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ABSTRACT 

The components and alignment of a prosthesis have a large influence on 

the gait of an above knee amputee. The present criteria for determining the 

optimum alignment are mainly subjective, based on visual observation of the 

amputee's gait and by considering his/her comments. These comments 
however, are not always helpful. It has been reported that a range of 

alignments is acceptable to the patient and to the prosthetist, and it is believed 

that the optimum alignment can be selected from the range of acceptable 

alignments using biomechanical analysis. 
The socket is an important component in an above knee prosthesis and 

can affect the gait of the amputee. While the conventional socket is the 

quadrilateral, several problems have been reported with this type of socket. 

These include instability in the coronal plane, discomfort and restriction of the 

stump muscles causing limitations in the function of the prosthesis. In an 

attempt to overcome these problems the ischial containment (IC) socket was 

introduced in 1985. The biomechanical characteristics of the IC socket have, 

however, not been objectively assessed and compared with those of the 

quadrilateral socket. 

In this study, the effect of alignment adjustments on the gait variables 
for eight above knee amputees wearing quadrilateral sockets was investigated. 

Three of these amputees were also tested wearing IC sockets. The alignment 

of the prosthesis was systematically changed at the ankle, knee and socket. 

The primary aim of this project was therefore, to systematically vary the 

alignment of the prosthesis and to study the effects on the gait, and to compare 

the performance of amputees wearing IC and quadrilateral sockets. The 

ultimate goal of this research work is to provide a method for the determination 

of the optimum alignment from a range of acceptable alignments. 

A socket axis locator and a coordinate measuring system were used for 

measuring the prosthetic alignment accurately. Three TV cameras and two 

Kistler force plates were operated simultaneously and synchronously at a rate 
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of 50 Hz to acquire the displacements of the body segments and the ground 

reaction forces. All angular movements at the joints, moments and the 

temporal-distance parameters were calculated for both the prosthetic and the 

sound legs of the amputees, and for the right and left legs of ten normal 

subjects. The movement of the upper body was also recorded. Computer 

programs were developed to calculate and graphically present the above 

parameters in three dimensions. 

It was found that alignment changes affected the gait parameters of the 

whole body. At the prosthetic joints, certain changes in the alignment of the 

prosthesis resulted in specific alterations in the gait pattern. These effects were 

repeatable. The anterior-posterior (AP) joints moments and the fore-and-aft 

ground reaction force were found to be the most sensitive variables to 

alignment changes. The trunk rotations in the AP and medio-lateral planes, and 

the torso rotation in the transverse plane were also found to be sensitive to 

alignment changes, and the trunk was the main compensating element for any 

misalignment. At the sound side, the alignment changes resulted in noticeable 

changes in the AP joints moments and fore-and-aft ground reaction force. In 

the coronal and transverse planes, changes in the gait patterns that were 

analysed were not always consistent. These changes mainly depend on the 

method of compensation which is adopted by the patient. The IC socket 

showed improvements in the patient's performance in terms of higher speed of 

walking, comfort, improved symmetry in the two legs and the gait parameters 

are more comparable with those of normals. 
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CHAPTER ONE 

INTRODUCTION 
The gait of above knee amputees can be influenced by a number of 

factors, such as the type of components, alignment of the prosthesis and fit of 
the socket. Selection of the most appropriate components of the prosthesis 
(foot, knee mechanism, socket type) can affect the gait of the amputee 
especially if the patient does not have the ability to compensate. Alignment of 
a prosthesis can be defined as the relative position and orientation of its 

components. To achieve a satisfactory performance, the prosthesis must have 

an acceptable alignment otherwise it may not provide the required support and 
function. Gait deviations may occur directly as a result of inadequate 

alignment or indirectly from pain, discomfort or tissue breakdown caused by 

inappropriate alignment (Zahedi et al 1986). Thus, an unsatisfactory alignment 

will lead to a limitation of the function of the prosthesis and as a consequence 

the patient may reject it. Furthermore, of paramount importance to the patient 
is the display of an aesthetically pleasing gait, which may be compromised if 

the alignment is unsatisfactory. 

Radcliffe (1969 and 1977) and Foort (1979c) stated the principles for 

aligning a prosthesis. The method of achieving dynamic alignment is 

dependent upon observations made during gait assessment and on feedback 

provided by the patient. Alignment of the leg should be accomplished within 

a reasonably short time as too many adjustments may confuse the patient. The 

present criteria for determining the best alignment are still mainly subjective 

and rely on the skill and judgement of the prosthetist with no clear definition 

of the optimum alignment. The visual observations cannot be accurate and the 

amputee's comments are not always helpful because of misunderstanding, 
inability to comment effectively or reluctance to express faults with a prosthesis 

or prosthetist in a bid to comply with the treatment. 
Gait optimization can be considered under three headings which are the 

assessment methods, the prosthesis and the amputee. The visual observation 
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Chapter I Introduction 

assessment method alone is not accurate enough to achieve optimum alignment 

and provide the most comfortable fit. Saleh (1988) reported that these 

subjective methods of assessment are not adequate and the amputee's responses 

to any misalignment are not always detectable by eye and would require 

objective analysis. 
Solomonidis (1975 and 1980) defined six and eleven alignment 

parameters for BK and AK prostheses respectively, and he used them in order 

to compare different types of modular prostheses. Solomonidis found that a 

range of dynamic alignment was acceptable for any particular patient, and 

suggested that a relationship may exist between the various alignment 

parameters. Zahedi et al (1985 and 1986) also reported that a range of 

alignment is acceptable to the patient and to the prosthetist. It was found that 

the prosthetist was unable to reproduce a certain alignment configuration when 

the prosthesis was aligned and realigned. It was suggested that by using 

biomechanical analysis, it would be possible to determine the optimum 

alignment from the range of the acceptable alignments. 

Hannah et al (1984) and Mizrahi et al (1986) studied the effect of 

alignment changes on the symmetry between the gait parameters for the 

prosthetic and sound legs. Hannah et al investigated the effect of alignment 

changes on the symmetry of kinematic variables of the lower limbs of BK 

amputees, 'nd reported that. the symmetry is maximum at the optimum 

alignment. Mizrahi et al reported (on one AK amputee) that the differences in 

the pattern of ground reaction forces at the sound and prosthetic sides can be 

eliminated by achieving optimum alignment, and maximum symmetry 

coincided with optimum alignment. It is however doubtful that the amputee 

who is already an unsymmetrical system may achieve a symmetrical gait 

pattern, and the optimum alignment is most unlikely to coincide with the most 

symmetrical gait pattern. This was confirmed by Winter and Sienko (1988) 

who found that modified motor patterns existed depending on the residual 

2 



Chapter 1 

muscles of the amputated leg. 

Introduction 

Appoldt et al (1968) studied the effect of alignment changes on the local 

pressure between stump and socket wall of two AK amputees. The aim was 

to convert a knowledge of desirable pressure values into an alignment tool. 

The results were not so conclusive because the alignment changes had no effect 

on the pressure values. 

Pearson et al (1973) and Winarski and Pearson (1987) also studied the 

effect of alignment changes on the resulting pressure between the stump and 

socket of BK amputees. However, these studies have considered the normal 

pressure only and only at certain areas of the stump without looking at the gait 

variables of the whole body. Morimoto et al (1987) measured the effect of 

alignment changes on the gait parameters by using a pylon and flexible 

electrogoniometer. Most of the work discussed above was for BK amputees. 

However, Solomonidis (1980), Zahedi et al (1986) and Yang Lang (1988) 

reported work on the alignment of AK prostheses. Zahedi et al (1989) 

confirmed that kinematic and kinetic data are necessary to understand the 

locomotion of the amputee. 
Objective assessment of the function of a prosthesis can be carried out 

by means of biomechanical analysis which can assist the prosthetist in 

determining an acceptable static and dynamic alignment. Yang Lang (1988) 

carried out the most comprehensive study yet on the effect of alignment 

changes on the AK amputee's gait. The kinetic and kinematic data for the 

whole body were obtained and subjected to a biomechanical analysis. 

Although, the effect of the alignment changes was noticeable on the prosthetic 

side, the conclusions were limited by the fact that only two subjects were 

completed the full series of test and it was suggested that the test population 

be increased in order to establish a normative data base. Yang Lang has only 

studied the effect of AP alignment changes, and it was suggested that the effect 

of ML alignment changes on the gait variables should also be investigated. 
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Chapter 1 Introduction 

Following these recommendations, Mannar and Solomonidis (1989) used three 
TV cameras and two force plates to study the effect of alignment changes on 
the gait parameters of the whole body of AK amputees. It was found the AP 
knee moment and the fore-and-aft ground reaction force were the most 
sensitive parameters to alignment changes. 

As mentioned above, the gait of an amputee is influenced by the 

components of the prosthesis. One of the most sensitive elements in the 

prosthesis is the socket, which should be carefully chosen and fabricated. The 

conventional socket for the above knee amputee is the quadrilateral socket 

which has been in use since 1964 (Schuch 1988a). In this type of socket, the 
ischial tuberosity is sitting on the posterior brim of the socket and supports the 
load. Lehneis (1985) has questioned the suitability of the quadrilateral socket 

and reported that it may be the reason for discomfort expressed by amputees. 
Long (1985) also reported that the quadrilateral socket is uncomfortable, 

producing an abducted gait, poor stability in the coronal plane, and its narrow 
AP dimension restricts the activities of the stump muscles. Long (1985) and 
Sabolich (1985) introduced a new socket design for above knee amputees. It 

is the ischial containment (IC) socket in which the ischial tuberosity is 

contained inside the socket and is aligned so as to maintain the femur in 

adduction and it is claimed to be more comfortable and to provide a more 

natural gait than the quadrilateral socket. This new design of socket has never 

been subjected to an evaluation programme independent of the development 

groups (Schuch 1988a) and the underlying biomechanics are not yet fully 

understood. Flandry et al (1989) stated that the IC socket showed superiority 

over the quadrilateral socket in four subjects out of five. It was found that the 
femur was adducted on average of 6.5 degrees, the lateral trunk lean 

disappeared, and the energy expenditure was reduced by 50%. In Flandry's 

study, only three subjects were assessed completely and the evaluation was 
largely subjective. 
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Chapter 1 Introduction 

In order to follow the work discussed above and fill the gaps which 

were found in it, this study was planned and its aims were: 
1- To study the gait patterns of AK amputees and their differences for 

amputees wearing IC and quadrilateral sockets. 2- To study the effect of 

alignment changes on the gait parameters of AK amputees and on the stability 

of the joints. 3- To identify the alignment parameters having the most 
influence on the gait variables and explore its repeatability. 4- To study the 

patient response to any alignment changes with a view to determine the method 

adopted for compensation. 5- To identify the optimum alignment and the 

values of its parameters, and the differences between the IC and quadrilateral 

sockets, and determine whether this is the alignment which was set subjectively 

as the optimum. 6- To carry out a systematic study of the data obtained to 

provide an objective method for assisting the prosthetist in fitting and achieving 

the optimum alignment of any prosthesis. 7- To compare the kinetic and 

kinematic parameters of the whole body for subjects wearing IC and 

quadrilateral sockets in order to find out which socket has advantages over the 

other. 

It was planned, that a socket axis locator (designed by Szulc, 1983) and 

a coordinate measuring system (designed in Strathclyde University) were to be 

used for quick and accurate measurement of the eleven alignment parameters 

(defined by Solomonidis 1980) of AK prostheses. Two Kistler force plates 

were to be used to measure the ground reaction forces on the foot, and three 

TV cameras to determine the position of each segment of the body in space. 
The force plates and the TV cameras were to be operated at a rate of 50 Hz 

and the data were to be acquired simultaneously and synchronously by a PDP- 

11 minicomputer. Thus, the forces and moments acting at all the joints of both 

limbs and various other parameters of gait can be computed. This will produce 

a set of results corresponding to a number of limb alignment configurations 

which can then be compared to study the effect of alignment changes on the 
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Chapter 1 Introduction 

gait parameters and establish the optimum alignment. This set of results can 

also be used to study the function and stability of the joints, and establish a 

gait pattern for AK amputees. Comparing the result sets of the IC and 

quadrilateral sockets will provide an objective evaluation of the IC socket, and 

can determine which socket functions better. It was decided to study the effect 

of AP and ML alignment changes, but the need for a high number of subjects 

which requires a great deal of work and time, has forced the author to leave the 

ML study to be carried out by a colleague in this University. 

It was planned that eight patients were to participate in this study, this 

was influenced by the long time which will be needed in order to complete the 

test of one patient. All of them were to be tested wearing the quadrilateral and 

the IC sockets, and were to be supplied with Otto Bock prostheses because the 

alignment unit of the Otto Bock system facilitates the aim of this study in 

changing the alignment *of the prosthesis. Systematic changes in the socket 

flexion/extension angle, knee forwards/backwards position relative to the hip- 

ankle line and foot dorsi/plantar flexion angle were to be made. All the 

angular movements of the body segments were to be recorded together with the 

force reactions acting on the feet. All the temporal-distance parameters were 

to be calculated, as were the moments at the various joints. It was also 

planned, that before testing any patient, the above testing procedure was to be 

applied to ten normal subjects, in order to compare the data of normal subjects 

with that of the amputees. 

Some limitations were foreseen in this work: 1- Because so many 

markers were to be used and only three cameras were installed in the 

laboratory, it was decided that the motion of the upper limbs was not to be 

recorded, and some markers (heel and tail) will be only seen by one camera. 

2- The use of only two force plates will limit the gait monitoring to only one 

stride. 3- The long time which is needed for the data reduction and analysis, 

may dictate a reduction in the number of the tested patients. 
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Chapter 1 Introduction 

This thesis contained seven chapters. chapter two deals with 

the literature review on body modelling, body segments parameters, methods 

and systems of measuring the kinetic and kinematic data, and the last section 

presents a representative review on the gait pattern of normals. Chapter three 

discusses the lower limb prosthetics, amputation surgery, AK sockets and their 

biomechanics, knee mechanisms, ankle/foot assembly and the modular systems. 
Alignment studies and gait patterns representative of AK amputees are also 

presented. The experimental and theoretical aspects of the work are presented 

in chapters four and five respectively. In chapter six, all the results are 

presented and discussed for the normals and the amputees. The conclusions 

and recommendations for future work are stated in chapter seven. Finally, four 

appendices are included to give further details of some calculations, and to 

present more results to the reader. 
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CHAPTER TWO 

LITERATURE REVIEW ON HUMAN LOCOMOTION AND GAIT 

ANALYSIS 

2.1 Introduction 

In this chapter a review of published work in human locomotion and gait 
analysis is presented. Special emphasis is given to the literature relating to the 

work presented in this thesis. This will enable the author and the reader to 

compare this work with the work of previous investigators. 

The review starts with definitions of human locomotion and gait 

analysis, and goes on to deal with the gait parameters and methods for their 

acquisition. The literature on normal gait given in this chapter is used later in 

the assessment of pathological gait. Literature on amputee gait will be 

presented in chapter 3. 

2.2 Human-Locomotion 

Movement of the body from one place to another, requires movement 

of all the major segments of the human body. This movement of the human 

body and its segments is called " Human Locomotion ". The movement from 

one place to another is usually achieved by what is called "walking". Walking 

is a very complicated process, as it involves a three dimensional motion of a 

multiple linkage system which is controlled by the central nervous system. The 

quantitative description of the mechanical aspects of walking, and relating the 

motion of the human body, to the forces which actually produce the motion is 

referred to as " Gait Analysis ", and is the basis of understanding human 

locomotion. 

Gait analysis and gait evaluation can be used in the laboratory or at a 

clinic, however, collaboration between the two makes the best use of them. By 

determining the parameters of normal gait in the laboratory, and comparing 

them with those of pathological gait in the clinic, the degree of disability of the 

patient's locomotor system can be assessed. Considering the whole human 

body as one object, the measurement of gait parameters can be limited to the 
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Chapter Literature Review 

measurement of the time over a fixed distance and the measurement of the 
three dimensional movement of the body centre of mass. This provides 
information to calculate the potential and kinetic energy of the human body. 
However, when considering the two legs separately, many more parameters 
would be measured such as the duration of the stance and swing phase for each 
leg, the three dimensional position of the joint centres in space, the three 
dimensional angles of each segment in space and in relation to the adjacent 

segment, the trunk extension/flexion, tilt and axial rotation, and the angle of 

arm movements. Many instruments have been developed to measure and 
analyse the gait parameters. Video recorders and cine photography could be 

used for visualising and tracking the pattern of the movement. Television 

cameras and associated equipment (computers, monitors, AD converters, ... etc. ) 

are the basis of an automated system for the registration and measurement of 

the three dimensional movement of a marker which has been fixed on a body 

segment. The movement between the skin and the underlying bone causes 
inaccuracies which are estimated to be 10 to 20 mm (Morris 1991). Other 

techniques of measuring movement utilise devices that can be fixed on the 

body segment such as goniometers. This technique has other sources of 
inaccuracies such as the requirement for accurate alignment of the device with 

the anatomical joint axis and the change of the knee instantaneous axis position 

with increac: d flexion. 

A complete gait analysis system should consider the measurement of the 

ground reaction forces acting on the feet. Most researchers use a force 

platform which measures six signals representing the ground forces on the foot 

in the direction of progression, laterally and upwards. These signals also 

present the moments of the resultant force about the three orthogonal axes 
(vertical, forwards and lateral) with origin at the centre of the force plate. With 

such platforms it is always difficult to ensure that the test subject lands 

completely on one platform with one foot only during normal waling. Thus, 
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using a force platform for measuring the three ground reaction force 

components and the three moments, and a system to measure the three 

dimensional position of the body segments in space, it is possible to analyse 

the loads transmitted between adjacent body segments at the joints. 

Human locomotion has been a subject of interest for many years. 
Although objective measurement systems which quantify locomotion have been 

in use for about a 100 years (Braune and Fischer 1895), it was not until World 

War II , when thousands of men returned home to the United States with 

amputations, that technology was really applied to the understanding of normal 

and prosthetic gait. A biomechanics laboratory was founded at the University 

of California to study and establish the fundamental principles of human gait, 

especially in relation to problems faced by lower limb amputees. The 

biomechanics laboratory's team used interrupted light photography to study the 

motion of the body-segments, a force plate to measure the ground reaction 

forces acting on the feet, and electromyography to detect the activity- of the 

muscles. Their aim was to provide fundamental data for the design of 

prosthetic limbs. 

A comprehensive study of human locomotion should make use of three 

major fields of work. Firstly; obtaining a model for the human body and 

studying the body segment parameters for this model. Secondly; measuring the 

kinematic parameters which provide information about the motion of the body 

segments, and finally; measuring the kinetic parameters which provide 

information about the forces that produce the motion. 

2.3 Human Model and Body Segment Parameters 

Conducting any biomechanical analysis of human gait should start by 

deriving an adequate mechanical model of the human body and determining the 

physical properties of the segments of this model. These properties are 

important when one is performing a kinetic analysis. . 
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2.3.1 Human Model 

Literature Review 

The human body consists of several segments linked to each other to 

give the unique shape of Man. Each segment is joined to the adjacent segment 
by what is called a synovial joint, found where two or more bones are 

articulated. 
For reasons of simplicity, it has been assumed that the segments of the 

human body are solid with uniform density and connected to each other by 

mechanical joints. The type of each mechanical joint is influenced by the joint 

investigated and by the accuracy needed in the results of the investigation. In 

general a synovial joint has six degrees of freedom, three translations and three 

rotations. 

Clauser et al (1969) divided the human body into 14 segments in order 

to study the inertia properties. 
Aleshinsky and Zatsiorsky (1978) introduced a 15-link chain model of 

the human body and carried out an analysis to determine the moment patterns 

arising at the major joints of the human skeleton during three dimensional 

motion. Figure 2.1 shows the human body model used by Aleshinsky and 

Zatsiorsky with the anatomical frames of reference and the fixed ground frame 

of reference. Hatze (1980) presented a human body model consisting of 17 

segments and reported that a model with not less than 10 segments was 

essential for a realistic simulation of gross body motion. Figure 2.2 shows the 

17 segments model of Hatze (1980). Goh (1982) used a model consisting of 

8 segments. As he was studying the lower limbs, he ignored the head and the 

upper limbs and assumed their effect is reflected on the movement of the upper 

trunk. Knowing that Elftman (1939a) showed the effect of the arms on human 

gait, Yang Lang (1988) used the same model as Goh and achieved a result 

comparable with the results of previous investigators. The work presented in 

this thesis also used an 8 segment model, because it provides perfectly 

acceptable results for the purposes of this study which concentrates on the 
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Figure 2.2 A 17 segments anthropomorphic model. 
( from Hatze, 1980 ) 

r 



Chanter 2 Literature Review 

lower limbs. Inclusion of the upper limbs would have created some problems 
in the analysis, due to the intersection between markers, which would have 

confused the computer and given some errors, especially with the system used 
for data collection and analysis (see chapter four of this thesis). 

2.3.2' Determination of Mass Properties of the Body Segments 

As mentioned above, the mass properties of the body segments have a 

great effect on the locomotion of the human body. These properties are the 

mass, the location of the mass centre and the mass moment of inertia. For 

homogeneous material, the centre of mass of a body is generally at the centre 

of the volume of this body, but this is not the case in the human body 

segments. 
The location of the centre of gravity (CG) for the whole body is affected 

by the location of the body segments and changes with body configuration. 

Paul and Barbenel (1974) stated that " Generally, in normal standing, the CG 

is situated at about 55% of the body height above the heel and 2 cm anterior 

to the lumbar vertebrae ". Finding the location of the centre of gravity for the 

body segments is much more difficult than that for the whole body and 

different methods have been used to determine the location of the mass centre 

and the other properties of the body segments. 
Regression equations derived from data which were obtained from living 

subjects and cadavers may be used to determine body segment parameters. 

The coefficients of these equations are defined as follows: 

C1= Segment Maus 
Whole Body Mass 

C2 =Distance 
Of Mass Centre From Proximal Joint 

Segment Length 
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C3 = 
Radius Of Gyration About An axis Through The CG 

Segment Length 

There are various methods to determine these coefficients and which 
have been reported as by many researchers, Dempster (1955), Drillis and 
Contini (1966), Clauser et al (1969), Contini (1972), Chandler (1975) and 
Hatze (1980). It has been reported that Harless (1860) was the first to 
introduce the method of coefficients. He used cadavers and presented data for 

Cl and C2 only. 
Demspter (1955) produced relatively accurate values for C1, C2 and C3. 

The data have been taken from eight male cadavers and have been widely used. 
Drillis and Contini (1966) used twelve living subjects to measure the body 

segment. parameters. They found that the mass of live subjects is not constant 

and that the volume and the volume distribution of the segments can vary with 

time. They also analysed the data from previous investigators and found that 

body parameters are different from one country to another. 
Clauser et al (1969) measured body segments parameters for 13 adult 

male cadavers. Clauser et al found that more than one segment and more than 

one anthropometric measurment should be used in the regression equation to 

determine any body parameter for any segment, and the more segments 
involved the higher the accuracy obtained. These data were difficult to use, 

because the centres of body mass were related to certain bony landmarks and 

not to the joint centres. Therefore, I-Enrichs (1990) adjusted these data to be 

related to the centre of joints. Contini (1972) presented data for 29 live normal 

subjects, and 19 live subjects with herniplegia or amputation. The experiments 

on the normal subjects were conducted in two stages, the first based on 12 

male subjecs while the second was on 9 male and 8 female subjects. The 

results were found to be comparable within the whole subjects since the 
differences in mean values are of the order of 1% to 10%, and Contini stated 

that the mean values were useful in general computation. Because of the lack 
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Table 2.1 Body segment parameters, averaged for data from several 
investigators. (from Goh 1982). 

Body 
Segment Cl SD C2 SD C3 SD 

Foot 0.0152 0.0019 0.5000 0.4750 

Shank 0.0453 0.0035 0.4030 0.0260 0.2890 0.0134 

Shank&Foot 0.0632 0.0036 0.4673 0.0455 0.3467 0.0639 

Thigh 0.1027 0.0119 0.4169 0.0325 0.2912' 0.0384- 
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of a satisfactory method to find the centre of mass, it was assumed that the 

centre of mass is coincident with the centre of volume. Although it is a 

doubtful assumption the results were comparable with the average result of 

some other researchers. 
Hatze (1980) considered a very complicated method to find the body 

segment parameters, based on 242 measurements taken directly from the 

subject. He represented the human body as a model of 17 segments and gave 

each segment a specific geometrical shape to find the mass properties. He 

reported that by means of a computer program, he could obtain the segment 

parameters with an overall accuracy of 3% and maximum error of 5% for each 

of the 17 segments in less than 80 minutes. 

Goh (1982) carried out an extensive search on body segment parameters. 

He averaged the data of most of the researchers from Harless (1860) until 

Chandler (1975) and obtained practical values for Cl, C2 and C3 as shown in 

table 2.1. 

Kaleps et al (1984) used a combined stereophotometric and 

anthropometric method to determine the volume, centre of volume, principal 

moments and axes of inertia. Thereafter, a multiple regression equation was 

created to calculate the above parameters. The technique was used on living 

subjects, but only the head data was presented. - 

Schneider and Zernicke (1992) have studied the body segment 

parameters of infants aged 0.04 to 1.5 years, the segmental centre of mass 

location was found to have no systematic change with age. 

2.4 Kinematic Measurement 

As mentioned above kinematics is one of the ways to describe human 

locomotion, and can be measured by either direct or indirect methods. 

2.4.1 Direct Measurement Technique 

The direct measurement technique fixes a transducer to body parts to 

measure their relative movement and does not define the space position of the 
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Figure 2.3 Mechanical and electrical arrangement of a goniometer 
located at the knee joint. Voltage output is proportional 
to the joint angle. ( from Winter, 1979 ). 
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body element. The signals from such transducers depend critically on their 

fixation relative to the instantaneous joint axes. The most widely used devices 

in the direct measurement technique are goniometers and accelerometers and 

the following is a brief historical review of the development and use of the two 

kind of devices. 

2.4.1.1 Goniometers 

One type of goniometer is an electrical potentiometer which can be 

attached to a mechanical or anatomical joint to measure the joint angle. 

Figure 2.3 shows a goniometer fitted to a knee joint, and the electric circuit is 

also drawn. The output voltage of the circuit always corresponds to the 

measured angle depending on the potentiometer and on the electrical circuit. 

Johnston and Smidt (1969) used three electrogoniometers to measure the 

hip joint motion for thirty three normal subjects. Three potentiometers were 

oriented in each of the three primary axial planes of the hip joint. One was 

oriented in the sagittal plane and measured the hip flexion/extension angle, the 

second potentiometer was oriented in the coronal plane and measured the hip 

abduction/adduction angle. The third potentiometer was oriented in the 

transverse plane and measured the hip rotation angle. The electrogoniometric 

assembly was attached to a leather belt and laterally secured to the subject's 

pelvis, and %vas supported distally with firm elastic straps. The reliability of 

the system was tested by the use of a test-retest technique, and a range of 2 to 

4 degrees of difference was obtained. 

Lamoreux (1971), Kinzel et al (1972), Mitchelson (1975), Townsend et 

al (1977) and Chao (1980) have developed different types of goniometers. 

Chao (1980) designed a triaxial goniometer based on the gyroscopic concept 

and used three potentiometers, to measure the three dimensional angular motion 

of a joint (fig. 2.4). Each potentiometer was fixed according to the general 

gyroscopic mechanism to measure a single rotation angle. The rotational axis 

of the flexion/extension angle was fixed to a rigid bar which was attached to 

15 
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Figure 2.4 Triaxial goniometer for the measurement of the three- 
dimensional angular motion of joints. (from Chao 1980). 
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the proximal limb segment of the joint. The axis of the axial rotation angle 

was fixed to the distal. joint segment by a telescoping rectangular rod through 

a yoke, this arrangement was to keep the axis of the goniometer parallel to the 

rotation axis of the joint throughout the range of the motion. Ile axis of the 

abduction/adduction angle was perpendicular to the axial rotation and the 
flexion/extension axes. Since the goniometer assembly was attached to the side 

of the joint the axes of the goniometer were not coincident with the joint axes 

of rotation and did not intersect at the centre of the joint to be measured. This 

would cause considerable error in the measurement, however, Chao called this 

error "cross talk" and he reported that this error was corrected. This system 

seems to match the requirements of both mechanics and functional anatomy, 

but the system has some disadvantages and its overall accuracy was not 

determined. However, it was reported that the system has an error of 2 degrees 

for all ang, dar components which were estimated by placing the system 

between two plastic cylindrical bodies and then the angulations of these two 

bodies were measured by the system and by X-rays. It would have been more 

interesting if the error was estimated under subject testing conditions. Aligning 

this goniometer was quite difficult and failure to achieve proper alignment 

would cause a considerable error in the measurement. Also the movement 

between the device and the underlying tissues causes errors which must be kept 

to a minimum. The weight, size and wiring of this goniometer may disturb the 

subject and force him to alter his gait pattern. 

Johnson et al (1981), Morimoto and Tsuchiya (1985) and Nicol (1987) 

have separately developed flexible goniometers. As a result of the flexibility, 

the goniometers have self adjustment features and they can be fixed very easily 

to the joint '. a be measured. Johnson et al reported a mercury-in-rubber strain 

gauge for measuring the movement of the joints. The gauge was made from 

a 200 mm length of 0.2 mm bore, 0.5 mm outside diameter rubber tubing 

which was filled with clean mercury. It was reported that 50 patients were 
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tested, however, the accuracy of the device was not estimated. Morimoto et 

al (1987) used the goniometer which was presented by Morimoto and Tsuchiya 

in 1985 (flexible electrogoniometer made of silicon rubber column), and 

presented a comparison graph for the knee angle measured by that flexible 

goniometer and by a movie camera. The data from the movie camera and from 

the goniometer coincided. Nicol (1987) studied the mercury-filled tube 

goniometers and reported that the flexibility of this goniometer, was 

underm. ined by the instability and potential hazard of the mercury. He 

therefore introduced a flexible single-axis electrogoniometer which is very 

similar to that presented by Morimoto and Tsuchiya. It uses a narrow steel foil 

fitted with long strain gauges. The electrogoniometer has a resolution of 0.02 

degrees, and it has a very useful feature in, that the measured angle is 

independent of the shape of the bend -along the length of the foil. Moreover, 

it will measure the angle of joint movement regardless of skin stretch or poor 

alignment with the axis of rotation. Figure 2.5 shows the device measuring the 

motion of a finger joint. This goniometer is now manufactured by the 

company "Penny and Giles", to measure two dimensional joint rotations with 

infinite resolution. Flexible goniometers were found to be useful and reliable, 

and a "Penny and Giles G 180" flexible goniometer was used for assessment of 

the accuracy of uniaxial accelerometers by Willemsen et al (1990). 

Hull et al (1990) used an electromechanical goniometer to measure the 

hip motion in cycling while "standing" in a stationary exercise machine. It has 

a linear resolution of 0.2 mm, rotation resolution of 0.15 degrees, and an 

angular error of 0.19 degrees. For more details the reader is referred to the 

original pap: r. 
2.4.1.2 Accelerometry 

An accelerometer is a device which measures the reaction force resulting 
from a linear acceleration. The transducer is usually qither of the strain gauge, 

or piezoresistive type. Inside the accelerometer there is a known mass which 
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is usually accelerated against a force transducer. The transducer will generate 
a voltage signal which is proportional to the force resulting from the 

acceleration. To measure the three components of the acceleration, a triaxial 

accelerometer should be used. It consists of three individual accelerometers 
mounted at right angles to each other. Figure 2.6 shows the electrical bridge 

circuit used in accelerometers, and figure 2.7 shows an accelerometer. The 

advantage of this method of measurement is that the output is available to be 

recorded or displayed. There are some disadvantages in this method: I- the 

acceleration measured is at the fixation point in the limb. 2- the device is 

sensitive to shocks and can easily break down. 3- if a large number of 

accelerometers is used they could interfere with the gait and would be 

expensive. 4- after measurpment. of the acceleration, the angular displacement 

is found by integrating the angular acceleration, this could generate drift and 
distort the result. 

Morris (1973) and Smidt et al (1977) used accelerometers in gait 

analysis. Willemsen et al (1990) showed that by using pairs of accelerometers, 

relative angles (ankle, knee and hip angles) can be calculated without 
integration. Thus, the error of integration drift which is normally associated 

with accelerometry, can be avoided. 

2.4.2 Imaging Methods 

The imaging measurement technique is one of the most successful 

methods of recording and studying animal locomotion, and in particular human 

motion. The technique depends on recording the image of body segments, or 

the image of a few landmarks which are identified on the body segment. Then, 

by using mathematical calculation and the imaging laws, the position of the 
body segment in space can be determined. A continuous recording of the body 

segment's position in space, together with the time intervals between the 

successive positions of this segment are the information required to obtain all 
the kinematic variables. By combining the kinematic data with the ground 
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reaction forces data, a comprehensive analysis of the gait can be obtained. 
Imaging measurement techniques, can be classified in two main 

categories: the photographic methods which have been in use since the late 

nineteenth century, and the optoelectronic methods which have been developed 

and used since the 1960s. 

2.4.2.1 Photographic Methods 

One of the most economical and simplest imaging systems is the 

photographic based, which includes chronophotography which records the 

whole movement of the body segment on a single photographic plate, and 

cinematography which records the instantaneous movements of the body on 

separate frames with a time interval between successive frames. 

Chronophotographv 

Although the use of photography as a scientific research tool is credited 

to Marey of Paris (1882), Muybridge of San Francisco, at about the same time, 

was the first to use chronophotography to determine the phases of movement 
(Braune and Fischer, 1895). Muybridge set up a series of cameras close to one 

another and opened the shutters one after the other. The purpose was to record 

the successive movement phases of a horse. Later, after the discovery of the 

sensidve bromine-silver-geladne plate, Muybridge obtained instantaneous 

pictures of the locomotion of human and various animal s with great accuracy. 

Some of the animals were photographed from -two sides. 
Marey (1882) used an exposure of 1(100 s and a plate at the back wall 

of the camera rotating about its axis in 1 s, so that a dozen pictures per second 

was obtained. This was a great improvement in photography, and was the birth 

of the cinematographic technique. 

