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ABSTRACT 

The themes of this thesis are medical robots and their safety issues, as demonstrated by 
Robots in Surgery and Robots in Rehabilitation for the disabled and elderly. An 
overview of the subject is provided together with a description of the various types of 
system. A critical analysis of international work is given, both in terms of surgical and 
rehabilitation robot systems. One of the major areas of concern in medical robotics is 
the achievement of a safe system. The need to ensure adequate safety without excessive 
cost and complexity is discussed. A number of proposals for improved safety are 
made, together with suggestions for classifying robots into a hierarchy that categorises 
the degree of risk involved. One way of improving safety is to configure a special 
purpose system for the specific task. In this way the motions are limited and can be 

constrained safely. The resulting software is sufficiently simple that there is an 
increased possibility that it can be `proved' to have no errors. The development of a 
number of special purpose systems with which the author has been concerned is given 
in the thesis. It is believed that it is only by the development and exemplars of such 
special purpose systems that the more general principals and requirements for safe 
medical robots can be specified. 

An example of a rehabilitation robot system is given which is mounted on a powered 
wheelchair and connected to an environmental control system. A study is given of a 
special purpose electronic communication `bus' which has been devised to allow 
different modules to be connected to the bus and to communicate safely. The various 
safety cutouts and `watch dogs' are described which will allow safety to be assured by 
both hardware and software systems. The development of a simple, low cost `feeding' 
aid for the disabled is also described. 

The problems of developing surgeon `assistant' robots for hard tissue, as typified by 

orthopaedic surgery, are discussed. A special purpose robot system is described 

which is designed for knee surgery. The robot is used to machine the bones of the 
knee to accurately locate and mount prosthetic components. A novel control system is 

employed which uses "implicit force" control and allows the surgeon to have direct feel 

of the cutting forces on the bone, whilst his motions are constrained to a safe desired 

region by the robot. 

The difficulties of developing robots for soft tissue surgery are also reviewed and an 
example is given of the development of a special purpose system for opening up an 
initial track for kidney surgery. A low cost simple arm that can carry a biopsy needle is 
described. The arm can point at a target and display the current position of the needle 



on a computer display. The 3D coordinates of the kidney can then be obtained and 
displayed on the same computer screen, using a standard x-ray c-arm. To give accurate 
data, the c-arm requires a series of special calibration and registration activities. 

As a further example of robots for soft tissue surgery, a robot specifically designed for 

prostate resection is described. A feasibility study using a standard industrial robot 
was first undertaken, followed by the development of a special purpose manually 
operated frame which was configured kinematically to give the conical cutting motions 
that are required. This was tried clinically on 40 patients to prove the appropriateness 
of the kinematics. Subsequently a motorised robotic safety frame was developed and 
applied clinically on 5 patients. The results of these `world first' operations are 
discussed. 

Finally, the overall conclusions from the various projects are put forward, together 
with suggestions for further work. A collection of published papers describing the 
technical aspects of the thesis is given in volume 2. 
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PREFACE 

This thesis is concerned with the author's application experiences in Robotics in 
Medicine. Volume 1 gives an overview of the various projects, placing them in the 
context of a survey of international work and of a review of safety. Volume 2 is a 
collection of published papers to which the author has contributed. These give further 
technical details of the various projects covered in Vol 1. The thesis thus describes 
these projects, which are special purpose robot systems that the author has been 
associated with,. and also discusses the various constraints that are required in order to 
use the robots in an operating theatre environment. It is believed that it is only by the 
development of exemplars of such special purpose systems that the more general 
principals and requirements for safe medical robots can be specified. 

The thesis deals with the two basic themes of medical robots: robots in rehabilitation 
and robots in surgery. The majority of the thesis is concerned with surgery since this 
has formed the greater part of the author's activity. This is because robot surgery is a 
much newer, and in many ways a more challenging activity than rehabilitation robots 
which have been a topic for research over the last 25 years. In contrast, robot surgery 
research is only around 9 years old and is a rapidly developing activity which promises 
to change the nature of surgery in a fundamental way. 

The overall justification for the thesis is that safety legislation for robots in medicine is 
almost completely lacking. Whilst industrial robots are recommended to be kept away 
from people, this approach would not be satisfactory for medical robots. In order to 
ensure the rapid and effective use of robots in rehabilitation and in surgery, it is 

necessary to address the safety issues involved in using robots next to people, in tasks 
which are safety critical. 

For surgery, some groups have advocated the use of general purpose medical robots 
for use in a wide range of procedures. However, the result is a costly and complex 
system whose benefits for a wide number of surgical tasks have yet to be proven. The 

wide range of motions, of which a general purpose system must be capable, means 
that it is difficult to constrain movement to a safe region if the system fails. The 

complex software is also difficult to `prove' for safety purposes. For these reasons, 
special purpose surgery robots, adapted for particular tasks, have been advocated by 

the author. 

The thesis starts with a review of the areas of medical robots in Chapter 1 and sets 
down some of the basic categories into which they are divided. A critical review of 
international work then follows for surgery robots and for rehabilitation. The use of 
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robots in rehabilitation is also described in terms of mobile systems and fixed 

workstations. One of the primary obstacles to the development of medical robots is the 
definition of safety requirements. This is touched on in the review of Chapter 1 but is 
developed much further in Chapter 2. 

Chapter 2 starts with a generalised discussion of the safety issues and then looks in 
more detail at computer assisted surgery and at the different types of surgery robots. A 

series of classification systems are then proposed for imaging systems and robots and 
the way in which they are used. The safety issues of rehabilitation robots are also 
discussed at the end of Chapter 2. 

Chapter 3 discusses rehabilitation robots in further detail and describes a European 

project M3S (Multiple Master-Multiple Slave) concerned with a robot manipulator for 

the disabled, mounted on a wheelchair. An environmental control system is also 
incorporated. The use of an electronic communication bus which acts as a standard 
interface is then described, together with a wide range of safety measures. A small low 

cost "feeding" robot is also described. 

Chapter 4 discusses hard tissue surgery and then deals with an example in which an 
orthopaedic robotic procedure is described. The procedure is concerned with using a 
robot to machine the bones of the knee to accurately locate prosthetic implants. The 

need for accurate alignment is discussed, together with how a robot might satisfy these 

requirements. The concept of a special purpose robot is then described together with 
the various preoperative tasks of imaging, 3D modelling and pre operative planning. 
The tasks carried out by the robot are then considered, leading to the design 

specification of a robot. A feasibility study was then investigated in which an 
educational robot was modified for the task and some plastic leg bones were machined 
to a desired shape. A particular type of force control called "implicit force" control is 

described and implemented on a special purpose robot system. 

Chapter 5 describes the problems of using robots for soft tissue surgery, where the 

tissue moves and distorts during the procedure. A particular example of soft tissue 

surgery is in the biopsy and subsequent treatment of the kidney. A computer assisted 

surgery approach is described in which a low cost passive arm, whose joints are 

equipped with potentiometers and electro-magnetic brakes, is used to hold a biopsy 

needle. The orientation of the needle can be displayed on a computer screen, together 

with a target which comes from a standard x-ray c-arm. The c-arm is not normally 

capable of giving quantitive data and also suffers from distortion. To provide 3D 

position numeric data, the c-arm requires a number of calibration and registration 

procedures, which are also described. 

XII 



CHAPTER 1 

INTRODUCTION 

This chapter discusses what is a medical robot. The background to the use of robots 
in Medicine is then surveyed with examples from the two primary areas of 
Rehabilitation Robots and Robots in Surgery. The work of different international 
groups is analysed and the various approaches are discussed. Included in the survey 
are the results of a number of international visits made in the period up to February 
94. The strengths of various groups are reviewed and contrasted with those in the 
U. K. The different types of robot systems are discussed, with an overview of the 
safety issues involved. 

1.1 What is a Medical Robot 

The term Medical Robot is generally used in the context of the application of robots in 
the field of Medicine. In this thesis, the use of the term is restricted to the most 
common two areas of application: a) Robots in Diagnosis, Surgery and Therapy and 
b) Robots in Rehabilitation. A further area of transporting patients and goods within 
hospitals is considered outside the area of this thesis, although it is noted that the 
process of 'acquiring' a patient from a hospital bed may involve the use of an end 
effector system which could involve robotic principles. The area of medical 
laboratory robots (e. g. for testing blood samples) should be considered as an 
extension of the use of industrial robots and so is not discussed further. 

1.2 Why Robots are Used in Medicine 

The way in which rehabilitation robots are of benefit is fundamentally different from 

that of surgical robots. Rehabilitation robots are primarily used by the disabled to 

replace motions which have been lost totally or are so weak that they are ineffective 
for performing tasks. The robot manipulator arm is generally placed alongside the 

user, either fixed on a work table or on the arm of a mobile wheelchair. It is 

generally used for simple tasks such as raising food to the mouth or for loading 

computer programme discs. The intention is not to provide an arm that can perform 
all tasks, but to give sufficient independence that the disabled can live unaided for 

periods ranging from one to eight hours. 

The powered manipulator arm is usually low cost and is controlled as a type of 
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telemanipulator by simple input devices, such as a low force joystick or for the more 
disabled, by 'sip and puff controllers or head switches. These arms are usually 
computer controlled to allow simple joint control or the co-ordinated control of several 
joint motions together. Only seldom are sequences of motions programmed together 
for tasks such as pouring a drink. The users input control abilities are generally very 
limited and slow. The tasks which are performed are simple and activities such as 
help with dressing are beyond their capabilities, but it does allow the user to be 
independent of a helper to a small degree. The various types of rehabilitation robot 
systems are discussed further in Sections 1.5 and 1.6. The safety issues of 
rehabilitation robots are considered in Section 2.7 whilst Chapter 3 looks at 
rehabilitation projects with which the author has been associated. 

Unlike rehabilitation robots, Surgical robots are not generally used for their ability to 
provide large reach or large force motions from restricted inputs. They are used 
because they can provide precise and repeated motions in response to pre programmed 
tasks. It is this ability to carry out a pre-determined sequence of motions 
automatically and safely that is of most benefit in surgery. Usually some form of 
imaging system is used pre-operatively to define the task. The robot has then to be 

registered with reference to the patient so that the sequence of motions can be 

automatically carried out. The surgeon generally can stop the procedure or choose an 
alternative part of the programme but, for safety, the options available are limited. 

The nearest type of surgical robot to that of a rehabilitation robot is that postulated for 

telemanipulator surgery, but even here the output "slave" is constrained to move with 

well defined motions and forces provided by the "master" input system. The tasks 

are generally more safety critical than those for rehabilitation and the motions required 

are more precise. Surgical robots act as assistants to the surgeon and seldom act in an 

autonomous way, except for parts of operations which have a highly repetitive 

sequence of motions. Even here, the surgeon observes the procedure and can 

terminate it at any stage. Thus robots act as assistants to the Surgeon, providing 
him with a series of tools that enable him to do a better job than he can do alone. 

Once a robot has been given a target, say by an imaging system, it can enable tools to 
be positioned at the target and to move along a defined path with a precision that can 

seldom be achieved by even highly skilled surgeons acting alone. Force levels can be 

controlled without tremor, tools can be locked in position for long periods (e. g. for 

radiotherapy treatment) without risk to the medical staff. The benefits to be gained 
from using robots in surgery vary widely. In some instances (e. g. for deep seated 
tumours in Neurosurgery) the robot can be life saving since it can achieve accurate 

path motions and target acquisitions beyond manual capabilities. In other instances, 

2 



the benefits are less obvious and the cost and complexity of the robot system, with 
attendant safety risks, must be weighed carefully against the benefits to be obtained. 
The Robot systems available may be passive, semi-active or fully active. This wide 
range of robot systems is discussed further in the next section. 

1.3 Robot Systems in Diagnosis, Surgery and Therapy. 

The term 'robotic surgery' is usually regarded by researchers to mean a motorised re- 
programmable 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, often because they are regarded as safer than active robot systems because they 
have no prime movers. For this reason Computer Assisted Surgery is considered to 
be part of robotic surgery and so a preliminary discussion is given below in section 
1.3.1 The term `surgery' is also commonly misused and has been applied to 
diagnostic activities (eg the removal of small samples of tissue in robot biopsy) and 
also in therapy activities (eg the robotic positioning of an array of radioactive wires). 

Research into robotic surgery is a relatively new area which has been around for less 

than 10 years. Some of the earliest robotics activity in surgery used small industrial 

robots for Neurosurgery in an attempt to target brain tumours. In April 1985, Dr 
Kwoh at the department of Radiology, The Memorial Medical Center, Longbeach, 
California, carried out clinical trials of Neurosurgery using a standard Unimate Puma 

200 robot arm for stereotactic biopsies on the CT scan table [1,2,3] 

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 [4] 

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 group at Imperial College used a 

powered special purpose 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 [5,6] 
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One way of giving an overview of the area of Robots in Surgery is to describe 
Computer Assisted Surgery and show how powered robotics is a simple extension 
of the area. 

1.3.1 Computer Assisted Surgery [CAS] 

CAS [like robotics] generally involves four stages: medical imaging, modelling into a 
2D or 3D form, datuming and then tracking motions of both tools and patients. 
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, in which research has been primarily carried 
out by computing and medical physics groups. The work on imaging and modelling 
systems has also been well developed by industry, who have supported a number of 
often expensive projects. A major challenge is to bring the quality and accuracy of 
imaging and modellingto support the ability to carry out physical interventions. 
Therefore this thesis concentrates primarily on the intervention aspects which have 
been largely neglected in comparison. 

In addition to their use in pre-operative planning, the above images and models may 
also be used simply as a qualitative guide for the surgeon intra-operatively. However, 

much greater advantage can be gained if the model position data can be obtained 
quantitatively and then 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 that was used for the pre-operative imaging and 
modelling. 
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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 "landmarks" which can be used as intra-operative damming markers. To 
ensure that the markers are not affected by motion of soft tissue, they are often 
anchored to bony features 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 [71. 

Good accuracies [around 1 mm] have been claimed for this registration technique, 
which works well even when the anatomy is not changing rapidly (eg for a smooth 
curvature of the skull. ) 

To track the motion of tools and bonesfor CAS, two types of systems have been used; 
transmitter/receiver remote sensors and linked manipulators. 

1.3.1.1 Transmitter/Receiver remote sensors: The most common is an optical 
technique, in which the position and orientation of a number of markers [e. g. Light 
Emitting Diodes (LED's)] 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 other medical personnel leaning 

over the operation site [8,9]. Even though a larger number of cameras help, the 

problem can still remain because it is the LED's that are obscured at the target. 

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 even statically can be 
difficult to compensate for by using calibration techniques. Thus most of these 

systems use plastic tools and components, but doubts remain about clinical robustness 
in an environment which may use many nearby metallic devices, such as in the 

operating table, clamps or anaesthetic equipment. 

1.3.1.2 Linked Manipulator 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 and lack of robustness 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 
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[10,111. Others are large, robust and with very costly measurement systems[ 12] 

The surgeon can position the hand held tools on the end of the arm 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 dependent 
on the accuracy, integrity and safety in-built into the system by the Engineers. It is 
often because he is unaware of the full implications of this transfer of power to the 
Engineer, that the Surgeon is reluctant to use the more sophisticated systems. Also 
the nature of the linked manipulator arm means that some motions (eg rotary) are more 
easy to make than others (eg distant linear movements). This can distort the preferred 
motion and inhibit the surgeons customary freedom of movements. In order to allow 
the surgeon to place the tools in position and then let go of them, manipulator systems 
are often supplied with electromagnetic brakes to lock the arm in position. This allows 
tools to be changed and gives 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 Computer Assisted 
Surgery manipulator arms, results in a fully powered surgical robot. 

1.3.2 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. Trajectories can also 
be accurately controlled. 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 imaging, clamping and datuming. 

The typical procedure for knee surgery is given as an example. Pre operatively, 
the patient is first imaged, a 3D model is created and the procedure is planned. Intra 

operatively, the patient and robot are fixed and referenced to the operating table. The 

3D model is then input into the robot controller and the model, robot end effector and 
patient are all registered to each other. It is only at this point that the robot carries out 
the motion sequence, during which appropriate sensors must check that the patient has 

not moved (or compensate the model for the perceived motion). Following the 

procedure the robot must be removed from the vicinity and the quality of the 
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procedure checked. If necessary the robot is reintroduced and the procedure repeated 
until the operation is satisfactory. 

The first tasks of imaging and modelling are carried out pre operatively, usually a few 
days before the operation. Accurate dimensioned images are passed to a modelling 
system to produce quantitative 3D models whose dimensions can be passed to a 
simulation system. The whole procedure can be simulated in order to plan the 
sequence of the robotic motions. This pre operative planning phase should give rise 
to improved confidence that everything is correct and no surprises will occur on the 
day of the operation. However the modelling and simulation processes are additional 
to conventional surgery where even the imaging may be merely a quick x-ray to 
qualitatively judge requirements, rather than detailed quantitative images. 

The next processes occur on the day of the operation, when the patient and robot are 
fixed with reference to each other. This fixation is because it is much easier for the 
robot to work in a fixed, semi ordered environment, rather than one in which the 
target is continually moving. The referencing of the 3D model to the robot and the 

current patient position comes next and is critical to the accuracy of the procedure. It 
is only after this that the robot "machining" motions take place to remove tissue (in 

this case from the knee bones). Subsequent aspects relate to the need to test the result 
and repeat the procedure where necessary. Thus it can be seen that the total procedure 
is much more lengthy and complex than conventionally and so it is necessary for the 

medical community to be convinced of the clinical benefits of a robotic procedure, to 
justify the increased complexity as well as the cost of the robotic system. 

One additional unexpected benefit that has emerged from Robot Surgery is that the 

repeatable motions, that typically result, 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 imaging, 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. 

1.4 Safety Issues of Robots in Surgery. 

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 robots impossible. Thus, there are no official 

guidelines for safety of surgical robots. Discussions with the HSE and DTI suggest 
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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 [13,14,15] One of the major problems is that the more safety systems are 
incorporated, the more complex and costly the system and the less likely its use can be 
be justified. 

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 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 so complex and costly that it could not be used to save lives! 

The issues of safety are further discussed in chapter 2 where it is shown 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 of the 
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 I Mech E. It is also hoped to widen this discussion further by 

the formation of European and world Societies to obtain a universal consensus on 

safety. 

The work of International groups in robotic and computer assisted surgery will now 
be discussed and an attempt will be made to critically analyse their impact on future 

clinical practice. 
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1.5 A Survey of International Work in Robotic Surgery. 

1.5.1 U. S. A and Canada. 

One of the most advanced and ambitious robotic surgery systems is the 'Robodoc' hip 

surgery robot developed and sold by Integrated Surgical Systems [ISS], California 
[ 16-19] (Fig 1.1) 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 are felt, the system interrupts and gives 
the Surgeon a message on the display screen, asking for the sequence to be restarted. 
Although the femur is rigidly clamped at knee and hip, an additional 3 axis passive 
arm with position sensors checks for intra operative motion of the hip bone. 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 being conducted for 
three clinical centres, in an attempt to show the clinical benefits of the robot. 

This research represents the most ambitious and well funded of the robotic surgery 
projects. It is unusual in having the support of an industrial robot supplier Sanko 
Seiky, who have undertaken a total revision of their hardware and software to suit the 
needs of robot surgery. The robotic system is claimed to be generic, capable of a 
whole range of robot surgery tasks (particularly orthopaedic). However, to date, only 
preliminary investigations have been carried out for knee surgery and all clinical 
experience has concentrated on hip surgery. To be generic the motions of the system 
are more complex than if it were specifically designed for hip surgery and the safety 
features required are therefore greater. Because of the complexity it is more difficult to 

assure the safety of software and hardware and this will inevitably increase cost and 

affect reliability, in the sense that the many safety features result in systems which halt 
frequently due to infringement of safety rules. 

The large Scara style robot sits on a 1.3 metre plynth and has been described by some 

surgeons as `menacing' and, in spite of safety features, some express reluctance to 
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expose themselves and their patients to its motions. These prejudices can inhibit take- 
up by the medical community, inspite of the medical advantages. Clinical benefits are 
also a matter of controversy, however. The FDA in the USA has said that clear 
clinical benefits must be demonstrated before approval is given for costly 
technological innovations. The current trials hope to demonstrate this by reduction in 
immediate post operative pain and complications. However, it is in the longer term 
that clinical improvements can be expected, due to regularised cuts of the cavity down 
the centre of the femur and improved fit of the prosthesis stem. It can be several years 
before such improvements can be clearly clinically demonstrated and it is difficult for a 
commercial company to survive that long before selling a significant number of 
systems. 

A further question of clinical benefit surrounds the claim that the improved fit from 

robot procedures will improve the clinical outcome. ISS claim to achieve 95% contact 
between prosthesis stem and the bone compared to 26% by conventional surgery. 
However some surgeons claim that the critical feature is improved bone growth to 

prevent long term loosening of the prosthesis stem. Bone growth is said to be not 

simply a question of good fit in a cementless cavity, but of the appropriate surface 

coating. 

A group in Belgium claims to have achieved quality contact areas by hand machining 
the bone, measuring the resulting cavity and then custom machining the prosthesis 

stem to suit. [20] They claim no significant improvement in clinical results, but point 

to the need to ensure the bone in contact is hard and not spongy and that the metal 

coatings are conducive to bone growth. The significance of this work is that a non- 

robotic method has been used which, it is claimed, gives the contact area of the ISS 

system. Against this background of queries of clinical justification and of safety, cost 

and complexity of the robotic procedure, the market place will no doubt judge the 

acceptability of this work. 
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Fig 1.1 The Robodoc Hip Surgery Robot 
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However, the Robodoc research is extremely thorough and well implemented and 
should eventually form an acceptable approach, once the concept of complex generic 
systems for robot surgery have been accepted. This project is a typical example of the 
problem for robotic systems in surgery. A complex and costly system is claimed to 
give improvements in accuracy. However some medical groups dispute this will solve 
the clinical problems. Other groups claim alternative, lower cost, methods can give 
similar results, whilst the Government bodies look for long term clinical benefits to 
justify the increased cost of the technology. For these reasons, the take-up of robots 
in surgery may be slower than that predicted by the more extreme enthusiasts. 

IBM Watson Research Centre, N. Y., conducted the early work on the above Robodoc 

system under the direction of Dr Russ Taylor[21] in conjunction with the University 

of Davis, California. Current IBM projects are concerned with cranio-facial 
reconstruction using a series of special purpose robots that combine active and passive 

systems to position tools about a remote centre[22]. 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 intra-operative human computer interface. 

It is perhaps in this area of generic, modular software that one of the major advances 

will be made in Robotic surgery. If safe software can be generated that can take data 

from any of a number of imaging systems, generate 3D models and simulate a 

procedure with the minimum of adaptation for a particular task, then it will 

considerably simplify the development of particular robotic implementations. 

However, as discussed in chapter 2, complex generic software is difficult to `prove' 

for safety. More recent activities of this group have focused on provision of a `3rd 

hand' to provide a joystick and voice controlled `active mover' system for abdominal 

surgery to position an endoscope and additional grippers for abdominal surgery 
[23]. 

The problems of soft tissue surgery are further discussed in Chapter 5. This style of 

robot, to allow the surgeon to readily steer towards tissue that is moving and 
distorting, will be of long term benefit. However the clinical benefits of a powered 

system (with all the safety implications) have to be judged against systems that are 

simply a passive linkage that can be locked in position, or partially unlocked to nudge 

a tool to a new location. It is in the range of increased capabilities that the powered 

system will need to be shown to be beneficial. 

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 
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in 1985 under the direction of Dr Kwoh E 1,2,31. The robot held a fixture pointing in 

the right direction, next to the skull, so that a surgeon could drill holes and insert 
cannulae manually through the fixture. 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. Whilst the group obtained useful experience in modelling 
from CT scans and referencing these to the robot with the aid of stereotatic frames, no 
consensus emerged on safety issues or clinical benefits. 

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[24-271. 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 intra-operative datuming of a Puma robot using a 
6 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. 

This project has been particularly beneficial in addressing the generic aspects of 
landmark pins and of clamping on to the bones. As discussed in Chapter 4, this is an 

area of vital concern for orthopaedic robotic surgery. The use of a Puma robot for this 

study raises a number of questions. Although not intended for clinical use, the 

researchers hold the end of the puma force sensor to guide the robot to touch the 
landmark pins. The use of active force control, which is relatively unstable compared 

to position control, on the end of a robot not designed to be powered next to people, 

causes concern for the researchers welfare. The benefits from initial drilling of holes 

for jigs are minimal. The justification for robotics will be increased if the robot holds 

and positions the jig. However the forces exerted by hand held oscillating saws 

pushed against the jigs are so large that even a major robot could not avoid deflection 

and the Puma size would not be adequate for the task. The use of rotary, lower force, 

cutters would be necessary for knee surgery together with the design of a surgery 

robot for the task. Since the hand held oscillating cutters tend to bounce off or dig in 

the jigs, for accurate cuts it will be necessary to have the robot generate the cutter 

motions directly. One approach to this is the type of device using implicit force 

control described in Chapter 4. 
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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 
Army surgeon, Dr Richard Sattava [281. The intention is to use a teleoperator 
master/slave system with force control for surgery. Forces experienced by the Slave 
unit are fed back to the Master. 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 for surgery. 

The benefit of the system concept 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, say, 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 cut and sew 
tissue on a chicken carcass. However, only one detailed paper has been published as 
the SRI group have wished to obtain patents prior to revealing details. 

The theoretical advantages of telemanipulator systems for surgery are 

considerable'1291. However experience from the nuclear industry has shown how 

difficult it is to redesign these in practice. Much expenditure of time, money and 

effort has gone into nuclear telemanipulators, either because of the need to recover 
from an emergency, the routine need to handle toxic substances, or in the dismantling 

of radioactive systems. The financial benefits are potentially large and, particularly for 

emergencies, the need is great. Irpite of the money spent and the fact that most 

nuclear systems operate on a more `ordered' environment than in surgery, the most 

successful systems have been configured for particular recovery or maintenance tasks. 
The general purpose systems remain crude and unsatisfactory. The use of 
telemanipulators in surgery is therefore likely to be, longer term process than is 

anticipated by the medical community who expect these systems to be generally 

available within the year. 

It is likely that the earliest systems to be available will be specific to a particular task 

(eg micro motions for eye surgery [30]) rather than a general purpose virtual reality 

system. The use of computer visual simulations will be useful in surgery training 
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aids. However the vision quality will not match that of endoscopic cameras. In the 
near future computer generated images may be used to enhance rather than replace the 
camera image. The addition of a master to the robot output increases complexity and 
creates further uncertainties about safety. The justification for telemanipulators to be 
used with the `master' and surgeon alongside the `slave' and patient will need to be 
carefully argued compared to simpler "pre programmed" robots. Given the 
uncertainty over ordinary robot surgery safety, the use of satellite communication 
between a master and a slave located, say, in the third world for surgical procedures, 
is likely to be very long term. However its use for diagnosis, where the slave system 
incorporates a combination of vision and tactile feel, is less invasive and more likely to 
be used in the short term. 

The proposed use of telemanipulators directly on the battle field to perform surgery 
seems difficult to justify. Given the difficulties of `acquiring' the patient onto a mobile 
automated operating table and datuming the robot to a patient, etc, all remotely over a 
satellite link, it would be much easier to use a remote controlled ambulance to remove 
the wounded to a safe area for manual intervention. Alternatively a telemanipulator 
positioned within the remote vehicle could be beneficial in providing immediate skilled 
diagnostics and care, supplemented by the presence of a paramedic. 

A recent preliminary experiment between Jet Propulsion Labs (JPL) in California 
USA and a research laboratory in Milan, Italy has demonstrated a satellite 

telemanipulator link[311. A joystick input at JPL was used to control an IBM Scara 

robot in Milan which held a knife to cut a pigs liver. The 2 seconds round trip satellite 
delay causes difficulties in tracking deforming objects. In spite of the force sensor on 
the robot, it is not possible to perform surgery without extremely sophisticated local 
control loops to sense the onset of cutting after the surface has deformed and to 
immediately reduce the cutting force to avoid totally severing the organ. Whilst 
demonstrating the nature of satellite communication protocols (already achieved with 
space satellite robots) much fundamental research is required before achieving satellite 
tele surgery. Chapter 5 discusses further the nature of the research required. 

Amongst a number of industrial projects at the Department of Mechanical Engineering, 
University of Berkeley, California, is an exoskeleton man-amplifier arm which is 

controlled by a master joystick[32]. The project gives experience of force control and 

powered Master/slave interactions next to people, with all the safety issues this 
implies, and also the use of joystick inputs. All these aspects are of direct relevance to 

robots in medicine, particularly in virtual reality surgery. 

The Department of Electrical Engineering, Washington State University has been 
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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[33] 

Work at the Department of Electrical Engineering, University of Vancouver, Canada, 

under Dr Salcudean has also been concerned with fast acting devices for fine force 

control [34] A recent small prototype 3 axis master/slave system has a fast acting and 

sensitive force control which has good potential for use in telemanipulator surgery 
[35] 

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[4]. In 

spite of the success of this work, because of safety concerns, the group changed to a 

CAS approach. 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 [36] 

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 commercial system has the benefit that it does not require a powered system and 

so safety issues are less problematical. However although the hardware is simple, it 

does require encoders and associated electronics which must be reliable and drift free 

and whose on-line software must be reliable. Similarly the software, (which takes 

data from the imaging system, translates this into a visualisation model and feeds the 

target coordinates to the computer display), must be reliable and fully developed to 

ensure that no unforeseen return loops result in unexpected results. Even though the 

system effectively `advises' the surgeon of the target and so the surgeon is responsible 
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for the procedure, the system integrity must be high with frequent mechanical 
datuming checks to assure correct operation. 

1.5.2 U. K. 

The work at Imperial College with which the author has been concerned is described 
in chapters 3 to 6. A further group at Imperial College under Professor C. Besant in 
conjunction with Mr A Fiennes, Consultant Surgeon at St Georges Hospital, London, 
has implemented a substantial and accurate passive arm for guiding a drill held by the 
Surgeon to drill the spinal pedical. (Fig. 1.2) A second arm attached to a clamp on the 
pedical, monitors motion of the spine and updates the model of the current target 
position as the spine deflects under the drilling forces. Cadaver Studies have been 
successfully conducted. 

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 [37,381. The conventional procedure requires 

a `nail' to be inserted from the head of the femur down the bone centre. Two tapped 
holes in the end of the nail are positioned either side of the fracture. X rays are used 
to image the location of the holes so that a corresponding stiffening plate can be 

correctly positioned on the bone exterior and holes drilled through to match the 

position of the tapped holes. To correctly position the holes requires multiple 
exposure to x-rays which are particularly hazardous for the surgeon. The use of a 
robot to locate the imaged holes and drill them automatically under intermittent x-ray, 
while the surgeon is positioned remotely, is a great advantage. The robot consists of a 

specially developed 5 axis anthropomorphic style powered robot which is positioned 
on a mobile trolley that locks to the operating table. X-ray calibration work has yet to 
be completed. 
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Fig 1.2 Computer Assisted Spine Surgery 
(Courtesy: Prof. C. Besant, Imperial College) 
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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 
[39]. The force characteristics near and at breakthrough of the hole are used to judge 

when to cease drilling. It is hoped that this procedure will be sufficiently fast that it 

will be possible to stop the slowly advancing drill before it can completely penetrate 
the stapes foot plate and damage the inner ear. The repeatable nature of the very low 
forces has been demonstrated using very sensitive strain gauge force transducers. 
This shows great promise for other bone cutting modalities to judge when the bone is 

about to be penetrated, eg for the femur `nail' drilling undertaken at Loughborough. 
Dr R. O. Buckingham, also at AMARC, has conducted preliminary studies of the 

[40] kinematics of mechanisms for intra cranial surgery In the Neurological 
Sciences Department of Frenchay Hospital, Bristol, Dr. D. Sandeman has clinically 

applied the ISG viewing wand [41] 

A further group under Professor Phillips at Hull University, Computer Science, in 

conjunction with Hull Royal Infirmary, is concerned with modelling systems for 

surgery[42] " 
Current work is focussed on insertion of a 'nail' for femur fracture 

repair. A passive arm is to be purchased. Much of the work to date consists of 
imaging methods to generate 2D images and work out, from the elliptical views, 
which angles would need to be adjusted to view the holes orthogonally as circles, so 
that the drill could be correctly located. A separate 2D algorithm compensates for the 
distorted x-ray calibration process. This is a simpler task than that for 3D which is 

described by the author in section 5. 
One of the few companies in the world concerned solely with medical robots is 

Armstrong Projects Ltd who have a motorised device to help in moving the 
laparoscope in minimally invasive surgery. ( Fig 1.3) They also have a Scara style 

passive arm whose end vertical axis is counterbalanced and which can carry surgical 

tools eg for use in targeting radiotherapy treatment of prostate cancer at Grenoble 

University (see below) [431. More recent work is concerned with a powered 

version for use in neurosurgery. 

1.5.3 Japan 

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

there is surprisingly little activity applied to Robotic and Computer Assisted Surgery. 

Whilst much of the general research activity could potentially be applied to, e. g. 

micromotion manipulators for eye surgery, or force control for virtual reality surgery, 
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little has been demonstrated. One of the exceptions is a group under Dr Watanabe at 
Tokyo University, Department of Neurosurgery who reported in 1987 the use of a 
passive arm for aiding in neurosurgery on twelve patients[ I. A rather poor 
accuracy of around 5 mm was reported using C. T. slices 10 mm thick. The six joint 
arm was specially built from aluminium and used low cost, high resolution 
potentiometers with twelve bit A/D converters. Beads were imaged in preoperative 
C. T. scans. Their locations were picked off the computer display to allow 
comparison and datuming with the same beads checked intra operatively by the arm 
pointer. 

Another more recent 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[45-49] 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 a2 
axis galvanometer for scanning. A He-Ne laser is proposed for measurement, whilst 

an Excimer laser is used for cutting [50,511. Japanese research into micro motions is 

well developed however. Some groups are concerned with piezo ceramic actuators 
that have been postulated as prime movers for precise micro motion manipulators that 

may have application in eye surgery[52]. Others have described a highly speculative 

concept for micromanipulators that can be inserted into the blood stream, as part of a 
ten year nanotechnology research programme funded by MITI [53]. 
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(Courtesy: Armstrong Projects) 
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1.5.4 Europe 
One of the most established Surgery research groups in Europe is that of T. I. M. B., 
Grenoble University Hospital, 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. (Fig 1.4) 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 [54-56] X rays taken intra-operatively from the side and above give a 

check on how the operation is proceeding. 

