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The thesis presents some of the work carried out as part of 

the research and development programme for the provision of practical 

artificial upper limbs for a group of congenital amputee patients. 

The account commences by reviewing, in Volume 1, the problems 

presented by this population of amputees in the context of an on- 

going limb fitting servicep and shows hoer the difficulties of 

prehension arise in this situation. The provision of upper limb 

prostheses in general is then reviewed with reference to representative 

literature on the subject, where various inadequacies of existing 

systems are considered in the context of the imsdiate practical 

problem of the provision of adequate prehension facilities for 

bilateral amputees. 

The experimental and practical work of Volume 2 commences with 

an appraisal of the requirements for a hand prosthesis in the light 

of the information derived from Volume Is, and this, together with 

the results of some simple experiments, leads to a broad specification 

for a hand mechanism. Various experimental mechanisms are then 

desoribed, leading to the development of a mechanism suitable for 

patient trials. The problem of the provision of the cosmetic cover 

for the meckanism emerges as the major obstacle in the way of 

further progress, and a new process for cosmetic glove production 

is devised, This is followed by consideration of the various problems 

of control associated with the hand prosthesis, some working hardware 

is developed and guidelines for future work on control are outlined. 

The thesis concludes with an appraisal of the work following 

trial fittings on patients, which shows the principles to be 

successful in Operation and indications for future trends are given 



in the context of a wider uputoo population who may Mit item 

soma aspects of the work. 
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Section 1, 

The immediate commitment and its influence on the formulation of a 

prosthesis development programme. 

1.1 The origin of the general problem. 

The problem of the provision of artificial limbs is a familiar 

one with a history which extends as far back as pre-Christian times. 

The results from this work show that a marked lack of progress has 

been made in comparison with other fields of human achievement 

during the same period, and even under the influence of 'modern 

technology' progress has been distinctly limitedb as a review of 

the literature shows. The reasons behind such a state of inertia are 

not hard to discover since development suffers from the one major 

factor which appears to influence the degree of success of a large 

proportion of man's activities - finance. Despite the large numbers 

of amputees produced as a result of two world warns there has never 

been any great social pressure for the development of sophisticated 

prostheses for the relatively small proportion of the population 

which is affected. 

Paradoxically, this situation was reversed by the advent, in 

the early sixties, of the 'thalidomide tragedy', The population 

affected by limb defects due to the use of the drug thalidomide aas 

minute in comparison with disabilities arising from other causes# 

but the sensational effects of the social guilt which arose from an 

inadvertent maiming of a section of the population, heralded a 

revolution in the public attitude to disabilities in general. 

In particular, the thalidomide problem led to the introduction 

of special programs+ss for the development of externally powered 
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artificial limbs in an attempt to provide the severely disabled 

children with a means of leading a life which could to some extent 

be regarded as normal, and this situation provided the environment 

for the work which is described below. 

1.2 The environment for the work. 

Although the arrival of the funding for development programmes 

led to the commencement of research work directed towards the 

provision of arm/hand prostheses in various establishments, the 

degree of success has, in many cases, been distinctly limited. 

However, the unique conditions under which the work described in 

this thesis was carried out, serve to illustrate one of the 

fundamentally important factors lying behind the production of 

successful prostheses, since a direct commitment to a group of 

patients has led to the development of prostheses which are 

capable of providing sufficient prehension for bilateral amputee 

children to attend normal schools on a routine basis. 

Therefore it is necessary to describe in some detail the 

themes and the environment underlying the whole project. The 

effects of the environment will be seen to be particularly important, 

since all new work has necessarily required to be compatible with 

the complete powered prostheses and limb fitting programme already 

in existence at the time of commencing the development of a hand 

prosthesis. 

The programme for the development of a cosmetic hand prosthesis 

was therefore an integral part of the research programme functioning 

behind a limb fitting service based upon young upper limb amputees 

of varying degrees of disability, the majority of the patients being 
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the victims of the effects of the drug thalidomide, the extensive 

nature of disabilities occurring in these patients having led to 

the establishment of a specialised unit concerned with the 

development and provision of externally powered arm prostheses. 

This unit is under the directorship of D. C. Simpson at the 

Princess Margaret Rose Orthopaedic Hospital. 

1.3 The influence of previous work. 

At the time of commencing the hand development work, the 

provision of externally powered arms through this unit had been 

continuing for a period of more than six years, during which time 

many items of hardware had been developed, and various important 

concepts of control had been established in the light of the 

considerable experience obtained by fitting newly developed limbs 

directly to the patients. 

Thus, in co®encing a new project within an existing system 

directly concerned with successful management of patients, 

considerable external influences prevailed which affected the hand 

project, and it is therefore essential to cover these factors in 

order that the hand development may be seen in its true light as a 

part of an overall scheme for the rehabilitation of disabled 

patients. 

1.4 ? undaaental decisions. 

The general problem can be simply defined as "the provision of 

the means by which an armless child can become self-sufficient" and 

although the justification for such work can hardly be questioned* 

the lines of action taken can be radically different, having iasense 

implications for the patient. Fundamentally, tvoalternativss are 
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presented; either to modify the amputee's environment to suit his 

disability, in order that he may operate independently within that 

environment, or to provide him with the means by which he can 

manipulate the normal environment as far as possible. The first 

approach is probably the easier to achieve, the modifications would 

be well defined, very numerous, but of an essentially simple nature 

for example to provide special toilet facilities, special working 

and feeding arrangements, etc. It is apparent that such modifi- 

cations could only really apply to the patient's home environment 

to any great extent, thereby restricting him to a quite abnormal 

existence. The second alternative, to provide a 'universal' 

facility which the patient can use to manipulate a normal environment, 

permits a much more liberal existence, although some special 

facilities may be necessary for the more difficult tasks in the 

daily routine. Although it is possible to debate these points ad 

infinitum (taking either side! ) it was considered (Simpson 1966) 

that fewer constraints, either physical or psychological, would be 

imposed upon the patient, by. providing him with an arm-hand prosthesis 

which was self-contained, portable, having the basic configuration 

of a normal arm when worn, and being capable of as many as possible 

of the normal functions of the human upper limb. 

Following the decision to provide the amputee with a hand/arm 

system, two problems arose, the major one being that of control, 

whilst the second was concerned with the form of the hardware and 

mechanism itself. 

1.5 Control r nciples. 

The solution of the problem of controlling a powered prosthesis 

formed the basis for the successful development of the practical 
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prostheses used in Edinburgh, and therefore requires some explanation 

in order that the subsequently developed hardware be viewed in the 

context of the control requirements. 

Simpson (1964 and 1970) based the fitting of prostheses upon 

the fact that since the amputee has to live with the prosthesis, 

the controls should be specifically designed for compatibility with 

the patient's own natural control systems. 

In practice the choice of control principle was made in favour 

of a position servo controlled mechanism which was considered to be 

compatible with the natural systems of limb control, and indeed 

control on this basis could be considered as an extension of the 

normal physiological proprioception (Simpson 1971). 

The feasibility of this control matching depended largely upon 

the fact that it was known that the central nervous system receives 

active feedback of joint angle information (e. g. Rose and Mountoastle 

1959), and therefore there is information relayed to the natural 

control system concerning the attitudes in space of the various 

mobile body segments. Experience of the effect of the alteration 

of these angular positions with limb position allows the individual 

to control the limb and as a learning process this is analogous to 

the acquisition of knowledge of the length of each interjoint 

segment, thereby permitting each position of the hand to be defined 

by joint angle information. 

The phenomenon of extended physiological proprioception (e. p. p. ) 

depended upon the fact that the superposition onto the natural system 

of a linear mechanical system would present no problems other than 

the learning of the magnification factor of the new system,, since 
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every position of the output of the mechanism would be uniquely 

related to the control input position, which in turn is known by the 

central nervous system by virtue of the natural position feedback 

arrangement. This is analogous to the use of a golf club, where 

the effects of the 'extension' to the arms are easily learned in 

order that the ball may be struck; although the subtleties of control 

beyond that stage often appear insuperable for mazpº golfers! 

1.6 The mechanical requirements of a proethesie. 

Once the control principles had been established, the important 

decisions remaining concerned the form of the mechanism itself, the 

criteria for which were governed by social and psychological factors, 

since in order for the amputee to be able to live a normal life in a 

psychological sense as well as a practical one, two things must 

happen - he must feel that he is socially acceptable, and other 

people must readily accept him. These two facts, though not 

necessarily dependent upon each other, tend to be closely linked. 

They could be achieved in two ways; a long tern re-education of 

people to accept without question the abnormal activities and 

appearance of a minority, or to provide a prosthesis which is 

anatomically and functionally similar to the normal system. It is 

neither necessary nor possible for the prosthesis to simulate 

exactly its natural counterpart, on the contrary, it should be 

acceptable to the eye at a glance, without creating a macabre 'dead' 

effect on close inspection. This approach achieves a simple con 

promise between the shook on seeing a deformity and the shock on 

seeing a 'dead' appendage. In the same way the cosmesis must be 

dynamically satisfactory (Simpson 1966) the action being basically 
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that of a natural system, without being so realistic that the 

prosthesis appears to be a strange 'real' arm. 

Thus, it was decided (Simpson 1986) that the mechanisms for the 

arm and hand prostheses should be in a form which, as far as 

possible, represented the appearance and functional behaviour of 

normal arms and hands. 

1.7 The develoym nt and use of practical prostheses. 

In order to meet these requirements powered prostheses were 

developed on the basis of a pneumatic power source, with piston 

actuators (Simpson and Lamb 1965). These prostheses (Figs. 1.1, 

1.2 and 1.3) were provided with powered elbow flexion, wrist 

rotation and grip facilities, with wrist flexion being linked to 

elbow flexion in order to maintain stability for drinking operations, 

etc. The shoulder joint was passively mobile with friction clutches 

allowing passive pre-setting of the attitude of the prosthesis as 

a whole. Prehension was provided by means of a specially designed 

powered hook (Fig. 1.2) since the function of available hands was 

inadequate, or, whore a degree of cosmesis was demanded, a pincer grip 

type powered hand of limited functional capability was provided. 

(rigs* l. l, 1.3). 

The arm prostheses in this form were fitted to groups of 

children for a period of over five years, the specific modes of 

application being governed by the types of disability encountered. 

In particular, the group of thalidomide children tell into two 

anatomical groups, amelics with no arms (rig. 1.4) and phocomelics 

with shortened arms and fingers of limited power and range of 

movement. (Fig. 1.5). Clearly the amelics presented the more 



Fig. 1.1 The early prosthesis developed in Edinburgh. 



Fig, 1,2 The early prosthesis developed in Edinburgh, 



.0 



Fig. 1.4 Amelic child. 
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Fig. 1.5 Phocomelic child. 
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severe control problem in terms of control sites, one site could 

only be available for each movement it unique position awareness 

was to be retained. However, it was found that clavicle movement 

could provide two substantially independent motions, backwards and 

forwards, and up and down. (Fig. 1.6) Thus the two clavicles could 

provide four control sites, and these were harnessed as movements 

relative to the stainless steel harness which carried the prostheses. 

1.6 The demand for more versatile prostheses. 

Experience with the arm in this form had shown that whilst the 

control principle of position awareness had proved most satisfactory, 

with good acceptance of arms by the patients, the increasing age and 

hence activity of the patients was beginning to demand a more 

versatile arm prosthesis. This situation led to the proposals for 

a co-ordinate arm (Simpson 1965) with movements based upon spherical 

polar co-ordinates, with a stabilised wrist mechanism as in the 

previous prosthesis. 

In order to most these requirements work had commenced upon the 

design of a system of pneumatic piston actuators and force demand 

valves for the driving and control of a complex prosthesis the 

choice of pneumatic power as the energy source having been made upon 

the basis of an excellent power/weight ratio for the piston actuators. 

At the time of coi encing the practical work described in this thesis, 

a prototype arm mechanism had been devised with logic operating on 

the control system in order to provide the required co-ordinated 

movements. This device did not perform adequately due to phase lags 

in the control systems and a new design therefore became necessary 

in order to satisfy the increasing need for an arm with a more 
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Fig. 1.6 Shoulder movements available for use as control sites. 
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comprehensive range of movements than the simple device which had 

been in service for several years. 

These more versatile prostheses were devised specifically in 

order to position the hand in space on a spherical polar co-ordinate 

system with an integral wrist rotation facility and a stabilised 

wrist flexion system, and since these developments have been 

described elsewhere (Simpson and Henworthy 1972, Kenworthy and Simpson 

1973) they will not be covered in detail. However, the most 

important factor was that experience in the use of these more advanced 

prostheses served to highlight the functional inadequacies of the 

available cosmetio hands, since the increased versatility of the arm 

prosthesis gave rise to a new realm of functional situations which 

were not satisfied by the available hands. 

1.9 The engineering implications of experiences with arm prostheses. 

Although the more complex arm prostheses led to increasing 

demands for a more adequate hand prosthesis, the engineering 

experience gained in the development and maintenance of the 

mechanisms of the arm prostheses provided a great deal of information 

which directly influenced the development of the hand design. Thus, 

some indication of these trends will be given in order that the 

reasoning behind the hand design may be more readily appreciated. 

The most important feature which arose from experience with 

fitting prototype versions of the arm was the fact that it was 

necessary to accept the incidence of failures and breakages as 

being inevitable during the evolution process towards an improved 

device. However, an acceptance of a fact of this nature in a 

programme of limb fitting made it essential that the process of 
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repair could be carried out rapidly and simply. Thus, it was 

crucial to the success of the programme to provide an arm with a 

type of construction lending itself to the rapid interchange of 

faulty parts for new subassemblies. Details of the way in which 

this was achieved can be seen in Figs. 1.7,1.8 and 1.9 where the 

spaced plate construction provides an open structure into which 

items such as modular piston actuators, modular valve assemblies, 

eto. can be inserted and removed relatively easily, this fact 

significantly reducing the turn round time for the majority of 

repairs. 

A particularly significant attribute of the spaced plate 

structure is its high strength/weight ratio, making it an economical 

use of light aluminium alloy materials. However, extensive 

experience with the arm prosthesis in use on amputees shoved that 

weight savings elsewhere led to an excessively high failure rate, 

thus, the simple and light shoulder rotation mechanism of rig, 1.10 

had to be replaced by the considerably heavier structure of Fig. 1.11 

Indicating that in certain high load areas some degree of flexibility 

in design was essential in order to maintain a service of limb fitting. 

The necessity for the continuous changes in design was 

illustrated by a major alteration in the structure of the arm 

prosthesis, the change resulting from the use of gear trains (Figs* 

1.9,1.10,1.11) as the mode of force transmission. prolonged use 

of arms based upon the use of precision gears of this type showed 

two major drawbacks from this source. 

(I. ) Faulty machining in an accurate manufacturing process led to 

errors in the meshing of gears, requiring extensive attention in 



Fig. 1.8 Arm with sideplate construction- 



Fig. 1.9 Arm with sideplate construction. 
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order to remove backlash or stiffness in the mechanisms. 

(ii) The fundamental accuracy of the mechanism deteriorated rapidly 

with use as the wear introduced slackness in bearings and backlash in 

gears, resulting in large position errors at the end of the arm, 

thereby seriously disrupting the concept of position awareness. 

These faults were removed by the use of belt and pulley drive 

systems, which permitted construction techniques of low accuracy and 

the removal of wear effects by the tensioning of the belts (Figs. 1.12, 

1.13,1.14). 

Thus, it became apparent that techniques of automatic error and 

wear removal could and should be adopted. 

Significant contributions to the solution of the strength/weight 

problem were also made by advances in the arm development, 

particularly from the use of sheet stainless steel in the fabrication 

of the harness used for carrying the arm on the patients (Figs. 1.15 

and 1.18). Extensive experience in the use of this material led to 

an appreciation of its possibilities for use in hand prostheses. 

A similar contribution was also made by the introduction of, and 

experience with, plastics materials. Thus the pulleys and the 

elbow block of Figs. 1.13,1.13 and 1.14, and the bearings used in 

all the joints of the pulley based arm were constructed from 

plastics materials, this approach representing a considerable saving 

in weight (the specific gravity of most plastics is of the order of 

1, whereas that of most metals is of the order of 5 or mare). In 

addition, the use of plastics materials permitted the manufacture 

of pulleys, for example, by injection moulding processes which are 

cheap and rapid methods of manufacture. 
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Fig. 1.15 Prototype co-ordinate arm fi++. A 



Fig. 1.16 Prototype co-ordinate arm fitted to amelic child. 
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1.10 Guidelines for prosthesis design. 

Thus, a design philosophy developed to satisfy the demanding 

engineering conditions of arm prostheses which were used extensively 

by the patients, the most important features of this philosophy 

being: 

(1) Designs which modified themselves to suit the prevailing 

conditions were less prone to failure. 

(2) The use of a diverse range of materials could usefully and 

significantly reduce the weight of the device. 

(3) A certain failure rate must be accepted as Inevitable, and 

modular interchange of faulty parts was essential in order to 

expedite repairs. 

1.11 The results of the arm prosthesis programme. 

The arm development programme therefore produced four major 

results which influenced hand design in various Ways: 

(i) The concept of e. p. p. In the controlling of prosthesis 

movements was seen to be a workable solution to the control of 

multi-movement prostheses. 

(ii) An engineering design philosophy was developed which could 

satisfy the mechanical requirements of the prosthesis specification. 

(iii) A group of severely disabled children was leading a more 

normal existence than would have been possible otherwise. 

(iv) Considerable restrictions were imposed upon the activity of 

the arm prosthesis by the various inadequacies of the terminal 

device. 

Items (i), (ii) and (iii) have been considered in one detail, 

and it remains to illustrate in more detail the various aspects of 
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experience with the terminal device in the context of the use of 

the arm prostheses. 

2.12 Experience with terminal devices in the fitting prcgraamie. 

The historical background of terminal device development is 

covered in the literature review, where it is deduced that the 

functional success of hook devices considerably outweighed that of 

available cosmetic artificial hands, and this fact was exaggerated 

considerably in the practical experience gained in the provision of 

the externally powered arm prostheses for bilateral amputees, as 

outlined above. 

Thus, a situation developed where an arm prosthesis had been 

designed with $realism' as a basic theme, and yet functional 

requirements demanded that a functional hook be used in the only 

part of the upper limb not concealed by clothing'. This arrangement 

of hook device, wrist rotation, stabilised wrist flexion and spherical 

polar coordinate positioning in apace proved quite acceptable 

functionally, but many of the patients were prepared to forego the 

function of the hook in favour of the limited cosmesis and function 

offered by the commercially available hand prosthesis. This 

phenomenon is well' recognised in the wider aspects of upper limb 

prosthetics work, as the literature review shows. 

However, the implications of this situation for bilateral 

wVutees, are very different from those for unilateral disabilities 

where inadequacies may be made up by the good limb. In the case of 

the bilateral amputees the whole history of successful function with 

the externally powered arm and hook becomes useless when cosmesis 

becomes a significant factor, unless a functionally adequate cosmetic 

hand can be provided. 
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intended specifically for application to the problems of thalidomide 

amputees, the implications for all other groups of amputees requiring 

hand prostheses were borne in mind, since the functional aspects of 

an improved cosmetic hand would clearly benefit any patient who 

requires terminal devices of any sort. Therefore developments were 

carried out with a view to the subsequent diversification of the 

work, allowing for modifications which would be necessary to suit 

the conditions of various groups of amputees, and in order that the 

work could be carried out in a manner which would lead to a hand 

prosthesis suitable for general application a review of relevant 

literature was made. This is summarised in section 2, whore the 

various aspects of upper extremity prosthetic systems are reviewed 

in order that the problem of hand design could be appreciated in 

the wider context of upper extremity prosthesis development in 

general. 
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Section 2. 

The wider a*pects of Upper extremity rehabilitation -a review of 
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Chapt. r 1. 

The provision of prosthetic hardware. 

1.1 Introduction and historical background. 

The history of prosthetics is similar to the history of many of 

the so-called 'modern' innovations which we tend to think have an 

exclusively twentieth century origin. In fact, the development of 

prostheses had progressed hardly at all from the medieval armourers 

art until the introduction of externally powered prostheses 

following World War II. Furthermore, the majority of upper extremity 

prostheses which are fitted consistently to patients within the 

National Health Service are still no more sophisticated than the 

prostheses of Goetz von Herlichingen of the year 1504 or 

thereabouts. Even this prosthesis had been preceded, some 1700 

years before, by the device worn by a Roman general following the 

loss of his right hand in battle, an event which was recorded by 

Pliny the Younger. These, and other hand prostheses of antiquity, 

are particularly well detailed by Putti (1828) in a review of historic 

artificial limbs. The same ground is covered in a later review by 

McCord (1563) who ventures further towards the present with the 

flexible rubber hand of Marks and the Introduction by Mr. Dorrance, 

an injured sawmill worker, of the original Dorrance hook in 1912. 

The process which caused vast alterations in the develop®ent of 

active prostheses had been initiated in 1812 by Balift, a Berlin 

dentist who made use of elbow flexion movements to operate an 

artificial hand. This was followed in 1844 by van Pi. ters. n's use 

of trunk aovessnts to activate an elbow flexion motion. Work of 

this nature, aonbined with an increasing survival rate of war-injured 
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from wars such as the American Civil War (1861-65), laid the 

foundations for early work on active prostheses. Firms such as 

the Marks Co. (1853), Hangers (1861) appeared in the United States, 

making mainly wooden prostheses. In Britain Blatchfords (1890) 

was the only prosthetics firm in existence in 1914, but many 

appeared soon afterwards, such as McKay's with arms and Steepers 

(1917) with the Cauet arm from France. In order to deal with the 

increased numbers of amputees, the Ministry of Pensions not up a 

contracting department at Roehampton to provide a more organised 

service for the amputee. 

At this stage, the trend towards active limbs was entirely 

governed by the utilisation of body power for driving elbows, eta. 

The principle behind this system is similar to that of the early 

work, in that a powerful body movement available to the patient is 

harnessed to drive the prosthesis. 

Such motions may be harnessed by making use of the variations 

in body dimensions such as the acronion-acro®ion distance measured 

across the back during a shoulder shrug movement. This type of 

control and power is commonly utilised in the conventional upper 

limb prostheses in current use. A procedure which achieved 

popularity in the early halt of this century, made direct use of 

muscle movement by means of direct attachment of the prosthesis 

cable to the muscle. This was achieved by means of the technique 

of oineplasty introduced by Vanghetti (1906), using a surgical 

technique for effectively waking a hole through a muscle, 

attachment being made to a pin passing through the hole. This 

technique was improved by Sauerbuch (1916) who made a neater job 

of the operation by lining the hole with living skin, thereby 
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achieving a longer lasting attachment. This type of procedure has 

been largely replaced by external attachments permitted by improved 

harnessing techniques and is vncomon today. 

McKenzie (1965) gives a useful appraisal of the conventional 

body powered artificial limbs, in which the main reasons are given 

for the success of these prostheses. The chief factors are the 

relative simplicity and reliability of the prostheses combined with 

a robust structure and a control system which provides the patient, 

via the power cable, with position and force information at all 

times. However, against this must be not the considerable effort 

required by the patient in order to achieve high forces from systems 

of limited mechanical advantage,, and the discomfort of the harnessing 

and the awkward movements which are often required to activate the 

devices. 

In general, the literature concerning the development of upper 

extremity prostheses is extremely sparse until the years following 

the Second World War. Work during the period up to 1945 seems to 

have consisted of an extremely slow foundation-laying process, 

during which the social structure of the world altered in such a way 

that it was no longer acceptable to discount people from normal life 

on the grounds of physical disabilities. Attempts which were made 

are typified by the hands of Pecoreella (1919) (also Ziditorial 1958) 

and Dale (1946) and the electromagnetic hand mentioned by Borchardt 

(1119), isolated works rather than the results of an organised 

prosthetics research programme. 

The effects of the changed social structures since are shown 

by the present world-wide tendency for public funding of prosthetics 

research, and it is this facts combined with the vast technological 
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advances of the post-urar years, which has produced the vast amount 

of new work in the field of artificial limbs in general. 

Development work concerning the production of externally powered 

patient hardware for upper extremity use has shown a tendency to 

develop in several distinct pays, according to the type of institution 

concerned with the work. In particular, little specific attention 

has been directed towards research into the design of hooks as 

terminal devices, whereas the night of various large units has been 

directed to the production of cosmetic, functional hands. The 

interesting contrast here is that the piecemeal. in the field, 

development of hooks has proved far more successful than the heavy- 

weight research work with hands. 

The development of hand prostheses has followed two distinct 

lines of approach which may be described as 'the fully anatomical' 

type, and 'the simplified anatomical' type. The fully anatomical 

type has fully jointed fingers which flex around a gripped object, 

and usually possesses a degree of thumb function. The simplified 

anatomical type envisages hand action as a pincer-like opposition of 

finger and thumb, finger flexion occurring at the metacarpophalangeal 

joint only. The latter type of mechanism has usually been developed 

at establishments directly concerned with the fitting of patients 

whereas the fully articulated type of hand with its multiple function 

potential has often been the object of a more academic exercise in 

control or engineering design. 

The production of items of externally powered hardware for use 

by substitution into the readily available conventional prostheses 

has been a cocoon activity at establishments with a direct patient 

coositaent. An example of this type of procedure is typified by an 
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electric elbow developed at the Ontario Crippled Children's Centre in 

Toronto (1985) and McLaurin (1965). Such powered units are designed 

toaplace conventional elbow mechanisms with a minimal degree of 

modification. However, since this approach is not directly relevant 

to the unified development of a full working prosthesis, more 

attention will be directed towards the work of those establishments 

concerned with the development of fully comprehensive arm prostheses. 

In addition, it should be noted that no spadifically simultaneous 

development of arm and hand prosthesis has been carried out in any 

work previous to that pursued at Edinburgh, emphasis has always 

been placed firmly on one aspect or the other, which has usually 

resulted in an inadequate mating of hand and arm systems. 

1.2 Work with terminal devices and the selection or rejection of 

cosmesis. 

The provision of a prehension device for an artificial arm has 

been the subject of a variety of research programmes, the basic 

trends of which have been indicated above. However, before entering 

on a review of the various aspects of the work, it is informative to 

give some indications of the difficulties present in trying to 

formulate a research policy for terminal device development. The 

most awkward of these problems is presented immediately - coemesis 

or no cosavesis? In this matter the opinions of some medically based 

workers in rehabilitation serve as a useful introduction to the 

situation presented to the developer of prostheses. 

The hard practicalities of the problem were succinctly 

summarised by McKeever (, 1J44) in a review of upper extremity 

amputees and prosthetics: "the more nearly the prosthesis approaches 

the lost hand in shape and appearance, the lese useful it is to the 
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Army Prosthetics Research Laboratory (APRL) hands they found that 

"the fitting of children with upper extremity amputation with a 

hand terminal device did not improve their adjustment to the 

prosthesis". However, this appeared to be due to the poor 

functional capabilities of the hand as they conclude that in this 

matter the anticipation was greater than the realisation. 

Similarly Fishman and Berger (1935) estimated that, if the function 

of the APRL hand were improved, 90 per cent of amputees night be 

expected to accept hand prostheses. 

More substantial evidence in favour of the necessity for 

cosmesis was provided by Fishman and Ray (1964) who surveyed the 

results of fitting the APRL-Sierra hand instead of a Dorrance hook. 

In a group of 77 patients, 21 wanted the hand exclusively, 49 took 

intermediate standpoints and only 7 rejected the hand. In this 

situation the overall impression was that the cosaesis played the 

definitive role despite the fact that the hand was more difficult 

to operate, heavier, worse functionally and provided less prehension 

force. 