Braune and Fischer (1895) used four cameras located as seen in figure 

2.8 to photograph their subject, and obtain the three dimensional trajectory of 

each joint. The subject was dressed in a black jersey suit and the various parts 

of his body were illuminated by " Geissler " tubes which emit light 
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intermittently at a frequency of 26.09 flashes per second. 
Eberhart (1947) used the interrupted light technique, the field of view 

of the camera was interrupted by a rotating disc with an 18 degree opening in 

front of the lens. The disc rotated at a rate of 30 revolution per second to give 

an exposure time of 1/600 of a second. Later (in 1954) Eberhart et al 

concluded that the interruPted light technique was only useful for obtaining 

simple stick diagrams. 

Murray et al (1964) used interrupted light photography to record the 

displacements associated with locomotion. A Speed Graphic camera was used 

to photograph subjects who were appropriately marked with reflective targets 

and walked in a hallway in semi-darkness at a distance of 16 feet (4.88 m) 

from the camera. A source of interrupted light flashing at a rate of twenty 

times per second, was used, together with a mirror which was mounted over 

the walking area. By this means overhead projections and . sagittal 

displacements'were recorded. The mirror and camera were tipped upward from 

the horizontal at an angle of 25 and 15 degrees respectively. It was reported 

that the errors resulting from this photographic method were systematically 

determined by photographing grids located parallel to the plane of progression, 

parallel to the horizontal and at a variety of angles from the horizontal. It was 

found that correction of the results was only necessary for the lateral oscillation 

parameters. However, the method of using data from the grids in order to 

estimate the errors, was not discussed. Also, the accuracy and resolution of the 

camera were not given, and the error in the derived data was not stated. 
Cappozzo (1982) used chronophotography. Using four ordinary open 

shutter cameras placed in stereoscopic pairs, he obtained 3D quantitative 
information of the linear displacement of the head and trunk during the process 

of walking in a straight line at different speeds. The targets on the subject 

were light emitting diodes (LEDs) which were driven at a frequency range of 
30 to 60 impulses per second. The laboratory was illuminated with a green 
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light to improve the contrast of the yellow light of the LEDs relative to the 

surrounding. Residual systematic errors of 2.5 mm, on the X and Z 

coordinates, and 8 nun on the Y coordinate were obtained. 
Chronophotography is a simple, inexpensive, and accurate technique for 

studying h-.: man locomotion. Some disadvantages have restricted the 

applications of this technique. Qne of these disadvantages is the overlapping 

of images on one another which may give a misleading picture, especially 

when the point is not moving or when the point is moving very slowly. The 

overlapping markers merge and may make the identification process difficult. 

Another disadvantage of this technique is that the darkened room, 

greenlighting, and flashing strobe light can disturb the subject and may 

influence the gait. 
Cinematography 

As mentioned above, the birth of cinematography was in (1882) when 

Marey used a camera with a rotating plate behind it, and operated at a rate of 

12 frames per second. Elftman (1934) used a cine-carnera running at a rate of 

72 frames per second to study the distribution of pressure under the human 

foot. This was by placing a rubber mat studded with pyramidical projection 

upon the heavy glass plate, then noting the increase in area of each pyramid in 

contact with the glass as the subject walked on the rubber mat. Eberhart 

(1947), Bresler and Frankle (1950) and Eberhart et al (1954) used 

cinematography. Eberhart employed three 35 mm motion-picture cameras 

operating at 48 frames per second, to determine the magnitude of transverse 

rotations of the segments of the lower extremity. The cameras were located as 

shown in figure 2.9 and 3D coordinates were obtained for the wooden targets. 

The target was fixed to a stainless steel pin of 2.5 mm in diameter, and the pin 

was inserted into the bone under local anaesthesia. Although, the parallax 

errors were corrected, the accuracy of obtained data was still doubtful because 

of the painful method of pin fixation which certainly must have been disturbing 
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to the subject. This method can also be costly because the 35 mm film is very 

expensive. 
Paul (1967), Goh (1982), Winter (1984) and Stuberg et a1 (1988) have 

used cine-cameras for gait analysis. Paul used two 16 mm cine cameras 
operated at a rate of 50 frames per second to record the 3D positions of the leg 
in space, together with a force platform to measure the resultant force acting 

- between the floor and the foot. His aim was to obtain the forces transmitted 
between the loaded surfaces of the human hip joint, in order to assist the 
design of implants for fractured -bone or for joint replacement. Parallax errors 

were corrected and good accuracy was obtained in the results, but the use of 

only two cameras limited the photographic procedure to one side only. 
Cinematography is an accurate technique for a comprehensive study of 

human motion. It does-. overcome the problem of image overlapping in 

chronophotography, but it is an expensive technique and data reduction is time 

consuming. 
2.4.2.2 Optuelectric Methods 

As mentioned above, processing of the cine data is time consuming, and 

the quality of the data acquired cannot be known until data reduction is carried 

out. For these reasons, scientists in the late 1960s started to develop new 

techniques for three dimensional analysis of human locomotion that could be 

used where the cine technique has failed. The result of the scientists' efforts 

to fill the gap in the cine technique was the introduction of optoelectric 

techniques. A major advantage of these techniques over the cine techniques 

is the capability of instant replay of the collected data, this serving both as a 

quality control check and as an initial quantitative assessment of the acquired 
data. There are several kinds of optoelectric techniques and the following is 

a brief summary of them and their development stages. 
Television-Coml2uter System 

Since the 1960s, the television-computer system has developed rapidly 
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and several systems based on this technique have been established. This 

technique is probably the most popular of all the optoelectric techniques. All 

the television-computer systems share the same principle. The spatial 

coordinates of the marker are obtained by sampling and registering the marker 
image for each TV field scan. When a marker is detected, a digital counter 

will register the sampling of the horizontal and vertical lines of the marker's 

position. This will be stored in a buffer to be transferred later to the 

computer's memory. The size of the marker can influence the accuracy of its 

calculated centre, this influence can be seen in figure 2.10 which also gives an 
idea of the TV sampling system. If the marker is small., there will be only 

one sample point in the image circle of this marker and the computer win 

consider the centre of this marker to be at that sample point. But if the marker 
is larger, there will be a number of sample points in the image circle and the 

computer will calculate the average of them. If the marker is large enough, the 

desired spatial resolution can be obtained without the need of sampling every 
TV line and thus sampling every 2nd line will be sufficient (Winter et al 1972). 

This will reduce the data rate and volume. The interface allows several 

synchronised TV camera outputs to be processed, so that a 3D analysis of the 

motion can be obtained. 
Furnee (1967) described the first TV/computer system for the study of 

arm movement. Active light markers were attached to certain landmarks on the 

body segment which were under investigation. A TV camera was employed 

to pick up the marker's positions. The TV signal was fed to a video-digital 
data processor which produced digitally the coordinates of the marker as seen 
by the camera. The digital position of the marker could then be stored in a 

computer. The sampling rate was 50 Hz which is the television frame 

frequency. No data were presented and the accuracy of the system was not 

mentioned, but the author made'claims for the feasibility, reliability, and 

convenience in the setting up of the system. Only one camera was employed 
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so that only 2D analysis could be obtained, but it was reported that the system 

could incorporate up to 5 cameras. Furnee (1988) presented the latest version 

of this TV/Computer based system which was developed over a long period of 

time, and it is now commercially known under the name 'PRIMAS. It is a 

multi-camera system for 3D motion analysis, operating at standard rates of 50 

and 100 Hz and can also be operated at a rate of 200 Hz. It uses up to 100 

passive retro-reflective markers and can obtain a precision of 1: 18000 in the 

horizontal lines and 1: 14000 in the vertical lines. Figure 2.11 shows a 

schematic diagram of the PRIMAS. The PRIMAS system including the TV 

cameras, is manufactured by High Technology Holland BV (HTH) in 

Eindhoven in the Netherlands. 

Winter et al (1972) introduced another TV/Computer system, in which 

a TV camera was placed at about 3m from the subject, and operated at a rate 

of 60 Hz to pick up the position of the body markers which were low inertia 

hemispherical reflectors. The camera was able to monitor the subject for up 

to 5 strides and the data were stored in a computer. The absolute coordinates 

of each marker were calculated using reference markers which were of a 

different size from the body markers and located at a known distance from 

each other in the subject's background. It has been stated that the X and Y 

coordinates of the centre of a marker can be calculated to a spatial resolution 

of 1 mm. This system requires a large computer memory as it stores the whole 

television image and later a computer program is used to cluster the marker 

points and calculate the coordinates of their centres. Because of the use of 

only one camera, this system is only able to acquire 2D data. 

Jarrett (1976), working at Strathclyde University, developed a new 
TV/Computer system. Passive markers were used and the coordinates of the 

circumference of the marker's image circle were recorded unlike Winter et al 
(1972) who sampled continuously. Although, only two cameraswere installed, 

the system could employ up to six cameras. A digital counter system was used 
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and the target's coordinates were stored temporarily in buffer memory to be 

transferred later to a PDP12 minicomputer. It was stated that this system had 

a resolution of 0.1% for the horizontal coordinate and 0.3% for the vertical 

coordinate. The cameras were located as seen in figure 2.12 and the sampling 

rate was 50 Hz. To ilun-dnate the passive retro reflective markers, a tungsten 
halogen light source was placed close to the camera, however, this proved to 
be disturbing for the subject. Moreover, installing, two cameras only limited 

study, by this system, to only one side of the subject. 
Andrews et al (1981) were concerned with improving the accuracy of 

the Strathclyde TV/Computer system and with making it easier to use and less 

disturbing to the subject. To avoid the use of visible light, infra-red light was 

employed together with rotary shutters. The shutter was placed between the 

carneravs lens and the vidicon faceplate, and its aperture synchronised with the 

TV field scan. The shutter opening of each camera can be offset from the 

others, so that. the camera will not be blinded by the light of the opposite one. 

With the above development, in addition to employing a third camera and a 

new PDPI I minicomputer, the Strathclyde system was able to perfon'n 3D 

analysis of the whole body. This system has been in successful use since 1981, 

and was used for the analysis of the work which is presented in this thesis. 

More details of this system will be discussed in chapter four. 

Oxford Metrics Limited (1980), produced the Strathclyde system 

commercially under the name 'VICON'. It is a three dimensional 

TV/Computer system for motion analysis with an accuracy of 0.1 percent of 

the field of view. This means that an accuracy of 2 mm. can be obtained in a 

space of measurement of 2 metres. Lightweight reflective markers are used, 

and up to seven cameras can be used at a time. The cameras are operated at 

a frequency of 50 Hz and can be run at 200 Hz according to the camera type. 

During data collection the data are stored in an 'Etherbox' and are transferred 

to a computer at the end of the test. The Etherbox is an intelligent stand-alone 
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system for real time video coordinate generation and storage and can take up 

to seven cameras plus digitised signals from up to 64 analog channels. 
Whittle (1982) conducted an evaluation of the stability and the accuracy 

of the VICON system. The frame to frame accuracy was tested and found to 

have a standard deviation of 2 mm, but the interface introduced an additional 

error of 3 mm. The standard deviation of relative measurements was found to 

be 2.6 mm (static measurement), and the standard deviation under operational 

conditions was between 4 and 5 mm (absolute accuracy for a moving object) 

at a camera-to-subject distance of 4 m. For long term stability, it was found 

that a warm up period of between one to two hours was necessary before using 

the system for data acquisition. It should be noted that attempting to use 

VICON for data acquisition before a minimum of one hour of warming up will 

give very misleading data. 

Oxford Metric Ltd proposed a standard test protocol, for the assessment 

of a 3D kinematic system accuracy. Measurement volume, marker size, sensor 

position and the parameters derived from the measured 3D positions of the 

marker, were taken into consideration when the protocol was proposed. Using 

this test protocol Morris (1991) at Oxford Metrics Ltd conducted a test on the 

stability of the VICON system and found that over 50 samples of 20 markers, 

the standard deviation was 0.262 mm for the X, 0.345 mm. for the Y, and 0.303 

nun for the Z direction. The static accuracy was estimated by measuring the 

coordinates of 20 markers which were located at known positions. For over 

100 samples, a mean of 1.67 mm error was reported. For the small 

displacement test (dynamic test), Morris measured the length of three pendulae 

as these oscillated with an excursion of the lower end of each pendulum equal 

to about 40 cm. The standard deviation was found to be 0.579 mm for the first 

length, 0.496 mrn for the second length and 0.543 mm for the third length. 

However, tb, -, error of the measurement was not reported for this displacement 

test and the length of each pendulum was not clearly stated. A large 
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displacement test was also conducted by placing two markers at each end of 

a rod of 978 mm. length, the rod was moved in four different directions and its 

length was measured. The results had a mean and standard deviation of 979.38 

± 0.56 mm, 978.40 ± 0.65 mm, 979.07 ± 0.74 mm and 978.79 ± 0.57 mm for 

each of the four directions. 

The VICON system has wide acceptance in the world of motion analysis, and 

this system was installed in Strathclyde University and has been in use since 

April 1990. 

Ferrigno and Pedotti (1985) presented another TV/Computer system 

which is commercially* available under the name " ELITE ". It was developed 

at the bioengineering centre in Wan in 1983. It is based on real-time 

processing of the TV images to obtain the 3D"coordinates of passive markers. 
The system is operated at a sampling rate of 50 Hz independent of the number 

of markers, and provides a-resolution of one part in 2500. 

SELSPOT Svstem 

SELSPOT is a non-contact optoelectric measurement system. The 

original concept was bom in the early 1970s in the field of medical technology, 

and it was made commercially available by Selcom AB in Sweden (1975). 

Selcom (1988) provided the latest description of their product under the name 

SELSPOT II. The system can use up to 120 markers which are active LEDs 

each of which emits light in a predetermined sequence. This is governed by 

a control unit which is attached to the test subject and can control up to 8 

LEDs. This can be disturbing for the subject if human locomotion is 

monitored. The system can use up to 16 cameras at different rates of sampling 

frequency depending on the'number of markers. Despite that, the system is 

able to sample at a rate of 200 Hz if 50 markers are in use. The camera is a 

photodetector unit which registers only the light pulses from the LEDs. The 

photodeýect^r is a flat semi-conductor disc, each side of which is coated with 

a light sensitive silicon. When light from the LEDs strikes a point on the disc, 
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the electronics of the camera will register X and Y coordinates which will 

enable the system to determine the point from which the light pulse was 

emitted (fig. 2.13). The data are stored in a computer for data reduction and 
3D production. It has been reported that the system has a resolution of 0.025% 

and an accuracy of 0.5% of the measurement range. 
Paul and Nicol (1981) examined the useability of the SELSPOT system 

in biomechanical data acquisition. They concluded that it is by no means a 

simple task to obtain accurate and reliable data. Any reflected stray light will 
be recorded along with the actual image on the detector, and, the output will be 

their average. Another area of error in the SELSPOT system is electronic 

noise, especially if long range measurements are required. Selcom (1988) 

stated that all these error sources no longer exist in the latest version of 

SELSPOT. Stokes (1984) tested the relative accuracy of SELSPOT and found 

that the static error 6 &xl j &yl j &zl ) is 0.9,0.6 and 0.5 cm in the x, y 

and z directions respectively. The dynamic standard deviations were 0.06,0.04 

and 0.04 cm. for the x, y and z directions respectively, but the errors were not 

reported. 
Leo and Macellari (1981) developed an on-line microcomputer system 

for gait analysis based on the SELSPOT optoelectric -system. 
It is a 31) 

measuring system to study whole body movement. The targets are active 

infrared LEDs which fired sequentially from top to bottom through a 

telecontrol system. Thus, no wiring was needed and the subject walked freely. 

The system can use up to 8 markers on each side of the subject at a sampling 

rate of 359 Hz. The sensing device consists of two identical transducers , each 

of which is an optoelectric camera detecting one coordinate of the position of 

a landmark. Figure 2.14 shows the data acquisition system with the relative 

subsystem. It should be noted that the system in its present state has only one 

sensing device, therefore the overall accuracy can not be determined but it was 

stated by Leo and Macellari that each device has a resolution of 1.6 mm. 
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Chapter 2 

The CODA-3 System 

Literature Review 

CODA-3 is an advanced remote movement monitoring system. It can 

track the three dimensional positions of 12 passive markers which have the 

shape of a pyramid, in real time and at a sampling frequency of 300 Hz. The 

system is portable and could use any computer for data reduction and storage. 
Its development started in the 1970s at Loughborough University and was 

continued from 1980 by Movement Techniques Limited.. Mitchelson (1988) 

presented the system in its latest specification. The detecting unit has three 

optical scanners mounted as seen in figure 2.15, and each of them has a muld- 
faceted mirror illuminated by a powerful arc lamp. When light is reflected 
from a marker, it will be received by the scanner which determines the angular 

position of the marker in the scanner's field of view. The two scanners, which 

are mounted at each end of the unit, determine the horizontal coordinates X 

and Z. The third scanner, which is in the midpoint of the unit, determines the 

vertical coordinate Y. Nfitchelson stated that the standard deviation of a 

stationary marker was 0.2 mm in the X and Y axes, and 1.4 mm in the Z axis 

when the distance between the marker and the scanning unit was 4 metres, and 

the sampling frequency was 300 Hz. O'Brien and Jenkinson (1991) have used 

the CODA-3 system to analyze the gait pattern of twenty normal children. No 

data were presented, but they stated that the CODA-3 system is simple, 

accurate, and provides the measurement with the minimum of interference to 

the child being tested. It would be useful to have the accuracy of the system 

stated, if it was obtained. 
The WATSMART Svstem 

Tfie Canadian company, Northern Digital Inc. (1983) developed a three 

dimensional motion analysis system known as WATSMART. It uses up to 4 

cameras and can track up to 64 markers and calculates their 3D coordinates in 

real time with an accuracy of I to 3 mm at a distance between the camera and 

the marker of from 1.1 to 8 meters. The markers are active infra-red light 
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emitting diodes which are individually activated in sequence at a very high 

frequency. The sampling rate is 4700 markers per second independent of the 

number of cameras (i. e. 4700 marker per second per camera). It should be 

mentioned, that the wm**ng of the markers can disturb the subject and could 

alter the gait. Northern Digital Inc. (1989) presented the latest version of 
WATSMART under the name OPTOTRAK. It can use up to 24 cameras and 

may track up to 256 markers. It is not affected by infrared reflections and its 

3D accuracy is 0.1 mm and 0.61 mm, for distances between the camera and the 

marker of 0.914 and 4.877 m respectively. 
Video Based System 

A three dimensional measuring system, based on a video camera and 

video processors, has been developed and has been in use for quite a long time. 

The Motion Analysis Corporation-of California developed two systems based 

on video analysis. The systems are Flextrak 3-D and ExpertVision 3-D.; They 

are very similar in their performances and specifications. For this reason only 

one of them (ExpertVision) will be discussed. Motion Analysis corporation 
(1990) reported that ExpertVision was a 3D system providing up to six 

cameras real-time input at a rate of 200 HZ via videotape, based on a VP320 

video processor. It can track up to 30 markers which are active LEDs. The 

camera is a shuttered video camera with a variable speed of 60 to 200 HZ. It 

is reported that the system is highly accurate, but no figures have been given. 

The optoelectric method has the advantage of providing instant replay 

which serves as a quality control check of the data. It can also automatically 

manipulate raw data. However, it has some disadvantages over the 

photographic type such as the resolution and high cost of installation, and some 

of the optoeletric systems can be disturbing (if light was used) to the subject 

if human motion is being monitored. 

30 



30A 

j 

Figure*2.16 -Sequence showing pressure disiribution under the foot 
during walking. Units: the pressure unit is kPa. (Pa-_N/mý), and 
length of line shown corresponds to 200 kPa , and the time unit 
is ms. ( from Cavanagh et al 1983 



Chapter 2 Literature Review 

2.5 Methods for Measuring Kinetic Parameters 

In the science of human movement analysis, kinetics is the study of the 

forces which cause movement. The muscles generate external forces which act 

on certain areas of the foot, these are the ground reaction forces. These forces 

overcome gravity and frictioh forces and cause body movement at a certain 

velocity and acceleration. The ground reaction force can always be presented 

by a three dimensional vector acting at the centre of pressure. There are 

several methods for the measurement of the ground to foot forces; most 

experimenters use a force platform to record information enabling the 

calculation of the reaction forces and moments about the reference axes and the 

required coordinates of the centre of pressure. Some experimenters use 

pressure devices which measure the pressure'distribution on the foot. 

2.5.1 Pressure Distribution Measurement 

Several researchers have measured and studied the pressure distribution 

under the foot and it is still the, subject of. interest for many researchers. 

Elftman (1934), Nicol and Hennig (1976), Chodera and Lord (1978), and 

Hennig et al (1983) used various methods for such a study. The work of 

Hennig et al has been chosen as an example to be discussed since it is the most 

recent and was interesting. They described a piezoelectric device for studying 

the distribution of the vertical contact stresses between the foot and the shoe 

insole. The device is a" pressure-sensitive shoe insole " and has 499 lead 

Zirconate titanate transducers embedded in a layer of silicon rubber. Each 

transducer is a part of a simple electronic circuit which can be used as a charge 

amplifier. The amplifier is installed in a small box of 2.9 kg weight which can 

be carried on the subject's back. The output voltage of each transducer is 

directly proportional to the charge generated by the transducer. As the 

transducer is made of an oriented piece of material, it can be mounted in such 

a way that the generated charge is proportional to the vertical force and 

independent of the horizontal shear. The data can be stored in a PC computer, 
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and therefore the system can be used in the laboratory and in the clinic. It was 
stated that the individual transducers used in this device are capable of 
following I Hz to I kHz compressive stress pulses, reaching peak stresses as 
high as 1%) kPa with an accuracy of a few percent (no figure was given). 
Cavanagh et al (1983) used the above "pressure sensitive shoe insole", and 
figure 2.16 shows the development of the pressure distribution on the foot for 

a complete stance phase. It is recommended that since the system has a high 

frequency response, and is therefore accurate, it should not be limited to the 

study of human locomotion only. 
2.5.2 The Force Plates 

The concept of the force plate was introduced by Elftman (1938), when 
he designed a 2D force plate consisting of a base and two plates mounted on 

this base (fig, 2.17). Elftman (1939b) developed a mathematical method to 

determine the point of -the force application on the force plate. No report is 

available concerning the accuracy of this force plate. It should be mentioned 

that in this force plate, the measurement of the moment exerted between the 

foot and the ground about the vertical axis was not considered at all. 

The first comprehensive force plate was designed by Cunningham and 

Brown of California (1952). Two rectangular platforms are mounted on each 

other, the top one being an aluminium plate mounted on the lower plate by 

means of a tubular column at each comer. Each column has a combination of 

strain gauges which are connected in Wheatstone bridge circuits to produce 

three components of the resultant force and three components of the resultant 

moment about perpendicular axes through the centre of the top platform. This 

force plate became the basis of many force plate systems which are in use now 

all over the world. 
Kistler (1975) marketed a force plate using piezoelectric transducers. 

The piezoelectric effect was discovered by the Curie brothers in 1880 and 

showed that if a mechanical stress is applied to the surface of certain types of 
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crystals, an electrical charge will be produced on that surface. Quartz, which 
is a very good piezoelectric material has been used in the Kistler force plate. 
Two rectangular plates are mounted one above the other, the top plate can be 

made of aluminiurn or glass to match the purpose of the study. The top plate 

is supported on the lower plate by four multicomponent piezoelectric 
transducers which are fitted at the comers of the lower plate. Each can 

measure the forces in three directions as defined in figure 2.18. Each force 

plate has eight outputs for the external connections of the platform; these 

outputs are connected to 8 charge amplifiers for conversion of the electrical 

charges produced in the piezoelectric force transducers into proportional 

voltages, and then through two summing amplifiers which enable the 

components of the resulting force vector and the resulting moment vector 

referred to the force plate coordinate system to be calculated. Thus, signals are 

taken through a dividing amplifier which calculates the coordinates of the force. 

application point and the free moment about the vertical axis. If the dividing 

amplifier is not installed (as in the case of Strathclyde University) the output 

variables will be the three components of the resultant force and the three 

components of the resultant moment about the centre of the force plate. These 

output variables can be used to calculate the two coordinates of the centre of 

pressure and the friction moment between the foot and the ground about a 

vertical axis passing through the centre of pressure. Figure 2.19 shows the 

electronic diagram for the external facilities of the force plate, and figure 2.20 

shows the physical dimension of the force plate, the hatched area indicating the 

effective measuring surface. Kistler reported a sampling frequency of data 

acquisition of up to 20000 measuring values per second with an error less than 

0.05 percent. Also a cross talk of less than ± 2% between the two horizontal 

forces (FX and FY), less than ± 3% to the vertical force (FZ) from FX and FY, 

and less than ± 1% to FX and FY from FZ were reported. Free of hysteresis, 

and a natural frequency of more than 200 Hz which gives the device an 
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excellent frequency response were also reported. 
Bobbert and Schamhardt (1990) examined the accuracy in the 

determination of the point of force application with a Kistler force plate. 117 

points were checked in the range from 0 to 2000 N of force. The effors, in 
determining the x and y, coordinates of the point of application ranged from - 
20 mm to +20 mm in the x and in the y directions (x is the short axis and y 
is the long axis of the FP). The average absolute' error over 117 points was 
3.5 mm. for the x and 6.3 mrn for the y component of the centre of pressure. 
A correction algorithm was presented in their paper based on the measured 
errors, and it has been reported that the absolute errors can be reduced to 1.3 

mm for x and 1.6 mm for y if the correction algorithm is used. 
The Kistler force plate is an accurate device for measuring the 3D forces 

on the foot but it -is expensive, relatively small and can be used only in the 
laboratory. It is difficult to disguise from the subject and -misleading - 
measurements may be obtained as the subject certainly attempts to strike the 

plate. 
2.6 Analysis of Normal Gait 

Scientists have studied normal gait for some time, and its basic pattern 
is fully understood. However, as it is impossible to find two persons with 

exactly the same pattern of walk, investigations in this field cannot be 

considered complete. The actual research in gait analysis was begun at the end 

of the nineteenth century by Braune and Fischer (1895), and it has been of 
interest to many scientists over the twentieth century. Now it is possible to 

find a new report on gait analysis every other day. For this reason, only a few 

samples of each aspect of gait will beý reviewed here representing the various 

1 71e absolute error was calculated as: 

Tx-x Y-Y 

in x and y coordinates respectively. 
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pattems'that tiave been studied. This will basically cover the temporal-distance 

parameters, kinetic, and kinematic of normal gait. 
2.6.1 The Temporal-Distance Parameters 

Temporal-distance parameters determine the time and the distance for 

certain events that happen between the foot and the floor during walking. 
Human motion has been defined as a number of events which occur in a 

repetitive pattern. The period between two successive heel contacts of the 

same foot with the ground is called the gait cycle and the distance achieved 
during one gait cycle is call the stride length. Each gait cycle has two phases; 

stance phase when the foot is in contact with the ground, accounting for about 
60% ofthe cycle for the normal person at normal speed of walking,, and swing 

phase when the foot is swinging in the air prior to being placed on the ground, 

accounting for about 40% of the cycle for the normal person at normal speed 

of waWng. The period when-the two feet are on the ground is defined as the 

double support period and this period increases as the speed of walking 
decreases. Figure 2.21 presents the temporal-distance parameters as defined by a 
Inman et al, (1981). 

Grieve 0 968), Lamoreux (197 1), Andriacchi et al (1977), Inman et al 
(1981) and Shiavi et al (1988) have studied the temporal distance parameters 

and their relationship with speed of walldng. 
Grieve (1968) found that the relationship between stride frequency and 

speed of wallcing for adults is: 

f=aVb 

where f is the number of strides per minute, V is the speed expressed in the 

number of statures per second and a and b are constants varying individually 

from person to person. 
Chao et al (1983) studied the temporal-distance parameters for 110 normal 

adults during level waUdng. It was stated that the step width and length were 

measured with an instrument of ±I cm resolution. The subjects were put into 
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Table 2.2 Temporal-distance parameters for 110 normal subjects 
during level walk ing. Group I (ages 32-85) and group 11 
(ages 19-32). ( from Chao et al 1 983 

Men tri = 53) Women (n 57; 
Parameter I (. n 32) 11 (it =2 1) Total I (n 337) 11 (n _ý : IiI Total 

Cadence (stride min. ̀) 52 ±5 50+S 51 ±6 56 5 fl ±3 
Stride Length/LEL* 1.56 ± 0.15 1.48 t 0.17 1.53 ± 0.16 1.40 0.14 1.39 ± 0.1 1 40 - 0.1 
SpeedIrn min-)* 76.1 ± 12.5 71.9 ± 19.3 74.4. -t 15.1 69A + 11.0 63.9 ± 11,1 (, -J 

_4 
1 1. -, , 

Step length, right (cm)* 73 8 69+9 71 ±8 61 ±S 7 60 ±7 61 -; - 
Step length ratio (smallilargc) 1.0 ±0+ t 1.0+0 + 
Step length/LEL, rii ght 0.73 0.07 0.73 ± 0.03 0.76 ± 0.08 0.70 ± 0.07 &M (1.70--? - 0.69 
Right stance G. C. ) 59 2 61) 2 59 ±2 60: t 2 59 54 -2 

Left stance ('%I, G. C. ) 60-± 3t t 59+. " 
Single stance. right (1,1. G. C. ) 41+2 . 10+2 41 +2 

- 
40 ±2 41 2 

Double stance, right (% G. C. ) S. 3 ± 1.9 
. 

10.2 -ý- 2.6 9.4 + 2.3 10.0 ± S. 8.9 10 %). 6 .36 
Double stancc ratio (sinall/large) t _ O. 's + 0.1 t t - 

0.9 + 01 ,, 

I. I.. G. C. -'Perccnfot* Gait Cycle 
*Significantly corrected with 10 or more parameteri tr < (101). 
tThc stride ýharactcristics were ussumcd symmetric in hi., gri. )up. 

Table 2.3 Temporal-distance parameters for normal, adults. CV is the 
coefficient of variation defined as the ratio of SD to the 
mean value. ( from Kadaba et al 1989- 

%lean = SD 
Mean = SD 

intrasubject CV% 
Mean z SD 

intrasubject CVc, -c Parameter gait parameters within day between days 
Cadence k(cps, 'min) 111.6 = 8.3 1.9 = 0.8 3 4= Velocity WS) 1. M6 = 0.170 2.9 = 3.3 . 

1 6 1=7 S, A, ing to stance ratio 0.64 = 0,05 3.8 = 1.4 . . 6 1=2 7 Stride length (m) 1.361 = 0.12 1.7 = 0.6 , . 3.0 = 1.3 
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two groups, according to their age, group I had the older subjects (age 32 - 85) 

and group H the younger subjects (age 19 - 32). Each group had males and 
females and thus the study also took into account the sex. In order to make the 
data comparable, the stride length and the step length were normalised to the 
lower extremity length (LEL). Table 2.2 shows a table with the values of the 
temporal distance parameters for the above two groups with sex classification. 
It was found that the cadence (stride/n-dn) is the only temporal-distance 

parameter that has significant difference between the two groups and was 

present only-among the females. However, stride length/LEL, step length and 

cadence were found to be different between males and females. Regarding the 

relationship of the distance parameters with age, the above results are different 

from those of Murray et al (1964). Murray et al studied 60 adults (aged 20 to 

65 years) in five groups of age, each group having three different groups of 

height. It was found that step and stride lengths have significant differences 

between the oldest and the youngest groups, and the tall subject took longer 

steps and strides than the short subject. This indicates that the age groups of 

Chao et al should be broken down to groups with smaller ranges. 
Kadaba et al (1989) studied the temporal-distance parameters of 40 

adults. The repeatability of the data was checked for each subject by testing 

within a day and on three different days. Table 2.3 shows the mean of the 

temporal distance parameters and the coefficient of variation (CV) for tests 

within a day and between days. It was found that the repeatability of the 

temporal parameters acquired during tests within a day is higher than that 

obtained in various days. 

2.6.2 Kinematics and Kinetics of Normal Gait 

Most researchers study the kinematic and the kinetic parameters 

simultaneously. This is for several reasons such as: firstly, a comprehensive 

analysis of the gait should consider the kinetic and the kinematic data, because 

any change in the Idnetic data wiH be reflected in the Idnematic data and vice 
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versa. Secondly, the intersegmental moments are obtained from the kinematic 

data and the forces acting on the body segments. Finally, it is more convenient 
to study the kinematic and the kinetic parameters together, because this will 

save considerable time during data acquisition. For the above reasons, the 

author decided to present the review of the kinematics and the kinetics together 

under the same subtitle. This will enable the reader to relate them to each 

other even if they belong to more than one researcher. 
Elftman (1939b) measured the variations in the force exerted by the 

ground on the body during the stance phase. The vertical force was found to 

have the two typical peaks and was divided into two parts. The first part being 

the gravity reaction which is equal to the body weight. The second part being 

the effective force resulting from the effect of the vertical acceleration on the 

centre of gravity of the body. 

Bresler and Frankel (1950) studied the three dimensional components of 

the forces and the moments at the lower extremity joints for four normal 

subjects. The knee sagittal moment was found to have the typical " double- 

locking f? action (the knee locked under flexing moment) which allows the 

subject to move forward with minimum vertical travel of the centre of gravity, 

resulting in minimum energy expenditure of body. The hip and ankle moments 

were also presented and discussed. 