Subsequent work has concentrated on passive devices, primarily concerned with 
tracking tools using an `Optotrak' camera and LED 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 [57-59] This avoids the need for invasive 

landmark pins to be imaged and then subsequently identified by the tracking system as 

a referencing object. 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 160]. 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. Such damping would detract from the tactile feel of the 

surgeon, removing much of the potential benefit. The concept is the passive 

equivalent of that used at Imperial College for active knee surgery (Chapter 4). 

Because the constraint is passive, it is hoped that if it fails it will not cause the arm to 

fly off to another position. 

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 [61] 

An active research group in robotic surgery 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. 
[611. A number of concept evaluations have been conducted concerned 

with force control scalpels and computer assisted orthoplasty . 
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Fig 1.4 A Modified Industrial Robot Used as a Fixture for Neurosurgery. 
(Courtesy TIMB, Grenoble University Hospital) 
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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 [63] 

A further neurosurgery group who have made a recent breakthrough is that of 
Professor C. Burckhardt, of EPFL, University of Lausanne, who has reported the 
clinical use on 2 patients of an ambitious special purpose powered robot for 

neurosurgery in association with a C. T. imaging system [64,65] (Fig 1.5) 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 adjacent 
to the CT machine to ensure easy intra operative imaging. The arm is extremely 
accurate with an overall positional accuracy, including CT imaging, of around 1 mm. 
Whether the increased accuracy compared to the passive ISG "viewing wand" 

system[41], can clinically justify the increased cost and complexity is something that 

will take time to demonstrate. 

A system for ENT surgery has been specially developed by a group at Aachen 

Klinikum Hospital, Germany, under Dr R. Mosges [66-68] 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 due to stretching of the skin. 

1.6 Rehabilitation Robots. 

Rehabilitation Robots or `Robots for the disabled' are the other main sub division of 

robots in medicine. Unlike surgical robots, rehabilitation robots is a well developed 

area with an activity going back over twenty-five years, as is demonstrated by the 

large number of review papers, including one by the author [14-221. The primary 

rehabilitation division is between workstation robots and mobile robots. A few 

authors also include powered prosthetics and orthotics within the term rehabilitation 

robots, but this is unusual. 
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1.6.1 Workstation Robots. 

Workstation robots usually consist of a simple arm which is mounted on a table so that 
it can access most of the area. The robot is usually referenced to a fixed location and 
then moves to other fixed points to carry out simple tasks (e. g. insert computer disc 
cartridges) so that the workstation consists of a 'structured' environment. The 
sequence of motions can often be preprogrammed. This makes the task of driving the 
robot much simpler, and the input consists of simply selecting the appropriate 
programme. This is important in view of the often restricted input capability of the 
disabled user. Should it prove necessary, however, the user can drive the joints 
individually for a task in an 'unstructured' or 'disordered' environment. 

The majority of commercially available workstations use robots which are of the low 

cost, low force, small reach type described as "educational" robots. The two most 

frequently used are from the UK. "23,24] One is a RTX robot which has been the 
basis of a number of different attempts at workstation configurations. The other is a 
low cost dedicated feeding aid called "Handy 1" which is based on the purchase of 
bankrupt stock from an educational robot supplier. There have been a very large 

number of research devices produced over the years, since it is an area which provides 
good projects that motivate engineering students. However, very few have resulted in 

commercial exploitation. One of the difficulties of this area is that funds for the 
disabled user are usually limited. The devices are often so complex and costly that, 

whilst they provide interesting research for an institution, they can seldom afford to be 
dedicated to a single user. It is for this reason that the author has promoted the 
development of simple feeding aids, as described in Chapter 3. 

One area where large costs have been justified is in the USA, where large insurance 

payments to victims of automobile accidents have resulted in the justification of 

expensive equipment. More recently, economic arguments have been used in an 
attempt to justify the capital expenditure on robots for the disabled. It has been 

argued that if a workstation robot in the home can enable a disabled user to be released 
from hospital or a specialist unit, then the saving in funds can be spent on 

equipment. [2511 In order to justify this, the user has to be capable of independent 

living for periods estimated to be from five to eight hours, whilst a spouse or helper is 

absent. 

1.6.2 Mobile Robots 

By their nature, mobile robots are usually configured to operate in an unstructured 
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environment. They can either be arms mounted on free ranging mobile platforms or 
mounted on the side of a powered wheelchair. The powered wheelchair option is 

most usual. Because the arm is mounted adjacent to the patient it is easy to observe 
directly the actions of the robot arms. Input sites vary from hand operated joysticks 
for the most able, to head switch operated inputs for the most disabled. The 

complexities of multiple inputs (or 'masters') to control a number of devices ('slaves') 
has given rise to the European Technology Innovation for the Disabled and Elderly 

(TIDE) project 'Multiple Master, Multiple Slave' (M3S) [261. M3S has used a central 
BUS structure to safely control a wide number of output devices from a range of 
inputs. The resulting difficulties for the user, in being able to control these complex 
systems, has given rise to a new TIDE project called FOCUS. This will attempt to 

simplify aspects of the human/computer interface to make the systems readily 
controllable. Further details of the M3S project are discussed in Chapter 3. 

The use of independent mobile platforms to carry an arm means that actions can be 

carried out even though a patient is in bed. However, to control the arm when it is out 

of sight, a camera has to be used. Often a second camera is attached to the wrist of 

the manipulator to give a more detailed view when picking up objects. The camera 
displays, as well as a display of where the platform is in the environment, makes for a 

costly system which is complex to use. The mobile platform concept can permit use 

within a normal home environment. However, when detailed consideration is given 

to the required tasks, small modifications to the environment can often simplify the 

procedures considerably, by providing them with a small measure of "order". 

1.6.3 Safety of Rehabilitation Robots. 

It is possible to place the robot outside the reach of the patient in some workstation 

applications. However, the resulting restrictions limit the patient benefit. For most 

purposes the robot will have to come within reach of the patient, providing a potential 

safety hazard. Sometimes the hazard is limited (e. g. for `feeding' robots by placing 

the arm so that, when fully extended, the user must move the head forward to take 

articles from a spoon). The practical benefits of robots for the disabled have 

traditionally caused most groups to implement these in spite of regulations that 

industrial robots should not come in contact with people. This is usually justified on 

the grounds that low force "educational" style robots have been used. However, if a 

pointed object is held by the robot, even a slow moving, low force arm can be 

dangerous, particularly when the disabled user may not be able quickly to move out of 

the way. Until recently, only limited attention has been paid to safety aspects. The IC 

group has attempted to address some of these issues in the M3S TIDE project. 
[271 

There is still not a good consensus on what safety issues must be implemented in the 
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various classifications of rehabilitation robots in order to make them adequately safe. 
These aspects are discussed further in Chapters 2 and 3. 

1.7 A survey of International work in Rehabilitation Robotics 

1.7.1 USA and Canada. 

A long standing research project for mobile robots for the disabled is at Stanford 
University, California, under the direction of Prof. L. Leifer at the Department of 
Mechanical Engineering, together with Dr M. van der Loos for the Veterans 
Administration in Stanford. A major project funded since the late 1970's has been the 

use of a mobile platform to carry a Puma 260 robot for use by paraplegic patients 1341 

A specially designed gripper, incorporating force sensors and LED's for tracking, was 
fitted to the end of the Puma. A camera monitors the gripper motions, whilst a 
second camera is used to view the orientation of the whole arm. A series of remote 
display consoles gives information concerning the room layout, the camera views and 
the status of the platform and arm. Whilst the project has given fundamental research 
information, the system is costly and complex to control, since the central console has 
information displayed from 2 cameras and an environmental map as well as the 

current status of platform arm and gripper. A more recent project called DEVAR has 

resulted in a workstation for the disabled, based on the Puma 260, which uses voice 

control X35] 

Work at Boeing, Seattle, Washington, USA has been concerned with a workstation 
for the disabled based on a commercial UMI, RTX robot arm with additional voice 

control. [371. A long term six years study of patients has been carried out using the 

`Cobra' and also `Microbot' robot systems[38'. A major group in rehabilitation is 

that of the Alfred I. Du Pont Institute, Wilmington, USA, who publish a magazine 

with technical robot articles and who collaborate in much international research. 

In Vancouver, Canada, the Neil Squire foundation has commercially developed the 

"Machine for Obedient Manipulation" (MOM) for the disabled to help load computers, 

help with feeding and act as a pick and place device [41]. 

1.7.2 UK 

Armstrong Projects Ltd. have been involved in a European TIDE project called Raid 

which uses a modified RTX arm supplied by Oxford Intelligent Machines, Oxford, for 
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for provision of a workstation system [541. A simple feeding aid called Handy 1, 
based on a bankrupt stock of robots, was developed by Mr M. Topping at University 

of Keele [24]. The charity which he has helped to organise has now provided eighty 
systems at very low cost and so this system represents the worlds most widely applied 
robot for the disabled. Because of the cheap source of robots, it will be difficult for 
other suppliers to match the capabilities at the price of the Handy 1. 

Another workstation robot has been specially developed by the Bath Institute of 
Medical Engineering [551 A further version is placed on a passive trolley which can 
be moved around to 'dock' at various locations, thus enlarging the range of action 
from a limited reach arm. The use of a UMI RTX robot for education of the disabled 
has been demonstrated by Mr R. Jackson of the University of Cambridge, together 
with another project which uses the arm to assist the disabled to work in Industry 
[56] A novel low cost wheelchair arm has been developed by Mr Hennequin of 
Inventaid. The arm uses compressed air supplied by a battery powered compressor 

carried at the bottom of the chair [57]. A development of this arm has been 
investigated by Dr Prior of Middlesex University, Department of Mechanical 
Engineering, which aims at an improved response of the control system but still at low 

cost [58]. 

1.7.3 Japan 

In Japan there has been work on electric powered prosthetic arms by Professor 
Funakabu at the Precision Engineering Department, University of Tokyo, and by 
Professor Kato at Waseda University. There has been no work in robots for the 
disabled. 

1.7.4 Europe 

A long established rehabilitation project, Spartacus, was carried out by Dr Demonget 

at The French Atomic Energy Authority. This has been replaced by a more recent 

project 'Master' which uses the UMI RTX arm [671. 

The Engineer concerned with the Spartacus project, Dr Hok Kwee, has been working 

since 1984 at the Institute for Rehabilitation Research (IRV) in Maastricht, Holland on 

an ambitious project called MANUS [681. This is an electrically powered, wheelchair 

mounted, arm with a number of safety features and which stows at the back of the 

chair when not in use. This was the arm that was used in the TIDE M3S project 
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described in Chapter 3. The arm has had a good initial reception and an international 
'Manus Users Group' has been formed. 

1.8 Conclusions 

In contrast to robots in surgery, the area of rehabilitation robots is well established, 
with international research organisations and users groups. The take up of such 
robots by users is small compared to the amount of R and D that has been carried out. 
This is partially because the cost is too high for the market and partially because the 
complexity is too great for users to utilise readily (particularly with their restricted 
input capabilities). Safety issues have traditionally not been addressed and there is an 
urgent need to come to a consensus view, nationally and internationally, on what is 
good practice in both control systems and human/computer interfaces. 

In robot surgery 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 
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 (ISS, Sacramento, on hip surgery, EPFL, Lausanne, on 
Neurosurgery and the prostate surgery work at Imperial College) have devised special 
purpose powered systems that allow autonomous cutting actions. All have been 

clinically applied in the last three years. The M3S bus employed for safe 
communication in rehabilitation may well have a part to play in ensuring safe robot 

surgery systems. 

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. 

One of the major concerns for both surgery and rehabilitation robots is to ensure that 

safety systems are adequate. General safety issues are discussed in Chapter 2. 
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Chapter 2 

Medical Robot Safety 

This chapter discusses the general issues concerning the safety of medical robot 
systems. Specific aspects are discussed in relation to the safety of Surgery Assistant 
Robots. The tasks and robot systems are discussed, in order of increasing 
complexity, leading to a proposed hierarchy of surgical systems, so that their 
complexity (and hence safety) may be readily appreciated. The relative merits of 
special purpose and general robots are briefly considered before looking in detail at the 
role of medical robots in rehabilitation. These considerations then give rise to some 
general suggestions for features that will be beneficial in improving the safety of 
medical robots. Finally, a safety initiative is urged to promote legislation which will 
ensure the application of medical robots in an agreed safe manner. 

2.1 Introduction 

The use of robot systems in medical applications can result in a powered robot being 
placed next to people. This has safety implications which are of considerable 
importance because there is uncertainty about how to make them safe and how safe 
they should be. This has resulted in delays in the application of robots in medicine. 

Another difficulty in assessing medical robot safety is that there is a wide range of 
potential uses for medical robots, each of which will have different safety 
requirements. Also, even within robotic surgery systems, there is a very wide range 
of complexity and some means of classifying surgical systems is needed in order to 

see what safety issues are involved. Hence a hierarchy of surgical robot systems is 

proposed in this chapter, together with some general recommendations for safer 

medical robot systems. 

2.2 General Safety Issues 

Medical robots do not have clear safety guidelines, unlike industrial robots. 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 whilst people are in the 

cell[98,99] 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 whilst the operator keeps out of reach of the moving arm. If 
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medical robots were to operate under the same requirements as industrial robots, they 

clearly would be very limited in their capability and application[ 100-102] 

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 will 
allow them to carry out their functions with adequate safety levels. On the other hand, 

such safety levels should not require the robots to be so complex and high in cost that 
they are priced out of the market. The concept of how adequate the safety must be and 
how safe is "safe" is a matter that needs to be discussed by the community at large. 

It is generally recognised that even where safety is of over-riding importance, eg in a 
space shuttle, there is no such things as 100% safety and errors in software and 
failures of hardware do occasionally occur, in spite of duplication of systems and the 

very high costs which ensue[103-108] 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 medical 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 nerosurgery, the area of medical robots is almost never a 

case where the simple failure to perform its 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, there is in almost all cases no resulting danger to life 
. 

This is unlike the 

case of say, a military aircraft, which could not be flown manually if the computer 

control system failed. Medical robots can generally be removed and the procedure 

completed manually without any risk to the patient. Thus what is required is for the 

robot to come to a controlled stop in the event of a failure, rather than to have very 
long Mean-Time-Between-Failures (MTBF) which is a less 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 cutting tool and the accuracy of placement may be required to be so 

great in the event of robot failure, 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 

32 



accuracies is to use a robot beccause the necessary accuracies could not be achieved 
with the use of manual stereotactic frames and jigs. (Subsequent to robot failure it is 
also unlikely that such manual jigs could be installed and positioned and then 
redatumed to the required accuracy). In such neurosurgical cases more emphasis will 
need to be placed upon a high MTBF value, because failure will be unacceptable 
where it is unlikely that there is a safe mode of failure that allows the device to be 
readily removed. 

The justification for 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 benefit that their unconstrained 
use when driving at high speed down motorways is considered acceptable and the 
benefits justify the number of injuries and deaths which occur annually. 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 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 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 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 of what is an agreed 
standard. If such a consensus is not achieved, then the development of medical 
robots (and domestic robots) will continue to be slow. Companies are understandably 
reluctant to develop new products where the required levels of safety with attendant 
legal issues are unclear. It appears that in the UK and to some extent in 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 such standards of best current practice have yet to be laid down, the 
issues are still unclear 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 
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less clear. Such concerns about the legal implications of their work and uncertainties 
about how safe products should be, has caused manufacturers to be slow to develop 
medical robots. 

2.2.1 Safety Regulations and Standards. 

The need for regulatory requirements and standards governing the safety of medical 
robots is gradually being recognised. The author has spoken on these issues at two 
recent seminars[ 13,141 

and has organised and spoken at a thirds 151 

2.2.1.1 European Regulations and Standards: The UK Consumer Protection Act 
defines "safe" as `reducing to a minimum the risk of death or personal injury' 
However some industries also include within safety issues the risk of widespread 
environmental damage and large scale economic loss which are unlikely to be relevant 
here. In medical robots, the systems needed to give "minimum risk" have wide 
variation. Current efforts to implement European wide legislation, attempt to 
harmonise the various safety regulations. The Machinery Directive, conceptually 
agreed by EEC in June 1989, will attempt to set out the essential safety requirements 
for machines, but for administrative reasons , has so far excluded, amongst others, 
machinery for medical use in direct contact with patients. These will be included at a 
future date and are also partially covered by other documents. Eg Council Directive 
91/C237/03 `concerning medical devices' and IEC 601 series `Safety of Medical 
Electrical Equipment'. 

Other relevant documents in preparation are En 292 `safety of machinery-Basic 
Concepts, general Principles for Design', and IEC/SC 65A/WG9 `Draft Functional 
Safety of Programmable Electronic Systems (PES)'. Since PES are considered to 
cover the area of general robot systems, this will be an important document for 

medical robots. [IEC stands for International Electrotechnical Commission; SC is a 
sub committee and WG is a working group]. A further relevant document is ISO 
10218 (BS 7228) `Manipulating Industrial Robots- Safety'; however since this is only 
concerned with industrial robots it has only passing relevance to medical robots. Of 

major importance to medical software will be IEC/SC65/NG9, `Draft Software for 

Computers in the Application of Industrial Safety Related Systems', which embody 
aspects related to software controlled medical devices. The transition to European 

wide standards has resulted in a large number of overlapping groups, which is 

causing delay in generating the new standards. 

It is to be hoped, however, that when the standards are eventually finalised, they will 
be more specific about the safety requirements of advanced computer controlled 
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motorised systems which, in the past, have used such vague and unhelpful statements 
as ̀ endeavour to use the best current common practice'. 

Harmonising the safety and marketing of medical devices will be covered by a 
proposal for Council Directive 9/C 237/03 which has three categories; active 
implantable medical devices, in vitro diagnostic devices and medical devices. The last 

will cover medical robots and is due to come into effect in 1995. Currently an IEC 

standard exists for medical electical equipment (IC 601-1; issued in UK as BS 5724) 
In clause 22 it states that `Movement of equipment or equipment parts which may 
cause physical injury to the patient shall be possible only by the continuous activation 
of the control by the operator of these equipment parts'. This could be interpreted as 
a need for the type of `dead mans handle' system of control advocated later in section 
2.8. 

2.3 Safety of Surgery 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 are unlikely to be acceptable. It would be necessary for the robot to perform 

safely a number of operations greater than that expected by a human surgeon. 
However, if a failure did occur earlier than this 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 it had resulted in an accident, 

say in neurosurgery, 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 (eg scissors or 

scalpels) and an error occurs, it is seldom that those tools and their 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 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 
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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 the responsibility is shared. 

One successful approach to these difficulties is that undertaken by the group in 

Grenoble, France, for head surgery [54]. 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 approach has been suggested in which a standard industrial robot uses only 
high level software to monitor for unwanted motions of the 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. 

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 assure 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 it is seldom that industrial robots 

manufacturers will sanction the use of their systems in juxtaposition to people, since 

the devices were not designed with the application in mind and hence do not have the 

appropriate safety features. Given such a situation, 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 
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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. 

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 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 come 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 theatre staff. 

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 

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 
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simple shapes, that result from a sequence of single axes motions. For example, in the 
robotic prostatectomy resection of chapter 6, a series of overlapping conical cuts were 
generated by a sequence of single axis motions. In the event of a malfunction, it 

would be possible to determine uniquely where the cutter was at the time of failure. 
This was considered to be safer than if a long barrel shape were cut, requiring the 
simultaneous motion of 3 axes, when a failure may leave the tool position 
indeterminate. 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 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 further developed in the design of a surgeon assistant robot for 

prostatectomies (see chapter 6). 

Many of the safety implications of powered robotic surgery are being avoided in the 
short term by the use of computer assisted surgery. A typical example is that at 

Aachen where ENT surgery is being carried out [671. Here a passive arm is used to 

carry tools, such as small powered drills. 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 '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. Table la 

lists the type of system whilst table lb gives some practical examples. A similar 

coding system is given for imaging and modelling systems in Table 2. Imaging may 

be qualitative or quantitative whilst a range of modelling complexity may also be used, 

as shown in Table 3. Some examples of this hierarchy applied to tool positioning, 

imaging and modelling are given in Table 4 for pre, intra and post operative activity. 

2.4 A Hierarchy of Surgical Tasks 

The range of systems potentially available for surgery is very wide, from a freehand 

held tool, moved by the surgeon without any sensing positioning aid or support, 

through to a fully automated robot utilising full imaging, modelling and sensing 
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capabilities. 

2.4.1 Simple Hand Held Tools 

The advantage of simple hand held tools, such as scalpels, drills and biopsy probes, is 
that they tend to be very simple and seldom go wrong. When they do it is usual for 
the surgeon to accept full responsibility for having cut in the wrong place or too 
vigorously. The responsibilities of equipment suppliers is clear and it is relatively 
easy for suppliers and users to check beforehand that the tools are performing to 
specification. The fears of suppliers that they may be open to extensive litigation, 
should the operation have an undesirable outcome, are therefore limited. A further 
advantage is that the sense of force and position of the tool end point is generally 
directly experienced by the surgeon and additional sensing, other than perhaps vision 
magnification, is not required. 

The disadvantage with using simple tools is that the tools are directly dependent on the 
surgeon to maintain a required position and force, which can be very taxing for the 

surgeon. Continuous attention is needed, as every hand tremor and twitch is 

transmitted to the tool. Similarly for tasks like minimally invasive surgery, where 
direct vision is restricted and must be supplemented by 2D endoscopic vision, there is 

a lack of information about the position and orientation of the tool tip referenced to 

target sites. These limitations may partially be overcome by preoperative imaging, eg 
ultrasound or radiography. Such imaging is usually qualitative, as quantitative 
imaging is too complex and expensive to normally be justified. Qualitative imaging 
however often leads to difficulty in precise 3D interpretation, as pointed out later in 

chapter 5. 

2.4.2 Computer Assisted Surgery (CAS) 

The use of sensors and computer systems as an aid to surgery, without the use of 
active motor power, is known by the general term "Computer Assisted Surgery". 

This can be subdivided into two sections; instrumented tools and passive robotic 
manipulators. 

2.4.2.1 Instrumented Tools: It is sometimes desirable to know where a tool, such 

as a drill, is positioned and pointing in space. For example, if accurate holes are to be 

drilled in the spinal pedical, avoiding the spinal cord, then it would be useful to know 

the drill position relative to the spine. This can be acheived by fitting tracking sensors 

to both the drill and the spinal vertebra. If a 3D model of the spine has been built up 
from CT scans, and an appropriate part of the pedical is represented on a computer 
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screen as a `target', then the relative position of the drill can be shown on the same 
screen. When the target and drill positions coincide, the hole can be drilled. 

The addition of a series of simple transmitters attached to a tool holder, (such as an 
electric drill), thus gives the ability to locate the tool in 3D space and, provided more 
than one transmitter is used, will give orientation as well as position when decoded by 
a series of receivers. Systems include an optical method in which typically 3 video 
cameras are used to track a number of reflective markers or LED's attached to the tool, 
(eg Optotrak by Northern Digital, USA). An unimpaired line-of-sight is required 
between markers and cameras and so some redundancy of cameras is usually 
employed. The systems usually require considerable real-time computational power to 
track moving images reliably and so are computationally and equipment intensive 

applications which tend to be expensive. 

Alternative signal transmission systems have been used in the operating theatre. Some 

are based on ultrasound transmitters and microphones (eg the 3D "Sonic digitizer" by 
SAC (USA) and the 3D "mouse" by Logitech (USA)). These systems require an 
unimpaired line of sight, are susceptible to temperature fluctuations and require noise 
filtering, as well as constant temperature monitoring. A further sensing system is 
based on low frequency magnetic field detection with a set of 3 orthogonal transmitter 
coils and 3 similar sensor coils (eg "3 Space, Fastrack" by Polhemus (USA)). Whilst 

the system does not require a direct line of sight between transmitter and receiver, it is 

extremely susceptible to the nearby presence of static or moving ferrous materials. 
Since the operating table is often a ferrous environment and it is difficult to guarantee 
non-ferrous tools, this system must be applied with great care. 

All the above systems give an updated measure of the 3D location of the tool tip in 

near real time (typically 5 Hz). However this is of little use without an associated 

quantitative measure of a target. This implies that an imaging system and associated 

modelling programme has produced, either intra-operatively or more usually pre- 

operatively (since the processes are generally computationally intensive and time 

consuming), a quantitative location of the position and orientation of the target site. 
For the pre-operative images to be registered to a datum, which can then be 

subsequently invoked by the tool sensor system, some type of common referencing 

system is required between imaging and tool sensors. This aspect is dealt with in 

more detail in chapter 4 concerned with a knee surgery task. 

2.4.2.2 Passive Robotic Manipulators: When tools, such as scalpels, drills and 
biopsy probes, are held in the hand, there are often difficulties, Even though they 

may be instrumented to give their current position, the tools are unconstrained and will 
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follow every twitch and tremor of the surgeon. This has led to the development of 
passive robotic manipulator arms to hold the tools. These can be constructed to damp 
out unwanted tremors or can be made to lock tools in a desired position. The arms 
generally involve some sort of sequence of hinged links which are usually 
instrumented for position at the joints. Since there is generally a need to reach a 
relatively large volume of space and to emulate human motions, the use of an open 
chain, anthropomorphic style, manipulator is common. 

The advantage of the passive arm over an instrumented tool is that the position of the 
tool point is generally easier, cheaper and more accurately obtained. The effects of 
inertia, friction (and sometimes the artificial addition of viscous damping) tend to 
damp out the inadvertent motions of the unaided tool. As surgeons are used to 
unconstrained motions, such restrictions are not always welcomed however, as we 
shall see in Chapter 6. Care must therefore be exercised in the design of passive arms 
to ensure that they are suitably counterbalanced but have minimal inertia, and that the 
joint centres of rotation are near to those of the human arm. To this end there is much 
to recommend an arm of the instrumented orthotic splint type which could be worn by 

the surgeon, so that the centres of joint rotation coincide directly with those of the 

surgeons arm. The structure could then be minimal, so that friction and inertia do not 
detract from the `feel' of forces exerted at the tool. Where non-anthropomorphic arms 

are used for passive manipulators, care must be taken with linear sliding joints, as 

they tend to have a much greater stiffness than rotational ones. The result can be that 

the surgeon unintentionally produces rotations rather than translations leading to 

difficulties in following a desired track. 

The further advantage of a passive arm is that it can have provision for brakes at the 
joints so that they can be locked in position. This then enables the surgeon to leave 

the arm end-point in a fixed current position, whilst tools are exchanged or other tasks 

carried out. It also enables the surgeon to fix the arm and withdraw from the scene 
during hazardous tasks. This may be to take x-rays or to position treatment devices for 

long periods of time (eg using radioactive `seeds', low power lasers, or high intensity 

ultrasound probes). The main disadvantage with powered brakes is a) their size and 

weight and b) unless carefully designed they tend to move the arm as they are 

activated, disturbing the arm from its desired position. 

Since the passive manipulator is to be guided by the surgeon, any inadvertent motion 

of the surgeon will also be transmitted to the manipulator (apart from any viscous 

damping effects which may limit the tendency to respond to the more violent, fast, 

twitches. ) A possible solution to this is the concept proposed by Trocaaz[6011, who 

suggests the addition to each joint of two braking systems, one in the direction of 
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positive rotation and one in the negative. This would permit the motion of an end point 
to be completed together with a permitted sequence of joint motions. Each time the 
joint deviated from a desired position, one of the brakes would come on, preventing 
any further excursion in that direction. If both brakes were activated then the joint 
would not be able to move in either direction. This concept is the passive manipulator 
equivalent of the force control system proposed in active (powered) robot systems, eg 
as in the knee surgery project of chapter 4. This attractive concept of a passive system 
will be hard to implement in practice, since it will be difficult to engineer a small, 
cheap, robust system. 

2.4.3 Powered Robotic Manipulators 

The addition of powered motions to a passive arm may not, at first sight, seem to be 

much of an increase in complexity. However the additional weight of motors, 
gearboxes and associated power transmission systems require the link structure to be 

more robust. The addition of motor control systems and the associated computer 
control, with full safety features and sensing, increases cost and complexity. 
However, probably the greatest difference between passive and powered robotic 
systems lies in the safety issues. As pointed out in section 2.2, the use of powered 
robotic systems next to people, as is the case with surgery robots, is outside the 
recommendations of the Health and Safety Executive Procedures for Industrial 
Robots. Medical personnel and equipment suppliers are therefore unsure, and at 
variance, over the safety features that are necessary and desirable. 

It is probably this aspect, more than any other, which makes the powered robot such a 
considerable step increase over the gradual increasing complexity and risk factors for 

the system as they progress through from simple tools as described in section 2.4.2.1. 
The ability for a computer controlled motorised system to automatically act upon data 

obtained from an imaging system, without the necessary intervention of the surgeon, 
is a further potential hazard not present in passive systems. Since it is necessary in 

passive systems for the surgeon to move the arm to a desired joint angle, there is a 
degree of independent verification by the surgeon of the correctness of the information 
from the imaging/modelling/referencing system which is provided by the surgeon 
being able to see where the tool point is positioned. This verification is seldom 
possible in active powered robots. 

It is for these reasons that powered robots have been frequently used in surgery as 

passive positioning devices (eg, for positioning jigs or fixtures preliminary to 

manually inserting drills and probes in neurosurgery) rather than as active device 

which insert tools without participation of the surgeon. The use of the robot as a 
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positioning device to locate a fixture is very similar to that of a stereotactic frame in 
neurosurgery. The positioning of the tool into the fixture with its subsequent motions 
provided by the surgeon, gives the surgeon feedback of the forces exerted by the tool 
and allows him the opportunity to independently check the positioning of the tool. 
The use of the powered robot in this passive positioning role is also thought to leave 
control and responsibility more directly in the surgeon's hands than an active robot. It 
is thereby hoped by some workers to avoid responsibility for operation failures that 
would otherwise fall upon the researchers and equipment suppliers, with all the 
litigation that could follow. 

As the powered systems outlined above become more and more complex, they 
become less reliant on the Surgeon and more upon the Engineers who have embedded 
control within the system to a greater and greater degree. It is perhaps this reluctance 
to lose control to the Engineers which has, in the short term, made Surgeons hesitant 
to employ the more sophisticated systems. However, in the Author's view, this 
emphasis on human control also implies human variability, with all the unreliability 
and potential for unforeseen results that this implies. On the other hand, provided 
systems have been adequately engineered with appropriate sensors and attention to 
safety, fully robotic systems should be capable of a more reliable repeatable and safer 
operation than those dependent upon unaided humans. 

2.4.4 Telemanipulators 

One type of robotic system which is different from the previous classification is that of 
telemanipulators, which comprise a `master' and `slave' unit: a telemanipulator differs 

from a normally powered robotic system in that the powered "slave" motion 
commands are provided not from a high level software control system, but from the 

surgeon input directly at the `master'. [281 This input may be enhanced by software 

control and supplemented by data feedback of "slave output" forces and/or position to 

the `master'. The input master may vary from a simple joystick to a full 6 axis 

miniature of the `slave' output. Additional data may be fed back to the operator in the 
form of a `head-up' display, a force and position controlled `data' glove worn by the 

operator, or by any number of additional tactile inputs (eg sound, where frequency is 

proportional to force; or skin vibrators where either the frequency or amplitude is a 
function of force). 

Whilst such telemanipulators may have a part to play in surgery under normal input 

control, their greater potential is as micromanipulators in which force or position 
inputs at the `master' are scaled down to give micro motions of force or position at 

the output. The potential for microsurgery is considerable, eg for micro motions of a 
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laser for eye surgery, or of a needle for suturing small veins or nerves. The overall 
concept of a surgery telemanipulator of this type is slightly more complex than a 
normal powered robot, since not only is the slave motor powered and controlled by a 
software system, but there is an additional system in the `master' which, particularly if 
it involves on-line data feedback from the `slave', can be extremely complex and could 
encompass all the elements of "Virtual Reality". 

2.5 General versus Special Purpose Robotic Systems 

It is often maintained, particularly in robot surgery, that a single type of general 
purpose 6 axis robot, will be all that is needed for medical robotics and that, provided 
adequate sensors and high level control are adopted, the system will be safe and 
relatively cheap. It is the author's view, however, that this has not been the case with 
industrial robots. A range of robots has grown up to suit different tasks and the 
potential for a large number of sales of identical robots, with the attendant possibility 
of lower prices for large volume production, has not overcome the desire for different 

robots to suit individual tasks. Nor has the real price of industrial robots decreased 

much over the years with increased production volume. There has simply been a 
small increase in capability provided at the same cost. Thus, in surgery, although it is 
likely that a similar robot will evolve for say, hip and knee surgery, it is likely to be 

quite different to the type preferred for, say, neurosurgery. Similarly, a medical 
manipulator for fixed workstation use is likely to be different to that for wheelchair 
mounting. 

It is the author's view however, that the advantages of general purpose powered 

robots will not immediately cause them to be adopted. Rather the reticence of the 

surgeons and the uncertainties of the legal position (section 2.2) will cause the simpler 

systems to be preferred. However it is conceivable that a special purpose powered 
robot, built for a specific task, with a small range of motions and with forces only just 

adequate to the task, will have an appeal in the short term. The problems of safety of 

software become simplified with special purpose robots. Since the software code is 

specific to the task, it becomes simpler and shorter thus making it easier to "prove". 

Although formal methods for software generation are thought to be helpful, it is to the 

concept of highly modularised and simple software that the programming community 
look for the greatest safety benefit. Also if the simplicity of the system can be used 

to keep down the price, special purpose medical robot systems may be preferable even 
in the long term. The addition of the concept of using mechanical constraints to limit 

the envelope of motion (as in Chapter 6) could further enhance the take-up of this style 

of powered robot. 
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It is for these reasons, and not a lack of belief in the long term viability of more 
general medical robots, that the special purpose robot projects have been undertaken 
as outlined in the following chapters. 

2.6 A Proposal for a Hierarchy of Surgical Systems 

2.6.1 A Classification System for Moving and Manipulating Tools 

The manipulator and robotic systems discussed in section 2.4 can be classified into a 
hierarchy for moving and manipulating tools. This is needed to bring order into what 
has hitherto been a collection of different procedures and devices. It is an aid to 
structuring thinking and to give an indication of the relative safety of systems. The 
classification proceeds from the simple to the complex. The lowest code numbers are 
systems which rely purely on the skill and unaided activities of the surgeon. 
Subsequent classes use systems which have been generated by engineers. Thus 
lower code numbers indicate: a. Simple, low cost, systems; b. A reliance on surgeons 
innate sensing since motions are unconstrained; c. Control is directly in the hands of 
the surgeon; d. Safety is totally dependent on the skills of the surgeon. Higher codes 
indicate: a. Sytems are complex and costly; b. Sensors provide supplementary data. 
Motions can be mechanically constrained; c. Control is in the hands of a system 
provided by engineers. Decisions can be embedded over which the surgeon has no 
knowledge or control; d. Safety is dependent on the sytem provided and usually 
involves the surgeon in only a monitoring role. 