In a questionnaire survey of the 7000 British Listless Ex- 

Servicemen's Association patients Simpson found that a majority of 

patients prefer the cosawtic device, a tact which has been further 

substantiated by requests from the thalidomide patients fitted with 

full arm prostheses at the Princess Margaret Rose Orthopaedic Hospital, 

Edinburgh, even for existing hand prostheses which are functionally 

poor, and whose ao"esis also leaves much to be desired, 

It is apparent from the works outlined above that the objective 

opinion of clinics conger ing what a patient's attitude towards 

prostheses should be, carries little might with the patient except 
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perhaps when attending the clinics. There is therefore little point 

in providing a patient with a functional prosthesis which he will not 

use habitually, and the main difficulty lies in ascertaining whether 

or not he really does make use of the device in his normal environ- 

mment. In view of the understandable desire of patients for a 

cosmetic functional hand, it is clear that the most universal 

solution to the problem would be to provide a hand which is, 

functionally, at least as good as the available hook devices. 

The large numbers of hooks and other special devices which have 

been constructed are myaptomatia of the failures in the provision 

of coseetio hand devices. This phenomenon of a proliferation of 

hooks is also an indication of the relative ease of the design 

problem when the designer is untrammelled by the restrictions of 

external appearance and shape, and he is able to sake specific 

devices for specific tasks. 

1.3 Hook prostheses. 

There are so aarW varieties and variations of varieties in the 

world of the hook prosthesis that a detailed appraisal of then all 

is impossible in the time available. Roomer, sous indication of 

current trends can be given by considerations of various specific 

devices. 

Apart from the original "Captain Book" type of hook prosthesis, 

shish was just that -a hook and no mors, hook prostheses have taken 

the familiar form of the split hook such as that introduce! by 

Dorsanos. These devices take the form of a hook, split along its 

length, the two parts being hing" at the proximal and, the joint 

being activated in various ways by the wearer. The possible 
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variations on this theme are endless, different hook shapes, 

protruberances from the blades, lengths of blades, etc., quite 

apart from the different modes of attachment and use. Examples of 

specialised attachments are given by Kuhn (1970) who arranged that 

the hook be allowed to turn aside to expose the amputation stump for 

active tactile feedback purposes, and Clarke et al (1970) who found 

that a built-in wrist adduction for the hook attachment facilitated 

gripping because of the improved visibility of the hook ends. 

Although the realm of specialised devices is not of direct 

concern to the hand project it may be worthwhile to refer to some of 

these in order to indicate the type of hardware which has been made 

available. McKeever (1944) refers to the Bowler hook,, which had a 

ratchet closure mechanism, thus enabling the user to grip around an 

object and maintain the grip for some time. In this situation it is 

poor" significant to regard the hook as a tool holder rather than a 

prehension device. A similar type of device has been described by 

Older and Hall (1963) who used a sort of multi-angle vice which 

clipped onto the wrist& and permitted acme gripping during the 

healing phase by patients with hand injuries. 

The more standard hook prostheses usually take the form of a 

simple split hock, with closure being maintained by a spring or 

strong rubber cord. Opening is usually achieved by mans of, for 

example, a cable operated by shoulder shrug Notion operating on a 

lever arm attached to on* hook blade. Thus the patient always works 

against the load of the spring, which is necessarily high since it 

provides the gripping force. Useful examples of individual 

improvements on this system are given by Yaret and Taylor (1952) 

when they describe the Northrop hook and the APRL hook. The Northrop 
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hock retains the conventional voluntary opening characteristics, but 

combines this with a two-level spring force, one of which may be 

selected at will by the patient. (This arrangeaent is available on 

various standard hooks supplied at present - for example several 

members of the Otto Hook hook range use this technique). The APRL 

hook uses a voluntary closing mechanism which automatically maintains 

the grip on first release, the re-application of force allows 

opening. 

The choice between voluntary opening and voluntary closing of a 

prehension device is really a matter of the personal preference of 

the patient. Although Ritter and Sammons (1965) found that the 

ability and user incentive of children fitted with hooks showed 

radical improvement following the adoption of a voluntary closing 

principle, : zany patients prefer the voluntary opening type because no 

effort is required to maintain grip once it has been achieved, 

without the confusion of the sequential type of control used in the 

APRL device. In view of the ease with which the change from 

voluntary opening to voluntary closing (or vice versa) can be 

effected, there is no reason to pursue an argument in favour of 

either,, the alternatives can simply be indicated to the patients, who 

can then make his own choice in the matter. 

Work at the Ontario Crippled Children's Centre (flab-70) has 

been concerned with the dsvwlopssnt and fitting of a salt-contained 

electrically powered split hook. Oposation is by a worm gear and 

belt drive from an electric motor, activation being achieved as a 

result of switch action by the patient. The device opens and then 

closes automatically, applying a fixed force of 3 lb. The con- 

clusions of a seminar (Psiasr 1969) found that this hook had 
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considerably better handling and user characteristics than any of 

the then available externally powered hands. The electrical 

driving of hook devices has also been pursued in other centrest a 

useful example being that of Fisher and Childress (1973) who 

introduced a simple electrical attachment for powering a standard 

split hook. In addition to the work with the hook described above, 

the Ontario Crippled Children's Centre have also experimented with 

a three jaw chuck-like operation hook, and with a conventional split 

hook to be electrically driven from within the forearm. 

Before considering the more complex developments of the split 

hook principle, it is worth mentioning the only real departure from 

the usual hook-hand principle. 8umida at al (1968) have arrived at 

a completely different solution to the problem as the result of 

experience with very young children as hock users. It Was noticed 

that the children tended to sake use of a conventional hock before 

they had developed adequate positional accuracy. This tact, which is 

confirmed by later work in the same unit (Wendt and Bhapersan 1970) 

led to the development of a device which resembles a arab's claw, 

with large gripping areas which are padded with rubber tubing in 

order to achieve a sort of comprehensive grip under the circumstances 

of inaccurate positioning. Although not suitable for the degree of 

precision which can be achieved by many nose deXtroua patients, this 

type of device may be of advantage in situations where patients are 

In an early learning phase, or where normal motor control is in sane 

way inadequate (e. g. Parkinson's disease). 

probably the most comprehensively designed hook to be developed 

has never made az real impression upon the world of prosthetics, 
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The hook devised by ßottomiey (1967) achieves a most comprehensive 

range of prehensile activities by virtue of its design, without 

resorting to the use of special grooves, notches and pins for 

gripping specific objects. The hook, which is pneumatically powered, 

retains a curved hook blade which is opposed by a mobile 'thmeb' 

which has an articulated distal phalanx constrained to remain 

parallel to the static blade at all times during the opening and 

closing of the device. The 'thumb" is arranged relative to the 

hook-shaped blade in such a way that the distal phalanx makes 

contact with the hook at a point not at the hook tip. In this way 

it is possible for an object such as a pencil to be placed across 

the hook (as a chord of a circle), contacting the hook blade at two 

points; closure of the 'thumb' then contacts the pencil at a point 

between the two points of hook blade contact - thereby achieving a 

stable three-point grip. This built-in stability is also useful for 

grasping larger objects, such as a beer glass, when the flexed 

distal phalanx of the thumb tends to o ercow the usual tendency of 

hooks to expel larger objects from the grasp. The one major failing 

of the Bottoaley hook is also due to its type of construction, since 

the hook blade must protrudd below the opposing thumb in order to 

achieve three-point grips, this makes picking up from a flat surface 

impossible unless the object is of a certain minimum size. 

A somewhat exotic variation of the them of this type of hook 

is reported by ling and Welbourn (1968) who, as a result of a study 

of force-time variations during prehension, found that the static 

gripping force could be as little as half that used during the 

active picking up phase. This led to the design of a po*matioally 

powered hook of the Hottooley type with incorporated strain gauge 
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measurement of shear force at the thumb tip. This information was 

then used to automatically regulate the gripping force to the 

minimum necessary for the maintenance of grip. Overall control was 

effected by switch controls operated by the patient. Although this 

device achieved the desired engineering result, the necessity and 

desirability of such sophistication is debatable. Practical 

experience with the fitting of prostheses to patients in the Ydinburgh 

unit has repeatedly shown that automation within the prosthesis is 

not desirable, it is more beneficial to teed all possible Information 

to the operator and then allow the infinitely more sophisticated 

human 'computer' to achieve the balanced control necessary for 

useful everyday operations. 

This point illustrates a basic axiom which transpires from 

experience with prosthesis fitting to children rho use the devices 

as part of the daily routine. There is really no necessity for the 

introduction of computers or automation in the control of prostheses, 

for, provided that adequate information is presented in a suitable 

way to the human system, that system is far more etlieient and 

sophisticated in dealing with the problem than arm artificial 

intelligence is likely to be for way decades. 

Probably the most complex hook of all in terms of available 

movements was devised to provide the terminal device for a functional 

powered arm developed by the Medical Research Council Unit at Hendon 

(1970). The hook was devised because there was no adequate functional 

cossetia hand available$ and insufficient time was available for 

the development of a device constrained by li itatims on external 

dimensions and shape. The device consists of a lied Zook-like 

blade which is opposed by two mobile blades which pivot about 



31. 

mutually perpendicular axes. A laterally mounted hooked blade, In 

conventional hook fashion, opposes the fixed blade from the side, 

whilst the second mobile blade opposes the fixed blade itself. The 

mobile blades are linked by a pneumatic piston actuators thus 

allowing both blades to float independently of the fixed blade. 

When prehension is desired between one mobile blade and the fixed 

member, the piston actuator must first drive the second mobile blade 

against the fixed blade before a positive grip can be achieved by 

effecting definite closure of the first mobile blade onto the 

stationary member. The blades are notched in order to permit 

gripping of pencils and similar objects. 

Although no expression is made of operator opinions of using 

this device it is to be expected that the large amount of 'backlash' 

introduced into the oWstem by the floating blades mechanism is 

likely to detract from the operating characteristics of the device. 

A considerable looseness in a system of this nature tends not to 

inspire confidence in its function, particularly so for a gripping 

action which needs to have a definite, positive action in order to 

make the movement easy and simple to achieve at all tines. 

The authors of the progress report on the device give a list of 

tasks which the hook could not successfully perform. Unfortunately 

this list includes mum activities of vital importance to daily 

living such as a stable grip of a knife,, jug handless telephone 

receivers and picking up from a flat surface. Considerable diffi. 

culty-was also experienced with Inadequate gripping force and lack 

of strength in the blades. A lack of robustness is really not 

tolerable in devices designed for use by children who will instantly 

abuse a device beyond the limits of any reasonable assessment and 
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one of the prime reasons for the success of conventional hooks has 

been their relative indestructibility. 

Consideration of the experience of the Hendon workers with this 

terminal device leads to the conclusion that probably the same 

degree of function could have been achieved by using a proprietary 

brand of cosmetic hand, with the added advantage of cossesis. This 

is an unfortunate conclusion following such a different line of 

approach, but better results may have been achieved by the use of 

the available Bottomley hook, or even a standard pneumatic hook 

device. 

By way of a conclusion to a review of certain hook devices it 

must be stated that the majority of hooks are extremely satisfactory 

from every logical point of view; they are strong, simple, reliable, 

good at picking up, adequate in holding many everyday objects, easy 

to use by virtue of the good visibility through the skeletal 

structure, and easy to position because of the use of one stationary 

blade. Furthermore, the application to hook design of the design 

features incorporated in the Zdinbwrgh hand could improve hook 

versatility still more. However, it is an unfortunate fact that 

the engineering benefits conferred by these points are completely 

overidden by an understandable but illogical desire by patients for 

oowwsis. In the short term there is no advantage in resisting this 

fact, and the realisation of the necessity for coswsis has led 

N&rW workers to attempt to arrive at a satisfactory solution of the 

function and oosasis problem. 

1.4 Hand prostheses. 

The work which has been carried out on the development of 

functional artificial hands has fallen into two readily 
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distinguishable groups which are characterised by the extent of 

immediate patient commitment involved. Those workers with a 

direct responsibility for patient care have tended to produce 

functionally simple devices with emphasis on cossesis rather than 

good functional properties. In contrast with this situation is the 

more sophisticated work carried out by groups with a more academic, 

background who have in several cases regarded the problems of the 

control of a multiple jointed device as the objective. These 

workers have produced complex hands which are quite satisfactory in 

their movements and appearance, but in fact leave much to be desired 

as practical prostheses. 

In each group classified in the manner outlined above there are, 

of course, exceptions in the backgrounds for the works, but the 

structures fall into two groups so naturally that they will be 

reviewed as such. 

1.5 The simple prostheses. 

The group of cosmetic functional hands characterised by a 

relatively simple mschanisa was pioneered in modern times by the 

development of the Vaduz hand. Development work on this prosthesis 

began in Berlin during World War II under Dr. E. Wilms. The research 

aas continued after the war in Vaduz, Liechstenstein and later in 

France under XOOel. (Wilms 1950, took out French patents on the 

device and its control system). The device was relatively 

sophisticated and ahead of its time in many respects, particularly 

in the use of the controls. The functional structure appears to 

have set the trend for mater of the prostheses which were 

subsequently developed elsewhere, since a pincer/3 jaw chuck type 
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of grip was achieved by approximation of the thumb and the first two 

fingers, driven via a gear-train reduction mechanism from an 

electric motor. The hand weighs approximately 400g and incorporates 

various interesting design features, which include an automatic 

gearing down for extra gripping power when the fingers are opposed 

and full motor speed has been achieved. Switching of the electric 

motor is remotely controlled by means of a pneumatic link consisting 

of two sacs connected by a tube, whereby the compression of one sac 

by the stump caused the slave sac to activate the switch controlling 

the motor. The patient can vary the sensitivity of this system by 

alteration of the pressure in the pneumatic system. By means of 

arrangements concerning the slave sac and the switch mounting it 

was possible to achieve some force feedback which prevented 

excessive battery current drain during stall conditions. Furthermore 

a sort of position control is evident under conditions of more 

moderate force applications to the control, since the device moves 

to a position which neutralises the input signal, subsequent 

re-application of a control force initiates a repetition of the cycle. 

Concerning the behaviour of this device in use, the extreme 

sensitivity referred to by Gilpin (1563) appears to have led to 

ccrplications for regular users, since Luaaooini (1186) finds that 

frequent readjustments are necessary to maintain adequate function. 

I. ucacoini also fools that, although the device is saq to use, it 

is really limited to light work, and the poor technical and 

mechanical work in the device tends to make it unreliable. 

Although no direct information is available about the cosmetic 

results with this hand, it is reasonable to assume that it Was 
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adequate, since no particular problems of glove production are 

presented by this type of mechanism. However, the functional 

capabilities are limited by the type of grip action used and the 

most significant contributions remain in the control field. The 

automatic variation of gearing in the device provides a useful 

analogy with the human hand, which also possesses automatic 

variations in mechanical advantage during flexion by virtue of 

mobile tendon expansions round the joints. 

A body powered hand with an action similar to that of the 

Vaduz hand was developed in the U. B. A. on the basis of design 

criteria resulting frog the waft of Keller et al (1947) who oon- 

cluded from filmed records of everyday activities of normal hands 

that 88 per cent of holding actions teere in the pincer node, which 

was used in the hand mechanism. The relative merit of this data will 

be considered elsewhere, it is sufficient at this stage to state that 

the design of the APRL hand as it is known, was based on such 

information. The device operated in a voluntary closure mode, with 

a look to permit retention of gripped objects without aontint i 

effort. The overall structure of the hand was in an exoskeletal 

tors, cast in magnesium with a passively set two position thimtb. 

(valuation reports from Fletcher (1934) and Peizar (1969) are 

moderately favourable, particularly in terms of reliability, 

although there are the usual limitations imposed by the configuration 

of the mechanisms for example the difficulty with Working at flat 

surfaces improved by the necessity for extreme wrist rotation or 

extension in order to allow the lingers and thumb to oppose in a 

horizontal plane. 
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The Introduction of the APRL hand has in fact imposed extremely 

sturere restrictions upon research with cosmetic hands in the United 

States. It is a surprising fact that no now developments have been 

pursued in the realm of hand mechanisms, the only changes which 

have been made concern operating techniques, poorer unit changes and 

techniques of control, all with the same mechanism: This situation 

is, to a certain extent, typical of U. B. powered prosthetics 

research, where workers have tended to become bogged down in the 

airs of existing prostheses, having limited their scope by designing 

on the basis of replacing existing parts of prostheses, rather than 

developing totally radical ideas. 

Some exa Ales of the variations on the AML hand theme will be 

given, in order to illustrate same of the attempts to provide 

external power. The U. B. ArqW Medical and Biological Research 

Laboratory (USA mRL) hand achieved electrical powering of the APItL 

mechanism by means of as electric Motor mounted is the forearm, 

connection being almost external to the complete APRL device. 

Salisbury and Colman (1967) introduced a degree of automation into 

the device by making use of slip detectors in a manner similar to 

that of Ring and Welburn (1965) described previously. The u&Ai az. 

system has subsequently been used in a voice operated control 

syst4, but this is a control problem rather than a prosthetic one. 

An electrically powered version of the AML hand was produced 

by S. amon" and Hoshsll (1970) wbo modified the +xisting ApRL 

asahanis* to rsosivw an oisotrio motor. Control of this device was 

. 1fsated by a7O-+lsotrio signals which were uasd in a pastdo- 

. 1f. tioed-servo mechazstau. The servo ssohaniss was position 
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dependent only to the extent that the error signal used to drive the 

device was derived from the difference between n o-. leotrio signal 
and a position seeder signalt there was no actual relationship 

between control input position and the output position of the hand. 

The American Institute for Prosthetic Research (Alpß) hand is 

a pneumatically powered version of the same mechanism, and of course 

differs little from the other devices in its prehension capabilities. 

The prolonged us. of the APEL mechanism is probably due to its 

reliability, because of the inherent simplicity of the finger move- 

ments, a factor which is desirable in aii items of prosthetic 

hardware. In the absence of MW readily available alternative, this 

fact alone explains the lack of internal pressure for the development 

of new devices, since it has become an acceptable practice, fron a 

non-patient standpoint, to make use of hooks for real functional 

activities. These facts are substantiated by the surveys of Lambert 

and Soiora (1959) and Fishman and Kay (1964) who found that the ApIL 

hands used were functionally far less satisfactory than the hook 

devices, but that cosmetic requirements tended to override this 

problem. 

A hydraulically powered hand of pincer type operation was 

produced by Heather and Smith (1960) . 7M s system used simple 

plastics parts for the pistons, but never achjevd sz particular 

distinctions since the only real difference about the prosthesis lay 

in its power supply. 

The limited ocaplstition for the APv hands on the American 

markst is typified by the Bobirr-Mds hand jbich is of virtually the 

same construction, with the addition of passively mobile intsr- 

phalangeal joints. 
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A hand device was produced for the Alderson-IHM electric arm 

(after 1148), but this whole system succumbed to the complications 

of the control philosophies used in the device. However, the 

manufacturing techniques used were unusual in that a bronze casting 

of a hand was dismembered and machined to provide master copies of 

hand segments which could then be reproduced moulded in reinforced 

nylon. The mechanics of the device were carefully coloured so that 

no cosmetic glove would be necessary. 

The early appearance of the electrically powered hand in the 

form of the Alderson-IBM system was not unique, since an electro- 

magnetic hand was mentioned by Borchardt at al in 1919 and Reiter 

(1948) also had produced an electromagnetic powered hand. 

The European version of the ADEL formula is typified by the 

group of hands camiprising Otto Book, Viennatooe, WAIL, and the 

hands devised by Sell and Merton (l969). These hands have very 

similar structures and mechanisms, with flexion of index and middle 

fingers occurring at the astaoarpophalangeal Joint which, combined 

with the action of the mobile thumb, gives a palaar, pincer like, 

three jaw chuck grip similar to that of the ARIL hands. The 

reliability of the strong, simple Otto Bock/Vieuaatone formula has 

led to applications of this type of device, usually in electrically 

powered fora, by various workers is Europe, for example aeraans at 

al (1970) who used this mode of action as a first step towards the 

production of a two controlled function hand. Similarly Soerjanto 

(1971) used the Vieonatone achanisu as the basis for experiments 

with Wo-electric control, as have Passerini and Scalas (1970) in 

Italy. 
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The grouping of the hand of Sell and Merten (1969) in this 

category is somewhat surprising in view of their specitiostion for 

a hand prosthesis, which emphasised the need for a natural looking 

movement for the device. A few minutes spent e=rcising one's hand 

in the fashion of these mechanisms soon proves the point - real 

thumbs do not comfortably perform the pincer grip action. However, 

It is important to note that Sell and horten do appreciate the need 

for a proration-supination action to supplement the hatzi, the 

inclusion of such a mechanism can do a great deal by way of improving 

versatility of any terminal device. 

The Otto Hock and Viennatone bandet together with the Italian 

I IL hand are commonly available for use with agro-electric control 

units. Interestingly enough, evaluation reports of the use of such 

eng controlled hands puts little emphasis on ax amt of arg 

control, rather on the overall lack of Junctional ability, [Feeney 

and Hagaeus (1970), Verstappen et al (1972) whereas Carlson (1970) 

indicates that the patient preference for es9 controlled Otto Bock 

and Viennatooe hands over body powered books ay be due to the 

absence of harness straps, eta. rather than because of aspects of 

control or mechanism. One particularly significant fact which is 

noted by Feeney and Hagaeus (1970), and has been touched on 

previously, is that picking up from a flat surface with this type 

of device is exceedingly difficult without a large degree of wrist 

flexion. Indeed, experience with fitting child size Otto Bock 

hands at the Princess Margaret Rose Orthopaedic Hospital, Zdinburgh, 

has resulted in ao mting tw hands on a permanently flexed wrist 

connector. 
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The most publioised and well known hand prosthesis is 

undoubtedly the electrically powered Russian hand (Zobrinakl(1960) 

and Popov (1965). This device has become commercially available 

and widely tried in Europe and Canada, the most significant fact 

about the device being the control system which was the first widely 

available system based on the use of syoeleotric signals pinked up 

from muscle activity. The mechanism is relatively conventional in 

configuration, rigid fingers and thumb except at the metacarpo- 

phalangeal joints, closing in a pincer-type palaar grip, the only 

major difference being that all four fingers are actively flexed, 

in contrast with the mechanisms previously described which 

incorporated active flexion of index and middle fingers only. The 

original fro-electric control system for this hand was really only 

an erg operated switch system and various workers who adopted the 

Russian hand have modified the control side quite considerably. 

The Rehabilitation Institute of Montreal have adopted the hand for 

some time, and have made considerable modifications in control 

systsms (Sherman 1964, Sherman et al 1967). The Montreal workers 

have also introduced training display units for the optimisation of 

control sites for the device. A British version of the control 

system for this type of hand has been produced by the Atomic Weapons 

Research Establishment (AEBS) Aldermaston (! 'yson et al 1969). 

An assessment of the type of hand which has been illustrated by 

the above mechanisms can only be made in the context of the 

conditions under which they were fitted. Unfortunately, due to the 

extreme similarity of all the mechanisms, the only valid functional 

comparison which can be made is with hook devices, wider which 

circumstances the hands do not appear in a very good light at all, 
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except from a ooametic point of view. Even Peiser (1969) who, as 

a result of detailed assessments of most of the above devices 

found the functional qualities inadequate, fails to note, the overall 

similarity of the tested prostheses which has mad. comparisons 

between the hands meaningless. 

In conclusion then, it can be stated that the pincer-type hands 

described above are satisfying the requirements of cosmesis and 

function by providing some degree of active grip (not prehension, 

which implies active picking up and grasping) in what is essentially 

a passive cosmetic hand. The success of these bands has been largely 

due to the reliability of the robust simple mechanisms used and the 

determination of patients to have cosmetic hands at any cost, a 

situation which has been most fortunate for the developers of 

different control systems in the vain hope that function might be 

improved by changes in the control of the device. 

1.6 The multiol_aovement vrostheses. 

Modern work with more comprehensive hand mechanisms has reverted 

to the fully articulated style of the mfdiaeval armourers or to that 

of Pecorella (1918), which incorporated 'tendons' into a fully 

articulated' bone' structure. The first post-ear venture into the 

realm of articulated hands was made at Aoehampton Limb Pitting Centre 

(Gillis 1948). This prosthesis had fingers which flexed at mstacarpo- 

phalangeal and PIP joints as the result of a body powered cable pull 

action. The fingers conformed to a gripped object to a certain 

extent in that if one were restrained. the others could continue to 

noti. The thumb was passively mobile, having two basic positions, 

one in which it was opposed by the finger in pincer fashion, and the 

second in vhich the fingers closed on the palm unrestricted. The 
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fingers remained flexed in any position until released by the action 

of a second cable pull action. This device was of an exoskeletal 

structure, and exceedingly heavy, but the greatest tailing of all 

was the iammonso cable pull force required to achieve any gripping 

force at the fingertips. This lack of mechanical advantage through 

articulated finger mechanisms is a problem common to all prostheses 

based on this construction and presents severe limitations in all 

designs of this type. 8speriasntal attempts to use a "auseun" piece 

version of this hand at the Princess Margaret Rose Orthopaedic 

Hospital, Iedinburgh, have lost the distinct repression that this hand 

can only be described as having the limited qualities of some 

dynamic cosmesis. 

The most comprehensive attempt to produce an externally 

powered adaptive hand was carried out in Yugoslavia under Tomovic 

and Aahio, the hand prostheses being almost universally k own as the 

'Belgrade' hand (Rakio 1964,1968 and Tomovic 1970). The hand is an 

aal example of engineering ingenuity,, movement being accomplished 

by a series of cans and levers driven 9rom an electric motor which 

protrudes into the forearm. The movements are programed into two 

basic types which are most easily recognised by comparison with 

the devices previously encountered. The first mode is similar to 

that of the APRL mechanisms in that the fingers flex towards the 

palm (flexion active at all Joints), and the index and middle 

fingers oppose the tip of the thumb in pincer fashion. In the second 

mode of action the thumb moves away from the line of action of the 

fingers, thereby permitting the fingers to fully fleas into their 

'fist' positions, the thumb then closes round the fingers to complete 
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the fist. The surfaces of the lingers are adaptive to a certain 

extent by virtue of a soft covering which permits added 

conformability to the gripped objects. 

The erhole hand is to a large extent automatic, the only 

control signals required are 'start' and 'stop' and an adjustment 

of gripping force. Selection of gripping made is automatically 

achieved by a series of sensors in the hand itself, the first sensor 

touched by the gripped object determines the subsequent behaviour 

of the hand. This type of control philosophy is one which is not 

conducive to a good patient/prosthesis relationship, but is 

essential for the operation of the device by a limited number of 

control sites. The degree of automation which must necessarily be 

introduced into fully articulated adaptive hands in order that 

operation by the patient may be achieved simply is a major factor 

which militates against auch complex mechanisms as practical 

prostheses, sins the patient wishes to be using a hand, not driving 

a machine. Experience at the Princess Margaret ! tose Orthopaedic 

Hospital, Edinburgh, has shown that a considerable degree of function 

may be achieved it a simple prehension device is used in conjunction 

with a pronation/suipination facility -a fact which is not given 

prininsnoe by the Belgrade corkers. 

The Belgrade hand has been the subject of clinical evaluations, 

iah, although based on somewhat artificial tasks, have provided a 

useful fssdbook of information. The first evaluation was Carried 

out in Los Angeles at the University of California by Arezina and 

Broth (1964). This evaluation gave the designers a Considerable 

amount of information to work with, sines it covered almost every 
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aspect of the design. Arezina and Groth found that the siting of 

the pressure sensitive detectors in the hand did not cover a 

sufficient range to permit easy control. The times of operation 

in tasks which the hand could achieve were comparable with those of 

hooks, but gripping forces were too low, and the multiple hinged 

fingers tended to be unstable. The mobile fourth and fifth digits 

tended to obstruct the manipulation of small objects, a fact which 

is typical of most hand prostheses when compared with hooks. 