Eberhart et al (1954) at the University of California presented a 

complete set of kinetic and kinematic data for 8 normal subjects. The 

interrupted light technique was used with two 35 mm. cameras to obtain the 

location of the targets. It is stated that the location of the targets was obtained 

with a maximum error of 0.5 inch (1.23 cm), and angles were measured to an 

accuracy of 1 deg. Figure 2.22 shows the rotation of the leg joints at the 

anterior-posterior plane. During the stance phase, the knee has shown the " 

double-locking " action (they are during the knee flexion periods after heel 

strike and prior to swing phase) which gives the gait its smooth movement. 
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Figure 2.23 shows the resulting knee moment in the sagittal plane, and the hip 

moment in the medio-lateral plane, the hip medio-lateral moment is achieving 
body stability during the shifting of the body mass from one leg to the other. 
In this study, pins were inserted into the subject's bone to provide rigid fixation 

for the targets; this, however could be painful and may alter the gait and give 

a misleading result. 
Murray et al (1964) carried out extensive k*matic measurements on 

60 normal adults. The sagittal rotation of the pelvis,, hip, knee, and ankle were 

measured, jogether with the trunk vertical, lateral, and forward displacements 

during level walking. The transverse rotation of the pelvis and thorax during 

free cadence was also measured. All the results were classified in age and in 

height groups. Figure 2.24 shows the sagittal rotations of the pelvis and the 

lower- leg and the transverse rotation for the pelvis and - the thorax. No 

significant differences were found between either the age groups or the height 

groups. The sagittal rotation patterns were found to be in agreement with work 

of previous researchers. The pelvis and thorax rotations were found to be out 

of phase; this is reducing the trunk rotation and producing smoothness in the 

gait. 
Paul (1967) used cine cameras to record displacements of the lower 

limb, and by means of a force plate, measured the reaction force which is 

ac ting on the foot. From these data the joint moments, were calculated for the 

hip, knee, and ankle. Fourteen normal subjects were tested, three of them 

females. Paul (1971 and 1986) showed the joint moments results and 

compared them with data taken from Bresler and Frankel. The results were 

comparable in pattern but some of Bresler's data had a higher magnitude, this 

being related to the different speed and body weight of the subjects. Paul 

(1986) presented the average moments transmitted between the segments of the 

lower limb in three dimentiorns. as seen in figu re 2.25. 

Lamoreux (1971) recorded three dimensional kinematic data of the 
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pelvis and lower joints of the right leg of a single subject at six different 

speeds of walking. It was found that the magnitude of the kinematic variables 

was increased when the walking speed increased. It was estimated that the 

measurement of the knee relative rotation is obtained with precision of 0.5 
degrees, and peak flexion of about 13 and 65 degrees were obtained for the 
knee during stance and swing phase respectively. 

Andriacchi et al (1977) studied the variations of the ground reaction 
force components which are acting on the foot with changes in waUdng speed. 
A piezoelectric force plate was used to measure the forces at a Tate of 200 Hz. 

Seventeen normal adults were tested and the waveforms of the ground reaction 
forces were characterised into 9 amplitudes (xlx2, x3, yl, y2, y3, zl, z2, z3). 

Figure 2.26 shows a typical pattern of the results obtained together with the 9 

amplitudes. Linear relationships were found between the 9 amplitudes and the 

speed of walldng. The accuracy of the measuring device was not discussed. 

Chao et al (1983) studied the kinematics of the knee and the ground 

reaction force variations with age and sex of normal adults. 110 subjects aged 
between 19 and 85 years were classified into 3 groups of age and tested 

according to their sex and age. The data were characterised to 41 parameters 

which were then subjected to linear correlation matrix analysis. Only ten of 

these parameters, (none of them related to the knee joint motion), were found 

to have a significant correlation with ten or more of the remaining parameters. 
No significant difference was found between the two sexes or between the age 

groups. Figure 2.27 shows results of the ground reaction forces and knee 

rotation patterns. Fourier analysis was used to remove any data distortion 

during the averaging process. Although the data presented in this work seem 

to be comparable with those of other researchers, the goniometer, which was 

used for joint angle measurement, is not the best method for motion 

measurements because of the alignment errors, and the accuracy of the devices 

was not given. The age effect on the data should be studied in smaller groups, 
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and whole body analysis should be considered. 

Many researchers have used Fourier analysis techniques in gait analysis. 
Fourier analysis is a mathematical procedure which describes periodic signals 
in terms of harmonic coefficients. It is an efficient method to use for data 

storage and for averaging the gait parameters over several cycles. The essential 

number of harmonics depends on the sampling rate of the raw data and on the 

accuracy required in the reconstructed signal. Schneider and Chao (1983) 

used 26 normal subjects and 10 with knee diseases to justify the ideal 

definition for ground reaction force periodicity and to deterrnine the essential 

number of Fourier coefficients required to study* the significance of normal and 

abnormal ground reaction force patterns. By using a simple method depen ing 

on the achievement of a certain accuracy in the reconstructed signal of the 

force reaction patterns, Schneider and Chao found that the stance phase is the 

best period to use the application of Fourier analysis. However, only the first 

two to four harmonics and the constant term were found to be essential 

coefficients in describing each pattern of the ground reaction components. This 

was found for data collected at a rate of 100 Hz; thus the application of the 

above findino, is limited to data collected at a frequency of 100 Hz only. 

Cappozzo (1984) studied the symmetry and maintenance of balance in 

human movement. The data were presented with respect to the anatomical 

coordinates as "Lissajous's figures" and not in the form of time displacement. 

He suggested that this form of presentation can identify symmetry with 

simplicity, and the effectiveness of maintaining the balance of the body during 

walking. This method can be effective, but all gait parameters which were 

presented by Cappozzo using the above method can be clearly identified using 

the three dimensional time-displacement form of data presentation. 

Winter (1980,1983 and 1984) investigated the variation of the Idnetic 

and the kinematic patterns in normal human gait at various cadences. He 

introduced a coefficient of variation (CV) which reflected the average standard 
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Chapter 2 Literature Review 

deviation over the stride period as a percentage of the mean curve and was 
calculated as: 

1N2 

cv 
', V 

N 

E imil N j=1 

Where: N is- the number of intervals over the stride, K. is the amplitude of the 

normalised -moment of force (Nm/kg) at the ith interval and a, is the standard 
deviation of K at the ith interval. 

Winter also introduced the support, moment at the joint which is the 

algebraic sum of the three joint moments (hip, knee, and ankle) and represents 
the total extensor/flexor pattern of the lower limb. Figures 2.28 and 29 show 
the vertical and horizontal forces at the foot, and also show the joint angles and 

moments in the sagittal plane resulting from nine repeated trials of the same 

normal sub,, tct at level walking. It was found that the shapes of the moment 

patterns were the same for all the speeds, but the magnitudes were higher for 

faster speeds. The hip and knee moments show less variability as the speed 
increases and the ankle moment shows low and constant variability with 

cadence changes. The support moment has low variations at all cadences. 
Although Winter was making use of the coefficient of variation and the support 

moment, the coefficient of variation does not offer information additional to the 

standard deviation. In fact, it may limit the usefulness of the standard 
deviation which varied along the gait cycle and cannot be presented by one 

value. The concept of the support moment is rather strange and not beneficial. 
It is true that the leg's joints compensate for each other, in fact it is always 
possible for the right and left legs to compensate for each other. However, in 
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Chapter 2 Literature Review 

the design of a mechanical structure each joint is considered separately from 

the others and forces and moments of its connecting bars only, affect its design. 

Only one camera was used, thus measurements were 2D only. The camera was 

calibrated by having reference markers in the background and the parallax error 

was corrected. The accuracy in obtaining the body markers' coordinates was 

not given bUEit was reported that the noise in these coordinates was mainly due 

to the digitising process, and was calculated to have an error of 2 mm. 
Andriacchi and Strickland (1985) studied the moment variations at the 

joints of 29 normal subjects over a range of walking speeds. The hip 

flexion/extension moment was found to have the same pattern for males and 

females and there was no change in the pattern with changes in walking speed. 

The knee and ankle sagittal moments however were found to have more than 

one pattern over the range of speeds. No explanation was offered for these. 

The maximum amplitudes of the flexion/extension moments at the hip, knee, 

and ankle joints were influenced by the speed of walking. The magnitude of 

these moments varies between males and females, but this variation 

disappeared after normalising the data to a percentage of the body weight times 

height. 

Marmar and Solomonidis (1989) at Strathclyde University, used three 

TV cameras and two Kistler force plates, running simultaneously and 

synchronously at a rate of 50 Hz, to acquire kinetic and kinematic data of both 

sides of the body for normal and pathological gait. In order to optimise the 

alignment of above-knee prostheses, extensive experiments were carried out to 

find the effect of alignment changes on the amputee's gait. To compare the 

amputees data with normal walkers, ten normal subjects were tested and the 

forces and moments acting at all the joints acquired. The data of the normal 

walkers were found to be comparable with previous work, Paul (1986) and 

Winter (1984). The results will be presented later in the results chapter of this 

thesis with more details and discussion. 
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Kadaba et al. (1989) investigated the repeatability of the kinetic and 
kinematic data of 40 normal subjects at their normal speed. A repeatability 

measure was introduced to evaluate the repeatability of the kinetic and the 
kinematic 

- 
data. The measure was called the coefficient of multiple correlation 

(CMC) and reflected the repeatability of the data. Figure 2.30 shows the mean 
and standard deviation of joint angle motion in the sagittal plane for a 

representative subject over three different days of testing. The repeatability of 

the kinematic data was high in the sagittal plane for the tests done both within 

a day and on three different days. However, the repeatability of the joint 

kinematics in the frontal and transverse planes was high only for the tests done 

within a day and poor for the tests done on three different days. This was 

attributed to errors resulting from the reapplication of the markers. The pattern 

of the ground reaction forces was repeatable for all type of tests, especially for 

the vertical force and for the anterior-posterior force. Figure 2.31 shows the 

joint moment patterns in the sagittal plane for one subject tested on three 

different days. The repeatability of the moments in the sagittal plane was 

higher than that in the frontal and transverse planes. This was explained by the 

fact that a higher level of control is exerted by the neuromuscular system since 

the direction of progression is along the sagittal plane. Although five cameras 

were used in this work, the two sides of the subject were not monitored 

simultaneously. 
Kadaba et al (1990) described a sYstem of measuring the three 

dimensional angular motion of the pelvis, thigh, shank and foot, based on a 
four-segment rigid body model of the lower extremity and recommended the 

use of that system as a uniform method for data acquisition so that results can 
be compared. Normative data based on 40 normal subjects were presented and 

were found to be very similar to the data presented in Kadaba et al (1989). 
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CHAPTER THREE 

Lower Limb Prosthetics 

3.1 Introduction 

As mentioned in the previous chapter, an understanding of normal and 
pathological human gait has been of interest to many scientists since the end 
of World War H, the object being the provision of better aid for those people 
who lost their limbs or part of their limbs during the war. Pathological gait 
and the development of lower limb prostheses are discussed in this chapter, 

with emphasis on the gait analysis of above knee amputees, biomechanical 
4 aspects and. the historical development of prostheses. As the project reported 

in this thesis is primarily concerned with above knee amputee's prosthetics, 

prosthetic aspects of below knee amputees will only be discussed briefly. 

3.2 Anfputation Surgery 

Amputation surgery is usually carried out to serve two ends. Firstly to 

remove the diseased or dead tissue, and secondly to provide a, stump in good 

condition capable of controlling the prosthesis fitted to it. Therefore, the 

amputation surgery should be handled with great responsibility and experience. 
In the ideal case, any decision for an amputation must be taken by a team of 

-specialists consisting of the surgeon, the prosthetist, the physiotherapist, and the 

patient himself. Each member of this team must take his/her part with great 

responsibility and must perform to the best of his/her experience. However, 

as the reason for any amputation is always clinical, the surgeon must approach 

the clinical need and should always have the last word. This suggests that the 

surgeon should also be aware of the requirements of every member in the team. 

Before amputation takes place, the clinic team should decide whether 

amputation is the correct treatment and if the answer is yes, the level of the 

amputation should be selected very carefully, even with the present advanced 

prosthetic systems. There are several factors to be taken into consideration in 

order to provide the best results from an amputation. These factors are 

pathological, anatomical, surgical, prosthetic and personal such as the 
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Chapter 3 Lower Limb Prosthetics 

occupation or sex of the patient. All these factors considered together can 
determine the level of amputation and they always affect each other. For 

example, the through knee amputation is easy to perform but it creates 

cosmetic problems (see the following section). 
Today the performance of amputation surgery has become an easier task, 

particularly with the use of anaesthetics which provide good conditions for the 

surgeon and allow him to concentrate on effective shaping of the stump and on 

controlling the wound. 
3.2.1 Causes and Sites of Amputations 

The most common reason for amputations in the developed countries is 

vascular disease. Because of the high standard of living, people tend to live 

longer until they are less healthy and vascular disease may start to appear at 

their distal segments. In this-case amputation will be needed to remove the 

dead tissue and it should leave the stump in a good condition. Murdoch (1977) 

reported that about 86 percent of Scottish amputees are victims of vascular 

disease. McCollum and Walker (1992) stated'-that over 90% of those patients 

requiring amputation, are a direct or indirect consequence of CLI (Critical Leg 

Ischaemia). They also reported that with the increase in the elderly population 

and the significant increase in the life expectancy (73 years for males, and 78 

years for feniales'in the United Kingdom) over the past'10 years, the number 

of CLI patients is likel y to increase substantially into the 21st century. In this 

kind of amputation, it is usually possible to save the knee joint, especially with 

the recent developments in methods of the tissue viability assessment . 
Injury, or "trauma" is another reason for amputation. This can be found 

in the developed countries as' a result of new technology and industrial 

machinery. It is very common in third world countries as well, because they 

are frequently engaged in wars. In this kind 'of amputation, the operation 

should be delayed as long as possible because it is difficult to assess the 

viability of the distal tissue. 
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Tumour can be a reason for amputation if radiology treatments have 

fadled. In this case, if an amputation is to take place, it should be conducted 
either through or above the joint which is proximal to the tumour. This cause 
for amputation is not very common, and in fact Jain and Stewart (1989) stated 
that the experience at Dundee Limb Fitting Centre shows that over the period 
from 1965 to 1988, tumour amputations are only about 1.5 to 2.2 percent of all 
their amputations. 

Chronic bone infection may sometimes be a reason for amputation. This 

will occur when antibiotic treatment is not successful. Amputation can be 

through the affected bone but proximal to the infection. It is very rare to have 

this as a cause of amputation especially in comparison with vascular disease 

amputations. 

-There are other reasons for the- necessity of amputation such as 
deformity, paralysis, shortening and congenital limb deficiency. Again these 

causes of amputation are not very common but do exist. As the amputation in 

these cases is not life-saving, it is very difficult to decide whether amputation 
is really necessary or if the patient can manage without it. Therefore, it is 

always vital to consult the patient, the patient's family, colleagues and 

sometimes a psychiatrist before amputation takes place. 
Table 3.1 shows the total number of lower extremity amputations carried 

out in Denmark for the period between 1978 and 1983 giving the percentage 

contribution of each cause of amputation. The tendency of an increase in the 

total number of amputations is reflected in the increase of vascular 

amputations, which are the result of the modem high standard of living as 

mentioned above. K# and Newman (1975) carried out a statistical study of 

amputations in the USA, and compared. the results with data obtained by 

Glattly in 1964. Figure 3.1 shows the distribution by site of amputation for the 

upper and lower limbs as presented by Kay and Newman (1975). It is clear 
that the number of upper limb amputations is very much less than that of lower 
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limb amputations. Table 3.2 shows the total number of lower limbs fitted with 
prosthesis in England, Wales and North of Ireland in 1987 as presented by the 
Department of Health and Social Security (DHSS). The above studies show 
that the above-knee amputations have the second largest percentage after those 

of below knee. This is one 'of the reasons for choosing the above knee 

prosthesis to be the subject for this thesis. 
If a lower limb amputation is to take place, the level of amputation can 

be any of those seen in figure 3.2.11ip disarticulation is indicated only by. 

disease or injury. It should be pointed out that with the present advances in the 

prosthetic art, there is no longer any need to leave an inch or two of femur at 
hip level to provide a satisfactory fitting (Murdoch 1969). 

Any above knee amputation should leave the stump as long as possible 
but should provide adequate space for the knee unit to be fitted. As the result 

of an above-knee amputation, most of the hip adductors and extensors lose 

their insertion; this will weaken the hip adduction and extension movements, 

and because the hip abductors and flexors are still of normal strength, the 

stump will be subjected to a flexion-abduction deformity. Fulford (1969) 

reported that myoplasty, by re-inserting divided adductors and hamstrings, 

restores much of their power and reduces the muscles' imbalance. Gottschalk 

(1992) stated that in a transfemoral amputation, preservation of the adductor 

magnus is possible and helps maintain the muscle balance between the 

adductor magnus and the abductors. This will also allow the adductor magnus 

to maintain close-to-normal muscle power and be more advantageous in 

holding the femur in a normal anatomical position. However, it is believed 

that if the stump is very short, preservation of the adductor magnus may not 
be possible. Amputations at supracondylar level are no longer recommended 
because they are not truly end-bearing and they fail to provide sufficient space 
for the knee mechanism (Murdoch 1969). 

The dirough-knee amputation can provide a very good end bearing area, 
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Chapter 3 Lower Limb Prosthetics 

it is relatively bloodless and is an easy operation. However, it does not provide 

sufficient s1lace to install the knee unit, creating a cosmetic problem and 

possible knee control difficulty. Pinzur et al (1988) were in favour of the 

through knee amputation for two reasons. Firstly for those patients who have 

a low level of activity, through-knee amputation has high stability and a higher 

rate of wound healing. Secondly for active patients, through knee amputation 
is superior to above knee amputation. 

For below knee amputation, the stump can usually be fitted successfully 

at any level, provided that the stump is at least 5 cm. long; however, an ideal 

below knee stump should be about 15 cm long; longer stumps can also be 

fitted successfully. Burgess (1988) reported that for cases in which tissue 

viability is adequate, there is a really important place for tibiofibular synostosis. 
As it heals slowly, the resulting residual stump is strong, non-tender and has 

the ability tzý be end-bearing. 
SYme's amputation has the same benefits and problems as the through 

knee amputation. Foot amputation can be as distal as possible provided that 

the pathological cause has been approached. However, only a few of these 

procedures give good functional results, therefore, this kind of amputation is 

not desirable. 

3.3 Prosthetic Systems For The Lower Extremity 

The use of lower limb prostheses is as old as traumatic amputations 

going back to the time of the Greeks in the fifth century B. C. Development 

of prostheses was very slow until the 20" century after World War II which 

produced injuries resulting in a great number of amputees. The requirements 

of these amputees have encouraged scientists to apply advanced technology to 

the design and manufacture of the prosthesis. This gave fast and major 

improvements in the function and performance of prostheses, and resulted in 

the present types of prosthesis which are now in satisfactorily use. It should 
be mentioned that, although the present prosthesis is the output of the 20" 
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century's work, its structure was introduced as early as 1696 by Verduin. He 
designed a below knee prosthesis with a wooden foot, a copper socket lined 

with leather, and a thigh cuff to support the device and to assist in weight 
bearing. 

3.3.1 Above Knee Prostheses 

The above knee (AK) prosthesis has three major components which are 
the socket, the knee unit, and the ankle/foot assembly. In addition to this is the 

shank tube which connects the knee unit with the ankle/foot unit. The 

prosthesis is produced by connecting all the components together in a particular 
orientation. 
3.3.1.1 Sockets For Above Knee Prostheses 

In practice, the socket is employed as a structural element to support the 
body during stance phase of the gait cycle. -This should be associated with 

comfortable transmission of the forces to and from the stump. Several factors 

affect the function of the socket such as the. socket type, shape, suspension 

system and the alignment of the prosthesis. For example, the patient may lose 

control of the socket if the suspension system is not effective, and the stability 

of the prosthesis may be lost if the alignment is not set correctly. 
Eberhart (1947) used rectangular sockets to study the effectiveness of 

the suction method of suspension, to evaluate the gait of above knee amputees, 

and to improve the design of their prostheses. This study led to the 

understanding of the basic principles of biomechanics, design, socket 
fabrication, and alignment of the AK prosthesis. The present version of this 

socket is different in shape and is called the quadrilateral socket. 
Thorndike (1949) reported on the use of the AK suction socket in 

the USA and especially on the work reported by Eberhart, the chairman of the 
Lower Extremity Committee of the Advisory Committee on Artificial Limbs. 
Nine failures were reported out of 211 fittings of the AK suction socket. The 

causes of the nine failures were listed by the author as follows: in 3 cases the 
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patients were not cooperating and gave up during initial fitting, 2 cases had 

poor fit and alignment, in 2 cases cyst or abscess on adductor roll remaining 
from using old leg, insecurity in one case, and loss of suction in the last case. 
Modifications in the shape of the original design were suggested, such as 

reduction in the size of the ischial seat and "easing" the tightness of fit on the 

walls of the socket below the level of the brim. Greater emphasis on the 

proper alignment of the entire limb was also suggested. Thorndike (1955) 

confirmed the need for correct alignment in order to satisfy the patient. He 

also reported 15.7 percent of failures in a series of over 2000 cases fitted with 
the suction socket. The failures were attributed to the selection criteria of the 

cases for prescription and fitting and thus new selection criteria were presented. 
The new selection criteria consider the stump's physical condition and how 

convenient it is for the patient to be frequently visiting the limb shop for 

checking. 
The "H" socket was used in Britain for above-knee amputees. It is an 

ischial bearing socket which used to be made of wood or metal and constructed 

from measurements taken from the stump. 

The socket most commonly prescribed and accepted today is the 

quadrilateral socket. It is a socket for above knee prostheses and consists of 

a four sided configuration formed to prevent rotation of the prosthesis and to 

distribute the load on weight bearing areas. The quadrilateral socket can be 

one of the three following types: 1- an open ended suction socket which has 

an air chamber at the distal end of the stump. 2- a loosely fitted socket with 

an auxiliary suspension system. 3- a total contact suction socket. 

It is now accepted that the quadrilateral total contact suction socket is 

the best quadrilateral socket for an above knee amputee. It provides good 

pressure distribution over the supporting areas and controls oedema which may 
develop at the distal end of the stump if an open ended socket is used. The 

load is mainly supported by the ischial tuberosity and partially by the gIuteus 
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Chapter 3 Lower Limb Prosthetics 

maximus and the other contact areas. The shape of the quadrilateral socket is 

very unlike that of the free stump, because soft tissue is compressed in the 

areas where high pressure can be tolerated. In order to supply a well shaped 

socket, the anatomy of the stump must be taken into consideration. Relief 

must be pro-ided for sensitive areas and a comfortable seat should be provided 
for the support areas such as the ischial tuberosity. Figure 3.3 shows a cross 

section of the socket at 'c, -*, m level with indications of the areas on the socket 

which are serving the a-ratomical needs. The brim shape of the socket is C) 
usually varied to accommodate the amount of flesh and muscle of the residual 

limb. Figure 3.4 shows the various shapes of different types of quadrilateral 

socket, and a complete illustration of the quadrilateral socket is shown in figure 

3.5. The posterior brim is left flat and horizontal to provide a comfortable seat 

for the patient. The anterior wall of the socket is extended proximally 

(approximately 5 to 7 cm higher than the posterior brim) to keep the ischial 

tuberosity on its proper seat and provide the best possible pressure distribution 

over the loaded areas. The top of the anterior brim is flared to the outside in 

such a way '-hat the patient will be comfortable during the sitting position. The 

distance between the anterior and the posterior walls is called the A/P 

dimension and it is very important in socket design and must be accurate. If 

it is too large the tuberosity will slide inside the socket and cause the patient 

pain and high crotch pressure. If the A/P dimension is too small, the tuberosity 

will be forced out of the socket causing pain and discomfort. It may also 

restrict the function of the hamstring. The lateral wall of the socket is kept 

about 6 cm higher than the posterior brim in order to enclose the greater 

trochanter, increasing the lateral stability and preventing stump abduction. In 

order to provide medio-lateral stability and pelvis control, the lateral wall is 

adducted, when possible, by about 10 degrees. The medial brim of the socket 

is at the same level as the posterior brim and is kept horizontal with a dip to 

avoid conta,.; t with the pubic ramus. The medial proximal wall of the socket 
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is kept flat to take the necessary pressure for prevention of movement of the 

stump in the medio-lateral direction. 

Rubin (1970) has discussed some problems of AK amputees with 
I 

quadrilateral socket. It was noted that if the ischial seat is too thick the patient 
will complain of discomfort during sitting, and if the anterior brim of the 
socket is too high it may contact bony prominences when the patient sits and 
be a source of discomfort. Rubin stated that AK amputee problems can be 

solved only by an understanding of the relationship between the stump -and the 

prosthesis. Proper socket fabrication -and prosthesis alignment were also 
suggested in order to overcome the problems of AK amputees. 

Radcliffe (1955 and 1969), Radcliffe (1977), Foort (1979a and 1979b), 

Rolleghem, and Berteele (1979), and Holmgren (1979) have reported on the 
design, fabrication and the biornechanics of the above knee-socket. Foort has 

identified 13 different areas on the stump that can have a part in supporting the 

body weight. Radcliffe has predicted the pattern of pressure distribution 

between the stump and the socket for above knee amputees in the anterio- 

posterior and the medio-lateral planes (fig 3.6), assuming that the load is 

mainly taken by the ischial tuberosity and by some contribution from the 

gluteal musculature. It is obvious that particular attention should be paid to the 

areas which sustain high pressure such as the proximal and distal third portion 

of the stump, the pressure in these areas providing stability at heel contact and 

initiating knee flexion at the end of stance phase. The pressure on the medio- 

lateral walls which provides medio-lateral stability should be distributed in a 

uniform manner for better stability and in order to avoid tissue breakdown. 

This can be achieved by giving the socket walls proper inclination. 

Redhead (1979) introduced a new type of above knee socket. It was a 

total surface bearing self suspending socket in which the ischial tuberosity was 

not the mah. load supporting area. It was suggested that it should be possible 

to treat the stump, in respect of axial compression loads, as a fixed volume 
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"bag of fluid" which behaves like a hydrostatic system. This fixed volume 

could be pressurised by the transference of the load of the body weight across 

the stump/socket interface where the pressure would be evenly distributed (fig 

3.7). Radcliffe in Miami in 1987 did not agree with the hydrostatic concept 
in prosthetics and added that the AK residual limb is an open fluid system, and 
the fluid can be pushed out (Schuch 1988a and 1988b). As the lateral wall of 

this socket is not extended above the greater trochanter, this socket design has 

poor medio-lateral stability. 
Kristinsson (1983) presented a flexible socket which consists of two 

parts: 1- a flexible socket as a tissue container which could be transparent; 2- 

a rigid external frame which can take loads as seen in figure 3.8. This type of 

socket has been used to provide excellent suspension as it can adapt itself very 

well to variations in stump shape. Jendrzejczyk (1985) reported on three types 

of supporting mechanisms for the flexible socket but recommended that the 

effectiveness of the flexible socket system has to be evaluated. The author did 

not specify how the effectiveness was to be evaluated, but it could be taken 

that its biornechanical aspect has to be investigated. Krebs and Tashman 

(1985) conducted a kinematic and kinetic comparison between the conventional 

and the flexible ISNY (Iceland, Sweden, and New York University) above knee 

socket. Only one patient was tested. The results showqd no important 

differences in the kinetic, kinematic, or temporal data but the subjec t found the 

ISNY socket to be significantly more comfortable. Kristinsson (1988) reported 

again on this new system and on. its advantages over the old one. From the 

patient's point of view, the system gives muscle activity more freedom and 

provides a better suspension mechanism as a result of its flexibility (fig 3.9). 

From the prosthetist viewpoint, as the socket can be made transparent, a visual 
inspection of the stump can be made and the quality of fit can be assessed. 
Kristinsson stated that the system is inexpensive, easy to fabricate and replace, 

compared to the conventional socket. This system has been well accepted by 
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Long (1975) reported that X-ray investigations showed that only a few 
AK prostheses had proper adduction of the femoral stump. He suggested that 
the head of the femur should be used as a starting point when aligning the AK 

prosthesis. The knee and the foot should be aligned with respect to the socket 
so that the amputee con bring the femur into a normal position. Long also 

pointed out that femoral adduction cannot be maintained if the socket MAL 

dimension is too large because the femur will lose its support when load is 

applied on the prosthesis as the brim of the socket will be shifted laterally. 
Long (1985) maintained that the present quadrilateral socket with the 

standard alignment is no longer adequate- for an above knee prosthesis. He 

studied 100 X-rays of AK amputees standing on their prostheses and found that 
92 of them had an abducted femur. Long stated that most of above knee 

amputees walk with an abducted gait as a result of a too large medio-lateral 
(ML) socket dimension and a too small anterio-posterior (AP) dimension which 

also restricts the function of the active muscles. In order to overcome all these 

problems, Long introduced a new above knee system which he called Normal 

Shape Normal Alignment (NSNA) prosthesis, in which the amputee would be 

more comfortable and walk more like a normal subject. The socket has narrow 
ML and wide AP dimensions with the ischium inside the socket to prevent 
lateral shift during weight bearing as seen in figure 3.10. It should be noted 

that the lateral wall is above thetrochanter. Long advised that the alignment 

of the prosthesis should be set according to Long's line which is defined as of 

a straight line from the head of the femur (located approximately at the centre 

of the narrwsocket), through the distal femur and down to the centre of the 
heel" (fig 3.11). This line is not always vertical because of the shift when 

changing from the standing to walking position. 
Lehneis (1985) questioned the biornechanics of the quadrilateral soc. ket, 

suggesting that the distance from the ischial tuberosity to the ischial seat of the 

54 



54A 

ISCFUAL CONTACT 

NO ISCHLAL CONTACT 

HEEL STRUM 

MID-STANCE 

Figure3-12 The distance between the ischial -tuberosity 'and the 
socket ischial seat at heel strike. (from Lehneis 1985). 



Chapter 3 Lower Limb Prosthetics 

socket is increased when the hip is flexed at heel strike (fig 3.12). Lehneis 

stated that the socket cannot be ischial weight bearing at this point, especially 

considering the fact that the need for weight bearing at this point is more than 

at any other point in the gait cycle as body weight and " impact force " must 
be transmitt, -d through the socket. Lehneis reported that discomfort arises from 

the quadrilateral socket, especially when the patient is provided with a manual 
knee lock, because the patient steps on the prosthesis (weak stump muscles, 

and the patient is unable to contract these muscles prior to heel strike). He 

therefore recommended that one should think beyond the quadrilateral socket 

and should consider designs such as the ischial containment sockets in which 

the ischial tuberosity is not the main support area. 
Following the recommendations of Lehneis and based on Long's work, 

Sabolich (1985) attempted to overcome the problems of the quadrilateral socket 

by introducing a new socket design which is very similar to that of Long. The 

socket has a narrow ML and wide AP dimension, with the ischial tuberosity 

and part of the inferior ramus of the ischium inside the socket. He called this 

socket " C,, T-CAM " which stands for Contoured Adducted Trochanteric- 

Controlled Alignment Method. Sabolich adn-dtted that the exact mode of 

weight bearing of this socket was not clear, but he assumed that the femur is 

able to take some weight due to the adduction angle and that hydrostatic weight 

bearing is playing a role with the possibility of the ischial tuberosityý also 

bearing some weight. Figure 3.13 shows a comparison between the CAT- 

CAM and the quadrilateral sockets; it should be noticed that the shift of the 

adductor longus tendon which is marked on this figure is very unlikely to 

occur. Sabolich reported that he fitted about 900 ýsockets of this type to 

patients aged from 6 months to 103 years. Their subsequent X-rays have been 

impressive, showing the femur to be in a much improved adduction attitude. 

This new design of the ischial containment (IQ sockets introduced by Long 

and Sabolicii, appears to show adequate results as reported by the developers; 
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the author of this thesis however believes that the IC sockets have still to be 

biomechanicaly evaluated. The weight support areas have also to be studied 

and clarified, and the hydrostatic weight bearing assumption has to be 

confirmed. A long term test must be carried out on the IC socket because 

under the weight bearing nature of this socket, the skin of the patient's stump 

may be subjected to high shear. This could cause serious problems for the 

patient after prolonged use of the prosthesis. Ile author in fact has been 

informed (Spence 1992) that a long term user of an IC 
Isocket 

showed evidence 

of skin stretching associated with increasing prorninen ce of the distal femoral 

remnant. If this stretching is increased, the bone may be forced out of the skin 

after a short time. If that is true, and if that is the case in many patients, the 

whole concept of the ischial containment socket will have to be fully 

investigated and may in fact have to be abandoned. - 
Schuch (1988a and 1988b) discussed the concepts bf all the new socket 

designs, which were presented in May 1987, at an international workshop in 

Mian-d, Florida. At the beginning of the workshop Bennett Wilson gave a brief 

history about socket development mentioning the CAT-CAM, NSNA and the 

narrow ML sockets, and ended the talk by saying " unfortunately, none of these 

techniques has been subjected to an evaluation programme independent of the 

development group". Radcliffe, who is a strong supporter of quadrilateral 

sockets said, that all the new techniques have been compared with a poorly 

fitted quadrilateral socket and not with a well fitted one. Radcliffe discussed 

Long's line and said that adduction and flexion of the socket for the normal use 

of the hip musculature has been a part of good prosthetic practice for 40 years. 

Referring to the ischial containment (IC) sockets, he stated that the o nly 

difference between the quadrilateral and the IC socket is in the positioning of 

the ischium: ie. whether it is within or on the brim of the socket and he 

suggested that, "catchy names" should not be used to define a new design. 

Flandry et al (1989) 'converted -five above knee amputees from 
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quadrilateral to CAT-CAM sockets and studied the effect of the CAT-CAM 

socket on d, d function of the prosthesis. The CAT-CAM socket was declared 

superior to the quadrilateral by four patients, the fifth being incorrectly aligned. 
X-Ray investigations showed that the femur was adducted on average 6.5 

degrees from its quadrilateral position. - The "hospital's observational gait 

analysis system ", referred to by the authors, was used to record the movement 

of the patients and to calculate moments at the joints of the leg. The lateral 

trunk inclination which existed in the quadrilateral was found to disappear after 

conversion to the CAT-CAM socket. It was reported that the hip moment 

showed no significant difference between the quadrilateral and the CAT-CAM 

sockets. However, the author of this thesis sees noticeable differences in the 

hip moments especially of patient number 3 (fig 3.14), but unfortunately the 

curves in this graph have not identified with the respective sockets. There was 

no indication whether this moment is in the A/P or, M/L plane and no 

definition of the axes convention which was used. Also the authors did not 

make it clear whether the data presented was for the amputated or the sound 

side, and whether it was repeatable or not. No information was presented 

regarding the specifications of the-gait analysis system used, such as accuracies, 

number of cameras or method of calibration. The mean gait velocity increased 

from 40.4 m/minute in the quadrilateral socket to 44.5 m/minute in the CAT- 

CAM socket. The mean stride length was increased after conversion to CAT- 

CAM from 0.99 m to 1.02 m, and the average energy expenditure decreased 

as the mean quantity of oxygen expenditure per metre decreased from 0.364 ml 

to 0.286 ml. Flandry et al reported that the patients were in favour of the 

CAT-CAM socket particularly in the areas of comfort and stability, and only 

one patient whose prosthesis was 11poorly aligned", requested reconversion to 

his quadrilateral socket. However, the author of this ý thesis believes that 

stability could be achieved witheither type of socket by achieving the correct 

alignment, and no socket will function satisfactorily if it is poorly aligned. The 
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above study does not provide enough information to objectively detern-dne 

which type -., &' socket is superior, and biomechanical analysis of the whole body 

should be carried out to evaluate the two sockets. Movements and moments 

at the various limb joints should be analysed, and the reaction force acting on 
the foot should also be studied. 