Safety is too complex an issue to say that a higher code automatically means that the 
system is safer than a lower one, eg, more complex systems can have more 
components to go wrong. On the other hand, if sufficient safety systems are in place, 
complex robotic systems can be said to be capable of being more repeatable, reliable 
and safer than the unaided surgeon. 

The classification is shown in table 2.1 (a) in which codes 1 to 7 are used to classify 
the various systems. The extension .1 is used where there is an additional possibility 
of tools being inserted actively by the system into the patient as against the simpler, 
more basic system where the system is used as a jig or fixture which requires action 
by the surgeon for the intervention. The extension .1 implies a more complex system 
which has less surgeon intervention, but which could be made safer provided 
appropriate safety measures are incorporated. The extension .2 covers the possible 
situation where the systems motions are adapted to follow patient motions intra- 

operatively. This is more complex (and also potentially less safe) not only because the 

system has to respond within a certain bandwidth of dynamic response to sensed 
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motions of the patient/organ, etc, but because it is happening on-line at the time of the 
operation, with no possibility of a prior planning phase to check out if the sensed 
motions and the robots response are, in fact, correct. The extension .2 thus gives a 
warning that the system is potentially more hazardous. Amplifying notes, with 
examples of typical systems that illustrate table 2.1 (a) are given in Table 2.1 (b). 

It can be seen that the area concerned with computer assisted surgery (CAS) is that of 
code 3. Code 4, involving a passive manipulator, is sometimes classed as CAS and 
sometimes robotic surgery. Codes 5 and 6 are in the mainstream of robotic surgery. 
Code 7 is concerned with telemanipulators which are a very new aspect of robotic 
surgery that can involve an aspect of computer control or of direct surgeon input, for 
instance via a force reflecting joystick. 

In general terms, as the code increases the complexity of hardware components, inter- 
related software sub-systems, use of prime movers and multiple sensors also 
increases. This will inevitably have adverse effects upon safety when more 
components can fail, there is more potential for software to fail in unforeseen ways, 
and the sheer complexity of multiple interacting sub-systems makes it difficult to keep 
track of all possible failures. However, with the use of carefully constructed software 
systems, redundancy in safety sensors and mechanically constrained systems that 
physically limit adverse motions, even the most complex of these systems can be 

made safe. 

The classification code system for manipulating tools and devices cannot give an 
automatic measure of safety integrity or degree of surgeon control. It is proposed as a 
structure which can act as an aid to seeing the relative merits and difficulties of a range 
of possible robotic and computer assisted surgery solutions. 

2.6.2 Clasification for Imaging and Modelling Systems 

Table 2.2 gives a similar coding system for the imaging and modelling systems which 

are usually a necessary adjunct to robotic surgery. The various phases of imaging and 

modelling are covered as pre operative, intra (or per -) operative and post operative. 
The imaging systems are classified as ̀ qualitative' (ie giving only an image of spatial 
features without any measurements as in most per operative radioscopy); or 
`quantitative' in which spatial measurements are taken (eg as in most CT scans). 
The implication of table 2.2 is that quantitative data is more costly and difficult to 

obtain than qualitative, but is more useful for precise positioning (particularly when 

using robotic and computer assisted surgery devices). When no imaging is used, 

there will always be an element of guesswork. The use of quantitative imaging at all 
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phases of an operation will give the most information and hence improved control and 
safety over all phases of the procedure (provided adquate measures ensure the 
information is correct). 

The range of qualitative and quantitative imaging and modelling systems are contrasted 
in Table 2.3, from the pre operative through intra operative to post operative phases. 
Thus a further aspect to imaging is concerned with whether or not a spatial model is 
formed from the data. This may range from no model at all (as in most per operative 
radioscopy); to the formation of a 2D model, (as when data from a single slice of a 
CT scan is built into a 2D representation of a feature); through to a full 3D 

representation (as when data from successive slices of a CT scan are built up into a 3D 

model from which anatomical features can be identified). When a full 3D model is 
formed, the maximum amount of information is available for the surgeon (eg. for pre- 
operative planning), and for the robot (eg. to generate robot cutting motions). When 

no model is used, some guesswork will be inherent in the procedure and safety will be 
diminished. 

In the use of robotic systems, both passive and active, the ability to datum the robotic 
device operatively to accord with the pre-operative image, is of crucial importance. A 

number of sub-stages are necessary, as discussed in chapter 1, and there are safety 
aspects associated with each. The build up of image data, eg from CT slices, into a 
3D computer model has associated with it an accuracy which is dependent on the slice 
thickness and the voxel image definition. The means of datuming the 3D model to the 

anatomy of the patient so that the coordinates of the robot system can relate to those of 
the pre-operative image also has a number of phases each of which have an associated 

accuracy. The tip of the robot can then be pointing at features operatively with an 

accuracy considerably less than expected, leading to poor safety. 

In the case of imaging and modelling we see that as the hierarchy moves from 

qualitative imaging with no model, towards quantitative imaging with a full 3D model, 

so the surgeon (and the robot) has more precise data on which to base decisions and 

actions. However correct use of this data implies that it has been correctly and 

accurately obtained. The more complex the system, the more the dependence on the 

quality of software/hardware that is provided by the Engineers. Just as for robotics, 

we may see a tendency for Surgeons to rely on simple 2D images from which the 

surgeon builds a 3D image in his `minds-eye', rather than pass control to the Engineer 

and rely upon the integrity of complex systems in which they have not been part of the 

development team. Just as with robotics, however, the long term safety of such 

complex imaging and modelling systems is likely to be much higher than that of the 

un-enhanced surgeon. Issues of reliability, safety integrity and legal responsibility 
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also need to be clarified to ensure their optimal use. 

Table 2.4 gives some examples of the use of the classification hierarchy in total 
surgical procedures. It is hoped that this classification hierarchy may be helpful in 

comparing the relative complexity and risks of various systems and help to clarify 
what other options may be available to the surgeon and there attendent problems. The 
higher the number of robot classification , or the letter in each of the pre, intra or post 
imaging/modelling sections, then the higher is the complexity and the greater is the 
Engineers control over the procedure. However, as pointed out in section 2.6.1, 

provided the appropriate safety systems are used, these can also be the most 
consistent, dependable and accurate systems. 
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2.7 Medical Manipulators in Rehabilitation 

The other main 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 full contact with the user. The former emulates the industrial 
set up, so that the medical manipulator is part of a workstation with an envelope of 
reach which is always out of contact with the user 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 
this is 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 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, 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. 

An alternative solution would be to make the arm have very low force and speed, not 
just limited by software or, eg force 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 arm 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 further possible configuration is to place the arm totally within reach of the user (eg 

on the arm of a wheelchair). [961 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 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, 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 
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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 care will be 
needed when they are used. 

The medical manipulator becomes more of a hazard when part of a complex control 
system, eg also involving 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 of the potential unsafe outcome of a 
combination of the devices, eg attempting to pass through a doorway at speed whilst 
the arm is extended, or trying to turn the chair abruptly whilst the arm is carrying a 
load at full reach. 

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 author is concerned with safety issues (see chapter 3). 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 medical 
manipulators in this role. 

The basic electronic communication bus system used was the CAN bus, which is used 
for the electrical steering in cars and so is generally regarded as a safe system. To 
further enhance safety 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 
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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 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, prominently displayed, as a 
final emergency 'off switch. A further proposal made to enhance safety in the TIDE 
project was the introduction of a hardwired Keyline with a keyswitch, to power on 
and off the system. The requirements for the TIDE Bus system are further discussed 
in chapter 3. 

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 (Human-Computer-Interface) 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', eg implemented by light curtains, may become necessary, in 
addition to the normal safety features used on automated guided vehicles operating in 
public places. 

2.8 Some Safety Suggestions for Medical 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: - 

a) 

b) 

Provide safety sensors, monitors and isolation systems, at a servo level as well 
as a supervisor level. 

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, as seen in section 2.7. 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 
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the robot into position for initial registration. 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 (AI) 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 key switch and key 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 key 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. 
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m) Give the user clear error messages indicating the current status of the system. 
Keep the HCI as simple as possible to avoid confusion. 

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 a CT 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. 

2.9 Conclusions 

From the above discussion it can be seen that the greatest potential for benefit tends to 
come from powered medical robot systems which put the user and public at the most 
risk. Whilst it is possible to guard these systems with additional software and 
sensing, this has the penalty of increased cost and complexity. The integrity and 
failsafe nature of software and hardware (including sensors) has to be rigorously 
considered with an evaluation of the additional potential to be gained from various 
methods of software development, duplication of software and hardware and the use 
of such analytical techniques as Failure Mode Effect Analysis and Fault Tree Analysis. 
These may well require the presence of separate positive, continuously acting, 'Dead 
Man Switch' 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 to turn everything off in an emergency. 

It can be seen from the proposed system of coding, that both for robotic devices and 
for imaging/modelling, as the systems become more complex they are capable of 
providing the greatest benefits. Complex systems have also the greatest potential for 
failure in an unforeseen way, and hence create the greatest concerns for safety. 
However, provided sufficient safety systems are incorporated, there is every reason to 

suggest that their safety will be better than the unaided surgeon. Given also the 
uncertainty over legal liability for the manufacturers of robotic systems, it is perhaps 
not surprising that the greatest degree of application to date has been in the areas of 
CAS. Here the surgeons retain control of the cutting motions and use modelling and 
datuming features for additional information, rather than for trajectory constraints. 

The detailed studies undertaken in the TIDE project on medical manipulators, together 

with those of the robot surgery projects, have given rise to a series of practical 

proposals for the safe use of medical robots. Hopefully the recommendations will 
result in a safer system which minimises problems for the user without making the 

medical robot too complex or costly to be usable. 
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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. Until such a consensus, the development of 
medical robots will be inhibited. Chapter 3 continues with a discussion of Medical 
Manipulators with which the author has been concerned. 
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Table 2.1(a) 

A Potential Hierarchy of Systems for Holding and Manipulating Surgical Tools. 

Code Type of System 

1. Hand held Tools (eg. scalpels, scissors). 

2. Hand held Tools (eg. powered drill) with a spatial location system. 

3. Tools (eg. biopsy probe) are mounted on a manipulator arm which is 

associated with a spatial location system. 

3.1 As for 3, but target location is updated with patient movement intra- 

operatively. 

4. Tools are mounted on a manipulator arm which is associated with a spatial 
location system and powered brakes (used passively). 

4.1 As for 4 but the arm is used actively to insert/move tools. 

4.2 As for 4 but the arm adapts to patientlorgan movement intra-operatively. 

5. Tools are mounted on a powered robot arm equipped with position 

measurement (used passively). 

5.1 As for 5, but robot is used actively to insert/move tools. 

5.2 As for 5, but robot adapts to patient/organ movement intra-operatively. 

6. Tools are mounted on a powered robot arm equipped with force and 

position control (used passively). 

6.1 As for 6 but robot is used actively to insert/move tools. 

6.2 As for 6 but robot adapts to patient/organ movement intra-operatively. 

7. Tools are mounted on a powered robot arm equipped with force and position 

control with input systems from a "master" telemanipulator to control the 

powered robot as a `slave' system. The use of data gloves and other 
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tactile/force `feed in' systems to the operator can enhance the operator 
knowledge of what is occurring at the `slave' system. 

7.1 as for 7 but slave manipulator is used actively to insert/move tools 

7.2 as for 7 but slave manipulator adapts to patient/organ movement intra- 

operatively. 
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Table 2.1(b) 

Amplifying General Notes 

Code General Notes 

1. Surgeon holds/moves tools (eg. scalpels, scissors) freehand using only 
human innate sensing (touch, vision etc). 

2. Freehand held tools (eg. powered drill), but surgeon can track a target 
using, eg cameras + LED's on tool, or magnetic field source and sensors. 

3. Tools (eg. biopsy probe) are mounted on a manipulator arm moved by 
surgeon, which to some extent constrains his sense of 'feel' and freedom of 
motion. Joint motions are usually monitored. 

3.1 Sometimes a 2nd (passive) 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 real time to 
allow surgeon to track target with tool on arm. 

4. The addition of powered brakes to arm permits arm to be locked in position, 
eg to permit long term radiotherapy treatment at target location, or to permit 
surgeon to move away to safely fire x-rays. 

5. Tools can be moved on the powered arm, either actively (as in 5.1) to enter 
the patient using the robot or passively (as in 5). In the latter case the arm 
acts as a stationary jig which locates the tools so that the surgeon can 
manually insert them into the patient. In the active case, sometimes the 

robot is locked in position whilst a special purpose additional single axis 
moves into the body. In others it is the complete robot which is moved to 
interact with the body. The ability to adapt, on-line, to patient motion (as in 
5.2) risks the possibility of errors which cannot be trapped at a planning 

stage. 

6. The addition of force control permits the robot to switch between position 
control and force control so that the robot can yield to a given force level in 

prescribed locations. 

7. Use of master/slave telemanipulator permits `telepresence' with a data glove 
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and `virtual reality' to both control the slave and feed data back to the 
surgeon at the `master' input. The addition of a master system as an input, 
additional to the normal computer control, increases complexity. 

Table 2.2 

A CODING SYSTEM FOR IMAGING AND MODELLING 

Pre Op. imaging Intra Op. imaging Post Op. imaging 

Qualitative Quantitative Qualitative Quantitative QualitativeQuantitative 

No model A D G J M P 
2D model B E H K N Q 
3D model C F I L 0 R 

58 



Table 2.3. 

A RANGE OF IMAGING AND MODELLING SYSTEMS 

QUALITATIVE 

Qualitative 
Pre Operative imaging 
(Gives picture for pre-op 
process planning 
and training) 

Qualitative 3D Modelling 
(gives 3D pictures and 
sectioned views) 

Qualitative 
Intra Operative imaging 
(Allows Qualitative cuts 
using 'eye ball' judgement) 

QUANTITATIVE 

Quantitative 
Pre Operative imaging 
(allows dimensions to be 
taken for setting up manual 
jigs and robot systems) 

Quantitative 3D Modelling 
(gives 3D pictures and 
dimensional data) 

Quantitative 
Intra Operative imaging 
(Allows Quantitative cuts 
using Hand tools with Jigs 

or Robots) 

Qualitative 
Post Op. imaging 
(Qualitative check 

on process) 

Quantitative 
Post Op. imaging 

(Dimensional check on 
System accuracy and 

performance) 
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Table 2.4 

EXAMPLES OF CLASSIFICATION OF SYSTEMS 

Code Examples 

1(A+G+M) A preliminary x-ray shows the site of a Tumour (A). A hand-held tool (1) 
is used by the surgeon whilst observing the process using x-ray (G). 
Post-op x-rays check that all is well using subjective assessment (M). 

1 (D+G+P) pre operative CT scans used to define dimensioned images (D). Hand-held 
tools (1) (with additional "Jigs" or fixtures) remove precise quantities of 
tissue whilst monitoring the process on-line using qualitative x-rays (G). 
Post operative CT scans are used to provide dimensioned images (P). 

2(F+L+M) A pre-op CT scan provides data for a fully dimensioned 3D model (F). A 
camera observed system allows a hand-held tool, fitted with LEDs (2) to 
locate a tumour in 3D space by matching the current location of the tool to 
the model reference framework and to the pre-op model (L). Qualitative 
post-op x-rays (M) check that all is well. 

3(F+L+M) As for 2(F+L+M) but the tool is held on an articulated arm (3) without 
brakes. 

4(F+G+M) A pre-op CT scan gives a fully dimensioned 3D model of the brain (F). 
An articulated arm with measurement of joint angles moves to a datumed 
position above the skull and is locked by brakes in position (4). The 
surgeon uses the arm as a jig to locate a hand held drill. X-rays are used 
intra-operatively to give a subjective assessment of the process (G). Post- 
op x-rays give a qualitative measure of the outcome. 

[If 4.1 were used in place of 4, then an example would be as for 4 but the 
last link of the arm could be unlocked separately to give a single axis 
motion to the drill in the required direction, but still powered by the 
surgeon. 

5(F+L+R) A pre-op scan using CT and subsequent modelling provides a 3D 
dimensional model (F). A fully powered robot moves to a position above 
the patient and is held by its motors at that location to act as a Jig (5). The 
surgeon powers a hand drill whilst x-ray monitors with 3D modelling give 
a reconstruction in real time of what is happening (L). A full model with 
CT scan provides quantitative post-op data (R). 5.1 would do the same 
task as 5 but the robot would actively insert the drill into the patient. 

An example of 5.2 would be where a second passive arm updates the 
current 3D model of the target location (eg as the patient breathes). The 
target 'cross' could then be tracked dynamically by the powered robot 
under adaptive control. 

6(F+L+R) As for 5 (F+L+R) but the addition of force control allows the surgeon to 
move the output through a region with very small controlled forces. This 
may be useful for tasks such as datuming the end of the robot to eg the end 
bone of a knee, by holding the tip of the robot to which a6 axis force 
transducer is attached and pulling the robot into position by force control. 
Alternatively it could be used to allow a surgeon to attach a cutter to the 
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robot tip to machine pockets under low force control whilst the limits of the 
cut could be defined by high gain position control. 

7(F+L+R) As for 6 but now the use of a `master' input allows the forces experienced 
by the manipulator `slave' to be fed back to the master, either as a force 
and position limit on a joystick or as data fed back to a `glove' worn by the 
surgeon. This could permit (in theory) a surgeon to command the input 
from a site remote from the output at the operating theatre and even over a 
telephone or satellite link, permitting operations and diagnosis in countries 
remote from the surgeon. 
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CHAPTER 3 

REHABILITATION ROBOTS 

This chapter is concerned with the area of rehabilitation robotics introduced in Chapter 
1. After introducing the subject, a simple low cost feeding arm that the author has 

worked on over a number of years is considered. The chapter then goes on to describe 

work on a European project called Multiple-Master Multiple-Slave (M3S), concerned 
with safe communication structures for a system comprising a robot for the disabled 
that is mounted on the arm of a Powered wheelchair. The system also uses an 
environmental controller, a series of input devices and a display screen. An electronic 
communication bus is used to act as a standard interface for the devices which allows 
them to communicate in a fundamentally safe way. The M3S system was 
implemented in 2 demonstrators of differing combinations of wheelchair and input 

system. 

3.0 Introduction 

The other major aspect of Robotics in Medicine, in addition to Robotic Surgery, is the 

area of rehabilitation robotics. Like robots in surgery, rehabilitation robots are used 

next to people and so safety issues are of primary concern, as discussed in section 
2.7. Like robots in surgery, one way to ensure safety is to have a special purpose, 

very simple system, that has intrinsically low force, is mechanically constrained and 
has software simple enough to `prove'. This type of approach has been adopted in a 

robotic feeding aid for the disabled, as described in section 3.1. The device is low 

cost but, inevitably, is of very limited application. An alternative strategy for safety 
is to use complex systems, but to have a special type of electronic communication 

system designed to ensure that the robot and all associated devices are inherently safe. 

This type of approach is the subject of the second case study concerned with the TIDE 

M3S communication bus. In this case study, the robot is one of several complex 

devices which communicate over the bus. The robot is a Manus system [9611 

provided by a Dutch group, and does not currrently use the M3S bus for internal 

communication. The safe communication of the individual devices within a total 

complex system was therefor the focus of the study. However, there is no reason 

why the Manus robot should not, at a future date, incorporate a separate M3S bus for 

its internal safe communication, whilst also using another M3S bus for external 

communication with other devices. 
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Rehabilitation robotics is a relatively mature area, having been in existence for around 
15 years and so has been much discussed in the past. The subject covers the use of 
robot manipulators to assist both the disabled and the elderly. To be widely applicable 
the robots must be low cost, simple to use, safe and able to significantly benefit the 
user. If a rehabilitation robot is needed, then that implies the users are quite badly 
disabled, with relatively limited manipulative function. The problems for the user to 
input commands through an appropriate user interface then become quiet severe. A 
display system is also required to show the user where he is in the control structure, 
since these are usually multilayered. Thus, as was required for robot surgery, there is 

generally a need for an integrated system, (rather than just an isolated arm). In order 
to demonstrate the viability of rehabilitation robots, it is therefor necessary for a user 
to test out the whole integrated system. 

The use of robots on an independent mobile platform (as distinct from a wheelchair) 
will not be discussed here, because they have not been a subject for the author's own 

research activity. This is not because they are thought of no benefit, but simply that 
they tend to be complex, high cost systems which will take some while to benefit the 

user due to the large number of problems that have first to be overcome. It is believed 

that most of these can be more readily solved as part of simpler systems, such as fixed 

workstation robots or wheelchair mounted systems. 

The area of rehabilitation robotics has in the past generally been applied only to the 
disabled. There has recently been a realisation by European Governments that the 

percentage population who are aged is rising rapidly. This has caused an upsurge of 
interest in devices for the disabled. They are seen to be potentially of benefit to the 

elderly in keeping them independent and mobile. There will therefor be a very large 

market for devices, which hopefully should expand the availability for research 

funding. One area for making a low cost contribution to the independence of both the 

disabled and the elderly, is in the provision of simple devices to assist with `feeding'. 

3.1 Simple robots for the disabled. 

In 1984 the author pointed out the potential benefits of a simple, low cost robot for a 

feeding aid for the disabled and elderly 
[69]. This was based upon the observation 

that, although much good and fundamental research had been conducted by groups 

investigating complex robot systems, the prototypes were very costly. The result was 

that the systems were supplied on loan for clinical trials to an institution or hospital. 

However, when the patient had finished the trial the systems were withdrawn to the 

disappointment of the patients, because the system was too expensive for use by an 

individual and usually too complex for it to be effectively learned and controlled by a 
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large number of patients sharing the use each for short periods. Thus there was felt to 
be a need for a system that could be dedicated to the use of an individual user. This 
implied that it had to be low cost, with the inevitable consequence that it would be a 
simple device with a limited range of uses. Within this context the author supervised 
two student projects, concerned with the design of a low cost prototype arm for 
feeding the disabled. 

3.2 A Low Cost `Feeding' Robot. 

One of the most common desires expressed by the severely disabled is to have a 
device to help feed themselves. This would free them of the necessity to rely on 
others, giving a sense of independence. Also helpers, both at home and in institutions, 
were required to be on hand during the meal and so the disabled expressed a feeling 
that they had to eat as quickly as possible to free the helper, rather than eat a leisurely 
meal at their own pace. The level of disability for a user of this type of arm is 
common to those with no arm functionality, for example quadraplegics, or those with 
poor controllability such as Cerebral Palsy or Parkinson Disease. In order to be low 

cost, the initial concept was to provide a system dedicated to feeding foods using a 
spoon, rather than provide additional functionality such as drinking, page turning or 
loading computer discs, all of which are functions provided by more elaborate `work 
station' style of robots. The arm mechanism was a dedicated `anthromorphic' 

structure built for the task, using stepper motors in an `open loop' style of control 
without position feedback. (Fig 3.1) The motors could thus be controlled digitally 
direct from a computer without the need for Analogue to Digital (A/D) conversion. 

The control sequence was generated in software to give a series of control pulses 
direct from the computer, rather than rely on specialist electronic generation of the 
control. To avoid the problem of losing step synchrony using open loop stepper 
motors, the arm was driven against a mechanical end stop after each motion cycle to 

reset the steppers to a datum position. Using this strategy the arm costs were kept to a 
minimum. It should be emphasised that the design performance is low since high 
loads or speeds are not required. Thus a max load of 0.5 kg and max angular velocity 
of 0.5 rad/s was considered adequate with a max reach of 600 mm. As long as there 
is not a long delay before a motion starts, slow operation is not generally detrimental 
for these disabled patients. A simple 4-bar link structure was used to allow the drive 

motors to be positioned near the robot base. 

counterbalancing was also used. 

Simple spring and mass 
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Fig 3.1 A low Cost `Feeding' Robot 
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Only 3 axes were required for the task; namely waist rotation, shoulder elevation and 
elbow elevation. The wrist rotation permitted a spoon to be aligned with a pre- 
positioned, shaped, deep tray containing food. A combined reach motion extended 
the arm in the tray whilst an elbow elevation ensured the spoon moved along the 
bottom of the tray. The sequence of motion was for the spoon to dip into the tray; 
scoop along the tray; lift the contents above the middle of the tray shaking off any 
excess and then to reach forward to maximum extent, presenting the food near to the 
user who had only to bend the head forward slightly to take the food from the spoon. 
This strategy ensured the arm was kept out of range of the patient until the patient 
voluntarily bent forward. This, together with the use of low force motors and a blunt 

spoon, was designed to achieve a safe system as outlined in Chapter 2. The arm was 
sufficiently under powered that the spoon could be pushed away using the chin if 

necessary. 

The arm control system was kept as simple as possible with the minimum of 

electronics and maximum use of software control. The programme was written in 

assembler, originally for a BBC micro, but subsequently for a low cost IBM PC 

equivalent. It was felt that the great majority of disabled users already have micro 

computers of this type and so this gave maximum flexibility at low additional cost. 
An earlier Australian version used a dedicated microprocessor and key pad input 

system. However this dedicated system added cost and gave reduced flexibility. The 

use of a PC computer allowed a helper to select an appropriate programme requested 
by the user, eg which gave different speeds of operation, length of wait at full extent 

or gave the option to wait fully extended until a key was pressed, rather than continue 

with the next spoon cycle after a predetermined pause. Following set up by the helper, 

the user then had a minimum of keys to press to operate the system. For users with 
large tremor, a special keyboard was constructed with large buttons in a simple array, 

to simplify striking the correct button. 

The final version of the system proved easy to set up and use. However it did require 

the helper to fill the food tray and position it appropriately for the arm. Similarly the 

arm had to be positioned relative to the patient so that it could be accessed at a table 

and at a height to suit the user's wheelchair. However once positioned, users could 

chose their own pace for feeding themselves. The feeling that they had some 

additional control over their own environment and could take their own time in eating 

proved to be a major benefit. 

It is difficult to ensure the arm has been of direct use to the patient in eating. For 

example, an eight year old cerebral palsy patient was very enthusiastic, but it was 

difficult to know if this was simply the enhanced "peer status" in owning a 
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sophisticated "toy" or the usefulness of the device. An odometer was hidden in the 
base to check the number of times the system was used. This seemed to indicate that 
the arm was operated frequently and was genuinely useful. Subsequent to the 
development of the arm, the Handy 1 feeding arm was developed by a group at Keel 

university [88]. This system was based on the purchase of bankrupt stock of a simple 
`educational' style arm and was configured and passed on to patients at almost zero 
cost by a charity organisation. In view of this availability, it was felt that there was no 
longer a justification for building another dedicated feeding arm and the Imperial 
College project was abandoned. However unless some type of subsidy is available 
from Government or charities, there is still a need for low cost, simple arms of low 
functionality to aid the badly disabled. 

Even if manipulator arm systems are also suitable for the growing population of 
elderly, the total demand is likely to be small and it is unlikely that large volume 
production will bring down costs. Where some type of subsidy is available, the 
patient is wealthy, or has access to large compensation funds (as has been the case 
recently in the USA where large awards have been made in motor car accident cases), 
then a more costly and sophisticated system is justified. A typical system can 
comprise a complex motorised wheelchair, carrying a manipulator arm and 
communicating with an environment controller to turn on TV, change channels, run 
videos, open automatic doors, etc. The bringing together of all these independent 

systems can create a difficult series of control requirements. It is logical therefore to 
wish to integrate the systems together, controlling them from a central command 
module, in a way which gives an intrinsically safe system. This was the rationale of a 
European funded project called "TIDE M3S"[84-861 

3.3 The TIDE Project M3S (Multiple-Master Multiple-Slave) 

TIDE stands for "Technology Initiative for the Disabled and Elderly" and is a 
European funded initiative to carry out multi-national research. The M3S project 
aimed to assist physically disabled elderly persons needing improved control of their 
mobility, manipulation, communication and environmental control to compensate for 
impaired motor function. This is provided either by control integration and/or 
alternative control facilities. The project achieved this control by setting up a standard 
communication system, implemented physically in a central microprocessor based bus 

structure. The system allows the communication between multiple human input 
devices or "multiple masters" (eg special keyboards, head pointer, joysticks and voice 
control) and a wide range of output devices, or "multiple slaves" (eg wheelchairs, 
environmental controller, manipulators, communication devices and special seats). 
This multiple integration has two effects. Firstly the particular needs of a disabled 
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user can be met by the ease in reconfiguring the input systems. Secondly the common 
bus structure, which also incorporates safety systems, can allow any number of small 
companies to readily interface their products onto the bus with little change required to 
the product. 

In order to ensure a safe and reliable structure, the M3S bus was based upon a general 
serial communication bus used in the automobile industry, the Controller Area 

Network (CAN) bus [85]. It was felt that if the bus had been approved for activities 
such as the computer control of steering in cars, then it would be adequate for the 
purposes of rehabilitation. The CAN bus structure and protocols are well suited to 
wheelchair systems and their robust error correction capability offers sufficient 
protection against the inevitable noise introduced by switched-mode drive systems. 
The bus uses a positive polling concept that continuously checks that the bus is intact, 

and only when a positive reply is received will the bus pass an action to another 
system. The basic CAN bus is a 2-line communication channel. As will be seen later 
in section 3.3.9, to achieve the required levels of safety it was felt necessary to add 
two further signal lines, acting as a key line and a deadman switch (DMS) line 
(effectively wired-OR functions) with input to a central safety monitor. As well as the 
4 lines for messages and safety, a further 2 lines were supplied for power and ground. 

The project consortium wished to design the prototype M3S system for application on 
2 demonstrators, each having different input systems and wheelchairs, but both 
having the same manipulator and communication system. One wheelchair was a 

relatively simple system whilst the other, from Permobile Ltd., had a variable speed 
drive, powered seat lower and raise and a facility for assisting the patient to stand (Fig 

3.2). The Manus manipulator arm was designed to be stowed behind the chair when 

not in use and under motor control could be moved to its active position alongside the 

wheelchair arm. In this location, the 5 axis arm was capable of reaching the mouth of 

the user with a range of joint and synchronised motions. The arm was fully powered 

within striking range of the user, as well as helpers and bystanders. It is thus outside 

the remit of safety regulations of industrial robots and requires particular attention to 

safety issues. 

The combination of arm and wheelchair motions, in particular, can create additional 
hazards, eg turning at speed whilst the arm is carrying a load at the side may create a 

toppling moment, or attempting to drive through a doorway with the arm to the side 

may jam the system. However the complexity of input and output systems (which 

include a liquid crystal menu display) create their own problem. The smooth 

transition from one output to another, using a multitude of simple inputs for a severely 

disabled user, require extreme safety measures. As will be seen in section 3.3.10.7, it 
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is necessary when using the manipulator arm, to set up a separate control strategy to 
avoid degrading the arm control whilst ensuring safe operation. Because the arm 
functionality and safety is so interdependent with the whole system, the concept and 
functionality of the safety of the whole M3S system is described below. 

Fig. 3.2 The M3S Demonstrator System. 
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3.3.1 Analysis of general safety requirements. 

This section gives a general discussion of the safety issues related to the `Multiple 
Master, Multiple Slave' M3S intelligent wheelchair interface. Safety is of paramount 
importance for any technological device, particularly when it utilises one or more 
prime movers which can produce a motion or force that can result in damage. When 
such devices are used by, or may come into contact with people, (particularly disabled 
people) then safety must be a key factor from the earliest conceptual design through to 
the completed product. In the discussion which follows, the emphasis has been 
placed on the manipulator. However, since the safety of the manipulator can be 
affected by the way in which it interacts with other parts of the system, it will be 
necessary to consider the whole system. 

3.3.2 A `safe' system. 

In terms of this section there are a number of issues that must be addressed which will 
significantly affect the conduct and applicability of the results. These are: - 

a. What is meant by a "safe" system. 

b. The extent to which systems, beyond the communications and interface systems, 
are to be considered. 

c. The interrelationship between reliability and safety, and the questions of assessing 
the consequences rather than the likelihood of failure. 

d. The way in which the safety of systems may be ensured, including the need for 

standards related to development procedures as well as the products. This 
includes software development to ensure safety. 

e. The modes of usage of the chair/arm combination. 

In principle, systems developed for use by (or in the vicinity of) people should be 

completely safe. However, as has been pointed out in section 2.2, within practical 
limits of cost and complexity there is no such thing as a totally safe system. Even 

complex space shuttle systems can not be 100% safe. However, a system must be 

"adequately safe". What this actually means must be discussed by informed groups of 

experts within the relevant disciplines pertaining to the system, its function, the users, 
the environment within which it will be used and the benefits to be gained from its 

use. The various safety levels and trade-offs of cost and complexity that result need 

70 



to be examined by the experts 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 gradually 
evolve. When the automobile was first introduced it had to be driven preceded by a 
pedestrian carrying a red flag. Today an automobile can be driven at high speeds with 
minimal restriction on its use. The benefits to be gained from the use of the motor car 
have been accepted despite their questionable safety record. This example contrasts 
with that of the use of industrial robots. Industrial robots are recommende to be used 
within an area enclosed by safety fencing from which personnel are prohibited. 
However, these clear guidelines on safety, which keep the robot away from any user 
or member of the public, are no longer relevant in such areas as domestic or medical 
robots where, by the nature of the task, the robot must come in contact with a member 
of the public. In these areas the various health and safety legislative organisations 
have yet to pronounce on what is an acceptable procedure and how users and robots 
can safely interact. 

The use of a mobile wheelchair which must be capable of use in many difficult 
environments, such as next to high frequency electromagnetic emissions, is not new 
and many of the safety issues have already been addressed in the wheelchair 
standard, (ISO 7176). However, the use of some input devices and communication 
systems together with the mobile platform, may result in situations giving rise to 
unsafe consequences. 

Mobile medical manipulator systems use a type of robot arm and hence are part of 
this ill-defined area of application for which appropriate safety standards must be 
formulated by the experts, and acceptance sought from the general public. The 

process of formulation is likely to be iterative and gradually evolving before full 

acceptance. 

