow to act. It is possible to 
imagine a scenario in which the servo is moving in a straight line when 
failure causes it to try to take off at high speed in the same direction. The 
inertia of the system may cause the robot arm to travel some distance 
before the fault is detected by the high-level monitor and the brakes can 
bring the arm to a halt. It could be argued that only hardware monitoring 
at the servo level will give the necessary speed of response to avoid 
damage in critical instances, even though the robot is restricted to the role 
of carrying a jig or fixture. 

Some redundancy in sensors and software systems is also desirable for 
reliability. Dual sensors, one on each servo motor and one on each output 
drive, could act as checks that the drive output system is not slipping and 
that encoder integrity is being maintained. Dual software systems running 
on separate transputers in parallel are another means of checking for errors. 
Additionally, all software codes must be assured. While dependable 
computing systems have made great strides, complex software still cannot 
be guaranteed to be totally safe. 

One answer to these computing problems could be to have two software 
systems running simultaneously on two different pieces of hardware. For 
further integrity, the software would need to have been independently 
generated by separate groups using completely different language systems. 
The two systems would need to be run in parallel and to come to the same 
conclusion before an action could be taken. The cost and complexity of 
such a system would be likely to prohibit its use from all but the most life- 
critical robot surgeon assistance. 

A solution adopted at Imperial College has been to design a special- 
purpose robot for a particular surgical procedure to operate within a 
localized region. Associated with this concept is that of a mechanical 
constraint which physically prevents motion outside a limited area. This 
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approach was arrived at because it was felt that anthropomorphic robots 
capable of reaching a large volume space (the very feature which makes 
them attractive to industry) could, in the event of failure, fly off in any 
direction, causing damage to patients, surgeons and other participants. 

A further implication of this approach is that, where possible, axes 
should be moved sequentially, one at a time rather than in parallel, to 
minimize the volume of space which can be swept out by an unforeseen 
motion. This implies that complex shapes resulting from the interaction of 
many axes of motion may need to be approximated by a series of simple 
shapes, resulting from a sequence of single-axis motions. In addition to the 
usual sensor-based software limits on motion, mechanical stops may need 
to be positioned for each programmed size of cut, physically to restrict the 
range of motion to a safe and acceptable limit should anything unforeseen 
occur. 

This concept of a special-purpose robot with mechanical constraint has 
been developed at Imperial College Robotics Centre, for the design of a 
surgeon assistant for prostatectomies [Davies 91a], [Davies 91b]. 

153 A ROBOTIC SYSTEM FOR PROSTATECTOMIES 

A special-purpose frame has been designed for transurethral resection of 
the prostate. The frame carries a standard resectoscope and is driven by 
rare-earth permanent magnet motors with integral optical position encoders. 
The control system is monitored by a PC for which software has been 
written to allow the surgeon to specify the size of the prostrate and its 
shape at different soss sections. Using information obtained from a prior 
ultrasound inspection, automatic curve-fitting routines define the combined 
motion of the motors. This produces the required curved trajectory of the 
cutter, and also a sequence of single-axis motions which approximate the 
required shape. 

Safety checks are incorporated throughout the software to ensure that at 
no time can the motor/encoder system be asked to move the cutter outside 
the predefined limits of the prostrate. In addition, a physical clamp system 
attached to the arch drive ensures that even if the motor should attempt to 
move the cutter outside of the predetermined conical shape, it would be 
physically prevented from doing so and the motor controller would cut 
out. The system is under the continuous control of the surgeon who can 
observe the procedure on a monitor via a camera attached to the endoscope. 
The motions can be interrupted at any time, incorporating inherently safe 
techniques for shutdown, and the procedure then completed manually. In 
this way a special-purpose robotized device has been constructed which is 
inherently safe. . The system has been applied clinically on four patients to partially 
resect the prostrate, with the process being completed manually by the 
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suu 1 -on. This represents a 'world first' in using a robot system directly to 
remove quantities of tissue from a live patient. Further improvements in 
the prior imaging procedures are being undertaken to ensure a completely 
automiated prostatectomy. 

Many of the safety implications of robotic surgery are being avoided by 
the use of computer-assisted surgery. A typical example is that at Aachen 
where ear, nose and throat surgery is being carried out [Adams 89). Here a 
passive arm is used to carry tools. Each joint on the passive arm is 
instrumented and can be locked using electromagnetic brakes. Prior to the 
operation, an NMRI scan of the head is used to provide three-dimensional 
coordinates of targets to a computer database, with reference to a chosen 
datum object. 

In the operating theatre, the passive arm is referenced to the same 
datum object, so that motions of the arm can be referenced to the images in 
the computer database. A display screen can then track the position of the 
tools on the end of the arm, with respect to the head target area. Since the 
surgeon is holding the tool and moves it directly to provide its power, he is 
in control of the process and relies on the computer system for tracking 
information. Thus the possible malfunction of robot arm servo systems is 
removed from the activity. The accuracy of the arm pointing system and 
the associated database can be checked beforehand, thus minimizing possible 
problem areas; and safety is increased by reducing the function of the robot 
to that of advising the surgeon rather than carrying out operations for him. 

15.4 MEDICAL ROBOTS IN REHABILITATION 

The use of medical robots in assisting the disabled is becoming more 
common-place. Potential locations for the manipulator range from no 
contact to full contact with the user. The former case emulates the 
industrial situation, so that the medical manipulator is part of a workstation 
with an envelope of reach which is always out of contact with the user; 
thus, potential safety problems are largely avoided. In this case, the robot 
can only place items on to a receptacle, for example a rotary table, from 
which the user has access to them. Unfortunately, although this is potentially 
a very safe solution, it is also most limited in its benefits to the user. Also, it 
is necessary to fence off the manipulator arm from both helpers and the 
public. 

The next safe concept is one in which only the extreme reach of the 
extended manipulator arm comes near the user. This is often used as a 
workstation configuration in which the arm is used as a feeding aid, 
presenting food at its full reach for the user to move the head, for example 
to eat from a spoon. Although this a fairly safe solution, it is seldom 
possible to fix the user location rigidly. Thus, if, say, the user slumps down 
in a wheelchair, he could be within the envelope of arm motions. Similarly, 
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long tools held in the gripper could also strike the user. 
An alternative solution would be to make the arm have very low force 

and speed, not just lunited by software or, say, force control, but by ow 
intrinsic capabilities of the arm. This has some merit because the disabled 

user is usually content with a slow motion, as long as there is not a long 
delay before an observable motion starts. However, the low force usually 
implies that the arm must be capable of lifting the heaviest design load at 
the longest reach. Thus, when the arm is in a bent configuration with a 
light load, it will still be capable of exerting a significant force. Also, even if 
the arm is so lightly powered that it can be pushed away with the chin, the 

resulting force capability. could still damage the eye if the gripper were 
carrying a sharp object. 

A further possible configuration is to place the arm totally within reach 
of the user, for example on the arm of a wheelchair. This has the merit that 
it can be of considerable benefit to the user, particularly if the arm can also 
reach to the floor and to a high shelf. However, it can potentially reach 
(and hence damage) not only the user, but helpers and passers-by. This can 
be partially guarded against by designating 'no-go' areas for the patient, 
operating at slowest speed when the arm configuration is, say, near the 
head, and totally preventing motion where the arm could strike the head. 
This, however, has the problem mentioned earlier that it is very difficult to 

so constrain the user that the no-go areas are constant with reference to the 

chair. 
While this objection could be overcome with additional sensing which 

could adapt the no-go areas to suit the user's cJrrent posture, this implies 
considerable extra cost and does nothing for the public passing by, who 
may adopt any position and breach the no-go concepts. For them, much 
more sensing would be needed to warn of an impending collision and stop 
the arm. All such emergency procedures would require elaborate safety 
status checks before the arm would be re-initialized. It can be seen that as 
further systems are added to take care of potentially unsafe situations, the 
complexity and cost rise until the system becomes unlikely to be used. At 
some level of complexity, it is likely that we must all accept that medical 
manipulators are potentially hazardous devices and that reasonable care is 
needed when they are used. 

The medical manipulator becomes more of a hazard when part of a 
complex control system, for example a powered wheelchair with powered 
adjustable seat position and an environmental controller. The integrated 
control system needs to take account not only of the individual devices, but 
also of the potentially unsafe outcomes of a combination of the device 
activities or capabilities, for example attempting to pass through a doorway 
at speed while the arm is extended, or trying to turn the chair abruptly 
while the arm is carrying a load at full reach. 

Many of the problems of this type of system have come to light in a 
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European TIDE' project concerned with medical mobile manipulator 
systems, in which the author is concerned with safety issues [Davies 921. 
Whilst this TIDE project has been primarily concerned with the specification 
of an international bus structure for a collection of sub-systems (pu%vered 

wheelchairs, manipulators and environmental controllers), it has also 
highlighted particular problems for medical manipulators in this role. For 

the wheelchair and other systems, a 'dead man's switch' (DMS) has been 

recommended. With this, for any prime mover to continue to act, a switch 
has to be positively held in an 'on' position. The moment that the DMS is 

released, power is removed from the local prime mover power relays. 
However, such a severe stop would be disadvantageous for the smooth 

control of a manipulator, so, instead, it is proposed for this device to have a 
DMS linked to a zero velocity command, fed into the normal control 
system. 

This concept is further supplemented by a speed cut-off, at the prime 
movers themselves, if the zero velocity control command fails to act within 
a certain time. Safety integrity is further enhanced by the use of safety 
monitoring, both of the central control functions and at the sub-system 
power module levels. The safety monitors would remove power from 
different areas, depending on the fault, and report back to the central 
display unit. In addition to the continuous action of holding a DMS closed, 
there is also a need for a large red button, prominently displayed, as a final 

emergency 'off' switch. 
Probably the most unpredictable environmental configuration is when 

the manipulator arm is placed on a free-roving mobile robot. The whole 
system is then so complex that a simple but safe HCI is difficult to achieve. 
Also, the arm can be carried by its mobile platform into many different 

configurations, out of sight of the user, who then has to be reliant on the 

partial view obtained from camera systems attached both to the mobile 
platform and to the manipulator arm. The use of 'islands of safety', 
implemented, for example, by light curtains, may become necessary. 

15.5 CONCLUSIONS 

From the above discussion, it can be seen that the greatest potential for 
benefit tends to come from medical robot systems which put the user and 
public at the most risk. While it is possible to guard these systems with 
additional software and sensing, this has the penalty of increased complexity 
and cost. 

The integrity and fail-safe nature of software and hardware (including 
sensors) has to be rigorously considered, with an evaluation of the additional 
potential to be gained from formal methods of software development, 
duplication of software and hardware, and the use of such analytical 
techniques as Failure Mode and Effect Analysis and Fault Tree Analysis. 
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These may well require the presence of separate positive, continuously 
acting, dead man's switches and 'Kill Lines' to provide a hardware stop 
independent of the software and computer-based control system. All of 
this will usually need the addition of a large red button for turning 
everything off in an emergency. 

It is hoped that this chapter has helped to illustrate some of the safety 
problems inherent in medical robot systems, together with a range of 
possible solutions. A further range of discussions with all groups, experts, 
users and the public, will be necessary before a consensus can emerge on 
what is good practice and how safe is 'safe' for medical robotic systems. 

15.6 

[Adams 89] Adams J, Gilsbach J, Krybus K, Ebrecht D and Mosges R 
"CAS -A Navigation Support for Surgery. " IEEE Eng. in Medicine & 
Biology Soc. 11 Int. Conf., 1989. 

[Davies 91a1 Davies B L, Hibberd R D, Ng W S, Timony A, and Wickham 
JEA: "A Surgeon Robot for Prostatectomies. " Proc. 5th LCA. R. Pisa, Italy: 
IEEE U. S. A., June 1991. 

[Davies 91b] Davies B L, Hibberd R D, Ng W S, Timoney A and Wickham 
JEA: "Development of a Surgeon Robot for Prostatectomies. " J. Eng. in 
Medicine. Proc. H. of IMechE. Vol 205. M. E. P. ltd., July 1991. 

[Davies 921 Davies B L: "Safety of Robots in Medicine. " Proc. of IMechE 
Seminar on Safety of High Technology Devices in Medicine. IMechE, 
London, June 1992. 

[Lavallee 89] Lavallee S: "A New System for Computer Assisted Neuro- 
Surgery. " IEEE Eng. in Medicine & Biology Soc. 11th hit Conf. pp 926 - 
927,1989. 



Robotica (1993) volume 11, pp 561-566. Q 1993 Cambridge University Press 

Prostatic resection: an example of safe robotic surgery 
B. L. Davies, W. S. Ng and R. D. Hibberd 
Robotics Centre, Imperial College, Exhibition Road, London SW 7 2BX (U. K. ) 

(Received in Final Form: March 4,1993) 

SUMMARY 
A special-purpose robot for prostatectomies has been 
developed. Details of the robot mechanism, control 
system and human/computer interface (HCI) are 
discussed with special emphasis on software methods to 
ensure system safety. The clinical application of the 
system is described and software requirements for 
operating-theatre use are indicated. These requirements 
include safe error recovery, facilitation of reliable 
surgical procedures, and an effective HCI. 

KEYWORDS: Surgery; Prostatectomy; TURP operation; 
Safety 

1. INTRODUCTION 
The feasibility of a robotic transurethral resection of the 
prostate (TURP) operation has been described in several 
previous papers. " TURP is a `keyhole' operation 
involving a transurethral resectoscope which passes down 
the centre of the penis. The resectoscope is a 
multi-sheathed device carrying an optical lens for vision, 
passages for the flow of irrigant and a cutting element for 
repeated chipping of unwanted tissue from the prostate 
(Figure 1). The cutting method is electrosurgical 
diathermy which delivers current at 500 kHZ and at a 
power ranging from 120 to 180 watts. 

The motivation for robotising the TURP operation 
derived from the approximately conical cavity needed for 
removal of the enlarged portion of the prostate (known 
medically as the adenoma), thereby relieving outflow 
obstruction (Figure 2). Overlapping conical cavities may 
be required, depending upon the size of the adenoma. 
Other advantages such as positional certainty, re- 
peatability and the time saving offered by a robot were 
attractive factors for a robot-assisted TURP operation. A 
direct result of saving time is a reduction in irrigant 
absorption and the duration that a patient is put under 
anaesthetic and hence a decreased mortality rate of the 
operations 

Following the success of a preliminary feasibility study 
using a commercially available Puma robot and the 
subsequent clinical use of a special-purpose hand-driven 
`robot' (a manual safety frame), ' a motorised frame 
having similar kinematic configuration was built and used 
on a number of occasions in a clinical setting. ' This 
system has been given the name `SARP' for `Surgeon 
Assistant Robot for Prostatectomy'. 

Safety is a very important consideration for automated 
surgery. Many aspects of SARP have safety implications: 

the electronic programmable system and its use; the 
mechanical hardware and its use; and use of the 
diathermy unit. The kinematic configuration of the 
motorised frame produces a work envelope that is 
volumetrically limited by the physical dimensions of the 
frame. Further constraints can be imposed by setting 
mechanical limit stops so that the axes cannot move 
beyond predetermined safe size limits which vary 
according to the size of the adenoma. 

2. SAFETY CONSIDERATIONS 
Unlike conventional robots used in industry, a robot 
such as SARP, which is to be used in an operating 
theatre, must come into close contact with human 
patients. Thus radical changes are required to the safety 
regulations set for industrial robots. ', " Since SARP is to 
be used as an `active' robot for removal of tissue and not 
just as a positioning jig, safety issues are extremely 
critical. A study revealed the following requirements to 
be essential: 
" The work envelope of the robotic device should be 

confined rigidly within a predefined safe limit while 
having at the same time the flexibility to accommodate 
anticipated variations of target size. Since a prostatec- 
tomy requires removal of a volume of material, a 
robotic device for this application will be intrinsically 
safe even if a hardware or software fault occurs, 
provided that the mechanical constraints limit motions 
to this volume. The same cannot be said of, e. g., 
neurosurgery, where the permitted swept volume is 
minimal and the trajectory requires precise control. 

" Movement of all actuators should be closely 
monitored, if possible with independent, duplicate 
sensors. " The servo-controller must be equipped with 
safety facilities such as protection against overcurrent 
and overvoltage to guard against unexpected erratic 
movements. The controller must be able to respond to 
commands within a safe time frame. 

" Safety must be incorporated into the software by such 
means as unconditional interrupt and sentry modules 
that guard all control commands channelled into the 
motion controller. 

"A high-level backup control system is necessary. This 
should not be a passive system; it should be integrated 
into the main system. 

" The robotic device and target must be held firmly in 
position relative to the patient. 9 

" Force and proximity sensing may be needed, 
depending upon the nature of the surgery-9 
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Fig. 1. A multi-sheathed resectoscope. 

" Imaging systems, when employed, should be capable 
of positively identifying a reference point from which 
the robot can take reference. 

" There should be an operation check list. 
Although SARP is a safety-critical system it permits 

emergency shutdown, i. e. premature termination of the 
operation if unrecoverable errors are encountered. In 

such an instance if all else fails SARP can be removed 
and the operation completed by hand. In this respect 
SARP may be contrasted with 'continuous' computing 
systems for aircraft, space missions and banking that 
allow no shutdown of operation without disastrous 

consequences. 
SARP also embodies the following features relevant to 

its safe operation: 
" An operation can be easily and safely interrupted after 

it is under way, to allow for last-minute changes of 
mind or unexpected conditions that might lead to 
dangerous outcomes. 

" Electromagnetic and other kinds of interference are 
adequately suppressed in the operating theatre. 

" Communication protocols are checked. 
" There are stringent mechanisms to verify all cutting 

boundaries, ensuring kinematically at all times that 
predefined boundaries are not exceeded. 
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" Simple but quick dynamic error recovery has been 
implemented. 

" The cutting diathermy current is turned off automati- 
cally in the event of errors. 

" Image guidance is semi-automatic. 
Some other general requirements for safety-critical 

systems are not applicable to or emphasised in SARI'. 
These include: 
" Continuous operation over a time period which is not 

necessarily known in advance. 
" Very fine servo accuracy. (Fortunately for SARP, it 

repeatability of ±1 mm is adequate, owing to the 
nature of the adenomatous tissue to be removed. ) 

" Fully automatic on-line image guidance. 
" Fast, predictable recovery after activating a panic 

button. 

3. THE SARP COMPUTER SYSTEM 
For the laboratory prototype, SARP utilises an IBM 
personal computer which acts as a high-level supervisor 
to a motion controller through a serial RS232C link 
(Figure 3). This kind of arrangement is gaining wide 
acceptance because of its relatively low cost and ease of 
implementation. Figure 4 shows the entire electronic 
programming system (EPS) for SARP. 

Software for SARP was written in the Turbo Pascal 
language produced by Borland International Inc. "' 
Figure 5 illustrates the functional layers of an IBM 
personal computer. Only the two outermost layers are of 
direct relevance here, but errors can be present at all 
levels and must be avoided or countermeasures must be 
installed. 

Software for a safety-critical system must possess 
several properties which also facilitate ensuring that the 
software is correct. 122 " These include: a built-in 

mechanism for customised error recovery; easy and 
flexible exit from errors; a structured, top-down 
approach to problem solving; easy exploitation of 
parallelism (for fault-tolerant implementation); and 
reliance upon a mathematical foundation to facilitate 
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Fig. 3. The motion control system for SARP. 
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Fig. 5. Functional layers of the IBM PC (adapted from ref 
11). 

structured programming. Other features are discussed 
below. 

A keyboard interrupt feature has been configured into 
the SARP software as an essential safety measure. Motor 

movements can be interrupted at any stage of an 
operation that otherwise would require activating the 
emergency stop button. The keyboard interrupt feature 
is active only when one or more axes are moving. This 
feature was implemented as a terminate-and-stay- 
resident program in the high memory area of the 
computer. Figure 6 shows a typical screen display during 
an interruption. 
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Customised exit procedures and memory error 
handlers have been installed to handle unexpected 
termination of the program in a fail-safe manner. Turbo 
Pascal allows this to he done easily. 

A simple check on data validity is carried out during 
data entry. Invalid data are ignored. 

4. ERROR RECOVERY AT THE APPLICATION 
LEVEL 
The term 'error' can refer to (1) some malfunction in the 
external hardware on which the error-handling routines 
are being executed, (2) logical faults in the program 
being executed on the host controller, or (3) logical 
faults in programs being executed on external hardware. 
Hardware errors of the host controller from which 
error-handling routines are launched are beyond the 
scope of this article. Fault tolerance is needed to avoid 
such errors. 

When a run-time error occurs in SARP, position 
feedback from the controllers can no longer be trusted as 
they may not reflect the actual position of the axes. 
Calibration marks are used to locate the axes to home 

positions within ±1 mm which is quite adequate for the 
surgical requirements. 

All error-handling algorithms involve a detection 
phase followed by identification and resolution of the 
errors. Therefore, for an error to be handled 
successfully, it must he foreseen and appropriate 
recovery provisions must be made. 

An external failure can be a total shutdown, an 'out of 
synchronism' condition or a corruption of data. When 
these happen they can be reported to the host viii 
communication links or, alternatively, the host can have 
'intelligent' algorithms installed to detect the errors. 
Erroneous conditions are most appropriately received via 
interrupts made either to normal program execution or 
when the system is idling. In the case of SARP an 
abnormal controller condition is reported by sending a 
special character to the IBM host. Upon receiving it via a 
customised interrupt routine the error-handling proce- 
dure is activated. Another way of detecting an error 
condition is by setting designated global variables whose 
values are frequently checked. 

In structured programming languages nested proce- 
dure calls are allowed. Escape from errors occurring ih 
the current procedure may be made by reference to 
global variable set by the fault condition. 

Alternatively, an escape feature can be built into the 
programming language itself. Such a feature allows 
automatic freeing of memory and change of pointers tc) 
software locations. A set of initial data always should be 

sorted for reference at the entrance to each procedure, 
Data modified by the procedure will be discarded when 
the procedure exits from the error condition and the 

stored initial data can be used if the procedure is 

re-entered. 
Such a mechanism is partly realised in the 'GoTo>> 

statement of the ANSI 'C' programming language (see 
Kernighan and Ritchie, '2 pp. 65-68). 'Gdl'o' in this case 

Fig. 4. Electronic programming system for SARI'. 
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allows jumping from the error condition to a suitable 
area outside the current procedure. 

Similar situations can occur on the motion controller if 
it has a customised program to be executed. Provision 

must be allowed for returning to the program line where 
an error occurred even if the system has gone through a 
`soft reset'. In other words, the line number must be 

remembered when a branch is made to the error handler. 
Internal software errors such as mathematical over- 

flows should be provided by the programming language 

used. Turbo Pascal, in the case of SARP, allows 
customised exit procedures and memory management 
routines to be written. 

Errors can occur in a recovery process from a previous 
error. Depending upon the situation, the GoTo 
statement can be reused for an appropriate number of 
times. 

5. THE SURGEON/COMPUTER INTERFACE 
When implementing software for use in an operating 
theatre it is essential to consider the interface between 
the computer and the user, in this case the surgeon. As 
the software will be used by people who may be 

unfamiliar with computers or electronics, the 
human/computer interface (HCI) should be designed so 
that one can become familiar with it in a relatively short 
time, perhaps after only a few practice sessions. The way 
data are presented and the way they are input into the 
software must be simple and effective yet flexible, while 

Sulu' robotic surierv 

not allowing erroneous data input. The operating room 
environment is a difficult one with many distractions. 
Correct decisions must be made in emergencies on the 
basis of it very easy to use [ICI. 

SARP software is divided into a series of components, 
conveniently presented as pages of a screen display. The 

software has been written to facilitate future expansion. 
Figure 7 shows a screen display under normal operating 
conditions. 

The pages of screen display handle the following tasks: 

" Providing easy control of each axis of the frame. 

" Setting up the system. 
" Storing patients' particulars for data base purposes. 

Both pre- and post-operative results can he stored for 

statistical studies. 

" Generating the desired cut sequence based upon 
results of ultrasound sizings. 

" Giving safety observations. 
SARP software utilises a global area in which variables 

that are safety related and used to control an operation 
are declared. This allows a more systematic and central 

control of important parameters. Switching from one 

page to another is controlled by a series of tests which 

ensure the availability and correctness of data before the 

next page is entered. As is typical of imperative 

programming languages, a logical sequence is neatly 
interwoven into the page displays. 

File reading and writing are kept to it minimum 
during execution of a page display. They are done only 



Safe robotic surgery 

Fig. 7. A typical screen display during operation. 

at the entry 
speeds data 
data. 
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and leaving points of a page. This method a surgeon and hence the likelihood that he or she will 
processing and provides easy verification of make a mistake. 

The introduction of a computer system into an 
operating theatre should be done with care. As it will be 

used by the surgeon or an assistant in addition to their 

other work, the time factor is crucial. A task should not 
involve too many steps or take too long to achieve its 

end. Personnel must be adequately trained. 
For a system to be useful in robot-assisted surgery we 

suggest: 
" Task accomplishment be driven by the user, with 

pull-down menus and pop-up windows installed where 
appropriate to provide simple and effective 
explanations. 

" Both `mouse' and keyboard selection should he 

possible. 
" Only a handful of keyboard keys should he used 

frequently so that their assigned functions can be easily 
learned. A key should not be assigned unnecessarily, 
or ever, for more than one function. 

" Graphical presentation of 3-D models is desirable. 

" When a decision is asked of the user, the answer given 
should have to be confirmed to allow for it possible 
change of mind. 

" Even after an action is under way there should be an 
interrupt mechanism to provide for a change of mind. 
These suggestions aim to reduce the work required of 

6. DISCUSSION 
Both hardware and software must be designed for safety 
when a computer-based system is to be used in surgical 
applications. If the software fails it must be possible to 
shut the system down in a safe, orderly manner using 
independent hardware. Similarly, recovery from hard- 

ware failures must be possible using software. 
The promptness required to activate a stop switch 

must he considered in the design stage. If delays in a 
user's response to an emergency situation can be 

safety-critical then software reliability and accuracy must 
be ensured. Alternatively, use of a `dead man's 
switch' - in which signals from a switch continually held 

closed by the surgeon are required for the system to 
continue - may be necessary. In case of emergency it is 

necessary only to let go of such a switch to stop the 

system, rather than to find and to press it stop button. 
In the extreme case where both hardware and software 

fail it should be easy to cut off the system power supply 
by activating an emergency button or by releasing a 
`dead man's switch'. This is feasible for SARI' because 

recovery from an extreme situation is possible through 

manual intervention. 
There are many approaches to establishing the 

reliability of computer software, including formal 
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methods and statistical models similar to those used for 
hardware. The latter approach is not suitable for surgery 
robots because software `wears in' and hardware `wears 
out' and large sample-size failure statistics are not 
available for software used by only a few people. 13 
Another method, called the `error calibrating method', 
injects known errors in hopes of triggering some 
unknown errors. Tests are carried out to investigate 
whether this procedure modifies the software. Owing to 
the complexity of the causal chain and the problem of 
repeating the errors this method may be impractical in 
cases where a number of safety sensors are utilised. 