Similar effects which were found in this evaluation and in most 

other comparisons of hand v. hooks are the almost unavoidable side 

effects of reduced visibility and manipulative ability in small 

spaces due to the bulk of the hand. 

Yet another indictment of the pincer grip action is given by 

Ar. zina and Groth vhen they note that gripping on flat surfaces was 

difficult in the absence of wrist flexion. However, the most serious 

problem of all was due to the extreme weight of the prosthesis, not 

surprisingly# in view of the complexity of the hand, in excess of 

1kg. 

Rakic (1968) records some of the modifications made in the light 

of the experiences outlined above, the chief action being an 

improvement in the stability of the fingers and their actuating 

mechanisms. He also notes the projected introduction of a pronation/ 

supination facility, By 1970 the weight had been reduced to 57Og, 

which, although high, was a Considerable improvement on the early 

models, and this relieved one of the major drawbacks of the device. 

To®ovic (1970) seeks to reduce further the degree of patient 

involvement in the operation of the hand by the removal of the need 

for selection of prehension force. In order to achieve this he 
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proposes a slip detector, consisting of a rotating wheel which 

breaks a circuit and hence increases prehension force until slipping 

ceases. 

An evaluation report by Kay at al (1970) carried out on 

laboratory-type tasks of gripping various objects in different 

circumstances is generally favourable in tone. However, two 

important remarks made in vital parts of the report inspire little 

confidence in any judgments made as a result: 

". .. the some hat worse results with the electronic hand were 

probably related to the fact that the tested patients were users of 

the mechanical terminal devices for a long tine. " 

No evaluation of a device is fair under the conditions admitted 

by such a statement. it insufficient time is available to fit 

patients in a realistic way in their normal ham environment for a 

considerable time, then there can be no comparison with a device 

stich the patient my have used for years. A situation of this sort 

would be similar to presenting a brand now car to a veteran motor- 

cyclist and assessing the car by his performance with the new machine 

after a few days use. 

The second remark inspires still less confidences 

"If we discount the troubles the patients had duo to weight 

and aesthetic appearance .. . ". 

It is sufficient to answer this comment quite briefly - In a 

functional hand you cannot ignore these facts for one moment. 
An overall look at the achievements of the Yugoslav tea, with 

the Belgrade hand can only give an impression of aaas 4, the hand is 

'a truly impressive achievement of Control and engineering. However, 
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as a practical prosthesis, it is limited functionally by the same 

constraints of finger action that restricted the APRL type of 

hands, with the extra problems of increased complexity and a 

reliance on automatic control which is not compatible with the 

practical requirements of prosthesis fitting. 

A hand which has been developed in Italy (Passerini and Scalas 

1970) has a fundamentally similar pattern of movement, clearly as a 

result of close cb-operation with the Yugoslav group at the Pupin 

Institute. A significant functional differenoe in view of the 

evaluation report of Arezina and Groth (1964) Is that the fourth and 

fifth digits do not flex fully when the hand is in the pincer grip 

mode. The major difference, however, lies in the overall control 

system, which is programmed by a special cam mechanism within the 

hand itself. The operator is thus able to pro-select the mode of 

action required. 

In Sweden, a considerable amount of effort has been directed 

towards the developaent of an adaptive hand. with the mechanisms 

being driven by artificial tendons powered by electric motors. 

Lymark and Hohl (1967) give a comprehensive specification for the 

hand functional capabilitiesi 

1. Your active lingers, adaptive and force controlled. 

2. Thumb flexion and circumduction. 

3. Dorso-palmar flexion and extension. 

4. Pronation and supination. 

Zach of these movements is controlled independently by one of 

four electric motors situated in the forearm. TM fingers are 

driven by pre-stretched torylene Cords which are activated by motor 

action on a pulley arratgsent mich allows an adaptive trip 
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movemimt of one pair of lingers relative to the other pair which may 

have been obstructed by gripped objects. Hower, in order to 

retain stability after the achievement of grip, joint locks come 

into play on the loading of the fingers, at which stage the flexion 

mechanism gearing increases to provide extra gripping force. The 

hand is even endowed with a sprung carpal arch, which introduces a 

rounded arching to the back of the hand when the thumb exerts 

opposition pressure in the centre of the pain. 

In a partial report on the progress of the hand, Lymark (1968) 

notes that the hand and the fingers may be passively abducted. 

Mager (1968) indicates am* of the electronic refinements introduced 

Into the control system, such as force feedback from the fingers, 

and velocity feedback from motor spul. These are incorporated 

internally within the hand, and are not fed directly to the operator. 

The hand was intended to be controlled vgro-electrically, which 

is virtually essential in view of the complexity of the hand since 

no large scale attempt at automation has been aads in the Belgrade 

fashion. Herberts and Peterson (1970) found difficulties with 

Inconsistent signal strengths using surface electrodes for the 

control of the prosthesis, and indicates that implanted electrodes 

would be used in order to overcome the problem. 

This hand is a Umre serious attempt at the provision of a 

oo®stio hand than is the Belgrads device sins thin rubber or We 

gloves are available as coverings for the prosthesis. In order to 

permit unrestricted prehension it is nSosssary that the gloves be 

very light, thin end flexible, but this has made them susceptible to 

dg. This problem has been ovsroams b7 the acceptance of the 

gloves as 'throwaways' after about a wssk of use. 
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The Swedish hand is apparently the only powered hand shich is 

really capable of a lateral action by the thumb, and this is a 

direct result of the almost complete flexibility of the controls 

provided by independently powered fingers and thumb, together 

with the use of some passive abduction features. in an overall 

assessment oithis hand, it must be said that it probably has more 

potential than any of the other complex hands, and may prove very 

useful when applied to those below-elbow amputees who are not heavy 

users of a terminal device and who have several control sites 

available. In applications to more severe amputations the problems 

of choosing useful control sites become more severe, which leads to 

difficulties in most situations which make use of myopelectric 

control. Concerning the problem of heavy users of terminal devices, 

it must be said that any articulated finger mechanisms are likely to 

suffer extremely highloada, whether internal due to the necessity 

for the high 'tendon' forces which are required to provide an adequate 

fingertip prehension force, or the externally applied impacts and 

side loads on fingers suffered continually by normal hands. Under 

these circumstances it is to be expected that the life of a multiple 

jointed system of this type may be subject to frequent damage by 

anyone other than the most careful user. 

The approach to adaptive bands has been made in Britain by a 

group working at Southampton University (Todd et al 1969), and has 

been pursued mainly as an exercise in control techniques, rather 

than the provision of a real prosthesis. However, various aspects 

of the system are of interest, particularly in view of other attempts 

to tit similar prostheses. The mechanism is based on a 'tendon' 

type of operation similar to that of the Swedish hand, but the 
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actuation procedure is quite different since it makes use of a 

capstan principle by which a slight tightening of a 'tendon' around 

the capstan causes a magnified force to be applied to the fingers. 

By making use of two capstans it was possible to arrive at a 

satisfactory range of speeds of actuation in changing from one to 

the other. Slip detectors, position and velocity feedbacks and a 

built in safeguard against excessive gripping forces are all 

incorporated within the device. The emg control system is level- 

discriminated for different functions but there is no attempt at 

any active feedback (other than visual) to the operator. This is 

because, for prehension, detailed conscious control or teed-in is 

not required. This is a convenient trap into which many of the 

'automated prosthesis' fraternity tall. Although it is frequently 

necessary in practice to adopt a compromise solution in which the 

prosthetist is knowintly forced to omit certain functions or 

facilities, it would be for reasons of expediency rather than 

because of a conviction that such functions were not necessary. 

in a speculative assessment of the requirements for a hand 

prosthesis, Godden (1968) has made some useful contributions to 

considerations of artificial hands. He emphasises the predominance 

of the effect of the phase relationship between fingers and thumb, 

regarding this as the prime consideration for the achievement of 

full function in a prosthesis. In this appreciation of the 

importance of thumb activity during prehension, Oodden is one of 

the very few workers in this field to note fully the medically and 

anatomically widely understood fact that the thumb is the key to the 

prehensile and manipulative function of the hand. As a useful 
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example in illustration of this point he points out that many 

arthritic patients vho are only able to move the thumb in a plane 

at 45° to the palm are still able to fulfill most functions 

because of the phase control which enables the position action of 

the thumb to be changed relative to the clenching fingers. 

The proposed adaptive hand,, on the basis of these considerations, 

would therefore have a thumb operating in a plane at 450 to the palm, 

fully articulated lingers, and a variable phase lag between thumb 

and finger action. This model is a highly desirable target for 

anyone considering the design of a hand prosthesis,, but the hard 

facts of practicality once again rule out some of the possibilities, 

such as the Jointed fingers for the reasons of stability which have 

already been given. However, the important fact to note here is the 

vital nature of thumb action in the prehensile process, and the 

possibilities which remain even as a result of restricting the thumb 

action to a fixed plane of motion. 

A device has been produced upon these lines by Collins (1971). 

making use of psrspex parts for the structuureq and nylon tendons for 

effecting the movements. The resulting hand has no cosmetic cover 

and is capable of only seall gripping forces, but exhibits an 

attractive degree of dynamic cos®esis. 

Canadian development work with artificial hands hag taken a more 

independent line which is made clear by the development of hand 

mechanisms of other than the pincer configuration. Nicholls et al 

(1967) put forward a hand in which the sour fingers flexed at the 

WP joints, 'Whilst PIP joint flexion linked to this motion also 

occurred until the fingers closed on the thumb. In order to permit 
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example in illustration of this point he points out that mart 

arthritic patients who are only able to move the thumb in a plane 

at 45° to the palm are still able to fulfill most functions 

because of the phase control which enables the position action of 

the thumb to be changed relative to the clenching fingers. 

The proposed adaptive hand, on the basis of these considerations, 

would therefore have a thumb operating in a plane at 450 to the palm, 

fully articulated fingers, and a variable phase lag between thumb 

and finger action. This model is a highly desirable target for 

anyone considering the design of a hand prosthesis, but the hard 

facts of practicality once again rule out some of the possibilities, 

such as the jointed fingers for the reasons of stability which have 

already been given. However, the important fact to note here is the 

vital nature of thumb action in the prehensile process, and the 

possibilities which remain even as a result of restricting the thumb 

action to a fixed plane of motion. 

A device has been produced upon these lines by Collins (1971). 

making use of perspex parts for the structure, and 'nylon tendons for 

effecting the movements. The resulting hand has no cosmetic cover 

and is capable of only small gripping forces, but exhibits an 

attractive degree of dynamic cosmesis. 

Canadian development work with artificial hands has taken a more 

independent line which is made clear by the development of hand 

mechanisms of other than the pincer configuration. Nicholls et al 

(1967) put forward a hand in which the four fingers flexed at the 

11Cp joints, whilst PIP joint flexions linked to this motion also 

occurred until the fingers closed on the thumb. In order to permit 
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full palmar closure, the thumb could move away to the side to allow 

unopposed finger motion. The control system was strictly of an 

on/off nature, but as always it was found that function was quite 

inadequate in comparison with hooka. An interesting feature 

associated with this hand was the incorporation of a continuous 

wrist rotation movement. 

The type of hand mechanism outlined by Nicholls was realised in 

the form of the hydraulically powered hand associated with the 

Northern Electric hydraulic arm system (Stevenson and Lippay 1968) 

which incorporates MCP and PIP joint flexion in all four fingers, 

normally operating in pincer-like opposition of index and middle 

fingers to the thumb. The thumb position is adjustable to permit 

closure of the fingers in full palmar flexion. Unfortunately no 

real cosmesis may be attributed to this device, despite its skeletal 

structure, since no cosmetic cover is used. Functionally the problems 

are similar to most of the other hands, typified by the inability to 

pick up the 1/4" high 1 1/2" diameter disc specified by Peizer (1969). 

Work in Japan has followed from the initial influence of the 

Belgrade hand in the form of the Waseda hand (Hato et al 1970) which 

is myo-electrically controlled, and has both fully jointed fingers 

and thumb. Prehension patterns are typical of the fully articulated 

prostheses, being fingertip/thumb pinching in pincer fashion, and 

paimar grasping when the thumb is moved away from the line of action 

of the fingers. This hand has the thumb flexion operating in the 

450 plane proposed by Bodden, a fact which prevents satisfactory 

flat surface operation. No cosmetic cover is apparent but the 

fingers are covered in flexible polyurethane to give a soft gripping 

77 
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surface. Some degree of active feedback is transmitted to the user 

by means of electrical stimulation of the skin according to 

gripping pressure. 

1.6 Evaluation. 

The problem of laboratory type assessments of the functional 

capabilities of artificial hands is one which has not been the 

subject of many investigations. This is probably, and quite 

correctly, due to the view that the only testing ground for a 

prosthesis is in real use, on a patient. Howwever, Bonvin and 

Mongeau (1969) in Montreal and Engelhardt and Heipertz (1971) in 

Germany have made attempts to assess the gripping power of various 

prostheses. The work of Englehardt and Heipertz in comparing adaptive 

and pincer grips led them to revoke Nietert's (Director of Otto Bock) 

practical remark that the advantages of the adaptive hand are 

outweighed by complication and weight problems, and thus adopted 

the adaptive approach. In practice they achieved a lower weight 

than the equivalent Otto Bock hand, and needed a lower gripping 

force to achieve the same degree of function. This is quite 

plausible and correct, but takes no account of active prehension, 

which is the essential feature of a useful hand - if it can pick up, 

it must be able to hold. 

1.8 A different approach to hand prosthesis coast ruction. 

The most revolutionary hand prosthesis of all is typical of the 

work of ita originators in the ingenious simplicity of approach to the 

problem. The hand devised by Cool and van Hooresrder (1971) most be 

the simplest and yet most complex hand yet devised and although 

there are as yet various question marks attached to it$ it may prove 

to be a band of great potential. The device is pneumatically 
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powered and is fully articulated at the anatomical joints. Each 

digit consists of hinged members covered by a woven flexible 

covering which incorporates a flexible gas-tight membrane. When 

gas is supplied within the prosthesis, the pressure causes 

expansion at the joints, and the hinges cause this to create 

flexion of the joints by virtue of the greater expansion allowed 

radially away from each hinge. The action is in fact very similar 

to that of the bellows utilised by Bousso (1970) with the bellows 

action being replaced by the stretching of the membrane cover. 

The mechanism became feasible as the result of considerable 

co-operation between the engineers and textile workers who wove 

the covering in a way which allowed flexion without ballooning 

under the effects of applied pressure. 

The great merit of this system lies in the inherent simplicity 

of the device, which allows an extremely light weight construction 

in what is really a hand capable of considerable versatility of 

movement. However, the very nature of the lightweight construction 

and the inherent compressibility of the pneumatic power medium may 

tend to make the prosthesis unstable in situations requiring the use 

of high forces. For example, the hook-like grip used for many very 

powerful situations such as suitcase carrying, merely requires a 

statically stable hook shape, and relies on the structural stability 

of the prehension device in order to make use of the more powerful 

arm mechanisms. The main problem here appears to originate once 

again from the adverse nature of the structure of fingers with 

regard to mechanical advantage, for, even it an incompressible fluid 

were used to actuate the prosthesis,, any high forces applied at the 
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fingertips will result in enormous hydrostatic pressures within the 

prosthesis, thereby creating bursting pressure problems for the 

designer of the covering materials. Nevertheless, it is felt that 

this simple/complex prosthesis may prove to be the foundation stone 

for the future of practically viable adaptive hand prostheses, and 

it is to be hoped that development will continue along these lines 

in the direction of a prosthesis which may be regarded as a viable 

proposition in the real world of prosthesis users. 

1.9 Conclusions. 

The conclusions to be drawn from this review of terminal 

devices in general are necessarily the distillations of the various 

experiences with these devices, as reported by evaluators and users 

of the devices. It is perhaps surprising that a quite clearly 

defined picture emerges from such a diverse background, but it is 

possible to summarise the work quite succinctly under a series of 

brief headings in a sort of family tree (Fig. 1.1), in which the 

fact of external power is at all times incidental to the type of 

mechanise employed. 

This family tree makes quite clear the limited lines of 

approach taken on the development of artificial hands, and the 

review of the capabilities of these hands has emphasised the 

functional inadequacies of these systems in comparison with hooks. 

However, the patient requirements for cosmeais have also been 

emphasised, thereby firmly placing the onus of development on 

workers in the field of artificial limbs to provide functional 

hands of acceptable reliability, function and cosmesis. The pincer- 

grip type hands are adequate both cosmetically and in terms of 
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reliability, but tail to provide a prehension function which is 

remotely comparable with that of hooks. Some adaptive hands are 

acceptable cosmetically, but more may be considered either 

adequately reliable or sufficiently functional to attach and retain 

the attention of patients who use their prostheses. 

The large void denoted by ? Is intentionally placed in the 

region of complex hooks, since this is the direction in which hand 

mechanism research must be directed, because certain of the advanced 

hooks, such as that of 8ottom1ey, are capable of such considerable 

prehensile versatilitt'even with the use of very simple mechanisms. 

On reflection it is strange that virtually no work apart from that 

described later in this thesis, has ventured away from the two 

existing main streams of hand prosthesis development in the 

particular direction indicated although this has since been advocated 

by Moberg (1973) by a balanced assessment of the situation summarised 

above. 

1.10 Indicated lines of further development for hand prostheses. 

The net result of these considerations is to place far more 

emphasis on the action of the thumb, and less on the active 

participation of the fingers. This approach is confirmed by the 

clinical appreciation of the peculiar importance of the carpor 

metacarpal joint of the thumb, combined with the extreme versatility 

of the lateral opposition mechanism of hook devices. The cosmetic 

acceptability of a laterally opposed thumb is illustrated by the 

only two devices which are hand-like in configuration and possess 

laterally opposing thumb mechanisms. These prostheses are the 

steeper passive hand which is worn with a leather glove and has a 
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passively operated, laterally opposed spring thumb, and the child's 

cable controlled hand, which is worn without a cover, developed at 

the Ontario Crippled Childrenbs Centre (1971). Both of these 

prostheses have quite acceptable profiles, even without the use of 

cosmetic covers. 

Normally, in any discussions on any subject, it is never sate 

to generalise, however, the situation prevailing in hand prosthetics 

work appears to be an exception to this rule, since there is no 

existing hand prosthesis vhich is capable of a real degree of 

prehension - that is, the active grasping or picking up of an object, 

particularly from tables, shelves, etc. In view of the various facts 

learned from the prosthesis referred to above, it appears that the 

most promising approach open to further study is the utilisation of 

a laterally opposing, active thumb mechanism which should be 

arranged to be particularly compatible with active picking up from 

flat surfaces. it is felt that work pursued along these lines may 

prove Langdale Kelham (1937) wrong in his rather pessimistic outlook 

for the development of hand prostheses: 

". .. experiment will continue, despite the fact that it is a 

matter of conjecture as to whether development along these lines 

(i. e. mechanical hands) will, in future, be more successful that: in 

the past. " 

Furthermore, the future hand prosthesis development indicated 

following an assessment of existing work has a considerably better 

chance of fulfilling Langdale Relham's simple but demanding 

specification for hand prostheses: 

1. Natural appearance 
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2. Light weight. 

3. Good, secure grip. 

4. Robust. 

5. Simple and easy to use. 

1.11 Work on the development of externally powered artificial arms. 

The development of externally powered arm systems has been a 

distinctly post-war activity, a fact which is directly related to 

the advances in the technology of miniaturised power sources and 

actuation. The problem of miniaturisation still dominates the 

difficulties encountered in this field of work, and the choice of 

which power medium to use has directly affected the success of most 

powered arm projects. 

Three distinct typos of actuation of the 'muscles' in powered 

arms have emerged; pneumaticg hydraulic and electric. The relative 

merits of these systems are reviewed elsewhere, and it will be 

sufficient at this stage to give only brief reasons for making each 

of the choices. 

Pneumatic power is usually selected for the extremely 

advantageous power to weight ratio of the actuators or 'muscles', 

which enables the production of a light weight arm prosthesis. The 

form of the pneumatic power is usually as compressed C02 contained 

in interchangeable bottles, recharging being a specialised task 

which iss something of a disadvantage. An argument often used by 

control engineers against pnevmmatic systems is that the system is 

soft and compressible, but this will later be shown to be advantageous 

rather than otherwise in a practical prosthetic system. 
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Hydraulic power, with similar actuators to those used in 

pneumatic systems, also has good power to weight ratios for the 

muscles. This medium is particularly attractive in that the 

pressures necessary for driving a prosthesis may be produced from 

small electrically driven pumps, which in turn may be powered from 

small rechargeable batteries. One particular problem with hydraulic 

systems is that leaks must be virtually non-existent, since the 

fluids used are normally mossy and can cause dermatitis. 

The great attractions of electric power are that the power 

source is rechargeable in the home, it is clean, control probless 

are well understood, and components are physically small. Hoewer, 

the unfortunate fact is that electric motors are exceedingly heavy, 

their power to weight ratio is poor, and this fact alone has 

militated heavily against the direct use of electric power in 

practical prostheses. 

All these poorer media have been used in prostheses in various 

ways, but two distinct lines of approach have been followed and those 

provide a useful division in the considerations of work in powered 

prostheses. The distinction lion in the approach which is Sade at 

the beginning of the development phases Noms workers have gone for 

the development of a camplstsly now prosthesis, whilst others have 

concentrated on the development of isolated units such as elbows 

destined to replace existing parts in conventional prostheses. 

There are various works which do not fit into either category and 

these will be considered separately. 
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1.12 Cooolsto arm prostheses - vnouastia power medium. 

The early work of Marquardt (1956) in Heidelberg not only formed 

the first pneumatic arm prosthesis but was effectively the initiator 

of all subsequent work in this field. The Heidelberg prosthesis 

had powered shoulder rotation, elbow flexion and wrist rotation,, 

together with grip supplied by a pincer grip type hand prosthesis. 

Mach movement was powered by the crank action of a piston actuator, 

control being achieved in a sequential fashion by means of a special 

six position valve, each position relating to one type of movement. 

The Heidelberg prosthesis was subsequently taken up by the Montreal 

group under Mongeau (1966) and used in the rehabilitation program 

for thalidoaido children. Various modifications were made to the 

systeng and were mainly of a control nature. 

Tb. work of Marquardt was followed by that of Simpson (1965) 

ebo, attar a visit to Heidelberg during the aftermath of the 

thalidomide disaster, had started work with pne tioally powered 

piston actuators, but with the important distinction that a great 

deal of emphasis was placed on the principles of control used with 

the device. The Mork on Control principles is aonsidsrsd "ls where, 

and will not be expanded at this stags, since the emphasis of this 

section is on the principles of actuation and movement incorporated 

is the prostheses. Simpson's early prostheses incorporated po wered 

elbow flexion, pronation/supination and prehension, with passive 

shoulder flexion and abduction. 

The success and acceptability of these early prostheses 

developed by Simpson led to a requirement for greater versatility 

in the arm functions, and this led Simpson (1965) to put forward the 

concept of a multi-tuaction arr. Since the general details of the 
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development of this am prosthesis are described elsewhere in this 

thesis, it suffices to say that the work has been s* cesstully 

accepted by the patients (Simpson and Xenworttgr 1973) and that 

further development is continuing. (8snworthy and Simpson 1973, 

tsnworttW and Simpson 1974). 

early developmat of pneumatic prostheses in the United States 

was primarily due to tsissling (1965) who developed valves and 

actuators which wer, incorporated in prostheses fitted to awlic 

and phocomelio patients. The actuators devised by Keissling 

achieved rotation by making use of a helical rotator, by which the 

linear motion of a piston keyed into a helix caused rotation of the 

helix, since rotation of the piston was prevented by its special 

flat-sided shape. 

The prostheses which incorporated these actuators provided 

active elbow flexion, wrist rotation and prehension, with lockable 

passive flexion at the shoulder. The chief problems encountered 

with the Keissling (kUR) prostheses appear to have been Gass of 

control rather than hardware, since an assessment of the components 

at VAPC (Veterans Administration Prosthetic Centre 1965) vender 

Polier, found during a piece by piece replaoeoent of ocmrentio, al 

prosthesis parts by the AIPR components created problems of 

inadvertent operation and subsequent contusion. SO" of the origins 

of this work are also Covered by Mason (1972). 

In Sweden a considerable amount of energy has been directed 

towards the development of pneaastio components for prostheses 

(Ylasson 1917): Initially the work concerned the design of control 

components, Ana* the arm oosponents used w those casaroially 
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available from the German Otto Bock company, Specialised components 

were subsequently developed to provide function for phocomelio 

children, providing a prosthesis similar to the Simpson am with 

elbow flexion and wrist rotation. This type of position was found 

to be restrictive for phocomelic children since active motion at 

the shoulder of the small am was prohibited. Enger (1967) intro- 

duced a non-axial shoulder mounting sfiich permitted the natural arm 

to am* with the complete prosthesis. The actuation mchanisms 

make use of differential area piston actuators and a considerable 

degree of control hardware has also Was developed which will be 

reviewed elwshere. No indloation is given of any attempts at 

evaluating various control principles in practice, since force 

demand control has been regarded as being of superior importance. 

The force demand valves developed by Elasson have been 

incorporated in a pn unatia are prosthesis developed by Carlson 

(1971) at the University of California in Berkeley. This prosthesis 

utilises the valves in a position servo Control systes, and makes 

use of Coupled its, oambinatians of which are selected by the 

patient. The tackling of the prosthesis problem in this wyr, 

utilising piwuoatia power, is highly significant, since the 

development of powered prosthetics in the V. S. A. has for a long 

time been inhibited by a widespread jump onto the electric bandwagon, 

dich has not been as produatiw as may have been expected on a 

first appraisal of the situation. 

Pneoaatioal1 powered prostheses have been something of a 

favourite in Britain, ebsre, apart from the weit at Edinburgh, 

oouprelmsive prostheses have been developed in three other centres. 



62. 

The most prominent of thew was the Medical Research Council 

Unit at west Hendon Hospital (MC 1970) where a fully mobile 

pneumatic arm prosthesis was developed, chiefly as a result of the 

thalidomide problem. The design was based on the data obtained 

from an asses=Pit of daily living requirements and as a result 

provided an extremely powerful arm prosthesis. However, various 

paradoxical decisions were made during the development of this 

prosthesis. in the view of the experiences of the author of this 

thesis during the same period of time. 

The prosthesis incorporated humeral rotation, shoulder flexion, 

elbow flexion, pronation/supination of the wrist and hook grasp. 

Wrist flexion is passive, against a spring, and a small degree of 

shoulder abduction is achieved as a result of a linkage to the 

humeral rotation mechanism. Shoulder flexion is achieved by means 

of externally mounted (external to the arm) pistons driving a chain 

and sprocket arrangement. The l . ssling elbow flexion mechanism was 

rejected on the grounds of manufacturing complexity, but strangely 

enough is retained in a modified form ail the wrist rotator. The 

elbow flexion mechanise used is an Ingenious double lour-bar 

linkage system, which is v. 17 compact, but has been the source of a 

great deal of trouble due to the large number of joints present. 