3.3.3 The Extent of the Study of Safety in M3S. 

The question of acceptable levels of safety is not just an issue for the manipulator arm 
itself. Although pieces of equipment may have been regarded as "safe" when used on 
their own, their incorporation into an M3S system may result in their being used either 
in a new combination, or in a new environment, in a manner that can produce an 

unsafe situation. Although the M3S study was primarily concerned with 

communication structures, it has been necessary to also consider the way in which 

each of the pieces of equipment interact and combine together in this new 

environment. Only then could the implications for the communication and bus 
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structures be evaluated. It should be emphasised that within the constraints of time 
and cost for a project, it was not possible to define exhaustively all possible problem 
areas that could affect safety. Such a study would require the use of failure mode 
effect analysis [FMEA] and fault tree analysis [FTA] requiring many man years of 
effort. However, within the framework of the programme an outline of the problem 
areas was considered in sufficient depth that an M3S communication and bus structure 
was defined. 

3.3.4 Reliability and Fail Safe 

Safety problems may arise from three areas. Firstly, there may be 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 must 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. 
"Safetife" 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. As 

mentioned earlier, such an approach, ie the development of reliability or life analyses 
of all aspects of system, is beyond the scope of this study. Fortunately in most cases 
this approach would not be appropriate. A fail-safe concept in which failures do not 
give rise to safety problems is more appropriate, in this instance. There are specific 
areas, such as wheel axles etc, where a safe-life should be used, but the predominant 
issue in the interface and associated areas is the development of a system in which 
failures either result in a non functioning system, or which are identified and a safe 
"graceful" failure mode occurs. 

3.3.5 Implications arising from the mode of use of the manipulator arm. 

Some of the areas which were required to be addressed early in the project were 
particularly concerned with the use of the manipulator arm. The following discussion 

relates to general "systems" level safety issues, which had to be resolved before 

communications and bus issues could be considered. 

As mentioned earlier, the use of medical manipulators is an area of controversy and 
discussion. There are those who would claim that the only safe way to use a medical 

manipulator is as a tool which is located so that it can not reach the patient and must be 

used in conjunction with, for example, a simple rotating turntable, to bring items 
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within reach of the patient. This concept, although relatively safe, is one which 
greatly restricts the benefits to be gained from the use of a manipulator. It would limit 
potential users to those having a good control and reach capability, for example to 
allow them to take items from a turntable. In the M3S project the manipulator arm 
was located on the wheelchair within reach of the patient. The 'out of reach' 
arrangement was considered too limited and it was felt that an arm in contact with a 
patient could be made adequately safe. However, this concept of how safe is 
"adequately safe", is open to interpretation. It could be claimed that a slowly moving 
arm, with limited inherent force capability, is safe. However, if a sharp object is held 
in the grip of even a stationary and highly compliant arm, a patient could thrust his 
head forward onto the object with possible disastrous consequence for his eyes. Thus 

even in this extreme case of a safe arm structure, it is necessary to impose a statement 
of limitations of use, even if such limitations are restricted merely to not carrying 
sharp objects within range of the head. 

It is assumed that when mounted on the wheelchair the manipulator arm has been 
designed for this task, and is inherently safe for use within a range which can contact 

a disabled person. That is, its force, range, power and speed capabilities are 
sufficiently restricted that they cannot result in damage to the user, helpers or 
bystanders. 

3.3.6. Environmental 

Since all devices could be wheelchair mounted, it is assumed that they are subject to 

the same environmental conditions as the chair. For example if the chair can operate in 

temperatures from -200 to +40°C and in wind driven rain and snow, where the 

relative approach angle could exceed 300 to the vertical, then all systems need to 

remain secure under these conditions. That is not to say all must function under these 

conditions, but they must be capable of subsequent safe operation when in less 

extreme conditions. 

Under adverse environmental conditions which are not identifiable by the user (such 

as Electromagnetic Interference (E. M. I. )), wherever possible the system should 

continue to function, eg through the use of thorough shielding. (Optical coupling, etc 

may be considered excessively expensive). If failure does occur it must leave the 

DMS operation intact, and failed systems should shut down in an inherently safe 

manner. 

Wheelchair mounted systems will be subject to shock and vibration. To remain secure 

all systems and connections need to be designed and built to a specification consistent 
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with these conditions. This applies to both indoor and outdoor use. 

Where systems are intended for use on indoor wheelchairs, they must be clearly and 
permanently labelled. 

3.3.7 Configuring the system and training 

It has been assumed that those configuring a system for a particular user will have due 
regard for safety issues and will have had appropriate training from the system 
suppliers. Having regard to the complex nature of a fully configured M3S system, it 
may be beyond the capabilities of some levels of disability to safely control a large 
number of sub-systems. The concept of responsibility for limiting the M3S system 
configuration to one which a particular user can safely control should be recognised. 

Similarly once a system has been configured for a particular user, training should be 
provided in the safe use of that system. It should be emphasised that the combined 
M3S system may give rise to situations which are unsafe, even though the use of a 
particular sub system may have been considered safe, in that situation, as a piece of 
isolated equipment. 

3.3.8 Safety Standards 

The safety standards developed in the M3S project must provide safety levels of at 
least the same integrity as those resulting from ISO 7176/17 for wheelchairs. 
However, given the more complex nature of the M3S system with the intelligent bus 
interconnections and the multiplicity of devices, the ISO 7176 draft standard was felt 

to be necessary but not sufficient. Eg, it was not felt that the ISO kill switch/sensor 
proposal could cope with multiple input/output operation. As a result of negotiations 
with the ISO committee a consistent standard for both ISO and M3S has now been 

adopted, leading to improved safety for the ISO standard. 

3.3.9 The Concept of a Safe Communication Bus Structure. 

In order to control safety critical systems which comprise prime movers, it was felt 

that it was not adequte to rely on a software safety system resident in a microprocessor 

that communicates over the CAN bus. If either the bus or the microprocessor failed, 

then it would not be possible to switch off prime movers or devices unless each device 

had a sophisticated system for sensing the state of the bus and pulling off its own 

power system. This was felt to require too much cost and complexity of the seperate 
devices, some of which could be only a simple light. An additional 2 hardwired lines 
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were therefor proposed, 1 for a key line and 1 for a dead man switch (DMS) line. 
The key line was felt to be necessary to allow the battery power to be disconnected 
from the input system. When the key line is connected to zero volts, either by 
pressing the input `off' button, or by a safety monitor, the system is turned off. The 
software system for turning off the power via the safety monitor, is called the Kill 
Switch. Actions over the key line can be taken independent of the status of the bus. 

For action over the CAN bus, such as for earlier versions of the wheelchair ISO 
standard, in order to turn off the system in an emergency, it would be necessary to 
locate and operate the `off ' switch. For safety critical prime movers, this was felt to 
introduce too long a delay, particularly where users may be badly disabled and only 
able to respond slowly. A dead man switch (DMS) concept was felt necessary for 
safety critical prime movers to ensure that a continuous positive action was necessary 
to actuate the prime movers. The moment the DMS is relinquished, the prime mover 
devices should be automatically shut down. In order to ensure the DMS can operate, 
even when the bus or microprocessor is faulty, a seperate hardwired DMS line is 
needed to connect each safety critical prime mover. 

In order to configure and control the system a microprocessor is needed to carry out 
the `Configuration and Command Function' (CCF). The function will reside in the 
`Configuration and Command module' (CCM), which can be positioned anywhere on 
the bus. The CCM will also need to contain a Safety Monitor System /watchdog. The 

complexity of some of the output devices, eg the manipulator arm, implied that they 

should additionally have their own watchdog/safety monitor and kill switch which 
may also be poled by the safety monitor on the CCM. This could also apply to future 

complex input devices such as voice recognition systems. Thus the motor and/or local 

relays could be independently pulled by the local safety monitor or from the CCM. 

As part of the M3S structure, the following features have been proposed: 

i) Key Switch A Key switch is operated by the user or a helper to turn on or off 
the complete system. Each input device has its own key switch (or its 

equivalent). 

ü) Emergency Stop Button A physically operated button used by helpers and users 
to turn off the complete system in an emergency. 

iii) Dead Man Switch (DMS) A switch, which allows power to pass to prime 

mover motor controllers, requiring continuous positive action by the user. 
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Release of the switch causes power to be shut off with a delay where 
appropriate. 

iv) DMS Line: A circuit independent of the normal control systems and the central 
control bus which allows the DMS to activate/deactivate the power supplies to 
the motor controllers. 

v) Kill Switch: (System and subsystem) A switch, activated by the system or 
subsystem controllers, which can switch off all or part of the system or 
subsystem in response to an input command or a safety signal issued by the 
appropriate safety monitor. 

vi) Priority sensor: Where a system has more than one input device, eg a user "sip 

and puff' input and a helper joy stick, the system has to determine which 
devices are active and which has the highest priority. This is achieved by each 
device having a priority sensor which signals to the Configuration and 
Command Module (CCM) that it is active and the CCM can decide on priority 
according to the pre determined rules. Output system priority is determined by 
the priority rules within the CCM supervisory programme. 

vii) Safety Monitor A system or subsystem Monitor which continually checks the 
safety of the system at all levels. The safety monitor may be a separate 
microprocessor or may be a function of the Configuration and Command 
Module, or a subsystem controller. 

viii) Watchdog A system which provides continuous positive response monitoring 
of the correct operation of the computers and microprocessors. This may be a 
function of the CCM/system microprocessor via the bus, a function of each 
processor or a crosscheck of a processor by another within the same 
subsystem. 

ix) Sensor Fusion A safety check where the combination of more than one sensor 
signal can give rise to an unsafe condition even though the individual sensors 

are considered to be within their safe ranges. This would usually be a function 

of the overall system safety monitor. 
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3.3.10 System Aspects 

3.3.10.1 Inputs: The input system is essentially an intelligent system capable of 
controlling all the various output systems and devices. It consists of a combination of 
input devices ranging from a complex multiple button keyboard, through joystick and 
button combinations, simple sip and puff systems, to single head switches. The 
combination of input devices is determined by the capabilities of the user, but acts as a 
single coherent system controlling all systems (usually sequentially) rather than as 
merely a combination of the existing control devices for the various output systems. 

3.3.10.2 Display: Display devices should be selected to match user capabilities 
(visual, auditory, tactile etc) and needs. They should be integrated to perform a 
function covering all output systems (eg one screen with multiple menus) rather than 
being a collection of existing output system displays. The display should be capable 
of receiving signals from each output system indicating safety related faults even when 
that system is not currently selected. Faults in the display module should result in the 
system automatically switching to a slow mode in all functions. For this eventuality, 
the use of additional independent LED's would be desirable for indicating the mode 
selected and that the display had malfunctioned. Such LED's would allow mode 
switching with a restricted functionality to permit achieving a safe physical 
configuration. Eg In this situation, pre programmed arm manoeuvrers would be 

undesirable and it may be necessary to prohibit them. 

Provision should be made to ensure the display is visible under lighting conditions 
which may vary from full darkness to direct bright sunlight. 

3.3.10.3 Output Systems: At the levels of handicaps for which a full M3S is 

required, a high degree of dexterity is unlikely to be available. A limited combination 
of simple inputs is therefore likely and simultaneous operation of a number of output 

systems will not be safe. This implies a switched mode of operation where only one 
subsystem is operative at any one time. Switching from one subsystem to another is 

only possible where the overall system is safe, ie the central controller would carry out 
a safety check of all subsystems at this time. Although in principle only a single end 

effector system should be active at any one time, nevertheless there may be a desire to 

operate the arm as a master with slaved wheelchair or environmental controller (with 

limited functions). Given the interactive nature of the arm and the environment there 
does appear to be a need for a limited facility for operation of the wheelchair or the 

Environmental Controller when in arm mode. This would have to be independent of, 

and in addition to, the full chair and EC functions. 
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A traditional master-slave concept is not really appropriate as overall supervision must 
reside in the Configuration and Command Module (CCM) to keep the safety function 
intact and robust. What is necessary is a configuration in which the CCM can allow a 
less safe condition under limited circumstances; ie two systems simultaneously 
powered, but with restricted functions. These would only occur where the arm is the 
principle mode or master for the system. In this configuration either the chair or the 
EC functions would be selectable, but functionality would be limited, eg the chair can 
only move at slow speed, with the seat raise facility inactive. 

When the arm is the system master, it is necessary that the chair and EC functions be 
consciously initiated from the arm each time a function is used. Control must revert to 
the arm after completion of the wheel chair manoeuvre (the wheel chair halts), or the 
EC action has been carried out. This is to avoid the arm being used as the usual 
controller for all functions. This is because the arm is the least safe prime mover and 
also safety considerations demand that a very well defined and deterministic control 
and command structure is instituted, where switches from one mode lead to only one 
outcome. 

3.3.10.4 Key Switch and `off' Button: It was felt that each input device should 
have the capability of turning on and off the whole system, ie it should be possible to 
turn on the system from any of the input devices and equally it should be possible to 

turn the system off from each input device. The configuration of this on/off system 
should be such that: - 

a) The input system should contain a key switch and an "off' button. The key 

switch is operated by the user or a helper to turn on the complete system. Each 
input device has its own key switch (or its equivalent). The key switch can be 

any form of non-latching switch which is sufficiently protected/encased to 

prevent inadvertent operation. It may take the form of a key which is turned to 

`on' with a spring return or a push button with spring return, or in the case of a 

sip/puff, it may be a pressure activated non-latch switch. Its function should be 

duplicated at the `helper' input (where provided), although the form of 
implementation may vary. Where a number of input devices are required to 

provide adequate control for a highly disabled user, the collection of inputs 

should be treated as a single system with only one key switch. 

b) The helper should be able to gain control of the system via the helper input in an 

emergency without killing the system, ie smooth transfer of control. 

c) The user could switch between a variety of input devices in a smooth manner. 
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d) The user could regain control of the system if control were taken by an 
unauthorised user via the helper input. 

e) Operation of any off button should stop the system but should not prevent the 
user restarting with control if required. This should require a reinitialisation of 
the system. 

A system which can achieve these requirements is shown in Fig 3.3. The exact nature 
of the transfer protocol depends on the priority sensor rules in the CCM. For example 
this could be that the priority is given to the input system which is sensed (via the 
priority sensor) as being the last to be switched on. 

Transfer is then simply achieved by pressing (sipping, turning on) the switch at the 
required device. Its sensor will indicate to the CCM that the device requests control. 
If the system is in a safe condition, control can then be passed and the original control 
device turned off via the appropriate local relay. As power remains on at all times 
transfer is smooth. 

Safety can be assured by checking the state of the new input system before transfer of 
control and also be ensuring that the existing commands from the original input 

system have been completed. For example it should be a requirement that both 
DMS's are in the off position, and that the new input system has been correctly 
initialised and validated by the CCM safety monitor. 

The off switch (Fig 3.3) is effectively the emergency off switch that is a physically 
operated button used by helpers and users to turn off the complete system in an 
emergency. A one input device system will just require a single, simple on/off 
capability. The off switch should be a single acting non-latching switch. It may take 
the form of a large red button, easily identifiable and accessible which should be quite 
distinct from the `on' switch to avoid confusion that can occur when switching 
between input devices and when turning off the system. In the case of a head switch 
or sip/puff, where the `off' switch may be combined as a sequenced function with the 
`on' switch, the above conflict would not occur because the user has unique access. 

3.3.10.5 Key Line: The key line provides the power input to the system and 

sub-systems, either directly (where power demands are low) or via sub-system and 
local power relays. It should be connected to the battery power via the "on" switches 
in the input systems and the input system local power relays. The system will be "on" 

when the key line is at battery plus voltage. Momentary pulling of the line to zero 
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volts will pull off the local relays and hence turn off the system. Pulling the line to 
zero volts can be achieved by a) pressing any of the input system "off' buttons, or b) 
by the safety monitor turning off the input power relays when an unsafe condition is 
detected. 

The priority sensors, which indicate which input systems are active, must be isolated 
from the key line with diodes so that if the key line is shorted to full voltage (but no 
priority sensor is operating), then the safety monitor will note the fault and shut down 
the system. Similarly diodes are required in the DMS connection to prevent 
interconnection of the DMS and key lines. (see Figure 3.3) 

3.3.10.6 Dead Man Switch (DMS): Any system which operates safety critical prime 
movers should preferably have a DMS. This implies that a continuous sitive action 
must always be taken by the user in order to power such prime movers. It also allows 
the user to stop the current drives should an emergency occur which is not taken care 

of by the control system. It should preferably be closely associated with, and in the 

vicinity of, the input transducer which signals a motion command to the prime 

mover's control system. Eg the joystick may have a thumb switch on the top of the 
handle, or (less securely) a null position sensor. 

The DMS should be a switch, mechanically and electrically independent of the drive 

signal. Special provision may have to be made for 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 joystick with null sensor. 
Although the actual null sensor may be mechanically and electrically independent of 

the joystick drive sensors, Failure Mode Effect Analysis (FMEA) would show that a 

mechanical fault in the joystick could lead to a situation where the stick was jammed in 

the "on" position leaving the spring loaded null sensor of the DMS inoperative. 

Similarly a sip and puff input with capacitive DMS, which is also used as an "on-off' 

drive switch, does not provide a fully independent DMS. The limited capability of 

severely handicapped users may therefore result in less than ideal safety systems. 

This should be explicitly acknowledged. 

80 



- - ------------- I 

o K 

i 

INPUT SYSTEM 
p USER SIP & PUFF 

INPUT 

ccM 

SIGNALS 

k*0 -- ------ LOCAL 
POWER 

I 
ON 

LOCAL 
RELAY Cllr OUT 

WD 
-r" M 

W W 

CURRIE J J 
UwTER 

F 
O w 

PS 
--- 

rR1oRITr 

DMS 

INPUT SYSTEM 
99 HELPER JOYSTICK I 

INPUT 

$ GNAL$ 

LOCAL 
MONITOR 

POWER I 
ON 1 

LOCAL 
SAFETY 

1 
RELAY CUT OUT 

-v" 

12 Z 
CURRENT IJ 
LIMITER y 

J 

KEY 
Off 

I 
10 Y 

_ 

PS ýý! !L 

DIAS 

f 

DYS LINE 

PRIME MOVER MOTOR 
CONTROLLER 

p ARM 

MOTOR 
RELAY 

CUT OUT 
IAF rr WD/ 
rö«ýTÖý ____ sm 

LOCAL LOCAL 
POWFR RELAY 

CUT OUT 

1 KEY LINE 
1 

PRIME MOVER cowr>toý CONTROLLER 
CHAIR 

MOTOR 

RELAY 

SA PM 
%. wl WWI 

WD/ 
sArm sm 

--- - -ýaaýtaß------ 

LOCAL 
LOCAL 

row[ RELAY 

CUT our 
I DATA aI__ 

COMMAND Ws 
(CAN ?)I 

11 
11 

KEY 

1 M3S BUS I 
"- ------------ j 

POWER IATTEWY 
ISOLATOR 

COMMAND & INFORMATION 

SAFETY MONITORING M pr 
------ plus 

Fig. 3.3 Block Diagram of Demonstrator M3S System 

DYS UNE 

MOTOR 

UNE 

iNEMENCY KORN 

AN nU+KER SWITCH 

W 
Z 
J 

0 

81 



The DMS is the final 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 find and operate an off button. 

3.3.10.7 DMS Requirements for Complex Manipulators: There is a significant 
problem associated with the different Dead Man/Kill Switch strategies adopted by the 
various suppliers of prime mover output systems. The wheelchair systems all have 

the provision (or potential) for a DMS such that release of the DMS on the input 

control joystick, sip and puff or head switch etc, will result in a controlled removal of 
power to the motors, independently of the control computers. 

Provision of a DMS for manipulators where control is complex may be less easily 
achieved. Nevertheless for M3S it was preferred, if possible, to specify use of a 
DMS (with perhaps a stop delay). This implies that at least major axes brakes are on 
to prevent droop when the DMS is not activated. Such magnetic brakes could be 

pulled off when the arm is turned off, so facilitating helper access to the user. This 

would also minimise battery drain when the arm is stowed. It might be possible to 

avoid the use of brakes by allowing the arm to sag when DMS power is off, provided 
that the droop is insufficient to cause physical interaction with chair wheels, floor etc. 

and the arm restarts with the current location as the command input. (ie, not that 

position which was current when the arm was switched off. ) 

Where the conventional form of DMS is used in a manipulator arm to interrupt motor 

power supplies, a sudden drive shut down results which by passes all the normal 

control aspects, with their complex acceleration/deceleration compensation, etc. Thus 

the use of a DMS of this form would result in shut downs which are less smooth than 

with the conventional, controller power removal. Such a system could be acceptable 

where the DMS is used only in emergencies. However, its use as a routine shut down 

could quickly result in reliability problems, leading to a less safe system. Such 

problems do not arise in other systems eg wheelchairs, where the simpler control 

system can be emulated by the use of a capacitive system to give a controlled halt. 

An alternative form of DMS for use with manipulators could be implemented, in 

which when the DMS ceases to be energised, the velocity demand to the manipulator 

motors is set to zero. The action of the DMS could then stop motions of the 

manipulator by using its normal control functions. 

If the DMS is operated at the system processor level, then the "set to zero velocity" 

command would include the normal processors of the system. This means that those 

processors would be part of the safety system. Thus all processors subsequent to the 
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DMS would need to be very secure, with stringent safety monitoring. It follows from 
this that the nearer to the motors the DMS is placed in the command chain, the fewer 

will be the safety critical components. However, this may not be possible in practice 
without complex shaping circuitry to mimic the action of the controllers. 

One possible solution might be to have the DMS operate at two levels within the 
controller. Firstly at the manipulator process level, producing a zero velocity input 

and a very controlled shut down, and secondly at each motor power amplifier with a 
delayed cut-off with zero demand velocity, so that the delay is greater than that 
expected from the slowest normal cut-off from the processor. Thus the second system 
acts as a back-up, should the process controller fail. Remaking of the DMS would 
restore normal control. 

3.3.10.8 Kill Switch (Safety cut off): The kill switch is operated by either the 
overall system watchdog/safety monitor, or where appropriate by the output local 

control module watchdog/safety monitor. If possible, the overall system should be 

able to operate the local kill switch independently of the local watchdog or processor, 
ie the power to the sub system can be switched off directly from the local bus 
interface. 

The kill switches operate in response to their watchdog/safety monitor signals and turn 

off power to drive motors where drive faults are detected, or the total power to the sub 

system is removed where a computer fault or watchdog fault is detected. 

Where the overall system safety monitor detects a fault in the bus, the command 

module or the watchdog/safety monitors, then the kill switch will disable all functions 

except the horn, emergency light and signal for external assistance. 

This concept assumes that the bus is sufficiently robust and safe so that there is no 

need for separate kill lines to each output, in addition to the DMS line. It would be 

desirable if correct kill action of a sub system could also be confirmed to, or by, the 

system watchdog/safety monitor. 

The system safety monitor should be able to allow limited systems shutdown related 

to the severity of the faults detected. For example communication problems may 

indicate that prime mover output should be disabled while less safety critical functions 

may continue. The ability to do this may be dependent on the way in which the 

subsystems are configured. 
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3.3.11 Configurations. 

As mentioned earlier in section 3.3.8 (Safety Standards), there is need for an overall 
system safety monitor which works in conjunction with the CCM. The logical 

structure is for the CCM, and the safety monitor to be located together. This leads to 
the concept of an M3S intelligent bus with its own dedicated safety functions. An 
important function of the system safety monitor is to take account of safety issues 
related to the inter relation of the physical elements of the system, eg restricted 
wheelchair speed when seat is raised or manipulator arm is extended. 

It is feasible to have the CCM and overall safety monitor replicated on each of the 
complex output systems, thereby allowing a token passing master control concept. 
However, only one CCM safety monitor would be operational at any one time. Each 
CCM/safety monitor could in addition operate its own subsystem safety functions. 
This could increase the reliability of the CCF but it would not have a significant effect 
on safety. The implication is that each CCM would replicate the overall system 
function, the ability to address the unified central display, and monitor input devices 

safely, as well as have their own distinct safety/watchdog function. It is felt that for a 
token passing strategy, transfer of input control should be made voluntarily by the 

user rather than automatically. Only if a fault in the input system is detected, should 

transfer be made without specific selection by the user. 

3.3.12 Design. 

Given the safety critical nature of the M3S system, specific attention has to be given, 
throughout the design and development of both hardware and software, to ensuring 

safe operation and failure modes. This implies that there is a need for Failure Mode 

and Effect Analysis (FMEA) and Fault Tree Analysis (FTA). This is a major task 

which will need to be carried out in a future TIDE project called FOCUS, which is 

designed to bring together the work of the M3S system into a facility which can be 

readily controlled by a disabled user. 

FMEA can be described as a systematic group of activities intended to 1) Recognise 

and evaluate potential failure modes and causes associated with the design and 

manufacture. 2) Identify actions which could eliminate or reduce the probability of the 

potential failure. 3) Document the process. This is complementary to the prime design 

process. 

FTA provides a means of showing the logical relationship between the particular 
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system failure mode and the basic failure causes. It may be applied at any level from 

system to component and is useful for assessing compliance with safety requirements, 
analysing common causes of failure and justification of design improvements or 
additions. 

3.3.13 Sample System. 

Figure 3.3 shows a typical system with associated safety functions. The CCM/system 

safety monitor is shown associated with the bus, however the physical location is not 
crucial since it is the functionality which is important. The communication system 
comprises a CAN data bus and two hardware lines, the Dead Man Switch lines (DMS) 

and the Key Line (power enable). Thus a parallelled hardware and software safety 
system is provided. 

The schematic circuitry shown within the input and output sub-systems are examples 
which could be used to achieve the necessary levels of safety integrity. An input 

concept such as this is necessary to provide the safe operating procedures for multiple 
input systems. Such a system could form (independent of the input device) a standard 
interface module for the M3S bus. (ie software and hardware interface, priority sensor 

and interlocking relay). The output (end effector) systems are shown as examples 
which allow the safety functions specified above. 

3.3.14 Operation of the Sample System 

Operation of an input system on-switch (unlatched) powers up the local relay and 
hence the input device will latch on. It also enables power to pass to the key line, so 

powering up the CCM etc. The priority sensor associated with the input will signal to 

the CCM that command is requested. The CCM safety monitor (SM) will then check 

the input system to ensure correct status (eg DMS is in null position, input sensor 

operating correctly, interface is correctly operating). If this is so the input can become 

active. If not a message is passed to the display and after an appropriate delay the local 

relay is pulled off by the safety cut out. This gives sufficient time for an alternative 
input to be activated if available. 

Power on the key line will enable all output systems interfaces to be activated and 

systems (but not the motors) to be powered up. A safety check of the output system 

can then be made by the local safety monitor in conjunction with the CCM safety 

monitor. For complex outputs systems, where a local SM is present, detail checks 

would be made locally and communication checked with the CCM. Once safety 

checks have been made and validated then control signals can be accepted. Operation 
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of the output motors will not be able to occur until the DMS is correctly operated. 
Operation of any key off will pull the key line to zero, which will turn off the system. 
The key off can be a large unlatched off button and as the key line at zero pulls off all 
relays, the key off acts as an emergency off. As the relays will not re-engage until an 
on switch is activated, the off switch is unlatched and the system is not therefore 
permanently disabled. 

Transfer of input control from, say, user to helper can be achieved by the helper 

pressing the on button at their input. This will pull on the helper local relay and signal 
to the CCM via the priority sensor. The CCM will accept this as the 'last in' and, 
providing the system condition is safe and the requesting input system is giving null 
inputs, control will be transferred and the user input disabled by cutting out its local 

relay. As the key line remains powered at all times transfer is "smooth". The user can 

regain control by simply activating their on switch in the normal way. Control will 
pass back provided the user input is operating correctly. This guards against 

unauthorised "helpers" taking over the system. Transfer between various user input 

devices can occur smoothly in exactly the same manner. Re-initialisation after a shut 

down is simply achieved by activating any "on" switch. 
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3.3.15 Conclusions for the TIDE M3S project 

The M3S communication system was implemented on 2 separate demonstrator 

platforms which were essentially the same, apart from the wheelchair system, the 
input devices and the manufacturer of the M3S bus (and hence of the detailed 
implementation of the basic bus principles). Each system proved to be effective in 

allowing safe communication between component parts of the system which were 
essentially modular. The basic concepts of the bus structure and its safety were 
proven by introducing a series of deliberate malfunctions which permitted the system 
(as far as it was implemented) to come to a "graceful" and safe halt. The use of the 
special control system for the manipulator (detailed in section 3.3.10.7) was shown to 
give a structure allowing for both the safety requirements and the smooth control of a 
complex system. The suggestion of the arm DMS safety controller acting at two 
levels was implemented. On introducing a fault this produced a zero velocity input 

with controlled shutdown at the manipulator process level and an additional safety 
`back up' of a delayed motor power amplifier cut off. Both proved effective in safely 
shutting down the arm in an emergency. 

The demonstration platforms were also shown at a USA Rehabilitation workshop 
meeting (RESNA 93). At the the request of one of the audience a different input 
joystick controller was interfaced to the system and working within a 15 minute 

period. This demonstrates the benefits of the modular nature of the M3S bus 

structure, since the same task would take several hours for a normal hard wired 

system, to implement the same level of safety systems. 

A variation of the M3S bus is also to be made available for use on complex powered 

wheelchairs to communicate between the various levels of input and the outputs in the 
form of wheelchair drive, seat rise/lower, seat standing configuration and display 

monitor. The environmental controller is also to have its own special M3S bus when 

used on it own. It is felt that the range of possible output systems, as well as inputs, 

justifies the use of M3S. 

The complexity of input systems for a badly disabled user to control a multiple output 

system, such as the demonstrator platforms, proved to be the major difficulty for the 

user. As a result of this, the M3S project has developed into a new TIDE project 

called Focus, (Focus On the Central position of Users in integrated Systems) which is 

intended to make the system easier to use by even the badly disabled, whilst still 

retaining all the functionality and safety features of the M3S system. FOCUS also 

aims to stimulate the use and acceptance of an open, integrated and safe system. This 

will not only allow users to have an optimally adapted system for their needs, but also 
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rehabilitation therapists to readily configure an adapted system for a specific disabled 

user. Links with other communication bus systems (eg Homebus) are also to be 
investigated for safety integrity. This can be particularly difficult when links are made 

via infrared connections rather than hardwired. 

88 



3.4 Conclusions for Rehabilitation Robots. 

Rehabilitation robots form one of the medical robotics areas for which there are no 
generally agreed safety guidelines. For a simple low cost feeding system, the author 
has demonstrated that safety can be provided by a custom designed facility with an 
intrinsically low force arm that remains outside the reach of the patient. Voluntary 

motion by the patient is required to come within striking range of the arm. For 

extremely complex systems, in which the arm is only one part of the whole and for 

which system interactions are likely to result in unsafe combinations, a safe 

communication bus structure has been shown to be capable of providing the integrated 

system with adequate levels of safety. 

The safety system required the addition of a Dead Man Switch and a Kill Switch line 

hardwired into the communication bus. The use of rehabilitation manipulators in 

environmental workstations is a less complex environment than that of the TIDE M3S 

project. However, the range of interactions is much greater than for a simple feeder 

robot where the safety can be assured by conservative design and by regulated and 

restricted motions. For environmental workstation robots, particularly where 

mounted on mobile platforms capable of multi-position docking, the use of a 

standardised M3S bus structure for integration of the various sub-systems could form 

a useful improvement in overall safety. Given the ready availability of 3 commercial 

types of M3S bus, the additional costs could be quite low and offset by the ease of 

system configuration. 

The potential also exists for the M3S bus to be applied to surgery robot systems to 

enhance safety. Since a range of powered and computer controlled devices are linked 

together in a safety critical role for surgery, the same general concepts for 

communication of rehabilitation robot systems could also be applied to robotic 

surgery. Although robot surgery motions are often preprogrammed, they can also 

involve the use of input systems such as head switch or voice control for on-line 

adaptive motions. Displays often contain multi-layered menus and must give 

appropriate information under both normal operations and emergencies. Imaging 

systems need appropriate interfacing together with sensors and methods for on-line 

monitoring. All of these features are potentially able to be interliked by a M3S bus to 

allow communication with enhanced safety. 
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CHAPTER 4 

ORTHOPAEDICS AND PROSTHETIC KNEE SURGERY 

This chapter discusses hard tissue surgery and then deals with an example in which 
an orthopaedic robotic procedure is described. The procedure is concerned with 
using a robot to machine the bones of the knee to accurately locate prosthetic 
implants. The need for accurate alignment is discussed, together with how a robot 
might satisfy these requirements. The concept of a special purpose robot is then 
described together with the various pre operative tasks of imaging, 3D modelling 
and pre operative planning. The tasks carried out by the robot are then considered, 
leading to the design specification of the robot. A feasibility study was then 
investigated in which an educational robot was modified for the task and some 
plastic leg bones were machined to a desired shape. A particular type of force 

control called "implicit force" control is described and implemented on a special 
purpose robot system for machining the bones of the knee to provide an accurate 
mounting for uni-condylar prosthetic implants. 

4.1 Introduction to Hard Tissue Surgery. 

The process of cutting hard tissue is much simpler than for soft tissue. The majority 
of hard tissue surgery ocurrs in orthopaedics. Bone surfaces can vary in hardness. 
Where bones have had a lot of wear, as in some femoral condyles, parts of the surface 
can be extremely hard whilst adjacent material can be very soft, leading to widely 
differing cutting forces which can cause difficulties in manual surgery. Some bones 

can be very soft, eg. due to osteoporosis, and unsuitable for accurate clamping or for 

providing firm fixation for screws or prosthetic implants. However bones, unlike soft 
tissue, tend to move about fixed centres, distort little when pressed and do not change 

shape when pushed or cut. Bone cutting requires higher powers than soft tissue, but 

since tissue removal rates are not generally high, this is not usually a major problem. 
The accuracy required for orthopaedic work is, however, generally higher than for 

soft tissue and accuracies of less than 1 mm are typically quoted for prosthetic 
implants. 

One difficulty with orthopaedic surgery is concerned with the boney interface. In 

manual procedures the bone is exposed and the attached soft tissue is removed, 

together with any osteophytes that may be adhering to the bone surface. There is thus 

some preliminary preparation in which the surgeon uses his judgement to prepare the 
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surface of the bone, removing the ambiguity of where the bone starts and adjacent soft 
tissue ends. Subsequent procedures, in which position and orientation of the bone 
surfaces are clearly identified, become relatively straightforward. However in robotic 
procedures it is normal to carry out pre operative CT scans. These produce data for 
formation of 3D models of the bones which are then used for pre operative planning 
and for generating cutting data. The exact interface of the bone and soft tissue is 
critical to achieving accurate cuts of the surface. The bone surface location is thus 
dependent on the setting of the CT scan ̀ grey scale'. If a darker grey scale is chosen, 
the bones will appear marginally bigger and it is difficult to give a bone size to 
accuracies better than 0.5 mm. The use of MRI, although unusual for orthopaedic 
work, may give better differentiation of soft tissue and justify the additional costs. 
Alternatively the traditional robotic use of pre operative imaging, modelling and 
planning (discussed in chapter 1) may be avoided if the robot can be used to measure 
the size of the bone by physically touching on a number of boney features after the 
surface has been exposed and the soft tissue removed by the surgeon. This will only 
be possible if a large enough number of representative points can be touched by the 
robot to generate an accurate model of the joint. 