A further yardstick for judging software reliability 
draws upon the `wear in' behaviour of software. A 
general trend of increased mean times between failure 
should be observed; otherwise the software is not 
reliable. However, the time taken before reliability can 
be established by this method can be substantial and may 
not be acceptable for a safety-critical system such as a 
surgery robot. 

7. CONCLUSION 
Clinical trials utilising both manual and motorised frames 
have shown that the use of robotic devices in an 
operating theatre is feasible. However, before a 
motorised frame can be routinely applied by a surgeon 
without assistance from engineers, more detailed work is 
required on fault tolerance, software error recovery, and 
an efficient and dependable method to implement image 
guidance. 

The software for SARP, as well as the hardware, must 
be reliable and safe to an acceptable level. The main 
software safety feature now is the keyboard interrupt 
which allows a surgeon to suspend an operation safely at 
any point. In addition, a protocol has been designed to 
ensure undistorted communication between system 
components. 

Fortunately, the cost of fabrication of hardware used 
in electronic programmable systems has dropped 
considerably over the years. This makes it possible to 
implement cost-effective hardware fault tolerance 
through duplication and redundancy. 

Safe robotic surgery 
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SAFETY CRITICAL PROBLEMS IN MEDICAL 
SYSTEMS 

Brian Davies 
Mechanical Engineering Dept, Imperial College, 

London SW7 2BX, England. 

ABSTRACT 

Advanced medical systems have many safety problems concerned with hardware, 
software and the human/computer interface. The paper discusses these as general 
issues and then goes on to illustrate them with particular reference to robotic systems 
in medicine, with which the author has direct experience. These robotic systems are 
discussed in some detail and Mnstrated with examples from robotic surgery and from 
rehabilitation robotics. As a result of safety issues that arose in this work, a series 
of suggestions are made in the hope of providing a start to a general consensus on 
what should be incorporated into an advanced medical safety system. Only when 
such a consensus is achieved can the most appropriate level of safety system be 
designed for a particular application. 

1. INTRODUCTION 

Medical Systems may involve activities which support investigation, diagnosis or 
treatment in any combination. Through incorrect design, malfunction, 
misinterpretation or negligence, the system may result in outcomes whose 
seriousness may range from merely inconvenient through to injury and death. 
Whilst there is a temptation to put most cost and effort into those aspects which 
involve dangerous procedures, the unforeseen circumstance can convert the apparently 
trivial into a dangerous outcome. Ilius the classification of applications into those 
which could have a dangerous outcome ( and which therefore warrant high cost and 
effort) must be carefully considered. Medical systems may be concerned with 
gathering data, with its interpretation to provide new knowledge and information, or 
with the subsequent diagnosis and UuMnent The systems may combine aspects of 
human intervention and automation. The safety of medical systems may thus 
depend on a range of hardware, software and human/oomputer interfaces (HCI), any of 
which may be safety critical. 

The author has particular experience of the use of robots in medicine (I]. This 
activity incorporates, in essence, most of the problem area that can be met in 
complex medical systems. Not only are data gathered an the basis of which actions 
are taken, but these 'actions' are performed by a robotic system which involves prime 
movers ( often of considerable power) being used next to people. These robots 
involve a computer controlled mechanism, dependent on safe software operating on 



the basis of imaging and data gathering systems which are themselves computes 
controlled. The human operators involved often have to interpret information and 
initiate subsequent actions that are carried out automatically by a mechanism. The 

concept of robot safety has been widely discussed [2] and is of particular importance 

where non-standard robots ( known as 'Advanced' robots) are used in novel 
applications [3]. 

Medical robots utilise a computer control system that controls prime movers which 
can affect a patient's safety. This makes them a useful vehicle to explore the more 
general safety concepts for advanced medical systems. An example is the case of 
lithotripsy. Here a high power focused ultrasound beirn is used to disintegrate 

stones in the renal system. Ultrasound images are taken which can give 3D 

coordinates of the stone via an operator interacting with a computer system. The 

coordinates for the target stone are then fed into a motorised system which moves the 

ultrasound transmitters so that they focus together at the target. The system thus 

relies on the integrity of software for the correct control of the motorised 
transmitters. The HCI is critical to ensure that the correct actions are taken in an 
environment which is prone to emergencies. Fortunately, the result of a malfunction 
is seldom life threatening, although the result can be very painful. The same cannot 
be said for the malfunction of advanced anaesthesia equipment where a computer 
controlled pumping system is life critical and is dependent on correct action of both 

software and hardware. The safety of such critical systems must be assured. Recent 

cases of the malfunction of radiotherapy equipment, in which incorrect gains were 
input manually into a program controlling dose levels, point to the importance of an 
unambiguous human/computer interface in which the operator input is clearly 
specified. In all these instances we see examples of the Engineer having built into 

the hardware or software, decision making tasks which were previously taken by 

medical personnel. Such decisions are often taken without the explicit knowledge 

and permission of the clinicians. The gradual change in responsibility for decision 

making, embodied within high technology systems in medicine, needs to be clearly 
discussed and the implications recognised by all concerned. 

Robotic systems in medicine involve the whole range of problems that can be found 
in medical systems. They affect the safe operation of hardware, software and the 
human/computer interface and thus form a good basis for detailed study which will 
lead to high lighting many of the problems of safety in medical systems. 

2. MEDICAL ROBOTS 

Medical robots are examples of medical equipment and so must conform to the 

normal European standards affecting the use of medical equipment. A few of these 
have been recently formulated but the majority are still to be agreed by the 
Community. One problem is that whilst the requirements of simple components 
(such as plugs and sockets) can be readily defined, the design, for example, of 
programmable motorised control systems, is more difficult. In the past, National 
Standards have used such phrases as "shall conform to the best current practice" 



which has left the system developers in conside able doubt as to what is required and 
can only be tested by expensive litigation after a failure occurs. If the European 
Community standards are to be of benefit, then it is essential that they'gr sp the 
nettle' of safety specification in this difficult area. 

A major problem is that the use of a powered robot next to people is generally 
necessary for it to be useful in medicine. This mesas that it is outside the Health and 
Safaty Executive recommendations for industrial robots. These specify that the robot 
must be operated inside a cage from which all personnel are excluded. If people are 
present ( for example, to program the robot) then the powered robot must be 
restricted in speed at that time. The two major uses of medical robots are in 
rehabilitation and in robotic surgery. In both of these instances it would be 
extremely limiting if the patient and clinicians were excluded from the reach of a 
robot and robots would cease to be a viable option. Thus it is necessary for a new 
set of guide lines to be generated in which the use of the robot is defined and the 
levels of safety implementations are specified. It will be necessary for a range of 
people to join in a debate and come to an informed agreement as to the requirements. 
This will require the Engineering and Computing Communities to decide what are a 
reasonable series of options available for the vasious tanks, with a clear description of 
the advantages, costs and risk potentials involved. Only when these are clearly 
presented in 'jargon free' terms can the medical community judge what are the 
acceptable range of solutions to the medical tasks they have specified. These 
solutions will then need the ratification of the specialist users groups ring the 
various patient interests, the manufacturers and system suppliers, the public at large 
and the Government legislative bodies. 

One major problem is that increased levels of safety are generally achieved by 
increasing cost and complexity. How safe the system should be for different 
procedures will need careful discussion. It is generally recognised that even where 
safety is of over-riding importance, eg in nuclear power stations, there is no such 
thing as total safety and errors in software and failures of hardware do occur, in spite 
of duplication of systems and the very high costa which ensue. What is needed is a 
recognition that the benefits to be obtained from medical robots are such that a small 
amount of risk is inherent in their use and this is justifiable and acceptable. This is 
not to say that unsafe or unsound medial robot systems should be utilised. Every 
effort should be taken to ensure that the system is as safe as it possibly can be. 
Having done this, it is likely that some risk, no matter how small, will still be 
present. However, apart from some neurosurgery, the area of medical robots is 
almost never a can where the ample failure to perform its f me tion will result in a 
life damaging situation. Provided that The medical robot is designed to fall in a safe 
manner and can to a controlled halt so that it can be removed and the procedure 
completed manually, there is in almost an cases no resulting danger to life . This is 
unlike the can of say, a military aircraft, w hieh could not be flown mamally if the 
computer control system failed. Medical robots can generally be removed and the 
procedure completed manually without any risk to The patient. 'Ihm whet is required 
is for the robot to come to a controlled safe stop in the event of a failure, rather than 



to have very long mean time between 5dilures, which is a bas important criterion. 

Possibly the only exception to this general rule is in certain aspects of neurosurgery, 
where very critical regions are being operated upon. In such operations the exact 
trajectory of the tool and the accuracy of placement may be required to be so great 
that it is not possible to intervene manually without some detrimental outcome. 
This may be because the removal of the tool from the robotic system, and subsequent 
removal from the patient, is so difficult that it cannot be performed accurately and 
safely enough. Alternatively, in the case of critical locations deep within the brain, 
it is probable that the only way to achieve the required accuracies is to use a robot 
because the necessary accuracies could not be achieved with the use of stereotactic 
frames and jigs, (Subsequent to robot failure it is also unlikely that such jigs can be 
installed and positioned and then redatumed to the required accuracy). In such 
neurosurgical cases more emphasis will need to be placed upon using high values of 
reliability, because failure will be unacceptable whenever it is unlikely that there is a 
safe mode of failure that allows the device to be readily removed. 

The question of how safe medical robots should be is not easy to quantify. If a 
medical robot allows a life saving operation to be performed, such as removal of a 
deep seated brain tumour, then one could argue that provided all reasonable safety 
measures have been taken so that failure of the system is rare, then the overall use of 
the robot was justified. Because its use would save lives that would otherwise be 
lost, the use of very expensive safety measures would also be easy to justify. 
However such arguments do not generally apply to the majority of robot surgery 
applications or to those of manipulators in the rehabilitation field. Here the robots 
are generally functioning an a replacement for human activity, simply because they 
are more accurate, faster, or do not require the continuing atteedanc e of a person. Ile 
benefits that accrue are therefore generally less easy to quantify and are often 
concerned with cost saving or convenience. Since these benefits are not life critical, 
the safety measures needed and how much they can be justified in terms of 
complexity and cost are less clear. What is needed is for the medical community to 
make recommendations on the level of safety which is acceptable, with the various 
implications discussed so that all can come to a consensus of what is an agreed 
standard. If such a consensus is not achieved, then die development of medical robots 
will continue to be slow. Companies are ndsbly reluctant to develop new 
products where the required levels of ssfäy with attendant legal issues are uff 

3 Surgery Assistant Robots 

As pointed out by the aufhat in a previous papa [4], it is unlikely that it will be 
acceptable fors gy sasis. id robots to simply have a refer tack record than Lumen 
surgeons. Where Wares occur, the robot supplier is likely to be held liable. 
Similarly, if the surgeon oa relatively autonomous piece of computer controlled 
equipment which fads, the is leis probability that patients will accept that augery 
is risky sent that the ugeon has done his best. Litigation is therefore mare likely 



for robotic surgery than for conventional surgery. It is for this reason that the 
Author believes it is essential, when using a ̀ robot assistant" in surgery, to involve 
the Surgeon wherever possible to confirm decisions throughout the surgical 
procedure. On the basis of the information displayed by the sensor systems and the 
human computer interface, it would then be the Surgeon's judgement whether to 
proceed with the operation. It is unlikely that this involvement of the Surgeon will 
totally deflect responsibility away from the equipment supplier. However, it should 
help to ensure that responsibility is shared. 

Lavallee et. al. have adopted an aspect of Surgeon involvement for neurosurgery in 
France ( 5). Here the robot was used to carry a jig or fixture close to the head of the 
patient. When the fixture is at the correct position and orientation, a series of cutting 
instruments are clipped to the jig and used by the surgeon manually. Thus the robot 
is reduced to a preliminary role as a positioning jig and not for direct intervention. 
The safety of the robot is further assured by introducing a very large reduction gear 
ratio to each of the motor output drives. This means that in the event that 
something goes wrong with the robot, there is plenty of time to hit the emergency 
off button, because the robot is moving so slowly. This tactic however can only be 
successful when the robot is not in very close proximity to the head. Another 
suggestion is to use high level software to monitor the motions of a standard 
industrial robot. This may give rise to safety problems, because the monitoring is at 
a high level and not at the hardware servo level and hence may be slow to act. It is 
possible to imagine a scenario in which the servo is moving in a straight line when 
failure causes it to try to take off at high speed in the same direction. The inertia of 
the system may cause the robot arm to travel some distance before the fault is 
detected by the high level monitor and the brakes can bring the arm to a halt. It could 
be argued that only hardware monitoring at the servo level will give the necessary 
speed of response to avoid damage in critical instances, even though the robot is 
restricted to the role of carrying a jig or fixture. This modification will usually 
require information to be supplied by the robot manufacturers and thus needs their 
active co-operation. 

A further aspect to this question is that it is seldom that the manufacturers of the 
industrial robot will make available to the suppliers of the medical robotic system, 
all the specific details of software and hardware in the industrial robot. Only if such 
full details are supplied can the medical group aware themselves that the necessary 
safety features are in place, so that they can take responsibility for the system that 
they are to supply. Another aspect to the use of industrial robots is that many 
industrial robot manufacturers specifically forbid the use of their systems in 
juxtaposition to people, since the devices were not designed with this application in 
mind and hence do not have the appropriate safety features. Given such a situating it 
is the author's view that it would be foolhardy for researchers to use such robots 
unmodified in applications for rehabilitation or surgery. Whilst it may be acceptable 
to use a standard robot for feasibility study purposes to try out concepts and ideas 
prior to the implementation of a special purpose medical robot, care should be taken 
to protect the researchers. In the author's view, if the powered robot comes within 



" 
range of the research worker, then similar safety features should be incorporated as 
would be used in the final device on a patient Thus if, for example, a researcher in 
the laboratory holds the end of a6 axis force sensor which is mounted on a powered 
up robot and "leads" the robot tip to a datuming position for simulated surgery on a 
cadaver, then that robot should have the same safety protection features for the 
researcher as if the application were by a surgeon for use on a patient. Whilst 
research applications do not require the same safety levels as for routine use, as 
evidenced by the relative ease of obtaining FDA approval in the USA for research, 
nevaffialess, considerable can is still required. 

Some redundancy in sensors and software systems is also desirable for reliability. 
Dual sensors, one on each servo motor and one on each output drive, could act as a 
check that the drive output system is not slipping and that encoder integrity is being 
maintained. Dual software systems running on separate transputers in parallel are 
another means of checking for errors. Additionally all software codes must be 
assu ed. Whilst dependable computing systems have made great strides, complex 
software still can not be guaranteed to be totally safe. One answer to these 
computing problems could be to have two software systems running simultaneously 
on two different pieces of hardware. For further integrity the software would need to 
have been independently generated by separate groups using completely different 
language systems. The two systems would need to be run in parallel and cane to the 
same conclusion before any action could be taken. The cost and complexity of such 
a system would be likely to prohibit its use from all but the most life critical robot 
surgeon assistance. 

One solution favoured by the author has been the design of a special purpose robot 
for a particular surgical procedure, to operate within a localised region. Associated 
with this concept is that of a mechanical constraint which physically prevents 
motion outside a limited area. This approach was arrived at because it was felt that 
the use of anthropomorphic robots capable of reaching a large volume space ( the 
very feature which makes them attractive to industry) could, in the event of failure, 
fly off in any direction causing damage to patients, surgeons and other bystanders. A 
further implication of this approach is that, where possible, axes should be moved 
sequentially, one at a time rather than in parallel, to minimise the vohmie of space 
which can be swept out by an unforeseen motion so that appropriate protective 
measures can be adopted. This implies that complex shapes, resulting from the 
interaction of many axes of motion, may need to be approximated by a series of 
simple &spes, that result from a sequence of single axes motions. In addition to the 
usual sensor based software limits on motion, mechanical Mope may need to be 
positioned for each programmed on of curt, to physically reelcict the range of motion 
to a safe and acceptable limit should anything unforeseen occur. Mus concept of a 
special purpose robot with mechanical constraint has been further developed by the 
au hor in the design of a surgeon assistant for prostatectomies (6,7]. 

A unique example of & fully powered robot system for surgery that being developed 
by Integrated Surgical Systems 14 USA. [8]. In Spring 1993, clinical trials Crete 



completed on the first ten patients for robotic hip surgery at Sacramento, USA. 
This system has been developed using a conventional industrial IBM robot whose 
control system has been substantially redesigned for the task with the aid of IBM. 
Additional duplicate position sensors have been used, together with a form of force 
sensor for each joint and much attention has been given to consideration of safety 
issues. However, the robot when standing on a base over lm high, has an overall 
height of over 2m. The sense of power and size of such a system has caused some 
surgeons to express unease at having this robot operating next to them on their 
patients. Thus in spite of the considerable attention to safety, the perceived size and 
complexity of this system is likely to slow down its widespread application in the 
near future. in the longer term, this type of moue generic system may find favour 
over the more specific, cheaper, simpler devices. However, the author believes that 
the latter will be the best approach in the near future 

Many of the safety implications of robotic surgery are being avoided in the short 
term by the use of computer assisted surgery (CAS). A typical example is that at 
Aachen where ENT surgery is being carried out (9]. Here a passive arm is used to 
carry tools. Each joint on the passive arm is instrumented and, in some instances, 
can be locked using electromagnetic brakes. Since the surgeon is holding the tool 
and moves it directly to provide its power, he is in control of the process and relies 
on the computer system for tracking information. Thus the possible malfunction of 
robot arm servo systems is removed from the activity. The accuracy of the arm 
pointing system and the associated database can be checked out before hand, thus 
minimising problem areas to those of advising the surgeon rather than carrying out 
operations for him. 

There is thus a host of tools potentially available to the surgeon, ranging from 
simple hand held tools, through various levels of'Ca aber Assisted' Surgery, to the 
fully powered autonomous robot. An attempt has been made in Table 1 to classify 
these into a hierarchy of types in order to investigate the implications for safety. 
The table lists the type of system and gives sane practical examples. 

4 Robots in Rehabilitation 

A further classification in which medically applied robots come into contact with 
people, is in their role as powered manipulators which assist the disabled in 
rehabilitation. Potential locations for the manipulator, relative to the patient, may 
range from no contact to frill contact with the wer. The former emulates the 
indoMrial met up, so that the medical manipulator is part of a won with an 
envelope of reach which is always out of contact with the wer and public and thus 
potential safety problems are largely avoided. In this application the robot can only 
place items onto, eg a rotary table, from which the user can then take them. 
Unfortunately, although potentially a very safe solution, it is also most limited in its 
benefits to the user. Also. it will be necessary to fence off the manipulator arm. 
away Brom both helpers and the public. 



An alternative solution is one in which only the extreme reach of the extended 
manipulator airs comes near the user. This is often used as part of a workstation in 
which the arm is used as a feeding aid, presenting food at its fall reach for the user to 
move the head, eg to eat from a spoon. Although this is a fairly safe solution, it is 
seldom possible to rigidly fix the user location. Thus if, say, the user slumps down 
in a wheelchair, then the user will be within the envelope of arm motions. Similarly 
long tools held in the gripper could also strike the user leading to unsafe situations. 

Another solution would be to limit the arm to a very low force and speed, not just by 
software or, eg fbrce control, but by the intrinsic capabilities of the arm. This has 
some merit because the disabled user is usually content with a slow motion, as long 
as there is not a long delay before an observable motion starts. However the low 
force capability usually implies that the arm must be capable of lifting the heaviest 
design load at the longest reach. Thus when the am is in a bent configuration with a 
light load, it will still be capable of exerting a significant force. Also, even if so 
lightly powered that the arm can be pushed away with the chin, the resulting force 
capability could still damage the eye if the gripper were carrying a sharp object 

A solution of considerable attraction is to place the arm totally within reach of the 
user, for instance an the arm of a wheelchair. However it can then potentially reach 
(and hence damage) not only the user but helpers and passers-by. This can be 
partially guarded against: by designating 'no go' area for the patient, eg operating at 
slowest speed when the arm configuration is near the head and totally preventing 
motion where the arm could strike the head. This however has the problem 
mentioned earlier that it is very difficult to so constrain the user that the no go" 
areas are constant with reference to the chair. Whilst this objection could be 
overcome with additional sensing that can dynamically adapt the no-go areas to suit 
the users current posture, this implies considerable extra complexity and cost and 
does nothing for the public passing by, who can adopt any position and 
circumnavigate no-go concepts. For them, more sensing all over the arm would be 
needed to warn of an impending collision and stop the arm. All such emergency 
procedures will require elaborate safety status checks before the arm can be 
re-initialised. It can be seen that as further systems are added to take care of 
potentially unsafe situations, the cost and complexity rises until the system becomes 
unlikely to be used. At some level of complexity, it is likely that we must all 
accept that medical manipulators are potentially hazardous devices and reasonable are 
well be needed when they we used. 

When the medical manipulator is part of a complex control system, eg also 
involving a powered wheelchair with powered adjustable seat position and an 
anviroomen al controller, then more problems occur. The integrated control system 
needs to take account not only of the individual devices, but of the potential unsafe 
outcome of a combination of the devices, eg attempting to pss through a doorway at 
speed whilst the arm is extended, or trying to turn the chair abruptly whilst the aim 
is carrying a lad at full mach. 



These complex systems were investigated in a European "TIDE" project for mobile 
medical manipulator systems, in which the author was concerned with safety issues ( 
10). The TIDE project specified an international bus structure for a collection of 
sub-systems, (powered wheelchairs, manipulator and environmental controller). It 
also highlighted the particular problems for medical manipulators in this role. For 
the wheelchair and other systems a 'Dead Mans Switch' ( DMS) has been 
recommended whereby for any prime mover to continue to act, a switch has to be 
positively held in an'on-position'. The moment that the DMS is released the power 
is removed from the local prime mover power relays. However, such a severe stop 
would be disadvantageous for the smooth control of a manipulator, so instead it is 
proposed for the manipulator to have a DMS linked to a zero velocity command, fed 
into the normal control system. This has the disadvantage that the DMS is now 
reliant upon the integrity of the control system, but is probably the best overall 
compromise. 

This concept is hofbar supplemented in the TIDE proposal by a speed cut-off directly 
at the prime movers if the `zero velocity control' command fails to act within a 
certain time span. Safety integrity is further enhanced by the use of safety 
monitoring, both of the central control functions and at the sub-system power 
module levels. The safety monitors would remove power from different areas, 
depending on the fault, and report back to the central display unit. In addition to the 
continuous action of closing a DMS, there is also need for a large red button, 
pramineady displayed, as a final emergency'oif switch. 

5. Safety Suggestions for Complex Medical Systems and 
Robots 

The author's experiences, both with the TIDE project and with the clinical 
implementation of surgical robots, suggest that, where possible, the use of the 
following features could be of benefit in improving safety levels for medical 
sysMms: 

Provide safety sensors, monitors and isolation systems, at a servo level where 
they can act rapidly as well as at a apervieor level where they can Woe acoo mt 
of system interactions. 

b) Use a Dead Man Switch ( DMS) concept (is a continuous positive signal is 
required to proceed) rather than just an emergency ̀ off button. The latter 
requires a positive action to 60 locate the bmton end then activate it, whereas 
a DMS simply requires the cessation of a coafin coo: action. In some surgeon 
robot systems there may be some merit in placing the DMS at the end of the 
robot so that the operator holds the robot tip and DMS whilst leading the robot 
into position. The ability to feel forces and sudden changes of 
acceleration/velocity may enable the user to have a faster reaction time in 
letting go of the DMS and stopping the robot. 



c) Use a safety monitor at both a servo level and a supervisory level to allow a 
rapid response to cut prune movers. 

d) Provide a facility to cut out prime movers independently whilst still keeping 
micro-processors powered up. Such a facility should be provided at a local 
servo) level as well as at a systems keel. 

e) Duplicate sensors. Monitor motions at the final resulting output as well as at 
the motor shaft to avoid unnoticed slipping of coupling and power 
transmissions. 

i) Avoid adapting software mode on-line. Try to check out all motions 
and models in a pre-process plating phase. 

g) Avoid the use of Artificial Intelligence (Al) systems except for preliminary 
planning phases to ensure maximum p edicbbility 

h) Arrange motor force capabilities to be inherently limited to just satisfy the 
required taskk rather than only relying on force sensors and software systems to 
restrict forces. 

i) Use robust mechanical constraints to limit motions to a 'safe' volume/trajectory 
in case all other safety measures should fail. 

j) In the event of failure i) ensure the system can only fail in a safe, predictable 
manner, ii) ensure the system can be readily removed, iii') ensure that when the 
system is restarted, it has not moved relative to the patient ( e. g. use absolute 
position measurement. Monitor the position of the patient on-line with 
reference to a robot datum). A enwively ensure that when motors are off, the 
robot can be back driven by hand to a known start position to re datum the 
robot. 

k) Use a key switch and key line to power up the system, with full safety status 
checks at power up. Use a number of emergency "oWP buttons, placed for easy 
access, rather than rely only on The key switch. 

1) Use single axis mdicns sequertislly wbece pos able, rather than compound axis 
motions, to limit the number of possible outcomes ( range, motions, etc) 
should a fsilm+e occur 

m) Give the user clear error messages indicating the canr nt status of the system. 
Keep the HCI as simple as possible to avoid confusion but include all vital 
data. 



n) When datuming a robot to the patient for use in robot surgery, attempt 
duplication of datuming features used in the imaging process, eg the use of 
surface markers visible in CT scan together with a skin dye mark. This can 
give an independent check on the validity of the referencing system, rather than 
just rely on, for example, intra operative datuming of anatomical features. 