Esquenazi et al (1989) reported on the problems of the quadrilateral 

socket and pointed out the advantages of using the new socket designs, 

particularly the CAT-CAM, the NSNA and the narrow NIEL socket. They are 

completely in favour of these new designs but pointed out that the need for 

having several casts and check sockets to obtain a satisfactory socket has made 
the manufacture of these sockets expensive and time consuming. They also 

supported the use of flexible materials in the fabrication of above knee sockets 

such as the ISNY socket. 
NIitc'A, eU and Versluis (1990) have presented one case study of an above 

knee amputee, to report on the superiority of the CAT-CAM socket over the 

quadrilateral socket, especially for patients with complex medical problems. 
They stated that the quadrilateral fitting failed to provide the patient with a 

satisfactory function, but the CAT-CAM fitting has shown very good results 

on the same patient. However, this case cannot be taken into serious 

consideration because the quadrilateral, socket was evaluated by the patient and 

the therapist as W-fitting, while the CAT-CAM socket was fitted properly after 

a home exercise and training protocol were properly followed by the patient. 

Pritham (1990) discussed and clarified the predicted biornechanics and 

shape of the above knee sockets which were classified in only two groups, 

quadrilateral and ischial containment. Pritham looked at the shape of the 

sockets, the predicted biomechanics, and the alignment point by point and 

subjectively studied the differences and the similarities in these points 

according to the two types of socket design. The vast majority of the points 

which have been discussed were found to be compatible with the analysis by 
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Radcliffe of the quadrilateral socket. The two socket shapes and alignment 

configurations were found to have nearly the same principle but, certain 

modifications were carried out on the quadrilateral socket by workers such as 
Long and Sabolich in order to overcome some of the problems which were 
found with it. However, Radcliffe did not agree that these modifications were 

necessary as he believed that in fact the prosthetists were not following the 

recommended principles, and had they done so the problems would not have 

occurred. The author concluded the paper by stating some issues and some 

questions which are still to be resolved such as; what are the support points in 

the ischial containment (IC) socket ? can claims made by the advocates of the 

IC style sockets be verified ? for whom is the IC socket indicated ?. Answers 

for these questions will clarify the concept of the IC sockets and may clarify 

the differences between the IC and the quadrilateral sockets. 
Lawrence et al (1991) compared the energy cost of walking for AK 

amputees wearing quadrilateral sockets (13 subjects were tested) to those 

wearing CAT-CAM sockets (9 subjects were tested). Two speeds of walking 

were performed and the results were compared with those of 8 normal subjects. 

At a speed of 1.25 mph (2.01 knVh) the CAT-CAM and quad groups expended 

energy at rates of 16% and 24% respectively higher than the group of normals. 

Also at a speed of 2.5 mph (4.02 km/h) the CAT-CAM group and the quad 

group expended 20% and 37% more energy respectively compared to the group 

of normals. No more information about the data was presented as the source 

is an abstra, -t.. 
Visser-Meily et al (1992) have converted thirteen AK amputees from 

quadrilateral socket users to CAT-CAM socket users. Then, after an average 

use of 7 months of the CAT-CAM socket, a subjective evaluation was made 

of their present comfort situation in comparison to that with the quadrilateral 

socket. The evaluation was conducted by interviewing the patients. It was 

stated that 80% of the subjects reported an improved walldng style and 90% 
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reported better fitting. In addition there was a clear reduction in complaints 

related to the lower back and groin. Therefore, they recommended that above 
knee amput--. Is be equipped with NML (Narrow Medio-Lateral) sockets if a 

choice of suction socket has to be made. The author of this thesis believes that 

such a recommendation cannot be based on the work presented in this paper, 

particularly since the work was subjective and depends only on patients' 

comments; and biornechanical analysis based on objective methods should be 

carried out to verify the above conclusions. 

In conclusion, the above knee quadrilateral socket has been accepted and 

used for more than 30 years. This socket provides good support and function 

for the users, but it has some problems which may be solved by using the new 

above knee technique ie (the IC socket). If the new technique proves to be 

unable to overcome the problems in the old system, a new modification on the 

old system will be needed, or other new concepts will have to be. implemented. 

In fact the iiew IC sockets have been shown to solve some of the quad 

problems such as comfort and the abducted gait (Flandry 1989), but it has still 

to be subjected to a biomechanical analysis in detail and to a long term 

evaluation especially with respect to the stump's conditions. 
Socket Susonsion Systems 

The suspension system has a great effect on the function of the socket 

and on the performance of the whole prosthesis. A poor suspension system 

may alter the gait of the patient, and may cause discomfort and gait deviations 

such as "vaulting " which is very common in above knee amputees who have 

poorly suspended prostheses. 
There are several methods' of socket suspension for above knee 

amputees, but the most common methods are by suction, a mechanical hip joint 

with pelvic belt and the Silesian belt. Socket suspension can be provided by 

one of the above methods or by a combination of more than one method, 

usually the combination is between the suction method and one of the other 
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The suction suspending method was introduced to the USA in 1947 by 
Eberhart. Atmospheric pressure sustains the socket on the stump during the 

swing phase by creating a reduction in pressure between the socket and the 

stump. It is usually preferred with total contact sockets where no air chamber 
is needed at the distal end of the stump. This method requires a valve at the 
distal end of the socket and accurate socket fabrication to allow the socket 

walls to be in direct contact with the skin. This method is suitable for patients 

who are in good physical condition and have a stump with good muscles. 
The Silesian belt (fig 3.15) has no mechanical joints and is connected 

to the socket by a flexible link. The belt is usually of leather, attached to the 
lateral wall of the socket and extended to the patient's back to be attached to 

the anterior wall of the socket. This is a comfortable, lightweight, simple 

method to use and it can provide a definite control of rotation and adduction 

of the prosthesis. 
The mechanical hip joint and pelvic belt method (fig 3.15) is suitable for 

patients who have poor ability to control their prosthesis and need a positive 

suspension (Mooney and Quigley 1981). It has a rigid hip joint which is 

connected laterally to the socket at its top brim. This joint is placed anteriorly 
and proximally to the greater trochanter so that it cause no interference with 
the motion of the patient's hip joint. The joint is connected to a belt which is 

fitted around the patient's waist. Schuch (1992) stated that this suspension 

method provides rotational stability plus a significant degree of mediolateral 

pelvic stability; however, this method is generally reserved for the above type 

of cases since most amputees object to the weight and bulk of this suspension. 
3.3.1.2. Knee Mechanisms for Stance and Swing Phase Control 

The mechanism of the knee unit is one of the most important elements 
in the AK prosthesis. The knee mechanism can affect the performance of the 

amputee and the function of the prosthesis. Therefore it should be chosen 
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carefully by the members of the clinic team taking into account the activity 
level and the physical fitness of the patient. All knee units are designed to 

give stability during stance phase, natural smoothness during swing phase, and 

to be comfortable when the patient is sitting. The differences between the knee 

units are related to the different methods which are employed to achieve the 

above three functions by the knee unit. There are several types of knee units 

and the following is a brief description for the most commonly used knee 

mechanisms, outlining the principles of operation and classified as stance phase 

control, swing phase control, or swing and stance phase control according to 

their basic function. 

(i) Stance Phase Control 

There are several methods and different mechanisms to ensure knee 

stability during stance phase. 

(A) Alignment Method 

Knee stability during stance phase is ensured in many above knee 

prostheses by using the alignment method. This is achieved by locating the 

knee axis in such a manner that the load line always passes ahead of the knee 

axis. Thus, the knee will be forced to be in a fully extended position and its 

stability will be ensured. However, such a method may not be satisfactory if 

the knee is too stable, because a high hip moment will need to be exerted to 

initiate knee flexion prior to toe off. 

(B) Manual Lockiniz Knee 

The manual locking knee mechanism could be any type of knee unit 

provided wilh a positive lock which is operated manually (or semi automatic). 

The lock usually* consists of a pin that drops through the knee to lock it in 

extension. When sitting, the patient manually releases the lock to obtain knee 

flexion, and when the patient stands, the lock will usually be automatically 

engaged. This knee unit can be used as a free unit if needed, therefore its 

stability should be ensured by the alignment method as discussed above. The 
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Schematic of endoskeletal weight- activated friction 
(safety) knee. Pylon tube is attached to upper and lower at- 
tachment extensions (A). When weight is applied to top of 
knee during stance phase, top of joint rotates downward 
(counterclockwise in this case), forcing pressure block (B) 
against brake lever on lower knee block (C). This narrows di- 
ameter of that portion of lower knee block surrounding knee 
bolt (D), resulting in braking effect. Resistance to knee C5 motion 
is proportional to weight applied. Amount of weight necessary en r5 
to initiate braking effect is preset with adjustment screw (E). 
When weight is released from prosthesis, spring releases fric- 
tion from knee bolt, and knee functions as constant friction 
unit during swing phase. Constant friction setting is adjust- 
able by tightening another screw (F). (Courtesy Otto Bock Or- 
thopedic Industries, Inc., Minneapolis, Minn. ) 

Figure 3.16 Weight activated friction knee unit. 
(from Mooney and Quigley 1981). 
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manual locking knee unit is suitable for weak or unstable patients, and is used 
in temporary prostheses. However, due to the lack of knee flexion during 

swing phase, energy expenditur-- will increase and gait deviations often occur 
during ambulation with a locked knee (Schuch 1992). 

(C) Weight Activated Friction Knee Unit 

This knee unit is regarded as a safety knee. During swing phase it acts 

as a constant friction knee, but during stance phase when the load is applied 

to it, a special housin-2 with high coefficient of friction generates pressure on 

the knee mechanism and provides a temporary lock to prevent the knee from 

flexing. The load required to provide the lock depends on the patient's 

condition and requirements. Figure 3.16 shows and explains the mechanism 

of this knee unit. 
(D) Polycentric Knee Unit 

The polycentric knee mechanism can be any device in which the 

position of the instantaneous centre of the knee changes as the knee flexion 

angle changes. In this type of knee mechanism, the stability is dictated by the 

position of the instantaneous centre of the knee which can be designed to 

ensure stability during early stance phase and to ease knee flexion at late stance 

phase. There are several types of polycentric knee mechanisms, but the most 

common one is the four-bar linkage as illustrated in figure 3.17. It should be 

noted that the instantaneous centre will be high and posterior to the load line 

at heel strike; it will also be high and anterior to the load line prior to toe off. 

This type of knee mechanism is recommended for patients with through knee 

amputation or with a short AK stump, because they are benefiting from the 

high instantaneous centre of rotation. Patients with weak hip extensors can 

also take advantage of this mechanism. However, because of its size and 

weight, this mechanism is not recommended for females. It is worth 

mentioning that Patil and Chakraborty (1991) have introduced a six-bar linkage 

polycentric knee mechanism with a pneumatic swing phase control. The 
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Figure 3.17 Linkage arrangement -and path of the instantaneous 
centre, for the UCBL four-bar linkage polycentric knee. 
(from Radcliffe 1977) 
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additional two bars serve to coordinate knee flexion/extension and ankle 
dorsiflexion/plantarflexion to provide an above knee prosthesis with the facility 
for squatting for Afro-Asian amputees. Figure 3.18 shows a schematic diagram 

of this new prosthesis. 
(ii) Swing Phase Control 

(A) Constant Friction Knee Unit 

The constant friction knee unit consists simply of a single axis hinge 

which allows the shank to swing in flexion/extension. This is controlled by a 

screw which applies force to a friction clamp to produce a friction moment 

acting on the knee bolt (fig 3.19). This friction moment*cýn be adjusted to 

provide a certain angular speed of the limb during swing phase to suite the 

patient's cadence. This knee unit is always combined with an additional spring 

to provide a simultaneous elastic knee extending moment. The control screw 

can be adjusted to serve only one cadence, so the patient will be restricted to 

this cadence and will find it difficult to change the gait speed. Despite this 

disadvantage the unit is widely used because of its simplicity, durability, and 

its low maintenance cost. 

(B) Hvdraulic Knee Mechanism 

Figure 3.20 illustrates a typical hydraulic knee mechanism which is a 

mechanism for swing phase control. A piston slides inside a cylinder to force 

fluid from one side of the cylinder to the other through a series of ports which 

will be closed one by one providing a variable resistance to knee flexion. This 

type of mec. lanism differs from the constant friction type in that the hydraulic 

system responds to cadence changes so that the resistance increases with 
increase in speed, thus, the patient is able to walk'at different speeds. It also 
deffers from the constant friction type at heel strike and at toe off, as the fluid 

has a different amount of damping. This mechanism is rather heavy, therefore, 
it is used with active patients who can benefit from the cadence response 
function and can adapt to its mass, such as adult males. Also it is used for 

64 



64A 

0 

I. - 
u 

FAST WALK 

NORMAL WALK 

3a 1 -0 
0 

z0 XNEE ANGLE, OCORCIS 

Figure 3.20 Hydraulic swing control with linear elastic e. xtension bais. (fron! Radcliffe 1969)' 

I- v 
INALK 

KNEC ANCLE, DEORECS 65 ' 

Figure 3.21 Pneumatic swing control. (from Radcliffe 1969) 



ChaDter 3 Lower Limb Prosthetics 

adult females but not as many as males, since this mechanism has some 

cosmetic problems. 
(C) Pneumadc Knee Unit 

This type of knee mechanism is similar to the hydraulic unit in general 

appearance and it also provides cadence response. The pneumatic unit uses air 

as a compressible medium. The variable resistance of knee flexion is caused 
by the increase in pressure against the moving piston, and by the air transferred 

from one side of the piston to the other. Figure 3.21 shows the pneumatic 

swing control mechanism and a graphic presentation of the characteristics of 
its resistance. The pneumatic system has advantages over the hydraulic system 

in terms ot weight and simplicity, but the hydraulic has smoother action, 

therefore, the pneumatic system is preferred only when low weight is required. 

The pneumatic unit is also considerably less expensive. 
iii Swing and Stance Control 

This type of knee mechanism provides adjustable and variable resistance 

to knee rotation, and it is cadence responsive during swing phase. Stance 

phase is also controlled. by means of fluid resistance. The Mauch S-N-S 

Hydraulic System is an effective unit of this type. Schuch (1992) stated that 

the Mauch (S-N-S)-system is the most advanced system of hydraulic control 

and the only system that includes hydraulic stance-phase. control. The swing 

phase is controlled by a muld-orifice mechanism which enables the amputee 

to be in good control of his prosthesis. This system provides fluid resistance 

to knee flexion to ensure stability during the stance phase from heel strike to 

the beginning of the swing phase. For more details about this system the 

reader should consult Henschke and Mauch (1972). 

3.3.1.3 The Foot and Ankle Assembly 

A lower limb amputation usually results in losing the foot and ankle 

joint (except for partial foot amputation). Engineers have made extensive 

efforts to provide an ankle/foot unit which simulates the function of the normal 

65 



65A I. 

figure 3.22, The uniaxial ankle/foot assemblY. (from -Condie 1969) 
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Figure 3.23 A/P cross section of. -SACH foot. 
(froin Inman et al 1981) 
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ankle/foot joint. Many types of feet have been introduced and several are 
commerciafly available (Michael 1987, Edelstein 1988 and Esquenazi et al 
1989). Most of these feet function very weU, but their complexity, high mass, 
and the need for excessive maintenance have prevented their wide use. 
Although there are many types of ankle/foot'units, the following are the most 
common and present the principles of the vast majority of the prosthetic 

I ankle/foot assemblies. 
(A) The Uniaxial Ankle-Foot Assembly 

This is the conventional ankle/foot which is widely used. It consists 

of a foot and a simple horizontal hinge which provides dorsiflexion and 

plantarflexion only. The simulation of the normal ankle joint function is 

obtained by employing a rubber plantarflexion bumper behind the hinge and 

a stiffer dorsiflexion bumper placed anterior to the hinge to provide restraining 

and restoring moments (fig 3.22). The stiffness of the posterior bumper is 

dictated by the need of the patient, i. e. whether to have quick or a slow 

plantarflexion after heel strike. Another rubber is placed between the foot and 

the toe sections to provide the toe brake. This foot unit provides, fairly 

acceptable function but does not provide any inversion or eversion and is 

designed for level walking and for only one height of shoe heel. The foot is 

quite durable but its mechanical parts can wear quickly and the rubber bumpers 

need to be changed frequently depending on usage. 
(B) The SACH Foot 

The SACH (Solid Ankle Cushion Heel) foot which was developed by the 
University of California in the 1950's, was the first alternative to the uniaxial 
foot. It has been claimed that this design is more durable and simpler than the 

uniaxial design, and it provides smoother and more natural ankle/foot action. 

As seen in figure 3.23 the ankle of this foot has no moving element compared 

with the hinge in the uniaxial foot. The function of the SACH foot is provided 
by means of two principal elements. A wedge of cushioning material is 
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Figure 3.225 The Seattle foot. (from Nlichael 198-1) 
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employed at the heel to be used as a shock absorber at heel contact and provide 
plantarflexion which is needed after heel contact to simulate the normal foot. 

The second principal element is a rigid keel which is located at the core of the 
foot and controls the transformation of weight from mid-stance until toe off. 
The keel also controls the dorsiflexion/plantarflexion of the foot by means of 
its shape during the period between mid-stance and toe off. In this design a 

toe brake is : mploved to sn, ngthen the foot and allow a ; mooth action during 

toe off; it also springs the toe back to its original position when the load is 

removed. The cushioning material which surrounds the keel allows medio- 
lateral motion to some degree. This design has a wide acceptance, especially 

in the USA, however, some practitioners still prescribe the uniaxial foot, 

particularly, for above knee amputees. 

Goh et al (1984) stated that in the UK about 85 percent of below and above 

knee amputees are fitted with uniaxial feet, but in the USA about 80 percent 

are fitted with SACH feet. By using subjective assessment Goh et al found no 

clear evidence of preference for either SACH or uniaxial feet, and the amputees 

showed a preference for the foot to which they were accustomed. They also 

reported that with proper alignment and heel stiffness both types of feet can be 

made to fuixtion in a manner that provides the same kinetic pattern of the 

whole body. 

(C) Multiaxial Foot 

The multiaxial foot has been developed to overcome the problems of the 

SACH and the uniaxial foot. The advantages of the multiaxial foot unit are the 

provision of foot inversion/eversion, absorbing some of the rotation and the 

ability of the system to be adjusted to suit different heel heights (Condie 1988). 

The Greissinger foot ankle assembly is a multi-axis unit. It has a wooden 

ankle section and a plastic foot. The shank is connected to the foot by means 

of a U-bolt and yoke type assembly which allows controlled 

plan tarflexion/dorsiflexion, inversion/eversion and transverse motion. The 
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Figure 3.24 Blatchford Multiflex ankle/foot assembly. (from Condie, 
1988) 
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Blatchford Multiflex ankle foot unit (fig 3.24) is another example of a 
multiaxial foot. This foot has a carbon-fibre keel and metal ankle assembly 

which contains the ankle motion controlling unit which has a rubber ball and 

stem assembly. The resistance to dorsiflexion is provided by means of a 
'snubber 0 ring" which is located below the ball. The foot of this unit is 

connected to the ankle by a single bolt, and it can be adjusted to cover 40 mm 

variation in heel height. 

In conclusion it seems to be possible to fit any patient with any of the abový 

ankle foot units, provided that a correct selection of the unit components and 

alignment is achieved. The multiaxial foot is still to receive more attention 
from designers and its reliability and durability are yet to be evaluated. 

( D) The Seattle Foot 

Recently new types of prosthetic ankle/foot units have been introduced 

to serve active patients and their sporting activities, particularly running. These 

type of units are called energy storing ankle/foot units, however, it is believed 

that most of these feet are of the dynamic elastic response (DER) type, and are 

not able to store energy. One of the most common units of this type is the 

Seattle foot (fig 3.25) which consists of a monolithic keel made of Delrin 

embedded in a foam which has the shape of a normal foot. Michael (1987) 

stated that the keel acts as a spring as it stores energy during initial loading of 

the foot and releases it during push off. He also added that, although, this type 

of foot is relatively heavy, it is found to be favoured by patients for the "lively" 

step permitted. 

The Seattle foot was shown to be successful in 50 active patients (Burgess 

1988). 

(E) The Flex-foot 

The Flex Foot is another kind of dynamic elastic response foot. A flat 

carbon graphite shaped strip in the form of a long spring is extended into the 

prosthetic shank (fig 3.26). The carbon graphite at the foot and at the shank 
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have the ability to store energy dufing early stance and release it at toe-off 
(Esquenazi et al 1989). Michael (1987) stated that the Flex Foot stores energy 

throughout the entire length distal to the socket rather than just within a four 

inch (9.8 cm) keel. The fabrication of the Flex Foot requires several weeks. 
However, the Modular Flex-Foot, which was introduced in early 1987, has a 

reduced fabfication time. This foot is recommended to the very active patient 

and has mainly been used on BK amputees. 

Wagner et al (1987) conducted cornparative tests between the SACYI 

foot and the Flex Foot using six moderately active BK amputees to find out 

whether they benefited from energy storing feet (as they called it) or if these 

feet should only be used on active patients. The results showed that the 

temporal parameters of gait did not differ between the SACH foot and the 

Flex-Foot, but the symmetry did improve with the Flex-Foot. The conclusion 

arrived at was that moderately active BK amputees are getting biomechanical 

benefits from the energy storage prosthesis, and the use of these prostheses 

should not be limited to active amputees. Edelstein (1988) reported that the 

Flex-Foot provides maximum assistance to the wearer because it stores energy 

through a long keel. However, she pointed out that the foot is expensive, 

needs a long time for the application of the cosmetic cover, requires special 

equipment and techniques for alignment, and does not provide much transverse 

or frontal plane motion. 

(F) The Carbon Covy 11 

The Carbon Copy 11 foot is also a dynamic elastic response (reported by 

Michael 1987 to be energy stofing) foot. It consists of a solid-ankle posterior 

bolt block made of reinforced nylon/kevlar and combined with two flexible 

anterior deflection plates which permit energy storage dependent on the activity 

of the patient during use (fig 3.27). This foot is lighter than the conventional 

SACH foot and is recommended for use by BK and AK amputees (Esquenazi 

et al 1989). 
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(G) The STEN Foot (STored ENergy) 

Figure 3.28 shows the STEN foot. It has a dual articulated keel which 

permits a smooth and gradual roll-over. This device has been introduced as an 

energy storage foot, but Michael (1987) stated that "Although the name stands 
for STored ENergy foot, it is our clinical impression that it does not 

accomplish this goal as effectively as the previous designs" (by the previous 
design, the author mz-ans the Seattle and the Carbon Copy 11). This foot is not 

recommended for the AK amputees because of the soft forefoot which may 

cause knee instability. 

(H) SAFE Foot 

The SAFE foot (Stationary Ankle Flexible Encloskeleton) has been 

advertised as the original energy storing foot (fig 3.29). However, it is 

believed that its flexible keel serves primarily to dissipate energy as it 

accommodates to irregular surfaces, and it can be considered as a solid ankle 

with a foot which can deform three-dimensionally and is an alternative to the 

well known Greissinger foot (Michael 1987). 
0 

(1) Quantum Modular Foot 

The Quantum Foot was introduced in September 1988 by The Hanger 

company in England, and is perhaps, the newest dynamic response foot. The 

foot consists of a long sole spring, a secondary spring, and an ankle base that 

are inserted into a hollow cosmetic foot module. It is similar to the Carbon 

Copy 11 in tenns of weight and price. 

Finally, a conclusion can be drawn that each type of foot has merit and 

can be successfully used if a correct selection is achieved. Table 3.3 shows a 

summary for the indications and contraindications for most of the current feet 

designs. 

3.3.2 Modular Assembly Prosthesis (MAP) 

The need for providing the patient with a comfortable, practical, and 

good prosthesis using minimum skills in the shortest time created the concept 
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Chamer 3 Lower Limb Prosthetics 

of the modular system. Most of the prosthetic components can be standardised 
and made to be $I off the shelf " products ready to be assembled when needed. 
Ile socket is the only part of the prosthesis which should not be made 
beforehand and should be fabricated for each individual patient. Foort (1979b) 
defined the modular system as "A systembf elemental parts which can be 

combined h- a variety of ways to arrive at the functional entity desired from 

among a variety of functional options which the system allows". Any modular 

system design should be efficient in operation, reliable, easy to manufacture 

and easily put right if it goes wrong. In addition, the system should be 

inexpensive, adjustable and able to be built very quickly. By 1975 a number 

of modular systems were introduced and used for both AK and BK amputees. 
golomonidis (1975) carried out a series of tests to evaluate the available, 

BK modular systems. The evaluation considered four parameters: I- The 

alignment-of the system 2- The time needed to build the prosthesis 3- The 

mass properties and 4- The comments of the evaluation team. Six BK systems 

were evaluated; they were the Biomechanical Research And Development Unit 

(BRADU), Blatchford MAP, Otto Bock, Hanger, VA and Winnipeg. Three of 

these syste-iis were found to be unacceptable: Winnipeg demonstrated 

inadequate strength in service, Hanger, fiad insufficient alignment, adjustability; 

and the VA system could not be satisfactorily locked in service. Following the 

same procedure Solomonidis (1980) evaluated four AK modular systems; the 

Otto Bock, the US manufacturing company (USMC), the Blatchford MAP, and 

the Hosmer/Dorrance above knee modular prosthetic system. Figure 3.30 

shows the Blatchford and the Otto Bock modular systems. All the systems 

were found to be clinically usable, but significant differences in the function 

and physical properties were detected, and it was found that the Blatchford 

MAP and Bock systems were the preferred systems for the limb fitting service 
in Britain. 

Modular prosthetic systems are still under development and the latest 
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ChaDter 3 Lower Limb Prosthetics 

versions have not been subjected to such an evaluation program. Nevertheless, 

the modular systems have accelerated the process of building the prosthesis and 

reduced the time needed to initiate the prosthetic management of the patient. 

3.3.3 Alignment of Lower Limb Prostheses 

This section is mainly concerned with above knee prostheses. However, 

since there is a dearth of data regarding the effects of alignment changes on 

amputee performance of AK prosthesis, BK prostheses will also be discussed. 

Alignment of above knee prosthesis is defined as the relative position 

and orientation of the socket, knee and foot. It plays an important role on the 

forces generated between the stump and the prosthesis, and it has a major 

effect on the stability of the knee. Failure to achieve satisfactory alignment 

will be reflected in the patient's gait. Large forces will be generated on the 

stump to cause the amputee discomfort, pain, and instability during the stance 

and swing phases of the gait. An unsatisfactory alignment can also result in 

high energy expenditure. 
Radcliffe (1954,1955,1969 and 1977) and Foort(1979c) have described 

the different sets of alignment to cover all the cases of above knee amputees. 

The alignment of an above knee prosthesis is achieved in three stages: bench 

alignment, static alignment and dynamic alignment. 
Bench alignment is the configuration of the prosthesis when all its 

components are first put together. It should be set in a certain configuration 

which ensures knee stability and provides the prosthesis with the optimum 

dynamic alignment by requiring the minimum further adjustment. Static 

alignment is done when the patient is standing with his prosthesis, in order to 

adjust the height of the prosthesis and to ensure stability. The height should 

be approximately equal to the height of the sound side. If the prosthesis is 

long, the pelvis will drop on the normal side, and if the prosthesis is short, the 

patient will lean over to the prosthetic side. Dynamic alignment is the last 

stage in aligning a prosthesis; it is performed during walldng trials and is the 
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Chapter 3 Lower Limb Prosthetics 

adjustment needed to the alignment to achieve a satisfactory gait. 
There are several systems of bench alignment (fig 3.3 1) to provide knee 

stability. According to Radcliffe (1977) the system used in Germany considers 

a plumb line which passes from the centre of the socket brim to the bisector 

of the length of the foot, with the knee set behind this line. An air space under 
the heel of the foot is used to improve the knee stability at heel contact, and 
to ease the hip rolling action over the foot. Figure 3.31 shows the German 

system in that position when the amputee, would begin to roll over the ball of 
the foot in walking. In the USA it is recommended that a similar reference 
line be used but it has the trochanter as the upper reference point and locates 

the ankle joint directly under the trochanter. The knee joint is located on or 
behind this reference line, TKA line, when the heel is in contact with the floor. 

This system necessitates a convenient way to check bench alignment prior to 

walking trials with adjustable'devices without the need for limb assembly 
fixtures (Radcliffe 1977), therefore, it has been modified to. a new reference 
line called MKA in which the knee is located on the line which is between the 

bisector of the medial wall of the socket and the ankle joint. In this line the 

knee is located on the medial aspect of the prosthesis rather than the lateral 

side as is the case with the TKA Jine. In the case of MKA,. the air space was 

also used during bench alignment. 
There are general principles for achieving a satisfactory dynamic 

alignment. However, these principles can only be used as a guide and they 

should always be modified to accommodate the individual differences 

depending on the physical condition of the patient and on the length of his/her 

stump. FiFnre 3.32 shows the general principles for setting' the alignment 

according to the length of the stump. 
For short stumps, the socket is slightly abducted; this is to improve the 

pelvis medio-lateral stability, as the hip aqductors, which were weakened by 

the amputation, will be in an advantageous position, and the medial stabilising 
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SHORT FUNCTIONAL LENGTH 

Socket slightly abducted 
for short stump 

Posterio r vertical reference 
line through point of contact 
of ischiurn - 
Straight shank 
Heel centre outset with 
respect to vertical 
reference line 

MEDIUM FUNCTIONAL LENGTH 

Medial wall vertical 
Latdral wall sloped inward 
to provide stump adcluction 
in socket 
Posterior vertical reference 
line through point of contact 
of ischium 
Straight shank 
Heel centre directly under 
point of contact of ischium 

LONG FUNCTIONAL LENGTH 

Posterior vertical 
reference line through 
point of contact of ischium 

Inset shank 
Heel centre inset with 
respect to vertical 
reference line 

As much initial flexion 
in socket as practical 
Socket aligned forward 
on knee block 

Lateral vertical reference 
line through knee axis 

Ankle aligned ahead of 
vertical reference line 

Trochanter contacts 
lateral wall in line 
with reference line 

Lateral vertical. reference 
line through knee axis 
Initial flexion In socket is 
satisfactory when line of 
sight intersects toe break 
Ankle joint directly under knee joint 

Trochanter contacts 
socket behind reference 
line 
Initial flexion limited 
by length of stump 

Lateral vertical reference 
line through knee axis 

Ankle joint aligned 
behind knee joint 

Figure, 3.32 Alignment variations to accommodate stumps of various functional lengths. -(from Radcliffe 1955). 
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force will be increased. Also, abducting the socket will shorten the hip 

abductors since they are still powerful and will therefore, generate high 

pressure at the distal lateral end of the femur. This high pressure will be 

reduced as the hip abductors are shortened, however, it will be increased with 
abducting the socket as the medio-lateral force will be increased. Therefore, 
the socket should not be largely abducted. In fact, with the new method of 
alignment, the socket should be adducted as much as possible regardless of the 
length of the stump in order to provide a normal gait. For a short stump, the 
foot is set slightly laterally to help improve the medio-lateral stability as the 
medial force on the foot will be increased. In the sagittal plane the socket is 

set in as much initial flexion as practicable (Radcliffe 1955). This will make 
the hip ext,.; nsors which are affected by the amputation, more effective in 

providing knee stability. Knee stability- is also ensured during the stance phase, 
by locating the knee joint behind the trochanter-ankle line. 

For stumps with medium length, the socket is slightly adducted to keep 

the stump adducted and to make the hip abductors more effective in providing 

pelvic stability. The foot may have to be located laterally to help medio-lateral 

stability especially for patients who are physically weak. In the sagittal plane 
the socket is flexed by approximately 5 degrees to give an advantage to the hip 

extensors in providing knee stability at heel strike and during early - stance 

phase. Because of this and the medium length of the stump, the knee can be 

located on the trochanter-ankle line and there is no need to locate the knee 

behind this line. 

For long stumps, the socket is adducted more than for medium length 

and the foot can be positioned medially, so that the patient will walk with a 

narrow base. On the other hand the initial socket flexion can be made small 
because the stump can control the stability, and large iluitial flexion may give 

cosmetic problems. The knee joint can ' 
be positioned -ahead of the hip-ankle 

line because it is easy for the patient to control the knee stability, and moving 
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the knee forwards will help to provide a smooth knee flexion at push off. It 

should be mentioned that in the present practice, sockets for medium and long 

stumps are set as adducted as possible to provide a normal walking pattern. 
Many scientists have had a special interest in the alignment 

configuration and in establishing a means of providing the optimum alignment 
of the prosthesis. The group at the University of California Berkeley (UCB, 
1947) pointed out that the effect of changing the position of the elements of the 

prosthesis on the comfort, ability to walk and on the gait characteristics must 
be determined. As a result, two adjustable legs were designed, one for BK and 

one for A. K amputees which allowed adjustment of all the alignment elements 

of these leg.. Two AK amputees were tested and the results showed that the 

socket tilt, the angle between the upper and the lower leg, the position of the 

weight bearing line, and the position of the knee axis and the ankle axis 

relative to each other and to the line of progression (turned in/out). are all very 

critical and inter-related. The above results were based on qualitative 

assessment for comfort and walking; also, the type of socket which was used 
for the test was not reported but it was stated that the ischial bearing type was 

used at this centre to test the suction socket. However, it was reported that no 

conclusion should be made at that time, since only two subjects were tested. 