However, as will be seen in 5.4 and 5.5, there are a large number of pre and intra 

operative stages before the robot can be used, each of which has an associated error. 
The total error from such a range of `traditional' robotic imaging and referencing 

procedures may be no less than that due to using the robot as a measuring tool (in 

vivo ) to form an appropriate model of the bone. Only experience of a number of 

clinical applications will show which system gives the best accuracy. To use the robot 

as a measuring tool, avoiding the need for pre operative imaging, implies that the 

robot is used for open procedures. This means that the technique would not be 

appropriate to the concept of minimally invasive orthopaedic surgery. For this, 

minimal entry wounds are made in the skin and the robot is pivotted about the entry 

region to sweep out out complex trajectories to machine the bone to the desired shape. 
Since minimally invasive orthopaedic surgery for prosthetic implants is much more 
difficult than open surgery, it will be some time before it is realised and so this is not 

likely to be a critical limitation. 

The traditional cutting instuments for orthopaedic surgery are the drill (for preparing 

screw mountings), and the oscillating saw (for cutting a series of flat planes for 

mounting prosthetic implants). The latter, as will be seen from 5.4, are unsuitable for 

prosthetic use and so the use of rotary cutters is preferred. These can consist of 

arthroscopic burrs, available in a range of standard shapes and sizes, and whose use 

in orthopaedic surgery is well accepted. 
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To illustrate the typical problems of robotic orthopaedic surgery, the task of knee 
replacement surgery has been chosen as an example. This is a demanding application 
requiring considerable precision, and which is dependent on integrating a number of 
pre and infra operative procedures. 

4.2 Knee Replacement Surgery 

The purpose of knee replacement surgery is to replace the articular surfaces of the 
knee with prosthetic components to achieve pain relief and functional mobility with 
long term fixation. A key factor in achieving long term trouble free fixation is the 
correct prosthetic alignment. Typically the femur is replaced with a chrome-plated 
titanium implant whilst the top of the tibia is replaced with a polyethylene topped 
titanium component. It is thought that the accuracy of alignment of the prosthetic parts 

affects the surgical outcome for the patient and the longevity of the implant 11091. 

Whilst traditionally the majority of patients have been quite elderly, in recent times 
more replacements occur as a result of sports injuries which, since they often occur 
early in the patients life, imply a requirement for a long life from the prostheses. This 

poses a particular need for a well fitting prosthesis which must support an active life 

style and be capable of ready revision when it is worn out. The latter requirement 
supports the need for a cementless prosthesis since removal of cement, without major 
damage to the bone surfaces during a revision, presents a considerable problem. The 

cement is often used as a gap-filling compound which has relatively little strength and 

also prevents the growth of bone tissue around the prosthesis, leading to loosening of 
the prostheses and subsequent need for revision. The use of cementless prostheses 
implies the need for a better fit and greater contact area with the bone than for 

cemented. The case for high bone/prosthesis contact areas for knee prostheses, on the 
basis of high stresses leading to bone fracture, is less easy to make. For knees the 

moments applied to the bones are relatively small compared to those of hips. Thus, 

while it is valid to argue the need for high contact areas of the prosthesis in the case of 
hips to avoid fracture of the bone, it is a less convincing argument to justify robotic 

procedures for knees. The traditional means of machining the end bones of the knee 

is to use a series of jigs, particular to the type and size of prosthesis to be fitted. (Fig. 

4.1) These jigs must be applied in the correct sequence and the fit of a jig (and hence 

that of a face of the prosthesis) is generally dependent on the quality of the preceding 

cuts. The traditional cutting tool is a thin bladed reciprocating saw in a pneumatic 

powered tool. The "angle of attack" of the blade relative to the bone must be carefully 

chosen to avoid bouncing off the bone surface or digging in too deeply. Since worn 
bone tends to be very hard whilst adjacent surfaces can be soft, the exact angle of 

attack is difficult to judge, particularly as the blade is frequently blunt. There is 
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therefore a need for considerable skill and judgement on the part of the Surgeon to 
achieve a quality fit of the prosthesis. (Fig 4.2). The correct alignment of each one of 
the prosthesis components relative to another and to the femur-tibia alignment is also 
critical to the life and success of the prosthesis. The success of any individual cut can 
only be judged at the end of the procedure by the total knee performance. 
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Fig 4.1 Typical Jigs and Fixtures for 



Fig 4.2 Conventional Knee Surgery. 
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4.3 Why a Robotic Procedure 

From section 4.2 it can be seen that there are a number of reasons why a good fit and 
orientation of the prosthesis are necessary. It can also be seen that this is difficult to 
achieve with standard jigs and fixtures. It is primarily in the achievement of this 
quality fit and orientation that a robotic system is justified. Other justifications are the 
hope that a more systematic process can be achieved so that pre operative planning can 
cause the computer to prompt a series of action to be accurately carried out by the 
surgeon interacting with the robot. In this way some of the skill and need to correctly 
locate multiple jigs and fixtures can hopefully be avoided educing demands on the 
surgeon. 

In order to achieve pre operative planning it will be necessary to have quality images 
of the knee such as from computerised tomography (CT) scans and use these as a 
basis for forming accurate 3D models of the leg. The traditional imaging {25] 

technique is to take a series of x-rays intra operatively using an x-ray `c' arm where 
needed, but primarily to rely on surgical exposure of the knee bones and to visually 
check their alignment with the ankle and hip. The 2D nature of x-rays and the 
tendency to apply alignment procedures only during the operation, results in poor 
visualisation of the 3D nature of the joint and a lack of planning. The use of CT scans 
and 3D models not only gives opportunities for pre operative planning but also allows 
dimensional data to be used to programme a robot to carry out datuming and 

machining tasks. [24} A further possible benefit from the use of robots is in the 

reduction of time taken for the operation. However, given the amount of set-up time 
needed beforehand in positioning and datuming the robot, it is unlikely that there will 
be a saving in overall operation time, but it would be reasonable to expect a reduction 
in time taken for the actual machining process. 

A further possible advantage is that cuts for various sizes of prosthesis can be 

machined by a simple change in the robot's programme avoiding the need, as at 
present, for a large number of fixtures to accommodate different sizes of prosthesis. 
Also it is possible, using a robot, to cut a variety of surface patterns in the bone which 
could allow complex prosthetic surfaces to be machined to fit, giving possible strength 

advantages and hopefully promoting better bone growth. The eventual aim of this 

work in the use of robots for machining knee bones, is the possibility of a minimally 
invasive surgery approach in which a small L-shaped incision is made on each side of 

the knee'11101This could form an approximate pivot point for an arthroscopic 

rotating burr to machine the appropriate surfaces in the ends of the femur and tibia 

permitting the insertion of small, specially designed uni-condylar prostheses. While 
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this process would result in much reduced trauma for the patient, it is considerably 
more complex than open procedures and is best left to a subsequent stage of activity. 
This chapter therefore deals with the preliminary process of achieving a robotic open 
procedure. Table 4.1 shows the stages required for knee surgery. 

Pre operatively Image Patient, Edit Images 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 

Table 4.1. TYPICAL STAGES IN ROBOTIC KNEE SURGERY 

4.4 A feasibility study for knee surgery 

In June 1992, a grant was obtained from the Middlesex Hospital Trustees to carry out 
a feasibility study into "Electronically Guided Knee Surgery". The grant was awarded 
to Mr Justin Cobb, a Consultant Orthopaedic Surgeon at Middlesex Hospital who had 

previously asked the author to look into the possibility of robotic knee surgery. As a 
result the IC group prepared the proposal for a feasibility study which was 
subsequently funded. The objectives of the study were: - 

a) to carry out a short feasibility study into the use of an electronically guided knee 

surgery system for accurately and quickly machining the bones of the knee to 

accept a range of prosthetic components. 

b) to investigate the imaging and modelling requirements for planning and 

preparation of the operation and to provide a data base for the cutting sequence. 

c) to investigate the provision of a computer programmable motorised system for 
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acting as an electronically limited jig or fixture for constraining cutting motions. 

d) to investigate the above system and provide a concept demonstrator for use on a 
model of the knee. 

Since Middlesex Hospital was part of the University College London (UCL) group, it 
was decided to involve the UCL Medical Physics group in the work on 3D modelling. 
The UCL group had a commercially available 3D imaging system which it was 
thought could be adopted to the needs of the project. Collaboration was also sought 
with the Department of Bio Medical Engineering (BME) at the Stanmore Orthopaedic 
Hospital which is also part of UCL. BME had a well established group concerned 
with the design and implementation of prosthetic implants for hips and knees. The 
robotics group at Imperial College was asked to develop the most appropriate robotic 
system to carry out the overall objectives of the study. It is this task to which the 
remainder of this chapter is devoted. 

One possible approach to the use of robots in surgery is that of the group in Chicago 

who use the robot to hold a drill jig[24I. The surgeon then drills the holes for the 

guide pins which in turn locate the jigs that are used for manual cutting. Their 

proposal is to take this process to the next stage of using the robot to hold each of the 
guide blocks at the appropriate position. Using these blocks as a guide, the surgeon 
then manually cuts the bone using the surgeons customary tool; the oscillating saw. 
These proposals have been difficult to realise, as the forces exerted during cutting by 

the surgeon can be considerable and the robot has to be extremely robust not to be 

moved by the surgeon. 

The use of fast rotating arthroscopic burrs, in place of the oscillating saw may reduce 
these forces to an acceptable level. The Chicago approach uses the robot purely as a 
passive positioner whilst the surgeon carries out the machining. This avoids the safety 

aspects of an active robot, but limits the usefulness of the robotic intervention. In 

view of all these difficulties it was resolved that the IC approach should be one of 

using sharp high speed burs on the end of an active robot which can be moved in 

either position or force mode to cut the shapes in the bone to locate the prostheses. 

4.5 Robotic System Requirements 

Orthopaedic surgery is quite unlike that for soft tissue which is described in the 

following chapter[l l l]. Bones are much easier to image accurately with x-rays and 
CT scans. When cut or moved, the bones stay in a recognisable form, whilst soft 

tissue has a tendency to deform when pushed and can change shape completely when 
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cut. However there is generally a need to cut bone to more accurate tolerances than 
soft tissue. Typically less than 1 mm accuracy is required for good machining of the 
bone to mount a prosthesis, whilst 2-3 mm are generally adequate for soft tissue work 
(other than in neurosurgery, where 1 mm is typical). 

The overall design for a robotic system, in accord with the general principles outlined 
in chapter 2, is for a special purpose device specifically configured to the task of 
machining the knee bones. The robot should be as small and cheap as possible, with 
capabilities of force, range of motions and number of degrees of freedom only just 

adequate to the task. There should be a system of mechanical constraints or stops 
underlying the safety software and control system so that, if all else fails, the robot 
motion is constrained within a relatively safe region. Because there is a tendency for 

preferential wear in the knee joint, there is often a hard region on the outer femoral 

condyle and associated tibial plateau, compared to the inner region. This means that 
when machining the hard regions it would be desirable to have a sense of cutting 
forces so that lighter cuts or slower feed rates could be used. Thus, in addition to the 

more usual position control, there is a desire to utilise force control. This is discussed 

further in section 4.6. As discussed previously in section 4.3, the operation process 
can be divided into 3 stages; pre, intra and post-operative. The key steps for knee 

surgery are outlined below. 

4.5.1 Pre operative steps 

The pre operative steps are to position landmark pins; image the joint; form a 3D 

model of the bones and carry out pre operative planning. 

4.5.1.1 Pins for landmarks: It is necessary to ensure that anatomical features, 

identified during CT imaging and subsequent 3D modelling, can also be identified 

during subsequent robotic procedures. The accuracy of this process is essential to 

ensure a quality fit of the prosthesis. One technique, that is considered by a group in 

Grenoble [58] to give a better than 1 mm accuracy, is that of matching anatomical 

features. Using this approach the robot end effector is to be used to touch around 10 

points on the surface of the knee bone. The points are then mapped to form a surface 

which is then matched to a pre operative 3D model formed from a CT scan. The 

technique is favoured because it does not require invasive pre operative procedures. 

However, in order to investigate the quality of the process, in the early stages of the 

IC project it is intended to supplement the anatomical mapping technique with the use 

of landmark pins. This is the most commonly used datuming technique X161 

Because the femur and tibia can move independently of each other, in the IC 

procedure it is judged necessary to reference both bones of the knee separately. It is 
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therefore proposed that 2 pins are lightly inserted into each side of the distal femur 
and the proximal tibia under local anaesthetic by the surgeon a few days prior to 
surgery. In addition, a cast `boot' made of fibreglass tape, is taken of the ankle, the 
heel and the foot. To assist with pre operative planning a 5th pin is inserted into the 
case once it is hardened, over the inner ankle bone. This avoids the need to have local 
surgery on a site remote from that of the operation. 

The alignment of the foot, ankle and tibia with the femur are all crucial to a well fitting 
prosthesis. To assist with this task, an alignment rod is placed in the ankle cast to lie 

along the front of the tibia with its end central to the tibial plateau. This rod not only 
gives leg alignment during the operation but its tip can also be used to datum the robot 
to ensure correct leg alignment. Since the top of the rod is in the vicinity of the knee, 
the need for large robot motions that datum at the ankle is thus avoided. 

An alternative pin procedure is to use the 4 pins in the femur and tibia to hold 2 fibre 

glass casts in position. One cast would be fixed to the front of the tibia, just below the 
knee, and the other fixed to the front of the femur, just above the knee. The benefit of 
this is that the pins are available as landmarks, but the casts can also hold cylindrical 
shaped recesses which not only form additional landmarks for CT scans, but also 
allow intra operative datuming of the robot together with the possibility of mounting 
sensors which can be used to sense local undesired motion of the tibia and femur 
during the operation. They will also facilitate redatuming of the robot if the leg is 

released from its clamps and moved during the procedure. 

4.5.1.2 Imaging, 3D modelling and pre operative planning: The preferred imaging 

method for robotic orthopaedic work is Computerised Tomography (CT) [62]. Whilst 

c-arm x-ray systems are commonly available for operating theatre use and are often 

used to check the placement of the prosthesis components intra operatively, they do 

not give a quantitative measure. Where calibration systems are introduced in an 

attempt to get quantitative data (as outlined in chapter 5) the resulting image lacks the 
definition required for accurate modelling of all the bone. The use of CT scans not 

only gives good definition of bone, but also shows the adjacent tissue quite well, 
permitting good planning and alignment of the whole leg as well as the associated 
bone. 

For robotic procedures, it is proposed that the CT scan be taken with the ankle cast 

and landmark pins in place. Typically a maximum of 100 slices are taken with a 

spacing of 1.5 mm, mostly around the knee, but with an adequate number around the 

ankle and hip to define alignment of the leg. The data is then processed by an IBM 

486 computer, with high resolution graphics capability, to form a 3D model 
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reconstruction of the bones. The boundaries between bone and soft tissue are defined 
with edge detection algorithms which are used to generate the actual bone surface and 
the landmarks are accurately determined. 

In order to plan the procedure correctly, it is necessary for the surgeon to be able to 

simulate any motion of the leg that can be performed in the operating theatre [24] 

This means that the surgeon must be able to view the leg from any direction ( usually 
using 3 orthogonal views plus a 3D reconstruction) but also be able to simulate the 
rotation of the joints. The prosthesis components should be superimposed on the cut 
segments in the model to ensure correct alignment, not only with the leg straight but 

also fully bent, with a zoom view of the prosthesis to ensure that there is no tight spot 
when the leg is straight. The most appropriate size of prosthesis, as well as 
alignment, can thus be chosen. The coordinates of the cut surfaces and landmarks can 
then be stored in an algorithm for generating the robot motions. 

In order to plan the process it is also necessary to show the robot outline and clamping 
fixtures and to take the robot through the sequence of actions, from preliminary 
datuming to the full cutting procedure. Each time a cut is performed it is desirable to 
show the robot motion and the resulting cut surface. The surgeon can thus ensure that 

the robot envelope will not hit the patient and that the cuts will not damage adjacent 
ligaments. 

4.5.2 Intra Operative Steps 

The infra operative steps are to first clamp the patient; locate and clamp the robot in the 

vicinity of the knee; datum the robot to the knee, machine the knee bone and then 

unclamp the robot and the patient. 

4.5.2.1 Overview of the operational procedure: The operational procedure is first to 

position the prepared and anaesthetised patient on the table with the knee flexed and 

clamp both hip and ankle with reference to the table. At this stage the surgeon carries 

out the preliminary incision by hand, exposing the site, removing osteophytes, etc, 
freeing the ligament from attached soft tissue and retracting ligaments and tissue from 

the region to be machined. The robot is then positioned and clamped relative to the 

table. Whilst a small robot could be positioned on the table itself, it is likely it would 
be in the way of patient manipulation. Also the table would require strengthening 

since modem tables are lightweight and flex readily. Further, if emergency access is 

required for the patient, the robot would be time consuming to remove. A simpler 

procedure is to place the robot on its own wheeled table which can be clamped to the 

operating table and its legs lowered to the floor. This allows a stable platform which 
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can be readily removed. A clamping system is then attached from the robot to the 
knee bones. 

The robot must then be datumed to the pre operatively positioned landmark pins so 
that the robot programme and pre operative CT scans (with associated 3D model) can 
both be datumed together with the current position of the tibia. The robot program for 
the patient is then displayed on the computer screen together with the preliminary set 
up routine. The surgeon checks that all is correct and then agrees the first cuts for the 
tibia. The robot carries out the sequence, interacting with the surgeon appropriately 
and obtaining his agreement to each stage. When the cuts are complete, the robot is 

redatumed to the femur and the femoral cuts completed in a similar manner. The robot 
is swung clear of the knee and the prosthesis inserted. The clamps at ankle and knee 

are released and the knee flexed and straightened to verify the correct fit. If necessary, 
the leg is reclamped, the robot redatumed and further cuts are taken. (For this reason, 
no datuming features should be used which are subsequently destroyed by the 

machining process, unless their equivalent unique feature is entered into the data base 

as a replacement). 

4.5.2.2 Fixation of the leg: The leg is required to be rigidly positioned and 

immobilised in clamps with the knee flexed at approximately 90°. Clamps at hip and 

ankle provide a fixed reference to the operating table whilst clamps at the knee must 
hold the tibia and femur so that they can be adjusted to give the desired orientation and 

alignment of the leg to which the robot can datum. Since leg clamps are necessary, 

there may be merit in providing them with sufficient precision adjustment that the base 

of the robot no longer needs to have a separate adjustment. The ankle cast described 

in 4.5.1.1 is used for fixation of the ankle. A similar device could be used at the hip. 

However the soft muscle and adipose tissue of this region means that a local cast 

would not give good fixation, particularly in torsion about the axis of the femur. Also 

such a cast would be very time consuming to produce. An alternative and better 

procedure proposed by the Chicago group, is to use a commercially available vacuum 
bag that hardens and moulds to the shape of the lower back contours of the 

patient[271 " This type of bag is usually used to help prevent pressure sores, but in 

this instance allows the patient to be held rigidly in translation by using a padded 

clamp over the pelvis, whilst permitting flexing of the knee when the surgeon releases 

ankle and knee clamps. The pelvis and ankle locations are not very critical since 10 

mm of motion there results in approximately 10 rotation of the bone at the knee. 

The knee fixation must immobilise the proximal femur and distal tibia separately with 

respect to the robot base and is crucial to the accuracy of the cuts. Each fixator 
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requires 6 degrees of freedom to allow free positioning to align the leg and also 
position the knee bones relative to the robot base. Alternatively some degrees of 
freedom of clamp may be avoided by providing them on the base of the robot. This 
has the merit that the process of fixing the leg alignment can be carried out separately 
from positioning/orienting the robot axes. Clamping to the bones is difficult because 
the clamps must be firm, but not get in the way of datuming and subsequent 
machining. 

The approach favoured by the Chicago group is to grip the distal shaft of the exposed 
femur with a small bar clamp with pivoting jaws. For the tibia, a rod is placed down 
its central canal. Both clamps have a protruding post that allows connection to the end 

of a rigid arm [27]. The exposure of the bone in each case is considerably more than 

would otherwise be required. An alternative approach is to use the two fibreglass 

casts used for datuming at femur and tibia which were described in 4.5.1.1. However 

the forces now required for fixation are considerably greater than for datuming and so 
the light screws for datuming would need to be replaced by much heavier, more 
invasive, screws at the preoperative imaging phase. Alternatively the fixation screws 
for the casts could be additional to those of datuming and could be positioned intra 

operatively to give additional strength to the fibreglass clamps. The compromise of 
fixation strength, invasive procedure and required accuracy of fixators is one that can 

only be determined by clinical experience. 

4.5.2.3 Datuming of landmark pins and features: As discussed in section 4.5.1.1, 

the accurate intra operative registration of the robot reference frame to that of the pre 

operative imaging and modelling is the key to achieving an accurate procedure. The 

procedure adopted by a number of groups is to use landmark pins which have unique 
features that can be visually identified in images and infra operatively by the robot by 

physical touch. The Chicago group use titanium screws with a chisel point groove 

machined into the tip and an inverted cone recessed into the head1261. The robot 

carries a pointer which is guided under force control to accurately locate the pointer 
into the button of the cone. 

The Robodoc hip surgery group [ 16], on the other hand, have a `ball in cone' strategy 

which requires only a small hexagon socket head screw to be lightly screwed into the 
bone so that the head is embedded in soft tissue. A ball on the robot pointer is 

dropped, by the surgeon, under free force control into the hex socket to give the 

approximate centre of the pin. The normal to the pin is found by placing a stand off 

pin into the hex socket and finding its centre. The robot then enters an automatic force 

mode so that it is free to move at zero force in the plane of the pin head face but can 
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apply a desired force normal to the head. The robot then moves in the normal 
direction to the head to apply the desired force, whilst searching for zero force parallel 
to the head face. This ensures the ball is centred in the hex socket whilst under its 
own drive system so that hysteresis in the joints etc, can be consistently taken up. At 
this point the robot logs its position coordinates. This gives accuracy better than that 
achieved when the surgeon pushes the ball into the socket because the direction of 
approach and the take up of backlash may be slightly variable. For this reason, of the 
two methods of pin datuming, the Robodoc system seems preferable to the Chicago 
method. 

The use of the tibial and femoral fibreglass casts, detailed in 4.5.1.1, permits an 
alternative approach to robot datuming. A 20 mm square recess can be provided in 
each cast to take a square pin that sits down to a shoulder. The square pin held in the 
robot, could thus datum the robot with reference to each of the tibial and femoral 
casts. If the square recess is accurately located with reference to the locating screws, 
only one datuming action is required of the robot per cast, making the process much 
simpler. 

The use of the ankle cast, detailed in section 4.5.1.1, to carry a rod extending to the 
knee, ensures that the robot can check the alignment of the ankle with the knee. This 
is achieved by touching a recess in the end of the alignment rod in the vicinity of the 
knee, without needing to reach to the ankle. This ensures that only robot motions in 
the region of the knee are needed, leading to the design of a small reach, low cost 
robot. 

The invasive nature of fixation pins has led to the desire to use anatomical features for 
datuming. To investigate the accuracy of this method it is intended to use it in addition 
to fixation pins. Two types of anatomical mapping are to be used. The first relies on 
the identification in 3D of a unique feature taken from the 3D model and taken 

operatively from the anatomy. The edge of the femoral condyle gives such a feature 

and provides a third datum point on the femur, in addition to the 2 side pins. The 

other type of anatomical mapping is that used by the group in Grenoble[581 and 

referred to in 4.5.1.1. The robot touches some 10 points on each of the tibial plateau 

and the femoral condyles to provide a `map' of the local surfaces. The 3D data base is 

searched for a corresponding map and a registration of the two takes place. The robot 
is then aligned to the newly registered map. 

4.6 The Robot 

In order to carry out the feasibility study, it was first necessary to consider the 
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machining task requirements, the motions that would result and the design of robot to 
achieve these motions. 

For the feasibility study it was proposed to design a special purpose knee surgery 
robot, with motions specifically configured to only move in the region of the knee for 

cutting and datuming (see 4.5.2.3). Thus it is hoped to avoid the problems of 
industrial robots by using mechanisms designed specifically for the task, which are 
mechanically constrained, of relatively low force to power ratios, are small and are 
low cost. It is felt that this approach has a greater chance of immediate clinical 
application than the use of `generic' industrial style robots. 

As discussed in chapter 2, the use of passive "robots", which can be locked in 

position to act as a locating jig whilst the surgeon manually manoeuvres the cutting 
tool, is being favoured by surgeons in the early years of activity. Whilst this is an 
approach which may be of benefit in knee surgery, (particularly if the device is 

clamped to the femur and tibia directly, avoiding much of the generalised datuming 

and clamping), the purpose of this project was to investigate the use of an active 
robot. However, the complexity and number of active axes can be reduced if the 
robot base axes are configured as passive pre-positioners. 

4.6.1 Implicit force control 

A further general consideration is whether the robot should be controlled in position or 
force mode. The discussion in 4.5.2.3, concerned with datuming the robot to the 
landmarks, emphasises the need for a force control system for datuming. However, 

an additional benefit could come from using force control for machining. 
[112,1131 

If the robot is programmed to allow motion over a small region in force control, the 

surgeon could hold the motor of a rotary cutter on the end of the robot and move it 

over the bone to cut an appropriate region. The surgeon would then be able to `feel' 

the cutting forces exerted when machining the bone. If the motion were prevented 

outside the region by the robot automatically switching into stiff position control, then 

adjacent delicate areas, such as ligaments, could be prevented from being damaged. 

This approach would not only ensure safety and give the surgeon direct control over 

the procedure, but would give the ability to sense the resistance to cutting harder 

regions of bone, allowing the surgeon to reduce the cut or slow down the rate of 

traverse where appropriate. The traditional problems with `active' force control are 

that it is difficult to achieve fine, fast motions whilst having a stable system[114- 

117] This is further compounded when compliant motion is required. 
[ 118-121] 

However a technique called `implicit force control' is intrinsically stable and has not 
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problems of traditonal force systems. l112] 

Essentially, implicit force control uses the concept of defining a central region in 

which it is safe to be located. This is a region of low force control, in which only the 
resistance to back drive the robot motors is felt by the surgeon when moving the robot 
wrist. The robot current position is compared with the permitted region and allows 
low force control within that region. Outside the permitted region the servo switches 
into high gain position control which provides considerable resistance to motion. If 
the arm is pushed outside the permitted region, it simply bounces back into the central 
region. Because it can remain anywhere in that region, it does not search for a 
particular location, thus avoiding the `hunting' and instability of traditional active force 

systems. It was felt the the potential advantages of force control were sufficient to 
justify the investigation of this novel and difficult area of control. In the event of 
failure to achieve adequate response times and control, then it would still be possible 
to machine the bones under the more conventional position control. It is interesting to 

note that this technique uses an active robot for control of the region of motion in a 
similar way to that recently proposed conceptually by Trocaaz et al using a passive 

robot arm [60,122] 

4.6.2 Robot Design 

The type and range of motions and hence the kinematic design of the robot, are 
dependent on the nature of the task. 

4.6.2.1 Task specification: The task was limited to the accurate machining of the tibia 

and femur to accept a range of prostheses. Although the eventual prosthesis to be 

used for a minimally invasive approach was to be of the unicondyler (or 

"unicompartmental") type'1231 (see 4.3), it is intended first to work with the 

"Howmedica Kinemax" total knee replacement (TKR system) [ 1241The prosthesis 

components consist of a femoral and tibial titanium implant, together with a plastic 

component that clips to the tibial surface in order to slide on the highly polished 

surface of the femur during knee flexion. (Fig 4.3). The thickness of the plastic 

component can be chosen after fitting the metal parts, in order to give a fit that is 

neither tight when the leg is fully straightened nor too loose in full flexion. 
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a. Howmedica Total Knee Prosthesis 
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Fig 4.3 Typical prosthetic Knee Components. 
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In conventional procedures the appropriate fit and alignment of the metal components 
is achieved by selecting a series of jigs that must be applied in strict sequence to first 
drill initial holes for guide pins and then cut a number of flat planes with a thin 
oscillating saw. The size of prosthesis is chosen to fit the knee size, as determined 
from preoperative radiographs. Appropriate sized jigs and fixtures have to be 

available for each operation. The use of robots will remove this requirement, together 

with the need to remember the strict sequence and method of applying the jigs. Whilst 
it will be possible eventually to design any shape of cut surface to suit new designs of 

prosthesis, within this project it was intended only to reproduce the shapes provided 
by existing jigs. 
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by existing jigs. 

For the Howmedica Total Knee Replacement system the recommendations for leg 
alignment are for a standing knee valgus ("bow-legged") of 5 to 8 degrees with the 
tibial component having 0 to 2 degrees of varus ("knock-kneed") tilt compared to the 
long axis of the tibia in the frontal plane and with a5 degrees posterior slope[ 1251 

' 
Using data from the 3D model, the features that must be machined for the prosthetic fit 
(as distinct from conventional jig alignment) are as follows. With the tibia at 45 
degrees to the horizontal and the knee flexed at 90 degrees, a flat plane cut is first 
made across the whole tibial plateau with a5 degrees posterior tibial slope. Care is 
taken not to cut into the region of the posterior cruciate ligament at the centre of the 
tibia, where a recess in the prosthesis locates around this feature. Two angled slots 3 
mm wide are then made in the tibia plateau at 120 degrees inclusive angle, to provide 
location for a fin on the prosthesis and a hole 8 mm diameter is drilled at the junction 
of the slots for a pin location. 

Following preparation of the tibia the robot is redatumed to the femur and the femur is 

machined. The knee is maintained flexed 90 degrees, and a8 mm diameter horizontal 
hole is drilled centrally in the distal femur in-line with the medullary canal, to take the 
femoral locating pin. A face orthogonal to the pin hole is machined across the 
condyles at 7 degrees to the femur axis to give a7 degrees knee valgus. Two anterior 
and posterior cuts parallel to the pin hole are then taken, together with two chamfers at 
45 degrees to the pin hole. This completes the cuts required for the femur prosthesis. 

The number of axes on the robot to carry out the above cuts will depend on the nature 
of the cutter. If the cutter is of an end-mill type that can cut on its end and periphery, 
then orthogonal cuts can be taken on side and end faces of the cutter without the need 
to rotate its axis. 

4.6.2.2 Motion Requirements: To avoid cutting the femoral connection of the cruciate 
ligament, it is necessary to cut the posterior face of the femur using a horizontal 

motion (cutting with the periphery of the end mill) either side of the central ligament. 
A parallel horizontal cut with the side of the cutter would produce the anterior face 

without reorientation of the cutter. The vertical face could then be achieved without 
changing the cutter orientation, but using the end face of the cutter, the posterior angle 

cut would require the axis of the cutter to be moved through 45 degrees to approach 
from the front. The anterior angled cut could then be made with the end face of the 

cutter without changing the cutter orientation. Thus the motions can be achieved with 

minimum reorientation of the cutter. If a small diameter cutter is used then its end face 

would be small, taking longer to produce cuts than with the side. However, assuming 
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side. However, assuming a reasonably large cutter, all the faces could be produced 
with only one change of cutter orientation. The only tool change for the femur would 
be the substitution of the 8 mm drill at the start for the 10 mm diameter end mill used 
subsequently. 

Similar consideration of the tibia reveals that the orientation of the cutter for drilling 

and slotting will have to be 70 off the tibial axis. Since the slot is 3 mm wide, a 
separate end mill of this diameter will be required from the 8 mm diameter drill. The 

periphery of a cutter, passed across the tibial plateau at 70 to its face, could produce 
the necessary cut, provided it could move around the cruciate ligament region. 
However given the need to drill along the tibial axis, it would be easier simply to 
change the drill for a 10 mm end mill and cut with the end face. This would allow all 

the activity for the tibia to be carried out with a 7° off the tibial axis orientation. 

Thus assuming a cutter axis can be placed at the tibial plateau, (ie orthogonal to the 

tibial axis), the cutter needs to swing from -70 to + 1350 (or + 900 if the anterior 
femur angle is cut with the end of the cutter). The cutter axis generally needs to lie 

along the axis of the leg, with only 80 motion to account for the valgus orientation. 
Thus the angular motions required are minimal. 3 linear orthogonal motions of 10 cm 
cube total would give the required range, provided the initial datuming could be 

proximal to the knee and the cutter could be positioned in line with the leg and adjacent 
to the knee. This latter requirement implies an adjustable base which can either be 

passive, possibly with position encoders, or a totally active system. It would be 

possible to achieve the required cutting motions with 3 linear axes plus one rotation, 
provided the necessary motions were available on the adjustable base. In theory, 6 

degrees of freedom are required to give full position and orientation and hence only a 
further 2 axis are required at the base to complement the 4 axes for the cutter. 
However, this would require the 3 orthogonal powered axes to be so large that it 

would preclude the desired small precise robot structure. It will therefore be necessary 

to have redundancy, with 3 long passive orthogonal axes plus 2 axes of rotation fixed 

to the robot base, to position the base next to the table and also align with the tibial and 
femoral axes. 

The desire for the surgeon to hold the cutter motor on the end of the robot and move 

the robot linkage under force control, also constrains the kinematic design. To retain a 

sense of `feel', inertias and friction forces must not be too large. Thus if a planar 

motion is to be provided by 2 rotations, it is better to have a4 bar `pantograph' type of 

linkage driven by 2 motors at the base. The alternative of having two serial links, 
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each with motor attached, would result in having to move not only the second linkage, 
but also its drive motor attached to the first linkage. A further need is to provide, 
where possible, rotations rather than linear motions. This is because trying to back 
drive a distal linear motion results in a moment which tends to cause the axis to jam, 

causing rotary motions to take place in preference. The only place that linear motions 
should be used therefore, is when their axes pass through the cutter. 

The use of force control in heavy, gravitationally loaded linear joints also causes a lack 

of feel of cutting forces. Mass counterbalancing helps, but the increased inertia 
degrades the sense of feel, hence a spring counter balance system is advisable under 
these circumstances. Two possibilities exist for a vertical motion structure to give 
good feel. One is to position a long vertical axis at the base to give a gross position 
near to the alignment of the knee and to use a short parallel vertical powered axis at the 

cutter itself to allow back-driving under force control. An alternative, simpler, 
strategy is to use a gross vertical powered motion at the base and have a sprung loaded 

vertical "dead zone" at the cutter. The use of the latter would permit the vertical base 

motion to be moved down by the depth of a cut. However the cutter and its motor 
could be held up by a spring so that a cut is only taken when the surgeon pushes the 
cutter down to an end stop against the spring. This gives the surgeon direct control 
over the immediate cut. The length of the dead zone travel could be controlled by a 
screw thread, to control the total permitted depth of cut. 