6 Conclusions 

As medical systems develop into areas of high technology, they are starting to 
incorporate many of the features which cause unease about safety integrity. They 
often have one, or all, of the aspects of on-line computer control systems which use 
software to control some type of prime mover. Software is also used for translating 
imaging data into 3D models, for overall management of the task and for 
communication of the clinicians desires to the control system. This combination of 
software, hardware and humantcomputer interface gives rise to many of the classic 
safety critical problems. The use of software with some type of action 
automatically resulting, is also giving rise to decisions embedded in software which 
have traditionally been taken by the clinicians. This process often takes place with 
Engineers talking in isolation to a particular group of Clinicians with the result that 
decision making is taken by the system without the wider group of Clinician users 
being either aware of, or being a party to, the discussions about the implications of 
such decisions. This can result in inappropriate and ill informed actions by 
Clinicians which can adversely affect the patient. Wider discussions on a fiamework 
for incorporating such safety related decisions into medical products is urgently 
m4oý 

Software controlled mechanisms which require some type of human interaction can 
be found in medicine in areas as diverse as imaging ( eg. for ultrasound systems as 
part of automated mammography or in Magnetic Resonance Imaging ( MRI) systems 
for whole body scans); in 3D modelling (e. g. when building a picture of a brain 
tumour from a composite of different types of images); in Lithotripsy ( where 
ultrasound pictures of stones in the renal system are identified by an operator to 
automatically focus high intensity ultrasound onto a target in 3D space); and in 
robotic surgery (where pre operative images are tamed into 3D models. These are 
then used to target a robot to a patients anatomical features via intraoperative 
datuming). This last example has been considered in detail, together with 
rehabilitation robots, to give a picture of the typical problems encountered in 
advanced medical syrtems. 'These have given rise to a suggested hierarchy of robot 
surgery procedures which, as they become more complex, embody more engineering 
aspects that can fail. However, together with their increased complexity, these 
systems can take the control away from the medical personnel. This has the short 
term effect of reluctance by medical groups to relinquish control to the machines and 
resulted in concerns by equipment suppliers that they will be totally liable in the 
event of an operation failure. This has the effect of slowing down the pace of 
system development However, such considerations do acknowledge the problems of 



human error if control is left too much in the hands of medical personnel. Then the 
high degree of concentration and judgement required inevitably leads to strain and 
incorrect actions. If, for example, high speed cutting tools are in the hands of a 
surgeon without any constraints then the result is likely to be less safe than a filly 
developed robotic system, in which a constraining mechanism is monitored by 
proven safety systems. Thus the longer term result of a fully developed complex 
medical system, in which the safety problems have been overcome, will be a safer 
system than a predominantly manual one. 

A number of suggestions are given in the hope that they will help in the 
develapm ent of safer medical systems. However, wide ranging discussions am needed 
to achieve- a consensus of what is necessary to provide adequately safe medical 
systems within cost and complexity constraints. Over prescription of safety features 
will prevent the development and application of medical systems which can save 
lives. Inadequate attention to safety will be just as damaging. 
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Table 1 Levels of complexity of systems in Surgery. 

Q& lym of System 

1. Band held Tools. 
Surgeon holds/moves tools freehand using only human innaft rating (touch. 
Vision etc). 

2. Hand held Tools with a spatial location system. 
Freehand held tools, but sin on can track a target using e. g. cameras + LEDs 
on ttool, or magnetic field soarce with sensors. 

3. Tools are mounted an a manipulator arm which is associated with a spatial 
location system. 
Mn is moved by surgeon. which 10 some extent constrains his sense of 'feel' 
and freedom of motion. Joint modoes are usually moailaed. 

3.1 As for 3. but target location is apdaled with patient movement 
ima-oQelativýelY" 
Sometimes a 2nd (passivee) arm is strapped to patient to monitor patient 
motion, on others a number of markers are tracked by an external camera 
system. Target location on a quantitative model is updated in ad time to 
allow surgeon to track target with tool an arm. 

4. Tools are mounted an a mampslaoor arm which is associaled with a spatial 
location system and powered bkabes (Passive). 
The addition of powered 1,1 P to arm permits arm to be locioed in position, 
eg to permit bog term treatment at target location, or to permit : argeoo to 
move away m nfely fire i-erys. 

4.1 As for 4 but the wm is used actively to bmrth nm tools. 

42 As for 4 but the om adapt: to patiaKioqpn movvaaonu iýs. cpeýalivcly. 



5. Tools are mounted on a powered robot arm equipped with position 
measurement ( used passively). 
Tools can be moved nog the powered arm. either aotively (as in 5.1) to enter 
the pedant using the robot, or passively (as in 5). In the latter case the mm 
acts as a stationary jig which locates the tools so that the surgeon can 
mmmally insert dun iob the patient In the active cane, sometimes the robot 
is locked in position whilst a special pinpoae additional single axis moves 
into the body. In others k is the complete robot which moves to interact with 
the body. The ability to adapt. on-line, to patient motion (as in 52) risks the 
possibility of enas which cannot be ti ed aa plamtiiig stage. 

5.1 As for 5. but robot is and actively 1b imaNaim tools. 

5.2 As for 5. but robot adapts to patiaWtcgan movement intra- operatively. 

6. Tools are mounted an a powered robot arm equipped with force and position 
control (used passively). 
The addition of fame control permits the robot to switch between position 
camel and force eondoi so that the robot can yield to a given force level in 
prescribed locadow 

6.1 As for 6 but robot is used actively to insert/move tools. 

6.2 As for 6 but robot adapts to paden lorgan movement intra- operatively. 
7. Tools are mounted an a powered robot arm equipped with force and position 

control with input systems from a "maste' telemanipulator to control the 
powered robot as a 'slave' system. The use of data gloves and other 
tactile/force 'feed in' systems to the operator can enhance the operator 
knowledge of wlkt is occurring at the 'slave' system. 
Use of master/slave kkmanipuLttor permits 'ý lgwesaýoe' with a data glove 
and 'virtual reality' In both control the slave and feed data back to the surgeon 
at the 'master' k9c The addition of a master system as an input. additional 
to the normal computer control. acre ses complexity. 

7.1 as for 7 but davve manipulator is used aaively to insezi/movc tools 

72 as fa 7 but slave manipulatar adapts to paHauforgaa movement intm- 
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SOFT TISSUE SURGERY 

Brian Davies 
Dept Mechanical Engineering, Imperial College, Exhibition Road, 

London SW7 2BX 

ABSTRACT 

Soft tissue robotic surgery is particularly difficult because soft tissue moves within the patient 
and distorts its shape. Robots however tend to operate best when working to a fixed target 

within confines that can be predefined accurately. Thus orthopaedic surgery is easier to robotise 
because the bones tend to stay fixed if clamped directly and do not distort. The general issues 

are discussed and are amplified by two demonstrator soft tissue surgery projects at Imperial 
College. The specific problems are then generalised in an attempt to give generic guidelines for 

soft tissue robotic surgery. 

KEYWORDS: Robots, Surgery, Computer Assisted Surgery, Soft tissue surgery, prostatectomy, 
computer assisted biopsy. 

IN RODUCIION 

Soft tissue surgery differs from orthopaedic 
surgery in that it tends to be more 
disordered. When bones are pushed they 
tend to move in an orderly manner (e. g. the 
Femur tends to rotate about the hip bone), 
however soft tissue translates in an 
unpredictable way. In addition, when bones 
are pushed or cut away, the remainder of the 
material will stay in a recognisable form. 
When soft tissue is pushed, the shape can 
distort and stretch and when cut, the shape 
often changes into an unrecognisable form. 
This does not bode well for robotic procedures 
whose strength is that they can make precise 
and repeated motions in the light of 
instructions obtained from preliminary 
images. Robots are not good at adapting their 
programme to suit unpredictable changes. 
The situation is less severe when there is 
some containing vessel for the soft tissues. 
In neurosurgery the soft brain tissue is 

contained in the skull and is often treated as a 
rigid system. However, when preoperative 
imaging is used, care has to be taken to 
ensure that intra operative procedures are 
conducted in the same physical orientation, 
otherwise the brain tissue can move 
significantly with reference to the cranial 
markers used in imaging, such as a 
stereotactic frame. Similarly, changes in 
cranial pressure can occur after initial drilling 
of the skull, causing a change in position of 
internal tissue. All of these possibilities 

imply the need for intra operative imaging in 
order to ensure a good relation between pre 
operative imaging, 3D modelling and planning 
and of the infra operative intervention. (1.2) 

An area of soft tissue surgery that has 
recently been much publicised is that of 
minimally invasive surgery applied to the 
abdomen. Two aspects that have been 
proposed for a robotic activity are those of 
motorised systems for moving the 
laparascope, and telemanipulators used in a 
(so called) "virtual reality" mode. A 
conventional minimally invasive procedure 
requires a laparascope, usually through a 
central portal, to observe the actions of 
grippers and scissors which are entered 
through two separate portals. The surgeon 
usually operates the scissors and grippers 
with both hands, therefor if the laparascope 
needs to be adjusted to observe a new area of 
activity, then the surgeon has to let go of one 
of the tools to move the laparascope. Whilst 
this is claimed as useful training for the 
assistant to subsequently carry out the 
surgery, it is often regarded as an expensive 
luxury. Also, the surgeons often express 
frustration because the assistant has to guess 
where the surgeon wants to view and at what 
magnification. Further, the turnover in 
trained assistants is very rapid. To avoid 
these difficulties, passive laparascopic clamps 
have been used for some time. Some allow 
partial locking so that they can be clamped 
but still be nudged by the surgeon. Others 
are robotised to allow control by the surgeon 
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using a foot switch or a head motion 
sensor(3). Because the laparascope enters 
through the abdominal wall, it must pivot 
about the abdomen surface, which usually 
requires a 'virtual' pivot point remote from 
the skin. Because the surgeon may be 
working all over the abdomen the "foot print" 
of the robot device must be small so as not to 
obscure the surface. This results in a difficult 
constraint for the robot designer. The elastic 
properties of the skin can allow the pivot 
point to only approximate that of the skin 
surface, permitting small distortions of the 
tissue. This can make the design of the robot 
considerably simpler. One problem with the 
laparascopic mover is that it must be capable 
of moving, against the sometimes 
considerable resistance at the entry port. 
This means that force levels can be quite high 
and if the laparascope were to push against 
internal organs they could be damaged. This 
implies the need for the robot to have a 
constrained motion which is quite difficult to 
assure. For this reason some workers suggest 
the use of an optical zoom for the laparascope 
which can be positioned to just penetrate the 
abdomen without need to be physically 
moved. This implies that the viewing 
direction is fixed and that, if a wider view is 
needed, the surgeon zooms out. Whilst this 
may be adequate for some procedures that 
take place in a localised region, if the area of 
interest is wide or moves around, the wider 
field of view may be insufficient, requiring 
the surgeon to frequently adjust the 
laparascope position manually. The other 
area of abdominal work, concerned with 
virtual reality, has been primarily advocated 
by workers at Stanford Research Institute (4). 
The concept is that a telemanipulator "Slave" 
system operates on the patient whilst a 
"Master" control joystick is operated by the 
surgeon either nearby, or even over a satellite 
link. The operation is viewed using external 
cameras as well as the usual endoscopic 
display. The use of force sensing at the slave, 
with feedback to the master of the sensed 
forces, could result in an ability to control and 
sense forces that are . very small. However, 
given that the tissue, when being cut can part 
and change shape rapidly, the robot has to be 
able to react very quickly to precisely 
maintain the required force levels. This 
means that the speed of response, as well of 
stability of the control system, has to be very 
high. The robot slave has to also be very 
small to pass down a typically 15 mm 
diameter trocar in the abdomen. If the force 
sensing is done at the mounting mechanism 
outside the abdomen, then the trocar 
pivoting and sliding mechanisms may 
diminish the sense of force at the tip of the 
cutting tools. If the sensor is on the tip, then 
it must not only be less than 15 mm diameter 
but be able to be readily sterilised without 

being damaged. The concept of the master 
being able to make controlled micromotions 
with very small forces as a result of much 
larger input motions and forces is attractive. 
However, the cost and complexity of the 
engineering required will be very challenging. 
It may be some time before the innate force 
and touch sensitivity of the surgeons manual 
procedure when used in minimally invasive 
surgery, can be replaced by that transmitted 
by a Master/slave robot system. 

A further example of soft tissue surgery is 
that of prostate surgery. Here the adenoma 
that is to be rcsected is 'contained' within the 
confines of the prostatic capsule. This, 
together with the nature of the 
prostatectomy, which requires many 
repetitive motions, means that a robotic 
procedure can give good results. Even so, the 
authors have found that it is desirable to 
image the size of the gland at the start of the 
procedure in the same anatomical position in 
which the operation is to be conducted. 
Experiences at Imperial College with both 
robot prostatectomy and with computer 
assisted biopsy of the kidney, are used to 
demonstrate the problems and to give 
potential solutions to robotic soft tissue 
surgery. 

ROBOTIC TRANSUREM AL RESECTION TO THE 
PROSTATE. (TURP) 

A robotic TURP has been described in detail in 
a number of publications(5.6). The Worlds 
first operation on a patient to remove 
quantities of tissue has been carried out(7) 
(Fig. 1) A special purpose robotic frame was 
developed to remove a conical section of 
tissue from the prostate to relieve pressure 
from the urethra caused by growth of benign 
adenoma. The device was mechanically 
constrained to remove only the volume to be 
resected, even in the unlikely event that all 
safety systems failed. The surgeon carried 
out a preoperative measurement of the gland 
using transrectal ultrasound. After a 
preliminary cystoscopy, the surgeon then 
positioned the resectoscope at the end of the 
gland so that the critical feature (the 
verumontanum) could not be damaged. The 
resectoscope was then locked in position using 
a flexible 'snake' arm and the robotic frame 
brought into position and locked to the 
resectoscope. However, subsequent 
measure-ments using the robotic frame 
showed that the size of the gland did not 
accord well with the pre operative transrectal 
measurements. For this reason, only 
preliminary cuts were taken robotically on a 
total of five patients, with the procedure 
finished off conventionally by hand. The 
reason why the sizing was a problem is 
because the preoperative measurements were 
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taken in a different anatomical position from 
the lithotomy (i. e., in "stirrups") that was used 
operatively. Also the pressure of the 
transrectal probe on the prostate causes a 
shape change. Further, the location of the 
verumontanum is difficult to pick up on 
transrectal ultrasound and so the critical 
dimension of the veru to the bladder neck 
(rather than total length of gland) cannot be 
obtained. For these reasons. a current 
programme of research is underway to use 
transurethral ultrasound at the start of the 
operation, when the patient is under 
anaesthetic. The ultrasound sensor is clipped 
to the robotic frame and the motors on the 
frame translate the sensor linearly from the 
verumontonum to the bladder neck, taking 
scans of the prostate from which a 3D model 
is formed intra operatively. The model is 
datumed to the patient and frame 
automatically because images were generated 
using the frame the surgeon manually 
outlines the boundary to the adenoma in 
order to define the 3D shape to be removed. 
The cut sequence is then automatically 
generated from the 3D definition of the 
prostate. The sensor is then retracted from 
the endoscope sheath and replaced by a 
resectoscope containing a 'hot wire' diathermy 
loop, which is then used to remove the 
prostatic tissue defined by the 3D model. 
During the operation the surgeon is able to 
observe the tissue being removed on a TV 
display which shows the endoscopic view of 
the resection instrument. Because this gives 
only a local view. it is also planned to use a 
bipolar transrectal ultrasound probe to give a 
more overall view to monitor the procedure. 
Because the transrectal probe distorts the 
prostate slightly, due to the transmission of 
pressure, it is necessary to conduct the 
transurethral scans with the transrectal probe 
in position. 

The example of a procedure for robot 
prostatectomy gives an indication of some of 
the necessary requirements for soft tissue 
robotic surgery. Firstly, it is necessary to 
image the patient under the same physical 
conditions as will be required for the surgery. 
The patient should be in the same orientation 
with similar internal and external forces. If 

the tissue is subject to repetitive 
disturbances. e. g. due to breathing or heart 
beat, then the imaging and subsequent cutting 
should take account of this. If the model is 
formed preoperatively, then the operative 
procedure must be monitored at least 
intermittently, to ensure that the cutting 
instrument, (when pushing against the tissue), 
does not distort the area in an unexpected 
way. It may be possible for orthopaedic 
robotic procedures to simply image 
preoperatively, clamp the bone and then 

image at the end of the procedure as a final 
check. However, for soft tissue it seems 
necessary to take frequent intra operative 
images to check that nothing has distorted or 
moved in an unexpected way. A second 
desirable requirement is that the imaging that 
generates the 3D model and cutting are 
physically related so that the patient, the 3D 
model and the robot cutting system, can all be 
readily interrelated. This minimises potential 
problems caused by motion or distortion of 
tissue between imaging and cutting. 
Fortunately, the motion of the prostatic tissue 
being cut is not an issue as the exact amount 
and location of tissue removed is not critical. 
A task where this can cause problems is 
outlined in the next section. 

COMPUTER ASSISTED BIOPSY OF SOFT TISSUE. 

A further example of soft tissue surgery at 
Imperial College is that of using a passive 
robot arm together with an x-ray 'C' arm (all 
under computer control) to remove samples 
of tissue from the kidney(g). As in so many 
aspects of robotic surgery, the solution has to 
be appropriate to the task and the levels of 
technology currently thought appropriate. In 
this instance, biopsy is conventionally carried 
out by Radiologists in the Radiology suite, 
usually under intra-operative fluoroscopic 
imaging. Whilst those who are experienced at 
this task can target the kidney fairly readily, 
in the hands of a trainee the process can take 
a considerable time with many iterations. 
When a particular calyx of the kidney is to be 
targeted, e. g. to remove 'staghorn' calculi 
which are not amenable to lithotripter 
disintegration, then even experienced 
radiologists can have problems. When 
subsequent surgery is required, it is usual for 
the Radiologist to open up the initial track and 
then transport the patient to an operating 
theatre. Here the Surgeon carries out the 
operation using only intermittent imaging 
from a standard x-ray 'C' arm to give a 
qualitative confirmation that the procedure is 
going as planned. Thus the Surgeon loses all 
benefit of quality imaging subsequent to 
leaving the operating theatre. It has been 
suggested by Surgeons that it would be 
desirable for them to be able to open up the 
initial track in the operating theatre with only 
the benefit of conventional imaging such as a 
simple mobile, x-ray 'C' arm or an ultrasound 
probe. However, Surgeons are generally less 
skilled at the initial biopsy procedure than 
Radiologists, since they have less practice. 
Thus there is a need for a guiding device 

which utilises data from simple imaging 
systems. Whilst it would be relatively easy to 
gain measured data from images taken from 
CT or MRI scans, this would introduce a cost 
and complexity to the current procedure that 
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would be difficult to justify. High cost 
equipment is justifiable and conventionally 
used for high mortality procedures such as 
prostate cancer, but is not likely to be 
acceptable for less life threatening problems 
such as kidney stones. The difficulty with 
the use of mobile x-ray 'C' arms is that 
conventionally they are used for qualitative 
information rather than quantitative data. 
The imaging system generally has poor optics 
whose non-linearities make it difficult to 
generate precise measurements over a 3D 

region. It is therefore necessary to use a 3D 
'calibration object' which, when placed in the 
field of view of the machine, can transform 

the perceived distorted image into a true 
measure over a 3D region. Whilst it would be 
ideal to carry out the calibration intra- 

operatively, the frame is sufficiently large 
that it is necessary to map the whole region 
preoperatively. A planar calibration object is 
then used intra-operatively to take account of 
possible drift with time/temperature. The 3D 

relationship of objects can then be found by 
taking two views at different orientation 
angles by rotating the C-arm through f 150. 
This gives the relative co-ordinates of a target 
with reference to the base co-ordinates of the 
C-arm which can be logged into a computer. 
The use of a passive arm (with position 
measurement of its joint angles) to carry a 
biopsy needle at its tip, enables the needle to 
be moved relative to the base of the arm and 
the position of the needle to be logged into a 
computer. If the robot base and x-ray 'C 

arm are clamped together then the 
relationship of the target 'C' arm image and 
the biopsy needle can be displayed on a 
computer display. 

A prototype calibration object and passive 
arm have been constructed at Imperial 
College (Fig. 2). The calibration object is a 
hollow plastic cube with steel balls embedded 
in the top shelf in a precision matrix. An 
additional tray containing a similar array of 
balls can be placed at a number of heights to 
map out the field over. a range of height. The 

passive arm is a counterbalanced 4-bar link 
structure for rigidity. The joint positions are 
monitored by potentiometers with associated 
electronics to give low noise and drift at a low 

overall cost. Electro magnetic brakes are used 
at the joints so that the arm can be locked in 

position e. g. whilst tools are changed or whilst 
the Surgeon moves out of the region to take 
x-rays remotely. The passive arm and x-ray 
are clamped together and in turn clamped to 
the operating table. The patient is then 
strapped down onto the table. Thus the arm, 
x-ray machine and patient can all be datumed 

together so that the patient does not make 
gross motions which would disturb the robot 
and x-ray positions. However, the location of 
the kidney, reference to the body, can move 

with breathing and with pressure of adjacent 
tissue when pushing in the biopsy needle. 
There are two techniques that account for the 
motion due to breathing. The first is for the 
Anaesthetist to change the breathing rhythm. 
This can be done by either introducing a high 
oxygen content mixture which causes a very 
rapid, low amplitude, oscillation of the lungs 
that does not transmit to adjacent tissue, or 
by observing the pattern of breathing. In the 
latter case it is usual to wait until there is a 
full inhalation before taking images and 
logging the target co-ordinates. The needle is 
positioned at this location and then, at the 
same part of the breathing cycle, the biopsy 
needle is inserted. The second approach, 
generally more favoured by Surgeons, is to 
continuously image the kidney as a target 
that moves up and down with the breathing 
cycle. The Surgeon then tracks the moving 
target with the biopsy needle and, when sure 
that he is in synchronisation with the target. 
inserts the needle to the required depth. 
Concerns that insertion of the needle will 
press adjacent tissue, displacing the target 
before the needle enters, can be addressed by 
using a conventional spring loaded device that 
fires the needle rapidly to a pre defined 
depth. The concept underlying this approach 
is that the tissue does not have time to 
transmit motion before the needle enters the 
target. Conventional hand driven biopsy 
needles use a flexible plastic tube over the 
needle. This allows the Surgeon to bend the 
needle to steer it in a desired direction as it is 
slowly inserted. This requires continuous x- 
ray or ultrasound imaging to allow the 
Surgeon to determine how the target is being 
distorted as the needle enters. 

Any attempt to use an automatic robotic style 
tracking system when tissue is being 
distorted, would require some type of sensor 
located in the tissue to be tracked. This 
implies that a separate exercise is required to 
insert the sensor into the kidney. Whilst the 
location of the sensor can be anywhere on the 
kidney, and is thus easier than targeting a 
specific calyx, the additional requirement 
does not seem a sensible solution (particularly 
as more than one sensor is required to 
determine the new position and orientation of 
the kidney as it moves). An alternative 
approach for an automatic robotic procedure 
is to use a continuous x-ray or ultrasound 
image and use automated pattern recognition 
techniques to continuously update the target. 
However, since the quality of images is poor, 
the process will be both long and uncertain. 
The most viable option currently seems to be 
to use a rigid sheath over the needle and 
insert very quickly, before the target has a 
chance to move. If this is not satisfactory, 
then automated robotic techniques appear to 
be unsuitable for soft tissue targeting. 
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Instead, a computer assisted approach in 
which the Surgeon acts as part of the control 
loop to recognise, and adapt to the moving 
target, appears a better option. 

The kidney biopsy demonstrator seems to 
give some general lessons for soft tissue 
surgery. For computer assisted surgery, if the 
target organ can be immobilised from 
external disturbances (e. g. due to breathing) 
then it makes it easier for the Surgeon to 
target the tissue without dynamic tracking. 
Alternatively, if the motion is cyclical and 
slow moving, the same part of the cycle can 
be used for imaging and for intervention. If 
the target moves due to associated tissue 
pressure, it is best to use spring loaded 
insertions to a pre defined depth to hit the 
target before it has time to move. If this is 
not possible, then continuous imaging during 
intervention is required to allow the Surgeon 
to visually track the target and dynamically 
adjust the intervention procedure on-line. 
Theoretically, if direct access can be readily 
gained, then sufficient landmarks could be 
inserted into the tissue to aid in tracking. 
However, typically three markers would be 
required to track the tissue as a block and, if 
the tissue distorted rather than moved as a 
block, even these would be inadequate to 
fully define the tissue as a target. This 
solution is therefor unlikely in practice. For 
robotic procedures if this tracking landmark 
solution is impossible, then the only way an 
automatic procedure could be feasible would 
be to rely upon pre computed target locations 
and enter a probe at the correct time in its 
cyclical motion, or when the motion is 
temporarily frozen. For a robotic procedure, 
it is assumed that the probe is entered so 
rapidly that the tissue has not time to move. 

CONCLUSIONS 
Computer and Robotic Assisted Surgery of soft 
tissue is particularly difficult compared to 
orthopaedic procedures because soft tissue is 
more likely to distort and move 
unpredictably. Computer assisted techniques 
are easier to implement than fully robotic 
systems because it is easier for the surgeon to 
compensate for on-line motions and 
distortions. Robotic procedures work best (a) 
where the tissue is contained in some way, so 
that distortion due to the intervention activity 
is minimised, (b) where positional accuracy is 
not cyclical and (c) where motions due to 
external influences are either click or can be 
frozen temporarily. It is usually not possible 
to put sufficient markers in position to readily 
track motions of the whole soft tissue as it 
moves and distorts. Thus unless such motion 
is highly predictable, it is necessary to use on- 
line imaging to assure (or to update), the 
target position. 

In practice many orthopaedic procedures 
suffer from similar difficulties when tracking 
the bone. Many surgeons are used to 
manually carrying out orthopaedic tasks 
without clamping the patient rigidly and 
compensate for motions by adapting their 
own base reference position. When 
specifying computer or robotic assisted 
procedures, they often specify that the 
patient is similarly free to move and require 
the system to dynamically track the motions 
of the bone. Also, bones are often held by 
soft tissue of some form, which can allow 
some limited motion in an adjacent socket. 
The bone can move unpredictably when the 
associated soft tissue distorts and moves, 
often acting as a compressed spring. The 
result is that orthopaedic procedures can 
suffer, to a limited degree, from the same 
difficulties as soft tissue. 
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Fig 1. The robotic prostatectomy trame shown in 
position resecting a phantom. 

Fig 2 The computer assisted biopsy arm shown 
alongside the x-ray calibration object. 
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THE USE OF FORCE CONTROL IN ROBOT ASSISTED KNEE SURGERY 

B. L. Davies, S. C. Ho and R. D. Hibberd 

Robotics Group, Imperial college London, SV n 2BX. 

The oje of robots to assist in knee surgery can Ply 

impure the long term outcome of -prosthetic implants. The 

robot can make accurate cuts of complex shapes that, not 

only improve the fit of the prosthesis, but also Am for 

improved design. The use of pre programed position 

control of the robot can achieve good results. Ibwever, 

dire can be a sense of lack of control by the surgeon, who 

loses close visual and tactile feedback. Also. the 

psychological acceptance, both by patients and surgeons, in 

using an autonomous robotic manipulator creates further 

difficulty. The paper describes a new approach for the use 

of force control whereby the surgeon can bold and move a 

cutter on the end of the robot. The surgeon can supervise 

and control the robot directly, and execute the cutting using 

his innate sensing and his experience and judgement. The 

strategy of implicit force control, with active motion 

constraint, can assist the surgeon in executing the pnc- 

planned cuts accurately and efficiently. The papa presents 

the control strategy and gives results of an experimental 

evaluation. The same strategy can be of benefit in a range 

of oiThopaethc procedures. 