The decisions uhioh have resulted in difficulties with this 

prosthesis are related to the control and power side. One of the 

major probir®s with tth Hendon arm was due to a large instability in 

the, oontrolsb a hot rhioh was ovwrooas by the introduction of 

) draulio da pins. In fact the instability is ssrsly due to an 

inoorrsot ohoios of Yalvws, since the poppet Valves Used are 
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inherently unstable, as they effectively help to turn themselves 

on once flow begins. It force-demand valves had been used in place 

of these poppet valves, the are would almost certainly have been 

stable without the introduction of extra danpisg. 

The second basic problem encountered by the users of this arm 

concerned the excessively high Has cOnsiaption realised in use. 

This is directly related to the also of actuators used, and to the 

type of valves used, since there is no direct control of drive aids 

pressure in the pistons when poppet valves are used for the controls. 

It is felt that a casprosise of a reduction in the power of the arm, 

combined with mors careful control system design may have resulted 

in a considerable reduction in gas oonsUnption. 

The Hendon arms are being fitted to children by Intr. N. D. Ring 

at Chailey Heritage Craft School and Hospital and are fitted 

bilaterally. This presents severe problems for the establishment of 

an adequate number of Control sites, but the fittings are carried 

out in this wsy because of the view that control sites on one aide of 

the body should not be used to control prostheses mounted on the 

other side. In order to overcome this shortage of control sites 

pottinger and Ritte (1968) propose to tw control looks to permit 

one control site to control more than one function. 

The sow reasoning has led Bottoodsy (1968) to propose the 

dswlo} flt of arms which have a restricted mabsr of degrees of 

freedom. In this it is hoped that unilateral control of an arm may 

be &OMOVsd without the need for the sequential type of control 

proposed by Ring. This viewpoint has led to the dsvsloprnt of 

prostheses at Roshamptoo, the mechanisms and control of which are 

fundamentally an amalgam of various aspects of the Edinburgh and 
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Hendon arms. 

The one remaining major work with pneumatic prostheses is that 

of Bousso at Oxford. This work is of particular interest since the 

actuators used were not the conventional pistons used elsewhere. 

Rousso (1970) developed a special hinged bellows system into which 

gas was fed under pressure& this caused the bellows to expand, which 

resulted in a rotational movement of the other members of the 

bellows, since the side of each bellows Compartment was formed by 

a plane radiating from the central hinge. These bellows were used 

in a comprehensive arm with shoulder flexion, elbow flexion, wrist 

rotation and hook action. The arm constructed in this way was light 

and, apart from the bellows themselves, very simple. However, only 

an. of these prostheses was built, and the project advanced no 

further since there was no access to a patient population. The 

control systems were, as usual, the weak link, either being of the 

simple poppet valve type or solenoid operated for use with 

electric control sites. 

1.13 Conclusions drawn fron the review of pnet tin system, 

This review of the major works with pneumatic arm prostheses 

makes one NOW point Quite clear; tbs most important aspect of the 

prosthesis lies in the control principles to be used. This point 

has not been appreciated by the majority of Vorkurs in this field, 

eho have tended to develop actuators for various modes os action 

and have then assembled these parts into a device with powered 

movements at the anatomical joints of a normal arm, expecting the 

patient to be able to oontrol the complex device by virtue of a 

considerable training programse. 
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Only two of the prostheses described have been designed as a 

complete entity on the basis of certain control principles. The 

Hendon arm has achieved some success as a result, with the main 

problems being associated with control flaws. The co-ordinate arm 

developed in Edinburgh has achieved more success as a result of the 

use of control principles previously proven in fitting practice, and 

the main problems have been the engineering ones of providing a 

meohanismiftich is strong and robust enough to withstand the heavy 

use to which it is subjected. 

This distinction between control principles and engineering 

hardware is an important one, since the use of a successful control 

principle almost certainly carries with it a heavier wear on the 

mechanism. It is therefore quite possible that a prosthesis ebioh 

has a poor control system will have less mechanical trouble than 

does the successful prosthesis, and therefore considerable attention 

out be paid to the maintenance problems of a prosthesis lest it fail 

for the wrong reasons. It is therefore essential to design an arm 

prosthesis as a complete entity in order to preserve the qualities of 

the device, piecemeal development will not do. 

1.14 c_osolete arm s9s, tema _ rdraulic bower msdiur. 

The advent of bydraulic power to the powered prosthesis scene 

has been surprisingly tardy, and is fact has made little impression 

is the way of fittings to patients. Indeed, the only hydraulic 

system which has really been completed is the Northern Slectric arm 

from Canada. The pump developed by L as at Northern *lectric (1969) 

is a highly efficient device which is powered by a wall electric 

motor, pupping action being due to the ama11, rapid lateral 
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displacements of a shuttle mechanism. In order to overoone the 

problems of large flow requirements during simultaneous use of the 

shoulder, elbow, hand or wrist, the control has been made sequential 

so that only one movement is possible at any one tins. This fact, 

combined with the slowness of the nowosnts, severely limits the 

prospects of this prosthesis. One rather surprising aspect of the 

prosthesis, particularly in view of the limited attempts at 

coamesis in the hand, is the attention given to dynamic aomesis. 

The elbow is free to swing loosely during walking, which adds a 

certain touch of realism to the behaviour of the arm until it 

begins its powered movements. 

Work on the investigation of hardware for the hydraulic 

powering of prostheses was carried out by aoddsn at Oxford 

University on a Department of Health and Social security contract 

(yinal report Goddsn 1970). This project did not load to the pro- 

duction of a prosthesis as such, but was concerned with optiaising 

motor operating conditions, the speed of the radial piston pump, and 

the operation of the hydraulic aoctaulator energy storage system. 

Similar izmestlgations are under way at University Coll 

London, where BroosM and Lambert (1972) are producing actuators and 

valves for use in hydraulic prostheses based an the pump used by 

sodden. Work at University College Landon has always been concerned 

with the control theory behind prosthetic servo systems (e. g. 

Lambert and Davies, 1966), and has aids various theoretically biased 

assessments of items of prosthetics hardware (-Mutti and Meachem 

1888) aihich have not been correctly related to the practical 

realities of prosthetics applications. In an effort to establish 
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some real experierx: e with h7draulic prostheses, the University 

College team is applying the hydraulic systems in the arm mechanism 

designed in Edinburgh. It will be interesting to see the outcome of 

this work, particularly as the valve to be used is a spool valve, 

which may offer something of a compromise between the stability 

conferred by a force demand valve and the instability of a poppet 

valve. 

Hydraulic power for prostheses is also being investigated at 

the University of ehester under Mcleish (McLeish 1968 and McLeish 

and Watson 1971). The application is being made to an arm mechanism 

designed at Edinburgh, as at University College London, but the 

hydraulic power comes from a pump operated by the heel during walking 

or from an electrically driven awash plate pump either of ehich 

charges an accumulator with sufficient energy storage to cover the 

simultaneous use of the various movements. 

since the majority of practical work with hydraulically driven 

prostheses is still in its infancy, it is difficult to assess the 

situation at this stage. However, from a control point of view there 

are considerable advantages available to the user of position servo 

controlled mechanisms, since the incompressibility of the power 

medium means that it can also be used as an indicator of position. 

One major problem still remains in the form of leaks, the choice of 

a neon-irritant working fluid is imperative, and an abxolute minimum 

of leakage is essential before the prostheses can be considered 

acceptable. 

1.15 Comolete arm urostheses - electric power medium. 

Despite the many attractions of electricity as the poser medium 

for prostheses, it has never been really successful when used for 
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powering complete arms, and the reason for this has always been that 

of the relatively high weight of the electric motor in comparison 

with the power output. The one possible exception to this 

problem was provided by the first electric arm produced by 

Alderson in 1948. This prosthesis made use of one motor which could 

drive any one movement at a time, clearly this reduces the weight 

problem to a great extent, but the incompatibility of the sequential 

control system with that of the human operator pre-destined it to 

failure. Work with this arm is described in some detail in tlopsteg 

and Wilson's "Human limbs and their substitutes" (1954). 

Mcl. aurin (1965) at Ontario Crippled Children's Centre pioneered 

work with electric arms in more recent times, and most of his 

problems may be attributed to the excessive weight of the prostheses. 

Activation of the movements was achieved by as=s of a lead-screw 

driven by the motor, connection to the rotation motion then being 

similar in action to that of a Piston actuator. This type of 

actuator was used in feeder arms which incorporated link" elbow and 

shoulder flexion motions and prehension. 

Wirts and Taylor (1970) are building an experimental elootrioally 

powered arm to assess the possibilities of a prasisint ap'o-electric 

control systa which is based on pattern-recognition principles. 

This project is still in an uýrimsatal phase and as a result the 

weight problem are not Of immsdists Lwiportancs to the assessment 

of the control system. It is probable that the control systas 

will eventually be tried an ap atio arse since this will provide 

a bettor opportunity for an evaluation of the control principles in 

a real prosthetic situation. 
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Some work in Japan has also been directed towards the 

production of self-contained electric arms, but a film of this in 

action shows it to be very slow in its movements and sequential in 

its action patterns. 

A possible future trend for electrically powered arms has been 

initiated by Marquardt in Heidelberg, where he has used two Otto 

Bock elbow units on an endoskeletal structure to provide elbow and 

shoulder flexion in an adult size arm. This type of approach has 

previously been used with Otto Bock pneumatic components, and may 

prove useful in cases where limited function is all that is 

required. 

The feasibility of electric porter for arm prostheses is clearly 

questionable under the present circumstances of power/Veight ratios 

of electric motors, and it appears that scare major discovery in 

electro-mechanical energy conversion is really necessary before 

electricity can comet* on equal terms with pneumatic poorer. it is, 

of course, possible to counterbalance the weight of motors in the 

arm by means of springs, but arm prostheses have to be carried by 

the patient at all times and therefore the all-up weight of the 

system is a severe problem. The orthotios problem is entirely 

different, since In devices such as the "Golden arm! ' of Rancho Los 

Amigos Hospital (Allen et al 1970) the weight can be carried by the 

wheelchair frame. Another major problemtot appreciated by many 

workers who use electric power, is that mechanical feedback systems 

are still necessary, since switch and potentiometer controls have 

no built-in iaatlitios for displaying the physical output oharacter- 

istias of the arm to the patient. 
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1.16 The development of items of powered jDr03thet1c hardwares 

This section of development work is concerned with isolated 

tunctiomaal units of hardware, such as elbows which are developed 

without being part of a whole arm system. Various items have been 

adapted from the complete prostheses described previously, such as 

some of the Kiessling/AIM actuators, which have been utilised in 

various other systems on occasions. 

One pneumatic device which is of particular interest is the 

Swedish elbow unit (Johansson at a1 1970) which has been incorporated 

in a myo-electric control system by means of solenoid operated 

valves driven by pulses of current. The mechanics of the elbow 

itself are interesting in that a linear acting piston is used which 

pushes rollers along either side of a curved beam which is attached 

to the elbow rotation shaft. The shape of the curved beam is 

designed to ensure that the torque at a given elbow angle is at all 

times optimal for that position, since, for example, the torque 

requirements are highest ruhen the elbow is fully flexed. 

The majority of the items of hardware developed in this 

isolated manner are elbows, and American in origin. However., the 

one exception to this latter fact is the harmonic drive electric 

elbow of Livingstone and Crecraft (1968). Following the deduction 

that, for an elbow unit alone, the beat medium for powering an elbow 

is electricity (Livingstone 1965), a unit was made which incorporated 

the simple 'epicyclic' harmonic drive gear reduction system, driven 

direct from a small motor mounted axially with the wave generator 

rollers. 
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Although Livingstone's system was not designed for compati- 

bility with an particular system, the similar harmonic drive elbow 

of the Veterans Administration Prosthetics Centre (1971) is 

designed to replace conventional cable operated or passive locking 

elbow units. Similar conventionally geared electrically powered 

units have been produced by the Ontario Crippled Children's Centre,, 

Gilmatic and the Instituto Nazionale Pez L'Assieuraztonal (WAIL) 

(Schmidl's Italian unit) who have also produced a wrist rotator. 

The Boston elbow of Mann (1968) and Mann and Reimers (1970) is 

electrically driven with a lead screw type operation. This device 

was mainly the vehicle for a tactile display of information regarding 

elbow flexion angle, which enhances the feedback of information to 

the patient in the emg controlled system used for the device. The 

whole device is sozaeWhat large, heavy and complex and is not 

compatible with existing arm systems. 

Another interesting approach which seems to sum up the American 

reluctance to abandon conventional prosthesis hardware is the 

Johns Hopkins' University cable power device. This is a torque motor 

which acts as a 'winch' on the conventional limb cable, thereby 

permitting retention of the whole conventional prosthesis. Control 

of this device is achieved by skin motion, which moves a magnet 

placed close to magnetically sensitive diodes, and hence operates 

the motor. 

These items have been recorded as an indication of the inter. 

mediate phase which is possible between conventional body powered 

systems and thosswhich use external power media. There is no doubt 
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a place for such devices, but it seems somewhat risky to expect 

that the conventional prostheses can provide an optimum basis for 

experiments with an entirely new idea. To use the motor car 

analogy once again, the situation is like putting an internal 

combustion engine into a stagecoach and expecting successful results. 
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Chapter 2. 

power sources and actuators. 

2.1 A fundamental choice. 

The choice of a power medium and the type of actuator to be 

driven by that medium is the most fundamental decision of all in 

the design procedure for an externally powered prosthesis since all 

subsequent work must make the best use of the available power. It 

is therefore important that the designer be aware of the merits and 

defects of the various available systems, and, indeed whether or not 

externally derived external power is really necessary at all. This 

point may at first sight seem to be an anomalous one, but the fact 

is that it has been possible for some workers to make use of various 

aspects of the human system in order to provide power for prostheses. 

A somewhat exaggerated example of this situation is given by the 

use of gross body movements for the powering of conventional body 

powered aria prostheses. However, this macroscopic use of body 

functions is the situation to be avoided in powered arm prosthesis 

work, and it is the use of small, regular, body actions such as 

heart beat, which can provide poser without the necessity for 

conscious muscular effort. It is these 'passive' processes which 

will be considered initially since they could, theoretically, provide 

a 'free' source of power. 

2.2 The Me of body functions as powersources. 

The most 'passive' of all the attempts to harness body functions 

concerns the provision of electric power by virtue of the oxidation- 

reduction potentials of metal electrodes placed in contact with 

internal body fluids. Reynolds (1964) made use of plats' and 
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platinum black electrodes placed in various parts of rat's anatoW, 

and used the 'battery' created thereby to drive an oscillator. The 

power derived from this system was of the order of 10 ii, and 

depended on the electrolytic characteristics of living tissue, 

since power ceased 75 minutes after death. Similar work has been 

pursued by Konikoti (1866), who used platinum black and stainless 

steel electrodes for optimum results. 

The power derived from this type of system is exceedingly low 

(10 p1) and could only be considered as a source of power for 

electronic implants used as signalling devices, operating under low 

load conditions. 

Similar low-power electrical sources have been derived from 

moments of blood vessels or the heart by the use of piano electric 

crystals. In those situations, the movement of the natural System 

physically drives the piozo electric crystal, thus creating an 

electric chu across the crystal. In this aaay Myers of *1 (1964) 

made use of the movements of a dog's aorta to drive a cardiac paca- 

ma1cer, whereas Inger and Klein (1966) made use of the left ventricle 

of the heart driving a pisao electric system as the power supply for 

a pacemaker. Improvements in the efficiency of these systems have 

been made by No (1966) by operating the crystal at resonance, but 

the power levels may still only be considered as being of exceedingly 

low level. 

More simple, mechanical systems have been arranged surgically, 

so that one body function has been harnessed in order to assist 

another. Rantrovits (1960) altered, by surgery, a dog's diaphragm 

so that the action of the diaphragm contractions squeezed the aorta 
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in an awdliary ping action. In a ao s hat similar fashion 

Kusaroa and Clapp (1964) used muscle action to powrr an external 

pump for prolonged perfusions. 

Although these two systeas are specialised applications of body 

activities, they serve as indications of the possibilities of 

utilising regular physical movements for pumping actions, particularly 

in hydraulic systems. This principle has been adopted by Heather 

and Smith (19e2) who made use of the external body movements created 

by the beating of the heart to drive a small hydraulic pump. awe 

again, the power levels are low since the heartbeat force 9.13 os, 

must be harnessed from a travel of only 0.02". This situation 

requires an extremely light and efficient puap, and even with the 

use of an accumulator to store the power the practical problems of 

driving the device consistently militate against its succ sstul 

operation. This system is also applicable to being driven by 

breathing actions, but the problems of mounting the device, together 

with the relatively low power available would severely limit the 

functional capabilities of any system driven from such a source, 

since the number of operations in any interval of time would be 

severely limited. 

A system which is similar in principle has been developed at 

the University of Manchester (MoL isb 1968 and MaLsish and Watson 

1971) and makes use of the pressure warted at the heel by boo 

weight during walking. Two short stroke pumps mounted in the heels 

of a pair of shoes are connected in parallel and supply pressurised 

hydraulic fluid to an aootrulator, shish it is hoped can then be 

used to power artificial arae. The developers of this system ! Mi 
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that the power developed in such a system could be of the correct 

order of magnitude for powering an arm system. However, since the 

power is necessarily dependent upon the pedestrian activities of 

the patient, this fact alone provides large problems, since 

situations involving a high rate of arm power consumptions are 

usually those of low leg activity (e. g. writing, eating, *to. ). 

This consideration of the systems for deriving power from 

natural body functions shows quite clearly that the majority of 

the power levels which can be derived cannot be considered in the 

same league as that required for powering an artificial am system. 

The work of MccLeish (1968) shows that whilst sufficient energy is 

available from large scale movements, unless a considerable 

accumulation can be achieved, the user may find that a walk is 

necessary before he can finish eating: The conclusion then is quite 

clear; at present, external power sources roust be utilised in 

order to provide an adequately consistent supply of power. 

2.3 The power requirements of prostheses and power storage media. 

The logical approach to an investigation of the practically 

possible Sources of external power would appear to be a study of 

the normal arm power requirements. HoWwver, the widely varying 

results derived trog various assessments of this problem, together 

with certain facts Of SVgineering expediency, make the practical 

choice a non-ideal one in max respects since the optimisation of 

the power pack in this matter is not the deciding factor. 

An assessment of the power and torque requiremsnto in arm 

movements was made by Paul and Mann (1962) in which everyday 

movements were broken down into their constituent motions, which 
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were analysed for power and torque content. The extent of contri- 

button of the constituent motions in each everyday task was 

assessed from existing maximal effort data in order to provide an 

indication of the overall average powers associated with 

different functional activities. In this way, the power and 

torque requirements of the joints of the normal arm could be 

assigned average values of power and torque and hence some indication 

was given of the losses incurred by amputations of different extents. 

Since the data used for the basis of this work was taken from 

existing work concerned with maximum powers and torques, the average 

powers derived are based on the high side, e. g. 265W for a shoulder 

disarticulation. The design of an arm prosthesis capable of 

delivering such power would be quite impossible i! weight is to be 

conserved, and such a prosthesis would clearly be over-endowed with 

power for much of the time. It is therefore felt that a more 

valuable assessment would have been made by an analysis of power 

requirements during the majority of everyday activities which 

operate at a low power level. 

A more practical approach to the problem is made by Klein and 

$ontgoiaery (1968) who, by considering a child-site arm lifting 1 kg 

arrive at a poorer of 11.5W for one movement. They point out that 

due to the difficulty of obtaining precise information on the 

subject, it is expedient to base practical work on simple estimates 

of this sort in order to arrive at more accurate results by experi- 

ment with artificial arm systems. 

Experience with pneunatically powered artificial arm systems 

with a single multi-functional powered prosthesis at the princess 
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Margaret Rose Orthopaedio Hospital, Edinburgh, has shown that in a 

ten hour day, attending school, an eleven year old boy will use two 

l8ft bottles of CO2 which is equivalent to an average power level of 

2. ßW. This is an average consumption, but the power source must be 

capable of delivering at least five times this rate for short 

periods of a few seconds at a time. 

Following their appraisal of the overall requirements of a 

powered arm system, Klein and Montgomery consider the merits of 

various power sources in terms of energy stored per unit mass of 

store. On this basis the pressurised pneumatic storage system 

scores very low at 12 WH/kg whereas the electrical storage systems 

can provide of the order of 100 Wh/kg. The use of butane Can in 

combustion could provide 14,500 Wh/kg, whilst nuclear power could 

rise to 880,000 Wh/kg. The practical problems presented by the use 

of the latter two energy sources unfortunately prohibit their 

utilisation at this stage, thus effectively limiting the choice to 

pneumatic storage by liquitication of CO2 gas, and electrical storage 

in nickel-cadmium rechargeable cells. The choice of CO2 as a 

pneumatic source of power is itself a practical compromise made 

between various other sources, as is the choice of Ni-Cd cells in 

the electrical case. 

Various workers have made cases for their own selections of 

particular power media, none of which can be considered as a 

watertight argument. This Merely proves the point that there can, 

as yet, be no definite selection, the choice must be made on the 

basis of striking a balance between the storage system on the one 

hand and the actuator system on the other. Sonne examples of the 
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widely varying choices are given below. 

Livingstone (1965) made the choice between electric and 

pneumatic power on the basis of the storage weights, selecting 

electricity. He then selected the actuator system as a direct 

current electric motor, teJeoting electrohydraulic systems because 

of their relatively low efficiency. In contrast with this Lambert 

and Hall (1968) chose hydraulic power because of the improved 

power to weight ratio of the actuators, whereas Earl (1965) can 

argue in favour of pneumatic power on the basis that pneumatics 

can provide the same maximum power at 300 psi as oil at 1400 psi in 

the same actuator, supplementing this by the point that pneumatics 

are suited for fast acting, low power situations, whereas hydraulics 

are better suited to slow, heavy work. Wager (1970), in a 

theoretical comparison of electric and pneumatic power applied to a 

hand and elbow, finds that the number of action cycles provided by 

the same system weight is worse for pneumatic systess, except for 

high force/low velocity situations - so the choice is still funda- 

mentally a matter of priorities and personal opinion. 

Practical work with powered prosthetic arm systems has been 

limited to the use of pneumatic, electro-hydraullo and electrical 

power, apart frae the two )ydraulio systems mentioned above which 

have used body movements to operate pumps feeding accumulator 

systems. 

2.4 Electrchydraulio systems. 

Of the electrohydraulio systems which have been investigated, 

only one can be considered as having reached the stags of a full 

prosthetic system. This was the Northern Ileetric arm (1969). 
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produced in Canada, and driven direct from a single pump powered by 

a small d. c. electric motor. The power source was Ni-Cd cells which 

are rechargeable. Similar systems have been investigated by Bodden 

(1970) who furthered development of the Lucas radial piston pump 

and produced piston actuators and rotators of the helical drive type. 

Work of a similar nature is continuing at University College, London 

under Lambert. Lambert and Davies (1966) found from an analogue 

computer analysis that a hydraulic system should be fast enough for 

operation in prosthetic systems, and work has now progressed to the 

stage where valves and actuators are being produced (Broome and 

Lambert 1972). This system is expected to be powered from 

rechargeable batteries driving an electric motor which in turn 

drives an efficient pump, probably of the radial piston type. 

2.5 The direct use of electric power. 

The direct use of electric power in upper extremity prosthetic 

systems made a surprisingly early appearance in the form of the 

electromagnet powered hand referred to by Borchardt at al (1919). 

This idea was revived in post-war years by Reiter (1948) but has 

not been successful because of the short distance over which 

electromagnets can exert high forces. This Unfortunate fact has 

nec&ssarily led to the use of electric motors for powering 

prostheses, since an optian M constant spacing between stator and 

rotor can be maintained at all tines. 

The source of the electric power required for driving the M&11 

d. c. electric motors comium1y used in prosthetic systems has 

usually been in the form of nickel-cadmium rechargeable cells. 

The reasons for such a choice are given by Grahn (19e5) who explains 
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that although the silver-zinc cells have the beat energy storage 

characteristics, they are not available in a sealed lore, a point 

vhich is satisfied by Ni-Cd cells since the oxygen and hydrogen 

evolved during use are recombined during charging. 

In order to make the beat use of an electric motor it is 

essential that the motor be allowed to operate under ideal 

conditions, which are normally associated with a rotor speed of 

several thousand revolutions per minute for d. c. motors. The choice 

of permanent magnet d. c. motors is essential on a power/weight 

ratio basis, and therefore all systems using electric motors must 

incorporate some form of speed reduction mechanism iah is capable 

of efficiently gearing down the speed by a factor of 100 or so. 

The systems employed to achieve this reduction are the only real 

distinctions between one electrical system and the next, since all 

use permanent magnet d. c. motors powered from rechargeable cells. 

The neatest and most compact system for achieving the large 

speed reduction is the harmonic drive system employed by 

Livingstone and Crecratt (1968) and VAlC (1971) in their elbow units. 

This drive unit consists of a toothed flexible best which is 

situated within an internally toothed gear which has (say) one more 

tooth than the flexible belt. The flexible belt is held in an 

elliptical shape by a pair of rollers which am driven from the 

motor, the rollers thus cause contact between belt and gear at two 

points only. Thus, during one complete rotation of the motor shaft, 

the gear will have moved by only one tooth distance, therefore 

achieving a reduction in speed of 100: 1 it there are 100 teeth. 

This single stage reduction mechanism allows an extremely compact 
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construction, but tends to be rather noisy in operation. 

Most other electrically driven systems use more conventional 

speed reduction mechanisms, for example most of the electrically 

powered hands use worm gear drives, or toothed belt and gears for 

speed reductions. Exceptions to these are the 'linear actuators' 

used by McLaurin (1965) and Mann (1968) who utilise motor driven 

lead screws in piston-like fashion. 

2.6 Pneumatic systems. 

Pneumatic power has been most extensively used in powered arm 

systems, despite the unfavourable characteristics of the energy 

storage system in terms of energy/weight ratio and rechargeability. 

The reasons behind this fact are amply those of engineering 

expediency, the actuators are of high power/weight ratio, and the 

ape" of response is high, even in miniaturised systems. 

Although all practical pneumatic systems have utilised C02 

gas as the power medium, the choice was not entirely an automatic 

one, since various alternatives are available in the form of the 

iluorcasbons, such as Freon for example. Toes (1961) considered 

the relative merits of Freon 12 and C02 as storage media, finding 

that the use of Freon would convey considerable advantages in terms 

of weight due to the low storage pressure which required neither a 

strong bottle nor a pressure regulator. However, on all other 

counts, such as toxicity and combustibility, for example, CO2 was 

preferred. In a report for the Ministry of Health. Lovell and 

Snowdon (1968) divide the possible fluids into three oategoriess 

(1) critical temperature above operating temperature range, 

(ii) within operating range, and (iii) below operating range. 

Category (1) has the best energy storedlwight ratio but requires 
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a pressure reducer to overcome variations due to tesperature 

fluctuations and latent heat requirements eiteotively licit 

maxim= flaw rate. Category (ii) which contains CO2 is an 

effective compromise between these problems, a major advantage 

being the non-toxic properties of C02 which permit sate exhaust to 

atmosphere of used gas. 

Although the selection of CO2 as a power msditam is relatively 

safe, there are important features which must be borne in sind 

during the design of the storage system. Pearson (1965) points out 

the effects of temperature fluctuations on partially tilled bottles 

of C02# showing that a bottle which is more than 50 per cent full 

but less than 100 per cent is safe it used in conjunction with a 

pressure relief valve which will operate i! the internal pressure 

increases excessively. Bottles tilled in this way are then used in 

conjunction with pressure regulators to provide gas at a convenient 

operating pressure of approximately 100 psi in most oases. 