4.6.3 Feasibility Study 

In order to demonstrate the feasibility of the impIcit force control system, discussed in 
. 

section 4.6, it was decided to attempt to machine the tibial plateau of a plastic knee. 
Also to be machined were a3 mm slot to take a locating fin and a8 mm diameter hole 

for a locating pin on the-Iowmedica `Kinemax TKR' prosthesis[ 1241 

4.6.3.1 The UMI robot arm: In order to obtain a first approximation of the 

requirements, it was decided to use a suitable commercial arm. The UMI robot 

armt1871' was chosen as being most suitable because it was of the right size and had a 

vertical axis with a `scara' robot style of radius vector reach, similar to the needs 

outlined in 4.6.2.2. A new transputer based product was being developed which 

promised to have the necessary fast communication response rate. 

An arm was purchased without the wrist axes. Into the wrist motion bearing was 

inserted a DC electric motor which rotated an end mill cutter at 7,000 RPM. The 

surgeon could thus hold the motor and push it in a horizontal plane. With no power to 

the drive motors, the gear ratios and friction were such that the system could be back 
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driven with 3 Newtons force. This was thought suitable for a trial. (Fig 4.4) 

The controller was programmed in `C' to allow the 2 horizontal arm segments to be 
moved through a plane under implicit force control, with zero current demand in the 
permitted region. When the arm position encoders reached predefined, independently 

programmable values, the control system switched to high gain position control. The 
`zero current demand' region gave a low force of 3.5 Newtons. However, to achieve 
reasonable response rates and a high force under position control, the servo gain had 
to be sufficient to give instability when the servo step changed to position control at 
reasonable speeds. A transition region at each end of the stroke was therefore 
implemented to give a `ramping up' of force between the zero force and position 
control regions. (ie, between xl and x2, see Fig 4.5) 

The slope of this region could be tuned, with variable damping, so that the transition 
was stable. However, if the user thrust vigorously against the software stop, 
overshoot occurred. The servo, in correcting for the error, over compensated to push 
the cutter back into the permitted, low force control, region. A strategy was 
satisfactorily implemented for regular shapes, such as circles and squares, and for 

more complex tibial shapes that would allow rapid machining of an inner area with 
only a small amount of overshoot (Fig 4.6a). A second, software redefined, clean up 
cut around the periphery (at slower traverse rates) resulted in a controlled precise cut 

with no overshoot. (Fig 4.6b). The depth of cut was controlled under position control 
only. 

4.5.3.2 The special purpose robot system: The preliminary results on the UMI 

system were sufficiently promising to justify development of a special purpose system 
consisting of a new transputer based controller from Optimised Control Ltd which 

was initially used to control a2 axis motor encoder gearbox system from Harmonic 
Drive Ltd. The 50: 1 ratio harmonic spline gearbox had very low friction and 
hysteresis but could be back driven readily. The force control results were very 
promising with a position control stall torque of 6 Nm, whilst in the low force region 

a torque of only 0.6 Nm could back-drive the cutter without instability at the end of its 

stroke. Fig 4.7 Shows the force and displacement characteristics in the x and y 
directions against time, when a circular motion of 20 mm radius is operated by hand 

at the tip of the 2 link manipulator. Fig 4.8 shows a photo of the preliminary 
implementation of the special purpose system. 

110 



I 

Fig 4.4 The UMI Robot Arm, Shown Machining Plastic Knee Bones Using a Rotary 
Arthroscopic Cutter. 
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Fig 4.5 Design of the Control Gains for a One Degree of Freedom System 
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Fig 4.6 Diagram of a typical Machining Process 

b 
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4.7 Conclusions 

This chapter discussed the general problems associated with hard tissue surgery. 
The problems were then discussed of traditional techniques for machining knee bones 
for the fixation of prosthetic implants, together with the potential benefits that could 
accrue from robotic procedures. The general requirements for using a robot in 
orthopaedic procedures were considered and shown to be quite different from those 
for soft tissue. The need to carry out preoperative imaging together with 3D 
modelling is of importance in planning the procedure. This gives rise to difficulties in 
registering the pre operative model with the intra operative leg and robot positions. 
Various techniques for clamping the leg using datuming cuffs and landmarks were 
also discussed. The benefits of using intra operative monitoring of both tibia and 
femur positions were also pointed out. 

The shape of cuts for a number of prosthetic implants are generally similar and the 
requirements for a `Howmedica' TKR implant were detailed. This led to an 
evaluation of the robot motions and stroke lengths required to cut the bones for the 
implants. It was shown that, provided that datuming systems could be used to allow 
ankle and thigh alignment to be checked in the vicinity of the knee, it is possible to 
achieve the required motions within a 100 mm cube range. By using a fast rotating 
"end mill" type of cutter, that cuts on both periphery and end face, it is possible to 
limit the orientations of the cutter to 1 Euler (pitch) angle with 3 orthogonal linear 

motions. This assumes that the robot base can be passively or actively positioned at 
the correct location and angles of the knee, taking account of the need for the local 

angular orientations required of the prosthesis to achieve a knee valgus of 5 to 8 
degrees and 5 degrees of posterior slope of the tibia. 

The potential benefits of using `implicit' force control were outlined, in which the 

surgeon moves a cutter, attached to the end of the robot, within software 
programmable limits. This gives a sense of control and `feel' for the surgeon, but 

also allows the implementation of more traditional position control if required. A 

preliminary feasibility study was outlined in which a standard robot was adapted to cut 

a plastic bone to the required shape of the tibial implant. A transputer based controller 

gave a sufficiently fast response, using a PC programmed in "C", to give adequate 

stability with low force levels and positive end stops at the motion limits. A strategy 

was developed of a preliminary rapid pass over the internal region of the cut with a 
final, slower, clean-up cut around the periphery. 
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time, when a circular motion of 20 mm radius is operated by hand at the tip of the 2 

link manipulator. 
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Fig 4.8 Preliminary Implementation of the Special Purpose System. 
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Following these trials, a special purpose 2 degrees of freedom arm was constructed 
with Harmonic spline gearboxes and high quality servo motors and encoders. The 

arm was controlled by a fast acting transputer based controller with rapid 
communication to a PC programmed in "C". It is hoped, by the use of this system, to 
give high force limit stops but with low backlash and friction. At the same time it is 
hoped that the arm can be moved under low force control, with sufficiently rapid 
response that it is stable when hitting the software defined end stops, even when 
under high gain position control. 

Further work is required to demonstrate the effective use of the Harmonic Drive 

system in force control for 3 orthogonal planes. Subsequent to that the special 
purpose 4 axis robot will be designed and placed on a base that is capable of 
positioning, orientating and datuming with reference to the knee location. Alternative 

strategies will be evaluated for moving the leg clamps to precisely datum the knee, 

whilst using the robot base only to grossly locate the robot in the region of the knee 

using passive positioning. Following laboratory studies on this system, it will be 

necessary to conduct cadaver studies to ensure a good understanding of the clinical 
requirements before conducting clinical trials on patients. 

Only at this stage will it be possible to evaluate the real benefits of robotic knee 

surgery against the disadvantages of the imaging, modelling, clamping and datuming 

that are necessary for effective robot surgery. Following TKR prosthetic implants, 

further tests will then be possible for the more exacting task of cutting the shapes to 

mount a uni-condylar prosthesis. These prostheses require a partial spherical surface 

to be cut in the femoral condyle which requires simultaneous motion of a number of 

axes. The use of the relatively small uni-condylar prostheses could subsequently lead 

to exploration of the implementation of a minimally invasive approach to robotic 

surgery. Specially designed miniature uni-condylar prostheses could be inserted 

through small slits in the skin. The appropriate bone resection could be achieved 
through the holes previously used as access slits, to achieve a minimally invasive 

robot resection. The judgement of the medical community on this novel form of 
implicit force control robotic orthopaedic surgery is awaited with interest. 
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CHAPTER 5 

ROBOTIC SOFT TISSUE SURGERY. 

This chapter discusses the area of soft tissue surgery and contrasts its difficulties with 
those of hard tissue such as in orthopaedic surgery as discussed in chapter 4. The 
general implications for robotic systems are followed by a discussion of the possible 
role of robotics in minimally invasive surgery and telemanipulator systems. The 
chapter finishes with an in-depth discussion of computer assisted surgery applied to 
soft tissue in a project aimed at kidney biopsy. The project consists of two primary 
aspects. One is concerned with a method of obtaining numeric 3D data from a 
standard x-ray c-arm, the other is concerned with the design and application of a 
manipulator arm for use with the x-ray system for kidney biopsy. 

5.1 Introduction to Soft Tissue Surgery 

One of the major problems with soft tissue surgery is that when soft tissue is pushed 
by a tool, the tissue may move and may distort its shape in a non-repeatable way. 
Similarly, if cut, the resultant shapes may not resemble the original segment shapes. 
This is in contrast to orthopaedic surgery, where sections may be removed from the 

bone but the remaining bone is unchanged by the machining action[ 1251. Similarly 
bone can be rigidly clamped in a region local to a cutting action and the remaining 
bone will not move. This makes it a comparatively simple task to relate the resulting 
shape to that of the pre-operative image and model. Soft tissue, in contrast, can move 
and distort even adjacent to a clamp, thus making it difficult to track the shape of the 
resulting tissue when cut or pushed. Soft tissue is also more likely to move 
rhythmically in response to heartbeat and breathing. One example of this is in head 

surgery, where tests have shown that the brain moves rhythmically by 0.4 mm simply 
due to heartbeat. Similarly, if a large entry is trepanned in the skull, the resulting 
pressure changes can result in the brain moving by up to 10 mm. Similar changes can 
result if the patients head orientation is changed. To accurately specify the current 
location of the target, it is necessary to image the patient just prior to intervention. 

Another soft tissue area (discussed in section 5.3) is kidney surgery. The kidney is a 
discrete region that can shown up well on x-ray, particularly when the renal collection 

system is injected with a radio-opaque dye. Ultrasound can image the general region 
and so is used for biopsy purposes where tissue samples in a2 cm region are 

adequate. It is less useful in identifying specific locations such as a particular calyx 
which may contain renal stones requiring treatment. The kidney can move due to 
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patient orientation, to breathing and to external forces such as inserting tools. Tests 
indicate a1 mm motion due to breathing. This motion is usually minimised, either by 
the anaesthetist causing rapid, shallow breathing or by arranging to always use the 
same part of the breathing cycle, eg at full inhalation. Motions due to insertion of 
tools, and the resultant pressure from adjacent tissue, are manually compensated for 
by the surgeon imaging intermittently to see where the target is currently in relation to 
the tool. Sideways pressure is then applied to the tool in an attempt to "steer" it 

toward the target. Thus even for conventional surgery, intra operative imaging is 

necessary. For a robotic system, the high accuracy manipulator is only helpful if the 

current target position is accurately known. Thus periodic imaging is essential, intra- 

operatively, for robotic procedures to be able to accurately target the organ. 

The prostate is also a soft tissue organ. However this is constrained within the 

prostatic capsule and so adenomatous tissue tends not to move too much. However, 

as will be discussed in chapter 6, a robotised prostatectomy is best conducted using 

ultrasound data captured at the start of the operation, rather than using transrectal 
information obtained pre-operatively when the patient is in a different position. Even 

when in the same position as the operation, the pressure of a transrectal ultrasound 

probe can cause the posterior region of the adenoma to move and distort. Fortunately, 

the prostatectomy procedure is primarily one of pressure relief, rather than accurate 

resection over the whole adenoma. Thus it is sufficiently accurate to image at the start 

of the procedure, build a 3D model and then resect a central region, without the need 

to perform intra operative imaging to update the model for accurate resection. 

One of the major growth areas for soft tissue surgery has been concerned with 

minimal access surgery (MAS) sometimes known as minimally invasive therapy 
(MIT), particularly that which has been applied to the abdomen. Minimal entry 

wounds are made to access the operation site, in contrast to open surgery where major 
incisions are made damaging large regions of muscle tissue simply to gain access to 

the operation site. For MAS the abdomen is inflated with carbon dioxide gas 
(insufflated) and a rigid rod lens endoscope is inserted into the navel. 5 or 10 mm 

slits are made in the adjacent abdomen for the instruments to pass through. Because 

vision is limited, and there are concerns for the safety of manually held unrestricted 

cutting tools, this activity has been nominated for robotic applications as discussed in 

chapter 1 [126-132] However, because of the nature of soft tissue, force sensing 

and cutting issues need to be addressed before robot systems can be fully safe. 

5.2 Minimal Access Surgery for the Abdomen. 

A major area of minimally invasive therapy has been in abdominal surgery for 
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activities such as gall bladder removal. Here organs are free to move widely within an 
insufflated cavity. The direction of motion of the gall bladder when pushed is difficult 
to predict as the cystic ducts are connected at varying points on different patients and 
are hidden, embedded in soft tissue. In open procedures, it was common for the 
surgeon to excise the ducts from the surrounding soft tissue by exploring with his 
finger and when the resistance of a duct was found, gently prizing the duct free. This 
had the merit that the duct was seldom damaged and leakage of bile was a rarity. The 

more recent minimally invasive laparascopic procedures, however, require the 
surgeon to explore the region, using scissors and grippers on 400 mm long rods, 
accessed through sealed ports (trocars) in the abdomen. The sense of feel and position 
experienced by the surgeon holding the gripper handle is poor. It is difficult to 

precisely control the position of the end of the gripper and to detect a duct from soft 
tissue using a sense of feel. The endoscopic view of the site is usually excellent but is 

displayed on a TV screen from which it is difficult to obtain a 3D sense of the scene. 
It is also very difficult to visually determine the ducts from surrounding tissue. For 

this reason the author has proposed the need for a force sensor that can be passed 
down a trocar and act as the equivalent of the surgeon's finger in open surgery. 
Whilst the sensor will be beneficial to manual surgery, hopefully such force sensors 
can also be incorporated into robotic and telemanipulator surgical systems. 

5.2.1 Force Sensors for Minimally Invasive Surgery 

One possibility of determining the forces at the tip of the instruments is to measure 

them at an external force sensor adjacent to the trocar. This has the merit that the 

sensor could be shrouded in sterile drapes (provided it contained a sterile bush 

through which to pass the instruments). This would avoid the need to provide small 

sensors in a sterile environment inside the body cavity and has the merit that relatively 
bulky standard sensors can be used. However, with a trocar positioned around 
halfway along a 400 mm rod, the sensor would be trying to detect forces over 200 

mm away, at a position that pivots 30 or 40 mm about the trocar. Also the trocar acts 

as a seal for the insufflating gases and must tightly grip the rod of the instruments. 

Both features will cause a degradation in force sensitivity. 

A more sensitive location for the force sensor is at the tip, adjacent to the measured 
forces. This would either require sensors that are not only small but cheap enough to 

gas sterilise and throw away. (Sensors that can stand the autoclave conditions of 1200 

C for 10 minutes in a steam atmosphere are not yet available) Such small, cheap 

sensors are promised for the future, using VLSI manufacturing techniques, but are not 

yet commercially available. 
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An alternative is to shroud the sensor in a sterile sheath that passes out through the 
trocar, so that the non sterile contents are not open to the inside of the abdomen. This 
has the merit of simplicity but has the disadvantage that to be robust, the sheath would 
be thick, decreasing force sensitivity. Also the sheath would not allow the use of 
scissors or grippers and the force sensitive finger would have to be used separate from 
the grippers/scissors. However, if this acted as well as the surgeons finger in open 
surgery, the use of scissors in exposing ducts may not be necessary. Three 
orthogonal forces would be required: x, y and z. Unfortunately, if the sensors are 
grouped together this produces the same physical complexity as a6 axis transducer, 
whose cost is extremely high for the task, since the 3 moments are additionally present 
from 3 sensors. Whilst a6 axis sensor may be adequate for a preliminary trial, the 
size is generally much larger than required. 

To determinine the forces at the tip of the instruments it is therefore proposed to use a 
2 axis sensor for horizontal (x, y) forces, with a 3rd, separate, axial (z) sensor. This 

should be easier to configure into a low drift, simple device. In addition it is hoped to 
be able to use the same sensor to monitor forces on a scalpel to measure soft tissue 

cutting forces. The forces in attempting to cut through surface tissue (eg in pigs liver) 

rise until the moment of penetration and then drop to a much lower level. This is 

because as pressure is increased, the surface yields and deforms. Once the surface is 

penetrated, the energy stored in the deformed tissue is used to restore the tissue, 

moving it past the knife blade. 

This example shows the difficulty of controlling depth of cut using a scalpel with 
force sensing . For robotic and telemanipulator applications, rotary cutters have great 

potential for soft tissue surgery. 

5.3 Rotary Cutters for robotic soft tissue surgery. 

Whilst the scalpel is the traditional soft tissue cutting device for abdominal surgery, it 
is less suited to a robotised, powered system. Instead, rotary cutters are easier to 

configure for powered systems. Whilst rotary burrs are common for arthroscopic 

work in orthopaedic (hard tissue) systems, they are less successful in soft tissue due 

to their abrading action and the small clearances between the cutter tip and the flute. 

The Electrical Liquidiser and Surgical Aspirator (ELSA) is a rotary cutter consisting of 

a4 bladed forward facing 5 mm diameter disc revolving at around 40,000 RPM which 

has been used with limited success in a prostatectomy [133] It is initially capable of 

fast material removal. However it quickly picks up strings of fibrous tissue which are 

wound round the drive shaft causing the cutter to clog and stall. Attempts to install 

stationary blades as "chip breakers" have so far failed due to too much axial play in the 
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motor drive causing a gap to open between the rotary and stationary blades. This 
results in fibrous tissue jamming between these pairs of blades. If the fibrous tissue 
problem can be overcome, this will be an ideal cutting tool for robotic systems which 
can constrain the cutter within a safe area. However, manual surgery will require 
extreme care to only cut within the desired region. 

A similar need has been expressed for biliary duct surgery where the duct is blocked 
by tumorous growth. Conventionally, a flexible endoscope is entered through the 
mouth and stomach to be positioned in the duodenum. A guide wire is then inserted 
into the biliary duct and pushed through the blocking tumour. A stent is then passed 
down the guide wire to open the duct permitting the flow of bile to the duodenum 
whilst the tumour is treated radiologically. Unfortunately, in a number of patients the 
tumour grips the guide wire so tightly that the stent cannot be entered, because the 
forces required are too large to be exerted by the flexible endoscope whose only 
reaction force is exerted against the wall of the duodenum. 

In these circumstances it is normal for radiologists to enter externally to insert a guide 
wire, risking a number of complications. It is preferable to attempt to enter a rotary 
cutter over the flexible endoscope guide wire and ram a passage through the tumour to 
allow a stent to enter. To avoid burning the endoscope inner surface, the maximum 
speed has to be restricted to around 700 RPM. A similar function to the ELSA is thus 
required, but with lower speed and much lower material removal rates, but which is 

also able to pass over a central 0.3 mm guide wire. Further tests are being conducted 

on a range of rotary cutter configurations. 

In chapter 1, the merits were discussed of a linked manipulator arm to carry cutting 
tools, etc. on the end effector, compared to a surgeon holding a tool which has only 
position monitoring. The manipulator arm has the merit that it damps out vibration 
and spurious motion of the surgeon and can also be locked in position using brakes on 
the arm. 

5.4 Percutaneous Computer Assisted Surgery 

One way of overcoming the difficulties of robotic surgery systems in tracking soft 
tissue as it moves and deforms, is to involve the surgeon directly in the guiding 

process. This can be done (as in chapter 4) by using the surgeon to hold the robot end 

effector. This would allow the surgeon to move the robot to track moving/deforming 
tissue, but within constraints provided by the robot. Alternatively the surgeon can 

move and guide a passive computer assisted system. The latter has the merit of a low 

cost, safe, simple system that is appropriate for those surgical procedures that can 
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benefit from a tracking aid. Whilst it is possible to attach tracking markers to 
freehand tools (as discussed in chapter 1), if it is necessary to lock tools in position 
then it is better to clamp the tools to the end of a linked manipulator arm whose joints 

can be locked. Either of these systems will be useful for percutaneous computer 
assisted surgery and can be used to open up a track in any region of soft tissue, eg. 
lungs, liver, etc. A passive manipulator arm, whose joints could be locked, was 
adopted as an aid to kidney surgery. 

5.5 A Kidney Biopsy System 

A kidney biopsy system is challenging because of the kidney's mobility and the 
compliant nature of the surrounding tissue. These difficulties are not as pronounced 
in those organs where there is a constraining mechanism, such as in the skull in 

neurosurgery or in the capsule of the prostate (discussed in chapter 6). The need for a 
computer assisted biopsy system arose because surgeons expressed the desire to be 

able to carry out the procedure themselves in the operating theatre[134] 
Conventionally, kidney biopsy is carried out by radiologists in the radiology suite. 
The radiologist opens a track to the kidney by inserting a thin cannula into the kidney 

and then taking a biopsy sample. If further surgery (eg removal of renal calculi) is 

required, the patient is wheeled from the radiologist suite into the operating room 
where the surgeon generally has access only to a simple x-ray c-arm for imaging the 

task. The c-arm is suitable only for qualitative imaging and generally does not permit 
quantitative data to be taken. If the needle must be relocated, no precise imaging 

system is available. Alternatively the surgeon may undertake the whole procedure in 

the radiologists suite, to ensure quality imaging, but compromise on the available 

urological facilities. Our surgeon wished to be able to carry out the complete 

procedure himself in the operating theatre, with the assistance of a computer and 

manipulator arm whilst using the commonly available c-arm for guidance. 

5.5.1 Conventional procedure for opening a track 

If a track is required to be opened up in order to take a biopsy sample of the kidney, 

then the sample is usually 1 to 2 cm long and its location is not critical as long as it is 

in the region of the suspected tumour. The precision required is thus not great and it is 

usually acceptable to use ultrasound, in spite of its granular image, since continuous 
US imaging infra operatively can be used safely. For more precise tracks, however, 

such as are required for targeting a particular calyx of the kidney, the superior imaging 

detail of x-ray fluoroscopy is necessary, often with the addition of a radio opaque 

contrast medium to outline the renal collecting structure [ 135,136] 
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The needle consists of an inner stilette and a hollow outer sheath, both of stainless 
steel. An additional outer teflon sheath may also be used. Once inserted into the 
kidney, the stilette may be withdrawn to allow a guide wire to be passed through the 
outer sheath to permit dilation. The outer sheath is withdrawn and dilators of 
gradually increasing diameter are slid over the guide wire until the desired track 
diameter is established. An endoscope and a range of grasping instruments can then 
be passed through the dilator to grasp, fragment and remove the stones. 

To ensure the needle is inserted into the current location, the needle is first placed on 
the patient's back, pointing in the direction of the kidney, with the tip of the needle at 
the approximate entry point above the lower rib. An x-ray picture is taken to ensure 
the direction is correct. The needle is inserted a few centimetres and a further x-ray 
used to determine the orientation is correct. All these "plan" views are of a 2D nature 

and in order to ensure the needle is on target, a further 3D view is required. If the 
fluoroscope is a c-arm, then the head is rotated by some 15 degrees sufficient to show 

a partial side view of the needle and kidney from which the 3D orientation may be 
inferred. Alternatively, (and more usually) an over/under couch fixed head 

fluoroscope may be used in the radiologist's suite. Here the 3D nature of the view is 

formed by the radiologist inserting his hand under the patient to raise the kidney 

sufficient to form a slightly side view of the kidney. The parallax motion of the needle 

and the kidney are sufficient to infer the 3D nature of the scene. With practice and 

skill it is possible for the surgeon or radiologist to decide if the needle will hit the 

correct target and if not, pull back slightly, adjust the pitch angle by the requisite 

amount and re-insert the needle to correctly target the kidney. In the hands of the less 

skilled, many iterations are required, leading to many perforations for the patient and a 

large x-ray exposure. In addition the surgeon's hands are frequently exposed to x- 

rays and the damage has a cumulative effect. 

5.5.2 The Computer Assisted System 

The aim of the computer assisted surgery system was thus to provide a low cost, 

simple guidance system that can be used by the surgeon in the operating theatre. The 

surgeon required a facility which could image the kidney and provide 3D numerical 

data of the target. He needed to be able to use the target data to guide a needle to the 

correct location and, once there, have the option to lock the system in position. In 

addition to kidney surgery, the facility should also be applicable to other soft tissue 

surgery where guidance in opening the initial track is helpful, such as in thoracic 

surgery. These surgeon requirements imply, for the hardware, that the system had to 

be capable of providing 3D co-ordinates of the target organ, using a low cost imaging 

facility. These co-ordinates had then to be transferred to an arm which was capable of 
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carrying a range of tools in its end effector. The joints of the arm had to be monitored 
for position using small, low cost sensors and when in position, the joints had to be 
locked without displacing the arm. A computer display of both target and tool position 
was also required. The tools had to be readily locked onto the end of the arm, so that 
sterilised tools could be clamped in position intra-operatively whilst the remaining arm 
was covered by sterile drapes. 

5.5.3 The Manipulator Arm 

5.5.3.1 General design parameters: The passive robotic manipulator arm has to 
support a small range of tools and allow them to be positioned over a roughly 250 mm 

cube of space within a cone angle of approximately ± 60° to the vertical. A tip 
repeatability of around 1 mm is desirable. It is useful to be able to feel the resistance 
to the insertion of the needle into tissue and so some form of counterbalance for the 
arm weight is necessary using either compensating weights or springs. Since the 
needle is axi symmetric, only 5 degrees of freedom are required. The arm should be 

capable of being locked joint by joint, so that each link can be moved separately, or as 
a whole. Since the lock process needs to be as quick as possible this is best done 

electrically with a solenoid type brake. To avoid disturbing the position of the arm 
when applying the brakes, a powder coupling type of system is best in which the 
clamping action is gradual. Also the clamping action should be arranged to avoid 
pushing the joint over to one side of its location as this will disturb the desired end 
point position. The forces exerted by brakes of medium size and weight is limited and 
so, for extra braking capability, the brakes should be supplemented by a mechanical 
system that can be implemented where necessary after the electrical clamping. 

The working reach required is relatively small, however the arm has to be brought into 

the appropriate location on the patient. For simplicity and low cost, it was decided to 

simply move the base of the arm around and clamp it to the table. The alternative of 

placing the arm on a free roving trolley, alongside the table, or on a floor mounted 
stand, would result in a large structure which was provided simply to move the arm 
into the working location. It was felt that the low cost, small device requirements 
would be prejudiced by this approach and so, in spite of risks of cluttering the 

operating environment and possibly restricting patient access, the arm was mounted 

on the table. In order to allow the surgeon to hold the tool on the end of the arm and 

move it into position without restricting the freedom of motion due to kinematic 

restrictions, an open-chain "anthropomorphic" style of arm was chosen. Because the 

joints, sensors and brakes provide a large weight and also a high rigidity of the arm is 

necessary under often large side loads, the arm was made as a pair of 4 bar link 

structures (Fig 5.1). Whilst passive arms such as the I: SG viewing wand, are 
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commercially available they are primarily used for low force guidance systems such as 
in neurosurgery and their light and flimsy structure was thought inappropriate for 
kidney surgery. 

5.5.3.2 Manipulator kinematics: The 5 axis manipulator has the structure shown in 

Fig 5.1[137]. Axis 1 is at the base and provides a horizontal rotation of the whole 
arm about a vertical axis which is embedded in a heavy base to provide stability and 
contains a potentiometer to measure angle together with an electromagnetic brake. 
Shoulder elevation and elbow rotation are provided by motions about horizontal axes 
2 and 3 respectively. Both brakes and potentiometers are positioned at the base of the 
4 bar link segments in order to keep the mass as near the base as possible. The axes 4 

and 5 are placed at the wrist to provide an axial rotation about the forearm followed by 
the equivalent of a pitch or yaw, depending on the position of axis 4. A final roll axis 
was not required due to the axi symmetric nature of the tools used. Potentiometers 

and relatively small electromagnetic brakes were supplied directly on each joint. Each 

brake was a 24 v solenoid operated clamp designed to just hold the self weight of the 

arm and tools at full extent. Additional manually operated screw-down clamps on 

each brake permit the arm to withstand much larger disturbing forces. This strategy 

was adopted because the electrical brakes necessary to withstand the large forces 

would have been too large and heavy. Had only mechanical braking been adopted, 
then it would not have been possible to instantly lock each (or all) joint(s) with a 

signal from the control computer keyboard. The brakes are activated by a foot switch 

pedal, a second switch can sequentially select the joint to be locked or select all joints. 

The forward kinematic model was derived from a derivation of the Denavit- 

Hartenberg model. The origin of the reference coordinate system is placed at the base 

and is referred to as the robot coordinate system (RCS). The matrix representation for 

each subsequent joint is found culminating in the position of the needle tip for each 
joint angle. The 6th (needle) matrix is of a simple form representing the axi symmetric 

needle shape. The standard Denavit-Hartenberg has been modified to account for the 

non-parallel nature of the shoulder elevation and elbow rotation axes found in the test 

rig. Further details can be found in [1381. The forward kinematic model runs on a 

PC in Borland "turbo c". The more complex reverse kinematics, requiring matrix 
inversion, is not necessary since it is not required to follow a predefined path but 

simply to display where the end point of the needle is currently pointing. The virtual 

end point of the needle can then be displayed on the computer screen in order to align 
it with the desired target position, provided from the x-ray c-arm measurement. 
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5.5.3.3 Kinematic calibration: In order to compensate for physical inaccuracies 

in the arm it is necessary to carry out a calibration procedure [139-1411- This 

primarily compensates for the actual differences in link lengths and off sets from those 
used to form the forward kinematic model. Additional repeatable deflections, eg due 
to bending, can also be compensated for provided the arm is not significantly re- 
orientated in the gravitational field. However non-repeatable errors, such as those due 
to clearances in the joints, can not be compensated for. The original concept of 
calibration was to use the same device as for the calibration of the x ray c-arm (see 

section 5.5.4). This consists of a 250 mm hollow cube of plastic with a matrix of 
paired holes accurately machined into the surface. The paired holes enable a 
calibration probe to be fitted to the end of the arm which contained 2 pegs to be fitted 
into the holes, thus ensuring a unique fully constrained position and orientation of the 
arm with respect to the plastic cube. Unfortunately, the spacings of the object proved 
to be too small to permit large joint displacements between adjacent readings and gave 
rise to errors. 

The use of the plastic calibration object was therefore abandoned and a single metal 

probe containing 2 holes was clamped to a milling table. The arm was placed on a 
table next to the milling table and the mill was used to move the calibration probe over 

a wide region, giving a much larger calibration volume leading to satisfactory 
accuracy. The calibration minimised the error between the measured value and that 
found from the forward kinematic calibration. The nonlinear forward kinematic 

calibration was implemented on a DEC workstation using routines from the NAG 

library. The arm is imprecisely made and has a large amount of `play' in its joints. 

The forward kinematic model exhibited an average 3D position error of 5.38 mm. 
The use of the plastic box and calibration software reduced this error to 2.3 mm. The 

final version, using the milling machine probe, gave an error of around 1.1 mm which 

was felt adequate for the task. Further details on the arm structure and calibration can 

be found in the reports of various MSc students supervised by the author [137-140] 

The prototype arm and calibration object are seen in Fig 5.1. The calibration process 

was also hampered by electronic noise in the position sensors, as discussed next. 
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Fig 5.1 The Computer Assisted Surgery Manipulator Arm and Calibration Object. 



5.5.3.4 Position sensors: In accord with the desire to produce a low cost arm, 
it was decided to use potentiometers to record the joint positions. These were 0.5% 
linearity, plastic film potentiometers, supplied with a regulated reference voltage. The 
signal was buffered, low pass filtered and fed to a 14 bit A to D converter card 
resident in the IBM PC. Alternatively, had high resolution encoders been used, they 
would have been costly and much larger than the potentiometers. An alternative of 
using low resolution encoders driven by "step up" gearboxes could have given 
adequate resolution, but would have made the drive complex and would have made it 
difficult, (at high gear ratios) for the surgeon to move the system easily by back 
driving the gears. 

Each potentiometer was calibrated using a dividing head to take readings every 1/2 
degree. Sixth and ninth order polynomials were fitted to the data. The system proved 
to be highly sensitive to electrical noise in the environment. The potentiometers were 
replaced by higher quality 0.35% linearity devices with signal conditioning mounted 
adjacent to the pots. An advanced 16 bit A to D card was used which includes control 
circuits, power regulation signal processing and optical isolation in a shielded box at 
the base of the arm. All analogue signals are shielded for maximum rejection of noise. 
The new potentiometers have each been calibrated using a servo motor, harmonic 
drive and encoder unit that supplies 200,000 pulses per rev. This permits the motor to 
be stepped through fine increments of angle and an accurate polynomal function fitted 

to each measurement. The sensor measurement system now performs well and has 
low noise. The prototype arm and calibration object are seen in Fig 5.1. 

5.5.4 The x-ray c-arm 

A x-ray c-arm consists of a x-ray generator and a fluoroscopic image intensifier with 

video camera mounted on opposite ends of a semi circular c-shaped beam. The beam 

can be rotated in its track to take images at different angles over the operating table. 
More expensive c-arms are built into a dedicated screening facility, with an attachment 
to the patient table that has an additional motion. Simpler, cheaper systems, readily 
found in most hospitals, have a mobile gantry which permits the c-arm to be used in 

several screening and operating departments. 

An Elscint mobile c-arm of this type has been acquired by the group at Imperial 

College (Fig 5.2). It is equipped with a Vidicon camera and utilises a standard PAL 

video signal format. An additional external video board, resident in the IBM PC, 

captures video frames as 8 bit grey level images with a resolution of 320 x 480 pixels. 
Image management is performed by special software in "Turbo C". The surgeon can 

capture images at will using either a foot switch, the computer keyboard or the mouse. 
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The images can be displayed on 2 video monitors. One is permanently connected to 
the c-arm and displays a live image; the other can display either the image in the c-arm 
frame store or one from the computer video board. For 3D navigation, the surgical 
tool trajectory is overlayed onto 2 or more patient images obtained from different view 
points. 