Conventional Surgery for Prosthetic Knee 

The replacement of the bearing surfaces of the knee by 

prosthetic implants requires the bones to be cut precisely. If 

the prostheses are not a good fit and the tibial and fanord 

components not well aligned, the prosthetic joint will 

perform poorly. To ensure a good alignment, a series of jigs 

are used to guide the cuts which are made by an eng 

saw blade. The jigs are each dependent on the quality of the 

previous jig location and the saw cuts are often inaccuiste. 

The range of sizes required means that many jigs have to be 

kept and the procedure must be highly systematic to assure 

an adequate quality. The use of a robotic system can ensure 

that each cut is correct with respect to all others and the 

tibial and femoral aspects are correctly aligned and inter 

related. 

Robotic Assisted Knee Surgery 

Two approaches to orthopaedic Surgery have been used: - 

1. The robot holds a guide or jig at a correct location to 

facilitate the manual drilling of holes or cutting of 

faces(1,2). This requires a very substantial robot tu resist 

the large forces exerted by the surgeon. 

2. The robot holds the cutter and moves appropriately to 

resect the correct shapes(3,4). This may be a fully active 

autonomous robot system4 as in the Robodoc' hip su gay. 

or a completely passive arm. The former requires a greater 

degree of acceptance, both by patients and surgeons, that 

the system is adequately safe and will not execute 

unexpected motions(3). 1Le robot interface with the 

surgeon is also critical and all the surgeons skill and 

experience must somehow be embodied in the robot. A 

passive robot arm which has no actuation, gives a greater 

degree of security than an active robot. but is not good at 

following a described njectory. However the surgeon's 

direct control is greater than for active systems. What is 

proposed for the Imperial College systesp is a combination 

of the active and passive approaches in which the surgeon 

holds the. motor of a rotary cutter attached to the end of a 

robot ann and moves the arm under force control. Since the 



surgeon can supervise and control the robot directly. he is 

able to execute the cutting using his innate sensing and his 

txperience and judgement. From both the surgeon's and the 

patient's point of view, the robot is merely a 'tool` where 

the surgeon carries out the operation and not the robot. 

A Faroe Control Strategy. 

When the surgeon moves the cutter major, he back-drives 

the various joints under an implicit force control strategy(5) 

in which the robot motion is constrained. Implicit mace 

control has none of the problems of active control. Within 

the constraint envelope, the surgeon is able to freely move 

the tip of the robot which contains a rotating cow. At the 

edge of the defined region, the surgeon can only move the 

robot along. but not beyond. the boundary. The region may 

be a plane, a hole or a groove. The surgeon has direct 

ootwol over the cutter, can feel the faces exerted and, if a 

hard section of bone is encountered. can either talm a 

shad ewer cut or slow down the traverse nae. If a'dad mad 
switch is attached to the cutter motor, the system can be 

powered up only when the switch is held down. If the robot 

is specially designed for the task, the range and number of 

motions can be small. The force levels can be adequate to 

give sufficient artificial motion constraint and yet not be loo 

strong for the =geon to feel endangered. With the help of 

the artificial motion constraint. imposed by the robot. the 

smWon is able to complete the cuts more accu alely and 

efficiently using a system which is inherently safe. 

Task Specification. 

(a) Motion Constraint 

It is general necessary to move in two dimcaaioos over a 

plane whibt progressively moving in the third dimension to 

control the depth of cut. The depth of cut can thus either be 

controlled by position control or, by arranging a spdag 

controlled dead zone over a predefined region, the surgeon 

can gradually press harder until the full depth of 

programmed cut is taken. In order to achieve fast response 

times the 2 dimensional force control region is programmed 

in polar coordinates. The controller then checks with a 
bok-up table to see if the robot is inside the region of 

artificial constraint, zone I& II (see Fig. 1). Inside zone I& 

II the reference position is set as zero, whilst in zone IIi, the 

reference position depends upon the nature of the 

programmed constraints. If the trajectory is a simple 

polynomial ( e. g. a straight line). the constraint can be 

computed directly rather than by use of a look-up table, 

Design of the desired position for the motor gives the robot 

the required active motion constraint. whilst the movement 

of the robot is passive. 

Ej. Schematic foroe control system for a single of 
äecdom 

(b) Fm= Suategy 

Fig 1 shows a schematic diagram of a single degree of 
freedom system. Fs is the surgeons Pulling/Pusbing ice. 
Fr is the a9pat force of the robots actuator. Fc is a 
combination of We coulomb friction force and the cutting 
fmm 

If Fr=Kp(X-X)+K, OCI X). 

wbe e: Kp = the position pin , 
Kv = the velocity gain. 
X= the current position of the robot, 

and Xd = the reference of the robot. 

aci an o XI xs 



then the strategy for the gain can be set depending on the 

noses (see Fig. 2). 

For zone I (i. e. xdxll) set Kp =0; Kv >0(i. e. a small 

posilive value to provide a stabilising damping form). 

w 

42 Al 0X-a an 0 AI 

FU62. Design of the control gains for one DOF system 

For zone II(ie. IxlI<x<Ix2Uset Kp =0; Kvis set so that 

when moving into zone II from zone I the value of Kv is 

ramped up towards the value for zone III whilst, when 

moving from zone HI to zone 11, the value drops 

immediately to that of zone I( thus ensuring a rapid return 

to the central region should an overshoot into zone III 

occur). 

or zone III (i. e. x> x21) set Kp >0 and Kv >0 so that the 

system is ov«damped. 
In practice the exact value of these parameters is decided 

empirically, depending on the su geon's feel when 

operating the robot. This strategy for a single degree of 

freedom can be extended to two or throe degrees of 

Preliminary tests 

A two-link arm with an end mill cutter fixed to its tip aas 

coosuucted for the preliminary experiment. Figure 3 shows 

the block diagram of the system & Fig. 4. a diagram of the 

kinematic layout. The working space of the 2-axis arm is a 

ring with a radius which varies from 50mm to 275mm. 

Each joint actuator is a DC motor with harmonic drive 

gearbox and encoder. driven by a current amplifier. The 

motion controller is from Optimised Control Ltd. consisting 

of a floating point 32 bit Digital Signal Prooea o«(DSP) 

fron the Texas Iz uments 320030 family of piocearon. 

which oommuzýicaas with a 486 PC via Dual Put 

Memory(DPM . The 486 PC reads the position data from 

the DSP, dien computes and determines the values of the 

ref rence position and fce k gaits based on the control 

strategy discussed above. At the and of every computation 

cycle (33ms). dose values are transferred to the motion 

controller via the DPK 11 motion controller 
independently controls the motors at a 0.65ms sampling 

rate. 
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Figure 4 dam an cqm meatai result of a horizontal 

straight line constraint with a length limit of 20mm. The 

arm is moved by band and its position is traced from the 

oaaput r aasen. The Pushing1Pu g force by hand is 

recorded by a two axis lace sensor placed at the tip of the 

arm and which has an a cur y of about 10 mN .7 be robot 

tip position is calculated from the two joint encoders. The 

graph shows that when the robot appoaabes the cod limit 

at position B. the i 'ce force becomes relatively hiSh. 

The error in the Y axis position is less than 0.15mm. 
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W. Force and displacement characteristics in the X&Y 

dituniorts against time, when a rectangular motion with 

40mm length is operated by hand to the tip of the 2-link 

manipulator. 

Figure. 5 shows the result of a rectangular constraint. The 

robot is moved from the centre position 0 to the boundary 

A. and then along the boundary( A->B->C->D->E->A ). 

The graph shows that the resistance force steadily increases 

as the robot approaches the boundary A. and then stays 

almost constant as the ruler moves along the boundary at 

Figure 6 shows the result of a circular constraint with a 

radius of 20min. The am in radius is less than 0.2mm. 
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The peocess of machining the bones of the knee fair 

to pwslbetic implants can benefit from robotic procedures 

give impovod quality at fit and a bet*c relate 

between tibial and femoral compone - Whilst position 

comW can give good results, use of bocce control, whore 

the surgeon holds the motor on the end of the robot 



arm, can give a better Teer. Not only is the surgeon able to 

move the cutter at his own rate, but he can take the depth of 

cut he feels appropriate and sense the cutting faces 

directly. Thus the degree of surgeon judgement and control 
is maintained, whilst giving a programmable alive motion 

constraint. With the help of the artificial motion constraints 
famed by the control strategy. the surgeon can eMiently 

and accurately complete the resections. The use of a 

mechanical clamp, that can prevent motion outside the 

defined region, provides additional safety even should all 

the hardware and software safety features fail 

Preliminary tests have shown the system to have adequate 

stiffness and stability whilst maintaining - good response 

times. Appropriate shapes can be programmed so that a 

central region can be quickly machined. whilst a 

subsequent cut can clean up the profile accurately. Grooves 

[2]. F. A. Matsen III, J. L. Garbini. JA Sidles, B. Pratt. D. 

Baumgarten. and R. Kaiuca. "Robotic Assistance in 

Orthopedic Surgery, " Clinical Orthopaedics and Related 
Research, pp. 178-186. No. 296.1993. 

[3]. R IL Taylor. HA. Paul. B. D. Mittelstadt, W Hanson, 

P. 8azanzides, J. F. Zdus. E. GI t maa. B. L. Mutts. 

W l. Bargar and W. VrdH mson, An lmage-based Robotic 

System for Hip Replaxmeac sMIwY: JoMnal of the 
Robotics Society of Jan. pp. 111-116.1990. 

[4]. S. MarldiL F. Be wwkc, P. Duio. M. Fadda. M. 

Marcci. 0. Maiccuam, and A. Vwani, 'A System for 
Computer and Robot Assisted Knee Implantation, " Prot. 

14th I Medicine and Biology Conf.. Paris, 1992. 

and holes can also be accu ately machined. A simulation of [5). D Whitney. "i ical Puspecitve and State of the 

the process on the computer screen helps to keep back of Art in Robot Face Control. " Int J. Robotics Res. pp. 3-14, 

the machining process. Because implicit force control is VoL 6, No. 1.. 1997 

used, the machining system is stable and has none of the 

problems of active force control. 

A similar strategy of force control can be implemented for a 

range of orthopaedic tasks such as for spine pedical drilling 

or for hip bone machining for implants. 
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DEVICES FOR AUTOMATED RESECTION OF THE PROSTATE 

M. S. rel. B. nah R. Hiwi. J. E. A. Wirkhaml 

l Depp. of Minimalur /Rnasivs T ergy. Grey's Hospital. New Guy's Horse. London SW19RT 

2Ce for Robotic:. Imperial Cdiejc. Exhibition Roadd ordon SW7 28% 

ft is now well recognised that the incidence of Benign 

Proatatic Hyperplasia (BPH) and symptoms secondary to 

Cdarpd Prostate we umnasing. This has been aatibuted to 

two factors a global tread towards an aging population and 
the increased patient awareness among nie elderly. In the 

United Kingdom this has been compounded by the new fund 

holding General Practitioners who are picking up more BPH 

patients fron their screening clinics and adding them to the 

already overburdened Urologists' workload. Reports from 

they arc directly related to the operating time. Age matched 

population studies have indicated that long term morbidity 

secondary to cardiovascular disease is higher in patients 

having a prolonged operation. These factors clearly 

requisite a shorter operating time not only to avoid surgiw 

but also anesthetic complications. 

In order to quicken and partially deskill the operation, to 
decrease the surgeons' warklond and increase the through put 

both sides of the Atlantic have clearly indicated that TURP 

forms the major workload of any Urologist and takes 

considerable time and experience to train. To overdone this 

burden and minimise the surgical intervention new alternste 

managements have evolved in the last ten years. 

The trewnent of BPR by Cryod raphy, Balloon dilatation 

and microwave byperthermia is not considered to be 

satisfactory. Present reports indicating success with 
nsiaoýrave t ermotI apy, laser and drugs are not properly 

controlled random double blind studies with long term 
follow ups. Prostatic taunts and focussed ultrasound m very 

costly and no proper trials have been reported. In the light 

of the present mention transwdMal resection of the prostate 
f URP) remains the gold standard aea v ii for enlargement 

of the prostate and no alternate management equals its 

success rate of 80.9O%. 

a project has been undertaken with the objective of 

automation of the resection of the prostate. It was alb; O 

planned that the resulting system would also serve as a 

generic demonstrator for other endoscopic work. if 

successful it would enable standardisation the resection 

against which all other parameters could be compared and 

suxkd 

A feasibility study (1) was undertaken using a six axis 
Unimagie Puma 560 industrial robot. The robot was fitted 

with an additional framework can *g a further pth Axis) to 

operate longiuidinal motion of the mwcu) cope. This 7th 

axis carried a 24 ch Wolfe Reseuosoope as the and e ector. 
The robot was programmed to resect a awcated.. eccentric 

cone. The cone was intended as upresentative of an acxW 

resection where do apex lies at the vanmanta im and the 
base at the bladder neck. Bench studies on potatoes 

revealed that it was feasible to wuxon' the resecdoas with 
Over the years even with improvements in instrument an approximate resection time of 5-10 minute. However. 

design. the morbidity of TURP has remained at a constant the freedom of movement possible with the robot was tom 
18%. Haemorrhage at 5 mis/minute and traasurethral great to ensure safety in clinical sit ations. It was appartoti 

resection syndrome are the chief causes of morbidity and that the work envelope of any automated surgical proces, 
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should be confined rigidly within a predefined -safe-limit 

whilst at the same time being flexible enough to 

accommodate foreseeable variations in target size. 

An i ve approach was adopted with safety foremost in 

mind Consequently, a manual jig or a safety frame was 

built which matched the kinematics of a possible future 

automated system(2). This frame constrained the 

movement of the resectoscope within predetermined physical 
limits. It consists of an overhead linear travel attached to a 

gantry with series of ball clamps that allows the frame to 

positioned freely and then clamped at any angle. The linear 

travel carries an aluminium ring on which rotates a second 

aluminium ring. The second ring has a diametral arc on 

which is mounted a carriage. Both the ring and arc have 

spring loaded balls which engage a series of detents allowing 
incremental movements. A 24 ch Wolfe resectoscope was 
fitted to the carriage. The ring allowed movement through 

360 degrees while the carriage could be moved radially on 

the arc through 80 degrees. With the incremental 

movements, a series of cones measuring 24 mms at the 

base, totaling 48 mms in length, with a volume of 60 ccs 

could be rested, using conventional diathermy. 

TURF using the safety frame was carried out on 40 patients 

with a mean age of 68 yea: s. (3.4) They had a preoperative 

mean flow rate of 10.1 (3.8 -152). and residual volume of 
243. On Transrectal ultrasound scans (TRUS), their 

prostate had a mean weight of 48 gms (20-86) and a mean 
length of 41 mms (29-59). Post operatively two patients 

voided less than 15.0 mis and the rest had a sea peak flow 

of 22.2 mk/sec. Having confirmed that adequate resection 

can be achieved within the frame it was decided b build a 

powered version based on the same i oatics. 

In this motcised system the four degrees of freedom ( tie 
lead travel. the ring, the resectoscope carriage on the sc. and 

the resectoscope cutting action) are all driven by servo 

motors. The linear head travel is driven via a lead screw 

whilst the ring and the carriage and the resectoscope use gear 

teeth which engage delrin gears fixed to the output shafts of 

the servomotor gearboxes. Position meant ent is by 

optical encoders. The moron are controlled by a motion 

controller which in tarn is controlled by a P. C. This P. C. 

forms the top level supervisory control that overseas all 

other subcootrol activities. It also controls the diathermy 

unit and forms the Human Computes Interface for the 

Surgeon. Safety (5) is ensured at a number of levels, for 

example, communication between the PC and the motion 

controller is monitored and any et. os will initiate a shut 

down of the system. similar monitoring occurs at motion 

controller level. Additionally. an emergency as off switch 

and manual diathermy off switch was included in the 
hardware. The frame with the motors and the r+esectascope 

was mounted via two universal ball joints an aU shaped 

gantry ati -hed to the operating able. 

The clinical procedure involved a preoperative TRUS and 

messamment of the proaýoe. The prostate dimensions were 
then fed into the Domputer. These were then used for the 
initial demminatioo of ehe volame in, be msectied Under a 
mal mwtheeic a prelimimy cyswroapr was carded. 
The resectoscope was vismlly positioned at the way 
clamped in position and the automated frame at ached to it, 
The area In be renewed was outlined. in the Domputer. and, 
with surgeon confirm iM the rejection commenced under 
constant video monitoring. At ach stage of the resection 
the surgeon has to positively respond to allow cutting to 

p need. After the resection beemawsis was achieved 
may. Clinical trials on five k4. iw Bed the need 
for physical and electronic modifications and an alternative 

sauce of prostate imams. 

'nie attachment of the robot 1o the overhead pear', whilst 

Perfectly aüsfactciy at Isboraary trials was dawn to be 



cumbersome for quick and accurate positioning in the 

dheat e. It became apparent that the frame needs to be 

mounted on a strong counter-balanced gantry. The radio 
frequency interference (RFI) from the diathermy loop could 

affect communications under certain operating condtitons, 

with a consequential safety interup thus indicating dw need 
for immunisation. of the system from RFI under all 

possible eventualities. The accuracy of measurements 

obtainable by TRUS proved to be insufficient to allow full 

won to be Carried ont. (6) 

The present machine has addressed these problems. The 

frame is now mounted on a modified Phillips 

counterbalanced system with magnetic and manual brakes. 

This allows for movement with five degrees of freedom and 
hence a accurate positioning of the robot with very little 

effort Additional opto-isolators have been fitted and each 

element of mechanical system electrically isolated. 

Measurements and throe dimensional model generation of the 

prostate is now based on Transurethral ultrasound scans 

which are more accurate and are obtained using the same 

sheath as is subsequently used for the resection. The 

software for resection pattern has been modified accordingly. 
A new Force 40 Valleylab diathermy unit which has an 

additional spray coagulating mode has been incorporated to 

secure more haemostws. 

The present procedure entails a preliminary cystoscopy and 

visual positioning of the resectoscope at the verh. The 

frame mounted on the counterbalance is attached to the 

resectoscope and fine adjustments made for accurate 

positioning. This is followed by a transnrethral ultrasound 

scan using aB and K ultasound system. The adenoma is 

outlined and this data then is fed into the PC and a three 

dimensional model prostate is constructed. Actual cutting 

volume and sequence is determined by the surgeon 
interacting with the data and the model presented on the 

VDU screen. Clinical trials are about to ensue ft results 
of which will be reported. 
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INTRA-OPERATPVE IMAGING GUIDANCE FOR KEYHOLE SURGERY 
METHODOLOGY AND. CALIBRATION 

P. Polamianoa, BL Davies and R. D. Hibba+d 

Robotics Group, Imperial College of Science, TecbnalM and Idedicioe. Landon SW7 28X. U. K. 

An x-ray image guided passive robotic system is being 
d loped. to offer assistance in the attention of minimal 
access surgical procedla+es, also known as keyhole surgery. 
The system consists of a special purpose robotic 
msoipnialor related to a mobile "C-arm! x-ray imaging unit 
via a personal computer; this is intended to help mrgeaos 
oves Pn v-r, the difficulties associated with operating in duo 

under the guidance of tiro dimeasioaal images. 
It is also intended to eliminate the need for surgeons to be 
reliant on radiologists to open an access track pro- 
opmtively in the radiology suite. Quantitative imaging 
guidance is made possible through the impkmeatat ion of a 
deviated calibration procedure, which provides a 
correction for video-flno osoopic distortim as well as a 

of x-ray imaging nun-linewities. This permits 
the a=mte infra-operative visualization of a surgical tool. 
carried by the robotic manipulator, with respect to a deep 
seared target inside a patient. It also allows the 

äcmation and display of mfrs vely acquired 
images with their distortion corrected. 

A calibration me iodology for this type of operating theater 
x-my imaging equipment is pcesmtet The feasibility of 
quantitative spatial guidance dough the use of widely 
availthI oust-effaxive x-ray immaimg aims is 
danoosMft& 

}Mural access (or keyhole) surgical procedures aye rapidly 
growing in popularity and being applied in diverse clinical 
aas. They at perceived as offering significant advagages 
over conventional open surgery in tams of patient aaama. 
recovery period and duration of hospital stay, with te 
asioc ed benefits of a reduction in d aapy costs and an 
increase in patient turnover. It is hoped that this approacb 
will also lead to a shorn du atian of opaatiag Prooedures, 
that reducing the time spent under aaaesdmma 

The initial 'access' phase of keyhole Urgay ezhdbits 
oatain fps in common with biopsyptocedwaLln both 
can a requirement exerts for the (3D) 
location of a particular target site inside a patient. which 
mast be accessed with a biopsy or other pdmutaneoos 
needle. This fites the use of an ultrasound or x-ray 

imaging symm tat cm aft avr '' on at die 
patients interval -nc -11 is the vkbiq at the timet of 
intern An qj mg imp & e: e ph oaa thus be detained 
for the puncuffog needle with aua being taken to avoid 
any critical vascn C*We$ or idafubg boos mamr. 
In this task a: mgeon is alten aaiad by a ndioWrt, who 
maybe mae arp P'Pml in tie L. '-tbn d medical 

The pi__ _ of minimal aoom comical peooedoea does 
not, is somal. include any m<pnfva 3D im-sinn mch 
aS irpI, I tomograpöic z-i or magadic reaooaoe 

E- tly, a 3D model of the pvie es %alu s 
of imtee t cannot be geaaated and used for pm%=ative 
simulation and =a-operative r un. In oder to 
poaitioo and align ap eons needle far pm-clme. the 
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organ's structure. As- such, it may target -relatively small 
feattn es, such as : a- specific calyx of the renal collecting 
system� which is only a few millimeters wide. For a target 
of that order of magnitude, controlling the depth of needle 
penetration can be essential, in order to avoid overshooting 
the structure of interest. The need for accurate targeting 
leads to the use of x-ray video-fluoroscopy, whose superior 
imaging resolution offers the required level of detail. 
Visualization of the features of interest can be enhanced by 
the administration of x-ray contrast medium, which renders 
their structure radio-opaque and produces a sharp outline. 

The system under development at Imperial College 

comprises a passive anthropomorphic manipulator 
interfaced to a "C-arm" x-ray imaging system via a 
personal computer. The manipulator has five degrees of 
freedom, consisting of three rotating joints for position and 
two for orientation, allowing the placement of an 
axisymmetric end-effector in any 3D spatial configuration. 
It is intended for direct mounting onto an operating table 
and is counterbalanced for nearly static behavior. The 

manipulator carries instrumentation for sensing position 
and orientation in 3D space and can be locked in any 
desirable configuration. The locking action is effected by 

electromagnetic brakes that are activated via a footswitch, 
so as not to interfere with the surgical manipulations. The 
three positioning axes are also fitted with mechanical locks, 
to secure any desired end-effector configuration for long 

periods of time. The manipulator's rigidity is enhanced by 
the four-bar-link formation of its positioning. links. As it 
does not feature any actuators, it constitutes an inherently 

safe tool in the hands of the surgeon. 

The manipulator is subjected to sensory and kinematic 
calibration. The calibration technique is similar to the 2D 
"chessboard" approach of sampling a matrix of reference 
points, but makes use of a 3D point matrix which spans the 
workspace requirements for surgical procedures. A non- 
linear optimization routine is employed off-line to calibrate 
a modified Denavit-Hartenberg kinematic model. The 

manipulator thus constitutes an accurate 3D measurement 
and positioning system which can act as a surgical tool 
navigation guide. Futhermore, it can establish, maintain 
and constrain a desired tool configuration by virtue of being 
fitted with brakes. It thus combines the features offered by 

other similar surgical 3D digitizers/navigators with the 
benefits obtained from surgical tool fixation systems. 

The assistance offered by the Imperial College system to the 
surgeon involves the intra-operative visualization of the 3D 
position and orientation of a percutaneous or biopsy needle, 
carried by the robotic manipulator, with respect to a deep 
seated target inside a patient. This visualization is achieved 
by the simultaneous graphical display of the needle on 

several images of the target, which have been. acquired 
from multiple points of view. The registration between the 
manipulator/operating table (WCS) and the x-ray imaging 
(CCS) coordinate systems is performed intra-operatively 
(Fig. l). For each acquired image, the manipulator is 
employed as a 3D digitizer to log a set of points provided 
by a sterile attachment on the imaging system. This permits 
the display of the end-effectors trajectory on each 
registered image, enabling the planning of patient puncture 
and needle penetration along a suitable path. The display 
can also- provide the surgeon with a measure of target 
depth, to ensure that the actual penetration does not fall 
long or short of the target. 

Figure 1 

There exist three broad types of calibration methods, 
namely, those that attempt to model a system and its 
behavior, those that attempt to model only a system's input 
to output relationship and those that are a hybrid of the 
other two. Calibration methods that belong to the first 
category are generally the hardest to implement, as they 
require a detailed understanding and modeling of all 
physical processes that take place within a system, as well 
as of the system's interaction with its environment. 
Calibration methods that belong to the second category are 
generally reliant on computers, which are employed to 
discover a functional relationship between a system's input 
and output. They are straightforward to implement but 
computationally intensive, as a search must be performed 
for a suitable mapping function. To reduce computational 
intensity and avoid performing a blind search, a hybrid 

approach is often used, whereby a particular type of input to 
output mapping is sought- This corresponds to a partial 
description of the system's nature, reflected in the 



expectation for a particular shape of the optimal mapping 
function. 

As mentioned earlier, the Imperial College system utilizes 
the readily available "C-arm" type of video-fluoroscopic x- 
ray machine for imaging. This arrangement consists of an 
x-ray generator and a fluoroscopic image roter sifier with 
video camera mounted on opposite ends of a semi-circular 
C-shaped beam, which rotates around the operating table 
on a circular section track. The system's imaging procm 
can be separated into an external and an internal part. The 
external part comprises the x-ray projection process from 
the x-ray generator to the image intensifier's input screen. 
The internal part comprises the image intensification, the 
conversion of the image to a video signal and the 
digitization of the video signal into a digital memory. The 
two parts are calibrated jointly but by differing methods. 

4.1 Correction of Video"Flnoromopic Distortion 

The internal imaging process consists of three overall steps, 
namely image intensification, video signal encoding and 
image digitization. The x-rays impinge on the input screen 
of a photomultiplier fluoroscope, also known as a multiplier 
phototube, which converts the x-ray photons to electrons, 
multiplies them and converts them to photons in the visible 
spectrum. These are received by a vidicon camera, which 
composes a video signal that is passed on to a video frame 
digitizer. The digitizer captures video frames for storage in 
a digital memory, i. e. a personal compute 's RAM. It 
should be noted that at this time there appear to exist only a 
few "C arms" equipped with CCD cameras. 