Appoldt et al (1968) measured the local pressures experienced between 

the stump and socket wall - in two AK 'amputees wearing quadrilateral total 

contact suction sockets. Also, the effect of alignment changes on the 

stump/sockCE pressure was investigated. Alignment changes of 2 degrees in the 

socket abd uction/adduc don and 5 degrees in the socket flexion showed no 

effect on the stump/socket pressure. This may question the accuracy of their 
instrumentation because a change 5 degrees in the socket flexion will result in 

dramatic changes in the function of the prosthesis (based on observations by 

the author of this thesýs). However, an error of 3 percent in the pressure 

readings was recorded. 
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Chapter 3 Lower Limb Prosthetics 

Pearson et al (1973) studied the effect of alignment changes on the 

pressure at critical regions of the stump of BK amputees. Ten BK amputees 

were tested and alignment changes were applied in the sagittal, and medio- 
lateral planes. The investigations showed that the pressure at the distal anterior 
tibial region tended to be largest and most sensitive to alignment alterations. 
It was found that pressure variations were more sensitive to angular rather than 
linear alignment changes. 

Solomonidis (1975 and 1980) during the course of an objective 

evaluation of available modular prosthetic systems, defined six alignment 

parameters for the BK prosthesis and eleven parameters for the AK prosthesis. 
The below knee alignment parameters are: socket flexion, socket lateral tilt, 

socket lateral set, socket forward set, prosthesis height and foot toe out angle. 

The AK , prosthesis has in addition to the above, further five alignment 

parameters which are: knee height, knee set back, knee set out, knee ML tilt 

and socket rotation. Figure 3.33 illustrates the alignment parameters for the 

AK and BK prostheses as defined by Solomonidis. The results of 

Solomonidis's work showed that a range of dynamic alignments was acceptable 
for any patient, and that a relationship might exist between the various 

alignment parameters. He recommended that an evaluation should be done on 

the various procedures which are used to set the bench alignment, and more 

understanding of the patient's tolerance in relation to the dynamic alignment 

should be obtained. 
Saleh et al (1983) studied the effects of mass properties of the prosthesis 

on the gait of below knee amputees. The differences in weight between the 

prosthesis used during alignment and the delivery prosthesis, were considered 

to be a major factor in gait deviations. Kerr et al (1984) designed a protractor 

to measure the angular alignment of BK prostheses. It is a parallelogram of 
linkages attached to fixed reference points on the socket and on the pylon 

tubing as seen in figure 3.34.11is device has an accuracy of ± 1-degree in AP 
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Chapter 3 Lower Limb Prosthetics 

and ±2 degrees in ML angular alignment. The author of this thesis believes 

that this accuracy is not acceptable as a change in the socket (or any 

component) angle by ±I degree in the AP plane is believed to produce a large 

effect in the kinetics and kinematics of the prosthesis (Morimoto et al 1987, 

Zahedi et al 1988, and observations by the author of this thesis). Also the 

weight of the device and its complexity may alter the gait of the patient during 

the dynamic alignment session. 
I 

zIn 

Zahedi et al (1985) proposed that using biornechanical analysis, by 
11: ý 

measuring tiie angulax movements and calculating the moments at the major 

joints, the most suitable alignment can be selected from a range of acceptable 

alignments for any patient. 
Zahedi et al (1986) examined the alignment results of 183 fittings on 10 

below knee amputees, and 100 fittings on 10 above knee amputees. The results 

showed that an amputee can tolerate several alignments ranging in some 

parameters by as much as 148 mm in shifts and 17 degrees in tilts. The 

prosthetists could not repeat a given alignment; however, a range of alignments 

was acceptable to the patient and to the prosthetist. Figure 3.35 shows nineteen 

different acceptable alignments made by the same prosthetist for one below 

knee patient using one prosthesis. This fact was also found for above knee 

amputees, and it was also found that the acceptable range of alignment varied 

from one patient to another depending on how much control the patient had of 

his prosthesis. A linear relationship was found between socket AP tilt and 

knee AP shift in the case of above knee amputees. It was also found that the 

above knee amputee can tolerate more variability in the ML direction than in 

the AP direction. Zahedi et al pointed out that a biomechanical evaluation of 

the amputee's gait is needed, and comparative optimization procedure of the 

kinetic and kinematic parameters would be useful. 

Hannah et al (1984) investigated the effects of alignment changes on the 

gait of five below knee amputees. The investigation was carried out using 
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goniornetry to measure kinematic parameters at the knee and hip of the sound 

and the prosthetic legs. It was thought that maximum symmetry of the 

measured kinematic variables coincided with the optimum alignment of the 

prosthesis. They found that with alignment changes, 40 indices out of 180 

were significantly different from the indices achieved at the optimum alignment 

setting. Thirty eight of the 40 indices were of a lower value than the indices 

at the optimum alignment setting, showing that for the detected differences in 

symmetry, the change in alignment resulted in an increase of lower limb 

asymmetry. Therefore, they concluded that "symmetry of kinematic lower limb 

variables of a person with below-knee amputation is maximum at the optimal 

alignment of the prosthesis". It was also found that foot dorsiflexion is the 

most important variable in the alignment changes, 'and that hip 

flexion/extension motion is the most sensitive to alignment changes. It is 

believed that the authors did not have adequate data to draw the above 

conclusion, because the optimum alignment was considered as the alignment 

which the patients were fan-dliar with, and in fact it may not be the optimum 

alignment. Furthermore, the concept of having maximum symmetry in the 

kinematic variables coincident with optimum alignment, was undermined when 

Winter and Sienko (1988) showed by means of biomechanical analysis, which 

was applied on 5 below-knee amputees, that the motor patterns of the residual 

muscles at the hip and knee were modified after amputation, and it is not 

known whether the modified motor patterns are optimal. 

Nfizrahi et al (1986) studied the effect of alignment changes on the 

symmetry of the ground reaction force pattern between the sound and the 

prosthetic sides of an AK amputee. The results showed that by plantarflexing 

the foot, the push off force on the prosthetic leg was increased and the braking 

force of the sound leg was reduced. Mizrahi et al found that all the disorders 

in the patterns of the anterioposterior force at the sound and prosthetic sides, 

can be eliminated by achieving the optimal alignment. The author of this 
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thesis believes that the ground reaction force pattern alone does not provide 
enough information to determine the effect of alignment changes on the gait 
and kinematics of all the body joints should be considered. Furthermore, 

results obtained by testing only one AK patient cannot be considered 
conclusive. 

Winarski and Pearson (1987) established a quantitative relationship 
between the loads on the prosthesis and the normal pressure on the stump in 
BK prostheses using a matrix equation. The equation was used to relate two 
loads on a shank pylon (axial load and flexion/extension moment) to the 
normal pressure acting at the patellar tendon and at the gastrocnemius. This 

relationship was established over " both time and a range of changes in 

prosthesis alignment " as referred to by the authors. It can be understood that 
the time is referred to percentage -of the gait cycle or the stance phase, and the 

range of alignment changes is referred to different angular positions of the 

pylon of the prosthesis. 17heir aim was to obtain the normal pressure between 

the socket and the stump at the above areas if the pylon loads were known. 

The equation has two sin-dlar forms, one of them presents the relationship of 

the axial load, extension/flexion moment and the normal pressure at the patellar 
tendon. The other form reflects the relationship of the. axial load, 

extension/flexion moment and the normal pressure on the gastrocnen-dus. 

c; P(E) , t) = [WI, + (dWjj /dO)* 01* FJO 
90 -+ 

[W, 
2+ (dW12/dO)* 01* M., (O t) 

where: a, (E) , t) is the normal pressure on the patellar tendon (Pascal) 
W,, is the influence factor of the pylon axial force ( I/Mý 

F,. (E) ,t) is the axial force on the pylon (N). 
W,, is the influence factor of the flexion/extension moment (I/M3) 

Mx(G , t) is the flexion/extension moment on the pylon (Nm). 

t is the time (s) 

9 is the flexion/extension angular change of, the pylon about the 
VAPC (Veterans Administration Prosthetic Centre) alignment unit 
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The influence factors and their derivatives should be calculated for every 
subject, and were calculated by firstly; sumn-dng the square of the error 
between actual (measured) and theoretical patellar-tendon pressures, secondly; 
differentiating the summing equation with respect to the influence factors and 
to their derivatives, and finally setting the derivatives to zero in order to 

minimize the sum of the squares of the errors between the actual and the 

theoretical pressures. However, the authors did not present any computer 

program to serve this calculation. 
The above equation shows that a certain percentage of the normal 

pressure on the patellar tendon is produced by the axial -force, and the rest is 

produced by the flexion/extension moment. The results showed that the 

patellar tendon pressure has the greatest sensitivity to the pylon 
flexion/extension adjustments. This study calculated only the normal pressure 

without considering vertical shear. Also, it was concerned with only two areas 

of the stumýp socket interface of a BK prosthesis, and it should be extended to 

cover the whole - surface between the socket and the - stump of BK and AK 

amputees. 
Morimoto et al (1987) used a pylon load cell (PLC) to measure six 

quantity loads at the shank of a BK prosthesis with a PTB socket and a 

uniaxial foot. Single axis flexible electrogoniometers were also used at the hip, 

knee and ankle of the prosthetic and sound legs to measure the angular 

movements of the joints. The above equipment was used to study the effect 

of prosthetic alignment changes on the gait pattern of a BK amputee. The foot 

was shifted in the AP and ML directions, and then also tilted in the AP and 
ML directions, and the toe was rotated in and out from the normal position. 
The patient walked along a straight level path, a ramp, and -a stair way when 
the data wen-, collected. Figure 3.36 shows samples of data which reflect the 

effect of foot dorsi/plantar flexion changes on the gait pattern. All the gait 
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parameters were changed, but the changes were most noticeable at the ankle 

and knee bending moment in the AP plane, and in the torque of the shank. 
Dorsiflexin, the foot has extended the time of the plantarflexing moment at the 

ankle joint ( longer cross over period) and also increased the value of this 

moment. This study was limited to only one patient, therefore, more patients 

should be tested to establish the true relationship between the gait parameters 

and the changes in the alignment of the prosthesis. Also, this study was only 

concerned with the BK prosthesis and its extension to include the AK 

prosthesis is desirable. 

Saleh (1988) discussed the optimization of the prosthesis and stated four 

main areas which affect it, they are: stump-socket interface, mass properties, 
knee aýd ankle joint mechanism components, and alignment. Saleh reported 

that, deliberate anterioposterior n-dsalignments were made in five BK amputees, 

thereafter their gait was assessed by visual - observation - and by using an 

automated gait analysis system. The results proved thafthe subjective methods 

of assessment were inadequate. 

Zahedi et al (1988 and 1989) performed and measured 300 alignments 

on ten BK and ten AK amputees. It has been found that the ste 
'p 

to step 

variations are noticeable on the pattern of the amputees gait. These variations 

varied for each individual patient and also with the alignment of the prosthesis. 
A deliberate misalignment of 2 degrees plantarflexion. on the foot of an AK 

prosthesis which was accepted by the patient and by the prosthetist, resulted in 

a considerable change on the loads at the ankle joint, as seen in figure 3.37. 

The changes in the loads at the ankle joint resulted in changes at the knee and 
hip joints. It was found that patient and prosthetist can accept a number of 

alignments and it has been recommended that by using biomechanical analysis, 
it is possible to select the most suitable alignment from a number of acceptable 

alignments. The above results were also confirmed, by Solomonidis and 
Spence (1988). 
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Yang Lang (1988) and Lang etal (1991 a) studied the effect of alignment 

changes on the gait of above knee amputees. Four patients were tested but 

only two wv., te used for the complete analysis. Two force plates and three TV 

cameras were employed to measure the kinetic and kinematic data of the 
subjects at the sound and prosthetic sides, and the effects of the aligru-nent 
changes on the gait pattern were accurately assessed. As the number of 

patients was very small (2 patients), it was difficult to draw definite 

conclusions especially on the sound leg and on the trunk's variables. However, 

the effect of alignment changes was noticeable on the prosthetic side, and 

particularly on the value of the ground reaction forces and the positions of their 
line of action. Lang pointed out that the centre of pressure and the fore-aft 

shear force were very sensitive, and they could be very useful in studying the 

effect of alignment changes on the amputee's gait. 
Marmar and Solomonidis (1989) carried out a biornechanical analysis 

of AK amputees in order to study the effect of alignment changes on the gait 

parameters. Their aim was to provide the prosthetist with a method for 

achieving optimum alignment regardless of the patient's comments. The 

alignment changes were in the sagittal plane only, and it was found that the 

prosthetic kinetic and kinematic data were very sensitive to the alignment 

changes. The results will be presented in the results chapter in this thesis, and 

further details regarding the prosthetic and the sound leg of more new patients 

will be discussed. It is evident that a number of researchers have investigated 

the effect of alignment on prosthetic gait, but most of these investigations were 

concerned with BK prostheses and very few have tested AK prostheses. This 

indicates that much more work should be done regarding the alignment of AK 

prostheses. 
3.4 Gait Analysis of Lower Limbs Amputees 

This section deals mainly with the gait of above knee amputees, and the 

gait of below knee amputees will be briefly* dealt with, only when it is 

82 



00 

C14 

Im 
r_ 
ci 

Ici 

E0 

w 

t) 

ItT 

(111 CD r- ri 

Ch , \O . roll 
re) 00 tr% 

., -e \O le 
.ý 

ri cý lf% le 
CD CD CD 

-H -H -H -H 

CD 

CD ýc 
CD 

CD 
+i +i -H 

0 le oc \O -4 

J4 

2' ce 

cu f4 rA *c 
no -.. 1- 

.. 2 
u2 0 

e 2 E 2 C 



Chapter 3 Lower Limb Prosthetics 

necessary to help in understanding the gait of AK amputees. All temporal 
distance, kinetic and kinematic data, and energy expenditure will be presented 
in this section. 
3.4.1 The Temporal-Distance Parameters 

The temporal-distance parameters can be used in gait evaluation and in 

the evaluation of the function of the prosthesis, although they are not enough 
for the whole evaluation. 

Zuniga et al (1972) used foot-switch signals to measure the temporal 

parameters of 20 AK amputees which. were Aescribed as "good prosthesis 

wearers" and had "good gait patterns". In addition, 20 male normal subjects 

were tested for reasons of data comparison. Table 3.4 shows the temporal 

parameters of the amputees and the normal subjects. It was reported that the 

results were reproducible when a subject -was tested and retested within one 
day. However, the author of this thesis believes that the wiring of the foot- 

switches and the cables of the goniometer which was used, together with the 
foot switches, may have disturbed the patient and altered the gait. ý 

James and Oberg (1973) studied the gait of 34 above knee amputees. 
The temporal-distance parameters were measured using two micro-switches, 

one at the heel and the other at the front part of the sole. All patients were 
fitted with total-contact suction sockets and in most cases the prosthesis was 

provided with a stabilising knee mechanism and swing phase control (the type 

was not defined). The data were collected at normal and fast speeds and were 

used to assess the gait asymmetry regarding the temporal-distance parameters 

of the sound and the prosthetic legs. The gait parameters were compared with 

control data which were obtained from-normal subjects. The normal speed of 
the amputees was found to be 38% lower than the normal'speed of nonnal 

subjects. The cycle duration was about 33% longer, and the stride length was 

about 17% shorter than those of normal subjects. At normal speed the stride 

width, (measured as the perpendicular distance between two parallel lines, one 
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Table 3.5 Temporal distance parameters of 7 AK amputees and 30 
normals. (from Murray et al 1980) 

FREE FAST 
(mean =1 S. D. ) (mean =1 S. D. ) 

Walking speed (cm; sec) 
Amputees 1.00 = 16 -i4O =25& 
Normal men 151 =20 218 =25 

Cycle duraticn (sec) 
Amputees 1.38 =. 11* 1.18 =. 1 14 
Normal men 1.06 =. 09 . 87 =. 06 

Cadence (steps!, min)_ 
Amputees 87 =--7* 162 --- 9 
Normal men 113 =10 138 =10 

Stride -length (cm) 
Amputees 136 =15** 164 22t 
Normal men 156 =13 186 =16 

Step length (cm) 
Sound 64 =9* 81 - =12** 
Prosthetic 72 =8 83 =11 
Normal' 78 7 93 =9 

Stride width (cm) 
Amputees 17.4 =3.6* 18.3 =4.3* 
Normal men 7.7 3.5 9.1 = 4.1 

Foot angles ideg) 
Sound 10.9 =7.2 10.2 = 5.8t 
Prosthetic 2.3 = 5.0 2.1 = 4.6 
Normal 61.3 = 5.7 5.3 =5.5 

Stance Phase (sec) 
Sound . 94 =. 12* . 78 =. 09* 
Prosthetic . 80 =. 07* . 62 =. 08* 
Normal . 65 =. 07 . 49 =. 05 

Swing Phase (sec) 
Sound . 43 -= -. 04 . 41. =. 04t. 
Prosthetic . 58 =. 06* . 56 =. 040 
Normal. . 41'=. 04 . 38 =. 03 

Double-Limb Support. (sec)-_ 
1st in cycle . 20 =. 06** . 11 =. 03** 
2nd in cycle . 17 '--`. 04** . 10 =. 04t 
Normal . 12 =. 03 . 06 =. 03 

*The amputees were significantly different from normal 
(P<. 001); **(p<. 01): t(p<. 05) . 



Chapter 3 Lower Limb Prosthetics 

passing through the right heel point and the other passing through the left heel 

point and tith parallel to the line of progression) of the patients was 31% 

greater than that of normal subjects. The size of the stride width for the 

amputees was related to the possibility of stabiiising the pelvis in the frontal 

plane during the stance phase of the prosthetic side. It was found that the 

patient took, a longer step with the prosthetic leg (distance from sound heel 

strike to prosthetic heel strike) than with the sound leg (distance from 

prosthetic heel strike to sound heel strike). Ile prosthetic gait was found to 
have considerable asymmetry with regard to stance and swing phase duration 

and to step length. The stance phase duration of the prosthesis was 13% 

shorter than that of the sound leg, while the swing phase was*25% longer, and 

the step length 10% longer than that of the sound leg. The asymmetry of the 

gait was found to be unaffected by increasing the speed of the patient from 

normal to fast speed. 
Godfrey et al (1975) measured the temporal-distance parameters for 7 

above knee amputees in order to evaluate 6 different knee mechanisms. Each 

of these patients was fitted with the six knee mechanisms, and the temporal 

parameters were measured by means of foot switches. However, the method 

of measuring the distance parameters was not discussed. The results were 

comparable with those of other researchers (James and Oberg 1973) as 

presented by the authors, and it'has been found that the more complicated knee 

designs have no great advantages over the simpler ones when walking on flat 

level surface. 
Murray et al (1980) studied the gait pattern of 10 adults with above knee 

amputations, and their temporal-distance parameters were measured. Table 3.5 

shows a comparison between the amputees' data for two speeds and the data 

of 30 normal men. The results showed that the duration of the sound stance 

phase was longer than that of the prosthetic stance phase, but the duration of 
the sound swing phase was shorter than that of the prosthetic swing phase (fig 
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FREE-SPEED WALKING 30 NORMAL MEN 
10 A-K AMPUTEES 

LEFT 1IMS. -2 SWING 3ý7* 
NORMAL 

11t W 
RIGHT ING 39% s 

PROSTHETIC SWING 42% 
SOUND SWING 31% 

FAST-SPEED WALKING 

LEFT SWING 43% 
NORMAL RIGHT N SWING 43% 

,.,,, 4 

PROSTHETIC ý909WUWý SWING 47% 
SOUND SWING 340/6 

0 0.2 0.4.0.6 0.8 1.0.1.2 1.4 1.6. 

SECONDS 

Average stance ýnd -swing dura- 
tions during free-speed and fast 

ound and pros- walking for the s 
, thetic limbs of 10 above-knee am. 

putees with constant-friction knee 
components (which are adjusted for 
free speed) and for the left and right 
limbs of 30 normal men. The num. 
bers within the timing bars express 
the stance and swing durations in 
percent of the walking cycle dura. 
tions. 

Figure 3.38 Stance and swing duration's durincifree and faSt walking. -ýý"-ý, ý 
(from Murray et al 1980) 
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3.38). The stride length was found to be 77 percent of the stature for the 
amputees walking at their normal speed (compared to 89 percent for the normal 
men). The stride widths of the amputees were found to be wider than that of 
the normals, and the successive step lengths tended to be uneven. The author 
of this thesis found the results of Murray et al to be reasonably comparable 
with the results of James and Oberg. For example, at the free speed, the stance 

phase duration was 0.77 s and 0.89 s for prosthetic and sound legs respectively 
in James and Oberg. The corresponding figures are 0.80 s and 0.94 s in 
Murray et al. This is evidence to prove the validity of their methods, and these 
data can be used as reference for future investigation. 

Murray et al (1983) tested seven above knee amputees with two different 

mechanisms for controlling the prosthetic knee during swing (constant friction 

and hydraulic mechanisms). The temporal distance parameters were measured 

at slow, free, and fast speeds and the results found to be very similar to the 

previous report (Murray et al 1980). Table 3.6 shows the results for the two 

types of knee mechanisms at three different speeds. In this table the control 
data are for normal men in an appropriate age range., 
3.4.2 Kinetic and Kinematic Analysis 

The research carried out at the University of California, Berkeley (UCB, 

1947) supplied the world with a basic study of human locomotion concerning 

normal, below knee and above knee amputee subjects. The glass walkway 

studies provided the measurement of the kinematic variables of the human 

body and the pylon studies provided the measurement of kinetic variables of 
the prostheses of lower limb amputees. Two AK amputees were tested using 
the glass walkway and the data were compared with data for normal subjects. 
Figures 3.39 and 3.40 show some results for an above knee left amputee (the 

prosthetic side). It is noted that the hip elevation curve of the prosthetic side 

of an above knee amputee rises only during the swing phase as the prosthesis 
is being lifted through its cycle, and the length of the prosthesis is controlling 
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Table 3.6 TemporýI-distance parameters for seven AK amputees, 
with two knee mechanisms at three different speeds. The 
control data is for 11 normal men. (from Murray. et al 
1983) 

Condition of walkint 
Slow Free-speed F 

Gait measurement Mein tI SD Mean tI SD Me= -t I SD 

Velocity (cm/wc) 
Constant friction 78t 8* 1071110 149t220 
Hydraulic 7Stll' l20t23*t 169tuot 
Co n tro Is 89ttl lSlt20 2 18 t2S 

Cadence (steps/min) 
constant friction 78t 5 89*. 30 104t 70 
Hydraulic sit 6 99t 7-t 120t 98t 
Controis Sit 5 113ilO 133210 

Stride length (cm) 
Constant friction 121z12 142: 14 172: t2 I 
Hy dra u lie 111%11 144: 17 171ttS 
Controls 126,: 13 156: 13 L86: t6 

Cycle duration (sec) 
Constant friction I. S S t. 1 I 1.34t:. 048 1.1 S t. 08 
Hydraulic 1.49t. 12 1.21 t. 09st 1.0 1 t. 07 Ot 
Controls 1.48t. 09 1.06:. 09 .87: t. 0 6 

Swing phase (see) (% cycle) 
Constant friction 4ound . 49 i. 1 0( 31175) 43t. OS (32175) . 40:. 03 (347c) 

-prosthetic .61:. 0 6( 3 917c) 1 S7:. OS (4 2 '75) SS2.04 (487c)s 
Hydraulic -sound ASt 04 ( 3017o)* . 43:. 04 (35%) . 39t. 04 (3871c) 

-prosthttiC .33t: O 3( 3 617c) . 49:. 02 (4017o)*t .4St. 0 3 (4 S ý'c) 0t 
Controls S2i. O$ ( 3517a) .41:. 0 4(39,7o) .38t. 0 3 (4 417c) 

Stance phase (see) (17@ cycle) 
Constant friction -sound 1.07t. 05 ( 6ro)Q . 90:. 06 (68; o)O . 76. t. 06 (667o)e 

-prosthetic . 94t. 07 ( 6175) . 78. -. 04 (S85o)* .6 Ot. O 6 (S I 
Hydraulic -sound 1.0 4 tA 1( 7 01o) . 79t. l0(6S17o)'t . 64:. 07 (627o)*t 

-prosthetic .9 St. 14 ( 64%) . 72!. 09 (60%) SS:. 06 (SS70)et 
Controls . 96t. 07 ( 054) . 6S. -. 07 (61%) . 49:. OS (S617c) 

Step length (cm) 
Constant friction 4ound S317 67: 3 86tlO 

-prosthetic 63t7 76r 5 86%13 
Hydraulic -sound S4. -S' 69: 8" 84: 10* 

-prosthetic 56: 61 7$: 10 87t 9 
Controls 63t? 73: 7 931 9 

Foot angle. out-toein g (deg) 
Constant friction -sound 11.30.3 9.3: 5.3 3.4t4.8 

prosthetic 3.414.9 2.2t 4.7 1.9! 4.9 
Hydraulic -sound I 7.9-, S. 7 6. S i 4.7 

-prosthetic 1.0 14.2 0.70.66 -1.4t4al 
Controls 6.01S. 8 6.3 i S. 7', S. 3t S. 5 

Stride width (cm) 
Constant friction 17. St6.1 16.4-. 4.3* 18.1i4.40 
Hydrauuc 19.80.1 18.6t6.00 18.4tS. 30 
Controls I O. S x S. 7 7.7: 3. S 9.1 t4.1 

OSilnifIcant Iy different from norm &I (p<0.05); tHydraulic significantlY different from constant friction (p<O. OS) 
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Chapter 2 Lower Limb Prosthetics 

the elevation of this curve during the stance phase. The knee of the AK 

amputee remains locked during the greater part of the stance phase, and it is 

seen (fig 3.40) that" the artificial knee does not have the double- peak 
phenomenon which is seen during the stance phase of the normal subject. 
Also, the ankle of the prosthetic leg was found to be unable to dorsiflex or 
plantarflex the artificial foot. The absence of prosthetic foot plantarflexion 

makes the patient unable to lengthen his prosthetic leg, therefore, the patient 
would take -. shorter step with the. sound leg (distance from prosthetic heel 

strike to sound heel strike). The pylon studies were performed on three BK 

and three AK amputees for level walking, up and -down stairs, and up and 
down i ramp. Although the results were very useful, it would be unwise to 
draw any definite conclusions as the number of subjects was very small. Also, 

an above knee amputee -was tested with a suction socket and with the usual 

pelvic belý leg. It was found that the patient put more load on his suction 

prosthesis than 
, 
on his usual pelvic belt prosthesis. This was attributed to the 

fact that the patient had more confidence in his suction leg as it was more 

comfortable. Figure 3.41 shows data based on loads from a pylon test for an 

above knee amputee with a suction socket and with pelvic belt socket for level 

waWng. 
Cunr., *ngham (1950) presented force plate data for 10 normal subjects, 

7 BK amputees, and 11 AK amputees. Figure 3.42 shows the results for four 

above knee amputees for level walking. The -differences between the pattern 

of the amputees gait and the pattern of the normal subjects were related to 
differences in the walking speed and to the ratio of leg length to the stride 
length. For above knee amputees it is clear that the forces transmitted by the 

prosthetic leg are smaller than the forces tran sn-dtted by the sound leg. There 

was an indication of a third peak in the pattern of the vertical forces on the 

sound legs of. the amputees. This is caused by the Waulting" action which 
takes place when the patient rises on his sound foot to allow clearance for his 
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and pelvic belt socket, for level walking. (from Eberhart 1947) 
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Figure 3.43 Knee flexion/extension moment, for AK amputees. 
12 runs made on four patients (S, G, M and W) fitted with different 
knee mechanisms, and walked with fast (F), medium (M) and slow 
speed. Normal = sound side. (from Besler et al 1957) 

Note: POUND = 0.454 kg, FOOT-POUNDS = 1.356 Nm. 
Decoding example: G-S-M = G, is the subject, S, Single axis knee mechanism, 

M, Medium speed. 



Chawer 3 Lower Limb Prosthetics 

prosthetic toe and prevent stumbling. The "Vaulting" action was also found to 
be caused by a bad suspension system or by a long prosthesis. A point to be 

mentioned about the data in figure 3.42 is that the vertical force on the 

prosthetic side for two subjects was below the body weight line; the reason for 

this phenomenon was not explained. 
Bresler et al (1957) studied four above knee amputees using different 

types of knee mechanisms, - walking at slow, medium, and fast speeds. The 
knee mechanisms as listed by the authors were: (1) NV = Navy Leg with 
"variable cadence" device. (2) NF = Navy Leg with constant friction device. 
(3) S= Conventional single axis knee. (4) UH = U. C. Polycentric knee with 
hydraulic damping. (5) UF = U. C. Polycentric knee with Navy Friction device. 

(6) CH = Catranis Utility Hydraulic Leg with muscle control. The angular 
displacement and the moment at the hip, knee and ankle joints were presented 
for the sound and the prosthetic legs, and compared with data for four normal 

subjects. The results showed that as heel-off of the prosthetic leg was delayed, 

the shank continued to rotate about the ankle causing an increase in the, ankle 

angle (dorsiflexion) of the prosthetic side. On the prosthetic side the knee was 
found to have- no flexion during stance phase. The hip flexion angle of the 

prosthetic side did not increase after heel contact, instead, the hip started 

extending just after heel strike. This was attributed to the lack of knee flexion 

at heel contact. The moment at the hip joint was found to have no significant 
differences between the sound and the prosthetic legs. Figure 3.43 shows the 

AP knee moments for the four subjects fitted with different knee mechanisms 

and walking with slow, medium and fast speeds. 
Cappozzo et al (1976) studied the kinematics of two AK amputees 

wearing prostheses with uniaxial knee mechanisms and SACH feet. The results 

showed that ! he pronounced disadvantages of the prostheses used were the stiff 
knee during the stance phase and the fixed ankle during the swing phase. 

Murray et al (1980) tested ten active above knee amputees using 
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constant friction knee components. The Idnematics of the sound and prosthetic 
legs was measured and compared with data from 30 normal subjects (fig 3.44). 

The data confirmed the fact that the prosthetic hip did not flex after heel 

contact, and that the prosthetic knee has no flexion at stance phase. 
Cappozzo (1982) measured the motion of the upper body (head, 

shoulder, pelvis) for three above knee amputees walking at two different 

speeds. Differences with respect to relevant normal patterns are obvious. Gait 

asymmetry and devýations in the displacement of the head, shoulder and pelvis 
in comparison with the normal pattern, are depicted. 

Goh (1982) conducted an evaluation of SACH and Uniaxial feet, by 

measuring the kinetic and kinematic data in six BK and five AK amputees. 
The kinematic data showed that the uniaxial foot movement resembles a 

normal foot more closely in providing plantarflexion in early stance. Figure 

3.45 shows the angle-time, diagram for the sound and prosthetic sides at the 
joints of an above knee amputee in the sagittal plane when the amputee was 
fitted with 9ACH and uniaxial feet. The kinetic data of the AK amputees 

showed no differences between the two types of feet (fig 3.46), and it has been 

concluded that with proper selection of heel stiffness and alignment, both types 

of feet can be made to produce similar kinetic Patterns. The results of this 

work for the hip angular motion are comparable to the results of other 

researchers (Murray et al 1980), therefore, the results of this work can be 

considered as a reference for further work, and the method of analysis can also 

be used. 
Krebs and Tashman (1985) made a comparison between the 

conventional rigid socket and the flexible ISNY socket by measuring the 
kinematic and kinetic parameters for an above knee amputee. Data were 

collected for the two sockets at the preferred, slow and fast speeds. No 

'ifferences were found between the two' sockets or between the significant J 

speeds, but it has been found that with the ISNY socket, the patient can load 
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Chapter 3 Lower Limb Prosthetics 

on his prosthesis more quickly. This was considered as an indication of a 

comfortable socket. Figure 3.47 shows the kinematic results which were 

obtained at the preferred speed. Because only one patient was tested, the 

results cannot be genera-lised, but it can be considered as a pilot study, and the 

methodology can be used on an extended study. 

Akidele (1987) measured the forces acting on the feet of the above-knee 

am, putees using the two Kisder fo: ce plates installed in the biomechanical 

laboratory of StrathdlYde University. Figure 3.48 showed the forces obtained 
for the sound and prosthetic legs of one above-knee amputee. The data shown 

was averaged for five runs obtained during level walking. 
Zahedi et al (1988 and 1989) studied the gait of lower limb amputees, 

and the effect of prosthetic alignment changes on the gait variables. Pylon 

transducers were used to measure the prosthetic loads on the shank of the 

prosthesis. The results showed that step-to-step variations in the kinetic data 

of the prosthetic leg of an above knee amputee are depicted. The step-to-step 

variations could be contained within a "repeatability envelope" and were greater 

for the AK amputee than the BK amputee. Figure 3.49 shows the repeatability 

envelopes for the forces and moments for 60 steps by an above knee amputee 

at the ankle level of the prosthetic leg. It is clear that the variation is greater 

in the medio-lateral plane. It is believed that the step to step variation depends 

on the patient and on the degree of control which he has on the prosthesis. 

Yang Lang (1988) and Lang et al (1991a) investigated the effect of 

alignment changes on the gait pattern of above knee amputees. The kinetic and 

kinematic data were measured for four above knee amputees and the gait 

pattern found to be in agreement with many of the previous researchers work 
(Zahedi et al 1989, Goh 1982). The effect of alignment changes has been 

discussed above (section 3.3.3), and the ga-it pattern which was obtained can 

always be used for the analysis and understanding of the gait of AK amputees. 
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Chapter 3 

3.4.3 Energy Expenditure 

Lower Limb Prosthetics 

The analysis of energy expenditure in lower limb amputees can play an 
important role in determining the degree of leg pathology and in evaluating the 

effectiveness of certain prostheses and their components. By determining the 
energy requ!; ed for movement and by understanding the mechanism of energy 
transfer within the body segments, improvements may be achieved in the 
design, function, and alignment of the prosthesis, and only the minimum energy 
expenditure would then be required for an amputee's movement. Bresler et al 
(1957) studied methods of calculating the mechanical energy of the body 

segments during locomotion, and discussed the use of energy methods in 

evaluating the prosthesis- Complete energy calculations on the sound and 
prosthetic legs were carried out on four AK amputees using five different 

prostheses and walking at slow, medium, and fast speeds. 'I'lle-results were not 
conclusive because the data were affected by a large number of variables, and 
four subjects only are not sufficient to provide statistically valid results. 
However, the data can be used for understanding the mechanism of energy 

expenditure during walking. It has been found that the net energy generated 
by the prosthetic leg is not sufficient to provide the required movement at its 

joints. The average energy deficiency is about 15 ft lb (20.33 joules) , which 
is usually compensated for by the sound leg. The energy required for an 

amputee during walking is 25 to 50 percent greater than that required for the 

normal subject. This was attributed to the inability of the prosthesis to provide 

the same function as the normal leg. It has also been pointed out that by 

improving the function of the prosthesis and by proper training of the amputee, 

a substantial reduction in the total energy requirement may be achieved. It was 

recommended that the function of the prosthesis can be improved by improving 

the initial knee stability, minimising vaulting, push-off compensation for the 

prosthetic ankle, preparation for swing and swing phase control, because these 

are the parameters which were found to have an effect on the energy cost of 
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Chapter 3 Lower Limb Prosthetics 

walking. Cappozzo et al (1976) calculated the mechanical work at the hip, 

knee and ankle of the sound and prosthetic legs for two AK amputees. It was 
found that the normal ankle of the amputee had to perform extra work in order 
to keep the upper body in a suitable trajectory and to gain clearance for the 

swinging prosthesis. It was also found that the muscles of the stump have to 

generate more work to maintain stability during the stance phase and to flex 

the knee prior to the swing phase as the proýthetic ankle does not have an 

active push off. 
Winter and Sienko (1988) have studied the mechanical power at the hip, 

knee and ankle of five BK amputees. Again it was found that the lack of push 

off at the prosthetic ankle is compensated for by more power generated at the 

hip joint of the same leg (fig 3.50). 