The actuators driven by the pneumatic power source have taken 

various forms, most of which rely on the effects at pressure an a 

mobile plate of one sort or another. An interesting nooeption to 

this rule is provided by the device known as the McKibben muscle 

which relies on the lengthwise Contraction of a balloon which is 

allowed to expand radially. The practical form of this device was 

developed by Moltibben, a U. S. physicist, in oonjunotion with Nickel 

et al of Rancho Los Amigos Hospital, Los Angeles. The actuator 

consists of a flexible cylindrical rubber sac, covered by a wurm 

braided sleeve, which is woven in such a way that lengthwise can. 

traction ooaurs 1hen pneumatic pressure is applied to inflate the 

saß. 
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The more conventional actuators take the form of pistons, with 

eliding or rolling seals to prevent escape of gas, cylindrical 

bellows and a specialised form of bellows developed by Bousso (1970) 

at Oxford. The action of the Rousso bellows provides directly a 

rotational notion and is most readily understood by imagining the 

old-fashioned fireside bellows operated in reverse - pressure 

applied at the 'spout' end causes opening of the bellows, the 

handle plates pivoting about the hinge near the 'spout'. The Bousso 

bellows are thus incorporated directly into a joint mechanism, with 

the hinge being situated at the anatomical joint axis. This type 

of actuator has not been greatly exploited, probably because of the 

relatively complicated construction involved when special sizes are 

required in small numbers. Small batches of specialised piston 

actuators may be manufactured very simply, and may be easily modified, 

which is an important factor during development work. 

Piston actuators of a also and weight suited to prosthetics are 

not available c. roially, although suitable O-ring seals are 

readily obtained. This has led to the individual develop ent of 

spsoialisod actuators such as the helical rotators of Kiessling 

(1961) and Nichols st a1 (1916), and the modular range of linear 

actuators by Harborow (1969). The linear action of conventional 

piston actuators is ao®soesly converted to rotational notion by 

means of crank action driving pars, cables or chains. 

The only specialised dsvolop. wnt work carried out an pnsusatio 

actuators for prosthetic use has been concentrated on the McKibben 

muscle actuator. Schulte (1961) has provided a comprehensive rae 

of characteristics of the device, whilst Pakuss and ßwynne (1901) 

have increased the output force by reduction of the helix ankle of 
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weave. Morecki et ai (1967) describe an actuator of the McKibben 

type with reduced hysteresis characteristics, and this approach is 

considerably advanced by Kato et al (1970) of Waseda University, 

Tokyo, who describe flexural and rotational versions of the 

device. 

The chief problem with actuators of the McKibben type, and with 

bellows, in the large dead space which must be pressurised before 

the actuator works. This results in an increased consumption of gas, 

a fact which has been confirmed by Burnett and Price (1965) who, in 

a comparison of the McKibben muscle, bellows and piston actuators, 

found the piston to be more efficient, despite the need for a 

'running-in' period to reduce friction. The efficiency of the 

piston actuator, combined with ease of manufacture by conventional 

engineering techniques therefore makes their selection imperative, 

since fully functional arm prostheses contain such complex mechanisms 

that no space can be wasted, individually designed actuators 

therefore being essential. 

The problem of gas economy in pneumatic systems is a very real 

one, and has been the subject of various investigations. In a 

theoretical analysis of pneumatic piston actuators Earl (1958) finds 

that the differential area type piston actuators are more economical 

to run than those of the double acting variety. However, unpublished 

work at the Princess Margaret Rose Orthopaedic Hospital, Edinburgh, 

has indicated that, if used in a pressure demand controlled system, 

with position servo control, double acting pistons can conserve gas 

to compensate for the different type of operation. The incentive 

for using double acting pistons is considerable, since a double 



87. 

acting piston of diameter delivers the same force as a 

differential half area type of unit diameter, which represents a 

considerable saving of space. 

Lönnebring (1071)0 in a theoretical analysis of pneumatic 

systems, finds, not surprisingly, that stiffness (or compressibility) 

in a pneumatic system is not compatible with gas economy, and 

regards this as a detrimental fact. However, the compressibility 

of the pneumatic system at the relatively low pressure of 100 psi 

(which is necessary for safety reasons) is almost certainly an 

advantage, in that impact loadings are damped and are therefore less 

likely to cause danger to the prosthesis or the wearer. This fact 

of compressibility in pneumatic systems is frequently given as a 

disadvantageous ones usually on the basis that control is difficult. 

However, if the control system is well designed, no feedback errors 

need be introduced as a result of the 'soitnesa' of the mechanical 

system. 
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Chapter 3. 

Cosmetic gloves and associated materials for hands. 

3.1 The choice of materials for gloves. 

The production of cosmetic gloves has necessarily been limited 

to the post-war years, since the considerable developments in 

materials technology, particularly that of plastics, has provided 

workers in the field of cosmetic replacements with such a wide 

variety of materials with differing properties, that the problem 

has now become one of keeping up with the new phenomena and 

assessing new possibilities. 

Before the advent of the now widely available plastics materials, 

the flexible cosmetic restorations which were produced were commonly 

made from natural latex rubber, coloured and hardened as required, 

for example Brown (1943) based his rubber prosthetic fingers and 

gloves on sculpted models, skilfully produced to match the natural 

hand. However, natural rubber presents serious problems in use, 

since it is not very strong in thin Bleis when flexibility is also 

required, colouring is difficult, the material perishes and becomes 

brittle with age, and, more significantly, it is not fully resistant 

to a wide range of chemicals, even such coesron-place liquids as 

mineral oils causing rapid deterioration of the material. 

3.2 The fundamental techniques. 

Despite these considerable disadvantages, Clarke et al (1947) 

produced latex rubber gloves, and also used latex rubber for the 

manufacture of moulds for further vorke paving the way for many 

years of future glove production by the use of a dipping process to 

build up the thickness of the latex would. Clarke also refers to 
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electroplating techniques for producing metal shell moulds, plating 

onto wax replicas of hands and cadaver hands, in the former case 

removing the original by molting out the wax, the latter requiring 

the sore grisly technique of maceration! By 1949 the tschnigas 

began to involve the use of pvc (Clarke and Weinberg 1949), when 

it was found that the pvc plastisol curing temperatures destroyed 

the rubber moulds. This was initially overcome by part curing 

the pva, removing the rubber would, and ocMleting the pvc ours in 

a glycerin bath. Howeverp the hollow shell metal moulds were found 

to be more convenient and were produced by plating onto a filled 

pro glove sprayed with conductive paint, or by the spraying of 

molten metal direct, although in the latter case the moulds were 

found to discolour t! r pro gloves produood from this. Clark. found 

considerable difficulty in achieving release of the gloves from 

within the shell dwulda and went to oonaidorablo lengths to concoct 

release agents to relieve the situation. The effect of one 

application of semi release agents, together with detail lost as 

a result of spraying conductive paint for plating, is to 

considerably reduce the . scant of detail reproduced which is a 

very serious drarbaah in the production of good quality reproductions, 

of hands. 

3.3 progress &'J he t niqusp of clove 2roduction, 

When Dembo and Tan. -ßadtin (1933) found that the public tended 

not to notice the oowstio glows then available, a distinct i rtia 

seemed to settle upon the dawlopsont of improved proosssas, for as 

lets as 1868 Kbopstog aal Wilson's "fume Limbs and Their 

8ubstitutas" LOOnard describes what is basically Clark's process 

with the J ntroduatioa of a now casting rtortal in the tors of 
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sodium alginate. In fact$ so retarded had the development become 

that Leblanc (1971), as a result of a symposium an the subject, 

produced a comprehensive specification for cosmetic `loves in the 

hope of engaging the help of ooswrcial enterprises. 

Howover, two attempts have been made to improve the quality of 

both the glove and the production process. The first of these was 

carried out as part of the Swedish project for the production of a 

functional hand prosthesis. The specification for the glove 

covering ($ybark and Kohl 1967) was given an the basis of the 

extreme flexibility required for use with a fully articulated hand. 

This fact meant that the gloves would necessarily be thin and 

disposable after three to five days use. Klass= and Winderlich 

(1968) describe sane of the processes used in an attempt to produce 

these gloves. Apart from making use of plating techniques similar 

io that of Clarke, they describe a procedure which makes use of 

ceramic materials. By stuffing an everted glove and taking a 

plaster impression of the everted glove, it was possible to sake 

aiplit mould for the casting of a ceramic would which could be used 

for subsequent dipping in latex. The detail reproduced by this 

process was poor, and included s ut-lins from the mould, a fault 

which cannot be accepted is true cosmetic gloves. 

An independently developed, but fundamentally similar, process 

has been described by Ksnworttyr and Saall (1a74)0 details of iah 

arc given in the practical section of this thesis. The significance 

of this York is that gloves of intricate shape and almost perfect 

detail can be faithfully reproduced from slaplo squlditg and 

casting processes followed by the dipping of a could into pva latex 
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which is subsequently cured by the application of heat. 

3.4 Alternatives to pvc as the clove material. 

After having extolled the virtues of the materials collectively 

known as 'plastics', it is perhaps surprising to note that pvc has 

proved to be the only such material suitable for use in cosmetic 

gloves. The number of alternatives is seriously reduced by the 

requirements of extreme flexibility and high strength, together with 

a necessity for existing in a readily usable form such as a latex or 

plastisol. The only practical alternative to pvc has been 

polyurethane, ohich was evaluated for this purpose by the U. B. Arm 

(Hodge et al 1971) but was found to be lacking in flexibility and 

colour retention properties. However, this presents no serious 

problems, since pvc is almost ideally suited to the function, 

apart from a low tear resistance once damage has begun, and a 

tendency to become easily soiled, although this could be almost 

eliminated if wearers of prostheses would wash the gloves as 

frequently as normal hands are washed. 

3.3 The sore general aspects of oosassiiis*. 

In an overall appraisal of the work on the developent of 

cosmetic gloves it oust be said that, until quite rsosntly, 

surprisingly little effort has been made to arrive at even an 

approximation to the definition of a cosmetic cowering for a 

prosthesis; which is that the cower out, as far as is compatible 

with mechanical requirsasnts, approximate to the appearance, 

texture and gripping qualities of the normal skin covering of the 

hand. It would clearly be quite impossible to introduce such 

sophistication as the peculiar stress-strain relationship of normal 
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skin described by Ridge and Wright (1966)for example, but the works 

described above have provided some solutions to the problem of 

appearance. 

The problem of texture and gripping quality are substantially 

different from those of appearance, although the reproduction of 

fine fingerprint details clearly must affect gripping to some 

extent, however small. Various workers have introduced soft spongy 

areas onto fingertips in prostheses, and rubber coverings for 

hooks, for example the Ontario Crippled Children's Centre (1969) 

used polyurethane foam, and Ralph and Bowden (1969) used highly 

plasticised epoxy resins. However, very little emphasis has been 

placed upon the necessity of achieving realistic texture in hand 

prostheses, and more important still, no emphasis has been placed 

upon the functional qualities of such texture, apart from the work 

of Simpson (1971). Simpson shows the functional importance of the 

pulp of the fingers and describes powder filled sacs which achieve 

an improved functional gquivalent of the pulp. Development work 

with this system is described elsewhere in this thesis, but the 

point to be noted is that the oossietio qualities of the cover for 

the hand prosthesis Can and should be directly related to 

functional properties at all times. 
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O apP 4. 

Control - theoretical considerations. 

4.1 The basic problem. 

The title of this section implies that the problem of control 

has been the subject of serious study in relation to prosthetics 

situations. Unfortunately, very little emphasis has been placed 

upon the importance of specific types of control, in the belief 

that the highly adaptable human system can be taught to control 

virtually anything by dint of a considerable amount of training. 

This may be true to some extent, but the point is that the patient 

has to litre with his prosthesis, not control it. A point which has 

been made by Scheid (3.965) emphasiass this for children in particular 

since he notes that a child's concentration time for os task is 

limited to a few minutes and therefore it is essential that controls 

must be simple and subconscious in order to permit play, eta. 

4.2 General solutions. 

The wide variety of control techniques which can be used for 

the control of sxternally i red prostheses joust r oesaarily be 

based upon certain low force sovas*nts or other phenomena of the 

body, and the Huber of ways in which these effects can be 

harnessed is potentially as large as the nt bsr of systems man's 

ingenuity can devise, for exaaple xaring et al (1965) list fourteen 

esoteric systems which can cake use of refined body motives. In 

addition to those control system a ich malte Use of the pbysipal 

action of the body, there is the much renowned use of the body 

eleatriaal sysiwm$, where it has been possible to detect and make 

(limited) use of the electric potentials associated with cle 
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actions in control systems which are collectively known as 

eleotroayographically (emg) based systems. 't'hese systems have 

evoked so much interest and subsequent research that they will 

be considered separately from the physically based controls. 

4.3 The variables. 

The control of a prosthesis is concerned with a vectorial 

problem in time and space, and thus controls can be devised which 

affect the time of action t in the direction of x, vectorial 

position x. vectorial velocity x, acceleration W, etc. These, 

or combinations of these, are twWamentally the only controls which 

are possible, and the optimisation of any prosthetic control system 

lies in the choice of variable control which is made. One further 

complication is possible, however, which concerns the use of one 

control site for the control of different vectors, this arrang nt 

being referred to as a sequential mode of control. The selection of 

which particular control quantity to use has largely been a natter 

of engineering expediency, the theory being that visual monitoring 

of the behaviour of the prosthesis is an adequate check on the 

operation. MOLawrin (1965) made extensive use of switch operation 

on this basis, whereas Marquardt and Haetnsr (1956) used a system 

which fundamentally controlled the velocity of the prostheses. 

4.4 Compatibility with the operator. 

However, the operation of these systems required considerable 

gental effort and training, a fact which was rt apparent in 

conventional liab systems, which certainly rpyired physical effort, 

but less training and concentration. This point is aide by 

lric[onzia (1965) in his assessment of the qualities of oonwntional 

limbs when he states "All aaputees know without looking how tar 
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the hook is open within fairly tine limits and know how firmly 

they are grasping". The importance of the principle of an active 

physical feedback of information to the operator was realised by 

Simpson (1868), with the incorporation of a position servo control 

system. Simpson (1971) has since expanded the theory behind the use 

of position control more fully, showing that since this system is 

able to behave as an extension bf the patient's propriooeptive 

system, then control of the prosthesis is merely an extension of 

normal activities, requiring virtually no special attention on the 

part of the operator. The point is also made elsewhere in this 

thesis that the information content available in a position control 

system is superior to that of the other types, thereby conveying 

considerably more movement parameters to the operator. 

The essentially subconscious nature of arm oontrol has also 

been referred to by Nichols (1965) who noted that a normal subject's 

consciousness is directed towards the position of the hand in space, 

rather than the position of the arm. Siapson's work has confirmed 

this to a considerable extent, sins, the success of the prosthesis 

fitted at Ydinburgh is largely attributable to the ribeanselous 

control being achieved by the wearer of the prosthesis, thereby 

allowing the children to perform tasks and play in a substantially 

normal manner. The problem of watching prosthetic control systems 

to the operator rsquiruspts extends to hand control to an extent 

which is not quite as clearly defined as for the are. Although 

position information is almost certainly fed back fron the normal 

hand, the positional rsquireMnts are less demanding, becoming 

Noms to the need for gripping force information. However, Wither 
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of these points has been the subject of any Investigations, 

controversy only having arisen over the choice of a voluntary 

opening, or voluntary closing mode of action for terminal devices. 

This dichotom has probably been over emphasised, since the change 

over from one to the other is easily made, some patients preferring 

voluntary opening because the maintenance of prehension is due to 

a spring action, thereby relieving the fatigue of continued grip, 

whereas other patients find voluntary closing more attractive since 

they can achieve a finer control in this my., A point which may have 

considerable significance, however# has been noted by Ritter and 

Sammons (1965) who found that young amputees learned the use of 

hooks more readily when the change from voluntary opening to 

voluntary closing was made. It is therefore felt that no hard and 

fast rules should be applied in this situation, the optimum 

technique being easily established in individual cases. 

4.5 Control sites. 

One further general problem which occurs with the control of 

prostheses, concerns the utilisation of available control sites. 

The problem arises with the application of sulti-funotioa prostheses', 

ishich require operation by aay control sites, of which there is a 

strictly limited n*aber satisfying the requirements for use is a 

position control system. Since each of the more comprehensive arm 

prostheses requires at least live independent controls, the provision 

of functional arms bilaterally demands a aim of ton sites. This 

is practically impossible in cases of bilateral aselia, and there 

are different schools Of thought concerning the way round the 

problem. Simpson (1971) has taken the unilateral approach, on the 
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basis that a unilateral amputee is capable of a majority of daily 

living tasks one active functional arm is fitted in conjunction 

with a passively mobile second arm which has active prehension. In 

this situation control sites from both sides of the body are used 

to control a prosthesis on one side of the body. This has proved to 

be quite successful, as have the conventional body-powered systems 

which have 'mixed' the controls, such as those described by MoLaurin 

and Sammons (1963). However, other workers have made determined 

efforts to avoid such 'unphysiological' controls, Bottonley (1968) 

advocating bilaterally fitted functional arms each with limited 

functions. Pottinger and Ring (1968)hoped to overcow the problem 

by providing control 'looks' by which one control site could 

successively operate different functions, a system which detracts 

from all the Merits of a low level of consciousness in control, 

since continuity and uniqueness of feedback information is completely 

lost at the changeover. 

4.6 The significance of information feedback to the operator. 

The importance of the feedback of additional information, apart 

irco that acquired by the normal visual pathways, has been the 

subject of various studies, such as that of Battig (1954) who found 

that 'artificial' visual cues during training for a particular 

task considerably improved learning rates. In addition, he found that 

the best results for learning a particular task were obtained with 

direct learning of the task itself, rather than with special 

training tasks. Similar results have been obtained by Lincoln 

(1956) with a task concerned with achieving a specific turning rate 

for a wheel, learning being bore rapid and accurate with verbal cuss 
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or displayed visual error information. Howland and Noble (1953) 

varied the physical characteristics of the controls in tracking 

tasks, altering spring rate, viscous dasping and muent of inertia$ 

and found that the beat results were obtained With the controls 

which benefited from the augmentation of position information 

provided by the spring rate controls. Similarly, Weiss (1954) 

found that in tracking tasks where visual feedback was absent` 

the position factors In the toroe/displacement characteristics of 

the control gave the most useful information to the operator. 

Although these experiments tend to confirm the necessity for 

active feedback of Information, some conflicting evidence appears 

to be provided by Carruthers and Pottinger (1948) and Craske (1968). 

Carruthers and Pottinger carried out tracking task experiments 

with cutaneous feedback of position intorsation, and Sailed to find 

a significant iwpsovesent in results. However, due to the unusual 

nature of the technique for displaying intoraatioo, this result is 

not surprising. Since the human system is not designed to interpret 

positional information trog skin vibrations, and the feedback 

signals are remote from the control input region, significant 

delays in information retrieval would occur, thereby reducing the 

effectiveness of the feedback. Craske's approach was based upon 

the introduction of visual feedback errors by Cana of viewing 

through prisms, noting the compensations made by the control systems 

to allow for errors induced in this way, He then X&Ms the joint 

that position awareness (now-visual) is then not sufficient to 

provide accurate Motions on removal of the prises, using this tact 

as an illustration of the inadequacies of the iron-visual feedback. 



101. 
pathways. The fact is quite true, but the interpretation is too 

extreme, since all the normal systems for updating theinformation 

stored in the human 'computer' are still active, the situation for 

controlling a prosthesis is exactly the same as for controlling a 

real are, and therefore no unusual problems arise in the use of 

prostheses controlled on this basis. 

However, the reasons behind the lack of success of Carruthers 

and Pottinger's experiments are extremely important, since delays 

introduced into a feedback system can, at best, nullify the 

advantages of feedback, and, at worst can have the negative result 

of causing confusion of the operator. Conklin (1957) found that 

feedback delays of 0.25 seconds caused a significant detrimental 

effect in a control task, Held et al (1966) finding similar 

descriptions with delays of 0.3 seconds. These delays are simple 

transfer delays, but the situation is further complicated by Rudd's 

(1970) findings that second order lags are also very significant in 

tracking tasks, thus showing that the problem of provision of 

feedback information to the huaan operator must be studied in some 

detail if successful results are to be achieved and the full 

potential of the active feedback of information is to be realised. 

The importance of accuracy in the time domain has been shown by the 

above workers, but there appears to be a less demanding situation 

in the position domain, since the control systems used in the 

working prosthesis developed at Edinburgh (Simpson 1965 and Simpson 

and genworthy 1973) are strictly of a rather low accuracy in position. 

However, this appears not to affect performance seriously, and 

therefore it may be that the human operator can more easily 
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accomoodate consistent detects in position information than delays 

in the presentation of the information. The design of the 

feedback system used in these prostheses ensures that time delays 

are very small, since the control is directly linked to the 

movements being monitored. 

4.7 Normal human motor control system dynamics. 

The importance of active feedback of dynamic information to 

the operator of prostheses emphasises the extreme importance of an 

understanding of the requirements and capabilities of the human 

motor system for use In future improved designs. Research projects 

covering a variety of disciplines have provided information which 

is relevant to the design and control of powered prostheses, but it 

appears that little attention has been paid to considering such 

work in the light of prosthetics. However, it must be stated that, 

from a practical point of view, it is risky to try to follow the 

mechanisms of the body too far, since highly conflicting results 

occur when the internal control system in the normal human being 

is investigated, for example Stiles and Reandall (1967) lay 

emphasis on the fast response obtained with a second-order servo 

system, the characteristics of which they find similar to the 

results of experiments with hand tremor frequency; whereas Baits 

at al (1968) emphasise the force and slip control aspects of hand 

behaviour. Several modes of human control systems have been made 

on the basis of widely different sources of experimental data, 

Vodovnik (1971) making use of the re-learning which occurs during 

artificial electrical stimulation of muscle in drop-foot cases. 

On the basis of data obtained in the results with retention of such 
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learning after removal of the stimulation, Vodovnik used a logic 

model to form a model in which stimulation causes some resultant 

feedback to the brain, which can ultimately reinforce low level 

output motor signals to provide a newly active system. Tomovio 

(1960 and 1965) has considerably widened the field of possible 

mechanisms which may be postulated with the incorporation of the 

fact that the conventional minimum error feedback systems may not 

necessarily be applicable in biological situations. Ile also points 

out that the problem Lain another way the reverse of the conventional 

since a few transducers and much processing are replaced by many 

transducers and less processing. However, although this may be 

true for the transducer aspect, there is no definite evidence to 

suggest that the processing mechanism is in any way simplified in 

human systems, since Craik (1947) and Navas and Stark (1968) have 

shown evidence to suggest the operation of intermittent control 

systems, whereas Gibbs (1954) is convinced of an active continuous 

error feedback control system. This disagreement in no way affects 

the practical utilisation of the end result of whatever the control 

system does, since both points of view indicate mechanisms which 

are fundamentally position servo in nature. 

4.8 The problems of the interpretation of body 'signals'. 

The differing mechanisms postulated above serve to illustrate 

the difficulties to be encountered in attempts to decode the infra- 

structure of human control systems. The problem is that we under- 

stand to a limited extent how a command signal can arise, and we 

know the end result, but of the processes in between we know 

virtually nothing. This is the root cause of the difficulties 

underlying 019 Control, since these system take the body-coded 
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signals at an intermediate stage and hope to make some sort of 

sense from then in order to drive our conventional electronic 

systems. Tanner (1963) has pointed out the 'statistical' basis of 

regulation of biological processes which necessarily make use of 

large numbers of individual units, working in a more or less 

co-ordinated fashion. This means that the control signals for 

such processes are also organised in a highly complex fashion, which 

only the muscle, for example, can decode into the relatively simple 

message of notion of particular characteristics. The solution to 

these problems is quite simple, either intercept the message before 

it has been 'coded' or after it has been 'decoded'. The former 

of these solutions will require considerable instrumentation and 

planning to cater for various dynamic situations, and it some 

logical therefore to adopt the second choice of Making use of the 

advanced 'tree' computer in the shape of the existing human system 

by applying the 'decoded' movements in the best way possible. This, 

together with the feedback of the maximum amount of information to 

the human system in a suitable fashion, makes the best possible use 

of the naturally available mechanisms with a mal use of the 

fundamentally limited man-made information processing systems. 

This approach to the control of prostheses is essentially simple, 

and raooves the seed for answering ssuq of the esoteric questions 

concerning the intrinsic operation of the human machine,, but intro- 

duces Various other difficult problem in the form of establishing 

the best ways for providing the human systa with an adequate supply 

of information. 

4.9 position awareness in the natural erstes. 

Fortunatelys sich of the basic knowledge about the sort of 
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information which is used by the normal movement control systems 

has been available for some time. For example, Matthews (1933) 

put forward the idea of position awareness being derived from 

tendons and muscles, and although this has been found to be 

incorrect in detail, the concept of the importance of position 

awareness was appreciated. The existence of a definite built-in 

position awareness system was shown by Cleghorn and Daraus (1952) 

who tested the sensitivity to passive movement of the elbow, 

finding that the direction of motion could be sensed in as little 

as 1.80 of motion. Work by Hord and Roberts (1953) confirmed the 

active nature of this feedback mechanism in cats with an emg 

analysis of the output of certain nerve fibres supplying the knee 

joint corresponding to different joint angles, finally tracking 

down the source of the impulses to groups of receptors located in 

the joint capsule. Cohen (1958) has studied the effects of internal 

position feedback mechanisms in the human, finding a high level of 

position accuracy to be possible in the absence of visual feedback 

paths. Cohen also 'blocked' different groups of possible receptors 

by stages until he established that the main receptors must be 

located in the joint capsule of the shoulder in this case. He did 

find that, in addition, skin receptors play acme part in positional 

knowledge, a mechanism which is advocated by Moberg (1972) in 

relation to fingers in particular. 

The practical success of fitting prostheses based upon this 

type of control system acts as further confirmation of the existence 

of this feedback mechanism. Operation of prostheses on this 

principle then presents further questions for the optimisation of 
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design characteristics relative to the control sites which are to 

be used as the interface for control matters. In particular, the 

dynamic properties of muscle present problems, since the behaviour 

of the control site is followed exactly by the prosthesis in a 

position servo controlled mechanism where use is made of the natural 

proprioceptive system by effectively extending it by a constant 

amount (Simpson 1971). Unfortunately, information about the dynamic 

properties of muscle is not generally readily quantified, although 

Hill (1939) has simply related maximums exerted force and velocity, 

a work which has later been confirmed by Wilkie (1950). some work 

has also been recorded by Elftran (1966) showing a radical difference 

in the tension/length characteristics of muscle fibres with 

different speeds of contraction. It is felt that this type of 

characteristic relationship between force and velocity in muscle 

can play a distinct part in the behaviour of the prosthetic servo 

mechanism since the Muscle action of the control site necessarily 

becomes part of the Control loop, and some preliminary work is 

described in this thesis which may show the significance of such 

factors in prosthesis design. 

4.11 The importance of designing for patient coeopattbility. 

The work which has been reviewed above shows the importance of 

giving direct consideration to the requirements of the human 

operator and his body behaviour. In this way it has been possible 

to design systems which are simple and directly applicable to the 

human system, unlike the systems Proposed by Johnson (1965) and 

Freedy et al (1967) who advocated automation of the control system 

itself, the latter group of workers making their choice of control 
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system on a mathematically derived minimum information content basis, 

ignoring the fact that although the operator does not have to put in 

much information, he does not get much out either! Similarly 

Kiessling (1965) suggested that proportional control was unnecessary 

since visual feedback is all that is required, ignoring the fact 

that visual attention is conscious and specific which would make 

the control of a prosthesis a task in itself, leaving a reduced 

level of attention available for the everyday tasks of living and 

manipulating the environment. It is therefore felt that the lesson 

to be learned from these studies is that a great deal of attention 

should be directed towards the requirements of the human system, 

particularly in an inward direction, that is to say, further 

studies of how information is acquired by the normal system will 

provide the necessary data for further augmentation of prosthetic 

devices by the addition of extra feedback pathways. 
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Chapter 5. 