It is a well established fact that video-fluoroscopic imaging 
systems suffer from considerable distortion [1)[2][3). It can 
be readily appreciated that a calibration procedure which 
would attempt to model every physical process within this 
elate imaging chain would be extremely complex and 
result in a non-linear model of very high order. On the 
other hand, a mapping of input to output image need only 
consider the two endpoints of the imaging chain, essentially 
treating the system as a "black box". However, only the 
output image is available in the system's digital memory. 
The input image, which forms on the photomultipliers 
input screen, is not accessible. It is therefore necessary to 
utilize as input the object that is being imaged rather than 
the image itselL To that end, a set of coplanar calibration 
points is placed an the image iptensifier's front cover, 
which is the closest physically accessible location to the 
pbotomultipliess input screen. This plane of points is 
treated as an input image to the electronic imaging chain It 
can be considered as the equivalent of the image that would 
form on an x-ray film placed at the same location (ICS in 
Fig. 1). 

" Background Survey 
... 

The internal calibration procedure consists of developing a 
mapping between the undistorted -input 

"image". Le. the 
calibration points, and the distorted output digital image. A 
number of functional relationships have been proposed in 
connection with various types of lens and camera 
combinations, that can be used to model distortion. [4] 
proposed a model that described radial distortion with up to 
fifth order terms and included a detailed model df the 
digitization (quantization) process. [51 also proposed a 
radial distortion model but with third order teams only and 
included a proportional model of quantization. [6] and [7] 
utili2ed elaborate models describing both tangential and 
radial distortion. All these approaches belong to the hybrid 
type of calibration, where an input to output relationship is 
sought for expected farms of distortion, u radial, 
tangential etc. 

On the subject of x-ray video-fluoroscopy c 'bration, a 
sim0ar hybrid approach has been followed by a number of 
researchers. [1) employed a pincushionlbauel distortion 
model with up to third order terms. [2) developed a 
complete set of functions for various aspects of the image 
intensification process in trams of contrast and brightness 
response, as well as a model for geometric distortion. 
Linear grey scale remapping, dc offiet subtraction, veiling 
glare daoavolution and shading correction were applied. 
Geometric distortion was corrected by one of two methods: 
a global pincushion distortion model and a local linear 
model within triangular areas defined by calibration point 
triplets. [3] employed third and fifth order radial distortion 
mapping. The results, reported for four different machines 
as errors of less than 0.10 mm, were better than the order of 
magnidode of the measurement error of the calibration 
points. which was 0.10 to 0.15 mm. 

" Mdhodology of Calbratoo 

A first set of images wat acquired with two "Darms", an 
Elscint mobile mit for operating theaters and a Genaal 
Electric AdvantX system for radiology suites. As mentioned 
earlier, a set of coplanar calibration points, placed as the 
front cover of the image intensifier, is used for the internal 
calibration. The calibration point clu r coats of 19 steel 
balls of 3.0 mm diameter, set into a sheet of paspac in 
hexagonal poems; these combine to form a larger hexagon 
that is inscribed in a circle of 170 mm diameter. The 
coplaaarity of the balls is known to be within +/- 0.05 mm. 
while their ph= coordinates are known to within +/- 
0.01mm. 

A hybrid approach was used in an attempt to anticipate the 
types of distortion present in these systems. various 
combinations of radial and tangential global distation 
functions were tested. The res lts obtained by these 



methods were not satisfactory. Poor performance was 
especially noticeable for the Elscint unit, . whose 
components have aged considerably during its years of 
service. This machine exhibited a high degree of localized 
non-linearities at the periphery of the image, which could 
not be adequately modeled by symmetrically bilksed 
functions. The phenomenon is not atypical of long serving 
video-flnowscopic units. As these are widely available 
throughout hospitals, it was felt that a calibration method 
should be developed to account for the worst case 

A generic input to output modeling approach was Used to 
map the non-linearities without any a priori assumptions 
about their nature. A number of global and local mapping 
functions were tested. Global functions were applied 
throughout the image, whereas local functions were applied 
to hexagonal, trapezoidal and triangular image sectors 
defined by the calibration points. It should be noted that the 
functional relationships derived need not be invertible. 
Given two sets of data, it is possible to obtain one 
relationship from the input to the output data and another 
one from the output to the input. 

Global Modeling Functions 
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Local Modeling Functions (r2 = x2 + y2 ) 
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" Results 

As mentioned earlier, the calibration point plane can be 
oa dered as the equivalent of the image that would form 
on an x-ray film placed at the same location (ICS in Fig. 1). 
The internal calibration attempts to "eliminate" the 
electronic imaging process, by synthesizing image 
coordinates on this artificial x-ray film. To that end, we 
were implemented from the output image to the input 
calibration points. During the first test. based on the fast 
set of images, each calibration point was excluded in turn 
from the calibration and used as a Control point. This test 
was designed to check for image self-consistency and to 
identify local imaging abberations. Maximum errors 
occured for points near the periphery of the image, where 
the non-linearities are extreme. The mean errors for the two 
imaging systems were 0.16 and 0.11 mm respectively 
(Table 1 in App. ). The lowest order global mapping 

function produced the beg results, indicating a high degree 
of local variation in non-linearities. The higher order 
functions effected a closer fit to individual c aliibsation 
points and thereby oonld not rep went control regions 
excluded fron caMxatioo. _ 
The first at of images was also used to derive a set of 
global and local mappings between input and output, 
utilizing all calibration points. A second test was designed 
to check for imaging consistency and to evaluate the 
different calibration functions. This test was only 
performed with the I: Oscint unit, which was used so acquire 
an image of a second cluster of points. As the non- 
linearities at the fringe of the image had been found to be 
excessive, the test was performed in the central 50% area of 
the image. The control point cluster consists of 21 steel 
balls 2.0 mm in diameter. also set into a perspez dim. 
spanning a disc of 120 mm diameter. Their coordinates are 
known to the same specifications as those of the calibration 
balls. The control points wen positioned on the image 
intensifier front cover so as to occupy the same plane as the 
calibration points. The mapping functions derived from the 
first image were used to compute the distance between 
adjacent control points, as seen in the second image. ? he 
mean error was 0.11 mm (Table 2 in App. ). As expected, 
the global mapping functions produced the better results. 
The inferior performance achieved by low order local 
mapping is an indication of the high degree of imaging 
non-linearity. Low order functions cannot model the 
distortion even over a small image sector. A far daffier set 
of calibration points is required for successful low order 
local mapping. With a high density matrix of points, local 
modeling could also be performed with two-dimensional 
bicubic or thin-plate spline interpolation. 

The calibration of the 'Darm' is primarily intended to 
permit an accurate projection of a surgical tool's line of 
action and tip on a series of original registered images, 
However, the internal calibration also allows the display of 
such images With their distortion corrected. Each source 
pixel address is transformed by the calibration function into 
a new desbaatioa address; destination pixels not addressed 
are assigned the average of their neighboring giaylevelL 
The corrected display is intended as a qualitative aid in the 
identification of feat res. 

42 Calibration of X-ray Prgjecöon 

In the case of conventional x-ray projection on On, the 
optical geometry is nearly linear and is refuted to as 
Pave prolec Some sources of ton-linearity do 
exist, auch as the non-singular nature of the focal point and 
the imperfect planarity of the film, but their effects are 
small and can be ignored. Fei such ideal "pin-hole" optick 
it is sufficient to derive a perspective projection maa'ix 
from six calibration points spanning the volume of interest, 



Unlike a plate of x-ray fiint, the input surface of a 
photomultiplier tube is curved; this introduces non- 
linearities into the external imaging process. The internal 
calibration presented above circumvents this problem by 
synthesizing image coordinates on an artificial x-ray file, 
represented by the internal calibration point plane (ICS in 
Fig. 1). However, the error associated with the 
n ruction of these image coordinates accounts for a 
residual non-linearity that must be mapped. One way to 
achieve this is to derive a perspective projection matrix 
using more than six points, which will represent a best fit 
throughout the volume of interest Another way is to bound 
the volume of interest by a pair of planar calibration point 
sets and derive functional mappings between the image and 
each cluster of points. Any point between the two bounding 
planes is dealt with by interpolation. This method 
essentially defines a line-of-sight vector for each c ali'bration 
point image. The approach is known as the multi-planes 
method and can be extended to more than two planes. 

" Background Survey 

In [8] the multi-planes method was developed for back- 
projection. Global linear and quadratic, as well as local 
linear mappings were implemented and compared with a 
perspective projection model. The multi-planes method was 
feather developed to include projection in [9]. 7 be system's 
focal point was defined as the best fit intersection of all 
derived line-of-sight vectors. The 3D orientation and scale 
vectors of the image plane were defined and used to derive 
a global projection model. The same functions as in [8] 
were used far back projection, in addition to which global 
and local projection models were developed and tested. 
[10][11] and [12] compared the perspective model to the 
multi-planes method in applications that combine different 
types of imaging systems. In this work, local mapping 
methods included linear. bicubic and thin-plate spline 
interpolation. 

One of the difficulties often associated with the multi- 
planes method is the requirement for accurate displacement 
of a single plane of calibration points. The alternative is to 
construct an object that features two or more calibration 
planes in a fixed relationship. This approach was taken in 
[13]. where a calibration cage. consisting of four plexiglass 
planes with nine metallic balls each, was used to calibrate a 
robotic surgery system. The cage was placed around the 
patient's mead. which was fixed on the operating table. Tue 
c alibratioa was thus perfaaed for specific viewpoints in 
relation to a fixed volume of space. 

" Methoddop of Calibration 

During the initial "aoxss" phase of keyhole surgery, no a 
priori knowledge is available with respect to the points of 

view required to determine an optimal path for penetration. 
The imaging system can only be calibrated for a certain 
range of depth, irrespective of its 3D position and 
orientation. The "C-arm's" 3D configuration must be 
determined intna-operatively by the manipulator, as 
outlined in the section on surgical tool guidance. 

The calibration and control planes described in connection 
with the internal calibration constitute the top and bottom 
smfices of a 250 mm calibration cube constructed of 
Perspex sheets. The two sets of points enclose a voohome 240 
mm in depth. The cube also. contains a third plane of 
control points, consisting of 14 steel balls of 3.0 mm 
diameter. that can be placed in one of three locations 
between and in parallel with the other two planes. The 
coordinates of these control points are known to the same 
specifications as dense of the two fixed planes. The 
fle ity of multiple control plane configurations 
introduces an additional uncertainty in the location of the 
control plane with respect to the fixed planes, which is +/- 
0MS mm of parallel translation. The distance between the 
planes is known to +/- 0.05 mm. 

For the calibration, the object is positioned on the font 
cover of the image intensifier (Fg. 1). A backet that 
supports the infra-operative registration attachment. 
referred to in the section on tool guidance. is connected to 
the object with a locating jig; it is then fixed onto the image 
iota . After the calibration, the object is removed and 
the bcacloet remains in place. Before an operation, the 
atailizable attachment is fitted to the bracket; its 3D 
configuration represents the "C-arm's" 3D coordinate 
system (CCS in Fig. 1). as defined during the calibration by 
the perspex cube. 

The calibration object simultaneously woomplishes four 
things: it provides data for the internal calibration: it 
defines the C-arm's 2D image coordinate system (ICS in 
Fig. lk it provides data for the external calibration; and it 
defines the C-arm's 3D physical coordinate system (CCS in 
Fig. 1). A single image is sufficient to perform both internal 
and external calibration. The c alä=i'en plane closest to 
the photanultipliees input surface supplies data for internal 
caläatioa; it also supplies data for external calibration in 
the same image. The plane is more than just an artificial x- 
ray film; its mackm are simultaneously real 3D points and 
artificial 2D image coordinates. This constitutes the link 
between the external x-ray imaging and the internal 
elecovonic iPrOcesL 

" RewIft 

The Imperial College system is to be tested in connection 
with percutaneous renal procedures. The results pxsented 
below were obtained with the control plane located 165 mm 
from the c alilwation plane clown to the image intensifier. 
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This distance corresponds to the peak of the distribution 
curve for the expected distance of a patient's kidney from 
the image intensifier during sutgety. 

As all calibration planes are imaged together, the data for 
external calibration was provided by the images already 
used for internal calibration. Artificial image coordinates 
were obtained via the optimal fit determined by internal 
calibration, Le function m. Two types of calibration and 
four types of tests were performed. For the systems tested, 
imaging resolution was 2.4 pixels per 1 mm on the artficial 
image plane, ie the calibration plane closest to the image 
intensifier. 

The first calibration consisted- of deriving a perspective 
projaxion matrix based on the calibration points of the two 
fixed planes. This was used in the first fest to project the 
intermediate control points; their artificial image 
coordinates obtained were further transformed to digital 
image coordinates via the internal calibration mapping. 
The mean projection errors for the two imaging systems 
were 0.28 and 0.29 pixels respectively (Table 3 in App. ). 
They correspond to 0.12 mm on the artificial image plane; 
this is similar in magnitude to the errors obtained from the 
internal imaging tests, indicating that the internal 
calibration succeeds in rendering artificial image 
coordinates that correspond to a nearly linear external 
imaging process. 

A second calibration was performed in accordance with the 
multi-planes method. Four global and one local mapping 
between the two fixed planes were obtained with functions 
O through m and corresponding fail point coordinates 
and projection models were derived. The second test was a 
repeat of the first using t ese five projection models and 
produced mean err of 0.26 and 031 pixels respectively 
(Table 4 in App. ). No significant variation in performance 
was observed between models; this supports the view that 
the internal calibration is successful in rendering artificial 
image coordinates that correspond to nearly linear external 
imaging. 

The third test consisted of projecting the control points 
according to a different principle. As discussed earlier, the 
plane of points closest to the image intensifier saves as 3D 
calibration plane and 2D artificial image plane. From the 
focal points determined during calibration individual rays 
were traced through the control points and their 
intersections computed with the artificial image plane. 
These were forthr transformed into digital image 
coordinates as before, resulting in mean errors of 0.31 and 
030 pixels respectively (Table 5 in App. ). 

The fourth test was intended to evaluate back-pcojoction 
performance; it is known as the "radius of ambiguity mne* 
test [4]. The images of control points were transformed into 

artificial image coordinates via the internal calibration 
function. These were back-projected into space with'the five 
available back-projection mappings; the intersections of the 
rays with the control plane arse computed. The mean 
errors of computed control point coordinates were 0.09 and 
0.07 mm respectively (Table 6 in App. ). 

Conventional medical imaging systems do not offer any 
true 3D location facility, relying instead on the operator's 
skM in 3D inference from 2D planar images. Some type of 
coarse 3D targeting by "feel" may be sufficient for biopsy; 
however, it is inadequate for pis surgery that 
targets specific anatomical features, &Z. a5 mm calyx of 
the Iddney's collecting system. A surgeon should be in a 
position to access such small. deep seated targets in the 
operating theater, free from any requirements for 
radiologist support by specialized and costly 3D imaging 
facilities that are only available in the radiology suite. The 
need exists for widely available low cost 2D imaging 
equipment, such as the "C-arm" type of x-ray machine, to 
offer precise quantitative guidance in the operating room. 

The development of an image guided robotic system for 
keyhole surgery introduces a need for accurate intra- 
operative imaging, coupled with the necessity for precise 
identification of surgical objectives on the image. To that 
end, an imaging calibration method for 2D video- 
fluoroscopic systems has been ksted: this provides a 
correction of image distortion to facilitate the identification 
of target features of interest. During the initial "access" 
phase ofa keyhole procedure, the calibration enables the 
projection of a surgical tool's virtual extension on inva- 
opeaatively acquired images with sub-pixel accuracy; this 
permits the optimal positioning and or on of the tool 
for patient puncture. The surgeon is thus offered a 3D tool 
navigation facility to assist in the (WEcult process of 
accessing deep seated targets. 

A calibration method for video-fluoroscoi is x-ray imaging 
systems Evas presented. It is intOnded to ntiliu such a 
system in conjunction with a passive manipulator for 
quantitative intro-operative guidance in keyhole surge y. 
The calibration was shown to permit projection within 0.3 
pixels, equivalent to an x-ray film maswment eirar of 
0.12mm. Mn hfeasibility of providing quantitative guidance 
through the use of such cost-effective imaging systems was 
demoosvted. % 
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Table I. 
_ 
Internal Calibration Test I (error in mm 

Elscint Mobile Unit / Cxnena1 Electric AdvantX 
FIT ME AN STD. DEV. MA X. M [N. 
m 0.16 0.11 0.07 0.06 0.28 0.22 0.04 0.01 
m 021 0.13 0.07 0.07 0.34 025 0.07 0.03 
m 0.21 0.15 0.13 0.09 0.53 0.31 0.05 0.03 
® 0.35 0.18 0.27 0.11 0.84 0.36 0.04 0.03 

Table 2. Internal Cahöratica Test 2 (error in mm ) 
Fl eint Mobile Unit 

FiT MEAN STD. DEV. MAX. MIM. 
m 0.11 0.08 0.38 0.00 
m 0.11 0.08 0.37 0.01 
CD 0.12 0.09 0.43 0.00 
® 0.12 0.09 0.42 0.01 
m 0.23 0.17 0.63 0.02 
® 0.18 0.14 0.50 0.00 
m 0.17 0.13 033 0.01 
® 0.22 0.16 0.67 0.01 

Table 3. External Calftation Test 1 (error in pul ) 
mint Mobile Unit I General Electric AdvantX 

FiT MEAN STD. DEV. MAX. IM N. 
m 028 0.29 0.14 0.11 0.62 0.45 0.07 0.12 

Table 4. External Calibration Test 2 (error in pxl) 
Elscint Mobile Unit I General Electric AdvantX 

PIT ME AN STD. DEV. MA X. MI N. 
m 0.26 0.31 0.16 0.20 0.54 0.69 0.07 0.07 
m 0.26 0.31 0.16 0.20 0.54 0.70 0.07 0.07 
m 0.26 031 0.16 0.20 034 0.69 0.06 0.07 
® 0.26 031 0.16 0.20 0.54 0.68 0.06 0.06 
m 0.26 031 0.16 0.20 0.54 0.69 0.06 0.07 

Table S. External Calibration Test 3 (error in pool) 
Elscint Mobile Unit IG Gral Electric AdvanntX 

FIT 'IM AN STD. DEV. MA X. m m 
m 0.31 0.30 0.15 0.11 0.68 0.49 0.06 0.13 
m 0.31 0.30 0.15 0.11 0.68 0.50 0.06 0.13 
0 0.31 0.30 0.15 0.11 0.68 0.49 0.05 0.13 
0 031 0.30 0.15 0.11 0.68 0.45 0.05 0.11 
m 0.31 10.30 

10.15 10.11 10.68 
10.49 

10.071 0.141 

Table 6. Extaial Cal'bcation Test 4 (eirot in mm) 
El eint Mobile Unit 1C s1 FHectiic AdvantX 

rr ME AN STD. DEV. MA X. M N. 
m 0.10 0.07 0.06 0.04 0.23 0.13 0.03 0.01 
0 0.10 0.07 0.06 0.04 0.23 0.13 0.02 0.01 
m 09 0.07 0.05 0.04 020 0.13 0.03 0.01 
® 

4 
0.07 0.05 0.03 0.21 0.12 0.03 0.01 

m 0.07 0.06 0.04 0.21 0.12 0.02 0.01 
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Special Purpose Robots for Surgery 
R. D. HIBBERD, B. L DAVIES 

Imperial College 

The use of robot as an aid to surgery has had much publicity recently. In this paper the potential advantages are 
discussed together with problem areas. A major difficulty has been ensuring adequate safety for the system, par- 
ticulariy since the use of active robots next to people is not covered by current legislation. In order to satisfy safe- 
; ty needs more easily the authors argue the case for the development of special purpose robots for individual 
tasks, rather than the adaption of existing general purpose industrial robots. 

INTRODUCTION 

The earliest robotic surgery used small industrial robots for Neurosurgery in an 
attempt to treat brain tumours. In April 1985, the department of Radiology at The 
Memorial Medical Center, Longbeach, California, carried out clinical trials of 
Neurosurgery using a Unimate Puma 200 robot arm for stereotactic biopsies on the CT scan 
table [1,21. The robot was only used to hold a fixture at the appropriate position and 
orientation so that the Surgeon could manually insert the biopsy needle into the patient. 
Subsequently a group at the Hospital for Sick Children in Toronto, Canada also used a 
Puma robot in a similar way to successfully remove deep seated brain tumours from a 
group of children who had not responded to conventional surgery[3]. 

In the above cases, the robot was used only as a device to hold a fixture. It was not 
until April 1991, when the authors' group at Imperial College used the robot clinically for 
removal of the prostate, that the first true robotic operation was performed using the robot 
to actively insert the cutting device into a human patient and remove quantities of tissue 
[4,5]. The term 'robotic surgery' is usually regarded by researchers to mean a powered re- 
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'four cameras. These tend to be very expensive to obtain the required accuracy over a large 
field of view and have the problem that the LED's In the region of the target area may be 
obscured by the surgeon or tasks 171. A cheaper option is to use electromagnetic systems. 
The inductance effect of such devices is distorted by metal objects, which can be difficult to 
compensate for using calibration techniques. Thus most of these systems use plastic 
components, but doubts remain about clinical robustness in an environment which may 
use many metallic devices. 

The use of a linked manipulator arm, usually of the open chain [anthropomorphic] 
type that gives a working envelope, is used to avoid the inaccuracies associated with 
remote sensors. Measurement of the joint angles, allows the position and end point 
orientation of tools to be determined. The quality and cost of both the measurement 
system and the arm structure is highly variable. Some arms are very cheap, small and 
light, and give only a poor positional accuracy [8,9]. Others are large, robust and with very 
costly measurement systems[10]. The surgeon can position the hand held tools so that a 
tracking cross on a computer display [representing the tool location] can be matched to the 
appropriate target on the computer model. Thus the surgeon is responsible for keeping 
track of the target, although the information on which he relies is dependant on the 
accuracy integrity and safety in-built into the system by the Engineers. In order to allow 
the surgeon to let go of the tools, manipulator systems are often supplied with 
electromagnetic brakes to lock the arm in position, allowing tools to be changed and giving 
improved safety, e. g. hazardous radio active seeds can be inserted for therapy or x-rays can 
be taken from a safe position. It can be seen that the simple addition of prime movers to 
the joints of the manipulator arms results in a fully powered surgical robot. 

POWERED ROBOTS FOR THERAPY AND SURGERY 

Powered surgical robots differ from manipulator arms used in Computer Assisted 
Surgery, simply in the addition of motors, gearboxes and motor controllers. The joint 
motions are directly controlled from a computer programme, rather than being positioned 
by the Surgeon as in Computer Assisted Surgery. The advantage is that the motions are 
constrained by the computer control system to give high accuracies with predictable 
velocities and accelerations without overshoot. Repeated and incremental motions can be 
performed without difficulty, in addition to all the benefits of C. A. S. The complexity of a 
robotic procedure lies, not so much in the robot motions, as in the total system 
requirements for patient clamping and datuming. 

The brief discussion above shows the range tools potentially available to the surgeon, 
from simple hand held tools, through various levels of 'Computer Assisted' Surgery, to 
the fully powered autonomous robot. An attempt has been made in Table 1 to classify 
these into a hierarchy of types in order to investigate the implications for safety. 

THE USE OF SURGICAL ROBOTS 

The benefits resulting from the use of medical robots is not easy to quantify. If a 
medical robot enables a life saving operation to be performed, such as removal of a deep 
seated brain tumour, then one could argue that provided all reasonable safety measures 
have been taken so that failure of the system is rare, then the overall use of the robot was 
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justified. Because its use would save lives that would otherwise be lost, the use of very 
expensive safety measures would also be easy to justify. However such arguments do not 
generally apply to the majority of robot surgery applications or to those. Here the robots are 
generally functioning as a replacement for human activity, simply because they are more 
accurate, faster, or do not require the continuing attendance of a person. The benefits that 
accrue are therefore generally less easy to quantify. Clinical studies may indicate that there 
are theraputic advantages such as the improvement in fitting of joint prosthesis or the 
ability to use minimally invasive techniques with a significant reduction in 

. 
patient 

trauma. Since these benefits are not life critical, the safety measures needed and how 
much they can be justified in terms of complexity and cost are less dear. 

An additional unexpected benefit that has emerged from Robot Surgery is that the 
repeatable motions allow a uniform procedure, independent of the Surgeon. This has 
resulted in standard shapes being resected, etc. allowing a scientific basis for 
experimentation, leading to further insights into the efficacy of particular surgical 
procedures. The further potential benefit from robots is that, once the preliminary 
clamping and datuming activities are over, the actual motion sequence can be carried out 
rapidly, leading to a reduced time for the actual surgery. The main difficulty with powered 
robots is that they imply greater safety problems. 

SAFETY ISSUES 

Safety is of paramount importance for any technological device, particularly when it 
can produce a motion or force that can result in damage. When such devices are used by 
or may come into contact with people such as in surgical applications then safety must be a 
key factor from the earliest conceptual design through to the completed product. 

Systems developed for use by or in the vicinity of people should, in principle, be 
completely safe. However within practical limits of cost and complexity there is no such 
thing as a totally safe system. Even systems as complex and costly as a space shuttle, with 
all the redundancy and back up systems that are employed, can not be 100% safe. 
Therefore, although safety must be an absolute priority, the level of safety for any system 
can only be that which is defined as "adequately and acceptably safe". The various safety 
levels and the complexity that results, need to be examined by informed groups within the 
relevant disciplines pertaining to the system, its function and its the users, and the issues 
explained to the public at large. Only then can the community come to an overall 
informed consensus of what is an acceptable level of safety, bearing in mind the benefits to 
be gained from using the particular device. The concept of what is an acceptable level of 
safety will then gradually evolve. 

The Health and Safety Executive [HSE] recommendations on industrial robots state 
that the robot should be used inside a cell from which people are excluded. This would 
make the use of surgical robot impossible. Thus, there are no official guidelines for safety 
of surgical robots. Discussions with the HSE and Department of Trade and Industry (DTI) 
suggest that the robot and medical communities should make recommendations which 
they and the general public will discuss. The author has made a number of suggestions to 
this end [11,12,13]. One of the major problems is that the more safety systems are 
incorporated the more complex and costly the system and the less likely it is to be 



justifiable. Apart from some aspects of Neurosurgery, the use of robotic systems are 
seldom seen as life saving. They generally give a more consistent, repeatable result that, 
even used by a junior Registrar, can give results as good as the best Consultant. They are 
therefore used to improve quality, reduce time and occasionally to reduce hazards [e. g. 
exposure to x-ray] for both patient and Surgeon. In many of these activities the justifiable 
increase in cost and complexity of a robotic system is limited and, given that no system is 
absolutely safe, how safe such a system should be is all open to question. The use of 
robotic systems for therapy in treating otherwise inaccessible cancerous tumours is in its 
early stages. This potentially life saving activity can also change the arguments since it 
would be senseless to suggest safety constraints so severe that the robot would be too 
complex and it could not be used to save lives! 