Lang et al (1991b) have studied the mechanical energy output, and its 

relation to prosthetic alignment, during the gait of four AK amputees. The 

results showed that the mechanical energy at the joints of the prosthetic and the 

sound legs are in agreement with those reported by Bresler et al (1957). 

Although the effect of the alignment changes was not very conclusive, several 

common trends were identified in some patients such as: plantar/dorsiflexing 

the foot increased/decreased the mechanical energy absorbed by the prosthetic 
foot, and flexing/extending the socket increased/decreased the energy absorbed 
by the prosthetic - 

foot during the, single support (SS) phase and 

decreased/increased the energy output of the prosthetic knee. 
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CHAPTER FOUR 

THE EXPERIMENTAL WORK 

This chapter deals with all experimental aspects of the work presented 
in this thesis. A description of the above knee prostheses used for the test 

together, with the coordinates of the reference system for each component is 

given. The method used for measuring the physical properties and the 

alignment of the prosthesis is also presented in this chapter. A description of 

the biornechanical laboratory, aýd the Strathclyde TV Computer System is also 
included. In addition the body model, the marker system and the test 

procedure are described. 

4.1 The Above Knee Prosthesis 

All subjects were fitted and tested with an Otto Bock modular system 

(fig. 3.36). This system was chosen because all the components can be readily 

tilted in the A/P and M/L planes and rotated in the transverse plane in relation 

to each other. This feature facilitates the alignment procedure of the prosthesis, 

and the alterations to a given alignment. The ability of this system to permit 

changes in the alignment in a controlled manner, has made it very suitable for 

serving the aims of this project. For example, the screws item number 8 and 

16 (diagram in fig. 3.30) allow A/P and M/L rotations at the foot and the 

socket respectively, and the toe in/out angle can be adjusted using the screws 

item number 13. 

Two, types of sockets were fitted to the subjects, the quadrilateral (quad) 

and the ischial containment (IQ type socket. A constant friction uniaxial knee 

unit and SACH feet were supplied to all subjects except one who was supplied 

with a uniaxial foot and safety uniaxial knee unit. 

4.1.1 Coordinate Systems 

Figure 4.1 shows the cartesian coordinate system which is used for the 

analysis of the work presented in this thesis. The X axis is along the line of 

progression and positive forward, the Y axis is vertical and positive upward, 

and the Z axis is horizontal and positive to the right regardless of whether it 
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Chal2ter 4 The ExrSrimental Work 

is a right or left amputee. The positive rotation about these axes is 

anticlockwise looking against the positive direction of the axis (clockwise 

looking along the positive direction). This system was recommended in 1975 
by a task force set-up by the Committee on Prosthetics Research and 
Development USA (CPRD75), and it is now widely used for biomechanical 

analysis. In this work, the above system was considered to be the laboratory 

system with its origin in the mid-point between the two force plates (fig. 4.13), 

and it is called the ground frame of reference. 
4.1.1.1 The Prosthetic Foot 

For the SACH foot, a coordinate system of reference was defined so that 

the origin of the system is at the centre of the bolt hole. The X and Z axes are 
located in the plane which contains the ongin-and is parallel to the top surface 

of the foot as seen in figure 4.2. The X axis is'passing through the marked 

point which is equivalent to the tip of the second toe, Z axis is nonnal to the 
X axis and directed to the right. The Y axis is normal to X and Z axes, and 
is positive upward. For the uniaxial foot, a plane was defined to be parallel to 

the flat surface of the ankle adopter which is located at the top of the foot and 

contains the foot's pivot. The origin of the system is at a centre defined 

between the two bolt holes (U-bolt) and is contained in the defined plane. The 

Z axis is parallel to the an kle axis and is directed to the right (fig. 4.3), the X 

axis is normal to the Z axis and is contained in the defined plane. The Y axis 
is normal to X and Z axes and it is directed upwards. 
4.1.1.2 The Prosthetic Shank, Knee and Thigh 

Two frames of reference are defined, one for the shank and the other is 

for the thigh of the prosthetic leg. 71bus, the data of the prosthetic knee can be 

expressed in either of the two frames of reference. As the knee joint is 

connecting the shank to the thigh, it is. convenient to have the knee pivot as a 
common axis between the shank and thigh frames of references. Only the 

uniaxial type of knee unit was used through out this project and its pivot axis 

i 
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Chapter 4 The Expgrimental Work 

was considered as the Z axis of the shank and thigh frames of reference. The 

origin of these two reference systems is located on the pivot and is equidistant 
from the medial and lateral ends of the pivot (fig. 4.4). To define the X and 
Y axes of the shank and thigh, a plane is defined to be normal to the Z axis 
and contains the origin K. The line which connects the projection point A! of 
the ankle joint centre A on this plane to the origin K is considered to be the 

shank Y axis. The line which connects the origin K to the projection point H' 

of the hip joinIt centre H on that plane is considered to be the thigh Y axis. 
Simply, the X axes of the shank and thigh frames of reference were considered 
to be normal to Y and Z axes in each system. The knee joint can be related 

to the shan;, or thigh frame of reference, but throughout this work the knee 

data is related to the shank frame of reference unless another system is 

mentioned. 
4.1.13 The Socket Frame of Reference 

To define a frame of reference for the quadrilateral socket, two planes 

were first defined (fig. 4.5). One was approximately 25 mm above the inner 

distal end of the socket and the other was about 25 mm below the ischial seat 

of the socket... The planes were perpendicular to the long axis of the socket 

which was considered to be the Y axis of the socket frame of reference. This 

axis (Y) is defined by the line which connects the geometrical centres of the 

lower and upper sections formed between the socket and the planes and it is 

positive upwards. The X axis is defined to be parallel to the medial waH of the 

socket and perpendicular to the Y axis. Its positive direction is pointed 
forwards. The Z axis is perpendicular to X and Y axes, and its positive 
direction is to the right regardless of the side of amputation. The same 

procedure. was considered with the ischial containment (IC) socket, but 

difficulties were faced in positioning the X axis because the medial wall. of the 
IC socket takes Oe shape of the stump and it cannot be considered a flat plane. 
The method of determining the socket axes of the quadrilateral and the IC 
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Chapter 4 The Experimental Work 

sockets is discussed in section 4.2.1. 

4.1.2 The Measurement of the Prosthetic Mass Properties 

The mass, centre of gravity and mass moment of inertia of each 
component of the prosthesis was determined. The prosthesis was disconnected 

at the knee joint into the two separated segments, the socket with the part 
which is above the knee joint of the prosthesis and the shank-and-foot 
including the shoe. The mass was measured by weighing the segment using 
an accurate spring balance scale with a resolution of 20 gram (0.2 N) and an 
accuracy of 1: 227. The centre of gravity was determined to an a: ccuracy of ± 
I mm by balancing the segment against a sharp edge and the distance from the 

centre of gravity to the knee joint centre was recorded for the two segments. 
To calculate the moment of inertia I of the prosthetic segments, the pendulum 

method was used. If a pendulum swinging with small amplitude oscillations 
E) and subjected to gravity and inertia effects, the equation of motion can be 

written as (see fig. 4.6a): 

iö 
=- mgLe -* I= mgLe 

6 

Where: 

I is the moment of inertia about the pivot 0. 

-CO20 
In 

(a =27cf =- 
T 

T is the time of an oscillation [s] 

Thus 

mgLT 2 
[kgM2] 

4n 2 
(4.1) 

To use equation 4.1 for calculating the moment of inertia of the prosthesis 
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Figure 4.6 Form for determination of mass properties of the prosthesis. 
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Chapter 4 The Experimental Work 

components ihe socket and shank/foot segments were freely oscillated about the 

pivot of the knee joint, and the time taken for ten small oscillations was 

measured using a stop watch. The moments of inertia I,,., and 1. were 
considered to be equal and Tyy was considered to be negligible & is less than 

.., 
Chandler et al 1975). All the measurements were recorded 20% of I., or I, 

in the special form shown in figure 4.6. 

4.2 Alignment Measurement 

A special apparatus has been used for quick and accurate measurement 

of the prosthetic alignment parameters. It mainly consists of a socket axis 
locator which allows the determination of the socket axes, and a coordinate 

measuring system which allows accurate measurement of all the required 
dimensions in order to calculate the alignment parameters (see section 4.2.2 

about the accuracy of the coordinate measuring system). This apparatus is not 

convenient for use during the biornechanical test as the patient has to take off 
his/her prosthesis. Therefore, a special method was used to measure the 

angular changes created by alignment adjustments during the dynamic test 

procedure. 
4.2.1 The Socket Axis Locator (SAL) 

The socket axes locator is a device designed by Szulc (1983) to define 

the socket axes. It consists of eight pointed bars which can move in pairs up 

and down or in and out in relation to the central axis which has the bars 

connected to it, arranged like an umbrella shape, as seen in figure 4.7. The 

eight bars define two planes perpendicular to each other, one of them forms the 

"SAL" anterior-posterior plane and the other forms the "SAL" medio-lateral 

plane. Two main conditions should be satisfied when locating the "SAL" in 

the socket. a- the "SAL" AP plane should be parallel to the medial wall of the 

socket. b- the pointed ends of the eight bars and the lower end of the "SAL" 

axis should touch the inner surface of the socket. These conditions were 

achieved accurately on the quadrilateral socket. This was proved by the ability 
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of reproducing the same contact points between the socket walls and the 

pointed bars when the "SAL" was repeatedly located. After mounting the 
"SAL" in the socket, four points were marked on the inner walls of the socket. 
They are the contact points between the socket and the four bars which form 

the medio-lateral plane of the "SAL". The "SAL" central axis defines the 

socket Y axis and it is positive upwards. The X axis of the socket is 

perpendicular to Y axis and is contained in the AP plane of the "SAL", and its 

positive direction is forward. The Z. axis of the socket is normal to X and Y 

axes and it is positive to the right. Figure 4.8 shows the SAL located in a 

quadrilateral socket. 

The same procedure was followed to locate SAL in the ischial 

containment (IC) socket and defining its axes. However, it was difficult to 

achieve the condition (a), because the medial wall of the IC socket is not a 

plane and its orientation is not clearly defined. Therefore, the achievement of 

condition (a) was left to the experience of the user, and was achieved by 

visually predicting the AP plane of the socket and thereafter, locating S 'Lit 
in the socket so that the "SAL" AP plane was parallel to the socket AP plane. 
This may not give an accurate result for the measured parameters but it is the 

best that could be achieved under the circumstances. 
4.2.2 The Coordinate Measuring System 

The coordinate measuring system is a surface table with an axis 

reference system (fig. 4.9). The X axis is vertical and directed downward, Y 

axis is horizontal and parallel to the long axis of the table and Z axis is 

horizontal and parallel to the short dimension of the table and it is positive to 

the right. A sheet of perspex is mounted horizontally on the top surface of the 

table and it is marked with a grid of I cm squares. This enables the user to 

take any measurement in the Y and Z directions to an accuracy of more than 

0.3 mm. AV shaped clamp is used to hold the pylon tube of the prosthesis 

parallel to the measuring system. The prosthesis is mounted so that the foot 
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Chapter 4 The ExILerimental Work 

is directed downward and the knee is fully extended and stabilised under the 

weight of the prosthesis. The shank tube of the prosthesis should be located 

horizontally and be parallel to the Y axis of the system. This is done by means 
of the clamp which is adjustable. The knee axis must be brought to be 
horizontal. Two pointed metallic bars each 8 cm long, were used at the right 
and left ends of the knee axis to improve the accuracy of the measurement of 
the knee axis. - A specially constructed device was used to measure the 

coordinates of the points marked inside the socket (fig. 4.9 and 4.10). The 

coordinates of the ankle joint centre, toe tip, knee right and left ends, four 

points inside the socket and the socket centre of rotation were all measured and 

recorded in a form as seen in figure 4.10. The coordinates of the five markers 

which were fixed on the shank and socket of the prosthesis (see fig. 4.16) were 

also measured. This is to relate the prosthetic ankle and knee joint centres to 

the marker frame of reference during the dynamic test as these joints will not 
be defined in the static test. 

The accuracy of the coordinate measuring system cannot be checked in 

terms of accuracy in the alignment parameters because there is no other way 

of measuring the alignment parameters and comparing the result. However, the 

repeatability of the measured parameters was checked by measuring the 

alignment of a prosthesis -four times, three times by the author and once by a 

different operator, and the prosthesis was taken off after measurement number 

two. Table 4.1 presents the alignment parameters and the standard deviation 

(SD) of the repeatability test. Measurement number 3 was done by the 

different operator. The largest SD was found to be in the ML socket adduction 

parameter (0.868 deg. ) and it was due to the difference in measurement by the 

other operator. This error can be related to the user (personal) and his way of 

approaching. the centre of the marked points inside the socket. 

4.2.3 Alignment Measurement During the Biomechanical Test 

The coordinate measuring system cannot be used during the 
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Ankle Joint Centre 

Toe Tip 

Right Knee RK. 
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M5 

SRC 

Figure 4.10 The alignment measurement form. 

SRT Socket Right Top (see fig. 4.5) 
SRB Socket Right Bottom SLT Socket Left. Top 
SLB Socket Left Bottom SRC Socket 

' 
Rotation Centre 

MI to M5 are the markers of the socket and the prosthetic shank, numbered from 
the lowest on the shank to the highest on the socket(see fig. 4.9). 

Socket top and socket bottom measured by the short and long bar respectively. 
The long bar should be also used to measure markers MI 

* 
and M4 with the 

right tip located at the centre of the marker (see fig. 4.9). 
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Table 4.1 The repeatability of the coordinate measuring system. 

Measurement No. 1 1 3 4 SD 

K Height* cm 44.15 44.4 44.3 44.4 0.102 

K Set Back cm -1.36 -1-32 -1-365 -1.23 0.054 

K Tilt (LSH) deg. 3.526 2.967 3.197 2.573 0.347 

K Set Out . cm -0.975 -1-125 -1-05 -0.7 0.16 

S Flexion dea. -6.020 -6.2 -6-096 -5.137 0.424 

Socket OR deg. -5.399 -5.034 -4.875 -5.794 0.355 

S Adduction deg 6.539 5.254 7.56 5.77 

1 

0.868 

S Forward Set cm 4.565 4.75 4.76 4.02 0.301 

S Set Out cm -0.675 -0.7 -0.525 -0.3 0.159 

S Height cm 71.22 71.2 71.17 71.45 0.109 

Toe Out deg. 2.603. 2.356 2.017 2.210 0.213 

Knee S= Socket 

LSH = Lateral Side Higher 

OR outwards Rotation 

* See section 4.2.4 for the definition and calculation of the alignment parameters. 
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biomechanical test because the measurement may take about 40 minutes and 
the patient should not be left waiting during this time. Ile prosthesis should 

not be taken off and put on again during the test because this will change the 

marker positions on the patient as the prosthesis can never go back to exactly 
the same place. 'Iberefore, this method was used to measure only the normal 

alignment of the prosthesis which was set by the prosthetist. To measure the 

alignment changes during the gait test, Yang Lang (1988) used a protractor to 

measure the -socket flexion/extension and two metallic bars with a perspex plate 
to measure the ankle -dorsi/plantar flexion. This method was found to be 

inadequate, inaccurate and time consuming. It is very difficult to align the 

protractor to the socket centre of rotation (centre of the alignment adjustment) 

and the angular changes at the socket and at the ankle are always combined 

with shifts at the centres of rotation. Thus, a new procedure was used to 

measure the alignment changes during the biomechanical test. The alignment 

changes were carried out by adjusting the screws at the socket and ankle units. 
Before calling the patient for a test the prosthesis was calibrated using the 

coordinate measuring system, and the angular changes resulting from one turn 

of the adjustment screws was determined. During the test, the position of the 

screws was changed by a certain number of turns to obtain the desired angular 

changes. 
4.2.4 Calculation of the Alignment Parameters of the AK Prosthesis 

After measuring the prosthesis on the coordinate measuring system, the 

measured coordinates were related to the ankle joint centre (AJQ by 

subtracting the coordinate of the AJC from all other measures. This was done 

in order to allow calculation of the alignment parameters as defined in section 

3.3.3. 

The foot toe out angle was calculated using the coordinates of the tip of 

the foot TX, TY and TZ (see sketch in fig. 4.11): 
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TO UT = arctan 
7z ILEG (4.2) 
7X 

Where 

ILEG =I for the right amputee and -1 for the left amputee 
To calculate the knee parameters, the coordinates of the knee joint centre (KJC) 

were calculzted as (see fig. 4.12 for the abbreviadons): 

KJC. z 
RKX + LKX 

;, KJC r= 
RKY + LKY 

', yjC z 
RKZ + LKZ 

222 

Where: RK(X, Y, Z) and LK(X, Y, Z) are the coordinates of the right and left 

ends of the knee axis respectively, relative to the ankle joint centre. 
Thus, the knee parameters are: 

Knee set back =- KJCx 

Knee set out = KJCz . ILEG 

Knee heiaht = KJCY 0 
For the knee set back parameter, the (-) sign was used so that knee set 0 

back will be positive and knee set forward will be negative. Similarly, the 

negative knee set out means that the knee is set inward. 

The knee medial tilt, lateral side is higher (KU[TLSH): a 

KMTLSH = arctan ( 
RKY -L). ILEG (4.3) 
RKZ - LKZ 

The socket parameters are calculated from the. four points which were marked 

inside the socket. The points are the right top (RT), the left top (LT), the right 
bottom (RB) and the left bottom (LB) points. At first two points present the 

socket upper (SU) and socket lower (SL) points were found. These points 
define the Y axis of the socket and calculated as: 
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[R71 + [L71 
2 

[RB] + [LB] 
2 

Then the alignment parameters of the socket can be calculated: 

Socket External Rotation = arctan (RTX -M ILEG (4.4) 
RM - LTZ 

SUZ - SL 
Socket Adduction = arctan ( ", z) 

- ILEG (4.5) 
Sur - SLY 

SLX - su Socket Flexion = arctan ( X) (4.6) 
suy - SLY 

Socket Forwards Set = SUx 

Socket Height = SUy 

Socket Set Out = SUz . ILEG 

All the above calculations are carried out within less than ten minutes, 

this time is consumed when feeding the raw data which are measured on the 

coordinate system to computer subroutine called "ALIGN" which has been 

developed on the main frame computer of the University to calculate all the 

alignment parameters. The subroutine is ran by a command file called 
"RUNALIGND". 

4.3 The Biomechanics Laboratory 

In the biornechanics laboratory at Strathclyde University, two Kistler 

force plates and three TV cameras were installed as seen in figure 4.13. The 

force plates and the TV cameras were connected to a PDPI I min. 1computer 
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which controlled the tin-dng of data collection and stored the collected data. 

The data could be collected from the force plates or from the TV system or 
from both force plates and TV system simultaneously. 

The two force plates (FPI) and (FP2) were situated in the n-dddle of the 
walk path which is about 20 metres long. The force plates may be sampled at 
a rate of 50 Hz, and their signals are taken through 8 charge amplifiers, two 
summing amplifiers (see section 2.5.2). After that the signal is taken to an A/D 

convertor and then to the computer to be stored on a disk. Now the data can 
be displayed on screen, checked and prepared to be transferred to university's 
mainframe computers (VAXs) for further analysis. The force plates are 
precisely calibrated and the validity of the calibration factors was checked 
through out the period of this project. The description and the accuracy of 
Kistler force plate were covered in section 2.5.2. 

The TV cameras are mounted so that the front and the two sides of the 

subject can be monitored, so that a bio mechanical analysis for the left and right 
sides of the whole body can be carried out at the same time. The three TV 

cameras are aligned so that their optical axes meet approximately above the 

origin of the ground frame of reference and run at a rate of 50 Hz. Each 

camera has a ring of LEDs around its lens. The LEDs emit infra-red. light 

which is reflected off the markers which are covered by reflective material. As 

the right and left cameras are looking at each other, they may blind each other 
by the light emitted from their LEDs. Therefore, the opening instants of their 

rotary shutters were arranged to be out of phase. The opening instant of one 

of the side cameras was delayed by 10 ms from the opening instant of the 

other side-camera. When reflected light strikes the camera's sensor, an 
individual unit will be excited on this sensor. A coordinate generator will 

generate the coordinates-Of the excited unit and transfer these coordinates for 

storing in the computer in special code which identifies the coordinates of the 

excited unit and the camera to which the excited unit belong to. Specially 
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Chal2ter 4 The Exj2gimental Work 

developed software installed in the PDP II computer operates at each stage of 
the above procedure. 
4.3.1 Calibration of the TV System 

It is of special importance to use an accurate calibration method in 
transforming the 2D data of the cameras into 3D data. The accuracy of the 
calibration method affects the accuracy of the TV system and plays an 
important role in the validity of the kinematic data. Several calibration 

methods have been used in gait analysis, but it has been reported, as discussed 

below, that the most practical method is the direct linear transformation (DLT) 

which was introduced by Marzan and Karara (1975). This Method is widely 

accepted because it is accurate and reasonably simple. Yang Lang (1988) has 

compared this method with two other calibration methods using the TV system 
which was used in the present project. The two calibration methods were the 
"four points" and the "ten points" which were simple and conventional. The 

four points method used four control markers located at the ends of a cross, 
formed by the fourth row and the fifth column of the board seen in figure 4.14. 

The magnification factors in the horizontal (DX) and vertical (DY) directions 

for each camera were then simply determined as follows: 

DX = 
LX DY = 

LY 
HC(4,9) - HC(4,1) VC(1,5) - VC(6,5) 

Where: LX = 1.600 m is the horizontal distance between marker (4,1) which 
is on the fourth row and first. column and marker (4,9) which is on the forth 

row and ninth column. LY =1 . 000 m is the vertical distance between markers 
(1,5) and (6,5) which were on the fifth column. HC and VC. are the -horizontal 
and vertical TV readings of the control markers respectively obtained by the 

camera under consideration. 
It was reported that the parallax errors were corrected when the "four 

points" method was used. In this method, the three cameras must be aligned 
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in the same horizontal plane and the optical axis of each camera should be 

parallel to the relevant axis of the ground frame of reference. It was difficult 

to achieve such alignment for the cameras, therefore ý Yang Lang also discussed 

the "ten points" calibration method in which ten markers on the fourth row and 
fifth columr. of the board seen in figure 4.14 were used, to determine constants 
c and d of the modified magnification factor (MAG) defted below. The least- 

square statistical method was employed. 
The modified magnification factor was: MAG =c+dX where X is 

known coordinates of the ten markers [m], and similarly for the Y and Z co- 

ordinates. 
When the constants c and d are determined the coordinate x of any 

marker can be found as: 

X= x% MAG where X1 is the TV reading of the considered 

camera. 
Yang Lang reported that the DLT method is superior to the other two 

and an improvement of 50% was achieved in the accuracy of the TV system 

when the DILT method was used. Therefore, the DLT method was used for the 

calibration of the TV system throughout this work. The theoretical concept of 
this method is presented in section 5.1. 

4.3.2 Accuracy of the TV, System 

Accuracy is the closeness of the measurements to the actual value of a 

physical quantity and it should be evaluated for any measuring device before 

use. Assuming an actual value M which can only be measured as an observed 

value m, the difference E between the observed value and the actual value is 

called the error of observation. The ratio E/M represents the accuracy of the 

measurement and it shows the closeness of rn to A Precision is another 

parameter which must be evaluated before using any measuring device. 

Considering that a physical quantity measured N times by, the same device; 

precision ot this device is the closeness with which the measurements agree 
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Table 4.2 Frame to frame variations for each individual camera (2D assessment). 

Marker Mean (machine units] - Range, [machine units] 'S D [machine units] 
Vertical Horizon. Vertical Horizon- Vertical Horizon. 

Front Camera, 

230.91 927.42 1.17 3.67 0.21 1.18 

2 232.48 593.08 0.5 5.00:. 0.19 1.03 

3 232.92 240.92 0.17 2.3 3 0.08 0.31 

4 121.05 891.55 1.00 3.00 0.33 0.69 

5 122.25 608.44 0.5 1.00 0.25. 0.5 

6 122.25 308.55 0.5 1.9 0.25 0.5 

Overall 0.64 2.8 17 0.218 0.702 

Left Camera 

1 240.25 . 527.01 1.00 1.00- 0.08 0.31 

2 169.75 529.63 1.00 1.50- 0.08_ 0.40 

3 . 92.256 534.16 0.5 1.5 0.056 0.33 

4 255.25 858.71 1.00 3.5 - -0.08... 0.45 

51 174,84 861.6.3 1.00 3.00 0.21ý 0.48 

-6- 85.744 866.11 -0.5 1.5. 0.056 0.39 

Overall 0.833 2.00 0.393 
Right Camera. 

1. 261.17 . 917.6 0.67 4.00 0.25 1.06 

2 167.54- . 
922.61 0.5 2.4 0.25 0 . 47 

3 67.71 926.25 0.533 3.07 0.207 0-567- 

,4 
249.75 522.75 0.5 2.00 0.25 0.52 

5 167.08 526.1 0.5 1.00 0.25 
. 
0.27 

6, 79.75 528.2 0.5 
-- . 

2.00 0.252 0.46 
Overall 0.534 

. 
2.412 3 0.243, 0.556 

ue Range = Max. Value-- Min. val 
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with one another independently of any systematic error involved. The 

precision shows the closeness of any measurement to the mathematical mean 

of the measurements and it is presented by the standard deviation. 

In addition to the calibration method, the accuracy of the TV system can 
be affected by the system's basic resolution which is the minimum scale of 
measurement obtained by the system. The resolution of this TV system was 
assessed by Yang Lang (1988). The assessment was carried out by measuring 
the position of a marker moved, in increments of 2 mm on a vernier calliper 

with a resolution of 0.02 mm. It was found that the TV system has a 
resolution of 4 mm in the horizontal direction and 6 mm in the vertical 
direction. 

The accuracy of the TV system was evaluated by the author of this 

thesis in terms of frame to-frame variations, static accuracy, dynamic accuracy 

and the biomechanical (i. e. - with markers on a human segment) accuracy using 
the DLT calibration method which was used throughout this project. 
4.3.2.1 Frame to Frame Variations 

Frame to frame variations of the TV system were evaluated for data in 
2D machine units and in 3D metric units. The 2D machine units test evaluates 

all errors resulting from the system instability caused by the electronics.. of the 
detector, carnera resolution and coordinates generator, and all systematic errors 

such as the quality of data averaging model which define the centre of marker. 
The 3D metric test also assesses all the above errors including the error caused. 
by the calibration method. This test reflects the overall accuracy of the TV 

system in the X, -- Y and Z directions and assesses the accuracy of the 

calibration method. 
To assess frame to frame variations in 2D computer units, six markers 

of the'same size as those used- on the subjects were distributed in the test 

measurement volume. With the TV system warmed up for one hour, 80 frames 

were collected for these markers by the three TV cameras. Average, range and 
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Chapter 4 The Expgrimental Work 

standard deviation of the vertical and horizontal readings of each of the three 

cameras are presented in table 4.2. It is clear that all cameras have better 

precision in the vertical direction than the horizontal direction, and the largest 

standard deviation is 0.702 machine units at the horizontal direction of front 

camera. 
To assess frame to frame variations in 3D metric units another 

configuration of six markers were positioned to cover the test measuring 

volume. The six markers were located on two chains similar to those used for 

the camera calibration (fig. 4.20) but at different coordinates from those of the 

camera calibration. The coordinates of the six markers in relation to the 

ground frame of reference are shown in table 4.3, these were physically 

measured by a vernier calliper with a resolution of 0.02 mm. However, when 

the coordinates were repeatedly measured an error of ± 0.5 mm. was found. 

The coordinates of these markers were reconstructed for 80 frames of each 

marker using groups of data collected by front/left and front/right cameras. 
The mean, range and standard deviation of the coordinates which were 

reconstructed by data from front/left and front/right cameras are presented in 

tables 4.4 and 4.5 respectively. It should be noted that the reconstructed 

coordinates were not subjected to any kind of data filtering. It was found, as 

seen from tables 4.4 and 4.5 (the SD columns) that the front/left camera 

combination has a precision of 1.028 mm, 0.792 mm and 0.378 mm in the X, 

Y and Z directions respectively. The front/right camera combination was found 

to have a precision of 0.802 mm, 0.768 mm and 0.417 mm in the X, Y and Z 

directions. The precision figure in Z direction is comparable to that reported 
by Morris (1991) for the "VICON" system (0.303 mm), in the Y direction, the 

precision of this system is about 2 times larger than that of the "VICON" 

system (0.345), in X direction, the precision of this system is 3 to 3.9 times 
larger than that of the "VICON" system. 'Me errors resulting from frame to 

frame instability are included in the errors calculated in the following section. 
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Chapter 4 

4.3.2.2 Static Accuracy 

ne Experimental Work 

The absolute static accuracy is also presented in tables 4.4 and 4.5. The 

error was calculated by subtracting the calculated mean values from the 

absolute measured values which are presented in table 4.3. The front/left 

camera set has a maximum error of 5.53 mm in X, 3.61 mm in Y and -4.91 
mm. in Z directions, and a minimum error of -2.33 mm, in X, -2.85 mm in Y 

and 2.39 rnm in Z directions respectively. These error values were averaged 
for errors of six markers, which explains the negative sign of some of the error 

values. Ile front/right camera set found to have a maximum error of 4.94 

mm, 4.27 r--.. -n, and -5.03 mm, in X, Y and Z directions respectively, and a 

minimum error of -4.4 mm, -2.83 mm and 2.33- mm, in the X, Y and Z 

directions respectively. -ne absolute static accuracy obtained for the system 

used is higher than that obtained by Yang Lang (1988) for the same system 
(overall accuracy of 5.2 mm). However, the accuracy obtained in this test is 

lower than that reported for the "VICON" system (1.67 mm) by Morris (1991). 

The relative static accuracy was also calculated using the above six 

markers. Distances between the highest and lowesimarkers ofthe two chains 

were calculated and compared with the measured values (1460 mm) of these 

distances. A relative accuracy of 4.1 mm with standard deviation of '± 1.1 mm. 

was obtained for front/left camera set and an accuracy of 3.6 mm. with standard 

deviation of ± 0.8, nun for the front/right camera set. This produces an overall 

relative accuracy of 3.85 mm. with a standard deviation of 0.95 mm for the 

static test. 
4.3.2.3 Dynamic Accuracy 

The assessment of the dynamic accuracy of the TV system is of special 

importance as the system may, show better static accuracy than dynan-dc 

accuracy. In the measurement of the Idnematic data in gait analysis, the 

accuracy of relative displacements is more important than the absolute accuracy 
because gait analysis usually deals with distances between the joint centres. 
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Table 4.6 Rilative'dynamic accuracy of the TV system by determination of 

the length of a stick in various positions. 

Stick Position Mean 
Length 
mm. 

Range 
mm 

Error 
mm , 

SD 
mm, 

Front and Left Camera 

Horizontal, at chest level 791.73 4.21 1.27 1.12 

Horizontal at knee level 788.05 5.1 4.95 1.25 

Vertical with top marker at 
shoulder level 

787.82 3.49 5.18 0.91 

Rotated in field of view of the 
L. camera 

789.1 14.02 3.9 4.5 9 

-Rotated while moving towards 

. 
F. camera 

793.68 -5.03 -0.68 1'. 18 

Overall 790.08 
L 

2.924 
A _ 

L_81 

Front and Right Camera 

Horizontal at chest level 792.00 4.07 1 1.08 

Horizontal at knee level 787-00 5.69 6 1.02 

Vertical with top marker at 
should6r level 

789.56 3.57 3.44 0.73 

Rotated in field of view of the 
R. camera 

791.65 4.89 1.35 1.12 

Rotated while moving towards 

. camera 
794.47 4.58 -1.47 0.90 

Overall 790.94 2.064 0.97 

. Range = Max. value - Min. value 
Error = Measured value - Mean Calculated value 
Measured Length = 793 mm 
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Therefore, the overall relative accuracy of the TV system was investigated by 

fbidng two markers of the same size as those used in the biomechanical test on 
the two ends of a wooden stick. The length (L) between the centres of the two 

markers was accurately measured by vernier with a resolution of 0.02 nun and 
found to be 793 mm. The stick was carried by a person who walked over the 
force plates covering the test measurement volume and undertaking his normal 

speed and gait. The stick was held vertically and horizontally in different 

levels as the person walked facing the front camera. The stick was also rotated 
in the field of view of the left and right cameras as the person stood at the 

origin of the ground frame of reference. For each of the above cases three runs 

were collected and 80 frames were analysed for each run. The X, Y and Z 

coordinates of each marker were obtained using the DLT calibration method, 

and the length (L) was calculated for all the above cases. The results and the 

total error are presented in table 4.6. -The data in table 4.6 were not subjected 

to any filtering technique. The investigations show that the front/left camera 

set has a -relative dynamic error of 2.92 mrn and standard deviation of -1.81 

mm. Also the front/right camera set has a relative dynan-dc error of 2.06-mm 

and standard deviation of 0.97 mm. These errors are slightly larger than those 

obtained by Morris (1991) for the "VICON" system. Morris reported an 

average error of 0.91 0.63, mrn in the calculating the length of a 978 mrn 

long rod. 
Comparing relative static with the relative dynamic errors obtained for 

the used TV system it is found that the overall relative static error is 3.85 mm 

and the overall relative dynamic error is 2.49 mm. Relating these figures to 

the measured lengths (1460 mm for static test and 793 mm, for the dynamic 

test) it was found that the TV system has an overall relative static accuracy of 
1: 379 and an overall relative dynamic accuracy of 1: 318. The effect of static 

and dynamic accuracy of the TV system on the results of this study is 

discussed in appendix D. 
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Chapter 4 The ExRgrimental Work 

4.3.2.4 Biomechanical Accuracy (Clinical Test) 

It is useful to test the measuring system under the circumstances of the 
biornechanical test. This was conducted by fixing two markers on, the left and 
right ASIS of an AK amputee. The distance between these two markers was 
calculated for 90 frames covering the distance between the left heel strike on 
FP1 and the right toe off at FP2 using data from the three cameras as the 
subject walked normally over the force plates. The inter-ASIS distance was 
found to vary by 12 to 17.4 nun. This variation is due to skin movement 
which was expected. It should be noted that the data was not filtered. This 

variation is also comparable to results presented by Morris (1991) of Oxford 

Metrics Ltd who obtained skin movement variation of 10 to 20 mm using the 
VICON VX system. 
4.4 The Biomechanical Test 

A human body model using 8 segments was shown to give adequate 

results in gait analysis (Goh 1982 and Yang 1988). A similar model was 

adopted in this project as shown in figure 4.15. Each of the eight segments is 

determined by the centre of its connecting joints and assumed to act as a solid 
body. The segments are defined as follows: 

I- The two foot segments are defined by sections through the ankle joint 

centres. 2- The two shank segments are defined by sections through the knee 

joint centres and the ankle joint centres. 3- The two thigh segments are 
defined by sections though the knee joint centres and the hip joint centres. 4- 

The pelvis k, defined by sections through the hip joint centres and the fourth 

lumbar vertebra. 5- The upper torso segment is defined by a section though 

the fourth lumbar vertebra and includes the head and the upper limbs. 