Practical control systeas. 

5.1 Introduction. 

5.2 The utilisation of body movements as control sites. 

5.3 Control valves. 

5.4 Conclusions. 
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Chanter 5. 

Practical control systems. 

5.1 Introduction. 

The various theoretical considerations mentioned previously 

have led workers to develop many different practical control 

systems, with varying degrees of success. Since the subject of 

capo-electric control has evoked such a considerable degree of 

development, this is reviewed as a topic independent of those 

systems to be covered here, which are largely concerned with the 

harnessing of body movements for control purposes. 

5.2 The utilisation of body movements as control sites. 

The direct use of body movements for powering prostheses 

automatically provides the ideal control situation, since the 

operator is making use of many feedback paths by virtue of his 

direct link with the prosthesis. The link between patient and 

prosthesis for powering a prosthesis has been achieved in two ways, 

firstly by strap-like harnessing of movements of mobile body segments, 

and secondly, by tying in to the muscle movements direct by means of 

the techniques of oineplasty, first introduced by Vanghetti (1906) 

and later improved by Sauerbruch (1916). The harnessing technique 

is not directly applicable to the control of powered prostheses,, 

due to the small displacements required, whereas the cineplasty 

technique has received some attention as a control site for 

externally powered systems. The cineplasty technique involves the 

creation of a skin-lined tunnel through a muscle, thus allowing 

attachments to be made to a peg pushed through the tunnel. 

Practical examples of this technique are Illustrated by Platou (1923) 
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who powered a hand prosthesis and Kessler (1939) who used cineplasty 

connections in preference to strap harnessing for the powering of 

an arm system. However, due to the complications of operative 

techniques, discomfort in use, and various other problems, 

cineplasty has become a relatively rare method for powering 

prostheses. 

Despite those disadvantages, some attention has boon directed 

towards the use of the cineplasty as a control link between patient 

and prosthesis. Lyman (1965) recording the investigation of 

cineplasty sites, whereas Perry (1965) notes some of the disadvantages 

and proposed another operation for the enhancement of muscle movements 

by means of a surgically induced hernia by cutting the fascia around 

muscle. 

The number of surgically introduced control sites could be quite 

considerable, but in all cases the result is unsightly, adding to 

existing disfigurement, the operative trauma and recovery time are 

significant, adjustment of incorrect sitings is virtually prohibited 

and a considerable degree of specialised hygiene is necessary. The 

use of such techniques has therefore been on a very minor scale,, 

and consequently the majority of the practical work has been 

directed to the external harnessing of body movements. 

In almost all situations concerning the control of prostheses, 

the number of control sites available is limited, and as a result 

some functions must be sacrificed in order to permit the use of a 

single site for a single movement. This has been found to be a 

desirable factor in the control of prostheses, and therefore some 

workers have introduced automatic facilities into the prosthesis in 



Ill. 
order to overcome this problem to a certain extent. This approach 

has been made particularly in the development of multi-function 

hand prostheses, for example Rakic (1964), Salisbury and Colman 

(1981), Baits et al (1965) and Ring and Weilbourn (1968) have all 

introduced automatic gripping procedures within a prehension device, 

making use of slip detectors which provide the system with the 

information necessary to achieve a 'just holding' action. The 

danger with this typo of automation is that the designer is tempted 

to overcome the inadequacies of his system by introducing more and 

more automatic procedures, each of which is decreasing the 

communication between patient and prosthesis. This problem is 

typified by the system envisaged by Freedy et al (1967) who, after 

making an incorrect choice of control principle from the human 

operator viewpoint, introduced a self-teaching control system which 

modified its characteristics as a result of errors previously 

experienced. Automation of this type rapidly becomes 'top-heavy' 

until the situation is reached where the patient is operating a 

machine rather than living with a prosthesis. Howver, limited 

amounts of automation are both useful and necessary in order to 

permit satisfactory function of a prosthesis, for example, McLaurin 

had successfully used linked motions in an arm prosthesis, as have 

the arms developed In Edinburgh and at the Medical Research Council 

Unit in Hendon. 

The general practical problem, then, bolls down to the choice 

of a control site and the development of the means by which the site 

activity can be harnessed. The problem of harnessing the Movement 

of a control site is the one which has exercised the 'inde of the 
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developers, ranging from simple systems such as the muscle bulge 

techniques usod by Kotzenberg (1920) for the operation of a hand 

prosthesis, the pneumatic bag linkage used by Wilms (1950), the 

Bowden cable introduced by Simpson (1965), and the hydraulic link 

used by Frank and Jaksic (1970), to the highly complicated intra- 

oral system stimulated by tongue movements used by Bontrager et Al 

(1970). Waring et al (1963) list some fourteen systems for 

controlling electrical systems, but the variety must be as large as 

imagination permits, with Arp (1969) assessing fluidic control 

possibilities, Grunert (1968) using the variation of oscillator 

frequency by alteration of coil characteristics by the movement of 

a plate nearby, Hammond (1972) using capacitance loading of a tuned 

circuit in a similar manner and the team at Johns Hopkins 

University (1972) using the effect of magnets on the conductivity of 

magnetically sensitive diodes. One electrical system which is of 

particular interest is that devised by Yamada et al (1969) since it 

incorporates important mechanical factors which are absent in most 

electrical control systems. Control of electric motors is achieved 

in this case by the compression of a liquid filled cell in which is 

situated a pressure sensitive resistor, the mechanical resistance 

allowing smooth, stable control of the motor without any oscillatory 

tendencies. 

5.3 Control valves. 

Because the majority of successful arm prostheses have been 

pneumatically (or hydraulically) powered, the most significant hardware 

developments have been concerned with the production of suitable 

valve systems for the control of the fluid power medium, In attempts 
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to satisfy control requirements in this field, a considerable 

varsity of operating modes have been experimented with, providing 

urarg different operating characteristics which have led to a 

significantly varying degree of success in use. 

The design of valves for the control of powered prostheses 

presents many specialised problems, the majority of which are 

related to the degree of miniaturisation which is demanded by the 

strict constraints imposed by the requirements of the appearance 

and shape of the prostheses. Houmver, the basic forms of the 

valves are essentially the conventional poppet valve (aperture 

control), the force (or pressure) demand valve and the spool valve, 

all of which are well known in conventional systems. In addition, 

several departures have been made from these Conventional systems, 

some being of particularly ingenious and interesting construction. 

Consideration of the approaches made to valve design on 

conventional lines leads to some interesting facts, since a 

difference of opinion appears once more between those who favour 

the electrically based projects and the advocates of more simply 

based mechanical solutions to the problem. This division has 

taken the form of a choice between poppet valves and force demand 

valves, the electrical solution being to provide solenoid operation 

of poppet valves, whilst the 'mechanical' solution has been to 

 ake use of the inherent stability conferred to a system by force 

demand valves. 

The spool valve has received relatively little attention largely 

beeause of the high frictional forces introduced by the large 

number of sliding seals and the relatively large movements required 

for operation. H(wever, tinnier Wilson (1965) has used balanced 
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spool valves with orthoses sM Klasson (1967) experimented with 

spool valves before adopting force demand valves as his basic 

control. In addition the Department of Vechanical ingineering at 

Oxford University has experimented with electromagnetic spool 

valves and Broome and Lambert (1972) are at present using a spool 

valve in an hydraulically driven system. The problem with spool 

valves is largely due to the relatively large movements required 

to achieve adequate flow conditions, the valve of Brooms and 

Lambert requiring 0.5® movement for full flow in comparison with 

loss than 0.1am in volt designed poppet and force demand valves. 

The use of poppet valves in pneumatic, control systems has 

proved to be saosthing of a problem since these valves are by 

nature unstable. The majority of such valves rely on the opening 

of an aperture iah is normally maintained closed by virtue of 

the pressure differential due to supply pressure acting across 

the sealing area, but problems arise when opening ooa moms, 

since the closing force tends to reduce as output pressure rises, 

thereby allowing opening to proceed more readily and rapidly. For 

this reason, the majority of poppet valve systems have been 

concerned with electromagnetic operation when electrical 

'correction' factors may be readily introduced. Therefore various 

electromagnetic valves have been wade for use in pneumatically 

powered systems, Morton (1968) desoa'ibing moral types, 

Oavrilovia and Mario (1969) using solenoid operated valves in a 

typo of position servo mechanism and Bousso and Ishai (1970) 

using electrically operated valves in an esW controlled pneumatically 

powered system. Johansson et al (1970) eke the best use of poppet 
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valve characteristics by using the rapid turn-on to advantage in 

a pulse width modulated control of gas flow, even controlling 

stiffness by simultaneous driving of both sides of an actuator. 

This system has been used for the control of an elbow mechanism. 

Attempts which have been made to utilise poppet valves directly 

in control systems cannot be considered as successful, since such 

severe stability problems have ensued. This difficulty is 

exesplitied by the adoption of the poppet valve in the arm developed 

at the Medical Research Council Unit at Hendon (1970), which 

required the introduction of hydraulic damping to cake control 

feasible. Such stability problems were also encountered in work 

with poppet valves described in this thesis, and led to the exclusive 

adoption of the force demand valves which were not significantly 

more complicated and conferred great stability on the system being 

controlled. 

The force d wand valve ttdv) has been netensively used in the 

control of prostheses since its introduction in 1965 : following 

co-operation between Elliott Automation and Sispson in Sdinburgh. 

Bottoolq's (1966) SAN valve appeared later, and this, together with 

XClasson'a (1967) version, was subsequently modified in =dinburgh 

(Komrorth and Jolly 1973) to suit the specific requirements of the 

prostheses being developed. Xlasson (1967 and 1970) has made 

particularly extensive use of the tdv, adapting it to aaW 

$pecialised; tasks'süch as pressure regulators, dto. The valves 

used by Marquardt (1965) were fundarntslly force demand valves used 

in a sequential tashiong although the design my appear at first 

sight to be a poppet valve, a isedbaft diaphragm ants in opposition 

to the operators tending to turn off the flow at all ties, which 
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explains the stability obtaining in all such systems. 

The conventional valve systems described above have formed the 

mainstay of control systems in all successful pneumatic arm and 

hand prostheses, with one noteable exception - the systems intro- 

duced by Kiessling (1861). The valves associated with Kiessling's 

piston actuators took the basic form of a spool valve, but with 

the major difference that adjacent ports were connected, not by the 

sliding of the spool, but by a lateral movement of the spool which 

caused a leak past the 0-ring seal between inlet and outlet ports. 

These valves provide no force feedback, but stability was adequate 

because of the high return spring rate of the compressed and 

distorted 0-ring seal. A later modification and more sophisticated 

version of this valve has ban described by Lichtarowicz (1868). 

Probably the most simple valve of all has been used by Engen 

and Spencer (1968) in the form of a direct constriction imposed upon 

a thin walled flexible tube. This type of valve, however, relies 

upon gross distortion of the tube and hence does not have the 

reliable characteristics which are essential for good servo- 

mechanisms in control systems. Cool (1970) with a typically simple, 

but ingenious, system has also made use of a tube in the basic 'form 

of the old type of bicycle valve which consisted of a flexible 

stretched tube covering the inlet port. Cool's valve consists of a 

Coil spring maintaining the compression of such a tube over two 

holes in a metal rod, one hole being the inlet port, the other being 

the outlet. By effectively unwinding the coil spring by the action 

of a 'clothes peg', lir* pressure gas leaks under the slackened 

tube to the adjacent outlet port. Once again, this system provides 
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no active force feedback to the operator. Cool and Pistecky (1971) 

have also described another ingenious valve which is fundamentally 

a poppet valve, which is maintained closed by a tensioned wire. 

When an electric current is padded through the wire, the wire 

extends and thus allows line pressure to force the seal open, thus 

allowing flow to commence. In addition to these ingenious valves, 

Cool has also produced a very small force demand valve 'of non- 

conventional design', but unfortunately no details are available 

apart from the rather high price of £25. 

Another valve system which has been investigated is the rolling 

diaphragm type. This system was investigated at the Royal Aircraft 

Establishment, Farnborough, and at Oxford University, but gras found 

to be unsatisfactory in respect of leakage, which caused rejection 

of the system by the Medical Research Council team at Hendon (1970), 

despite various alternative sealing materials being tried by Ralph 

and Bowden (1969). 

5.4 Conclusions. 

The conclusion to the review of practical control systems is 

rather discouraging, since it is clear that a totally inadequate 

amount of attention has been paid to this problem. This phenomenon 

is probably the result of a tendency which prevails in all oirctm- 

stances where patient fitting is required urgently= hardware is 

produced first, and the control system is added later, usually too 

hastily. It is felt, therefore, that considerations of control 

details should be the initial design factor, upon which the rest of 

the mechanisms are based. 
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Chapter 6. 

The use of muscle electric potentials for control. 

6.1 Historical background. 

Knowledge of the association of muscular activity with 

electricity is long-standing, going back to the classical experi- 

ments of Galvani (1737-98) with the electrical stimulation of 

frog's legs. By 1951 experimental work had become so sophisticated 

that Merton (1951) was investigating the relationship between 

electrical stimulation and the recorded electros4ograph (eng) 

signals indicative of muscular activity, in an attempt to gain an 

insight into normal muscle control. In the following year Berger 

and Huppart (1952) introduced the possibility of using emg signals 

as a source of control information for prostheses, by considerations 

of the results obtained using copper electrodes and electrocardio- 

graph jelly to pick up the signals, and this work heralded the most 

publicised and misguided development in the history of powered 

prosthetics work, the use of electrical signals for the control of 

prostheses seemingly providing the electronic age with the answer to 

all its prosthetic problems. On reflection, it seems almost 

incredible that such a variable and apparently haphazard phenomenon 

should have been assessed as a possible control site. Soge of the 

immediate problems were well summarised by Wagvan and pierce (1965) 

who, in an assessment of the possibilities of egg signals make the 

points that artefacts occur due to electrode placement relative to 

muscle fibres, dispersion effects occur through the muscle, the 

shape of the electrodes affect the signals, so" muscle fibres have 

slower responses than others, 'adjacent' motor unit signals interfere 

with one another, and from all this a coherent 'message' is to be 
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deciphered: However, work by Basmajian (1963) showed that 

individual motor unit control could be achieved with training, and 

Moore (1965) was able to use single neuron action to control an 

artificial breathing system for an anaesthetised cat. Work of 

this nature tended to help the converted to justify their choice 

of control signal, although practical work had already cormenced in 

1955 with the system of Batty., Nightingale and Whillis (1953) 

which used the average level of the sag signal to operate a switch 

controlling a pneumatically powered system. 

6.2 The 'pros' and 'cons' of wag control. 

In a review of esst controlled system Scott (1966) gives 

reasons for this choice of control which have seemed convincing to 

many other workers in this field, namely that the use of s'o-electric 

signals is 'more direct' and less subject to external influences. 

This type of argument has been put forward by Many other workers, 

such as Voskoboinikova and Slavutaky (1967), who were associated 

with the development of the Russian eag controlled hand, and state, 

concerning syo-electric control 'It is the most functional, as it is 

nearest to the natural method of controlling a health lieb". All 

workers who have been directly concerned with the fitting of emg 

controlled prostheses and have described the circumstances of the 

fittings, have laid considerable emphasis upon the necessity for 

extensive training programmes in the use of on Control. This fact 

alone shows that eng control is neither easy nor natural, a point 

which is clarified by Radonjia and Long (1970) who, as a result of 

considerable experience with on systems, concluded that they were 

based on, at best, very shaky foundations. They attribute the 
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difficulties to the fact that the normal system is based, not on 

muscle controls but movement control in which, according to a pattern 

for each movement, various muscles participate. The relationship of 

muscles to particular movement patterns is specific, since tendon 

transfer experiments showed that the re-training of a muscle into 

a new function was very difficult. In addition Radonjic and Long 

point out that there is no definite relationship between muscle 

tension (upon which the on signal depends) and muscle position (which 

is required for the execution of skilled movements). The conclusion 

is, therefore, that on control lacks arq significant degree of 

proprioceptive feedback to the patients thereby making learning a 

difficult, conscious task requiring a considerable learning time 

before good control is even remotely possible. 

In addition to the above general drawbacks to the emg control 

system, some workers have questioned the specific applicability of 

emg control to oases of congenital abnozaalities. Ladd and Suoard 

(1969) found that, compared with 90 per cent of normal children, 

only 25 per cent of congenitally malformed children could achieve 

successful control of single motor units. Childress and Billock 

(1970) also query the potential of the "W system in this situation, 

pointing out that there is no 'phantom limb' sensation to aid 

training. 

Despite, or perhaps being unaware of, these drawbacks, a very 

large number of researchers have invested considerable effort and 

expense in the development of some extremely sophisticated 

electronic systems, and it remains to review the various Approaches 

which have been made to the problem. 
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6.3 The electrodes. 

The necessary starting point for any eog work is the pick-up 

of the signals, and this has been achieved in several ways, the 

simplest of which involves the placement of electrodes on the skin 

surface over the muscle whose activity is being monitored. in an 

assessment of the requirements of such electrodes ßreatbatch (1965) 

shows that a great deal of random variation in signal with, say, a 

silver electrode is attributable to the impossibility for the 

reaching of an equilibrium potential since there are no silver ions 

in the body. This problem is overcome by using a silver-silver 

chloride electrode, when saline can be used to for, a good body 

contact and thus a stable electrode becomes possible. However, by 

contrast, Scott (1967 and 1965) prefers to use implanted electrodes 

(transmitting information by telemetry) due to fewer Gross-talk 

problems, or percutaneous electrodes from which the pulse-repetition 

rate is used to control a prosthesis. Kadefors (1970) also used 

implanted electrodes, as do Herberts and Petersen (1970) who transmit 

the signals by frequency modulation of an implanted oscillator. 

Sven the use of imlanted electrodes is fraught with problems, 

however, since Pollak (1971) has shown that radically different 

signals may be produced from the same source by the use of different 

types of electrode. 

6.4 Signal processing. 

The interpretation of the 6119 signals has alwwýys been difficult 

and has been made in various ways, the earliest of which (Batty. et 

al 1955) has been mentioned previously. This was followed in 1960 by 

the celebrated 'Russian' hand (Kobrinski 1960) which used the eng 
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signal level to operate level sensitive switches controlling the 

hand. Similar level discriminatory systems have been used by 

Skachkov (1967) who incorporated pressure feedback to the operator 

by vibratory stimulation of the skin, Scott (1967) who achieved 

3-state control of a hook, Beaker et al (1967) who level 

discriminated 4 signals to give pulse control of solenoid operated 

pneumatic valves, Childress and Hillock (1970) who, from simple 

electrodes built into the stump socket, provided 3-level control for 

a prosthesis, Diliner and Haig (1971) who describe three ways of 

gaining several outputs from one site* and Rousso and Ishai (1971) 

who used 2 level signals for on/off control of pneumatic valves in 

an arm prosthesis. 

A greater degree of reliability and sophistication was intro- 

duced by Bottomley and Cowell (1964)0 with the incorporation of a 

'backlash' facility in the control circuitry. This was a measure 

taken to overcome the random variations of the eag signal and 

effectively meant that the Switching level was in fact a band of a 

width dependent on mousale tension (amplitude of esg signal). In 

this way a considerable degree of smoothing could be achieved, 

since the band width could be adjusted so that randoll fluctuations 

of the on signal would not initiate inadvertent snitching. This 

type of system was adopted by Suzuki and 8wmatsu (1969) in a 

hand control system which also incorporated a velocity feedback 

facility within the control system. The training technique 

utilised by Suzuki (1966) is of interest since he made use of a 

visual analog d1SP1aº of e149 levels in order to accustom the 

user to this type of control. 
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The technique of internal velocity feedback used by Suzuki 

as mentioned above is typical of many sag control systems which 

make use of various forms of internal feedback in an attempt to 

improve control properties. Alter (1965) introduced velocity 

control by eng, and Bottomley (1987) incorporated force feedback 

for strain gauges together with velocity feedback for the motors 

a technique which was adopted by Pyson at al (1969) in the 

Aldermaston device. This type of system uses the egg signal to 

create a drive error signal derived from the difference between eng 

and the feedback information, but the use of the emg signal is 

really somewhat incidental, since ally electrical signal would 

serve. The system used by Mann (1968) for control of the Boston 

elbow is one of the few which incorporates any form of active 

mechanical feedback of information to the operator. Whereas 

velocity and force feedback is arranged within the electronics 

package, position information is actively displayed to the user by 

the variation of the position of a phantom sensation created by 

two vibrators stimulating the skin. As an Illustration of the 

variety of techniques available for use in 019 control systems, 

Henninger's (1970) use of pulse width modulation in achieving force 

control is a useful example, and by contrast, Sullivan and Martell's 

(1964) use of torso OW signals in servo control system shows the 

wide variety of available signal sites. 

Eng control has also been used in so called position servo 

control systems, which are achieved once again by internal feedback 

within the control packages. Nall and Lambert (1968) found that 

the signal to noise ratio of their system was unsatisfactory and 
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prohibited the successful use of the controls. Seamcße and Hochall 

(1970) have also used this type of feedback in an electrically 

driven version of the APRL hand, but make no attempt to provide 

active feedback of information. 

There is virtually no end to the degree of sophistication 

possible with electronic systems, and since the recognition by 

Bottomley (1965) of the possibilities for the use of spatial emg 

patterns, there have been various advanced uses of many control 

sites simultaneously assessed. Finley (1965) used a computer to 

analyse the normal eng output of pronation/supination and elbow 

flexion in an attempt to relate patterns of emg activity to 

standard movements,, in the hope that a prosthesis might be 

controlled by recognition of a suitable pattern on an amputee. 

Similarly Morecki et al (1967) hoped to use recorded 0mg signals 

from a normal functional arm to control an artificial arm or one 

with motor control defects. Wirta and Taylor (1970) have described 

a control system which uses ten sites, each weighted according to 

data obtained from the normal human operator, although the applica- 

bility of control information from one individual to control by 

another individual seems highly unlikely,, some ease of control is 

reported. 

The advantage of these multi-site control systems lies in the 

removal of the effects of random signal fluctuations, since it is 

unlikely that all sites will vary in the same way, at random. 

However, another possibility is the use of correlation techniques 

which tend to reinforce regular events and hone. diminish the 

effects of random occurrences. Schmidt (1971) claims to be able to 

isolate the firing of single motor units in this way, which may 
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help to overcame the problems of cross-talk and interference which 

are encountered in normal systems. 

6.5 control applied to non-electrical systems. 

In concluding the review of the work with oft controlled systems 

it should be pointed out that such control is not confined to the 

use of electrical power. During and van Miltenberg (1967) have used 

pulse control of a solenoid operated valve to control pneumatic 

systems, and Rousso and Ishai (1971) and Ho. Kwe and Bache (1909) 

have also used solenoid operated pneumatic valves in various ways 

associated with erg control. 

6.6 Conclusions. 

As an overall assessment of the use of esg control it must be 

said that it is really very poor, for the reasons which have been 

eunaarised by Radonjic and Long (1970). it is unfortunate that the 

existence of tyo-electric potentials has led so many workers up a 

blind alley, where the effects of so such sophisticated electronics 

are completely limited by the lack of comprehensible information in 

the original control signal. Nary of the complex systems outlined 

above could be driven equally well from a aicroswttch activated by 

muscle action, with the same results. Even then, the fact remain. 

that any amount of propriooeptive intaasmation can be fed into the 

electronic computers but it none of that information ig physically 

available to the operator, he will be unable to control the 

prosthesis with the ease which is the lumidamental require at of 

any prosthetics control system. The problem is a codwn one in all 

computer systems - if the programme cannot incorporate all the 

possible situations which may arise, then the computer is beaten 



IV. 

when presented with the unusual. The solution to this problem in 

the case of prostheses should be to present the available information 

to the human computer, which is highly adaptable, can perform 

predictor tasks, etc., and allow the natural computer system to 

take all problems as they come, since it is far better suited to 

this type of work than any artificial intelligence is likely to be 

for sir years to come. 
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Chapter 7. 

The effects of the drug thalidomide. 

7.1 Historical background. 

7.2 The effects. 

7.3 The fitting of prostheses. 

7.4 The problem of objective evaluation. 

7.5 Design data for prostheses. 

7.6 The 'self-adaptive' design philosophy. 
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Chaytsr 7. 
........... 

Thy . ff. c is of the dru t halidastd". 

T. l Ths historical background. 

The disastrous effects resulting from the taking of the 

sedative drug thalidomide by mothers during pregnancy are by now 

well known, and have been the cause of auch public heart-aearebitg 

and oontroveray. 

The bibliography of work concerning the aschaniw of the 

effects of the drug is extensive, for example consider the list 

of references made in 6ainyard (1969). This type of work does not 

directly concern the problem of the provision of prostheses for 

children affected as a result of the drug, and the review here will 

be confined to a history of the appreciations of the problems lacing 

the deformed children and the relationships between these problems 

and the fitting of prostheses. 

The drug thalidosids1 whose struature is given bohr, was 

marketed under various trade naMs, such as 'Contorgad 'Oistaval', 

"Quietan". eta. and originated is ßeraatyr. 
0 
11 
c 
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Acoordisi to Tausaig (1962) the drug was initially available 

without prescription until it was hold to induoo polynsuritis; 

tingling of the hands, sensory disturbsnoss and atrophy of the 

thumbs. The drug was availablo in arnoW from late i915e until it 
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was withdrawn late in 1961, as the increased proportion of 

malformed babies came to be related to the use of the drug. 

Thalidomide was marketed in the U. X. by the Distillers Co. Ltd. and 

was withdrawn at the end of 19,81 (Hayman 1981) following reports 

from overseas which associated thalidomide with harmful effects on 

the foetus. 

it is perhaps surprising that the association of an increased 

incidence of malformation of babies with the use of a drug should 

have taken so long to be made, McBride (1961) reporting a 20 per cent 

incidence of malformation in babies from thalidomide-taking mothers 

as opposed to a normal 1.5 per cent incidence rate, and Wiedemann 

and Aeissen (19e1) reporting similar effects an late as 19ß3L. 

However, the widely varying nature of the deformities, together with 

the dispersion of the population and the subsequent realisation that 

the effects of the drug are associated with a specific period during 

pregnancy, may account for the delay in noticing these effects. 

Even experiments with animals were not consistent, Taussig (1962) 

records that the drug did not induce sleep in some animals, whereas 

Rodin et al (1962) quote some experimental proof of the effects of 

the drug. However, during 1862, evidence accumulated that the 

malformations were associated with thalidomide, Speirs (1962) finding 

that eight from ten malformations occurred with mothers who had 

taken thalidöeide. He also checked for incidence of rubella and 

other diseases, nutrition and radiation, but the spread of the 

pregnancies tended to discount these causes. It was also appreciated 

at this stage that malformations were associated with a specific 

phase of foetal development, McBride (1961) having noted that the 
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malformations tended to be associated with structures developed 

from mesenchyme (i. e. bones and musculature of the gut) and 

Woollam (1962) noting that the timing of the use of the drug during 

the morning sickness phase coincides with the period of greatest 

mitotic activity in foetal development. On reflection, it is easy 

to look at the work of Warkay and Takacs (1959) and Falter and 

Warkay (1961) with the effects of salicylates and Vitamin A during 

pregnancy, and say "why did no one check? " However, this sort of 

recriminative speculation is not constructive except as a reminder 

to avoid the recurrence of similar events, the most important fact 

being the rehabilitation of those children affected as a result of 

the use of the drug= the numbers are quite considerable, there 

being 3000 survivors in Gersarpr and 340 in Britain alone. 