As systems proceed from hand held tools towards complex robotic systems, the 
control is taken out of the hands of the Surgeon and resides in the systems provided by the 
Engineers. Medical personnel are often unaware of the full implications and features 
incorporated in the more automated systems. Thus, they tend to favour the simpler CAS 
systems over which they feel they have more direct control. However, if full safety 
systems have been implemented in robots, there is much less reason for error than in 
more manual systems where motions are totally unconstrained.. Where potentially lethal 
cutting systems are held manually without constraint, the result can be less safe than using 
a robot. The questions of how safe should robots be and what safety features should be 
incorporated is one which the authors are seeking to promote by setting up a UK forum 
for Robotic and Computer Assisted Surgery under the aegis of the IEE and IMechE. 

Safety problems may arise from three areas. These are errors in the design, 
development, and production of the system. Secondly from the mode of use of the system 
(or misuse) and thirdly from failure of one or more subsystems or components. The first 
area needs to be covered by standards related to these procedures, for both hardware and 
software. The second is pertinent to both the interaction of the user with the system and to 
the environment. The treatment of failures highlights the connection between safety and 
reliability and the concepts of safe life and failsafe. 

safe life approaches require the establishment of a safe life within which the system or 
sub system will not fail. At the end of this "life" the component is discarded and replaced, 
or the safe life is such that it exceeds the life of the whole system. 'A fail safe concept in 
which failures do not give rise to safety problems is more appropriate, in this instance. 
There are specific areas where a safe life should be used, but the predominant issue is the 
development of a system in which failures either just result in a non functioning system, 
or which are identified and a safe "graceful" failure mode occurs. This is most easily 
achieved using specially developed systems. 

SPECIAL PURPOSE SYSTEMS 

The ability to image and model structures for diagnosis, therapy and surgery has 
outstripped our ability to, perform physical interventions. Consequently the last nine years 
has seen an upsurge in activity using a range of robotic devices. Some groups have 
concentrated on the computer assisted approaches described earlier providing simple 
tracking devices or passive manipulator arms, some of which can be damped. In both 
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instances, the tool location is displayed on a screen together with the desired target, 
generated from preoperative images and models. This approach keeps the Surgeon in 
control and sidesteps safety issues, but it does fails to take advantage of the full potential of 
powered robots. A few groups have used standard industrial robots, sometimes modified 
to move slowly, that hold fixtures appropriately whilst interventions are carried out by 
hand. Only three groups (including that at Imperial College) have devised special purpose 
powered systems that allow autonomous cutting actions, all of. which have been clinically 
applied in the last three years. 

Special purpose robotic surgery systems, with mechanical constraints, will be 
intrinsically safer than the use of a general purpose robot. The latter may have a large 
number of axes acting simultaneously, and are often large and powerful and with a long 
reach. This implies complex and expensive safety monitoring systems. Since the safe use 
of active robots next to patients is still an area of considerable debate, such general purpose 
systems will be a longer term solution. The development of special systems will enable 
research to proceed into the clinical and is therefore likely to prove more profitable in 
both theraputic and financial terms. The next sections describe a number of projects which 
illustrate this special purpose approach. 

ROBOTIC AND COMPUTER ASSISTED SURGERY AT IMPERIAL COLLEGE 

Robotic Prostate Resection 

The clinical use of the automated prostate resection robot in 1991151 resulted from four 
years of research and development by the Imperial College Robotics Centre in association 
with the Institute of Urology. Prostatectomies involve the removal of some or all of the 
adenomatous growth of the prostate gland which can cause restriction or blockage of the 
urinary track. 

A transurethral resection of the prostate (TURP), is carried out by the insertion of a 
resectoscope down the urethra, through the penis, in order to remove a roughly conical 
volume of prostatic tissue . This is a common procedure and is considered to be a safe 
operation. However, it is lengthy and requires extensive training and a high level of skill. 
When carried out by diathermic cutting, using a tungsten wire loop conducting a high 
frequency, high voltage electrical current, it brings the risk of absorption of the hypo- 
osmolar fluid used to irrigate the operation. This may result in an increase in morbidity. 

Feasibility Study. 

The resection is carried out by cutting "chips" of adenoma using the loop. The tissue is 
removed between the verumontanum (at roughly the base of the penis), and the bladder 
neck. Resection proceeds outwards from the urethra and the cavity finally approximates to 
an irregular truncated cone with its apex at the verumontanum and the base circle at the 
bladder neck. 

Initially the research programme comprised a feasibility study to investigate the 
creation of such a cavity using conventional robotics. The complex trajectory required was 



difficult for standard 6 degree of freedom robot. It was found necessary to add an 
additional degree of freedom to a six axis PUMA 560 robot. An outer frame was damped 
to the 5th (pitch) axis. This held an inner frame containing a reciprocating cutter ("the 7th 
a)is") which was rotated and orientated using the robots 6th (tool roll) axis. The inner axis 
could therefore reciprocate and rotate relative to the external frame. Careful programming 
was needed to avoid singularities which can cause erratic motions. 

The study showed that it was possible to complete a full resection in about five 
minutes, a very significant reduction in operation time. However, the range of motion 
possible using standard robots poses significant safety problems for clinical use, especially 
as their development is not carried out with clinical safety as the prime criteria. It was 
therefore decided to adopt the approach described earlier and to development of a special 
system which would provide the motions required within a very restricted working 
envelope. 

The Manual Resection Frame 

The research therefore proceeded in a series of steps with significant surgeon control, in 
at all stages. Initially a manually "powered" system with a configuration which would 
allow resection with only 3 degrees of freedom rather than the seven needed with a 
conventional anthropomorphic arm (Fig-1). The reciprocating cutter is located inside an 
endoscope, carried on a circular arc which is mounted on a ring that can rotate through 
3600. The combination of arc and ring gives a conical motion to the cutter with the apex 
of the cone adjacent to the tip of the endoscope. Indents on the arc and ring allow 
controlled movement and shields and stops, mounted on the ring and arc, provide a 
physical barrier to limit the cutter motion. The frame prevents the surgeon cutting 
outside a predefined volume and therefore increases safety. In a subsequent development 
a fourth axis was added, to allow the frame to be moved in and out along the axis of the 
cone, so that long prostate glands could be resected. 

Procedures using the manual frame. 

Ultrasonic imaging is used to identify the size and position of enlarged adenomatous 
portions of the gland. This was carried out transrectally. Successive scans at 5mm 
intervals are taken from the bladder neck to the verumontanum and the anterior to 
posterior height, and the width noted. These dimensions could be used to plan the 
motions of the axes. Successive conical resections allow the cavity to be matched to the 
prostate size and shape. 

The patient in lithotomy (i. e. legs in stirrups) the surgeon carries out a preliminary 
visual examination and the resectoscope is placed and clamped with its tip just beyond the 
verumontanum. The manual frame is then swung in and the resectoscope attached 
without disturbing the position of the latter. The resection is then carried out using 
electrocautary and final haemostasis achieved manually with the resectoscope freed from 
the frame. 

This procedure was carried out successfully forty patients (4] with the symptoms of 
prostatic outflow obstruction. Post-operative assessment using by uroflowmetry and 
pressure flow studies together with transrectal sonography indicated that results ( pre and 
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post operative average outflow rates of 10.5 and 22.2 ml/s) compare favourably with those 
found in large studies of patients undergoing conventional TURP. 

The Motorised system 

The success of the manual frame ( Fig 1) led to the development of an automated 
system based on identical kinematics (Fig 2). A continuous flow resectoscope with a rack 
and pinion drive has been modified to take a servo motor. As before the resectoscope is 
mounted on the "Arc" on a carriage. This is gear driven along the arc and is powered by a 
servo motor with encoder feedback and an epicyclic speed reduction gearbox. Similar 
drives are fitted to the other major axes, the ring and the head travel. The overall system 
is supervised by a PC which also provides the surgeon/robot interface ( the HCI, human 
computer interface ) 

Safety is ensured at a number of levels. The system can only work within a very 
restricted envelope. This can be further restricted utilising hard stops on the individual 
axes where the actual prostate size indicates a reduction in the resection volume. 
Operation of the system is monitored in both the supervisor and the controllers and safe 
shutdown will occur in the event of errors being detected. In the theatre the system is 
under the continuous supervision of the surgeon who can observe the procedure via an 
endoscopic camera. Each stage of the operation can only occur following positive 
confirmation by the surgeon who may also terminate the activity at any moment. 

Imaging has initially followed the procedure adopted for the manual frame. Pre 
operative transrected scans have been used to determine prostate shape and size. This is 
entered into the HCI system which produces projected cut trajectories which can be 
selected by the surgeon. However, studies [141 have shown that the transrectal approach 
whilst giving an adequate indication of prostate size is insufficiently accurate for fully 
automated trajectory planning. In the clinical use of the motorised system the surgeon 
has used the system itself to visually measure the prostate length. This has then been used 
to modify the cutting plan. In all cases a very conservative approach has been used with 
only a partial resection carried out automatically. As the studies proceed full resection 
will be approached. 

Knee Surgery. 

The prostate research is a example of the fully active robotic surgery system. Research 
on Knee Surgery conducted in collaboration with the Middlesex hospital has used a 
different approach. [15] The investigation was prompted by the potential for improved 
accuracy in the fitting of prosthesis, the possibility that the operation time may be reduced 
and with the eventual aim of developing a minimally invasive procedure. This will 
require the insertion of relatively small unicondylar prostheses placed through small 
incisions either side of the knee. A form of robotic system is necessary to achieve the 
complex but precise motions that are required. In a mechanical sense the robot being 
developed at Imperial College will follow safety orientated guidelines used for the prostate 
work. A special purpose small reach robot system is being constructed, which can be 
mechanically constrained so that it can not damage either patient or medical staff. The 
control strategy is very different. 



The "traditional" robotic approach decouples the surgeon from the surgical procedure 
They lose the close tactile and visual feedback which occurs in the manual procedures 
The knee surgery robot overcomes this disadvantage as it is driven in cutting mode by the 
surgeon moving an end mill type cutter mounted on the robot arm. Where cutting is 
allowed (where the prosthesis is to fit) the robot arm is easily back-driven and the surgeon 
will feel, see, and hear the cutting taking place. If however the cutter is moved to the 
edge of the allowable region the robot actively increases resistance to the motion until at 
the limit of the area a position control strategy is adopted and no motion in a direction out 
of the allowed area is possible. The effect is to enable the surgeon to easily resect the 
required bone whilst being actively constrained from cutting outside well defined 
boundaries. 

CT scans will be taken preoperatively, without the use of invasive markers. A 3D 
computer model is then be generated and used as a basis for planning the operation. 
Registration of the robot with the computer model and with the patients leg will be 
achieved by intra operatively checking a series of points on the bones. This forms a 
distinct anatomical surface which can then be matched with the 3D model. The model is 
not used to derive a robot trajectory programme. Matching of the model to one of a range 
of prosthesis sizes enables the definition of regions within which cutting is allowed and 
those where cutting is barred. 

Whilst this still means an active robot is present its physical size and active volume are 
small and the surgeon is monitoring the activity far more closely than with a fully active 
robot and is able to cease cutting at any stage. Furthermore there is no need for the 
complex trajectory planning systems which again reduces the potential for error. 

Computer Assisted Renal Treatment 

There are a number of surgical applications for which the fully active robot system 
discussed above is not necessary. For these, the prime requirement is the ability to locate 
in 3D space using an appropriate imaging system, the coordinates of a specific part of the 
anatomy .A simple passive manipulator arm with position measurement is then used to 
point to the same feature so that, e. g. a biopsy needle can be entered. This implies that the 
arm must be able to datum operatively to the same feature that was pre operatively 
imaged, which is not always a simple task. The addition of powered brakes to the 
manipulator enables the arm to be held in a fixed position for a considerable length of 
time, for example to permit treatment with radioactive seeds. This approach, which uses a 
passive arm instead of an active robot, is often preferred not only because it is simpler and 
cheaper but, because control remains totally in the hands of the Surgeon, it is more 
acceptable to the medical community. 

An example of this type of activity is that of a passive manipulator with electro 
magnetic brakes, which is being investigated at Imperial College for use in renal treatment. 
[16]. The particular task being demonstrated is Percutaneous Nephrolithotomy (PC NL) in 
which renal stones are removed in order to restore renal function reduced by renal or 
upper ureteric calculi. Conventionally these are removed by Minimal Access Surgery 
(MAS) in which a general purpose X-ray or ultrasound imaging system is used to locate the 
target in 2D space and a fine canula is introduced through the skin until it enters the 
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particular calyx of the kidney where the stone resides. 

The difficulty is that the Surgeon has to interpret 2D imaging data (which is not 
quantitative) and translate this into a series of 3D hand motions. The result is that the 
canula often appears to be in the appropriate calyx on the 2D image plan view but is in fact 
either above or below the calyx if a side image were obtained, thus the successful targeting 
needs considerable skill and can require a number of interactions to achieve the correct 
target. Since for clarity the preferred imaging modality is X ray, this can result in excessive 
exposures to both patient and, more detrimentally the Surgeon, whose hands can be 
particularly at risk from routine daily exposures. It was felt that the use of a quantitative 
imaging system with an associated manipulator arm, whose joint positions are sensed, 
would enable a "right first time" targeting procedure that would benefit both patient and 
Surgeon. Not only would the patient be saved multiple 'punctures' with the risk that an 
inappropriate track could be opened up that would constantly deviate the canula from its 
desired target, but both patient and Surgeon could have less exposure to X rays. Hopefully 
the procedure could also become much faster, reducing twice under anaesthesia with 
attendant safety benefits and the reducing costs. 

The problem is that the process is not generally considered to be of high risk and so the 
cost that can be justified for equipment must be low. The traditional location for the 
activity is in the radiology suite where the canula is inserted by the radiologist using a 
standard over/under couch fluoroscope. If subsequent surgery is required, the patient is 
usually then moved to an operating theatre where a C-arm X ray machine is used to 
obtain qualitative images. There is also a desire by Surgeons to have control of the total 
procedure and for it to take place in the operating theatre which is equipped for all 
emergencies, without the need to transport the patient from the radiologists suite with 
attendant delays and risk of displaced canula. 

As C-arm are readily available, this can be be used as a quantitative measuring device 
to provide the manipulator arm with the required referencing data. This is achieved by 
relating the world coordinate system( WCS) of the table, patient and robot to the image 
coordinate system using a calibration object (Fig 4). Alternatively, referencing could be 
supplied cheaply via an ultrasound imaging system, although imaging quality is not 
generally considered to be as good as x-ray. Having obtained the 3D coordinates of the 
target a passive robot manipulator is needed to point a biopsy needle, held at its tip, at the 
target. 

The Passive Manipulator. 

The passive manipulator under development at the Imperial College Centre for Robotics 
consists of a5 DOF anthropomorphic arm designed to accommodate a variety of 
sterilizable end-effectors, such as biopsy needle guides and endoscope fixators. (Fig 3). The 
arm is intended for direct mounting onto the operating table and is counterbalanced for 
nearly static behaviour. In order for the arm to hold a tool in a fixed configuration, each 
joint is equipped with an electromagnetic brake. To ensure operational flexibility, brake 
activation is under dual control, i. e. software driven and footswitch activated. The three 
major axes are also equipped with mechanical locks, intended for application once the 
desired entry configuration has been finalized. 



The manipulator is calibrated using a 25 cm cube, which is the expected volume of interest 
for renal procedures. The technique is similar to the well known 2D "chessboard" 
approach of sampling a matrix of reference points [Fig 41, but is enhanced by the use of a 3D 
"chessboard", developed for this application in conjunction with a matching calibration 
probe end-effector. 

Using X-ray guidance 

For passive manipulator assisted procedures under X-ray guidance, a requirement exists 
for two or more parallaxed views of the kidney. In theory, the more the views the better 
the surgeon's understanding of patient anatomy. In practice, it is sensible to acquire as 
many views as can be displayed simultaneously. For every suitable viewpoint, the passive 
manipulator's radiolucent end-effector must be brought into view, the passive 
manipulator locked in that configuration and an image acquired. Location of the end- 
effector's markers on each image provides the means to compute the WCS to ICS 
transformation. It is imperative that all images be acquired in phase, i. e. the same point in 
the breathing cycle, so that they all correspond to the same kidney 3D spatial location. This 
is usually at mid- inspiration; however, the extreme of the breathing cycle may prove 
more repeatable. Alternatively, the breathing can be interrupted by the anaesthesiologist at 
some repeatable phase and the images acquired. 

ROBOT SYSTEM SAFETY 

One area that has received insufficient attention is the safety implications of the 
complete robot system, from servo drives and sensors through to the image analysis and 
planning processors. Many of the problems of this type of complex systems have come to 
light in a European "TIDE" project concerned with medical mobile manipulator systems, 
in which the authors are concerned with safety issues (17). Whilst this TIDE project has 
been primarily concerned with the specification of an international bus structure for a 
collection of sub-systems, (powered wheelchairs, manipulator and environmental 
controller), it has also highlighted the particular problems for surgical manipulators in this 
role. For the wheelchair and other systems a 'Dead Mans Switch' (DMS) has been 
recommended whereby for any prime mover to continue to act, a switch has to be 
positively held in an 'on-position'. The moment that the DMS is released the power ii 
removed from the local prime mover power relays. However, such a severe stop would be 
disadvantageous for the smooth control of a manipulator, so instead it is proposed for the 
manipulator to have a DMS linked to a zero velocity command, fed into the normal 
control system. This has the disadvantage that the DMS is now reliant upon the integrity 
of the control system, but is probably the best overall compromise. 

This concept is further supplemented in the TIDE proposal by a speed cut-off directly at 
the prime movers if the 'zero velocity control' command fails to act within a certain time 
span. Safety integrity is further enhanced by the use of safety monitoring, both of the 
central control functions and at the sub-system power module levels. The safety monitore 
would remove power from different areas, depending on the fault, and report back to the 
central display unit. In addition to the continuous action of closing a DMS, there is alsc 
need for a large red button, prominently displayed, as a final emergency 'off switch. 
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SAFETY SUGGESTIONS FOR SURGICAL ROBOTS 

The authors' experiences, both with the clinical implementation of surgical robots 
and with the development of intelligent wheelchair communication and control system 
suggest that, where possible, the use of the following features could be of benefit in 
improving safety levels: - 

a) Provide safety sensors, monitors and isolation systems, at a servo level as well as a 
supervisor level. 

b) Use a Dead man switch concept (ie a continuous positive signal is required to proceed) 
rather than just an emergency 'off button. The latter requires a positive action to first 
locate the button and then activate it, whereas a DMS simply requires the cessation of a 
continuous action. In some surgeon robot systems there may be some merit in placing 
the DMS at the end of the robot so that the operator holds the robot tip and DMS 
whilst leading the robot into position. The ability to feel forces and sudden changes of 
acceleration/ velocity may enable the user to have a faster reaction time in letting go of 
the DMS and stopping the robot. 

c) Use a safety monitor at both a servo level and a supervisory level. 

d) Provide a facility to cut out prime movers independently whilst still keeping micro- 
processors powered up. Such a facility should be provided at a local (servo) level as 
well as at a systems level. 

e) Duplicate sensors. Monitor motions at the output as well as at the motor shaft. 

f) Avoid adapting software models/motions on-line. Try to check out all motions and 
models in a pre-process planning phase. 

g) Avoid the use of Artificial Intelligence (Al) systems except for preliminary planning 
phases. 

h) Arrange motor force capabilities to be inherently limited to just satisfy the required 
tasks, rather than only relying on force sensors and software systems to restrict forces. 

i) Use mechanical constraints to limit motions to a 'safe' volume/ trajectory in case all 
other safety measures should fail. 

j) In the event of failure i) ensure the system can only fail in a safe, predictable manner, 
ii) ensure the system can be readily removed, iii) ensure that when the system is 
restarted, it has not moved relative to the patient (e. g. use absolute position 
measurement. Monitor the position of the patient on-line with reference to a robot 
datum). Alternatively ensure that when motors are off, the robot can be back driven 
by hand to a known start position to re datum the robot. 

k) Use a dedicated switch and line to power up the system, with full safety status checks 
at power up. Use a number of emergency "off" buttons, placed for easy access, rather 
than rely only on the master switch. 



1) Use single axis motions sequentially where possible, rather than compound axis 
motions, to limit the number of possible outcomes (range, motions, etc) should a 
failure occur. 

m) Give the user clear error messages indicating the current status of the system. Keep 
the HCI as simple as possible to avoid confusion. 

a) When datuming a robot to the patient for use in robot surgery, attempt duplication of 
datuming features used in the imaging process, eg the use of surface markers visible in 
Cr scan together with a skin disc mark. This can give an independent check on the 
validity of the referencing system, rather than just rely on, for example, intra operative 
datuming of anatomical features. 

CONCLUSIONS 

A range of robot and computer assisted surgery projects at Imperial College has been 
described against the background of general research in this area. A PC-based passive 
manipulator with computer assistance has provided surgeons with a 3D navigation 
capability. The method enables the correlation of infra-operative X-ray and Ultrasound 
images with patient features and is intended to assist in the planning and execution of 
Manipulator Aided Surgery for the kidneys and other deep lying organs. This has led to 
the development of a rigid, lightweight and counterbalanced passive manipulator with 
computer controlled lockable joints, that enables a variety of sterilizable end-effectors to be 
accurately positioned in 3D space. 

Minimally invasive prosthetic implant knee surgery has also been described. This 
represents a challenging task in that it not only requires a robotic solution but also implies 
that new prosthetic implants need to be designed for minimally invasive use. An active 
special purpose robotic systemhas been described which is relatively small. This system 
uses active force control which not only provides a sense of feel for the surgeon but is also 
easier to make into an intrinsically safe solution. The control concept is generic to a range 
of orthopaedic robotic systems. 

The prostatectomy robot represents the most advanced of the projects at Imperial College. 
Not only have clinical tests been carried out using an active robot system but follow up 
work has been funded by the UK Science and Engineering Research Council. This robotic 
system has now been applied to 5 patients to produce a partial resection automatically, on 
the basis of pre operative ultrasound. The first patient was treated in April 1991. This 
represents a world 'first' in robotically removing substantial quantities of tissue from a 
human patient. 

The range of projects described above are typical of an approach which aims to investigate 
the most appropriate forms of robotic surgery systems for specific tasks. The safety of 
surgeon robots is of paramount importance and some brief suggestions have also been 
made concerning methods of achieving adequate safety. It is vital that safety issues are 
addresssed on an international basis so that agreeement can be reached on what represents 
an acceptable level of safety without incurring excessive cost and complexity. 
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Figure 1. 

The ManualResection Frame. 

Figure 2. 

The Motorised System. 
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Figure 3. 

The Passive Manipulator 

Figure 4. 

The Calibration Object. 



119 

A robotic system for minimal access surgery 
P Potamianos, BSc, MSc, BL Davies, MPhil, CEng, FIMcchE and RD Hibberd, BSc(Engº, PhD 
Department of Mechanical Engineering Imperial College of Science, Technology and Medicine, London 

A computerized manipulator-assisted method is presented to facilitate the execution of minimal access surqical procedures. The pro- 
posed method employs a pas ve manipulator to assist the surgeon in the three-dimensional spatial location omical features, using 
general purpose X-ray fluoroscopy or ultrasound imaging equipment with video input/output facilities. The method enables the three- 
dimensional navigationof surgical tools in correlation with two-dimensional medical images. 
A system is under development at imperial College, London, for the application of this method to minimally invasive renal procedures. 
The system will enable the spatial location of renal calculi and the establishment of percutaneow rend track central axes. The 
proposed method is compatible with existing urological procedures and imaging equipment and enables the correlation of X-ray and 
ultrasound imaging modalities. 

NOTATION 

Cr computerized tomography 
DCS datum coordinate system 
DOF degrees of freedom 
ESWL extra-corporeal shock wave lithotripsy 
ICS image coordinate system 
MAS minimal access surgery 
MRI magnetic resonance imaging 
PC personal computer 
PCNL percutaneous nephrolithotomy 
PRM passive robotic manipulator 
US ultrasound 
WCS world coordinate system 
2D two-dimensional 
3D three-dimensional 

1 IN RODUCTION 
Minimal access surgery (MAS) is a relatively new and 
expanding field, whose growing popularity is due to the 
numerous advantages it offers over conventional open 
surgical procedures (1). Minimal access surgery is per- 
formed with specially designed `long-reach' surgical 
micro-instruments, introduced into the body through 
narrow cannulas and manipulated under endoscopic 
vision. This approach reduces the trauma of access by 
virtually abolishing the wound, resulting in accelerated 
patient recovery. The reduction in hospital stay dimin- 
ishes the cost of therapy and permits a greater turnover 
rate of patients, while the potential reduction in oper- 
ative time implies a reduced dosage of anaesthetic and 
X-rays administered during a surgical procedure. 

In the initial `access' stage of MAS, the surgeon 
requires three-dimensional (3D) spatial knowledge of the 
exact position of particular target sites (lesions, kidney 
stones etc. ) inside the body. These sites must be located 
relative to nearby landmark anatomical features, so that 
a suitable access path may be determined. The surgeon 
is guided in this process through the interpretation of 
medical images. Conventional medical imaging systems 
do not offer any true 3D location facility, relying 
instead on the operator's skill in 3D inference from two- 
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dimensional (2D) planar images. A C-arm type X-ray 
machine or a hand-held B-type sector scanning ultra- 
sound US probe can greatly enhance a radiologist's 3D 
anatomical understanding. but the burden of spatial 
perception rests solely on human ability. No correlation 
of different imaging modalities is possible under these 
circumstances. 

The minimally invasive treatment of renal stones has 
been selected as an illustrative example of robotic aids 
for MAS. Percutaneous nephrolithotomy (PCNL) is a 
well-established MAS procedure for the restoration of 
renal function reduced by renal or upper ureteric calculi 
(2). Extra-corporeal shock wave lithotripsy (ESWL) is 
an alternative non-invasive method, whose successful 
application may, however, necessitate repeated sessions. 
In order to effect treatment, both methods require that 
the target stone be located in 3D space. The recent 
emergence of retrograde intrarenal surgery also seems 
promising; this method has not yet gained wide accep- 
tance. 

Non-invasive ESWL is performed with specialized 
lithotriptor systems equipped with dedicated X-ray or 
US imaging devices. Treatment requires no anaesthesia 
and is administered on an out-patient basis. Extra- 
corporeal shock wave lithotripsy employs ultrasonic 
shock waves to shatter kidney stones into fragments of 
sufficiently small size to allow them to pass through the 
urinary system. Large stones may require multiple treat- 
ments; this implies a limit on the size and extent of 
kidney motion suitable for ESWL treatment. The 
method's effectiveness varies, depending on the particu- 
lar design and means of shock wave generation, that is 
electrohydraulic, electromagnetic or moo-electric. 
Typical X-ray fluoroscopy positioning devices with twin 
orthogonal tubes constitute the most expensive part of 
commercial lithotriptor systems, without always provid- 
ing correct focal location of the shock wave. This is due 
to the fact that, unlike the guiding X-rays, the US shock 
waves do not travel along a straight linear path inside 
the body (3). Given that large. multi-focal or multi- 
branched staghorn calculi may be unsuitable for ESWL 
and thus require PCNL, the high cost of ESWL systems 
can be hard to justify. Co al ESWL systems that 
combine X-ray and US location devices enable the 
correlation of the two modalities, but at even higher 
Cost. 