Unfortunately, distortion commonly occurs in cheaper c-arms. These can arrive from 

any of the 4 stages of x-ray projection, image intensification, video signal encoding 
and image digitisation. The first, x-ray projection, is external to the imaging process 
and will be discussed separately later. The other 3 sources of distortion are in the 
video to fluoroscopic part of the image process. 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, ie a personal computer'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 well established that video-fl uoroscopic imaging systems suffer from 

considerable distortion[ 142]. It can be readily appreciated that a calibration procedure 

which would attempt to model every physical process within this electronic 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 photomultiplier's input screen, is not accessible. It is 

therefore necessary to utilize as input the object that is being imaged rather than the 
image itself. To that end, a set of coplanar calibration points is placed on the image 

intensifier's front cover, which is the closest physically accessible location to the 

photomultiplier's 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. 

The internal calibration procedure consists of developing a mapping between the 

undistorted input "image", ie the calibration points, and the distorted output digital 

image. 
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Fig 5.2 The Elscint Mobile X-Ray C-Arm 
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Unfortunately the input image which forms on the photo multiplier input screen, is not 
accessible and only the output image is available in the system's digital memory. A 
known calibration object containing coplanar points is therefore placed on the image 
intensifiers front cover. These calibration points are mapped from the undistorted 
original "input" into the distorted output digital image. The Elscint unit exhibits an 
unusual amount of distortion particularly at the image edges, when compared with 
other units in collaborating hospitals but is typical of a unit's degradation with age. It 

was felt that if a satisfactory calibration procedure could be used for the Elscint unit, it 
would work with most units. 

The calibration object consists of 19 steel balls of 3.0 mm diameter placed in a 
hexagonal pattern in a sheet of perspex. The series of hexagons combine to form a 
larger hexagon inscribed into a 170mm diameter circle. The balls are coplanar within 
+ 0.05 mm and are measured in planar co ordinates to + 0.01 mm. The calibration 
point plane is the equivalent of an image that would form on an x-ray film placed at the 
same location. The calibration attempts to eliminate the electronic imaging process by 

synthesising image coordinates on this artificial image plane. A variety of global 
mapping techniques were applied which gave a mean error after correction of the 
"fluoroscope to video" part of the process of around 0.16 mm. This was considered 
quite good enough for measurement purposes. The corrected undistorted image can 
also be displayed on the computer screen, together with the projected needle and its 

line of action. Further details are given in [1431. 

5.5.5 Projection of the Views 

The biopsy needle is held on the passive arm and the coordinates of the arm are fed to 

a computer simulation of the needle so that it can be correctly positioned and oriented 

on the screen with reference to the robot base coordinate system. Simultaneously 

points on the kidney can be displayed on the screen with reference to the world 

coordinate system of the operating table. This is done by projecting the 3D images 

onto a 2D plane which has its own coordinate system (The inter relationship of the 

coordinate systems of the `world', the robot and the image has to be known). 

There are a number of methods of projecting 3D images into 2D. 

5.5.6 X-ray projection 

In addition to the previously discussed imaging distortions in the "fluoroscopic-image 

to video-image" conversion there is an element of distortion in the actual x-ray 

projection from the point source of the x-ray focal point through to the plane of 
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projection normally occupied by the x-ray film. Assuming their source is indeed a 
`point' and the x-ray film is flat, then the perspective projection can be derived using 
`pin-hole optics' to solve a matrix using 6 calibration points. However the Elscint 
unit has a focal spot of 0.6 mm and the photo multiplier tube has a curved input 
surface. These errors require a perspective projection matrix using more than 6 points 
to give a "best fit" throughout the volume of interest. Appliction of this approach gave 
a mean projection error of 0.12 mm on the artificial image plane. 

5.5.7 Registration of co-ordinate systems 

In the previous sections, individual coordinate systems have been discussed. 
However these have now to be integrated together to give one registration system for 
the c-arm and the manipulator(Fig 5.3). It is useful to review the various co-ordinate 
systems. The World Co-ordinate System (WCS) is located on (or just above) the 
operating table. Assuming the patient is fixed rigidly with reference to the table and 
that motion of the kidney referenced to the patients body can be minimised, either by 

choosing the same point in the breathing cycle or by using the anaesthetist to introduce 

controlled cessation of breathing, then the WCS can be used to refer to the volume of 
surgical interest. The manipulator has its Robot Coordinate System (RCS) located at 
the base of the arm. The tool can be related to the RCS by the arm forward 
kinematics. Since the arm base is clamped to the operating table, the relationship 
between RCS and WCS is fixed. The use of 2 coordinate systems has been retained 
because the use of the RCS was found to aid the kinematic calibration. The C-arm 

Coordinate System (CCS) is attached to the c-arm image intensifier and is represented 
by the image calibration object attached to the c-arm during x-ray calibration. The 

Image Coordinate System (ICS) is attached to the artificial image plane located in front 

of the image intensifier. The ICS is a 2D system that describes the x-ray projection 
image coordinates. 

One obvious way of providing a common registration system would be to fix the 

manipulator to the c-arm gantry. The only movement between the RCS and the CCS 

would then be the rotation of the c-arm bracket in its track. This would require a 

sensor to be fitted to the c-arm. The c-arm would also need to be modified to ensure 

the track could be repositioned repeatedly. The c-arm mobile gantry would require 

clamping to the operating table and the manipulator to the c-arm, thus invalidating 

warranties and making the system cumbersome to use. 
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wcs 

Fig 5.3 The Reference Co-ordinate Systems. 
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For larger floor mounted c-arms that have the screening table as part of the c-arm 
gantry, this would be an amenable solution but not for the smaller mobile c-arms 
commonly available in operating theatres. Since the latter is the primary target of this 
project, this registration solution was not adopted. Instead the manipulator was 
mounted on the operating table, making it a piece of equipment independent of the c- 
arm. This provides an add-on 3D navigation tool for the operating theatre, 
independent of the imaging facilities. The RCS is thus fixed with respect to the WCS. 

For view registration, most medical applications using x-rays use a number of 
calibration points clustered around the region to image 2 or more views and relate 
these to the WCS. In the context of kidney imaging, there is only a limited clearance 
between the patients back and the image intensifier. Also the back is too large to 

surround with a calibration cage and still remain in the image. The problem could be 

overcome by imaging the calibration object independent of the patient but with the 

same 3D configurations as for the surgical procedure. However this approach was 

abandoned because the gantry was not rigid and could not be repeatably repositioned. 
Also the axes could not be locked positively. Two procedures were therefore 

considered for intra operatively registering the WCS and ICS for each selected 

viewpoint 

The first approach was registration by contact measurement. It aims to relate the two 

systems of the world/robot and of the c-arm/image co-ordinate systems. The end 

effector 3D configuration is known in the RCS by virtue of the forward configuration 

model and in turn in the WCS by virtue of the extended model during calibration. The 

WCS must be transformed into the CCS where it may then be projected into the ICS. 

Since the c-arm will require at least 2 different 3D configurations for each image, the 
WCS to CCS transform must be carried out for each image. The transforms require a 

series of rotations and translations for the 3D co-ordinates of at least 3 points. In 

practice, more points are used and the over determined equations solved using a `least 

square error' approach. The points are logged by touching the needle tip on the end 

effector to the points on the 3D calibration plastic cube. These are then logged into the 

CCS and projected into the ICS and a transformation is made between the WCS of the 

needle tip and the CCS. 

Because the cube must be large enough to cover the volume that is to be occupied by 

the patient, it cannot also be used intra-operatively. For this a second calibration plate 

has to be used. This is part of the cube during preliminary calibration and is left on the 

c-arm image intensifier when the cube is removed, providing a common datum that 

links the intra operative referencing to the pre-operative calibration. A large number of 

experimental tests were carried out using the needle to touch the referencing cube. 
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Given an end of arm repeatability of 1mm with an angular variation of 0.17 degrees, 

the results were disappointing with an average referencing error of 3.5 mm. This was 
primarily due to the needle length of 250 mm. When in use by the surgeon, the needle 
tip is placed on the patient but it is the `virtual' extension of the needle trajectory into 
the kidney (typically an extra 150 mm) that is of interest to target the exact kidney 
location. When the extra 150 mm is added to the needle length, the average error 
increased to 4.1 mm. Because of the long needle length the contact registration 
method was deemed undesirable and a second method by image registration was 
investigated. 

Fig 5.4 The Image Registration Calibration Object 
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The image registration method uses a calibration object, held on the end of the 
manipulator instead of on the image intensifier(Fig 5.4). This then enables the steel 
balls on the calibration object (which is related to the manipulator and hence to the 
WCS) to be imaged directly into the ICS. The need for a CCS is then eliminated and 
replaced by a series of view-specific projection models. The calibration object is used 
intra-operatively and so must not obscure anatomical features. The calibration 
markers are therefore in the periphery of the image and the compact nature of the 
object limits the volume for which the calibration is accurate. If the target is a long 

way outside the calibrated volume the accuracy will tend to be poor. Because the gap 
in the Elscint x-ray generator and image intensifier is only 65 cm and the top of 
operating table is usually around 15 cm from the x-ray generator, for large patients 
there is little room. Also the image intensifier is usually placed as close to the patient 
as possible to give the maximum abdominal image. This implies that there are 

physical limits to the size of the calibration object. Using a 40 mm thick object tests 
indicated again that the accuracy was disappointing. An average error of around 2.9 

mm was found for the needle tip and 3.5 mm for the virtual extension of the needle. 
Further tests are underway to minimise this source of error. If this is not improved, 

CAS will not provide a significant improvement in the capabilities of manual 

procedures to justify the additional complexity of the process. 

5.6 Conclusions and Suggestions for Future Work 

Soft tissue distorts and moves in a way that is quite different to bone. For robotic 

procedures it is necessary to image the tissue at the start of the operation in the same 

conditions and orientation as the procedure. It is also helpful to image at intervals 

during the procedure to up-date the target position. Because of the mobile and 

unpredictable nature of the tissue, it is not a good candidate for automated procedures. 
Instead the surgeon must be present in the control loop to continually redirect the tool 

to the target. This may be as part of the robot control loop using implicit force control 

(as in the knee surgery project of chapter 4). Alternatively it may be as the guiding 
hand controlling a passive tool, as in the kidney biopsy project described in section 

5.5. 

One of the novel areas of soft tissue surgery is in abdominal minimally invasive 

surgery. This could benefit from the use of force sensors applied to tools. However 

these are difficult to implement due to sterility issues and problems in achieving 

sufficiently sensitive readings. A knowledge of cutting forces for soft tissue surgery 

is being obtained by instrumenting a scalpel on the end of the robot. It is hoped that 

this will be of benefit in telemanipulator or 'virtual reality' surgical systems. Robotic 

systems will be easier to implement if the soft tissue is cut by rotary cutters. 
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However, fibrous tissue tends to clog the cutters and so appropriately shaped small 
rotary cutters are being further investigated. 

A low cost passive manipulator arm, capable of carrying a tool and acting as a 
pointing and guiding device, has been provided. In order to permit this to be locked 
in position, electromagnetic brakes have been provided. To provide a rigid structure, 
capable of supporting large forces and carrying counterbalancing weights, the arm 
was configured as a series of substantial cross section 4 bar links. In retrospect the 4 
bar link configuration seems to work well, but the overall cross section of the links 
could be reduced without detracting from the necessary minimum stiffness. If the 
location of the base, reference to the patient, can be adjusted over a wide region to 
position it optimally near the target, the reach of the arm could be reduced by around 
half and still perform the tasks for kidney surgery. If the arm were to be used for 
larger regions, eg the lungs, or operative conditions require the base to be fixed in a 
non-optimal relationship adjacent to the target, then the present size is necessary. 

The action of the braking system proved reasonable. However the joint support 
system needs to be improved to ensure the joints do not pull to one side of the 
clearance when the brake is activated, as this tends to disturb the output position. 
Whilst this can be compensated for in practice by positioning to one side, so that when 
braked the end point pulls back the target, this is less desirable than designing out the 
clearance effect. The modified potentiometer system, with built in noise suppression 
and filtering at source, works reasonably well and provides a sensing system adequate 
to the task. Even with the additional electronics, it is cheaper than the equivalent high 

resolution incremental encoders. 

The tool holding device works well, with a simple action for connect/disconnect that 
should work adequately in the operating theatre. The calibration of the arm over a 
wide volume is promising, using the single target on a milling machine table and the 

arm on an adjacent platform that can be moved from one side of the table to the other. 
Previous attempts to use the plastic cube, used for image calibration, proved to give 
inadequate accuracy as the range of joint motions, when positioning around the cube 
faces, was too small for precise calibration. The new method indicates an average 

calibration error of around 1.1 mm is possible. However to improve on this figure it 

will be necessary to modify the design to considerably reduce the `play' in the joints 

without at the same time increasing the friction. Clearly this is possible, because high 

cost pointing devices exist with errors around 0.1 mm. However, apart from cost 
they would need modifying as they are usually not robust enough to carry brakes or 
high loads. 
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The imaging system calibration methods for distortion compensation were 
satisfactory. The "video to fluoroscopic" imaging part of the distortion compensated 
for non-linearities, with around 0.16 mm error. The point source concept of the x-ray 
projection introduced a further 0.12 mm error. These errors were made small by the 
very large numbers of measurements which are possible in off-line calibration 
methods. 

The registration between the position of the world coordinate system of the patient 
(and hence the robot) and that of the imaging system is the source of the greatest error 
of 3.5 mm in virtual needle tip position. This is due to inferring the measurement of 
tip position from the position of the sensed end of the arm mounting plate, from the 
geometry of the arm, the geometry (and rigidity) of the needle and from the forward 
kinematics. The length of needle (and particularly of its virtual extension to 400 mm) 
gives rise to a large position error if the mounting is only slightly misaligned or the 
needle slightly curved. The other main source of the problem is due to the x ray image 

of the position of the end of the arm being inaccurate, due to the limited depth of the 
calibration object on the arm which is restricted by the limited field of view of the c- 

arm. The latter objection can be overcome by using larger c-arms, such as those with 
an attached patient couch. However, this would prevent the use of the smaller cheaper 

mobile units available in most operating rooms which were the target machine of this 

procedure. 

An alternative approach would be to fix a series of radio opaque beads on known 

length bars to the patient anatomy above bones where they were not subject to too 

much soft tissue motion (eg on the lower rib) and use them as landmarks to touch the 

needle tip onto. The knowledge of the marked centres obtained from the image on the 

computer screen correlated with the actual tip position (given by the joint angles) 

should provide a more accurate system. Another alternative system is to use two thin 

registration plates containing markers, one above the patient and one just under the 

patient, spaced accurately a known distance apart. This would allow the top and 
bottom markers to be displaced a wide distance apart, improving accuracy. 
The problem is that since the the lower balls will be nearer the x-ray source, they will 

appear enlarged in the display, obscuring the patient details. It will therefor be 

necessary to place the lower plate in a thin sheath, so that the registration plates can be 

slid out of position after registration. The sheath will permit the removal of the lower 

plate without disturbing the patient position. 

Unless this referencing major source of error can be considerably reduced, the overall 

average error including 1 mm of kidney mobility, will be around 7.1 mm, which is too 

large to give any tangible improvement over current manual methods. Without such 
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such an improvement the use of the additional procedures involved in the passive 
manipulator system would not then be justified. 

The primary problem for the CAS guidance system lies in the accuracy of the arm. It 
is possible to improve this with a more costly and complex structural design. Since 

the errors in the imaging system and in calibration can be reduced by repetitive testing 
procedures for the particular system, then the arm registration is the major source of 
overall error. Assuming an improved arm accuracy, there is every reason to expect an 
overall accuracy of less than 3 mm. If this is achieved, the arm will have a useful 
role, not only in kidney procedures, but for procedures associated with a range of soft 
tissue regions, eg lungs, liver, prostate. 

The ability to guide a tool by hand, with both tool position and target displayed on 

screen, will simplify and make more accurate the targeting of soft tissue. The ability 
to lock the arm in position not only allows tools to be changed whilst retaining 

position, but also allows x-rays to be safely taken whilst the surgeon is out of the field 

of influence. This will permit the use of intra operative imaging which is essential for 

tracking the current position of soft tissue which can move during a procedure. 

The x-ray c-arm calibration procedures can allow quantitative measurements to be 

taken off a standard machine video output without the necessity to adapt the machine 

to give an output from the fluoroscope. This transforms the low cost c-arm, readily 

available in operating theatres, from a qualitative to a quantitative device. Further 

details are given in [143]. 

The kidney biopsy project has demonstrated a procedure for the use of computer 

assisted devices in soft tissue surgery. It has shown the critical area of registration 

requirements for patient, imaging and robot. The need to track soft tissue motion also 

requires many x-rays to be taken. This in turn requires joints that can be locked in 

position and implies the use of a substantial arm structure. If an ultrasound imaging 

system were used to record 3D tissue location, instead of x-rays, a hand held probe 

could be used. Brakes would not then be needed for remote firing of the x-rays and 

the arm structure could be substantially reduced. Indeed there would then be few 

reasons why the arm would give benefit compared to simply tracking the tool location 

using LED's. Current ultrasound facilities give poor images of the renal system and 

hence were not favoured. However, their use for other organs, eg lungs and liver, is 

more promising and should provide fewer problems than x-rays. 

This chapter has shown the wide range of problems to be encountered in soft tissue 

surgery due to the motion and deformation of the tissue, the need for constant 
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imaging, the difficulties of cutting, the need for force sensing, as well as the usual 
robot problems of registration to both patient and imaging system. 

An alternative approach to robotic soft tissue surgery is indicated in chapter 6 

concerned with prostate surgery. Fortunately the accuracy requirements are less 

severe in prostate surgery. The use of a robot system is still justified, however, 
because of the repetitive nature of the required cuts and the limited vision available 
through the endoscope. 
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CHAPTER 6. 

THE PROSTATE SURGERY ROBOT. 

This chapter describes research into a prostate surgery robot which was used clinically 
in April 1991. This was thus the world's first application of a robot in surgery, in 
which quantities of tissue were removed from a human patient. The work progressed 
through three phases; the first phase used a standard industrial robot to investigate the 
system feasibility. The second phase used a safety framework specifically configured 
to produce the required motions but powered by the surgeon. The third phase used a 
fully robotised system, based on the kinematics of the second phase safety frame, but 
with a computer controlled, motorised drive system. This final system was first used 
to resect a potato as a model of the prostate, before being used clinically on five 
patients for partial resection of the prostate. Laboratory studies have subsequently 
considered the incorporation of a transurethral ultrasound system to improve the 
quality of imaging information. 

6.1 Introduction 

As a result of the author's previous work on powered prosthetics and on rehabilitation 

robot arms[ 144,145], the Institute of Urology, London, contacted him in Summer 

1988 to see if it was possible to provide a robotic assistant for prostate surgery. 
Whilst this did not immediately appear to be the most obvious candidate for a robotic 
procedure, prostate resection subsequently proved to be ideally suited to a robotic 
approach. It was first necessary to specify the system requirements in Engineering 

terms with quantitative values for volumes of material to be removed, cutter 
trajectories and velocities, etc. This proved remarkably difficult because a surgeon's 
training is based upon an "apprenticeship" system in which the trainee observes a 
more skilled colleague for some time and then eventually emulates his motions. 
Procedures are directly observed through an endoscopic eyepiece and qualitative 
judgements are made about location of cut, depth of cut and cutting rates. No 

quantitative measures are taken; the gland is simply determined to be small (< 7 grams 

approx. ), medium or large (> 30 to 40 grams, approx) and the tissue removed is 

subsequently weighed to ensure that a requisite amount has been removed. 

The process of determining the exact sequence of actions for the procedure, and the 

underlying reasons for these actions, was further complicated by the communication 

gap between the two communities. Both robotic and surgical communities have a 
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very different background, each of which is rich in specialist jargon. This required 
many visits to observe the procedures in the operating room so that a gradual process 
of communication and understanding could be developed over the ensuing months. 

6.2 Transurethral Resection of the Prostate (TURP) 

Transurethral Resection of the Prostate (TURF) is currently the most common method 
of removing obstructing tissue from the urethral duct. Previous open surgery 
procedures required up to 10 days hospitalisation and several weeks of subsequent 
bed rest, purely to heal muscles that were severed in order to gain access to the site of 
the prostate. TURP is now a very common procedure. The procedure accounts for 
38% of all major surgical procedure carried out by American Urologists and is second 
only to cataract extraction as the major operation causing expenditure under Medicare 

[146]. TURP is the most common method of relieving urinary outflow obstruction 

resulting from prostatic enlargement and is regarded as a safe procedure [1471. It is 

estimated that a 40 year old man has a 29% chance of undergoing a TURP in his 

lifetime [148]. Enlargement of the prostate gland, causing urinary obstruction is most 

common in males over 60 years old [ 149,150] 

Fig 6.1 A Sagittal View of the Prostate 
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6.2.1 The Prostate 

The Prostate gland is a chestnut sized structure, situated between the bladder and the 
base of the penis with the urethra, leading to the bladder, passing through the gland 
[1511. Fig 6.1 shows a sagittal view of the prostate in which UD is the distal urinary 
duct and UP the proximal urinary duct. E represents the ejaculatory duct and V is the 
verumontanum at the junction of the urinary and ejaculatory ducts. Distal to the 
verumontanum is the sphincter mechanism. Both the sphincter and verumontanum 
most not be cut in prostatectomy. 

Damage to the sphincter mechanism during prostatectomy results in incontinence and 

occurs in up to 4% of patients [152]. Thus the area for resection must be confined to 

the area between the bladder neck (proximally) and the verumontanum (distally). 
Only adenomatous tissue should be removed from the prostate and typically only 38% 

of the preoperative transrectal ultrasound weight is resected[153]. The actual 
dimensions of the prostate, measured in a pre operative transrectal ultrasound 
assessment of the 40 patients who subsequently had a manual frame TURP (as 

described in section 6.4), were as shown in table 6.1. 

length 

width 
Anterior/posterior diameter 

Mean (mm) 
41 
52 
35 

Table 6.1 

Range (mm) 
29 - 59 
48 - 80 
33-60 

The enlargement of the tissue (or adenoma) is proximal to the verumontanum. Since 

the latter is clearly visible to the eye when using an endoscope, the verumontanum is 

used as a `landmark' by the surgeon to position his cutting tool. Thus cuts are made 

in the adenoma, reducing pressure in the prostate to give outflow relief, in a region 

which is always proximal to the verumontanum. 

6.2.2 A Traditional TURP 

The traditional method for TURP is to insert an endoscope through the centre of the 

penis and perform a cystoscopy, ie examine the gland and locate the veru and the 

bladder neck. The endoscope consists of an outer sheath (approx 8.5 mm dia) which 

contains separate channels for irrigant flow and for suction together with a light source 

and a rod lens. The lens is available with a number of viewing angles and provides 
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excellent vision of the region adjacent to the endoscope tip but does not give a view of 
more distant regions. Thus, as the surgeon moves from the veru towards the bladder 

neck, it is easy to lose orientation and it is then necessary to return to the veru to 
reestablish his location before returning to the previous site. This process thus takes 
considerable time, particularly in the less experienced, more junior trainee surgeons. 
Through the centre of the endoscopic passes an electrosurgical cutting loop (Fig 6.2) 

or `diathermy' which generates heat from electric current at high voltage (1500v) and 
frequency (500 kHz). A modern diathermy unit can provide power to around 400 W. 
However for prostate resection power levels of 120 to 180 W are typical. A control 

unit ensures a constant power versus load characteristic, which, by appropriate power 
selection, can be used both for cutting and for coagulation of blood vessels. Frequent 

coagulation is necessary even for small vessels, as bleeding can quickly obscure the 

endoscopic lens and the surgeon cannot safely continue until full vision has been 

reestablished. A continuous flow of irrigant fluid also helps to ensure good vision. 

Fig 6.2 An Electrosurgical Diathermy Cutting Loop 

144 



6.2.3 Why a Robotic Prostatectomy was requested. 

Since the procedure is usually carried out under full anaesthesia, for safety reasons 
there is a desire to minimise the operation time. Since this is a frequent operation, 
waiting lists tend to be long and so shorter operations would also help in this respect. 
More recently research has shown a significant increase in heart attacks following 
TURP. It has been postulated that this is due to the amount of hyperosmolar irrigant 

absorbed into the tissue during the operations[ 154,1551It is hoped that shorter 
cutting times will lead to less irrigant absorption and lower mortality rates. 

Thus, the reasons the surgeons wished to pursue a robotic solution to prostatectomy 
were (a) to reduce the operation time leading to an improved mortality rate and larger 
numbers of patients treated; (b) to lower the skill levels and training required by 

avoiding having to continuously keep track of the cutter location and orientations; (c) 
to provide a safer system by preventing inadvertent cuts being made in the region of 
the sphincter, the verumontanum or the prostate floor adjacent to the rectum; (d) to 
reduce the reliance on good vision; (e) to remove some of the postural strain on the 
surgeon's back and neck which traditionally causes long term problems. The eventual 
system proved to have an additional unforeseen benefit, (f) to produce a series of 
consistent and repeatable cuts so that more objective studies of the resected condition 
could be carried out in the knowledge that a regular shape and size of void had been 

created. 

6.3 The Preliminary Feasibility Study. 

6.3.1 Simulation of prostatic tissue 

It was decided to simulate the prostate in preliminary trials by using a potato to model 
the prostatic tissue. The potato is the preferred material used by trainee surgeons in 

that its consistency in cutting is most similar to that of the prostate, which is said to 
have a `bread like' consistency. It was felt that cadaver studies were inappropriate 

because the consistency of live prostate is quite unlike that of cadaver tissue. 
Similarly prostate studies using live animals are usually carried out on dogs which, in 

the UK, must be specially bred for the purpose. In addition to the cost involved, it 

was felt this would be inappropriate because the scale of the dog prostate would 

require specialist systems to be constructed. These would then need to be completely 

reconfigured for human use and would give no real indication of the problems to be 

encountered in humans. 
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6.3.2 The Endoscopic Liquidiser and Surgical Aspirator (ELSA) 

The cutter that was used in the preliminary study was of a rotary blade type, similar to 
that used in a miniature blender. This is known as an Endoscopic Liquidiser and 
Surgical Aspirator (ELSA)[133] It consists of a pair of blades of a suitable rake 

angle, which are driven by a 40,000 RPM DC motor. Tissue is removed at high rates 
and so, to avoid it being wound around the drive shaft, a chip breaker is installed 
behind the blades. However, to provide access for the drive shaft as well as irrigant 

tube and a large channel for chip removal, it is at this time not possible to incorporate 

vision within a device of less than 9 mm diameter. The ELSA device is, however, 

more suited to a robotic system than the traditional diathermic loop which can bend 

readily and even break and also can trap chips of tissue behind the loop. The loop 

also generates electromagnetic interference which can adversely affect both computing 

an d sensing systems. 

6.3.3 The shape of tissue to be resected. 

A6 axis Unimation "Puma-560" standard industrial robot was used to investigate the 
feasibility of generating the required void in the prostate robotically. However the 

shape that must be generated requires the ELSA sheath to pass down the centre of the 

penis and then pivot just distal to the veru, to remove a truncated conical shape of 

tissue. Thus the apex of the cone is located near the veru and the base circle at the 

bladder neck. The cutter produces an approximately semi-circular shaped cut and thus 

a large number of overlapping cuts are required for full adenoma removal. The 

sequence of cuts at the bladder neck can be seen in Fig 6.3. The asymmetric nature of 

the prostate envelope is accommodated by making the outer rings of cuts incomplete. 

The stroke length for a small gland is typically 25 mm, and the radius at the bladder 

neck up to 25 mm. 

6.3.4 The need for additional frameworks. 

It was found that the above complex shaped sequence of cuts could not be generated 

using the normal 6 axes of the Puma robot. It was thus necessary to add a further 2 

frameworks to the robot to carry the cutter assembly and provide the required 

reciprocating motion of the cutter. The 5th (pitch) axis of the Puma was used to carry 

the external framework which supported the whole cutter assembly. The first 5 axes 

thus allowed the cutter end point to be positioned and orientated correctly. The 6th 

rotation axis was then used to carry the inner framework. The latter supported the 

cutter blade and shaft and a high speed motor. It also carried a motor/gearbox 

assembly that provided the linear stroke motion of the cutter. An adjustable stroke 
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length was provided using resetable microswitches. Thus the inner framework could 
reciprocate and rotate with reference to the outer frame. 

6.3.5 The experimental setup 

The overall setup can be seen in Fig 6.4 in which a potato simulated the prostate to be 
resected. The potato was placed in a plastic box. A simulated penis is fixed to the 
front of the box. Irrigant and suction were supplied to the prostate. The ELSA was 
passed down the centre of the penis and the robot moved to its initial position. A 
camera attached to the endoscope was used to show the cutter region on a display 

screen. The sequence of cuts was then generated. Care was taken in the 
programming to ensure that singularity points were not reached, eg at cut positions 5, 

11,21, etc (see fig 6.3), the 4th axis was rotated back by 1800. This prevented the 

robot moving to an extreme angle, thus avoiding the possibility that a singularity 
would be reached when cutting in the 6 to 12 o'clock region. 

The surgeon had control over the operation and could terminate the procedure by 

pressing a single computer key. At the end of each ring of cuts, the surgeon was 
asked if he wished to continue. In this way, and by monitoring the procedure on the 
camera and VDU, the skill and judgement of the surgeon were used to control the 

procedure. The total cutting time was reduced from typically 45 minutes to around 5 
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Fig 6.3. T1e sequence of cuts at the bladder neck. 



minutes. Further details have been published in[ 156,1571 
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Fig 6.4 The Feasibility Study Experimental Setup 
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6.3.6 Conclusions drawn from the Feasibility Study. 

The feasibility study was judged to be successful since it showed that it was possible 
to resect the appropriate shape in a short period of time. Many difficulties were 
overcome and potential solutions found. However, it was felt that the use of a 
standard robot was not acceptable, since the fundamental control system had not been 
designed to safety levels to allow it to be operated next to people. Further, the nature 
of an anthropomorphic robot gives it an extremely large potential range of motions. 
This feature, attractive in an industrial robot, is undesirable in a medical robot because 
if something should go wrong, there is a very large volume of space within which the 
robot can move, leading to very unpredictable outcomes. It was therefore decided to 
generate the required motions using a special purpose framework, whose kinematics 
had been designed especially for the tasks, so that the range of potential motions was 
limited to those specifically needed. As a preliminary to a fully computer controlled, 
motorised system, it was decided to construct a `safety frame' which could be moved 
by the surgeon. This would allow the kinematics to be confirmed as being appropriate 
to the task but would also determine if the results were clinically acceptable. 

6.4 The Manual Safety Frame 

6.4.1 The Cutting Device 

Although the ELSA device described in 6.2.2 was a more appropriate cutting tool for 

robotic use than the more traditional diathermic loop, it transpired that it needed further 

work before it was clinically acceptable. Rather than enter a further development 

phase with ELSA, as well as with the safety frame, it was decided to use the more 
conventional diathermic loop in clinical practice. The safety frame was therefore 
designed to accept the diathermic loop as the cutting tool. 

6.4.2 The Design of the Frame 

In order to generate the required conical form at a remote centre, the frame was 
designed to consist of a rotating ring to which was affixed a curved arch across the 

ring diameter (fig 6.5 ). On the arch was mounted a carriage that was free to slide 

along its length. The carriage carried a clip, onto which the resectoscope could be 

rigidly clamped and from which it could be readily removed. A series of 24 indents 

was drilled into the face of the ring and a spring loaded plunger mounted onto the 

support framework. The ring could thus be located precisely to provide 24 defined 

positions around the cone base circle. Similarly the arch carried 8 indents, which, 
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together with an associated plunger provided 8 positions for controlling the carriage 
location. Thus a cone coud be swept out with a base circle radius ranging from 5.25 
mm to 24 mm. The length of cut (ie the slant height of the cone) was fixed by the 
standard resectoscope design at 23 mm. The use of mechanical clamps, each side of 
the arch, adds to system safety by preventing the carriage being moved outside a 
predefined cone angle. 

6.4.3 Mounting the Frame 

Initially the frame was mounted on horizontal and vertical traversing tables which 
were clamped to the end of the operating table. After performing a standard 
cystoscopy with the patient in lithotomy (ie with legs in stirrups) the resectoscope was 
positioned in the null (central) location, proximal to the veru. The horizontal and 
vertical tables then allowed the frame to be adjusted to the resectoscope position 
enabling the frame to be clamped onto the resectoscope. In clinical practice the 
adjustment of the two tables from underneath sterile drapes and under the operating 
table proved difficult. The two tables were therefore replaced by a series of ball 

clamps from an overhead frame of stainless steel tubing. The safety frame could 
therefore be adjusted to any angle and position by manipulating the ball clamps. An 

additional overhead travel table was provided with a lead screw and handles to give an 
in/out adjustment to extend the effective length of travel of the resectoscope by a 
further 25 mm. This provided for resection of a large prostate, removing up to 60 cc 
of tissue through a series of overlapping truncated cones. (Fig 6.6). 

6.4.4 Mechanical Constraints give a `Safe' System. 

By ensuring the overhead travel table is fully retracted and the cutter cannot move 
distally to cut into the veru, the frame constrains the motion. In a similar way the 

maximum cone angle (and hence radius of bladder neck cut) can be determined pre 

operatively using transrectal ultrasound and the arch clamped off to ensure cuts are 

constrained within a predetermined volume. Thus the frame acts as a constraining 
device which can be said to prevent motion in a way which is not possible with a 

normal freehand prostatectomy. In this sense the frame is a safety device and full 

Hospital Ethics Committee consent was obtained for a series of clinical trials, 

providing patients gave fully informed consent. A series of trials were then carried 

out on 40 patients. (Fig 6.7). 
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Fig 6.6 Resection of a Large Prostate Showing Overlapping Truncated Cones. 
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Fig. 6.7 The Manual Frame in Use on a Patient. 
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6.4.5 Sterility Issues 

The resectoscope can fit into a standard autoclave, but the frame was too large. Since 
the frame is in intimate contact with the resectoscope and very close to the site of 
operation it was deemed by the hospital Bacteriologist necessary to sterilise the frame 
by immersing it for a period of 10 minutes just prior to the operation in a 
gluteraldehyde solution. This highly corrosive medium meant that care had to be taken 
to ensure that compatible materials were used for all bearings, seals, etc and that the 
frame was washed down after use with soapy water. Other pieces of equipment, more 
remote from the operation site, were covered in sterile drapes. 