Consideration was given to including the kinetics and kinematics of the upper 
limbs in the present study as it was felt that these body parts may be used by 

the patients to compensate for prosthetic malalignment. The limitation (3 

cameras only) of the TV system used however, meant that the markers of the 
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arms would interfere with the body markers. This would make the data 

analysis time consuming as marker interference may confuse the comPuter and 
manual interpretations will be needed. Because of the limitation of the TV 

system the subject had to put his arms on the chest or behind the back so that 
the body markers were not hidden by the moving arms. Since any change in 

the behaviour of the upper limbs is affected by the function and the movement 

of the lower limbs which were fully analysed, no error will be introduced to 
the collected data from the fact that the analysis of the upper limbs was not 
included. The effect of the lower limbs on the upper limbs will be transferred 

through the trunk which was also analysed. 

The anatomical hip and ankle joints were considered as ball and socket 
joints allowing three dimensional rotations. The anatomical knee joint was 

considered to be a single hinge joint allowing only rotation in the AP plane. 
Finally, the joint at the fourth lumbar vertebra was considered to be a 

cylindrical Olint allowing only transverse rotation. 
Three light weight wooden markers were fixed on each segment to study 

its motion by recording the motion of these markers. The marker was spherical 
in shape and about 16 mm in diameter, it was fixed to a stick I to 4 cm long 

and the stick was fixed to a circular wooden base of diameter 18 to 38 mm. 

according to its location. The stick length was chosen to be as short as 

possible to 'avoid marker vibrations, but it was long enough to increase the 

distance between the adjacent markers and to ensure that each marker was seen 
by at least two cameras. The markers were covered by retro-reflective material 

which provided effective reflecting properties. This provided good images of 

the markers and the cameras were focused to pick up only the images. As 

mentioned above, three markers were fixed on each segment, this being the 
least numtxt- of markers that must be used to establish the marker frame of 

reference and to carry out three dimensional analysis. These three markers 

were the "dynamic markers" and they were left on the body segments 
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Table 4.7 Position of the dynamic and static body markers. 

Segment S Segm nt egmen Marker Position. 

DYNAM16 MARKERS 

r 

[ E 

Upper Torso - Left and Right-Acromial Process Sternun 

Pelvis Pelvis Sacral Flat, Left and Right Anterior, Superior Iliac Spine 

Socket Anterior Wall 0.3(SL) Proximal to the Socket Lower End. 

Lateral Wall 0.75(SL) Proximal to the Socket Lower End. 

Prosthetic 

Shank 

Laterally on the Knee Axis, Laterally 0.25(ShL)'pr-oximal to 

AJC, 0.7(ShL) Proximal to AJC on the Med-Anterior Wall 

Prosth. Foot Equivalent to -2nd -Toe,. At Mid-heel - (rear, of foot,. see fig. 4.16) 

Sound Shank 8 cm above Lateral Malleolus, 5 cm. below tibial plateau, Mid- 

shank on tibial flare. 

Sound Foot 2nd Toe, 5th Metatarsal base on the Lateral Side, 

Mid-calcaneus (at rear of foot). 

STATIC MARKERS ONLY ON THE ANATOMICAL JOINTS 

Hip Joint, Laterally at the Greater Trochanter 

Knee Joint Lower Edge of the Patella, Lateral Epicondyle. of the Femur. 

Ankle Joint 'taii'ýial'Malleolus, Anteriorly Mid-Way between'the medial 

and Lateral Malleoli. 

SL Socket Length ShL Shank Length 
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throughout the whole biomechanical test. In addition, other types of markers 

were used. These were the "static markers" which were fixed on the subject 
to define the -joint centres and they were attached 'to the subject during the 

static test (static run) only which lasted about 10 minutes. The position of the 
joint centres (JQ and the anatomical frames of reference (AFR) are related to 
the marker frames of reference. The position of the JC and AFR is fixed in 

relation to the marker frames of reference during the static and dynamic tests. 
All marker positions were chosen to be on bony landmarks so that errors 

resulting from the movement of the marker relative to the skeletal system will 
be minimum. A total of 24 markers was fixed on the AK subject as defined 

in table 4.7. The position and the numbering system of these, markers for right 

and left amputees are shown in figure 4.16. The numbers were labelled to each 

marker during the sorting procedure of the data. Figqrq, 4.17 shows'the marker 

and the numbering systems for the normal subject. 

4.4.2 The Procedure of the Biomechanical Test 

Before the day of the test, the biomechanics laboratory was arranged to 

be free at the arrival of the patient. In the day of the test, the TV system, force 

plates and the computer were all switched on 40 to 60 minutes before the test 

to allow wom-dng Up. All'the switches, the wiring, the computer and disk 

spaces and the monitors were checked and made ready before the arrival of the 

patient. The TV cameras were tuned to obtain a very good finage as this may 

take long time and if it is not good enough (the contrast and the image shape) 

the quality of the collected data will be affected and sorting this data will be 

time consuming as additional problems may result. The function of the system 

was examined before the test by collecting data from two or three trials on a 

normal subject and displaying the results for checking and to ensure that all the 

equipment were functioning satisfactorily. The markers were also prepared 
before the patient arrival by fixing them on double adhesive sellotape. and 

putting them in order so that minimum time will be spent to mount them on 
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the patient. 

The ExI22rimental Work 

On patient arrival, if it is his/her first visit the patient was introduced to 
the laboratory in particular the TV cameras, the monitors and the computer but 

not to the force plates. This was so that the subject would use a lonatural gait 
pattern without targeting the force platform". An explanation of the project and 
its aims was also given. The patient was then fitted with the experimental 
prosthesis which was fabricated in the workshop under the supervision of the 

prosthetist who also carried out the alignment (only on the first visit of the 

patient). After obtaining a satisfactory dynamic alignment, all the static and 
dynamic markers were mounted on the appropriate positions. The dynamic 

alignment which was achieved by the prosthetist is called "normal alignment" 

and this term will be used throughout this-work. 
4.4.2.1 The Static and Dynamic Tests 

After attaching the static and dynamic markers on to the landmarks, the 

patient was asked to stand at around the origin of the ground frame of 

reference (between the two force plates) in his normal way of standing facing 

the front camera so that each marker was seen by the front camera and at least 

by one of the side cameras. Data were then collected for about 30 consecutive 
frames and the -validity of these data was, examined on the screen of the 

computer to ensure that all the markers were being picked up. After that, 

distances between some of the body markers were measured and recorded in 

a special form-(fig. 4.18) which will also have a record for the static and 
dynamic tests, calibration runs and the comments of the patient. The 

anthropometric measurements were also taken and recorded in the form shown 
in figure 4.19. All the static markers were then removed and the subject was 

now ready for the dynamic test. 

The dynamic test was conducted after asking the patient to undertake a 
few wafldng trials over the force plates and waUdng towards the front camera. 
As mentioned in the -previous section, the patient was not briefed on the 
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Chapter 4 The ExMrimental Work 

existence of the force plates. The patient was instructed to start walking four 

to five steps before striking FPI; this was done in order to guarantee a natural 

gait when the patient stepped on the force plates. When the patient hit the 
force plates with his natural gait the starting point was marked on the floor and 
the patient was asked to consider it as the starting point for every walk. 
Thereafter, three successful runs were collected for each set of alignment 
changes starting with the normal alignment (successful run is when the TV and 
force plate data are appropriate, i. e. no marker was missing and the subject hit 

the force plates as close to their centres as possible). Four deliberate changes 
were made to the prosthetic alignment at the foot or at the socket or 
simultaneously at both sites. Thus, each patient had to visit the laboratory on 
three different occasions, one for the set of foot alignment changes, one for the 

socket alignment changes and the other for the foot/socket alignment changes. 
The foot alignment changes were conducted by rotating the foot by an 

angle of 6 degrees towards dorsiflexion and then by 6 degrees towards 

plantarflexion from the normal position in increments of 3 degrees. Similarly 

the socket angular position was changed 6 degrees towards extension and 6 

degrees towards flexion from the normal position in increments of 3 degree. 

Finally, the foot and socket angular positions were changed simultaneously by 

dorsiflexing the foot and flexing the socket or by plantarflexing the foot and 

extending the socket, this was also done in steps of 3 and 6 degrees in both 

direction from the normal position. In fact, when the changes were done at the 

foot and socket simultaneously no changes in the orientation of the prosthesis 

occurred, but the changes caused pure shift forwards or backwards in the 

position of the knee joint centre with respect to the hip-ankle line. All the 

above changes were done by the prosthetist and after each change the patient 

was given about 15 minutes to accustom him/her self to the new alignment. 
The dynamic test was completed when three successful runs were collected for 

each alignment. For each visit of the patient, 15 dynamic runs were collected 
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3A 
Record For Patient Test 

Name: Date: 
Height [m] Camera, with phase delay: 
Mass (kgl Phase delay [ms]: 
Affected Side: Disk used: 

Test Comments on the Datient's-gait 
Static"test 

Dynamic test 1: 
Dymý ntc test 2: 
Dynamic test 3: 
...................................................... --------------------------------------- 
Dynamic test 4: 
Dynamic test 5: 
Dynamic test 6. 
-------------- a --------------------------------------------- ---------------------------------- 
Dynamic test 7: 
Dynamic test 8: 
Dynamic test 9: 
........................ ..................................................... 
Dynamic test 10: 
Dynamic test 11: 
Dynamicý test 12: 

------------- -------------- ------------------------------------ 
Dynamic test 13: 
Dynamic test 14: 
Dynamic test 15: 
.............................. ------ ------------------ --------- ---------------- -------------- 
TV Calibration Test: 

Distance between markers rml 
Right ASIS to Tail: 
Left ASIS to Tail 

, Right to Left ASIS: 
Foot Marker I to 3: 
Foot Marker 2, ýp 3: 02 

Figure 4.18 The amputee bioriiechanic'alýte's't'fo'rm. 'I 
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(form in fig. 4.18). For example, during the visit for the foot alignment 

changes there were 3 runs for the normal alignment, 6 runs for the dorsiflexion 

changes and 6 runs for the plantar flexion changes. For each visit a maximum 

of three hours was needed to complete the test. 

4.4.2.2 Calibration of the TV Cameras 

At the end of each test the cameras were calibrated using a set of three 

flexible chains located at three different positions as seen in figure 4.20. Each 

chain had three markers of the same size as those used on the body segments 

and were located at three different heights from the floor on the chain. Data 

were collected for three runs during the calibration procedure. For the first run 

chains 1,11 and 1111 were located at positions 1,5, and 9 respectively, for the 

second run the chains were located at positions 7,2, and 6, and for the third 

run the chains were in positions 4,8 and 3. This resulted in the acquisition of 
TV coordinates for 27 points located at known positions and covering a volume 

of. 1.8 X 1.56 X 0.8 m. These data were used to calculate the cameras 

constants which are needed for the DLT method to produce the 3D coordinates 

of any marker in the calibrated volume. The calibration method does not need 
27 markers but some of these markers were used to check the accuracy of the 

calibration method. 
4.43 Data Processing 

At the end of test session all the data obtained were stored in a PDPI. I 

computer in machine coded form, and, the first stage of data processing is 

averaging. Software in the PDPI I computer allowed reading-in of the coded 

data and matched the TV channels with the TV cameras. It then matched the 

vertical and horizontal values and set a window around each marker and 

averaged mathematically all the points inside this window to provide the 

vertical and horizontal coordinates of each marker frame by frame in machine 

units. The size of the window affects the accuracy of the data and it is 

influenced by the distance between the, adjacent markers. Sorting is the second 
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114A 
Patient's Anthropometric Measurements 

Name: Date: 

Height (m]: 

Mass [kgl: 

Affected- side: 

Measurements fmml 

Foot Length Lf: 

Ankle Circumference Ca: 

Shank. Circumference. Cs: 

Tibial Height Hti: 

Thigh Circumference' Cth: 

Iliac Crest Fat P: 

Figure 4.19 The patient anthropometric. measurement form. 

I The thigh circumference was taken for the sound leg at the' 

upperlevel. 
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stage of data processing. During a data collection run, data collection was 

started one or two steps before the subject hit the first force plate (FPI) and 

stopped at least one step after the subject left the second force plate (FP2). 

However, useful data is only found in the range between left heel strike which 
is on FP1 and right toe off which is on FP2. In the sorting procedure, the 

markers in each channel were labelled by taking the frame number which 

coincided with the left heel strike instant and giving a certain number (fig 4.16 

and 4.17) to each marker in this frame. Software in the computer sorted and 

stored automatically all the frame numbers which were between left heel strike 

on FP1 and right toe off on the FP2. During automatic sorting, if a marker 

was missing for five frames or less the program provided a linear extrapolation, 
but if the missing frames are over five a manual interpolation was needed. 
This was hardly needed, because the data quality was checked during the data 

collection session and the trial with missing markers was ignored. The sorting 

procedure had some difficulties especially when sorting the data during swing 

phase. If the tra ectories of two markers intersected within one frame, the i 

program was unable to reidentify the markers and manual identification was 

needed. Tb; s was time consuming. Another difficulty was faced during data 

sorting: if a camera was not perfectly tuned or the markers were not giving a 

good contrast during data collection, the camera could pick up the marker but 

the sorting program failed to track the marker's position. No explanation was 

found for this effect but it was avoided by setting the cameras properly tuned 

and examining the data during the test session to ensure that this problem did 

not exist. 
The third stage in the data processing was correcting the phase delay for 

the data collected by the camera which had a phase delay to avoid blinding the 

opposite camera. This was done by another program which uses a linear 

interpolation -procedure to correct Oat phase delay. The final stage of data 

processing was a visual examination of the trajectory of the markers channel 
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Chapter 4 The ExI22rimental Work 

by channel to ensure that no data were missing and if the markers had any 

missing frames, manual modification was implemented. Then the static, 

dynamic, force plate and the calibration data were all merged together and 

transferred to the University main frame (VAXs) computers for further 

biornechanical analysis. The sorting procedure required about 45 to 60 minutes 

in order to complete the processing of the data resulted from the three cameras, 

for one trial only. 

lk 
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CHAPTER FIVE 

THE THEORETICAL WORK 

This chapter deals with all the theoretical aspects of the work presented 
in this thesis. The theoretical design of the body model, body markers and 
their location on the body landmarks were discussed in section 4.4. L In this 
chapter the generation of the 3D coordinates of the body markers, data 

smoothing and normalising, definition of the joint centres, and frames of 
reference will be discussed. The method of obtaining the kinematic and kinetic 

variables is also discussed in this chapter. 
5.1 Calculating the 3D Space Coordinates 

Two methods were used to generate the 3D space coordinates of the 

body markers. The first method is the Direct Linear Transformation (DLT) and 
it was used for the markers which were seen by two cameras. The second 

method depends on the-geometry of the rigid body and it was used for the heel 

and tail markers as these were seen by only one camera. 
The DLT Method 

The conventional method of transferring the comparator coordinates into 

object space coordinates is by transferring the comparator coordinates into 

photo coordinates and then, transferring the photo coordinates into object space 

coordinates. The relationship between the photo coordinates ( u, v) and the 

observed comparator coordinates q, P) of a point is represented by the 

following two equations: 

u-u. = a, + q2q + ý3P 
V- Vp = 04 + a5q + a6p 

Where: 

1 

up and vp are the photo coordinates of the principal point (see fig. 5.1). 

a, ..... a6are transfomadon and cOffeCtion constants. The coffections are 
for the linear film deformation, linear lens deformation and comparator 

errors. 
If multiple cameras are used to film a. point A in the space, the 
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Chapter 5 The Theoretical Work 

relationship between the space coordinates (X, Y, Z) and the photo coordinates 
(u, v) of th; lt point is given for each camera by the equation (Appendix A in 
Hallert 1960, and Abdel-Aziz and Karara 1971 ): 

u- UP. x -)ý 
v-vMY- YO (5.1b) 

,p 
-cz- zo 

Where: 

C is the camera principal distance. 
X is a scale factor. 
(NU is 3x3 rotation matrix 
X0 , YO , ZO are the three dimensional space coordinates of the camera 

perspective centre. 
Thus, the pc:; ition of point A can be detem-dned in space by solving equations 

1a and 5.1 b for the X, Y and Z coordinates and for more than one camera. 
Abdel-Aziz and Karara (1971) proposed the DLT method which deals 

with direct linear transformations from the 2D comparator coordinates into 3D 

object space coordinates. Assuming that the photo coordinate system is parallel 

to the comparator coordinate system, and by regrouping the parameters of 

equations 5.1 they derived the basic formulae of the DLT method which are: 

p+Ap-L, 
X+L2Y+L3Z+L4 

5.2a 
LgX+L, OY+L,, Z+l 

q+Aq- 
L5X+LY+L7Z+L 

8 5.2b 
LgX+LIOY+L,, Z+l 

Where: 
AP and Aq are systematic errors in the comparator coordinates. 
L, 9 L2 v ......... 

L,, are the DLT parameters. 
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P, q and X, Y, Z are explained above. 
Equations 5.2 can be solved for the eleven unknowns which are the eleven 
DLT parameters in which the linear systematic errors are implicit (Marzan and 
Karara 1975). The DLT parameters are constant for a fixed camera with fixed 
lens, and they can be determined for any camera by using control points ( at 
least 6 points ) to solve equations 5.2. This can be explained as follows: 

Suppose we have N control points, (in this work N= 27 ), for one camera 

equations 5.2 can be written in the form seen in equation 5.3a: 

X, Y, Z, 10000 -XIP, -YIPI -ZJPJ L, 

0000X, Y, Z, 1 -Xlql -Ylql -Zlql L2 
Z X2 Y2 

2'0000 -x P -y P -Z2P2 2222 
L3 

0000 X2 Y2 Z2 1 -XA _YA -ZA L4 

XIV YN ZN 10000 -Xivpm -YNPN -ZNPIV LIC 

,v 
Yv Zjv I -XNqv -YNqv -ZAN LI, 0000X 

pi 

q, 
P2 

q2 

5.3a 

PN 

q, v 

Where: 

Xi, Yi, 7-,, are the known object space coordinates of the control points. 
Pi and q, are the known comparator coordinates of the control markers 

regarding the camera under consideration. 

The DLT parameters can be found for each camera by solving equations 5.3a 
for LI, L2 

... LI, , providing that the control points are N ý: 6. Thus, the 

calibration of the TV cameras is achieved by determining the values of the 

DLT parameters ( LI, L29 
......... 

LN 

Now after determining the DLT parameters, equations 5.2 can be solved 
for the X, Y and Z coordinates of any marker seen by at least two cameras. 
Equations 5.2 can be written as : 
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P, Ll. -LI, P, Lllo-L'2 PLll, -L'3 

q, Ll. -LI, qLllo-LI, 6 q, Ll,, -L'7 

P2L29-L2, P2L210-L22 P2L21, -L2, 

q2L29-L25 q2L2,0-L2,6 qL2,, -L27 

Where: 

, je 
L'4-pl 

Y 
L18-ql 

L24-P2 

L2g-q2 1 

The Theoretical Work 

( 5.3b ) 

X, Y, and Z are the mark-er 3D object space coordinates for which 

equations 5.3b are solved. 
PI, q, are the comparator coordinates of the marker in camera number 
1 (the front camera in this study 
P2, q2are the comparator coordinates of the marker in camera number 
2 (one of the side cameras in this study ) 

L11, L2i are the DLT parameters for cameras I and 2 respectively. 

The DLT method was used in this study by employing a computer program 

based on that which was developed by Marzan and Karara (1975) and the 

accuracy of this method was assessed in chapter four. 

Markers Seen By Only One Camera 

If a marker is seen by only one camera, only two equations will be 

obtained by applying the DLT method on the data of this camera. They can 

be written as: 

(kAPLLV-LI)X+(PLIO-L'2)y+(pLll-L3)Z = L4 -P 5.4a 
(qLV-L)X+(qLjO-LýY+(qLjj-L7)Z = Lg-q 

The X, Y, and Z coordinates cannot be obtained by using only two equations, 

therefore the theory of properties of the rigid body was also employed. 

Considering the tail marker as an example: the tail marker and the two ASIS 

markers belong to one body (The pelvis) which is assumed to be a rigid body. 

The distance DI between the tail marker and the right ASIS marker is constant 

and so is D2 the distance between the tail and left ASIS markers. The 

mathematical form of the relationship between the tail and ASIS markers can 
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be written as follows: 

(X-XI)2 + (Y-Yjý + (Z-ZI)2 =D2 1 5.4b 
ý)2 + (Z-Z2)2 . D22 (X-X2)2 + (Y-Y 

Where the subscripts 1 and 2 belong to the right and left ASIS 

respectively. 
Equations 5.4a and 5.4b can be solved for X, Y and'Z which are the 

coordinates of the tail marker. They were solved by a computer subroutine 
called "EO4GEF" which was implemented in the University main computers 
"VAXs" 

5.2 Filtering, Differentiating and Normalising the Data 

A- Filtering and Differentiating 

Any measurement system used in the study of human motion introduces 

noise into the measured signal. In the kinematic study of human motion, this 

noise may not be evident in the displacement data, but it will be amplified 
during the differentiation procedure to cause marked inaccuracies in the 

velocity and acceleration data. Therefore, data filtering must be applied on the 

raw data to remove or reduce its noise. To design a suitable filter, information 

about the frequency spectrum of the signal and noise should be obtained. 
Winter et al (1974) have conducted spectral analysis of digital gait kinematic 

data and found that the spatial data is of low frequency, and a low-pass filter 

will cut off the high frequency noise contained in the data to such an extent 

that linear and angular velocities can be calculated by direct digital 

differentiation. Andrews (1982) stated that the upper frequency limit of the 
distinguishable gait signals is approximately 10 Hz. Pezzack et al (1977) have 

compared the accelerations obtained by three different techniques of data 

filtering and differentiation with a measured acceleration signal to determine 

their efficiency. The techniques were: (a) the second order finite difference 

equation cited by NEller and Nelson (1973), (b) Chebyshev least squares 
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polynomial fitting followed by polynomial differentiation, and (c) second order 

recursive Butterworth digital filter used by Winter el al (1974) followed by first 

order finite difference differentiation used by Nfiller and Nelson (1973). The 

acceleration obtained by the third technique was found to be more similar to 

the measured signal than the other two. Therefore, the idea of digital filtering 

followed by a differentiator was adopted in this work. A fourth order 
Butterworth low-pass digital filter given by the equation shown below was used 0 
in this work. It was designed by Andrews in 1975 (published in Andrews 

1982) and is now widely in use (Tooth 1976 and Yang Lang 1988): 

jk 
1- 

ICI(Xk+4Xk-1+67Ck-2+4Xk-3+Xk-4) - (C2yk-I+C3yk-2+C4yk-3+CSyk-4)] (5.5) 
F6 

Where: 

x. is coordinate of the point to be filtered 

ykis coordinate of the filtered point 
C19 C2? C39 C4, C5, C,, are constants expressed as functions of the cutoff 
frequency (5 Hz in this work) and the sampling time interval T (0.02 s 
in this work). 

As the filtering produces a phase lag, the data were filtered twice, one in the 

forward and one in the backward directions. This produces output data with 

no phase lag, and with a cut off frequency of 10 Hz.. 

After filtering, the data were numerically differentiated to obtain the 

velocities and the accelerations. The quality of the calculated derivatives is 

affected by the quality of the measured data and by the quality of the 

differentiation technique. If there is too much noise in the measured data or 

the sampling rate is inadequately low, no differentiation technique will produce 

good estimates of the derivatives. On the other hand, if the noise level of the 

measured data is low and the sampling rate is sufficient, any differentiation 

technique will provide adequate derivatives. Having the data filtered as seen 

above and sampled at a rate of 50 Hz, the following differentiator which was 
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developed by Tooth (1976) and used by Yang Lang (1988) under the same 

circumstances, was used in this work: 

1 
-in = [(XA-2) - 8(X, 

--1) 
+ 8(Xn+1) - (Xn+2)1 (5.6) 

12T 

where x. is the point to be differentiated, and T is the sampling time 
interval (0.02 s). 

The accuracy of the above filtering and differentiating technique was 

assessed by fixing a marker on a rotating disc, which was rotated with a 

constant angular velocity (w) of 5.236 I/s. The marker was of the same size 

as those used on the subjects during the biomechanical test, and was fixed on 

the disc so that the distance from its centre to the disc centre of rotation (r) was 

equal to 0.21 m. Thus, the linear velocity (V) of the marker can be calculated 

as: 
V co r=5.23 6*o. 21 = 1.10 [ m/s I (similar to the average velocity 

of the normal subjects). 

As the disc was rotated with a constant angular velocity, the linear 

tangential acceleration is equal to zero, thus, the resultant linear acceleration 

(a) can be calculated as: 

a=0*r= (5.236)2 * 0.21 = 5.757 [I /S2 

The cameras were operated under conditions similar to those of the 

biomechanical test and 70 frames were collected by each pairs of camera 
(front/Ieft and front/right). Tben, the data were firstly filtered using the above 
filter, and secondly, differentiated using the above differentiator to calculate the 
linear velocity of the marker, and finally the velocity was differentiated to 

calculate the linear acceleration of the marker. 
A mean velocity of 1.09 ± 0.168 m/s and mean acceleration of 5.63 + 

1.04 m/s' were found for the front/left camera set. Also a mean velocity of 
1.09 ± 0.086 m/s and mean acceleration of 5.72 ± 0.935 rn/sý were found for 

the front/right camera set. This reflects the quality of the used filtering and 
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differentiating technique, and it should be noted that the source of the obtained 

errors in the velocities and accelerations is not from the filtering and 
differentiating technique only, and it can be from the TV system. 

B- Time Normalization 

Because a single run can never accurately represent the gait of the 

subject, three successful (all the required data are obtained) runs were collected 
for each set of alignments and the output results of these three runs were then 

averaged as mentioned in chap 
' 
ter four. As the subject has speed variations 

from run to run and from step to step, the numbers of points obtained at the 
different runs were not equal. Thus, the use of a simple mathematical method 

of averaging may distort the data and produce misleading results. Fourier 

analysis was used to represent the data of each trial in the form of sine and 

cosine terms and a certain number of Fourier coefficients. The data were then 

reconstructed using Fourier coefficients, and each run was time normalised to 

have 100 points. Thus, the three runs of each alignment set have the same 

number of points (100) which can be averaged using simple methods without 

any data distortion. Using Fourier analysis provides several advantages. The 

data can be stored, compared, and also averaged using only the Fourier 

coefficients. 
in Fourier analysis, the number of harmonics which is essential to 

reconstruct the data is based on the data sampling rate and on the accuracy 

required in reconstructing the original patterns. Winter (1974) found that for 

the trajectories of markers on the thigh and shank, 99.7 percent of the signal 

power lies below the 8' harmonic. Schneider and Chao (1983) found that for 

the ground reaction force patterns only the first two to four harmonics plus the 

constant term dominate. In this work the first ten Fourier coefficients were 

used to reconstruct the patterns of the data. 

Normalising the data q, ( i=1,2,3 ........ N) where N is the number of actual 

points, to a new number of points M (M=100) was carried out in three stages: 
firstly, to avoid introducing bias in the reconstructed pattern the data was 
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detrended (see Andrews 1982) using the equation: 

It qN -ql 
qj = qi-ql N-1 

:i=1,2,3 (5.7) 

Where: 

qý, are the detrended data and q, is the point under consideration. 
Secondl , the Fourier coefficients of the first n harmonics were determined by Y 

using the relations: 

2 i-N 

0=E4, N-1 

2' 
ON 

2, nj(i-1) Aj 
-E dicos N1j., (N-1) 

Bj 
2 i=N 

4, sin 
27rj(i-1) (5.8) 

N-1 i=l (N-1) 

where j= (1,2,3,.... n) :n= 10 in this work. 

Finally, the nonnalised data were reconstructed as: 

qN-ql A Jun 
=ql+-(k- Ao +E AJZOS. 17cj(k- 1) 

+E B qk -1)+ ýsin. 
Inj(k- 1) (5.9) 

M-1 2 M-1 J-1 M-1 

Where k=1,2,3 ........ M: M=100 in this work. 

The data patterns which were reconstructed in this method have 100 points in 

each run and it is possible to apply simple averaging methods on this 

normalised pattem. 
5.3 Determination of the Joint Centres of the Lower Limbs 

The positions of the ankle and knee joint centres of the prosthetic leg 

were derined and measured relative to the shank marker system (see section 
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Figure 5.2 Left amputee with the 24 markers located at their landmarks. 
Dynamic markers, stay on the subject during the whole test. 

x Static markers, stay on the subject during the static test only. 
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4.2.4). On the sound leg, the positions of the centre of ankle and knee joints 

were defined by the static markers used during the static test. Referring to 
figure 5.2 the position of the unaffected ankle joint centre can be defined by 

the markers 21 and 20 as: 

y (5.10) RUA "r' (XUA YUA ZUAI 1" EX21 21 Zý01 

Similarly, the position of the unaffected knee joint centre is: 

RUIC Y (5.11) UK VJr 
ZUK] ý Ix Y 23 23 

Z221 

The location method of the knee and ankle joint centres was used by 

Andriacchi and Strickland (1985). They recommended that an average error 

of 0.79 cm was estimated when this method was compared with x-rays method. 
Accr.: ate definition of the hip joint centre is important for gait analysis 

purposes. Unfortunately, however location of this joint on a subject is very 

difficult. There are several approaches to define the hip joint centre but none 

of them is particularly accurate. Bell et al (1990) carried out a comparison test 

to asses the accuracy of three different methods for locating the hip joint 

centre. The first method was developed by Andriacchi et al (1980,1982) and 

Andriacchi and Strickland (1985) who predicted that the hip joint centre (1-UC) 

lies 1.5 to 2 cm directly distal to the n-ddpoint of a line joining the pubic 

symphysis and the anterior superior iliac spine (ASIS) in the frontal plane 

projection, and directly medial to the greater trochanter in the sagittal plane. 

The second method was introduced by Tylkowski et al (1982): they predicted 

that the FUC lies medial, distal and posterior to the ASIS by 11%, 12% and 

21% of the nter-ASIS distance respectively. The third method was described 

by Cappozzo (1984) based on the premises that (a)- the thigh is a rigid body, 

(b)- the FUC is the centre of a sphere described by the three dimensional 

rotation of a point on that body. The precise location of the IUC was found 

by means of the radiographic method (X-Ray) in a way based on that used by 

Brand et al (1982), the femoral head and the skin markers which define the 
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pelvic frame of reference were digitized from the radiographs, thus, the 

positions of the FUC obtained from the various methods were expressed in the 

pelvic frame of reference. The above three methods were compared with the 
X-Ray method. None of these methods was found to be particularly accurate, 
but Bell et al, have recommended an accurate method of locating the IfiC by 

combining the approach of Tylkowski et al with new modified percentage 
figures at the frontal plane, and the approach of Andriacchi et al for the 

anterior posterior (AP) plane. The FUC was defined in the AP plane by a 
marker located on the head of the greater trochanter. In the frontal plane the 
FUC lies medial and distal to the ASIS by 14% and 30% of the inter-ASIS 

distance respectively. They suggested that this method predicts the location of 
the IUC to an accuracy of 1.07 cm. 

This method was used to detem-dne the location of the IHLJC of the sound 

and amputated legs throughout the work of this thesis, and the effect of the 

location error on the results is discussed in appendix D. The following is the 

method of locating the IUC vector of a left amputee at the static test: 

A- The Unaffected Side* 

-. 0 R UH 1', IXUH YUH ZUHI 

X 
UH 

X24 
(5.12) 

YUH Y8 - 0.30D 

ZUH = Z8 -. 0-14D 

Where D is the distance between the ASIS markers. RuH is the position 

vector of the unaffected hip relative to the ground frame of reference. 

X24, Ys and Z8 are for markers shown in figure 5.2. 