7,2 The effects. 

The malformations are considerably varied and complicate each 

individual case in a specific manner. ß111i. (1962) records 

haemangioaata on the forehead or face, depressed bridge of the nose, 

coloboma affecting one or both eyes" phocomelia of varying extent 

as the most common limb deformitye cardiovascular defects and detects 

of the urogenital system or intestinal tract. Lenz (1962) records 

similar defects: amelia, atypical phocomelia, aplasia of the radius, 

leg defects, absence of the auricles, haemnngiosata of nose and 

upper lip, atresia of the oesophagus, duodenum or anus, cardiac 

anomalies, aplasia of the gall-bladder and appendix, In view of 

this disastrous list of abnormalities it In surprising that such a 

high survival rate has been possible asst the thalidomide 

children, and this has given a considerable impetus to the developa. nt 
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of powered artificial limbs, since most conventional prostheses have 

been inapplicable to the thalidomide problem. There is little to 

be gained from a detailed analysis of thalidomide anatomy, since 

this is peculiar to the individual, it suffices to say that most 

of the amelic group possess substantially normal clavicle 

movements and most of the phocomelic group have sufficient mobility 

and strength in their digits to manipulate controls. Beyond this 

it is essential to fit the harnessing and control of prostheses 

to each individual, and wry prosthesis taust be developed with this 

fact in mind. 

7.3 The fitting of prostheses. 

The problems involved with the fitting of prostheses to 

congenital amputees are somewhat different from those of the 

traumatic amputee, and are in some respects easier to solve, 

whilst others prove to be more difficult. In one respect, at least, 

the congenital amputee has an advantage - he has not lost an arm, 

he merely has to learn to live In a world designed for people with 

arms. The traumatic amputee, however, has to completely revise his 

whole way of life which can often prove to be prohibitively 

difficult. These points make one fact quite clear, that early 

fitting of prostheses to congenital amputees is essential for their 

future development. This point is made by Aitken (1964) who adds 

that the motivation of feeding can prove to be of considerable 

assistance in the training of children in the use of prostheses. 

This early fitting is important in the development of the 'body 

image' referred to by Eenedi (1969), and in particular of the 

dynamic aspects of the body image as conferred by a prosthesis. 
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Kenedi's emphasis on training the body up to a standard to meet 

the prosthesis halt way1 as it were, is a debatable point, 

however, since the need for training implies that the control task 

is not easy, and it should be achieved at a subconscious level If 

everyday tasks are to be achieved (Simpson 1970). Another 

important aspect in the fitting of prostheses generally is made 

clear by the results of a survey carried out by Lambert and Sciora 

(1959) which concluded that the poor functional capabilities of 

cosmetic hands caused the high rejection rate recorded. Tho 

psychology of rejection of prostheses is extremely complex, the 

real reasons for rejection often being obscured by superficial 

laators, and for this reason experiments with new prostheses must 

be very carefully sorutinised1 and the new devices on trial should 

have scow obvious functional benefits for the patient in order to 

give him an incentive to try a new prosthesis for a period which is 

sufficient to provide a useful assessment. 

7,4 The problem f objective evaluation, 

The problem of obtaining an accurate report about the success 

of a prosthesis is a very real one, since results obtained in a 

clinic are often loaded in favour of the prosthetist. This fact 

has been recognised by workers at the Rehabilitation Institute of 

Montreal who have, in their thalidomide programme, made a special 

point of assessment in the homes, by therapists, and, where possible, 

obtaining information from parents and friends about the use of 

the prostheses. The thalidoeide problems are complicated, however, 

by the psychological involvement of the parents, often in the torn 

of a feeling of guilt. This phenomenon is noted by 011118 (1962) 
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who finds that the children adapt fairly well to prostheses, but finds 

the parental acceptance to be more of a problem. 

The fitting of prostheses, then, 1s a complex task, not only 

involving the provision of hardware, but also a considerable amount 

of careful planning in the fitting programme itself. This latter 

aspect of prosthetics work has been found to be the vital key in 

successful fitting of powered prostheses, (Simpson and Kenworthy 

1973)0 with the back-up service being an integral part of the 

fitting programme. 

7.5 Design data for prostheses. 

The problem of the provision of powered prostheses has 

inspired many workers to investigate in some detail the functional 

capabilities of the normal systems. The necessity for such work is 

questionable, however, and the correct utilisation of the results 

obtained is almost impossible, since no-one can know the functional 

requirements of a prosthesis before it is in existence. Clearly, 

some design data are required, but these can be set almost 

arbitrarily, provided that they bear some relationship to the 

normal requirements, there is no need for a statistically based 

survey which, after all, can only cater for the rare 'average' 

Individual* Even after considering 180 selected tasks MoWilliam 

(1967) feels that rigid requirements should not be set, since 

individual patients will use different patterns of motion, concluding 

that experimentation with prostheses will provide the best solution. 

Design criteria of this scmw. hat artitrary nature, bassi roughly on 

anatomical and daily lifting requirements formed the foundations 

for the arm developed in Edinburgh (Simpson and 8enworthy 1973) 
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which was then able to enter a type of self-modifying continuous 

development which ultimately resulted in the optimisation of the 

functional requirements according to the demands of the operators. 

The dangers which can arias from the interpretation of *normal" 

operational data are well illustrated by the effects of the work 

of Keller et al (1947). On the basis of results obtained from 

observations of normal activities it was Concluded that the 

majority of prehension activities of the hand occurred in the 

pincer grip mode, which led to the development of the APEL hand 

prosthesis, which has dominated the hand prosthesis scene for 23 

years. Another case of data which should not be applied in advance 

to an unknown quantity such as powered prostheses, is given by Paul 

and Mann's (1962) assessment of power requirements, which, being 

based on 'maxim mt effort' data, gave power requirements of an order 

of magnitude in excess of the power used satisfactorily in practical 

prostheses. 

Concerning the range of motion of the Joints in the normal 

upper limb, there have been a multitude of publications related to 

ranges of joint movement and their use in assessment if disabilities 

which is quite valid in that Context. There is therefore no 

necessity for a detailed investigation to establish the same 

requirements for a prosthesis, and anyway, an adequate indication 

can be given by asking any passer-by to perform a few simple 

movements. 

Various complex projects have been carried out in an attempt to 

establish definite 'patterns of movement', in a manner similar to 

the prehension pattern theories described elsewhere in this thesis. 
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Furneo (1007) and Murphy et al (19G7) have used television cameras 

linked to computers. Engen and Ottnat (1967) have used complex 

photographic analyses, Marsolais (1966) has made a computer analysis 

of cino X-ray film, and Wijnshenk (1907) has even derived complex 

differential equations for arm motions in an attempt to achieve 

computer control of an artificial arm. 

7.6 The 'self-adaptive' design philosophy. 

The inapplicability of such data to individuals is quite clear, 

particularly in the case of congenital deformities, and the task of 

the developer of powered arm prostheses is therefore to provide a 

device which does not have fixed operational characteristics, and is 

capable of being operated as an extension of the patient himself, so 

that natural prehension can develop with the prosthesis, subject to 

practical balances being attained between strength and weight, 

speed and lifting powwer, etc. In successfully fitting prostheses 

to active children the first criterion must be robustness and 

reliability, a point which has been made by Smithells (1965) in a 

less complex context: 

"As soon as you fit children with any sort of elbow flexor, the 

limb below the elbow Is immediately used as a hammer and it must bo 

robust as well as being light and free from trouble". 
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Chapter a. 

Tactile feedback. 

8.1 The importance of tactile feedback. 

The importance of tactile feedback in the normal human system 

is to a large extent underestimated by the majority of people and 

it is only when this facility is lost through disease or 

amputation that the useful nature of the touch response become 

evident. 

It is therefore of considerable importance to assess the 

possibilities for the introduction of a degree of tactile feedback 

into prostheses, since this feature would considerably augment the 

control and precise use of such a device. Indeed, the requirement 

gor tactile feedback is so great that surgical restorations or 

modifications are attempted wherever possible in order to provide 

an element of function with the benefit of natural tactile feedback. 

One example of this approach is the unsightly. but functional, 

Yrukenberg operation. 

However, such arrangements are not always suitable and an 

alternative procedure has been used by Kuhn (1971) whereby a hook 

prosthesis can be turned aside on a hits, exposing the stump with 

its normal fleshy covering and associated touch responses. 

This direct use of the natural systems available cannot be 

applied to more severe levels of asputation and it is therefore 

ossary to consider the touch response with a vier to extending 

the tactile sense from one part of the body to the i of an arm 

prosthesis. 
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8.2 Previous studies of the tactile sense. 

unfortunately,, no directly relevant information is available, 

the majority of previous work being in the form of psychological 

studies or investigations intended for the utilisation of the skin 

as a medium of communication (ßsldard 1960, Hahn 1968, and Hartces 

1962). However, much of the basic work from such sources is 

useful, albeit fraught with many contradictory items such as that 

provided by Elithorn et al (1953) who note fundamental errors such 

as mistakes in the perception of which finger is being touched, 

whereas Zubek et al (1964) note that marked improvement in 

cutaneous sensitivity follows within one week of blindfolding a 

subject. Thus, an the one hand we clearly have a system with faults, 

whilst on the other hand it is flexible enough to adapt to new 

circumstances* 

8.3 The response to vibratory stimulation. 

The greater part of the experimental work which has been carried 

out on the tactile response, has been concerned with the reaction to 

vibratory stimulation, since it is well known that the skin adapts 

rapidly to permanent deformations, a response only being elicited 

during the changing phase and for a short period thereafter. 

Vibratory stimulation to not 'adapted out' in this way, although 

wedeil and ct ings (1938) reported that the sensitivity to vibration 

was reduced after prolonged stimulation, the loss being greater at 

greater frequencies. Furthermore the etteat of prolonged stimulation 

at we frequency was to reduce sensitivity at the higher frequencies 

to a greater extent than at lower frequencies. 
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These reductions in sensitivity are not sufficient to preclude 

the effective use of vibratory atlwalation and there has been a 

considerable variety of investi ations into the cheats of 

vibration on the skin, the majority bring concerned with the 

effects of amplitude and frequency upon the threshold of perception. 

Thus 8nudasn (1928). Bellows (ION) # Stevens (1959)o Verner and 

Mo`ntoastle (1965), Talbot K al (1968), Jatdg of al (1968), 

V. rrilio (1970) stao variously showed that the threshold of sensi- 

tivity 8 is related to the amplitude of stimulation A by the 

relation ip 8. kA' WRIOX a is loss than unity and Varies with 

txsqusnoy, being larger at low In q os and smaller at high 

frsqusaoiss e. g. a" 0J5 at 60 Hs, a20.83 at 120 Hs. There are 

ditiarsnt prauliaritis$ noted by different rrorksrs, for axaspla 

Star ras (1888) not" that the power law applies to the lirgertip, 

but not on the arm; Werner And Mo mtoutle (1965) note that aoaa 

six distinct 10"3m of naplitude can be disoriainated; Talbot et ai 

(1968) found that the skin reoeptor8 produced pulses at frequencies 

Trester than that of the stimulus frequency; the results of Jana` et 

al (1968) were obtained with the foot pods of oats; whereas Verillo 

(1070) was able to show that the ezperintal Method of subjective 

aaaNsarnt of intenlity ; in - human subjects on " Scale of 1.10 

saw results ocýarabie With those of matching testa. 

8iatlarly Ik bra7 and Oebbard (1957) th eatigated the 

perception of changes in frequency at different fregi»nciea, 

j=ung 
d /f 

. 0.03 in the 1- 320 Rs ram, whereas Goff (196? ) 

corrected for the subjective variations of intensity with frequanay 

and found that, above 200 Hz, considerably greater frequency 

, &sz--. 
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changes were required before they could be perceived; and in addition, 

that at was smaller for greater intensities. 

information more directly relevant to the mechanics of 

stimulator design is provided by Merrick (1953) who notes no 

difference between tangential and normal stimulation, together with 

the fact that there is aa zism subjective stimulus at approxi- 

mately 200 Hs, which is attributed to a resonance of the tissues of 

the skin and underlying structures. Similarly Verrillo (1965) found 

no difference between inwardly and outwardly directed stimuli, also 

suggesting that the response depends upon tissue velocity rather 

than absolute amplitude. Verrillo (1966) also finds that the 

threshold decreases directly as the protrusion of the stimulator 

into the skin increases and that threshold is inversely proportional 

to contact area. 

5.4 The hanical aspects of skin vibration. 

The mechanism of the tactile perception of vibration appears 

to be provided by a co instion of the peculiar resonance and 

dispersive properties of the mechanical system composed of skin and 

utxierlyina tissue,, together with the response characteristics of 

different receptor bodies in the skin, The importance of the skin 

and underlying tissue was illustrated by Weitz (1939) who altered 

the mechanical properties by anaesthetising underlying tissues and 

noting the alterations in subjective response, confirmation being 

provided by the modelling techniques of van Gierke at al (1952) 

who, following Measurement of the complex mechanical impedance of 

thigh tissue, were able to derive a Mathematical Model based upon 

an elastic, compressible, viscous material which agreed 
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satisfactorily with experimental evidence. 

8.5 The receptors for tactile information. 

The analysis of the various types of receptor is still the 

subject of same disagreement, although Lindblom (1965 and 1970) 

advocates three main types of receptor which he refers to as 

Intraoutan. ous (IC), Pacinian corpuscles (PC) and touch pads (TP) 

in hairy skin. To the IC group is attributed a rate of velocity 

sensitivity, being active for tissue velocities 0.5 - 50 me/sec 

with following of repetitive stimulation ceasing before 200 Hz. 

The PC group is regarded as being sensitive to deep reflections 

from bone etc. The work of Janig et al (1968) with the effects 

noted in cats' feet adds to the confusion by attributing all 

responses to the PC group only, whereas Iggo and Muir (1989) find 

the response of Merkels disc (surface) type receptors respond in a 

linear fashion to the amplitude and velocity of the stimulus. 

Rogers (1970) notes the high sensitivity of PC at 200 Hz, but 

compares this with a very poor localisation ability at frequencies 

above 40 Hz, although in practice pattern recognition ability 

improved with frequency. 

Thus it can be seen that the understanding of tactile responses 

is far from Domplot., and that, in practical terns, there is 

available only a small amount of immediately useful information 

and this comprises data concerning contact area, the amplitude of 

the stimulus and to some extent an indication that the frequency of 

the vibratory stimulus can be optimised. 

8.6 Theories of touch x»roeption. 

The formulation of theories to encompass the various data 
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outlined above has necessarily been somewhat vague, but has generally 

taken the form of advocating the principle of the natural system 

makingananalysis of the responses of many receptors, which, of 

course, respond locally in different fashions to a stimulus 

dispersed via the type of mechanical model postulated by von Gierke 

et al (1952). Thus Gibson (1966) regards the senses as responses to 

an appreciation of an overall 'picture' from all receptors, whilst 

Quilliam (1971) is slightly more specific in postulating that a 

variety of similar receptors with different sensitivities will all 

be stimulated close to the stianulus, but those more remote will 

respond according to the level of the stimulus in their own area 

following dispersion, thus permitting the dominant feature of the 

stimulus to be 'weeded out' from the general background levelof 

stimulation. Similarly Talbot (1966) found that the pulse rate of 

receptors was frequently greater than that of the stimulus, and he 

proposes that the response is linearized over many receptors, with 

frequency discrimination possibly occurring by an appreciation of 

the dominant period between pulses rather than by a frequency 

measurement. 

The simultaneous analysis of navy receptors would appear to be 

necessary in order to explain the fact that the fingers can resolve 

roughnesses which have a characteristic spacing of less than the 

average distance between touch receptors in the skin, a problem 

which also arises in the performance of the eye. In the case of 

the eye Findlay (1973) has proposed a solution which uses the 

concept of sensory channels, introducing an element of order into 

the organisation of the many receptors and it is felt that this may 
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be applicable to the tactile sense. 

The work of von Bekesy (1955,1987,1958 and 1962) also appears 

to indicate the existence of a form of correlation of responses over 

a number of receptors, since the skin responds to 'stereophonic' 

effects, with the apparent position of a stimulus being variable 

according to the stimuli applied at one or more sites. In addition, 

the work of Verrillo (1965) in satisfactorily applying the Zwislocki 

(1960) theory of temporal auditory summation to tactile responses, 

shows that the system certainly operates on a basis which is outside 

the effects of probability alone by showing evidence that a summation 

process explains the experimental results with the perception of the 

tactile equivalent of closely spaced 'clicks'. 

8.7 Summary of the practical implications of the background work. 

In conclusion it may be said that there is little information 

available concerning the way in which an artificial extension of 

touch may be made, particularly when one looks for an indication of 

the way in which stimulation could be "aatched" to suit the 

requirements of the akin. However, should all further experiaants 

tail to produce such an indication, it say be that the 'sensory 

plasticity' of Bach Y Rita (1967) May saw the day by allowing the 

natural system to modify itself to suit the inadequacies of arty 

artificial tactile extension. 

8.8 Practical applications of vibratory stimulation. 

The application of vibratory stimulation in practical situations 

has been of an essential analogue nature, with the tactile sense 

being used as the dis for the transfer of non-tactile information. 

Thus, Lindner (1937) used eleotrosechanioal vibrators for 
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teaching deaf-autes to communicate using filtered speech with the 

high and low frequency components remaining. Similarly the work of 

Geldard and Sherrick (1965) with the subjective effects of variable 

locus patterns on maTW vibrators together with that of Bliss and 

Crane (1966) and Bliss et al (1970), using air jets and piezo 

electric mechanical stimulators in a matrix on the skin, has 

shown that the transfer of 'pictures' via the skin is a feasible 

proposition. This is confirmed by Bach y Rita (1969) who shoved 

that pictures from a television camera could be transferred in a 

similar fashion, and reported that the patients began to 'see' the 

picture rather than 'feel' the vibrators after continued use. 

Another analogue application has been the use of the skin as 

a mediums for the feedback of information trop prostheses, and in 

this application the results have also been significant. Carruthers 

and pottinger (1968) used several vibrators to indicate tracking 

responses, finding that, in the absence of an alternative, the 

vibratory feedback was useful, but not to a marked extent. A 

similar system has been employed by Mann (1968) and Hann and Reimers 

(1970) with the position feedback system in the Boston elbow, and 

here successful results in position awareness tests are indicated. 

The skin has also been used as the sodium for the feedback of 

force information, with Skachkov (1961) relating pulse duration to 

hand grip pressure, whilst Yamada et a1 (1969) have altered the 

pressure on the skin in relation to motor torque in an electrically 

poirered hand. Also, &gelhardt and Quenzer (1972) achieved force 

feedback by ranging the pulse repetition rate fron 0,6 " 30 Hz 

using 200 Hs pulses, whilst Hill (1972) proposes complex feedback 
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systems using air jets and piezo-electrio bimorphs linked to a 

computer. 

Thus, it can be seen from this brief review, that the use of 

the skin has been limited to the transfer of non-tactile information, 

and very little attention has been paid to assessments of the 

possibilities for the extension of the tactile sense itself. in 

order to be able to pursue this aspect of development adequately, 

more information is required concerning the way in which the 

tactile discrimination of objects is achieved, and hence some guide 

as to the ways in which remotely acquired tactile information can 

be presented to the skin. 

8.9 Alternatives to vibratory stimulation. 

An additional condition imposed upon touch systems for 

prostheses is that of the power required to drive the vibratory 

stimulators, which are necessarily damped by the skin itself. 

Furthermore, information transfer is affected by the variable nature 

of the contact between skin and stimulator during all but the most 

static of conditions, and it is factors such as these which have 

led various workers to look at electrical stimulation as an 

alternative. 

The chief difficulty with electrical stimulation of the skin 

lies in the fact that the band of stimulation level between the 

detection threshold and the pain threshold is narrow and variable, 

and it is therefore of considerable importance to introduce suitable 

safeguards into the system. Nevertheless ! lawkes (1960 and 1962) 

advocated electrical stimulation for aerospace applications on the 

basis of its greater compactness in comparison with vibratory 
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stimulation. However, a drawback appeared to be the fact that only 

two levels could be discriminated in the acceptable range at 100 Ha, 

with only three levels even at 1500 Has However, Beaker of ai (1967) 

applied electrical stimulation to a tactile extension system, using 

current pulses related to the pick up from a piezoelectric crystal 

in a gripping device, and reported that a touch-like sensation was 

perceived. No clinical application reports were available at that 

time, but soso, admittedly second-hand, reports indicate that the 

system has been rejected in some cases by patients who lind the 

stimulation painful. 

Detailed investigations in the detection threshold to pain 

threshold band of skin stimulation have been rather limited, in 

contrast with the considerable work which has been directed towards 

muscular stisulation, ot which the work of Pennacohietti et al (196) 

and Moreoki et al (1667) are prosthesis related examples. However 

Pfeiffer (1968) and Pfeiffer et a1 (1669) have given soss 

consideration to this subjects particularly reaaýrking upon the small 

range of acceptable stimulation levels, although Sato et al (1970) 

have used electrical stimulation for the feedback of pressure. 

finding that stimulation pulse width is an important factor in 

affecting detection thresholds. 

A still more advanced system has been used by Clippinger (1971) 

who utilised an implanted stimulator driven by induction from 

outside the skin, stimulating the median nerve for the feedback of 

force in anAPRL took. This work represents an important aspect of 

tactile stimulation in moral, since, to some extant, the variable 

nature of skin contact is removed. This is particularly important 
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with electrical stimulation, since the thresholds appear to be 

related to current density on the skin, i. e. a given current over a 

small area generates a higher stimulus than over a large area, and 

variations in area of contact can occur readily under all but the 

most closely controlled conditions. The implantation of electrodes 

is one way of overcoming this difficulty, but cannot be regarded as 

an adequate solution for general use, and it is therefore necessary 

to introduce adequate safety mechanisms into the electronics 

package for surface stimulators. 

8.10 The proppects for future developaent. 

Thus, as a general conclusion to the review of tactile feedback 

in general, it can be said that electrical stimulation appears to 

offer a mare compact and lower power system than does vibratory 

stimulation. However, further investigations are required into the 

protection against stimulation rising to the level of the pain 

threshold, and also further information is required concerning the 

subjective sensations created by electrical stimulation and their 

relationship to normal tactile responses. 
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Chapter 9. 

Theoretical analyses of position servo control systems. 

The inclusion of a review section concerning the theoretical 

ahalyses rather implies that this topic has been the subject of a 

significant amount of work. However, this has not been the case, 

with only limited studies being made, each of which has resulted in 

solutions which have not led to useful practical guidelines for 

future developmnt. Unfortunately, therefore, this review is an 

account of a non-event, rather than of previous accomplishments. 

The reason behind the lack of success in work of this nature 

is the fact that virtually all prosthetic development programmes 

have been carried out either by groups committed to the provision of 

prosthetic hardware directly for patients, or by groups removed from 

the practical realities of patient requirements. In the former case, 

the intricacies of control systems have usually been considered not 

at all, whereas the latter situation has led to an element of over- 

simplification, Thus Brann's (1966) analysis of a pneumatic servo 

system did not include the stabilising effect of force feedback, and 

therefore precluded the incorporation of additional stabilising 

factors such as the dynamic properties of the operator. Similarly 

Burrows it al (1972) analysed a pneumatic system which used on/off 

valves, finding it to be oscillatory in nature, which is true enough 

for practical systems using such valves, but a prosthesis with this 

property is of little use unless large scale damping is introduced as 

in the arm developed by the Medical Research Council (1970) at 

Hendon. An equivalent approach was made in the analysis of a hydraulic 

system by Davies and Sillito (1970), who made no attempt to introduce 
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practical valve characteristics, thereby invalidating the relevance 

of the analysis in real terns. 

The necessity for considering operator, servo system and 

actuators as a complete practical system in these analyses has 

been highlighted still further by the work of Mufti and Meachem 

(1965) who analysed the frequency responses and stability criteria 

for various pneumatic valves, finding some to be inherently stable 

and others unstable, the most intriguing fact being the recorded 

instability of the Edinburgh force demand valve, which operates in 

the most stable of practical arm prostheses'. 

Thus, it was apparent from this limited amount of analytical 

work that useful theoretical considerations could only be made by 

using close approximations to the individual components of a real 

system, and considering thew together, taking account of their 

mutual interactions. 
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Chapter 10. 

The nodal mover limb -a brief assoasasnt. 

10.1 introduction. 

10.2 The function of hand and are. 

10.3 The arm in its capacity as a positiv and direction 

determining device. 

10.4 The shoulder joint. 

10.5 The am as a folding strut. 
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10.9 Muscle action. 

10.10 Muscle control. 

10.11 An overall view of the natural hand/arm system. 
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Charter o. 
The noroal *WOLFr lieb "a brist assessment. 

10.1 Introduction. 

T provision of an artificial hand-aria systa must naturally 

be associated with an assessment of the behaviour and functional 

capabilities of the natural system. Such a review is necessarily 

complex and, to a large extent incomplete, particularly with regard 

to au aspects of control mechanisms and the feedback of information 

from the limb to the central nervous system of the operator. Howawr, 

an attempt will be made to describe and explain those aspects of the 

natural system which are of particular interest to the development of 

complete upper extremity prostheses. Since other levels of 

amputation present spscialis. d problems of susaulsture and control, 

no attempt will be made to relate aspects of normal arm function to 

these situations. 

10.2 The function of hand and arm. 

Functionally, the arc and band my be regarded rather acre 

simply than may be wqpeated on first inspsotion. A very laqp 

popostioa of the are Sfmotions are aoooosaod solely with the task 

of providing a stable mountings of almost infinitely variable 

position, for the hand in its oapaoity as it prehension device. Of 

oourrr, it Is not possible to ignore entirely the important arm 

luoatioos sshibitsd in its capacity as an aid to balance, as a 

protection in walling, as a nudging or pushing device using the 

elbow, or as a stabiliasr in complex gripping operations fro the 

tor+arm is used as a weight. Such a list ay be made as long as 

time psraits� bitt these ! unctions are at all times insignificant In 
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comparison with the most important function of providing the rund 

with its platform from which prehension is derived. 

The hand and arm may therefore be regarded as 'symbiotic union' 

of two essentially functionally indep nt units. The fact that 

the motive power for the majority of hand functions lies within the 

arc in the form of the extrinsic hand musculature, is incidental 

since a hand removed from an arm at the wrist can still be operated 

'normally' by operation of the tendons which pass through the wrist 

into the hand. It is therefore convenient to consider the laid and 

arm systems independently from a bio-snain Bring standpoint. This 

in no way contradicts the argument for the concurrent development of 

a complete handarm system; rather it tends **confirm the fact that 

in order to aohie ea su eeessiul and result, the respective parts 

must be compatible to the greatest extent whilst clearly existing 

as individual entities. The folly of designing a hand prosthesis 

without a directly compatible arm would be like fitting a foot onto 

an am; clearly the foot has developed to be walked on, as the arm 

has developed in its capacity as a hand carrier. Therefore, it 

must be borne in sind that although an artificial separation, of the 

hand and arm gstens is Dade in this chapter, their relationship to 

one another is important at all times. 

10.3 
,! 4 omits ca_ t, ao ty as a nositioninQ and direction 

determining, deýrio,,,, 
_e. 

The arm is basically a folding strut which incorporates rotation 

and flexion facilities at the distal end. The strut is attached to 

the body by seam of a universal joint of the ball and socket tom, 

which permits the strut to be rotated either In a vertical plow or 
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in a horizontal plane, or in a combination of both such notions. 