6.4.6 Conclusions drawn from the Manual Frame Trials. 

The detailed results of the trials are published in[158]. The average time taken for 

setup was 11 minutes and the resection time 28 minutes. An occasional difficulty was 
experienced when the initial position of the resectoscope was disturbed when bringing 

the frame into position and locking to the resectoscope. This meant that the side 
forces on the resectoscope and the cutting loop made it difficult to move the 
resectoscope smoothly. Also, because of the constraining nature of the framework, 
the Surgeon was required to move sequentially rather than in the freehand manner that 
is customary. This sense of constraint took some adjusting to and increased the 
average time taken for the procedure. Since the aim was to obtain a good resection 
rather than perform a fast procedure, the long procedure times were not felt to be 

significant. Peak flow rates were measured when the patients were discharged, after 6 

weeks, 6 months and 1 year and good results were demonstrated. The average pre 

and post operative flow rates of 10.0 and 22.2 ml/s using the frame compared 

favourably with those from a conventional TURP, as stated by Neal[ 153], who 

reported on 205 cases with pre and post operative average flows of 9& 18 ml/s 

respectively. It was therefore felt that the concept of a limited conical shaped resection 
had been adequately demonstrated and that the kinematics of the frame had been tested 

sufficient to proceed with a fully motorised system based on similar kinematics. 

6.5 The Robotised Version of the Safety Frame. 

6.5.1 Mechanical Design of the Framework 

From the satisfactory experience with the kinematics of the manual frame it was 
decided to retain the same number of axes, and overall geometry when designing the 

motorised version (Fig 6.8,6.9). The following motions were provided; up to 70 
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mm of head travel for gross positioning and for providing incremental cones for long 

glands; A ring motion capable of 3600 rotation; An arch motion for cone angles of + 

330 and a motorised cutting stroke of 24 mm. Thus a maximum gland length of 94 

mm could be resected, ie more than is normally required for a large gland. 

Fig 6.8 Schematic Diagram of the Motorised Safety Frame. 
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Fig 6.9 Photograph of the Motorised Safety Frame in Use on a Patient. 
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Each motor is a Rare Earth 24 v permanent magnet motor chosen to give a high 
power : weight and power : volume ratio. In-line epicyclic gear boxes were also 
added to give a high torque, slow speed transmission. The over head table motor and 
gearbox were connected in-line to a ball screw via a flexible coupling. The ball screw 
and 2 supporting rods were connected to the top of the ring assembly by clamps so 
that the overhead travel could be readily removed. This would permit removal of the 
frame in an emergency, thus allowing the operation to be continued manually without 
the frame being in the way. 

The ring was supported by 4 vee-shaped nylon rollers attached to the ring frame. The 
rollers were mounted on eccentric pivots to allow the clearance to be adjusted between 
the roller and ring. The top roller also carried the ring drive motor assembly with a 
helical gear pinion mounted on the gearbox drive shaft. The helical gear engaged with 
a matching gear cut directly into the outer surface of the rotating ring. 

The arch drive motor and gearbox assembly were connected directly to a carriage and 
drove a pinion. The pinion engaged with a rack cut into the outer surface of the arch, 
so that the carriage together with motor assembly moved around the arch. Nylon 
slipper pads could be adjusted by grub screws to give smooth sliding of the carriage 
around the periphery of the arch without excessive clearance. 

The cutter consisted of a 24 French continuous flow `Wolf' resectoscope with rack 
and pinion drive. The normal scissor grip drive action was replaced by a motor driven 

spur gear. The resectoscope and cutter motor assembly were clamped to the carriage 
with a thumb wheel clamp so that the resectoscope was precisely located but could be 

readily removed. 

The above arrangement of motor drives was regarded as the most direct, leading to the 
minimum of power transmission flexibility. However it does mean that the motors etc 
are in the close vicinity of the operation site. The frame was such that it could be 

cleaned, to the satisfaction of the Bacteriologists, by scrubbing with soap and water 
prior to and after the operation. However the motors, gearboxes and encoders had to 
be mounted onto the frame, using screwed clamps, after the frame was correctly 

positioned. This meant that the surgeon had to cover the motor assemblies ̀ in situ' 

using sterile plastic sheaths whilst wearing two pairs of sterile gloves. The outer pair 

of gloves was then discarded after the motors were covered. This procedure was 
satisfactorily sterile in the opinion of the Bacteriologists, provided the frame was also 

occasionally immersed totally in a gluteraldehyde solution (eg CIDEX) after several 

procedures, to kill resistant strains of bacteria. 
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However the mounting and covering of the motors does produce a further delay 
during the set-up phase and, in future, alternative motor mounting systems will be 
considered. For example the arch and cutter drives could be mounted on the ring with 
flexible power transmission systems (eg belts or cables) to the output motions. This 
would remove some of the drives from the immediate vicinity but at a cost of 
increased complexity and transmission flexibility. A more radical solution would be to 
totally redesign the system (eg using 4-bar links), to remove all actuators from the 
region. The position accuracy of the tip of the resectoscope sheath was found to be 
just less than 1 mm. However the flexibility of the diathermic loop in its sheath meant 
that the cutter position accuracy was around 2 mm, but this is still adequate compared 
with the position requirement of 2 to 3 mm. 

6.5.2 The Control System 

The motors were driven by a `Trio Motion' control system which was in turn 

monitored by an IBM PC[ 159]. Software was written for the PC to allow the surgeon 
to specify the size of the prostate and its shape at 5 different cross sections, using 
information obtained from a transrectal ultrasound inspection carried out beforehand. 
An automatic curve fitting routine was then used to define the combined motions of 
the motors to produce the required curved trajectory of the cutter to give a barrel 

shaped cut (or the sequence of single axis motions which approximate the required 

shape by using overlapping cones). The diathermy unit[ 1601 is automatically turned 

on by the IBM PC at the start of each stroke and turned off before the return stroke. 
Safety checks were incorporated throughout the software to ensure that at no time 
could 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 "arch" drive 

as for the manual frame, ensured 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 was under the continuous control of the surgeon who could observe the 

procedure on a monitor via a camera attached to the endoscope. The motions could 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 

was constructed which was inherently safe. For safety reasons, it was not intended 

that any form of expert system would be involved. Instead the knowledge, skill and 
judgment of the surgeon were available at each stage and a conscious decision (and 

keyboard input) was required from the surgeon before a new motion was made. This 

ensured that the surgeon kept complete control of the operation and could assure 
himself that everything was performing satisfactorily. 
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The Proportional-Integrative-Derivative (PID) servo motor control was provided by 
two master controller boards, one of which powered two slave controller boards and 
the other an I/O unit. Each master controller had a program resident in its memory. 
These programs interact with a `human interface' program (written in Turbo Pascal) 
running on the IBM PC through RS232 links. The human interface program received 
instructions from the surgeon. Several pages were designed to achieve the following 
tasks: - 

a) Formation of a 3D ellipsoidal digital model of the prostate. 
b) Formation of a Patient's database, including both pre- and post-operative 

records. 
c) 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 backup 
system, but this is not economically viable. A suitable alternative would be to have a 
selective backup. This is ensured by providing reliable hardware functionality and 
following existing safety requirements. Equipment such as an uninterruptible power 
supply is essential, from which the motorised frame and computer system draw their 
power. Hard limit stops were installed to physically prevent movements from going 
beyond a predetermined limit for the patient concerned, if the software should fail. 

Another issue considered was the inclusion of safe recovery procedures in the event of 
system failures or unexpected interruption to the operation, so that the operation could 
be resumed if possible, or else be terminated safely and gracefully. Where 
interruption of the computer control system ocurrs, such that the encoder pulse count 
may be incorrect, it is necessary to return the system manually to the null (start) 

position by backdriving the motors with the power off. The position control system 
can be redatumed and the motors powered under computer control, back to the 
position where the interrupt ocurred. The sequence of cuts can then be completed in 

the normal way. Similarly, if motor power is interrupted, the motor position may 
move, either due to gravity or to pressure from the soft tissue. If there is any danger 

that the position control system has not recorded this motion, a similar manual 
initialisation system is required. 

6.5.3 Problems in Sizing the Prostate 

It was crucial that the enlarged, adenomatous, portion of the prostate (the target for the 

motorised frame) be sized sufficiently accurately. Only then could a safe automatic 
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cutting and motion sequence be fully generated, so that only the adenoma and not the 
prostatic capsule, is resected. The current sizing method, as when applying the 
manual frame, was transrectal ultrasound scanning. This procedure was carried out 
preoperatively. Successive transverse scans at 5 mm intervals were taken from the 
bladder neck towards the verumontanum. In each scan, the anterior to posterior 
height (AP diameter) and the width of the prostate were noted. These dimensions 
were used to plan the extent of the Arch, the Ring and the Head movements. 
Successive conical resections enabled a cavity to be produced to match the prostate 
shape and size. 

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, 
partly because the location of the verumontanum could not be obtained positively and 
partly because the patient was lying in a different position to that operatively thus 
distorting the soft tissue. For these reasons, only a preliminary series of cuts was 
taken using the motorised system for each of the 5 patients. The resection was then 
completed manually in each case. 

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 as a separate 
preoperative procedure. However, a transurethral probe could be mounted on the 

motorised frame at the start of an operation so that a semi-automated scan could be 

carried out. To achieve this it is proposed that the Motorised Frame will be mounted 
in position following a preliminary cystoscopy and a systematic setup procedure 

undertaken. The ultrasound probe will then be introduced into the sheath of the 

resectoscope which can be mounted in the normal way onto the carriage of the frame. 

This would locate the ultrasound sensor proximal to the verumontanum section. 

The distance from the verumontanum to the bladder neck will first be determined 

under direct transurethral endoscopic vision. Using the same setup and under the 

supervision of the surgeon, the head travel of the Motorised Frame will be advanced 

until the bladder neck is reached. The ultrasound image will be fed back onto a frame 

grabber which is in the IBM computer, and an image reproduced on either the main 

screen or a secondary screen of the IBM computer. A light pen will be provided for 

the surgeon to outline the capsule/adenoma boundary. The boundary will be used by 

the User Interface to establish a 3D model of the prostate, and subsequently to 

determine the extent of the resection. The User Interface will direct the head travel to 

move the ultrasound probe at 5 mm intervals from the bladder neck towards the 
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verumontanum, stopping at each interval for light pen input by the surgeon. The input 
from the light pen would be a digitised X-Y coordinate used by the User Interface for 
further numerical analysis to form a partial ellipsoidal model of the prostate. 

The initial frame setup 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 within the common sheath. This ensures a 
common reference both for the cutting and imaging activities, which is necessary for a 
repeatable and reliable robotic operation. 

6.5.4 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 electronically programmable systems, 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 input 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). 

6.5.5 Software Structure 

To further enhance the underlying structured approach to programming (for which the 
Pascal language was used), the software for the prostate robot divides its task into a 

series of components, conveniently presented as pages of screen display. To facilitate 

future expansion, the design of the software has been as comprehensive as possible. 
Fig 6.10 shows the screen display of the planned resection. The pages of 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. 
4. Generating the desired cut sequence based on results of ultrasound sizings. 
5. Giving safety observations eg which drive has stopped and for what reason. 
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Fig 6.10 The Screen Display Showing Prostate Shape. 
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The software for the prostate robot uses 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. There is also a logical sequence 
interwoven into the page displays. This 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 cost of this is memory intensiveness. 

Facilities are supplied for the process to be interrupted by the surgeon at any stage, 
either as software interrupt (in which case the procedure can be resumed from where 
it left off), or as an emergency stop interrupt. In the latter case, because the system 
does not use absolute encoders and the position may have moved without the encoders 
having registered this, the frame must be physically moved to its start position to 
redatum, as previously described, before returning to the last sequence of "ring of 
cuts" that were being carried out prior to the stop. 

6.5.6 Considerations for the User/Surgeon 

Clinical experience reaffirmed that simplifying the job 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. Surgeons must be carefully trained in the use of the automated 
system. 

The considerations for the software for the prostate robot 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 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 unnecessarily. 

0 Graphical presentation of 3D models is desirable as it gives the user a tangible 
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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 allow the surgeon to change his mind. 

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

6.5.7 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. 
Improvements to the system have been made and preliminary clinical trials have been 
successfully carried out using the motorised frame. The appropriate levels of 
sterilisation were achieved by mounting the motor/encoder system to the frame when 
the frame has been sterilised and set up pre operatively. The motors, etc., were then 
shrouded in a sterile sheath. This procedure is felt to be necessary because the frame 
is very close to the operating site and it is not feasible to simply cover with sterile cloth 
drapes. 

A partial resection has been carried out on 5 patients to date, the remainder of the 
procedure being completed manually with excellent results. The reason for only a 
partial resction was the lack of confidence in the preoperative ultrasound, as discussed 
in section 6.5.3. The inability to determine the distance from the verumontanum to the 
bladder neck was a major difficulty in planning accurate resections, as was the 
difficulty in distinguishing the adenoma from the prostatic capsule. The addition of 
the motor drive system to the previous manual structure resulted in the system 
becoming so heavy that it was difficult for the surgeon to hold the frame and 

manipulate the endoscope into position so that it lay along the urethral duct. The sense 

of "feel" from manipulating the manual frame into position using the ball joints and 

overbed gantry was no longer felt adequate. Instead a floor mounted stand has been 

developed from a redundant ultrasound gantry (Fig 6.11). The frame has been 

clamped to the counterbalanced gantry so that it can be manipulated easily and, when 
in position, can be locked using electro-magnetic brakes. Since they are relatively 

small, it is necessary to supplement them with the addition of manual clamps. 

A further difficulty was found due to the high eletro-magnetic interference generated 
from the diathermy electro-surgery generator. If the diathermy loop were not in 

pristine condition, this proved to be capable of shorting out the loop and generating 
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very large pulses which were capable of interrupting the computer signals. It has 
therefor been necessary to develop methods of shielding and earthing to avoid these 
problems. 

A further difficulty experienced in the operating theatre was that if for a trivial reason, 
such as the motor wires being looped too tightly, the safety control sytem detected a 
problem and interrupted the cut, it was necessary to go back to the beginning of the 
programme, introducing lengthy delays in the procedure. It was felt that for the 
future, alternative paging procedures were needed to allow the control to proceed from 
anywhere the Surgeon chooses. 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. This means that, time 
consuming and difficult though it is, it is necessary to gain experience to develop the 
system in the operating theatre, whilst still ensuring that the system is safe to use. 

The next phase of development for the motorised frame has been funded by The 
Engineering and Physical Science Research Council (EPSRC) a) to further develop 
fault tolerant software; b) to suitably and adequately duplicate sensors for the frame 
and c) to devise a quick and reasonably accurate way of obtaining transurethral 
ultrasound data of the prostate adenoma, with reference to an easily identifiable datum. 
The use of a transurethral ultrasound probe, mounted on the same frame that is to be 

used for cutting, means that the imaging can be registered to the cutting probe 
automatically, without the normal difficulties in registration. Also, because the 
imaging is carried out just prior to the operation, in the same posture as for the cutting, 
the motion of soft tissue between imaging and cutting is largely avoided. The use of 
transrectal ultrasound as an intra-operative "global" monitor of the process will also be 
investigated. The aquisition of an improved diathermy machine will give the 
opportunity to use a "spray" mode of coagulation which does not require close contact 
with the tissue. This will enable the probe to be stood off at the centre of the gland to 

coagulate at the end of each ring of cuts, rather than wait to the end of the procedure. 
This will help reduce blood loss and make the operation safer. The use of a 
counterbalanced overhead gantry has made the manipulation of the motorised frame 
into the correct position, at the start of the operation, much easier. This eases the 

positioning of the diathermy probe at the veumontanum. Following these activities, it 

should be possible for the complete procedure to be carried out robotically without 

difficulty. Further details of the motorised frame can be obtained from [ 161-1651. 
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Fig 6.11 The Improved MotorisedFrame 
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6.6 Conclusions 

A case study has been presented of a special purpose robotic system applied to 
prostatectomies. A specific 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 flow studies confirmed the clinical validity of having a limited 
region of resection. These tests also confirmed the kinematic approach and 
demonstrated the necessary sequence of procedures. The same kinematic geometry 
was then used as a basis for the construction of an automated system operating 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 transrectal 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 refinement of the procedures outlined at the end of the previous section, 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. This 
safety is dependent upon a system which is mechanically constrained and which has 
been specifically designed for the purpose to act within a confined envelope. This 
represents an example of the philosophy of approach outlined in chapter 2. 

Further clinical trials of the improved system are anticipated shortly. Initially the 
motorised frame will be set up in position and the transurethral ultrasound probe 
entered into the urethra to measure the size of the prostate transurethrally. The 3D 

model of the prostate will then be computer generated, with the assistance of the 
surgeon to outline the prostate boundary. The 3D model will also be used to generate 
the cutting sequence for the robot. After several trials of this nature, to ensure the set 
up is carried out speedily and without difficulty, it is planned to use the motorised 
frame for the robotic removal of the prostatic adenoma. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

This thesis has discussed the area of medical robotics, as exemplified by 
Rehabilitation Robots and by Robots in Surgery. The purpose of the thesis has been 
to discuss the background to Medical Robotics in Chapter 1, analyse the nature of the 
various approaches and discuss their difficulties. As a result of this, one proposed 
solution is the development of specific devices which can target particular needs in a 
low cost, relatively simple device which is inherently safe. The specific projects of 
this type, with which the author has been associated, has been discussed in chapters 3- 
6. The safety of medical robots is considered to be one of the major areas holding 
back their development by industrial manufacturers. Chapter 2 has therefore 
considered in detail some approaches to the safety of robots in rehabilitation and in 
surgery. The general overview approach of this thesis is supplemented by the technical 
details of some of the papers to which the author has contributed, which are collected 
together for reference in vol 2. 

7.1 Conclusions 

The area of rehabilitation robots has been around for some 15 years and represents a 
relatively mature activity with an extensive literature and large number of 
representative groups and opportunities for international conferences. The discussion 

of this area has focussed on aspects with which the author has been concerned on 
safety issues, particularly developed in the TIDE M3S project dealing with a safe 
communication bus system, and in a simple feeding aid that the author has developed. 
The area of robotic and computer assisted diagnosis surgery and therapy is, however, 

very new and, as an international activity, is dependent on earlier work on imaging 

and modelling. Since it started around 9 years ago, the activity has gathered pace and 
the current new work is growing rapidly internationally, as can be seen from the 

critical review of chapter 1. It is an area of great interest and challenge for 

researchers. 

Although many groups report initial laboratory studies with great enthusiasm, 

confidence and promise, the realisation in the operating theatre beyond phantom, 

cadaver or animal studies is rare. Even more unusual is the transfer to routine, safe 

procedures carried out on human patients. Indeed at the time of writing, no robotic 

procedures, either of the `passive' or active kind, are in routine clinical use. Only 

passive computer assisted systems, such as the ISG `viewing wand', have been used 

routinely (and it is only in mid 1994 that this has been given FDA approval). 

168 



Thus it can be seen that the whole area is at its early inception in terms of true value to 
the community at large and it is not yet possible to say how useful the full range of 
robotic procedures will be. It is only in the area of treating deep seated tumours in 
brain surgery that a life threatening condition can be claimed to be more effectively 
treated robotically than by the more traditional stereotactic frame. Thus, in this area 
there is a convincing argument for use of robotic based procedures, even though they 
involve more complexity and cost. Even in brain surgery, however, the justifications 
for a fully powered active robot must contend with powered robots acting as jigs and 
also with a passive arm with modelling and guidance software. The arguments and 
justifications for particular types of brain surgery are thus not easy to determine. For 
the majority of other surgical procedures there is no clear justification in terms of 
saving lives and the perceived benefits of robotic procedures are "merely" in terms of 
increased precision, shorter operations or less invasive procedures. Further, the 
actual significance of such benefits in improving the outcome for the patient is often a 
matter of controversy in the medical profession. These perceived benefits also have to 
be weighed against the increased cost of equipment and the increased complexity of 
the procedure. 

Given all these reservations, it is clear that the widespread adoption of robotic and 
computer assisted surgical procedures into routine practice will not be as immediate as 
enthusiasts suggest. Indeed it could be said that the expectations of the less well 
informed surgeon community are excessive and are bound to be disappointed, 

particularly in "virtual reality" telemanipulator surgery, leading to a rejection of robotic 
surgery by some groups. It would be more reasonable to view robotic techniques as 
another addition to the armoury of the surgeon which, on balance, may give benefits 

under some situations compared to more traditional procedures. 

One of the most immediate problems for medical robots lies in the lack of safety 

guidance, as discussed in Chapter 2 for both rehabilitation robots and robots in 

surgery. Rehabilitation robots have gradually been introduced in a number of different 

ways, primarily through the use of existing "educational" style robots and the lack of 
safety guidelines has not been a major difficulty. However emphasis on safety, in 

projects such as the European TIDE M3S, indicate the continuing concern. 

For robot surgery, the lack of safety regulations cause specialist suppliers to be 

reluctant to market products, for fear of litigation in the event of a failure. This also 
has caused an emphasis on passive guidance systems, where the motivating power 

comes from the surgeon and it can be claimed he has total control of the procedure. 
To allow the proper development of powered robot procedures, agreed safety 
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legislation is required as a matter of urgency. Safe software is a matter of great current 
activity in industry. Whilst there are suggestions for improving software safety, 100% 
safe software remains unachievable in general terms. The most recognised method is 
to keep the system as simple as possible to ensure the code can be thoroughly checked 
from every viewpoint. This is one reason why the author has suggested the 
development of special purpose robots to suit specific tasks. 

Whilst general purpose robots have great long term potential, they are bound to be 
more costly and complex for a particular task than a special robot. The latter can have 
much simpler software and a small range of low force motions that are only just 
sufficient for the task, with only a limited number of outcomes in the event of failure. 
Additional safety integrity for robots in surgery may also be provided by the 
implementation of a M3S bus style of communication utilising a series of safety 
monitors in a standardised system. 

The whole area of safety standards needs to be agreed by a general consensus of 
workers in the field, from both the medical and robotics areas as well as patients and 
manufacturers. To this end the author is setting up a UK robotics `forum', initially 

under the aegis of the Institutions of Mechanical and Electrical Engineers, to help form 

a code of practice in the UK. It is hoped to be able to extend this to a European 
"Medical Mechatronics" group and to form a consensus within an American Society in 

order to come to an international agreement on good practice and on the most 
appropriate tasks for the application of Robotic and Computer Assisted Surgery 

techniques. When a general concensus has been agreed, then a barrier to the 
implementation of robotic systems will have been removed, making it easier to 

manufacture and market powered systems. 

The simple feeding aid discussed in chapter 3 has promise for a commercial device in 

the future. Improvements to the stepper motor drivers are planned to reduce vibration 

and noise. An evaluation of cost is intended to reduce the overall price to a minimum 

whilst still performing the desired function. The TIDE M3S project was found to be 

successful in generating fundamental safety structures, incorporating a Dead Man 

Switch and a Key Line, on which to base the design of the new communication Bus. 

The processor chip has been produced by 3 organisations and so has promise of wide 

acceptance. The extension of the M3S project into a new project called FOCUS, 

which is aimed at making the M3S system more user friendly, will give a more 

precise and detailed concept of the safety monitor and watchdog functions within the 

bus. 

A discussion of hard tissue surgery, with an example of orthopaedic robot surgery, is 
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given in chapter 4. Here the problem is slightly easier than for soft tissue surgery 
discussed in chapter 5, in that the bones tend to stay in a recognisable shape when cut 
or pushed, whilst soft tissue tends to move and to deform in a non-repeatable way. 
However, the precision required for orthopaedic surgery is generally greater and the 
procedure for machining the knee bones to take prosthetic implants requires an 
accuracy of better than 1 mm. By providing a special purpose system and ensuring 
the active robot is positioned in the correct region, the volume to be moved through by 
the robot arm can be limited to a 100 mm cube. Provision of a specialist mechanism is 
then dependent on the particular shapes for the prosthesis mounting surfaces. 

Whilst it would be possible to use a traditional position control system with an 
automated sequence of cuts, each confirmed by the surgeon, it was felt that force 
control could provide more surgeon involvement and control. With the arm 
programmed in implicit force control, the surgeon moves the arm between limits 
constrained by the surgeon. This gives the surgeon a sense of `feel' of the cutting 
forces that gives him more control over the procedure. It is hoped by this means to 
make the operation easy to carry out, as well as give the precise cuts required for the 
implants. The full robotic procedure usually requires pre operative imaging and 
modelling to allow the robot motions to be generated. Whilst this also allows pre 
operative planning, it is an additional series of procedures compared with conventional 
knee surgery, when only a standard x-ray is used for diagnosis and the exact sizes are 
determined after opening the knee. An alternative is therefore proposed which avoids 
the need of the pre-operative phases by using the robot to intra-operatively touch the 
knee bones to size a general model of the knee and give the robot motions directly. 

By means of this reduced procedure and the use of implicit force control, it is hoped to 
make the robotic approach sufficiently advantageous to justify its use. This is thought 
necessary because some surgeons do not believe that the clinical benefits from more 
precise machining for implants are sufficient to justify complex robotic interventions. 
Anything that can simplify the procedure and improve its reliability will help robotics 
to be accepted as a normal process. It is also hoped that implicit force control can 
have benefits for soft tissue surgery where the surgeon is able to track tissue that 
distorts and moves slightly, but is constrained within an envelope of motion that 

protects adjacent organs. The system demonstrator has been successful and is to be 

extended to a full 4 axis system designed to machine the knee for unicondylar 

prosthetic implants. Since the shape of these cuts is more complex than for a total 
knee replacement, the capability of total knee surgery should simultaneously be 

demonstrated. 

The telemanipulator concepts of chapter 5, applied to soft tissue surgery, indicate that 

171 



more fundamental investigations are required to define cutting mechanisms for soft 
tissue. The process of safe control of a "slave" surgical manipulator with precise 
micro motions and forces and with feedback to the "master", requires further study. 
The implementation of devices such as a robotic "slave" finger to "feel" soft tissue in 
abdominal minimally invasive surgery would also be of benefit in robotic surgery 
systems. The kidney biopsy system has been successful in the implementation of a 
simple x-ray c-arm as an accurate device capable of quantitative imaging. Even 
without the use of a manipulator arm, this quantitative imaging capability can be of 
benefit to a number of robotic and computer assisted surgery procedures by providing 
3D target data at low cost. However, the development of the passive manipulator, 
capable of being locked in position by electromagnetic brakes, requires further work 
to give improved precision. The low cost device has potential for application to a 
number of soft tissue areas (eg. thoracic surgery) where ability to precisely target an 
organ will be beneficial. These will require further discussion with the medical 
community to select the most appropriate areas of application. 

The prostate surgery project discussed in chapter 6 has considerable promise. The 

early clinical application of the motorised safety frame has demonstrated the feasibility 
of the system. Current efforts to use intra-operative transurethral ultrasound to 
measure the size of the gland show an improvement in accuracy and give promise of 
being able to determine key features such as the verumontanum within the gland. 
Improved screening and earthing techniques appear to have made the system more 
robust and immune to the high electromagnetic interference environment. Software 

techniques for allowing the system to come to a safe halt, and to be safely restarted 
with a minimum of delay, show considerable promise. Further clinical trials are to be 

carried out. Alternative cutting modalities, such as the use of lasers, are to be 
investigated. The use of the system is also indicated for the treatment of prostate 

cancer, eg for positioning radioactive seeds or for focussing high intensity ultrasound. 

7.2 Summary of Conclusions 

1. Internationally agreed safety legislation is required to ensure the rapid 

exploitation of robots in medicine. 

2. Special purpose surgery robots will have more immediate application than 

general robots. It is easier to make them cheaper, less complex and safe. 
Because the mechanism can be specific to the task, it is easier to constrain 

motions mechanically. Software can be made simpler so that it is easier to 
`prove' the safety. 
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3. Rehabilitation robots, although developed over a longer period, have similar 
safety problems to surgery robots. Safe and reliable electronic communication 
systems are needed to ensure that complex collections of motorised equipment 
can incorporate all the required safety features. Users require better 
human/computer interfaces to ensure that complex equipment is easier to 
control. 

4. Robot surgery systems can be classified into types ranging from simple hand 
held tools, through computer assisted systems to fully powered master/slave 
robots with sensory feedback. As the systems progress in complexity, the 
surgeon loses control over the procedure and aspects, of which the surgeon has 
no knowledge, can be embodied by engineers into the system. For this 
reason, many surgeons tend to be reluctant to apply the more complex systems. 
However, with appropriate precautions, these can be made safer than 
unconstrained and unaided manual processes. A hierarchical classification 
system has been developed which gives an indication of the complexity and 
hence risk of applying robotic surgery systems. 

5. Surgeons concerns over safety and control have caused an emphasis on passive 
guidance systems, where the motivating power comes from the surgeon and it 
can be claimed he has total control of the procedure. This is slowing the 
application of more complex powered systems which can potentially be safer 
and bring greater benefit. 

6. Robot surgery requires close interaction between engineers and medical 
personnel. Communication problems exist partially because of different sets of 
jargon and partially because of cultural differences. Surgeons usually follow 

an apprenticeship style of training in which they mimic the actions of their 
mentors. Precise details of sizes and forces to provide engineering 
specifications are seldom available and much time consuming observation of 
procedures by engineers is required. Subsequent discussions with the 

surgeons are essential to arrive at an appropriate understanding of the true 

problem and a correct engineering specification 

7. An appropriate balance of cost, complexity and functionality of robot surgery 

systems must be arrived at. The use of robots must be justifiable and 

appropriate to the benefits that will accrue from their application. If 

conventional surgical procedures are simple, then a complex robot cannot be 
justified unless clear and substantial benefits can be identified by the medical 

community. 
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8. Hard tissue problems are easier to solve than soft tissue. If tissue moves and 
deforms with breathing, pressure, or cutting, then constant imaging is needed to 
keep track of the target. Without accurate targetting, precise robots are of little 
benefit. 

9. The actions of an isolated robot are of little benefit in demonstrating the viability 
of an application. It is necessary to show the integration of: 3D imaging and 
modelling; patient and robot clamping; registration of patient, robot and imaging 
system; use of a safe sterile system; a clear human/computer interface that 
enables the surgeon to maintain control within the difficult environment of the 
operating theatre. 

10. Registration of robots, patients and imaging systems is an area of considerable 
difficulty. Sophisticated methods are needed for registration to achieve the full 

accuracy that robots can potentially provide. 

11. Rotary cutters are easier to control than oscillating saws or scalpels. Cutters for 
soft tissue surgery require further development. Alternative cutting 
mechanisms such as lasers, high intensity ultrasound and water jet cutting need 
further investigation. 

12. Implicit force control, as demonstrated by the Knee surgery project, is a useful 
inherently stable, control technique for orthopaedic surgery. It may also 
benefit soft tissue surgery as it can allow the surgeon to dynamically update the 

target as it moves and distorts. 

13. The use of a small powered robot with a limited range of motions is a viable 

option for knee surgery. It can be placed on a larger passive system to allow 

the powered robot to be positioned in the correct orientation and location. This 

robot system is equaly applicable to a range of orthopaedic surgery tasks. 

14. Calibration techniques can be very useful for increasing the accuracy of both 

arms and imaging systems. Calibration can be repeated off-line many times to 

give considerable accuracy. However, registration systems that have to be 

applied on-line, whilst the patient is under anaesthetic and in position, have 

limited possibilities to be repeated and so are not able to be as accurate. 

15. The kidney biopsy passive manipulator has demonstrated that a low cost arm is 

viable, provided that noise supression techniques are used to avoid the 
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inaccuracies due to voltage variation and electromagnetic interference. The 
use of a passive arm to track a target by displaying a current arm position is 
useful for soft tissue. Giving the absolute coordinates of the arm in order to 
describe a specific trajectory (the inverse kinematic problem) is less useful. 
When the arm holds tools which are relatively long, the the positioning of the 
tools in the end effector is very critical if good accuracies are to be achieved. 
Similarly, the straightness of long tools becomes important if they are to be 
positioned accurately. 

16. The prostate robot has demonstrated the ability to resist high electro-magnetic 
interference (eg. from the use of a diathermic cutter) without being affected. 
The new modular software allows control of the process with the ability to 
interrupt the process at any stage and restart the system. The use of 
transurethral ultrasound allows the size of the gland to be imaged more 
accurately. The position of the verumontanum can be endoscopically located and 
the relation to the bladder neck established. A floor mounted, counterbalanced, 
gantry can support the motorised frame so that it can be positioned correctly, 
with the endoscope located at the verumontanum. Further clinical robotic 
prostatectomies are intended shortly. 

Further details are presented in the references given in appendix 1, which lists all the 
papers on medical robotics to which the author has contributed. A selection of these 
are collected together and copies of the papers are presented in Volume 2, Appendix 2, 

to provide further technical details of the work contained in this thesis. 

7.3 FutureWork. 

1. The use of an M3S bus electronic communication system could be of benefit to 

surgical robots. It could provide a high integrity communication system which 
incorporates all necessary safety features. The elements of the robot surgery 

system; imaging device; modelling system; motion controller; HCI; etc. could all 
be monitored to ensure safe functioning and data transmission. 

2. It is necessary to set up international robotic surgery groups to coordinate 

research and to devise internationally agreed safety legislation. This is necessary 

to avoid duplication of effort wasting scarce financial resources. The groups 

could also agree adequate safety guidelines which would assist the rapid 

exploitation of robots in medicine. 

3. The ability to provide visual information far exceeds the technology to represent 
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tactile and force information. Knowledge of touch and of force control for soft 
tissue manipulation and cutting is particularly necessary. Force, touch and 
texture sensors need to be developed that are sensitive, sterilisable and robust. 
The behaviour and modelling of soft tissue when pressed, cut or deformed 
needs further investigation. 

4. A range of cutting technologies need to be investigated. These include rotary 
cutters for soft tissue surgery, lasers, water jets and high intensity ultrasound. 

5. Telemanipulator and virtual reality systems for surgery need to be further 
developed. The expectations of these devices by surgeons far exceeds their 
current capabilities. The opportunities for micro-devices and for 
micromanipulation in surgery also require investigation. 

6. To realise the full potential of robotic surgery systems it is necessary to explore 
further applications clinically. Laboratory feasibility studies, using an isolated 
industrial style robot, reveal little of the true problems and the solutions to 
overcome them. The level of integration of imaging, modelling, clamping, 
registration, robot motion, process monitoring, HCI and safety system required 
to show the way forward for a particular application is very high. Only by 

attempting the total task in a clinical environment can the validity of the 
particular approach to robotic surgery be demonstrated. 

This thesis, by studying particular clinical applications, has demonstrated that robots 
in medicine have the potential to be of real benefit to patients, both in rehabilitation and 
in surgery. In robotic surgery it is hoped that the next decade will see an expansion of 

activity similar to the last and will produce a range of applications that will be routinely 
applied in clinical practice. 
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