1103893 0 IMaabe 1994 Prop hm" Much Bei Vol 304 



120 P POTAMIANOS, BL DAVIES AND RD HIBBERD 

Percutaneous nephrolithotomy can be carried out 
under either X-ray or US guidance. It is usually per- 
formed with general purpose medical imaging 
equipment, such as a standard barium table with under- 
couch fluoroscopy tube, an X-ray C-arm or a B-type 
sector scanning US probe. Alternatively, a specialized 
uro-radiology table with overcouch tube may be 
employed. In general, PCNL imposes a lower cost of 
dedicated equipment than ESWL, requiring instead 
specialized surgical skills and a short hospital stay. This 
type of MAS procedure is suitable for a wide range of 
treatments, such as lesion biopsy, kidney stone removal, 
laser coagulation and radioactive seed implantation. In 
such procedures, the establishment of a track for the 
insertion of a cannula to access the target site is of 
primary concern. This is a task demanding considerable 
skill and experience, due to the lack of 3D imaging 
facilities and surgical tool guidance. 

In traditional PCNL procedures, the radiologist initi- 
ates the operation and establishes the percutaneous 
access track in the radiology suite. At this stage, tissue 
samples may be taken for diagnosis. The successful 
insertion of a cannula into the appropriate kidney calyx 
constitutes the end of this preliminary operative phase. 
The operation is then carried out by a urologist in situ, 
or the patient is transported to the operating theatre for 
treatment. The operation may require a relocation of 
the cannula, which must be performed under high 
quality X-ray imaging. A C-arm is the usual X-ray 
facility available in the operating theatre; it is con- 
sidered adequate for qualitative monitoring, but may 
not be good enough for precise cannula placement. It is 
therefore not uncommon to perform the entire oper- 
ation in the radiology suite. The requirement for skilled 
interpretation of high quality X-ray images can thus 
impose a compromise in terms of available urological 
equipment and facilities. The need exists for the disas- 
sociation of PCNL from the radiology suite, allowing 
the urologist to have full control over the entire pro- 
cedure in the operating room. This will enable the 
surgeon to use specialized operating room facilities and 
free the radiology suite for other examinations. 

The proposed manipulator-assisted method aims to 
improve the accuracy and minimise the duration of the 
preliminary `access' phase of PCNL and similar MAS 
procedures, by enabling a rapid and confident estab- 
lishment of the percutaneous track axis. It allows the 
entire procedure to be carried out in the operation 
room, with the use of readily available C-arm 
equipment. The C-arm is interfaced to a personal com- 
puter (PC) equipped with a video frame grabber. A suit- 
able calibration method (described in Section 4) enables 
the C-arm to be used for quantitative image acquisition. 
The PC derives a model that describes the spatial 
relationship between patient features and X-ray images. 
The X-ray images are referenced to a world coordinate 
system (WCS) which includes the patient. The use of a 
passive robotic manipulator as a surgical toolholder 
enables a toots position and orientation to be refer- 
enced to this WCS and included in the patient/image 
model. The X-ray based model can also be linked to, or 
substituted by, an US imaging derived model, by atta- 
ching an US probe to the manipulator's end-effector. 
Ultrasound imaging enables continuous monitoring of 
the procedure without radiation exposure, but with infe- 

rior imaging quality. A surgical tool navigation system 
is thus made available to assist in a variety of MAS 
procedures, using only conventional medical imaging 
equipment that is commonly available in operating 
rooms. 

2 PERCUTANEOUS NEPHROLITHOTOMY 

Percutaneous nephrolithotomy is a MAS procedure 
usually performed under general anaesthesia (2). Its aim 
is the removal of renal stones (or fragments thereof) 
through a narrow cannula inserted into the kidney. To 
insert the cannula, a percutaneous track must be estab- 
lished to enable the urologist to gain access to the 
kidney. The track must be carefully selected to provide 
direct access from a suitable point of entry without dis- 
turbing any blood vessels or other critical structures. 
The development of a percutaneous track generally 
requires the services of a radiologist. The procedure 
involves the insertion of a three-piece needle from the 
patient's lower back into the kidney, thus establishing 
the percutaneous track's centre axis. During manual 
insertion, the needle is rotated to minimize any devi- 
ation from a straight linear path. The needle consists of 
an inner bevel- or diamond-headed stilette, a hollow 
middle needle and a Teflon outer sheath. Withdrawal of 
the stilette allows the insertion of a guidewire, through 
the hollow middle needle and outer sheath, into the 
kidney. This guidewire serves as a basis for the track's 
subsequent dilatation. Upon removal of the middle 
needle and outer sheath, dilators of consecutively larger 
diameter are introduced co-axially down the track and 
slid along the guidewire into the kidney, until the 
desired track diameter is achieved. A variety of minimal 
access surgical instruments are then introduced down 
the track to fragment, grasp and remove the stone(s) 
under endoscopic vision. 

2.1 using X-ray guidance 
In a conventional PCNL, the initial approach is deter- 
mined by first laying a surgical tool on the patient's 
loin, with its tip pointing in the general direction of the 
stone and then taking an X-ray. The direction of needle 
insertion is thus established on a trial and error basis, 
by monitoring the tool's position (and subsequently the 
needle's progress) on a fluoroscopy display. The patient 
is then slightly displaced and further X-rays are taken. 
This enables the radiologist to develop a 3D under- 
standing of the patient's internal features, based on 2D 
live X-ray images obtained from several viewpoints, to 
determine if the needle is proceeding on a course above, 
below or on target. The use of a standard over/ 
undercouch system requires the patient to be rotated 
inside a live X-ray field. Alternatively, a C-arm enables 
multi-viewpoint image acquisition without disturbing 
the patient. A C-arm consists of an X-ray generator and 
fluoroscopic image intensifier with video camera 
mounted on opposite ends of a semi-circular C-shaped 
beam, which can be rotated around the operating table 
by virtue of being mounted on a track. The track is 
attached to a mobile gantry providing additional 
degrees of freedom (DOF) (Fig. 1). This versatile 
imaging configuration facilitates the 3D perception of 
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kidney position. This can result in an undesirable needle 
direction after the probe's withdrawal. Ultimately, US 
imaging is heavily dependent on operator skill and 
experience in good image acquisition and interpreta- 
tion. It is not uncommon for US guided PCNL practi- 
tioners to resort to occasional X-ray verification of the 
needle's position and orientation with respect to the 
target point (2). 

3 ROBOTIC MANIPULATOR 

anatomical structures. Visualization of the renal system 
is enhanced with the administration of a radio-opaque 
contrast medium via retrograde ureteric catheterization. 
The contrast medium contains methadone blue, allow- 
ing visual verification of kidney penetration by the aspi- 
ration of contrast solution through the outer sheath of 
the biopsy needle. However, successful penetration does 
not invariably produce contrast solution in the needle. 
It may give rise to only a single drop or occasionally no 
contrast solution at all. 

2.2 Using ultrasound guidance 
Under US guidance, the direction of needle insertion is 
established with a hand-held sector scanning probe. The 
needle guide may be directly attached to the probe's 
casing; alternatively, the guide may be held indepen- 
dently with a self-retaining retractor. The probe can 
also be held in a standard fixation system. The trans- 
ducer head must be sterile and in direct contact with the 
patient's skin; alternatively, it may be placed inside a 
sterile bag filled with US gel and the bag applied to gel 
on the skin. For needle guides mounted directly on the 
probe, the needle's path is arranged so that, upon full 
insertion, the tip of the needle coincides with the 
extreme central location on the scanning plane. Real 
time US systems may overlay a cursor marking this 
location on the image. The transducer must be placed 
against the patient's low back, so that the chosen target 
appears on the image. The puncture is then performed 
under continuous live image monitoring. Should any 
minor haemorrhage develop, this can be observed on 
the US image. The main advantage of US guidance is 
the elimination of radiation exposure during this pre- 
liminary operative phase. However, this method is not 
always preferred, due to the inferior imaging quality of 
US in comparison with contrast medium enhanced 
radiography. The imaging quality is directly related to 
the US frequency, that is the higher the frequency, the 
better the picture. However, an inverse relationship 
exists between frequency and depth penetration, necessi- 
tating a compromise between imaging quality and 
depth of field (4). The extraction of detailed information 
may also require considerable transducer pressure 
against the skin, causing a significant temporary shift in 

Robots are considered to offer surgeons the potential 
for increased accuracy, improved repeatability, precise 
force exertion, 3D navigation of complex trajectories 
and telemanipulation. During lengthy procedures, their 
tireless operation can relieve surgeons of considerable 
physical strain. Nevertheless, public acceptance of 
robots in the operating environment is hindered by 
safety considerations. The level of perceived risk varies 
with the extent of the system's similarity to existing 
tools and procedures, the degree of autonomous robot 
mobility and the extent of robot/patient interaction (5). 
Given the need for accurate 3D coordinate registration 
in surgery, several research groups have opted for the 
use of non-actuated or 'passive' robotic manipulators, 
thus eliminating some of the safety concerns (6-10). The 
area of non-active surgical manipulation is generally 
known as computer-assisted surgery. 

Passive robotic manipulators (PRMs) have been used 
extensively as surgical aids in a variety of medical appli- 
cations. Their primary function is to spatially relate 
their end-effector to some reference coordinate system, 
thus enabling the relation of pre- and intra-operatively 
acquired images and virtual patient models to physical 
patient features. A PRM instrumented for joint angle 
measurement allows the determination of its and- 
effector configuration with respect to its base, as well as 
the positioning of the end-effector in pre-specified con- 
figurations. This 3D 'awareness' of end-effector conßgu- 
ration enables a PRM to act as a 3D digitizer/ 
navigator. Equipped with a physical or software gener- 
ated virtual pointer, it can be used to register patient 
features or simulate a desirable approach to a target of 
interest, with the pointer being projected by software on 
to appropriately referenced medical images. If the point 
is replaced by a surgical tool, the PRM can serve as a 
toolholder and tool navigation guide. The need for a 
physical holder that can positively establish, maintain 
and constrain a desired tool configuration cannot be 
overstated. A number of specialized passive devices 
have been developed commercially, to assist in surgical 
tool and endo/laparosoope fixation, such as the Iron 
Intern' and the First Assistantt (1). These consist of 
multi-link arms with mechanically or pneumatically 
lockable joints and can assist in a variety of laparoseo- 
pic procedures, although their usefulness is limited by a 
lack of 3D 'awareness'. The PRM described below com- 
bines the ability to physically constrain a surgical tool 
with a 3D knowledge of the tool's position and orienta- 
tion. By virtue of being computer controlled, it allows 
for exact positioning of such a tool and facilitates the 
repetition of any previously established configuration. 

" Automated Us" Prod*gs (Swilaebe4 
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Fig. 2 Imperial College minimal access surgery manipulator 

3.1 A new manipulator design 

The PRM under development at Imperial College, 
London, consists of a5 DOF anthropomorphic arm 
designed to accommodate a variety of sterilizable end- 
effectors, such as biopsy needle guides and endoscope 
fixators (Fig. 2). The arm is intended for direct mount- 
ing onto the operating table and is counterbalanced for 

nearly static behaviour. The arm's joints are equipped 
with potentiometers for angle measurement, interfaced 
to a 387 IBM PC via a 14-bit A/D card. The 5 DOF 
design facilitates the end-effector's manual placement in 
specified configurations, a task that can be difficult with 
6 DOF manipulators (11). This is due to the fact that 
the desired end-effector configuration is not always fully 
specified, as a number of surgical tools (needles in 
particular) are axisymmetric and thus indifferent to 
rotation about their main axis. In order for the arm to 
hold a tool in a fixed configuration, each joint is 

equipped with an electromagnetic brake. To ensure 
operational flexibility, brake activation is under dual 

control, that is software driven and foot-switch activat- 
ed. The three major axes are also equipped with mecha- 
nical locks, intended for application once the desired 

entry configuration has been finalized. The arm's rigid- 
ity is further enhanced by the four-bar-link configu- 
ration of the longer `reach' links. 

The manipulator is subjected to sensor and kinematic 

calibration. Each potentiometer is independently cali- 
brated and matched to a particular joint. The kinematic 
calibration aims at a 25 cm cube, which is the expected 
volume of interest for renal procedures. The calibration 
technique is similar to the well known 2D 'chessboard' 
approach of sampling a matrix of reference points (12), 
but is enhanced by the use of a 3D 'chessboard', devel- 
oped for this application in conjunction with a match- 

ing calibration probe end-effector (Fig. 3). A non-linear 
optimization routine is employed oft-line to calibrate a 
modified Denavit Hartenberg kinematic model, which 
is used to implement the forward kinematics. The cali- 
brated forward model is also used in an iterative mode 
on-line to provide an optimal solution for the inverse 
kinematics (13). 

4 IMAGING 

Intra-operative imaging is desirable for the monitoring 
progress and the verification of surgical tool location. 
Surgical robotics applications have generally been 
based on patient feature data acquired pre-operatively 
with 3D imaging devices, such as computerized tom- 
ography (CT), magnetic resonance imaging (MRI), posi- 
tron emission tomography, etc. (6-12,14 16). Image 
data of this type allow the generation of 31) virtual 
models of anatomical features. Percutaneous neph- 
rolithotomy is a routine procedure for which no 31) 
pre-operative imaging is performed. Consequently, no 
3D model of the abdominal volume and kidneys is 
available for pre-operative simulation and intra- 
operative matching. The introduction of a C'I'/MRI 
scan requirement for PCNL is considered inapprop- 
riate, due to the added complexity and higher cost this 
would involve. Directional stereo vision is the only 
available modelling method, allowing the construction 
of a model relating anatomical point features to their 

point projections on intra-operative 2D images. A 

physical WCS is associated with the patient and a 
virtual image coordinate system (ICS) is associated with 
each acquired image. An appropriate referencing 
method enables the derivation of coordinate transform- 
ations between the physical WCS and the ICS of each 
obtained image. These transformations can he 
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employed to project any physical point, whose coordi- 
nates are known in the WCS, on to a corresponding 
intra-operatively acquired image, provided that said 
point is inside the image's field of view. In this manner, 
a surgical tool attached to a PRM's end-effector can 
have its tip projected and displayed on 2D intra- 

operative images. In the case of a biopsy or PCNL 

needle, a real or virtually extended section of needle 
within an image's viewing range can be displayed as a 
straight line (Fig. 4). 

4.1 Coordinate transformations for X-ray imaging 

The operating table, with the PRM's base attached to it 
and the patient lying on it, constitutes the physical 
world described by the WCS, whose origin is located at 
the PRM's base (Fig. 5). The need exists to relate this 

View I View 2 

Fig. 4 Virtual needle projected on X-ray images 

WCS to the ICS of each intra-operatively obtained 
image. As stated previously, it is intended that general 
purpose X-ray fluoroscopy or US imaging equipment 
be used, without subjecting it to any modifications. The 
only requirement concerns the availability of video 
signal input/output facilities, through which the P(' will 
communicate with the imaging devices. 

For X-ray guided procedures, a C-arm is required, as 
it offers the necessary flexibility to select optimum view- 
points. There arc two aspects to the referencing of an 
image's ICS to the WCS. The first concerns the ('-arm's 
optical properties, which must be calibrated. This is 
referred to as internal calibration. The X-ray projection 
process is fairly linear and can be approximated by it 
cone, with its vertex at the X-ray generator's focal point 
and its base on the image intensifier's input surface. 
However, the image intensification process introduces 
considerable distortion, as the image intensifier and 
video camera exhibit non-linear optical properties. A 
calibration object has been manufactured, featuring 
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three sets of specially configured radio-opaque markers, 
that enables the optical calibration of any directional 
X-ray fluoroscopy system, with a method specifically 
developed for this application (Fig. 3). The method 
derives global as well as image sector specific transform- 
ations that map the distorted digital image, acquired by 
the PC from the C-arm's video output, on to an undis- 
torted image on the image intensifier's input surface. 
This is the image that would form on an X-ray film 

placed on the image intensifier's input surface, as is the 
case during conventional radiography. 

The second aspect concerns the C-arm's position and 
orientation in the WCS, whose determination is referred 
to as external calibration. This requires the imaging of a 
number of reference markers, whose coordinates are 
known in the WCS. The large volume and variation in 
size of patients' abdominal regions precludes the use of 
fixed marker clusters, while the soft tissue's compliance 
renders the attachment of markers to the skin question- 
able. Any such approach would complicate and inter- 
fere with the surgical procedure, while severely limiting 
the feasible disparity of viewpoints. The requirement for 
flexible imaging from a variety of viewpoints indicates 
the need for a free marker cluster that can be positioned 
arbitrarily, resulting in the development of a radiolucent 
PRM end-effector (Fig. 6). The end-effector carries suit- 
able markers and is designed to be included in the 
`picture' without obstructing the object of interest. A 
minimum of six markers is required to derive the exter- 
nal calibration parameters. Measurement of marker 
image coordinates will enable the determination of a 
transformation from the WCS to the ICS. 

The effectiveness of the aforementioned external cali- 
bration method is dependent on the radiolucent end- 
effector's dimensions. In order to obtain a WCS to ICS 
transformation that is accurate throughout a broad 
volume of space, the calibration markers must span a 
range of a few centimetres between the image intensifier 
and the patient (Fig. 5). As C-arm geometry and patient 
physiology vary considerably, it may not always be 
feasible to include a suitable end-effector in the 'picture'. 
In view of this, an alternative external calibration 
method has also been developed. This involves the use 

of a calibration probe end-effector in conjunction with a 
datum object attached to the image intensifier. The 
object's configuration is referenced to the X-ray cali- 
bration object during the pre-operative imaging 
calibration (Fig. 7). The datum object's coordinate 
system (DCS) is thus known with respect to the ICS. 
The PRM is used as a 3D digitizer to log a suitable set 
of points on the datum object. A minimum of four 
datum points is required to derive the external cali- 
bration parameters. This enables the determination of a 
transformation from the WCS to the ICS via the D('S. 

The aforementioned coordinate transformations can 
also be employed to determine the 3D coordinates of 
world points from matched intra-operativc 21) images, 
through a process of triangulation. A minimum of two 
images of a target point T must be acquired from dispa- 
rate viewpoints F1 and F2 and the coordinate trans- 
formations between ICSI and the WCS and I('S2 and 
the WCS derived (Fig. 8). The line connecting the focal 
points F1 and F2 is known as the stereo baseline. Any 
plane containing this line, such as the plane defined by 
Fl, F2 and T. is called an epipolar plane. An image 
plane's intersection with an epipolar plane is known as 
an epipolar line. By identifying the image points PI and 
P2 of target point T on the two images, the 31) coordi- 
nates of T in the WCS can be determined by triangu- 
lation. Each point on an image plane lies on a line of 
sight (That is, FIT, F2T), whose projection on the other 
image plane constitutes an equivalent epipolar line. I'he 

wcs 

i 

----------------------- Sterm baseline F2 

Fig. 8 Stereo-photogrammetric triangulation 
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identification of matching image points is facilitated by 
the display of such epipolar fines. When an image point 
is selected on one view, its match can be found along 
the equivalent epipolar line displayed on the other view. 

The MAS system presented here requires robotic and 
imaging calibration procedures that can be divided into 
two types, as dictated by operational requirements. The 
parameters pertaining to the C-arm's imaging and the 
PRM's kinematics can be calibrated pre-operatively, 
while the C-arm's external parameters must be deter- 

mined intra-operatively. Consequently, the two types of 
calibration must be performed separately. However, the 
implementation of an image-guided PRM requires the 
testing of hand-eye coordination for the complete 
system. The calibration object depicted in Fig. 3 allows 
the simultaneous achievement of all these calibration 
procedures, thus enabling a laboratory evaluation of 
overall system performance. At this point in time (June 
1994) a system target accuracy of 1-2 mm appears 
feasible. 

4.2 Coordinate transformations for ultrasound ink 
For US guided procedures, a B-type sector scanning 
probe and needle guide can be directly mounted on the 
PRM by means of an appropriate end-effector. The 
probe will require calibration, which can be effected by 
means of a suitable US phantom. The WCS is directly 
referenced to the ICS by virtue of the probe being 
physically linked to the PRM, allowing the projection 
of any 3D world point lying on the scanning plane on 
to the image. 

The use of a PRM enables the correlation of X-ray 
and US modalities. X-rays offer superior image defini- 
tion at the expense of radiation exposure, while US 
offers continuous live imaging without radiation hazard 
at the expense of image definition. These imaging 
modalities can be used in a complementary way: X-rays 
can be employed for the initial kidney examination, the 
identification of the target stone and the establishment 
of the required needle configuration, while US can be 
used for live imaging guidance during needle penetrat- 
ion. During US guided biopsy, the needle's position can 
be projected on to X-ray images obtained and refer- 
enced before the penetration, as well as the live US 
image, thus providing simultaneous correlation of the 
WCS with both X-rays and five US images. 

5 MODUS OPERANDI FOR RENAL IMAGING AND 
TARGET ACQUISITION 

As discussed previously, the proposed manipulator- 
assisted method is primarily intended to offer guidance 
during the initial 'access' phase of MAS procedures. The 
modus operandi relevant to PCNL is outlined below. 
However, it should be noted that the PRM can be used 
with great flexibility throughout the duration of a surgi- 
cal procedure as a toolholder, by virtue of its 3D 
`awareness' and computer-controlled joint brakes. 

5.1 Using X-ray guidance 
For PRM-assisted procedures under X-ray guidance, a 
requirement exists for two or more parallaxed views of 
the kidney. In theory, more views give the surgeon a 
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better understanding of patient anatomy; in practice, it 
is sensible to acquire as many views as can be displayed 
simultaneously. The 3D position of soft tissue varies 
with time, due to breathin& heartbeat and compliance 
to external forces; its location is therefore only possible 
with limited accuracy. It is desirable to monitor kidney 
position with a principal viewing axis perpendicular to 
the axis of kidney motion. For every suitable viewpoint, 
the PRM's radiolucent end-efl'ect must be brought into 
view, the PRM locked in that configuration and an 
image acquired (Fig. S). Location of the end-ef cctor's 
markers on each image provides the means to compute 
the WCS to ICS transformation. Should the alternative 
external calibration method be chosen, the PRM must 
be used to log' the datum object's 3D configuration for 
every point of view. It is imperative that all images be 
acquired in phase, that is the same point in the breath- 
ing cycle, so that they all correspond to the same kidney 
3D spatial location. Percutaneous nephrolithotomy is 
usually initiated at mid-inspiration; however, the 
extreme of the breathing cycle may prove more repeat- 
able. 

It is possible to cease the breathing of a patient under 
general anaesthesia for a short period without exposing 
the patient to any danger. This solution would greatly 
enhance the accuracy of target acquisition, as penetrat- 
ion could be effected in 20-30 s without substantial 
kidney movement. An alternative method known as 
enforced rapid breathing can also significantly reduce 
kidney movement during the access phase. The decision 
to implement such methods naturally rests with the 
anaesthesiologist and will vary on a case by case basis. 
For X-ray guided procedures, it is thought that even 
without such advantageous techniques, target acquisi- 
tion is still possible with considerable accuracy, at the 
cost of a few extra intra-operative X-ray images 

With the image acquisition step completed, a sterile 
needle carrying end-effector is mounted on the PRM. 
The needle is virtually extended by software, to assist 
the selection of entry configuration. The needle is placed 
in position, with its tip just off the desired point of entry 
and its virtual extension projected on to the images 
(Fig. 4). The needle and its virtual extension must be 
adjusted so that the virtual tip appears on target on all 
images, thus establishing the correct configuration for 
entry. With the needle configuration finalised, the PRM 
must be locked and the moor's depth stop set to 
correspond to the virtual extension length. Should the 
manipulator be used to explore alternative approaches, 
each 'final' configuration can be stored and re- 
established by the surgeon under software guidance 
with a graphic model display. An alternative method 
entails the selection of target points with stereo triangu- 
lation (Fig. 8). A target point visible on two or more 
images may be directly selected on each image with a 
mouse. Stereo triangulation is employed to solve for the 
target point's 3D coordinates. The matching of points 
on different images can be facilitated with the display of 
matching epipolar lines. Using the PRM as a 3D digi- 
tizer, the desired point of entry must be logged' on the 
skin. The PC can then derive the required end-effector 
configuration and guide the surgeon to adjust the PRM 
with the graphic model display. 

For procedures performed with the breathing inter- 
ruption method, the PRM remains locked until the 
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needle has reached its full depth. Entry is effected with 
the breathing cycle held in the same phase as when the 
images were taken. If the interruption of breathing is 

not desirable, a number of alternatives can be con- 
sidered. The use of an end-effector rigidly coupled to the 
PCNL needle will require the manipulator's joints to be 

unlocked after the first few centimetres of penetration. 
The surgeon must then handle the end-effector in such a 
way as to cause the needle to advance to its pre-set 
depth, relative to the skin,. while following the tissue's 
movement. If no 3D information on the needle's con- 
figuration is required during the `free' insertion phase, 
the end-effector can be uncoupled from the manipulator 
to serve as an independent depth-stop mechanism. An 

alternative scenario entails the use of an end-effector 
that allows flexible as well as rigid coupling of the 
needle. After the first few centimetres of penetration, the 
PRM's joints remain locked while the needle is allowed 
to follow the tissue's motion within elastically applied 
constraints, until it has reached its full depth. The use of 
a spring-firing mechanism, similar to the type currently 
in use on biopsy needles, is also being considered. With 
the manipulator locked and the depth stop set, the 
needle can be fired in and released quickly enough for 
the target to have moved imperceptibly during the 
entire process. 

5.2 Using ultrasound guidance 
In the case of US guided procedures, kidney motion 
during the breathing cycle and deformation during 
puncture can be visualized in real time without any 
concern for radiation exposure. With the US probe and 
needle guide mounted on the PRM with a suitable end- 
effector, the needle is virtually extended by software and 
displayed on the image. The probe/needle assembly 
must be placed so that the needle's tip is just off the 
desired point of entry and the target is visible on the 
image. The needle and its virtual extension must be 
adjusted so that the virtual tip coincides with the target. 
With the needle configuration finalized, the PRM must 
be locked and the end-effector's depth stop set to corre- 
spond to the virtual extension length. Entry is effected 
under continuous monitoring and the needle advanced 
a few centimetres, so that the correctness of its configu- 
ration may be verified. This can be easily determined by 
virtue of the continuous live imaging. The end-effector 
is then uncoupled from the manipulator and the needle 
advanced to its pre-set depth under live monitoring. As 
discussed previously, it is also possible to establish the 
correct configuration for penetration under X-ray guid- 
ance and then perform the puncture with US imaging. 