The Nohaniss for the provision of the rotational facility at 

the distal and of the folding strut is such that the rotation occurs 

along the length of the distal member of the strut, Marsas the 

flexion facility is provided at the extreme distal region of the 

strut. It is therefore convenient to divide the functional parts 

of the are into three sections which can be considered separately: - 

(I) the shoulder joint. 

(ii) the folding strut incorporating elbow flexion gad pronatioa/ 

supination. 

(iii) the wrist flexion in the distal regions of the distal caber 

of the strut. 

10.4 The shoulder . ötnt . 

This joint is usually simply described as being a ball and 

socket joint which is only true as a brief description of functional 

type. The Joint is in tact a complex structure which bears no real 

resemblance to the engineering concepts of ball and socket joints 

since the socket itself is a oosplioatod arrangement ot rigid 

sockets, ligamentous structures and a formidable array of wuaaula- 

tur+. Indeed the joint is so intricate that ißt is not owe possible 

to oonsidsr the ball and socket joint alone; since this joint is 

somewhat loosely ht on a girdle draped round the spin, nook and 

rib ate, there, being only one articulating surface, with the main 

body Alston at the storn* . 

The shoulder structure, when seen in terms of boas structure 

alone, appears to be highly unstable. The large bead of the single 

upper arc boas, the hvmsrus, articulates with the glsooid cavity 
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of the scapula (Fig. 10.1) in a liquid lubricated joint capsule. 

The scapula is an approximately triangular bOne structure which is 

attached to the spine and rib cage by muscular and ligamentous 

connections only. The triangle is oriented apex downwards, and has 

two protruding structures (processes) at the angle distal from the 

body mid-line. One of the processes projects forwards - the coracoid 

process; the other process - the acroeton projects laterally, and 

below this process is a concave region - the glenoid cavity - to 

reoieve the head of the humerus. The effective area of the glenoid 

cavity is increased by a triangular ligamentous band extending from 

coracoid to acroidon process thus providing an arch to accommodate 

the large head of the humerus. 

The scapula articulates with the clavicle at the aeroado- 

clavicular Joint. Owe again this Joint is bathed in synovial fluid 

and possesses a retainii capsule which In thickened in its upper 

part to torn a ligament which ties the clavicle and aorcrion 

together. The clavicle to scapula bonding is further strengthened 

by the coraao-clavicular ligament which binds the lateral part of 

the clavicle to the ooraeoid process. This ligas~nt limits the 

range of motion of the aoronio-clavicular joint and in psacttco 

forma the chief support by which the scapula, and hence the other 

parts of the arc, are suspended from the clavicle. 

The sterno-clavioular joint torus the only direct jointing 

between the upper limb system and the gain skeletal struoturs of 

the trunk. Ths joint itself is synovial and consists of a shallow 

socket torWd by the stern and rib cartilage. 81nao the joint is 

so heavily loaded it is strsn*thsn t by powerful 1igamnts. to 
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addition the joint capsule is fibrous and very strong especially 

in the two and aft directions where it is iigsmrntous in natura. 

T h* Joint cavity is divided into two parts by an articular disc 

, blob also acts as a ligament and prevents upward notion of the 

medial end of the clavicle. 

The relative instability of a system of bones as described 

above would mesa to contradict the obvious eutrens rosilisacs and 

strength of a shoulder joint which in praottoo can support the 

weight of the human body, oven When subJ*atod to ivpaot loads of 

that aagnitudr. flaw sr, the eusoulaturs of the upper body and 

shoulder is so oactonsias and po' rful that most of W is stability 

and strength is provided from this source. The ousolss are so 

srraugsd that soma support the skeletal structures, sae contain 

the otherwise weak humrro-soapular joint, and all participate to 

sN stoat in sovemonts of the upper arm. This formidable array of 

muscles forms a web of powerful materials vow around the sic ddor 

Socha isss and apart from the movements activated by these muscles, 

they also provide support and load bsariz capabilities for the 

Miol" shoulder girdle, thereby conferring great streng th upon a 

relatively weakly 3"Ated systems 

Pros these oocndderattons it is apparent that the shoulder is 

by ao usana a Stale ball and eoaket Joint. The eutr. Mly lase 

rare of motion availabl, is the noroal Upper am is the result of 

a relatively United range of notion due to the ball and socket 

cation of the b=Wrua Sn gleaoid Savoy Joint" aoperimpoasd an 

the overall oove vents of the joint it s1f. By moans of aoapular 

oowornts, restricted lq the action of the clavicle and associated 
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joints, the orientation of the glenatd cavity can be varied, thus 

increasing the effective range of motion of the haisro-scapular 

joint. 

10.5 The arm am a folding strut. r nrýrrýýr . ýrfr rý. rrrý+ 

Following the assessment of the shoulder joint it is possible to 

consider the upper limb in its own right, subject to the operations 

of the shoulder mechanisms outlined above. The upper limb itself 

consists of three major bones, the humerus, the radius and the ulna, 

, which articulate In sah a war that they form a hinged folding 

strut which terminates, at the distal end, in a naiuier which permits 

the pronatian and sugdnation of the remaining mechanisms which are 

attached still more distally. The configurations of the constituent 

bones are shown in Pig. 10.2. 

10.6 The l Joint and associated struotures. 

The elbow joint is basically a hinge joint formed by the 

articulation of the hu srus with radius and ulna. more speoitically 

the head of the radius articulates with the capituluo of the 

hu srus and the humeral troohlea articulates with the trochlear' 

notch of the ulna. Since the joint is effectively a staple hinge, 

it is maintained medially and laterally by strong ligaments which 

ensure that the jntegrity of the point is presfrwrd in all states 

of flexion of the joint. The anterior and posterior ligass is are 

less strcag but more flexible, so that no restrictions are placed 

on the range of action of the hinge. The joint is lubricated in 

the usual way by means of a pnovial capsule and fluid. 

In addition to the elbow 'hing' jointo there is a joint 

between radius and ulna in the region of the elbow. This joint$ 
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in oonjunction with a similar one at the wrist, is active during 

pronation/supination actions when radius and ulna rotate relative 

to one another. 

The proxdsal radio-innar point is formed between the side of 

the had of the radius and the radial notch of the ulna. The joint 

is maintained by the am2ular ligament which encircles the radial 

head and the ligament is attached to the ulnsp thus forming a tie 

between radius and ulna. The ligament forms smaller loops acre 

distally iron the elbow which ensure that the radial head is held 

close to the humerus at all times, since the annular ligament is 

assisted by, and fused with, the lateral ligaments of the elbow. 

The synovial caps le for the radio-ulaar joint is an extension of 

the reminder of the elbow joint capsule. Thus the overall action 

permitted by the proximal radio-ulnar Joint is that of rotation of 

the radius on the surface of auf con* w+bose axis lies in the 

direction of the resting radius bons (t. e, parallel to the 

direction of the axis of the ulna). 

The distal radio-innar joint occurs between the ulnae Botch of 

the radius and the head of the ul: st. This joint is mal by 

virtue of the fact that the boas between the bones is form" by 

the articular discs s tibrocartilap plate ebich separates ulna 

fror the bones of the vsist. BY sans of the articular disc 

attachaents to the radius and ulos, the radius can rotate around 

the styloid process of the ulna at a radius determined by the 

length of the articular disc. 

Tbe oanblaed shoots of proxirl, and distal radio-ulnar joints 

thus permit the radius to rotate relative to the ulna, and arc u it, 
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resulting in a crossing of the bones to achieve the necessary 

pronation/supination range of almost 1SOo. The two bones are, 

further related by the interosseus membrane which is a fibrous 

sheet between the radius and ulna long their lengths, consisting 

of oblique fibres vhich transmit proximally directed forces, 

applied at the hand, from radius to ulna. In addition, the oblique, 

nature of the fibres allows the unrestricted alteration of spacing 

between radius and ulna which most result during proaationi/supination 

actions. 

10.7 The 

it has been stated that functionally the wrist may be 

regarded as a wait separate from the arm, this is only the case from 

an operational point of view. Anatomically, the musculature is 

arranged in stich a way that elbow and wrist are connected by various 

muscles. Therefore, in order that an appreciation may be gained of 

the action of the various muscles, it is racessary first to explain 

the structure and action of the carpal region of the limb. 

The carpal region of the arm consists of eight small bones 

arranged roughly as in Fig. 10.3. The Jointing is complex and 

variable and will thus be considered in stages. 

The radio-carpal Joint is formed between the distal end of the 

radius together with its extended region due to the articular disc, 

and the proximal aspect of the Carpus. Noraaliy the articulating 

part of the carpus consists only of the saaphoid and part of the 

linate. However& during adduction, the triqustrus also ocues into 

contact with the articular disc and thus becooas an active part of 

the joint. In the normal way, the joint possesses a capsule With 
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strengthening ligaaients and a synovial sosbrans. The oajor tents 

achieved at this joint are extension and adduction, whilst 91OXioa 

and abduction occur to a large extant at the intaroarpal joints. 

The intsroarpal joint., apart from the piaitora-trigvatrus 

joint, share a ooaplax oavitys also can== to the carp*-mta@wM&: L 

and int"rawtaoarpal Joints of the ting"rs. The fibrous capsule and 

grpovial wbranss are co on to all t1 jointsg with the capsule 

appropriately thickened at individual joints to form str. ngthsnin* 

litaasnts. The overall effect of those joints is to provide a 

further rart" of 11"adon and extension together with soU" aide- 

to-side slidini which effectively increases abduction and adduction 

Movements. 

As a result of this brist description of the carpal struotur"s, 

it is apparent that o**O1"$ attaohad to tba carpal bons# or distal 

to t! » carpus, will asaossuily ha" an offoat co the position of 

the wrist sschaaim. 

10.8 Th* hand. 
The boa. struoturr of the bai%d is very simple to dasotibo8 but 

provides a ooosidOrabl7 more difficult probia for the a stiaa 

of the ways in which the struoturo sq be controlled. The Loni, 

ura snts in the hand w be briefly described as at group os give 

¢i; gits. four Of which consist of lour roughly cyUndsioal ssta 

jointed togStlrr, the fifth aoo5uat11g of thi 013"ar as Uts also 

jointed tortbSr (lig. 10.3) " ? h*s* five digits articulate with the 

distal oardal roro the throb doing so in a fashion Ohiah is of yaru- 

"o%mt iaýportaX S in its eoatriMrtioa to the versatility at the hand, 

no prozi l Ngnt" of the digits tone the Wtaoaspal area 
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('back') of the hand. This metacarpal area has two distinct 

functional parts, namely that pertaining to the fingers, and that 

associated with the thumb. These two regions are readily 

distinguished by the degree of nobility achieved at the carpo- 

metaaarpal Joints since the four finger metacarpals have a very 

restricted range of notion, whereas the thumb metacarpal possesses 

a very large range of motion. The remain' hand Joints at which 

significant degrees of movement are possible are the mmetacarpo- 

phalanWal and interphalangeal Joints. Raab of these joints is 

capable of approximately poo of flexion in a largely fixed plane of 

moveMent . 

Therefore the hand may be regarded as a, mechanism consisting of 

fourteen separate uni-planar 909 flexion hinges together with a more 

complex joint between the thumb aotaaarpal and the trapezium in the 

carpus. Clearly, the muscular and tendooous organisation necessary 

to provide the stable function and control of such an arra. must be 

formidable indeed. 

However, It is first necessary to consider the joints thesaslws 

in order to ohm how the ausolea and tendons can function in relation 

to these jothts. Sirao it is the most significant contribution to 

the overall function of the hands the carpo-sstaaaoarpol joint of 

the thumb merits particularly alall sttegtiOn. The point is formed 

between the thumb metacarpal and the traporiuo which lo situated is 

such a inky that it can saw soso readily than the other owls. 

Saab of the articulating surfaces talcs the loss of a Biop the 

interlock of the joint being crested by moans of a Quarter taro of 

one saddle relative to the other so that the convex surface of one 

Oom metes with the "ma" surtaoa of the other and moo versa. 
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The point capsule is slack thus permitting a large range of 

unrestricted movement in each of the two mutually perpendicular 

directions of rotation permitted by the interlocking saddle con- 

figuration. The overall effectiveness of the thumb movements are 

further accentuated by the fact that they do not occur in the same 

plane as finger movements. This situation arises as a result of 

the curvature of the carpal arch which is maintained by the tension 

of the flexor retinaculu,, a dense fibrous band which stretches 

from the soaphoid and trapesium to the platform and the book of the 

hagate bone. The length of the flexor retinaculum is less than 

the distance across the free standing carpal bones, and the band 

thus acts as the string of a bow formed by the carpal bones. 

Because of the independent nature of the trapezium bone, the articular 

surface is pulled round by the flexor retinaculum so that the plane 

of tls don is at 90P to the plans of flexion of the fingers. The 

overall effect of this peculiar joint is to prow do the thus, with 

tour basic tos of notion] laterally in extension, ssdially in 

Hendon, towards the pals in adduction and away from the palm in 

abduction. Theme sovemnts say be combined in sequence to provide 

airouaduotion or opposition n the thumb is roved to moot the 

fingertips. In fact, the opposition nawmsnt yaay be regarded as 

a direct oonseluems of the non-linearity of the $add1o-slaps along 

ana axis, sheet soss abduction is automatically created by the 

joint profiles during flexion. 

The cargo-sstaoarpal joints of the fingers are considerably 

sore restricted in their movements,, particularly in the oases of 

the index and middle fingers. The index wtaa real tits around the 

distal surface of the trapesoid in a manner not unlike that of the 
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thumb aarpo-aetacarpal joint. Hoswrsr, sat of the station is 

prevented by the lateral and asdial articular characteristics with 

the trapesiuo on one side and the motacarpsl of the middle finger on 

the other. The fourth and fifth carpe-astacaspal points are 

slightly loss restricted is their mia, m ants vhilst the fifth stag 

carpal oatas use of an oppo *ns muscle to achieve a limited amount 

of Heuion and rotation in a small scale imitation of thin motion. 

An overall degree of oo-ordination between the netaaarpal" is 

provided by the iateraotabaspal limits between all ad jaosat 

astacarpala. 

saoh metacarpal bone has a ooevaz bead shiob articulates with 

the mr-mare articular surfaoo of the appropriate proximal phalaux. 

Thsss articulations form the rtaaarpo-phalaogoal joints shish 

possess a degree of versatility of Motion shioh is significant in 

the aansidsrabls versatility of gripping rotlos available in the 

ooraal hand, For the fingers these joints provide the bass for the 

operations of the loss versatile bieg-1110 intsspbalagral joints. 

Therefore it is apparent that the notaaarpoýsala al points *ast 

provide such addition" motions as are asosssary for satistastosy 

orientation of the individual fingers relative to ans another. 

Briefly, the Mtasaspo-phalanpal Joints Of the flags provide the 

fingers with the functions given to the the by the oarpo-silaoarpsl 

joint, the only real dittoronos being that the extent of abduction 

and addustioa is considerably seduced. 

'i'hn Joint capsules of srtaoarpe-phalangesl and lute rpöalan`sal 

Joints an tliokened an the pal ar and ids ospsots to toste strong 

li`aments, mau the extensor tendon replaces t ht ft matiaa of ths 
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capsule on the dorsal side. The Joints are further strengthened by 

collateral ligaments passing down and forwards iron t 1w sides of 

the head of the proximal bon to the sides of the base of the 

distal bone. The palmar ligaeont is a strong fibrous plate which 

attaches loosely to the neck of the proximal bone and attaches to 

the bass of the distal bone. It also provides part of the socket 

for the head of the proximal bone on its palmar surface. 

The distribution and effect of the ligasonts described above, 

applies equally well to the interphalangeal joints, which operate 

as siaple hinges. Sideways mor+wsnt-is restricted by the collateral 

ligaments and by the construction of the joint itself. The articular 

surfaces are hayed' in the middle by the effect of the proeinenoe 

of the base of the distal phalanx locating in a groove in the head 

of the prozdasi phalanx# thereby preventing rotation along the 

length of the phalanges and also effectively eliminating abduction 

and addumtion. 

The tens qz Yial joint and synovial fluid have been used 

s moral times without . sp1anati«n, thus a brief not. will be maad. 
concerning toss natters. Th. term anwvial joint rotors to any 
joint which possesses a Cavity enclosed by a synovill membrane and 

containii mvwdal fluid. The mabri can be separated both fron 

bates and capsule, but adheres to tibia oartilags and tendons shjQh 

enter joints. gavial fluids and most sans also are present in 

tendon maths. The prim ttmction of syv$mlal fluid appears to be 

om of lubrication, but it may also serve as a tore of nouriatnnsnt 
for the articular cartilage. The cal properties of synovial 

fluid are non-linear and well suited to lubrication since the 
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viscosity decreases as shear rats incrsases& (Davies 19). In this 

way the fluid can provide the best lubrication under all conditions 

of motion. 

Before asntioniag the various details of hand function and 

control it is necessary to Grit» certain Intrinsic hand 

structures which g ve the special behaviour of the complex 

articular system. A structure particularly important for the action 

of the extrinsic hand muscles has been mentiansd previously in the 

description of the carpal area. This bend, the flexor "tinsculus, 

acts as a pulley around which all the sxtrtoda palmr acting 

muscles tunotion. The movements of tendons round the flexor 

rotinaculus within the figs and Aalaas areas is facilitated by 

synovial sheaths which surround the tendons sberevwr they pass thropgh 

the fibrous canals which bind the tos to the appropriate 

underlying bans structures. In particular, the fibrous sheaths of 

the fingers ensure that bowstring otioots cannot ooaur, by bind 

the ii. r tendons to the phalanges between joints. 

The extensor apparatus of th. figs is complex and bwtitui 

in its opsratioo. Dy assns of in snious alterations in the lino of 

action of various tendons and saaolos relative to the position of 

the intsrpbala* Sal Joints, extensor =&aolq can also double as 

tleoora i certain oondttions, and aazdoal use can be made of as 

limited excursion of each essolo. MW ooWlsz action of this 

apparatus is wall dswribod by 8vcsall, and can Only be briefly 

Mentioned hft-9. TM long extensor talon can, by virtue of Its 

stags of tension, alter the position of fusion of the 1i rioal and 

interosasoa swolas relative to the Mtaoarpoa-pWangesi Joint 

(Mg. 10.4). Thus, sbsn the 1406 extensor tendon in slack, the 
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lumbrical and interosseus can only act as extensors of the distal 

joints via the lateral bands, or provide sideways motion by 

asymmetrical action. In order to prevent bowstring effects on the 

dorsal aspects of the wrist the extensor retinaculus exists to 

perform the equivalent functions of its flexor counterpart. Once 

again the tendons pass through synovial sheaths to permit low 

friction movements through the *pulleys* provided by the retinaculuv 

and similar structures. 

10.9 Muscle action. 

In order to gain at least some information about the method of 

controlling the acttar* of all the joints and muscles described 

abovw, it is necessary to consider the internal organisation of 

rusolos th lws of which there are three basic forms In the body; 

visceral, cardiac and somatic. Somatic muscle forms the muscles 

associated with notion of joints and bon**, and thus no account will 

be made of the other two types. 

A muscle is made up of fibres of up to 30cn in length, each 

containing several nuclei and surrounded by a connective tissue 

sheath, the saraole a. The nuclei lie close to the "arcolenna, 

to one side of the fibre and each fibre is loosely bound to its 

neighbours by a layer of connective tissue called the ende 'slum. 

This type of oonnecti om holds : tosgeether a group of fibres, a 

tascioulus, which is surrounded by a stronger sheath called the 

perisWsiua, the fasciouli being bound together to fora the 'muscle' 

by a sheet of collagenous material called the . pigsiu.. Thus, 

the muscle as normally seen is a composite material made up of 

contractile fibres in a special connective tissue matrix. 
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E The behaviour of the individual fibres holds interesting 

consequences for the control of the muscle. Each fibre is largely 

composed of the protein *yosin# *ich has a spirally shaped molecule. 

''ý During a process which is triggered by the action of the appropriate 

nerve cell, the fibre oontraats, asking use of energy released by 

the reduction of ATP to ADP (adenosine tri (di) phosphate). 

10.10 Nuseis control. 

Th" contraction induoed as a rsault of the above pro@*" to 

total, there are no intersodiato restin( stages, either the fibre is 

contracted, Or it is not. fie taailiar continuous contraction of 

muscle is achieved by the statistical result of the oq/ott ratio of 

the fibres at any moment. this control is achieved as a result of 

the grouping of fibres into individual motor-units, each of which is 

stimulated by a particular nerve cell. The fibres belonging to a 

motor-unit are not pbysioally adjacent, but are dispersed throughout 

the muscle, ein though they are triggered from the gas» source. 

The "isatrical activity lndiaatsd abo, provides t b» bsiis for 

the technique of electrcNq ograpby which Can prove to be a useful 

tool in the study of muscular activity. Thooleotriaal action 

associated with muscles can be detected on the surface of the skin 

by the use of special silver-silver chloride electrodes and 

sensitive amplifiers. booewr, the somewhat random appoaranoe of 

the signals which result from the combined effects of many different 

motor units, make interpretation virtually impossible s pt oo, as 

'average chafe of activity' basis. It has been possible for various 

workers to isolate the effects of individual motor units by the 

precise placement of an electrode probe inserted into the body of 
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the muscle. Dasmajian (1963) has found that by the visual display 

of motor unit activity from such a source, a volunteer has boon 

abl" to learn voluntary oontrol of an individual motor unit. 

However, the insertion of such percutaneous electrodes, and 

the maintaining of a consistent position of the electrode during 

movement, are extremely difficult problems which have, virtually 

precluded all forms of electroaprographio control except that by 

means of skin contact electrodes. 

The mechanisms concerned with information processing and the 

investigation of movements in the husan system are extremely complex 

and not at all well understood at an Intermediate level. The end 

result is adequately comprehended as the arrival of a series of 

co®and pulses down the motor nerves which induce muscular action. 

Also appreciated is the fact that a continuous supply of information 

is fed from the muscles, joints, skin, std. to the central processing 

unit, and this information is used to modify and control the behaviour 

of any muscular actions throughout all phases of action. Due to the 

complexity of all these systems it has only been possible to arrive 

at crude models of the types of control system likely to be in 

action In the functioning of muscles. Navas and Stark (1968) have 

shown the existence of position servo type control mechanisms by 

the application of automatic control techniques in tracking tasks, 

a fact which bears out the findings of Rose and Mountcastle (1939) 

regarding the ' joint angle receptors of the oat. However, as pointed 

out by Gibson (1966), any specific sensory or control feedback channel 

is only a microscopic piece of the total information continually 

being processed by the natural control systems. 
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The oooplzdty of the actual behaviour of the natural system 

is so considerable that there is little of immediate practical 

value that can be gained from a Mief revi. w of the subject, apart 

from the ton Indicative factors mentioned below. Hosrnnrf, an 

important factor mechanically in the behaviour of aiq an muscle 

is the state of other muscles concerned with the joint being 

operated and this fact is represented by the existence of muscle 

toes, apparently caused by the feedback of information from stretch 

receptors in muscle to the central nervous system which in turn 

issues 'orders* about the state of tension to be maintained in 

order to ovrsroous gravity, or maintain the stability of a particular 

joint. 

Purther information which to of importance to the control of 

autolss and Joints is provided by the sensory facilities is the skin. 

Once again, the precise behaviour of these transduoora is not well 

=rdorstood, alt hough it is known that they produce a series of pulses 

when stioulatod, it is not clear how the stiaulus is related to the 

pulse train doh follows. Nevertheless, it is evident that wer 

degree of coding asst exist, since oaiq of the smýallsr nerve 

receptors are attached to the ssaa : fibre, and there are various 

types of these receptors which seen to specialise in tactile Wettors. 

Thus, Nerkel's discs, Yeisswr's corpuscles and the Paoinian 

corpuscles are all concerned with touch or pressure and are, also 

affected by temperature changes. None endings s sam-mling hate 

follicles also provide auch tactile iptoaroatioa in the hairy regions 

of the body. To add to the contusion still further, Moberg (1912) 

suggests that a large portion of position awareness is provided by 
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akin rrosptors, rather than by the point capsule receptors 

advocated by BO Yd and Roberts (1953), Cohen (1938) and Roan and 

Motmtoastls (1559). The difference of opinion hero my be 

related to the joints ooasiderrd, since Moberg's prime concern was 

with human ling joints, whereas other sources referred to used 

animal knee joint., hinan shoulders, *to. for their experiments. 

However, the precise nature of the so ro. of joint position 

Information is not relevant to is adiata prosthetic applioativas 

since it to sufficient to know that it exists and to use the 

natural systems available, although additional information about 

the natural processes ss, well eventually load to an iapso e mat 

of the control systems In prostheses. 

10.11 An everall giof the natural , 
handy ý. 

This briet review of the major Mohanioal aspects of the upper 

limb shows that it Is fundamentally an asr nt of struts of 

various lengths, Interconnected by a variety of joints with 

particular properties uhich dotsroins the typs of aotioo oado by am 

sus relative to the next, 

Thos. in the hands we have the four jointed struts of the 

phalanges of the tinges, each finger being capable of ou rling and 

atraiýtZing in a plane determined by the action of the joints lob 

my be considered as behaving as simple, hinges. Tose town struts 

are attached to the 'bass' o! Palle of the hand via four sore hipp 

joints Which are 'slack' insofar as they allos saw lateral and 

rotational sowmsat Of the lingers. Also attached to the pan of 

the hand is the thumb, shioh is another simple- hinge jointed strut 

but the attaeh ms nt to the pals ooovsa via a 'universal joint' dich 
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allows aooprehenaiw aov. snt around the fingers, although not 

permitting rotation of the thuab along its own aids. 

The pals (yetacarpals) as the stable platform of the hand is 

attached to the forearm via the universal Joint of the wrist, this 

universal Joint being fully universal, sine it permits rotation 

to be transmitted through it, whilst allowing lateral and up and down 

motions of the hand to odour. The rotation is provided by a 

rotation facility which operates around the low axis of the foreara. 

The forearm attaahos to the upper am in the simple hings 

joint of the elbow, and the systea to oampleted by the loose 

attachment of the upper arm to the body via another fully universal 

joint at the shoulder. 

Thus, schematically we have the situation of Pig. 10.5 ire 

the figures by each boat indicate the degrees of freedom at that 

joint. 

This system oosprises 31 Ladepsndent degrees of freedom, sash 

of väioh is driven bi its appropriate musculature, the end result 

being a degree of control of i*prsssiw accuracy, the task presented 

to the designer of prostheses being the provision of aa anioal 

substitute. Clearly the natural system has a considerable mount 

of duplication of savemOnts1 this being the key to the versatility 

of the noroal are and hand. Mans of the extra a svoswsts provided by 

the large naher of Joints are used in special circumstances is 

order to avoid obstructions. Tor example, theoretically the hand 

can be positioned a: gwherv is space bOr the use of only three s 

of ! rs"dao" but during feeding the Chest interferes with the upper 

are unless the elbow is lifted away tram the body. Thus. ad+ditiawd 
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soviMnts case into play in order to account for the peculiarities 

of everyday problem. 

The main problem for the design of prosthssss is that only a 

limited number of control altes are available for working a 

prosthssti, say live sites for an arm controlled by an aMlio 

aaputM. Therefore, the major problem of prosthesis design is the 

reduction of the number of degrees of freedom from 31 to 5, sbilst 

retaining the largest possible rang* of functional properties. 

The the purpose of the praotioal pork of this thesis a" be 

considered as the reduction of the degrees of freedom in the haM 

from 24 to 1, whilst losing as little function as possible. 
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