6 CONCLUSIONS 

A PC-based manipulator-assisted method has been pre- 
sented that provides surgeons with a 3D navigation 
capability, while operating under conventional 2D 
imaging equipment guidance. The method enables the 
correlation of intra-operative X-ray and/or US images 
with patient features and is intended to assist in the 
planning and execution of MAS for the kidneys and 
other deep lying organs. 

The need exists for widely available low-cost 2D 
imaging equipment, such as the C-arm type of X-ray 

machine or the B-type sector scanning US probe, to 
offer the surgeon quantitative guidance in the operating 
room, without any support from expensive, high- 
resolution 3D imaging systems, whose use is unjusti- 
fiable and impractical for a large number of surgical 
procedures. Surgical navigation enhancement should be 
made available through a simple low-cost PC-based 
system, that can provide surgical tool guidance in rela- 
tion to intra-operative medical images and allow the 
establishment and constraint of specified tool configu- 
rations in a repeatable way. These requirements have 
led to the development of a rigid, light-weight and 
counterbalanced passive manipulator with computer- 
controlled lockable joints, that enables a variety of ste- 
rilizable end-effectors to be accurately positioned in 3D 
space. 
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The M3S bus is a proposed standard digital communication bus 
designed to improve access to technical aids by disabled people. 
It provides a standard interface between input devices and end- 
effectors, allowing devices from different manufacturers to be 
linked in the same system. The bus is primarily intended for use 
on wheelchairs. It is based on an industry-standard protocol, 
CAN, and includes additional signal lines to increase safety and 
integrity. 

Introduction 
This article is concerned with a 

particular application of a 
general serial communication 

bus. The bus is the controller area 
network (CAN), which was 
developed for use in the automobile 
industry' The application is within 
rehabilitation engineering and mainly 
in electrically driven wheelchairs. As 
wheelchair design has developed, it 
has proved useful and feasible to 
provide a range of electrically- 
operated subsystems as well as the 
main wheel drives. Motors to adjust 
seat position, footrest position, 
lighting and warning systems are all 
available on certain makes of chair. 
For these more complex systems, it 
is of benefit to the manufacturer to 
use a digital bus to carry information 
on the wheelchair. 

Wheelchair users may also need 
extra equipment to help them 
communicate with other people or 
control their environment. Many of 
these users2 would find it easier to 

use a single input device, say a 
joystick or switch system, to control 
all the end-effector devices. Under 
some conditions, the single input 
device might control more than one 
end-effector simultaneously. Such an 
integrated system is readily 
implemented on a wheelchair with a 
digital bus. 

For these reasons considerable 
thought has recently been given to 

the specification of a suitable 
communication bus for rehabilitation 
systems. An ISO Committee on 
wheelchair standards has been 
working on its definition in parallel 
with a consortium set up in the pilot 
phase of the EC TIDE Initiative 
(Technology Initiative for Disabled 
and Elderly people). 3 It became 
apparent quite early in the 
investigation that the CAN bus 
offered all the properties needed for 
the information-transmission aspects 
of the bus. The CAN structure and 
protocols are well-suited to 
wheelchair systems and its robust 

error-correction capability offers 
sufficient protection against the 
inevitable electrical noise introduced 
by switched-mode drive systems. 

The TIDE M3S Consortium, led by 
TNO-TPD of the Netherlands, 
concluded that safety reasons made 
it necessary to add two further signal 
lines to the basic CAN two-line 
communication channel. These lines 
are effectively wired-OR functions 
with input to a central safety 
monitor. 

The ability of the CAN bus to 
operate under multiple masters gave 
the emerging specification its 
name-Multiple-Master Multiple- 
Slave or M3S. As well as the four 
lines for messages and safety, the 
M3S bus includes power and ground 
lines. Its specification also covers the 
configuration of a working system, 
menu and icon structure definition. 

The aims of the team that 
developed the specification are: 

" To provide the wheelchair user 
with optimal control over the 
user's mobility, environment and 
personal communications through 
one or more input devices best 
suited to the user's needs. 

" To allow a wheelchair to be 
tailored for the user by 
assembling and configuring off- 
the-shelf equipment from one or 
more manufacturers. 
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" To allow easy modification or 
expansion of a wheelchair's 
facilities as the user's needs 
change. 

" To reduce the cost of creating and 
maintaining a wheelchair 
electronic system that would 
previously have been designed 
and built specifically for an 
individual user. 

" To ensure that the user is safe. 
" To create a stable market basis 

that will stimulate companies 
around the world to develop and 
manufacture a wide range of 
compatible equipment. 

This article attempts to explain the 
M3S specification in the light of 
these aims. 

M3S architecture 
general M3S system is shown Ain 

Fig. 1. There are two types 
of devices that can be 

connected to an M3S system, 
namely input devices and end- 
effectors. Examples of input devices 
are joysticks, switches and speech 
recognisers, while wheelchairs, 
robotic manipulators4 and speech 

synthesisers are examples of end- 
effectors. Each system includes a 
configuration and control function 
(CCF), usually in a separate module 
known as the CCM. If the CCF can be 
integrated into an existing device on 
the bus the overall system cost will 
be reduced. The CCM is responsible 
for configuring the system and for 
safety monitoring. It also contains a 
menu structure from which the user 
can select any of the options 
available on the system. 

The M3S architecture was 
designed so that devices can be 
added to a system at a later stage 
without any complicated 
adaptations. This implies that a 
device on the system cannot have 
any knowledge of the other devices 
present prior to being connected. It 
also means that devices must be 
able to communicate via the bus in a 
generic way. All the devices on an 
M3S bus therefore contain internally 
stored configuration information 
which describes the specific 
behaviour of the device in a format 
that can be understood by the CCM. 
On connection to the system, the 
CCM uploads the configuration 

appik2tion layer 

M3S layer 

data-link layer 

ý., physical layer 

;: r; physical medium. 

defined by CAN specification 

Fig. 2 Open system layered model 

information from the device. The 
CCM is then aware of the device and 
is able to establish a method of 
linking the device to other devices on 
the bus. 

The data that devices can send or 
receive on the M3S bus are 
described in terms of input or output 
actions and are referred to as device 
degrees of freedom (DOFs). Fach 
DOF may either be sent to the bus, 
in which case it is called an input 
DOF (IDOF), or it is read from the 
bus, in which case it is an output 
DOF (ODOF). Each device is 
therefore characterised by the 
number of DOFs and the capability 
of each DOF. 

Degrees of freedom can be in one 
of four categories, namely binary, 
analogue, character and tile. A 
binary DOF is one whose input or 
output has only two discrete states. 
The output from a toggle switch is an 
example of a binary IDOF In the 
M3S specification, a binary IDOF 
signal can be represented by one or 
more bits. An analogue DOF is one 
whose input or output can take a 
range of values, such as the output 
from an analogue joystick Since the 
data is transmitted in dif,, it, rl form on 
the M3S bus, the data resolution is 
finite, but is not necessarily limited 
to 8 bits. It is important, however, to 
know the resolution of a given 
analogue DOF in order to ensure 
compatibility during system 
configuration. A character DOF 
represents a character or a value, 
like a key number. An example of a 
file DOF is a sequence of codes to be 
transmitted via an infra-red link to a 
television or radio. 

The M3S architecture has been 
tested in two demonstration 
platforms. The components of the 
demonstrators are: 

Platform I PERMOBIL wheelchair 
with CCM built by 
FST' 

Input devices Penny and Giles 
joystick and an FST 
head pointer 

End-effectors: Exact Dynamics 
MANUS manipulator 
, ind FST JAMES 
environmental control 
system. 

Platform 2 Huka MAKS 
wheelchair with CCM 
built by TNO-TPD. 

Input devices: IRVt head sensor 
onibined with a 

ZOFCOM tongue 
< ant roller 

'11,1 F an, t, itwn Suisse pour les TeItth6ses. 
Neuchatel, Switzerland 
tIRV-Institute for Rehabilitation Research, 
Hoensbroek. The Netherlands 
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End-effectors: MANUS manipulator 
and a REMCON 
environmental control 
system. 

User trials were carried out on both 
platforms in early 1993. The trials on 
Platform I were planned and run by 
FST and the trials on Platform 2 by 
I RV. 

M3S message strategies 
CAN communications protocol 

T 
he communications protocol of 
the CAN describes the method 
by which information is passed 

between devices. It conforms to the 
Open Systems Interconnection 
model, 5 which is defined in terms of 
layers. Each layer in a device 
apparently communicates with the 
same layer in another device. Actual 
communication is between adjacent 
layers in each device and the devices 
are connected only by the physical 
medium via the physical layer of the 
model. As shown in Fig. 2, the CAN 
architecture defines the lowest two 
layers of the model: the data-link 
and physical layers. The application 
layers are linked to the physical 
medium by the layers of the M3S 
protocol and the layers of the CAN 
bus. 

The physical medium consists of a 
twisted pair with appropriate 
termination. In the M3S 
specification, it has a transmission 
rate of up to 250 kbaud. There are 
five additional lines in the M3S 
specification: battery plus and 
minus, a signal ground (linked to 
battery minus via a resistor) and the 
two safety lines, one known as the 
dead man's switch (DMS) line and 
the other as the key line. The 
operation of the safety lines is 
described in the Section on M3S 
safety and configuration. 

The physical and data link layers 
will normally be transparent to the 
system designer and are included in 
any component that implements the 
CAN protocols. There are some 
microcontrollers with integral CAN 
interfaces, for example, the Philips 
8xC592 processor. The 80C200 is a 
standalone CAN controller which 
interfaces to many microcontrollers. 
The connection to the physical 
medium can be implemented with 
discrete components or with the 
82C250 integrated circuit. 
Standalone CAN controllers are also 
available from NEC and Intel. 

The data-link layer defines the 
format and timing protocol with 
which the messages are transmitted. 
The message structure is illustrated 
in Fig. 3. There are two descriptor 
bytes and up to eight data bytes. 
The descriptor bytes are particularly 

descriptor byte I 

descriptor byte 2 

data byte 1 

data byte 8 

Fig. 3 CAN message structure 

important as they define the priority 
of the message and the type of 
message being transmitted. The 
allocation of the bits within the two 
descriptor bytes is shown in Fig. 4. 

The identifier field contains 11 bits 
and is used for identification of the 
message as well as for determining 
its bus access priority. The priority is 
defined to be highest for the smallest 
binary value of the identifier. The 
allocation of priorities to messages is 
a feature of the CAN bus that makes 
it particularly attractive for use 
within the rehabilitation 
environment. In the M3S 
specification, bits 7-10 of the 
identifier field define the message 
priority. This means that messages 
can have a priority number between 
0 (high priority) and 15 (low 
priority). The M3S specification 
guarantees the latency time 
associated with priority values and 
some examples are given in Table 1. 

It is possible to send a request for 

data to a specified address, ind the 
remote transmission request (k R) 
bit defines whether the message sent 
is a request for data or the actual 
data. The data-length code tells the 
receptor how many data bytes the 
message contains. In the case of 
data requests, no data bytes follow 
and therefore the data-length code 
has no direct relation to the number 
of data bytes. 

The maximum number of nodes 
on a CAN bus is 32. The limit of 
messages per second ranges from 
about 2000 to about 5000 on a bus 
with 250kbaud transmission rate, 
depending on the number of bytes 
per message. 

M3S generic and company-specific 
messages 

A system using the M3S bus may 
contain a subsystem of devices 
which need to communicate only 
with each other and not with the rest 
of the M3S system. An example of 
such a system would be a wheelchair 
that has its drive motor controller 
and the individual motor power drive 
circuits connected separately to the 
bus. The motor controller will need 
to communicate via the bus with the 
motor drive circuits as well as the 
CCM, but there is no need for 
communication between the CCM 
and the motor drives. A provision 
has therefore been made in the 

descriptor byte 1 dtrscrpta kyle 

10 987 16 St3 12[1 101R 

Q identifier held 

remote transmission request bit 

Q 
data length code 

Fig. 4 Allocation of bits in CAN message descriptor bytes 

Table 1 Guaranteed maximum latency times depending on priority levels 

priority number guaranteed example o message 
latency time 
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0786 0787 0788 icon name 

b; J 
IM 0786 

0787 
COMPUTER 
DIGITAL VOICE j 0788 ECS (environmental controller) 

0789 MANIPULATOR 
0789 0790 0791 0790 VIDEO DISPLAY 

0791 MOTOR CONTROLLER 

Fig. 5 M3S icons 

specification for devices within a 
subsystem to communicate with 
each other using company-specific 
messages whose protocol is known 
only to the manufacturer. If bit 6 of 
an identifier is set, the M3S 
specification defines this message to 
be a company-specific message. 
Approximately 50% of the available 
M3S identifiers are reserved for 
company-specific communication. All 
other messages are generic and a set 
of generic messages is defined within 
the M3S specification. 

Some of these generic messages 
have a fixed meaning, for example 
EMERGENCY STOP` or 
DEVICE RESET. Others are used for 
the transfer of data related to the 
DOFs of the devices in the system. 
These messages are dynamically 
allocated and are called 
DYNAMIC DATA. 

The identifier for each 
DYNAMIC DATA message is supplied 
by the M3S CCM and is based on 
the priority of the DOF which will use 
this DYNAMIC DATA message. When 
the DOF is no longer needed, the 
identifier is de-allocated. Later, the 
same identifier can be re-allocated 
to the same or a different DOE 

The messages are sent on request, 
or when an input is changed, or at 
defined intervals. 

In order to illustrate the format of 
a data message using analogue data 
within the M3S environment, 
consider the data signal from an 
analogue joystick with a rotary 
control, to be used for real-time 
control of a wheelchair: 

Identifier field: The priority bits are set to 
a value between five and seven (see 
Table 1 ). The CCM defines the priority 
according to information in the device 
configuration information. Bits 0-5 will 
have a value, determined by the CCM. 
defining an identifier which has not 
already been allocated. 
RTR bit: Set to 0 as the joystick iti 
sending data. 

'Words in capitals separated by an 
underscore indicate generic messages in 
M3S specification 

Data-length code: Set to 3 corresponding 
to the 3 data bytes. 
Data byte 1: ANALOG X. The X-axis 
value, which contains steering 
information for the wheelchair. 
Data byte 2: ANALOGY. The Y-axis 
value, which determines the speed of the 
wheelchair. 
Data byte 3: ROTARY_O. A 
potentiometer setting, which determines 
the maximum possible speed of the 
wheelchair. 

Device parameters define device- 
specific values, such as the 
maximum motor speed. Parameterti 
are initially set to a default value. 
but can be modified by the 
SET PARAMETER message. 

Device status information includr-, 
a number of safety functions and 
certain limits on variables. For 
example, the wheelchair can be 
restricted to run at low speed under 
certain conditions and this restriction 
is reflected in a status register. The 
generic messages DEVICE STATUS 
and CHANGE DEVICE STATUS allow 
the CCM to read and change the 
status. 

M3S display facilities 
The facility to display messages to 

the user is an important part of an 
M3S system. The display screen 
itself may be linked to the processor 
implementing the CCM, but could 
also be an independent device on 
the bus. Since the different devices 
present in a M3S system do not 
know the size and resolution of the 
display screen they must send 
display messages in a generic form 

and the display must do its best to 
represent them. 

The display can receive data from 
three possible sources: 

" The MS3 CCM: The CCM uses the 
careen to show configuration 
information and the basic device 
, wlection menus. 

" An activated device: Once a 
device has been selected, it will 
need to convey information to the 
user via the screen. This device 
will normally be an end-effector, 
although some more complicated 

irnl) t (1Cvi(W, I14IV It'(11111 li", Ifl"i 
tit'r vices. 
A non-activated devi(c: A non 
,i tivated device may nerd the 
ditiplay to display an error, ,r 
warning or some status 
information. 

Any device can revue' ta dr play 
service. A set of gene i m(-%s, q,. e% 
defines a protocol for transniittint,, 
display information. 

MS3 icons 
The configuration inforni, ition in 

each device, which is 1,11)10,04-d to 
the CCM during system 
configuration, contains menu items 
that can be represented by aon', 
These icons can either be dt'hnecf In 
the configuration information of the 
device, or can ruler to a st irid. ud 
icon number which Is stored irr the 
display. Although Olt' fldlllt-, 011d 
codes of the stand, rrd it onti are 
defined, their appear, rnr t' is not it % 
therefore possible for em h (tv. pi, ry 
manuf, uturer to de-sign nrdlividu, rl 
icons f xamples of sonic icon', rrt, 
tihown in Fit, `> 

M3S safety and configuration 
ti11ý'lO ýý'(ýUUt'IºItlifý 

S 
'ttifls developed fur u". r ll` ur 

[, Ihre Vicinity of ºx"uºtlr JtulllýI 
principle. be (oniltlt"tt"ly "�ltr" 
r. within pr, 1(tl . il limits of 

t ct"t 111d corllplexlty tht"rt, Is no slit º1 
thing as a totally safe system A 
system must therefore be arle, qu(ltt'ly 
safe. What is me int by ach c1u, ltely 
safe was discussed by the M 51) 
Consortium taking into ice oust the 
function, the usels, the erlVlrollrllerlt 
within which the System will be used 
and the benefits to be g, unt"d fron) 
its use The levels of safety ahmt 
Could be achieved were ex. lnllneti ill 
terms of cost and complexity 

The basic concept that was 
adopted for the M iS spec ihr.. ltlon i% 
a two-level safety system Pit, 
primary safety function i% tuntrollecl 
by a safety monitor (SM) The safety 
monitor is a function either inclealetf 
in the M3S CCM or carried out by a 
separate processor. It (tie( k,, tht" 
integrity of the system on .l regular 
basis and also retelves error signals 
and nlessaf; es frone the system 
devices If errors are found or 
notified, the safety nionitor. vi., tire 
CCM, can activate v. utuus levels of 
action from complete sºtlltttuwn to 
simply passing a Inessat, t" to Il"' 
display. 

For example. the duvet e status 
registers of the enalbled devices 
(devices wert Il irr Ire Ilse In the 
operational phase of the system) . rev 
checked every 100 ills, while 
disablt"cl tte'vices (devices not in use 
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in the operational phase of the 
system) are checked only every 
1000 ms. This gives a better use of 
the available busload. If a device 
does not respond on a 
DEVICE STATUS request, the CCM 
tries to reset the device using a 
DEVICE RESET message. In case of 
severe errors it is possible to reset 
the whole system using an 
EMERGENCY STOP message. 

Although the safety monitor 
provides a high level of safety 
(safety messages have the highest 
bus priority) the system is 
dependent on correct operation of 
the CCM/SM and the CAN bus 
hardware and software. Given the 
safety-critical nature of this 
application it was considered 
necessary to provide a second level 
of safety, in the form of fully 
independent circuits which enable 
the system to be rendered 
inoperative in the event of failure. 
The M3S specification therefore 
includes two dedicated safety lines: 
the DMS line and the key line. 

Any system which operates 
safety-critical motion control should 
have a DMS. This implies that a 
continuous positive action must 
always be taken by the user in order 
to provide power to the drive 
motors. It also allows the user to 
stop the current drives should an 
emergency occur which is not taken 
care of by the control system. To 
achieve the necessary levels of 
safety integrity, a separate hard- 
wired circuit, independent of the bus 
control, is required to interrupt the 
power supplies. Hence the addition 
of a separate line to the bus. Unless 
this is held high by a DMS switch, 
the motors cannot run. 

The DMS should be a switch, 
mechanically and electrically 
independent of the drive signal. 
Special provision may have to be 
made for certain users with 
restricted input capability. For 
example, while a joystick with a 
separate, positively activated, DMS 

may be desirable, these users may 
only be able to use a null sensor. The 
limited capability of severely 
handicapped users may therefore 
result in less than ideal safety 
systems. This should be explicitly 
acknowledged. 

The DMS line provides protection 
for the user where all other safety 
systems have failed. This means that 
the user will still be safe even when 
there is insufficient time for the user 
to take positive action to operate an 
off' system. 

The key line is operated by the 
user or a helper via a key switch. It 
has two functions: first it provides 
the power input to the system 
control and also to device controllers 
and power relays; second it enables 
each input device to have the 
capability of turning on and off the 
whole system, i. e. it is possible to 
turn on the system from any of the 
input devices and equally it is 
possible to turn the system off from 
each input device. 

The configuration of this on/off 
system is such that: 

" The helper can gain control of the 
system via the helper input in an 
emergency without killing the 
system, i. e. smooth transfer of 
control. 

" The user can switch between a 
variety of input devices in a 
smooth manner. 

" The user can regain control of the 
system if control is taken by an 
unauthorised user via the helper 
input. 

" Operation of any off button will 
stop the system but will not 
prevent the user restarting, with 
control, if required. However, this 
will require a re-initialisation of 
the system. 

One further safety function is 
specified and that is the provision of 
watchdogs. Watchdogs monitor 
processor functions. Where possible 
there should be continuous polling 

With action hc'infy, t. rk ri wli rc no 
positive handshake or responst, iti 
received. The CCM should h. rvt' ,r 
watchdog to monitor the intef; rit y of 
its supervisory functions. The 
watchdog should shut down the 
system or transfer control if an error 
is detected. 

Where possible all motor drives 
should have a local watchdog whose 
function is to monitor the local 
microprocessor intet,. rity and provide 
instantaneous shutdown if errors are 
detected. This should preferably be a 
local activity not involving bus 
communications. 

Configuration and control function 
The M3S configuration and 

control procedures, normally carried 
out by the M3S confit,, uration and 
control module, are considered 
under three heading,, 

(i) System initialis, ition 
(ii) System confif,, ur, rhon 
(iii) System usage. 

(i) Initialisation: In order to solve 
the problem of device compatibility 
with an M3S system is is necessary 
that the devices on an M3S bus 
contain internally stored 
configuration information which 
describes the specnc( behaviour of 
the device in a format that c , ºn be 
understood by the CCM. On 
connection to the system. the CCM 
checks the presence of a device 
using the generic message 
DEVICE IDENTIFICATION. After 
receiving the response from the 
device, the CCM chec ks the internal 
status of the device usir the genº'rrc 
message DEVICE STATUS. Than the 
CCM compares the actual 
configuration with the (orihl,, uration 
held in its rnemory. Ac(ording to the 
result, the CCM will either pre'serit 
the initial, top-level menu or error 
messages. If there is an error, the 
CCM can upload new configur, rtrun 
information from each device u%ml,, 
CONFIGURATION INFO FORMAL 

manipulator nm4Hf Ixxhr 

------------------ 

pint general usage 
ýspeaal 

u' l 
nodes 

modes 
column : um 

(yaw gripper] 
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and CONFIGURATION_INFO_ 
TRANSFER. 

(ii) System configuration: The 
system must be configured by a 
technician with knowledge of the 
user's needs and the properties of 
the devices to be attached to the 
bus. System configuration can start 
after it has been initialised. 

From a user viewpoint, the menu 
contains a set of termination or 
functional nodes, which are known 
as tasks in the M3S specification. 
The intermediate nodes in the menu 
are used to group the tasks into 
useful subsets. 

System tasks are created by the 
technician by examining the 
configuration information that has 
been uploaded to the CCM during 
configuration. It is then possible to 
create a node tree and to group the 
device functions into subsets. Fig. 6 
shows as an example part of a node 
tree for a system including a MANUS 
manipulator. 

When defining a task, it is 
important to match the DOFs of the 
device with those available from 
other devices on the system. Not 
every IDOF has to be used, but in 
any particular mode every ODOF 
which is necessary for that mode 
must be supplied by an IDOF. This is 
generally not a problem as the DOFs 
in the M3S protocol are well defined. 

(iii) System usage: The usage of a 
complete integrated system built 
around the M3S specification 
involves three different people: 

" The user of the wheelchair 
system. 

" The helpers or rehabilitation 
professionals who assist the user. 

" The technician who configures the 
system for the user. 

The definition and operation of the 
system must be accessible to all 
three. It must primarily benefit the 
first, and it is important to stress 
that the success of a specific method 
for achieving an integrated system 
will depend on the benefit to the 
user and only secondarily on the 
economic benefit to the 
manufacturer. 

In the demonstrator trials that 
were held during the TIDE pilot 
phase, the M3S specification 
enabled devices from different 
European manufacturers to be 
connected together and configured 
for individual users. 

end-effector in an M3S system was 
implemented in the demonstrator 
systems using environmental 
controllers. A further important 
application of a wireless end-effector 
is a mouse emulator for computer 
input. 

The M3S concept 
has proved to be 

effective in 
integrating control 

of devices from 
different sources 

within a single 
functional 

wheelchair-based 
system 

Studies have been made on the 
possibilities for communication 
between M3S and home systems, 
such as the Homebus. It seems likely 
that communication to a standard 
domestic bus system has the 
potential to open a wide range of 
new possibilities to a wheelchair 
user. At the present stage in the 
evolution of home bus standards it 
has not been feasible to 
demonstrate the capabilities of M3S 
in a link to a home bus. 

Conclusions 

T 
he M3S concept has proved to 
be effective in integrating 
control of devices from 

different sources within a single 
functional, wheelchair-based system. 
The additional safety features of the 
M3S bus have been shown to 
operate effectively and provide 
significant improvements in safety 
over the use of the CAN serial 
communication channel alone. The 
M3S concept should offer potential 
for significant benefits to users of 
complex assistive systems. 

How far has the current state of 
the specification achieved the aims 
listed in the introduction? 

0 

Future developments and links 
to other bus standards 
The specification is currently 

restricted to wired links. 
The use of a transmitting or " 

receiving unit in a wireless link as an 

It is not possible to draw a firm 
conclusion on the optimality of 
control offered by an M3S system 
until more devices have been 
built and wider experience 
gained. First responses are 
encouraging. 
The demonstrator platforms show 
that equipment from more than 

one manufacturer can be 
integrated satisfactorily under the 
specification. 

" Modification of the facilities 
available to the user is 
straightforward. 

" First estimates indicate significant 
cost reductions in equipment and 
in adapting systems for users' 
needs. 

" Safety has been a priority 
throughout the development of 
the M3S specification. The 
combination of safety monitor 
with DMS line and key line offers 
significant improvements in safety 
over current systems. 

" The market can only develop as 
manufacturers of wheelchairs, 
controllers, input devices and 
end-effectors produce a range of 
compatible equipment. 

Several European manufacturers of 
wheelchairs and other rehabilitation 
equipment are proposing to 
incorporate the bus in their 
products. There has also been 
interest in the concept from 
manufacturers and users in the USA. 
The protocol description has been 
taken as a working draft by the ISO 
Committee concerned with electrical 
wheelchairs. 
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