B- The Prosthetic Side 

No marker was located on the greater trochanter of the prosthetic side 
during the biomechanical test. Thus, the prosthetic HJC was defined using the 
ASIS markers and the anatomical HJC. This was mathematically calculated as 
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follows: 

-0 Rp, ff -: 
IXPH YPH ZPHI 

XPH X7 + (x -x UM 9) (5.13) 
Yp, u 

Y7- 0.30D 

ZpH = Z7+ 0.14D -- 
Where: RpH 'S the position vector of the prosthetic hip relative to the ground 

frame of reference. 11ý 0Aý -( - 
Equations 5.12 and 5.13 -are rectified for right side amputees. 
5.4 Segment orientations and Inertia Properties 

In order to define the position of the body segments in space, three 

reference systems of coordinates were defined. At any instant the body 

segments can be related to any of these systems, they are the ground frame of 

reference, the principal axes of inertia of the segment and the marker frame of 

reference. The principal axes and marker frame of reference were related to 

the ground frame of reference by direction cosine matrices which were used to 

transfer the positions of the body segments within the three frames of 

reference. - 
5.4.1 Principal Axes of Inertia 

The* principal axes of inertia were defined for each segment separately, 

and their dir,! ction cosine matrices in relation to the ground frame of reference 

were calculated from the static test as follows: 

The Prosthefic Foot 

The pn'ncipal axes of inertia of the prosthetic foot ( Xp, Yp, Zp ) were 

defined to be parallel to those defined in section 4.1.1.1. Xp and Zp are 

contained in the plane parallel to the top surface of the SACH foot, Xp 

connects the mid-toe point to the foot bolt and is positive forwards. 4 is 

normal to X. and directed to the right regardless of the side of amputation. Y. 

was taken to be normal to the Xp and the 4 plane and directed upwards. As 
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Yp is supposed to be parallel to the vertical axis of the ground frame of 

reference ( YO ) during standing, the foot has only toe out angle (0) between 

the Xp and Y. 0, and it was measured on the coordinate measuring system. The 

relationship between the ground and principal axes can be derived (fig. 5.3): 

Xp = XGCOSO +0 +ZGSINO 

P0+y 
y ý-- G+0 

ZP = -XGSINO +0 +ZGCOSO 

'Ibus, the direction cosine matrix which defines the principal axes of inertia of 

the prosthetic foot (PF) relative to the ground frame of reference is: 

cose 

F0 IDCMf ]P-Gý' 

PF 
0 SINO' Dx 

10D PF 
y 

0, cosoj 
D PF 

.Zj 
Where 0= toe out angle for the right amputee. 

0=- toe out angle for the left amputee. 

(5.14) 

The left hand side of equation 5.14 presents the direction cosine matrix (DCM) 

of the principal axes of inertia - relative to the ground frame of reference 

(P(--G), and it is for the prosthetic foot (PF) calculated from the static (S) test. 

This notation system is used in all relations presented in this chapter. 
The Unaffected Foot 

The principal axes of the unaffected foot were defined using the same 

method as that of the prosthetic foot. During the static test, the subject was 

asked to stand with his feet flat on the floor, thus the Yp of the unaffected foot 

was parallel to Y,, and the plane of the Xp 4 axes was horizontal. Xp was 

defined by the line connecting the heel marker to the marker on the mid-toe. 

lberefore, equation 5.14 can be used to obtain the direction cosine matrix of 

the principal axes of the unaffected foot. It should be noticed that the angle 
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0' which is the equivalent of the toe out angle, can be calculated from the toe 

and heel markers at the static test as follows for the right foot: 

The Prosthetic Shank 

arctan 
ztw -zhed 

(5.15) 
xw-xheel 

The principal axes of inertia of the prosthetic shank were defined to be 

parallel to those defined in secdon*4.1.1.2. The ZP axis coincides with the knee 

axis and it is assumed to be parallel to the coronal plane. 4 has a tilt angle 

cc with. Z. and this angle was calculated in section 4.2.4 and considered to be 

positive when the lateral side is higher than the medial. Thus the direction 

cosine of Zp can be calculated for a right amputee as: 

- Psh Dz = [0 sina cosa] (5.16) 

where: Psh = prosthetic shank, and cc =- tilt angle for the left amputee. 
To detem-tine Yp of the prosthetic shank, a plane was defined to be 

normal to Zp and contain the knee joint centre K. The Yp axis was then 

defined to be a line connecting the projection point A' of the ankle joint centre 

A on that plane (see figure 5.4 ) to the knee joint centre K. The vector RA' 

which determines the position of A' can be determined as follows: 

The plane normal to Zp should satisfy the condition of normality which 

is : 

--0 psh -0 Dz . (R, -RK) = 

--. 0- 
Where R, is the position vector of any point on that plane. 
The line passing through the ankle joint centre and is perpendicular to 

the plane specified above is parallel to 4 and should satisfy the relation: 
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Psh (5.18) R2 -RA = cDz 

Where R2 iS the position vector of any point on the above (AA') line and 

c is a constant. 

Now the position vector of point A' can be found by solving the 
-"0, -W 

equations 5.17 and 5.18 for the constant c when R, equal to R2 because the 

point A' is shared between the plane and the line under consideration. That is: 

-0 Psh 
c= Dz . (RK-Rý) (5.19) 

Thus: 

+ (5.20) RA RA cDz 

Therefore, the direction cosine of the shank principal axis of inertias in the Yp 

direction can be obtained as: 

-6 -6 
Psh RK-RAI 

Dy = --o -. I RKRA, 

The Xp of the prosthetic shank is normal to Yp and Zp and its direction 

cosine was calculated as: 

--81 psh 
= --b Psh 

x .b psh (5.22) D; Dy Dz 

The Unaffected Shank 

For the shank of the sound leg, the Yp axis was considered to be 

connecting the ankle joint centre to the knee joint centre. Its direction cosine 

can be obtained as: 
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Ush Rk-RA 
Dy (5.23) 

&-Aý 

The direction cosine of Zp of the unaffected shank was calculated as the cross 

product of the ground X(] axis and the Yp of the unaffected shank: 

- Ush -G -6 Ush Dz Dx x Dy 
(5.24) 

G Where: Dý = [1 0 0] represents the X ground axis. 

The Xp of the unaffected shank was constructed as the cross product of Yp and 
ZP : 

-P Ush - Ush - Ush Dx Dy D; (5.25) 

The Thigh 

The same method was used to define the thigh principal axes of inertia 

for the prosthetic and unaffected legs. The thigh Yp axis was defined as the 

line connecting the knee joint centre (KJC) to the hip joint centre (I-UQ and 

it is positive upwards. As the KJC and HJC are obtained from the static test, 

the direction cosine of Yp can be calculated as: 

-+ -. 6 

7-H R H-RK Dy =- (5.26) 
&-'kA 

Then, Zp was defined to be normal to the plane which is defined by Yp of the 
I j5TH '" 

thigh and X. of the shank, thus z can be obtained as the cross product of 
SH -BYTHa. 

nd -D*x 
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' TH - SH 771 D; = Dx x D-Oy 

And naturally, the direction cosine of the Xp is: 

ý 7W -0 TH -0 TH Dx = Dy x Dz 

The Ileoretical Work 

The direction cosine matrix of the principal axes of inertia for the prosthetic 

and unaffected thiah sections is: Cý 

D TH 
x 

H]p D 771 (5.27) IDCMJT 
-G y 

771 Dý 

The left hand side of equation 5.27 represents the direction cosine matrix 
(DCNO of the principal axes of inertia relative to the ground frame of reference 

(P+-G), and it is for the prosthetic and sound side thigh (TH) sections 

calculated from the static test. 
The Trunk 

The trunk was considered to consist of two segments, the upper torso 

and the pelvis. For both segments, the principal axes of inertia were defined 

to be parallel to the ground frame of reference when the subject is standing for 

the static test. Thus, the direction cosine matrix of 'the upper torso and pelvis 

relative to Cie ground frame of reference will take the following form : 

00 
Tp1 [DCM. or 'e"]p. 

_, 
010 

.00 
ij 
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, Figure 5.5 The body markers numbered in the sequence used to define the 
marker frame of reference. 
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5.4.2 The Marker Frame Of Reference 

The marker frame of reference plays an important part in defining the 

orientation of the body segments. It provides the relationship between the 

principal axes of inertia and the ground frame of reference during walking. 
Three markers were attached to each body segment and numbered from I to 
3 as seen in figure 5.5. The same method was used to define the marker frame 

of reference of all seggments in relation to the ground frame of reference. This 

method was used during both the static and dynamic tests. 
The origin of the marker frame of reference was considered to be at 

marker number 1. The Ym axis of the marker frame of reference was directed 

from marker number I to marker number 3 as demonstrated in figure 5.6. The 

direction cosine " Dym 11 of Ym can be calculated as: 
-b --b 

ryll 

- 

R3 - R, 
(5.29) 

R, 1 

The Xm axis was defined to be normal to Ym and to the line connecting marker 

number I to marker number 2. Thus, its direction cosine was calculated from 

the formula: 

m 
R2 R, 

Dy 
x 

(5.30) bx 
ý2 R 

Simply, the Dzm was obtained from the cross product of Dxm and DY 7-5 

m -0 m 
Dx x Dy (5.31 ) 

Thus, the direction cosine matrix which defines the marker frame of reference 

in relation to the ground frame of reference can be written as: 
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Figure*5.6 The shank marker frame of reference and its relationship with the 
ground and principal frames of reference. 
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.Dm. 

DCM lw, r =D 

Dm 

5.4.3 Segment Orientations 

(5.32) 

The static orientafion of the body segments was detern-dned in section 
5.4.1 by relating the principal axes of inertia to the ground frame of reference. 
Similarly, the dynamic orientation of the segments can be determined by 

obtaining the relationship between the principal axes of inertia and the ground 
frame of reference during wallcing. This can be obtained by employing the 

marker frame of reference and was calculated as follows: 

Firstly, the relationship between the princiýý axes of inertia and the marker 

frame of reference was found from the static test. It has the form: 

[DCMSý 
-M 

= IDCM4-G IDCMS; 
-G 

(5*33) 

Secondly, as the relation between the principal axes and the marker frame of 

reference does not change during walking, the [DCMslpm remains the same 

during the static and dynamic tests. And thus, the dynamic relationship 

between the, principal axes and the ground frame of reference can be obtained 

as: 

[DCMDý-G = IDCMSIP-M [DCMDIM-G (5.34) 

5.4.4 Determining the Inertia Properties of the Body Segments 

The mass, centre of gravity and moment of inertia of the body segments 

were determined using the fbHowing methods: 

The Theoretical Work 
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(i) The Sound Lea 

The Theoretical Work 

The mass of the sound leg segments was calculated using the method 
presented by Clauser et al (1969). More than one anthropornetric measure was 
involved in calculating the mass of a segment. The mass of the shank and foot 

( nih ) was calculated as one segment from: 

MsA = 0.111CS+0.047HT+0.122C4+0.003BM+0.027L (5.35) 

The mass of the anatomical thigh was calculated from: 

Mth = 0.074BM+0.123CM+0.027(0.78p - 0.27) (5.36) 

In the above equations ( 5.35 and 5.36 p is the thickness of the folded iliac 

fat and it is measured in mm, while all the other dimensions are measured in 

cm. Cs is the shank circumference at the calf. HTis the fibial height. CA is 

the ankle circumference. IFis the foot length. Ch is the upper thigh circle. 
BM is the mass of the body [kgl. 

The position of the centre of gravity (CG) and the mass moment of 
inertia (1) were calculated using the coefficients presented in table 2.1 which 

were derived by Goh (1982) by averaging available data as given below. The 

distance Lc; SHfrom the KJC to CG of the shank/foot is: 

LGSH = C2LSH = 0.4673LSH (5.37) 

Where LsH= the static ankle height + the shank length. 

The length Lm from the HJC to the CG of the anatomical thigh was 

calculated as: 

LGTH = C2LTM = 0.4169LTH :L TH 
'S the thigh length (5.38) 

The moment of inertia of the shank/foot segment about the X and Z axes is: 
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SH sm 
= m,,, (C3 LSH)2 = m,,, (0.3467L )2 (5.39) Ijýý G 

SH 

The moment of inertia of the thigh is: 

TH IXTXH I; ý mh(C3LT, 71 
)2 mh(O. 2912L T, 1)2 

(5.40) 

Iyy of the shank and lyy of the thigh were assumed to be negligible. C7 0 
- (ii) The-Prosthefic Leg 

A- The Prosthetic Shank 

The mass ( mp,,, ), the position of the centre of mass ( CGpSH ) and the 

moment of inertia of the prosthetic shank/foot were determined and presented 
in section 4.1.2. However, the moment of inertia was calculated about the knee 

joint, and further calculation is needed to transfer that to axes through the 

shank centre of gravity. This was calculated by employing the parallel axis 

theorem. The moment of inertia of the prosthetic shank (shank/foot) about its 

centre of gravity was calculated as: 

PSH 
=, 

PSH 
= 

PSH- (cGP,,, )2 4ý G I; 
jr Minh 

is the shank moment of inertia about the prosthetic knee 

B- The Prosthetic Thizh 

The prosthetic thigh actually consists of two elements, the socket section 

of the prosthesis and the stump. Its inertia properties should be calculated by 

combining the two elements. The mass of the prosthetic thigh ( Mpth ) Can be 

simply found as the sum of the stump mass and the mass of the socket section 

of the prosthesis: 

m pth -M st 
+M 

so 
(5.42) 

The mass of the socket section of prosthesis (mso) was measured in section 
4.1.2. To calculate the Stump mass (. m., centre of gravity ( CGsT ) and 

stump morn-, nt of inertia ( Is-r ); the stump was modelled as a truncated circular 
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Figure 5.7 Stump model for the calculation of its mass properties. 
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cone (fig. 5.7). The top circle of that truncated cone is contained in the plane 
passing from the HJC and it is horizontal during the static test. The lower 

circle of the truncated cone is contained within the socket distal plane which 
was defined in section 4.1.1.3. 

Now, consit; ering figure 5.7 the mass of the stump can be obtained as: 

mst = vst :p= 1065.2 [kolm3] the mea dewity of t&-, body 

v., is the stump volume in m' 
Ile body density was calculated by Contini (1972) from data based on the 

work of Harless (1860) and Dempster (1955). 

_lh2 (2+ r3r, + rb [m 31 
vst .3 

r3 

ph 
2+ 2 

Thus, Mst 2 r3 r3r, + rl) [kgl 
3 

where : h2 = ýK 
- Rý 

(5.43) 

and h= socket lower point - knee joint centre ( SL -K )measured at 

the coordinate measuring system. 

r3 is calculated as: 

h2 hi 
r, = r, + 

(r2-rj)h2 

r, -rl r2-rl hi 

r, and r2 are the radii of the socket lower and upper circles respectively, 

and were measured at the coordinate measuring system. h, is the 
distance between the socket lower and upper circles. 

The CG,, can be obtained as a distance from the IUC (Shames 1980): 
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h2 +3r 2(r3 +2r3r, b 

2-2 
IMI (5.44) 

4r3 +r3r, +r, ) 

Thus, the centre of gravity of the prosthetic thigh from the hip joint centre can 
be calculated as: 

mstcGa + M., ý, 
CG�� 

CGPM =. 
mpth 

Im] (5.45) 

where CGso is the distance of the socket centre of gravity measured from the 

hip joint centre: 

CGý. = 
PK 

- 
AA 

-S,,,, 

S., is the distance from KJC to the socket centre of gravity measured in 

section 4.1.2. 

The stump moment of inertia was calculated by considering the stump 

part from the complete cone which has the length L (fig. 5.7). The moment 

of inertia of this cone about the FUC is: I+m (L/4)2 where I is the moment of 

inertia of the cone about its CG and m, is the mass of that cone. It is possible 

to write the following: 

L)2 
=I +MstC 

2L12 (5.46) 
st 

G; +I, +ml(h, +-) 
44 

where I,, ml, and L, are related to the cone CI; 1,, and I, are the moments of 

inertia of the respective components about their own centre of gravity. 

The stump ;. A, *ioment of inertia about its centre of gravity is: 
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ist = I+m ( 
L)2 

Where: 

(h 

The Theoretical Work 

2 (5.47) mstCG; 

L= 
r3h, 

r3 -r, 

3L2 
+4 

2 

80 
r3 

Finally, the moment of inertia of the prosthetic thigh about its principal axes 

is: 

PM (5.48) IT = Ijý =[ Imx. 
G + mso ( KK-AA 

- CGpm-S. yl + [I, +mýCG.. - CGf] 

where Isoc(l is the socket moment of inertia about its centre of gravity. 
ISOCG = ISO - MSO S so 

2: ISO is the socket moment of inertia about the 
KJC measured in section 4.1.2. 

5.5 Kinematics 
The kinematic analysis methods which were used in the work of this 

thesis are presented in this section. The method of determining the joint 

centres during walking, velocity, acceleration and the angular displacement of 
joint is discussed. 

5.5.1 Determining the Dynamic Position of Joint Centres and Segments CG 

The dynamic positions of the joint centres relative to the ground frame 

of reference were determined by employing the marker frame of reference and 
the features of its static and dynamic relationship with the ground frame of 
reference. The joint centres have fixed positions in relation to the marker 
frame of reference during the static and dynamic test. Thus, during the static 
test, each joint centre was related to the marker frame of reference of the 

L, =L-h2 

(Text book, Shames 1980) 
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adjacent segment. Later, during the dynamic test, the positions of the joint 

centres were first found relative to the marker frame of reference, they were 

then related to the ground frame of reference. The ankle and knee joint centres 

were related to the marker frame of reference of the shank. The prosthetic hip 

joint centre was related to the marker frame of reference of the socket, while 

the anaton-dcal hip joint centre was related to the pelvis's marker frame of 

reference. The same procedure was applied on all joints and the following 
I= 

shows the application of the above method on the knee joint centre: 

From the static test, the coordinates of the knee joint centre with respect 

to the marker frame of reference of the shank are XKI, YKMI ZKm and can be 

obtained as: 

mGG Xi Xi -XI 

YM G_yG (5.49) 
K 

[DCM; "] 
M-G 

Y; I 

ZKM ZKG _ZJG 
St. 

The coordinates of the joint centre with respect to the marker frame of 

reference do not change during waUdng. Therefore, the dynamic position of 

the knee joint centre with respect to the ground frame of reference can be 

obtained as: 

.G. 
xG. m. Xi I 

Xi 

DyG ylG (5,50) R; + [DCMý y SIG-M ; m 

GzGM ý' 
Jdy. -1 Jdy. 

[ZK 
J 

Then, the dynamic position of the segments CG can be determined using 

the coefficients of table 2.1. Taking the thigh CG as an example, it can be 

written: 
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- TH (5.51) RCG = RH + C2(RK - RH) C2 =0.4169 

The above procedure was developed to detem-iine the position of all joints and 
segments. 
5.5.2 Calculating The Velocities and Accelerations 

The linear velocities and accelerations of the joint centres were 
calculated by applying the differentiating technique, discussed in section 5.2, 

on the displacement data. The same procedure was applied on all joints and 

the knee joint is taken here as an example. The knee velocity VK and 

acceleration aK at any instant can be found by differentiating the position vector 

of the knee joint centre R. 

VK = 
dRr 

aK - 
dVjr (5.52) 

& dt 

After calculating the linear velocities and accelerations of all joints, table 2.1 

was used to calculate the linear velocities and accelerations of the CG of the 

anatomical shank and thigh: 

v SH 
+ 

SH 
(ýý = VK Cý (VA - VK) 

(5.53) 
SH - SH 

acG = aK + Cý (aA-aK) 

v TH 771 
=' VH + Cý (VK- VH) 

(5.54) 
771 

aCG =a 7H(aK-aH) 
.H+ 

Cý 

The above method was also used for the prosthetic leg. It should be noted that 

the value of q for the prosthetic shank and thigh was determined from the 

position of their CGs which were calculated for the shank in section 4.1.2 and 
for the thigh in equation 5.45. 

The angular velocity of any segment was obtained from the movement 
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of its principal axes in relation to the ground frame of reference. The position 

vector of any point of a segment in relation to the principal axes of inertia and 

ground frame of reference is: 

lpý . xd 

yp 1, (DCMý-G YG 

?I ZG 

d. XPý 

YG = (D CM; 
- c, YP 

7 Gi Zpj 

By differentiating the position vector in relation to the ground frame of 

reference it was found (text books, Shames 1980 P. 412): 

G Vý x 
.x 

G 

y 
VG d [Dcm; 

-G 
yp d [DC4-G ( ) IDCMP-G YG 

dt dt 
VG 

z 
[zp, [zG 

0 -(J)Z (A)Y XG 

(A) 
z 

0 
-CA)X YG 

-(A)y WX 0 ZG 

Thus, 

0 -G)z WY dill ? h2l 'h3l Mll M12 M13 

z 
0 G), x M 12 m 22 32 m 21 m 22 m 23 

(5.55) 

F G)y wx 01 
J Ld'13 

'h23 'h33j 
LM31 

M32 M33J 

Therefore, the angular velocity of any segment in relation to the ground frame 

of reference is: 
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G)X =M 13MI2 +? h 
23M22 +Ih 33M32 

G)Y = ?h 1IM13 +1h 21M23 +1h 31M33 
(5.56) 

G)z = ?h 12MI1 +Ih 22M21 +Ih 32M31 

Then the angular acceleration of any segment was calculated using the 

numerical differentiator of section 5.2. And the acceleration components, in 

relation to the ground frame of reference are: 

dü)x dca y_ dcaz 
(5-57) 

dt 9 cy dt 2 

As the above angular velocities and accelerations are reflected in the 

ground frame of reference, they were transferred to the principal frame of 

reference by using the corresponding direction cosine matrix. The following 

relation shows that for the acceleration: 

p. 

e) x 
G. 

ex 

p ey [DCMDL G 
8, Y 

%G 
p 

L ezj 
G 

L ez 
.1 

5.5.3 Angular Displacements of the Body Joint 

(i) Trunk Orientation 

(5.58) 

The trunk was considered to be represented by the line which connects 

the midpoint between the two shoulder markers and the midpoint between the 

hip joint centres. The trunk angular orientations were calculated relative to the 

ground frame of reference as: 

Trunk Extension (TE) = arctan 
(XRM+XLH) -(XRSH +XLSR) (5.59) 
(y RSH+y LSH) - 

(YRU + YLH) 

where: RH and LH are the positions of the right and left hip joint 
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centres respectively, and RSH and LSH belong to the right and left shoulder 
marker respectively. If the " TE " angle is positive the trunk is considered to 
be extended, and if it is negative the trunk is flexed. 

Similarly, the trunk mediolateral tilt is: 

'(ZRSH+z 

Trunk Tilt (TI) = arctan 
LSH) 

(ZRH +ZLH)' 
(5.60) 

. 
(YRSH + YLSH) (YRH + YLH). 

The TT angle is positiýe when the left shoulder is higher than the right 0-0 
shoulder and this is a case of tilt to the right. 

Torso rotation was calculated using the shoulder markers: 

Torso Rotation (TR) arctan, 
XRSH - XLSH 

ZRSH - ZLSH 
(5.61) 

Torso rotation was considered to be positive to the left. i. e. Anticlockwise 

when looldng from above. 
(ii) Femur Angle 

The femur angle was calculated from the position of the knee joint 

centre related to the hip joint centre. Only the femur flexion/extension angle 

is discussed in this thesis and it was calculated relative to the ground frame of 

reference as: 

Femur FlexionAngle= arctan 
XK - XH 

(5.62) 
YH - YK 

Femur flexion was considered to be positive and femur extension to be 

negative. 
(iii) Knee and Ankle-Angular Orientadons 

The knee flexion angle was considered to be between the two principal 

axes of the thigh and shank, and it was obtained as: 
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Figure'5.8 The dorsiflexion angle of the pro'sthetic foot. 
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Knee FlexionAngle SH = arccos Dy 
. 

-" TH Dy (5.63) ) 

To calculate the ankle dorsi/plantar flexion angle of the anatornical, 

ankle, the angle 0 between the foot X principal axis and the shank Y principal 

axis was first calculated: 

'FT 'SH 
arccos ( Dx 

. 
Dy (5-64) 

the ankle dorsiflexion angle was then calculated by subtracting the dynamic 

value from the static value of that angle: 

Ankle DorsifiýWonAngle =- ()S- ()D (5.65) 

WhenO S ýý' ODthe ankle is dorsiflexed and when 0s <0 Dthe ankle is 

plantarflexed. 
A similar procedure was used to find the prosthetic dorsiflexion angle. 

Firstly, the angle " O'P " between the Y principal axis of the shank and the line 

which connects the ankle joint centre to the marker on the fip of the foot was 

calculated for the static and dynamic position (see fig. 5.8): 

-Rp (RPT 
A) OP = arccos D SH 

9 
(5.66) 

ýPT-RpA 

the change in 0" between the static and dynamic positions which represent the 

ankle dorsi/plantar flexion was then calculated as: 

Prosthetic Ankle DorsiflexionAngle =e p- ep (5.67) 
SD 

and this angle is positive when the foot is dorsiflexed. 

Equation 5.67 actually detem-dnes the ankle dorsi/plantar flexion angle 
for the uniaxial foot only. For the SACH foot the ankle dorsi/plantar flexion 
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angle is determined by angle 013 caused by bending of the forefoot, as the ankle 
is rigid. Assun-dng that the distance from the ankle joint centre to the marker 
which is on the tip of the foot is approximately twice the distance from that 

marker to the bending centre of the foot, it follows that: 

0= 2(0 p (5-68) 
Bs 

5.5.4 Temporal Distance Parameters 

As the subject walked on the force plates, the two force plates and the 

three TV cameras were operated simultaneously and synchronously at 50 Hz. 

Since only two force plates were used, the TV data were used in addition to 

the forde plates data to calculate the temporal distance parameters. 
The durations of stance phase for the left and right legs were calculated 

using the first and last active frames of the force plate data of the vertical force 

component. These frames corresponded to the heel strike and toe off of the 
foot respectively. Thus, if the left heel strike was at frame number FLHs and 

the left toe off was at frame number FLTO the duration of the left stance phase 

can be obtained as: 

LeftStance Phase Duration = 0.02( FLTO- FLHS )(s] (5.69) 

where 0.02 s is the duration of one frame. 

For the stance phase duration of the right leg, it is possible to write: 

RightStance Phase Duration = 0.02(F=-F (5-70) RH) 
Is] 

Equations 5.69 and 5.70 were calculated using the force plate data, but 

to calculate the duration of the gait cycle the frame number of the second left 

heel strike ( F2LHs ) was determined from the TV data. This was by using the 

algorithm: 
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IF X(f+7 ) -X(f <4 TV Units (1 .2 cm) f=f(LM 
, f(L7,0.1) 

........ ) 
(5.71) 

Then F2LHS= f where, X(f) is the X coordinate of the left heel marker in 

the TV units at frame number E 

Thus, cycle duration can be calculated as: 

Cycle Duration 0.02 (F2LVS-FLss) (5.72) I S1 

Accordingly: 

RAJ 
Step Width = Zjwsfs - 

c Zltýs m 
RightStep Length XjRLqAsjc Xj%jc m 

LeftStep Length X2ýtc 
(5.73) 

Xjjwlýc m 
c Stri& Length Xýfs X. Sc m 

LeftDouble Support Duration 0.02(FL7.0-FjZHS) s1 (5.74) 
RightDouble Support Duration 0.02(Fjnv-F2LHs) [s] 

The subject's speed was calculated as the average of the speeds of 
RAJC, LAJC, RKJC, LKJC, RHJC, LFUC and the two shoulders marker. 
First, the speeds of all these points were calculated as: 

V 
X2LHS - XLHS 

(5.75) 
Cycle Duration 

then the mean velocity of the subject was obtained as the average of the eight 

speeds of the above points. 

5.6 Kinetics 

5.6.1 Force Plate Data 

The force plate data contain the 3D ground reaction forces ( Fx , Fy , Fz 

acting on the foot and the 3D moments ( Mx , My, Mz ) acting at the centre 

of the force plate. These forces and moments are measured in computer units 
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Table S. I The calibration factors of FP I and. FP2. 

FX FY FZ mx MY mz 

FPI -0.284-3 3 -0.9923 0.1202 -0.2070 _0.0329 0.2068 

FP2 0.265-3 - L0027 -0.1225 0.2070 - 0.03) 29 -0.2117 

The units are: (N/computer units] for the forces, and (NnVcomputer 

units] for the mornents. 
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and are related to the force plate frame of reference which is parallel to the 

ground frame of reference with its origin located at the centre of the force 

plate. Therefore, the data should be converted to SI units and should be 

transferred to the ground frame of reference'. 
The calibration factors of the force plate depend upon the setting of its 

charge and buffer amplifiers. The charge amplifiers were set to 50 mechanical 
unit per volt for Fx , Fz , My and 200 mechanical units per volt for Fy , Mx 

and Mz. The buffer amplifiers gains were set at 1 for Fx and Fy, 2 for Fz and 
My and 1.25 for MX and Mz. 17his setting of the amplifiers was checked before 

every patient test to ensure the validity of the scaling factors. 

Corresponding to the above settings of the charge and buffer amplifiers, 

calibration Lictors were supplied for force plate one (FPI) and for force plate 
two (FP2) as presented in table 5.1. It was reported by Kistler (see section 
2.5.2) that an error of 0.05 percent and cross talk of ±2 percent between Fx 

and Fz, less than ±3 percent to Fy from Fx and Fý, and less than ±I to Fx and 
Fz from Fy exist in the force plate with the above calibration factors. The 

validity of the calibration factors was checked every six months during the two 

year period of patient test for this work. The following explains the method 

of calculating the SI values of the forces and moments: 
Force [N] = Calibration Factor x Force [computer units] 

Moment [Nm] = Calibration Factor x moment [computer units] 
Example: 

FFx = -0.2843 Fx Fx is'in computer units and belong to FPL And Fjýx is 

the output or'FPI in SI units with respect to the force plate frame of reference. 
The above procedure provides the forces FF (Fx, Fy, Fz ) and the 

moments MF (Mx, My, Mz ) in SI units related to the force plate frame of 

reference. To transfer these forces and moments to the ground frame of 

reference no change is applied on the forces of FPI and FP2: 

F =F ,F =F ,F =FFz GX FX GY FY GZ 
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Chapter 5 The Theoretical Work 

But the moments will be changed to take the values of. - 

MG_= MF 

Wbere R is the position vector of the centres of FP1 and FP2 related to 
the ground frame of reference and: 

R, [-0.303 -0.04 -0.11] for FP1 
(5.76) 

R2 0.303 -0.04 
. 
0.11 for FP2 

Example from FP2: 

MGZ = MFi + 0.303Fpy + 0.04F 
., x [NMI 

Now all the forces FG and. the moments Nlý are in SI units and are related to 

the ground frame of reference. 
Calculation of the Position of Centre Of Pressure 

The centre of pressure (CP) is the point between the floor and the foot 

in which the instantaneous reaction force is applied. The position of the CP 

(X, Y, Z) is of special importance in calculating the joints load. T'his, position 

can be calculated in relation to the ground frame of reference by writing the 

equilibrium equation about the concerned axis at the force application point 
(see fig. 5.9): 

CPX = 
MGZ 

F GY 
CP 

y=0 
(5.77) 

CPZ 
MGX 

FGr 

During progression of stance phase, a moment is generated about a 

vertical axis passing from the CP point. This is the friction moment (N6y) 
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Figure 5.10 Resultant forces and moments applied on the shank segment. 
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between the foot and the ground and this is also important in the calculations 

of joint loads. This moment was obtained as: 

MCPY z-« MGY +F GZ * CPX-FGX . CPZ (5.78) 

5.6.2 The joint Loads 

So far the ground reaction forces and moments are determined relative 

to the ground frame of reference and at the centre of pressure. Tle positions, 

of the body segments and joint centres are also determined from the TV data 

in relation to the principal axes of inertia and to the ground frame of reference. 

This is sufficient information to determine the inter-segmental loads at all 

joints. The same procedure was applied on all segments in order to calculate 

the inter-segmental loads and the following is an example showing the method 

of calculating the knee loads (figý 5.10): 
. 

F+ Fý KA 
(5.79) 

---p --OP 
In this equation FKis to be calculated. F, = -m ( acc, +gg= -9.806 

[ ms" ] in the vertical direction. FAwas calculated from the foot segment by 

applying the same procedure. 
The equilibrium equation about the CG of the segment can be used to 

--0, determine the knee momentMK: 

. _lw --. » ---p --e- --b (5.80) MK+m Ax (RA-RCG) +FKx (RK-RCG) A +MIG +Fý 

Where: 

M, c is to be calculated and MAwas found from the foot segment. 

NH,; is the shank inertia moment expressed in the ground frame of 

reference and it was calculated as follows: 

The segment moment of inertia NU about its principal axes of inertia can 

be obtained using Tulcr equations" (Text book, Shames 1980 P. 794): 
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MIX 

ý IXXP-X+6)YG)Z(IZZ-IYY) 
MIY = Iyyr-y+(JZ6)x(lxx-Izz) (5.81 

MIZ = Izzez+wxwAY-Ixx) 

Where e and (o are the segment angular accelerations and velocities in 

relation to the principal axes of inertia and were calculated in section 5.5.2. 

The moment MI which is referred to the principal axes, can be related 

to the ground frame of reference by using the direction cosine matrix 

corresponding to the segment under consideration. Thus: 

M DCM T MI (5.82) IG [ 
D]P-G 

The knee forces FK(FKx , 
FKy 

, FKz) and momentsMK(MKX . 
MKY 

v 
Mya) are 

related to the ground frame of reference and they can be transferred into the 

principal axes of the limb by multiplication in the direction cosine matrix 
[DCMDII,,. 

-r, 

5.7 Statistic 

The variations among the temporal distance parameters of the normal 

subjects and the above-knee amputees, were determined using a t-test with no 

assumption. i. e. this test does not assume that the number of subjects is within 

the normal distribution. 
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Chapter Six 

Results and Discussion 

6.1 Introduction 

This chapter presents the results obtained in this study for ten normal 

subjects, eiýht AK amputees wearing prostheses with quadrilateral (quad) 

sockets and three AK amputees wearing prostheses with ischial containment 
(IQ sockets. The experimental procedure of obtaining these results was 
described in chapter four and the analytical methods used for calculating the 

various gait parameters was presented in chapter five. Each gait parameter is 

the average of three different runs obtained from one day, except for the 

temporal-distance parameters' results of amputees with " normal alignment' 

which were averaged for nine different runs obtained in three different days. 

However, because of some difficulties such as missing markers, it was not 

possible to have three successful runs for all alignment change sets of all 

subjects. Thus, for some of the alignment sets, data were averaged for two 

successful runs only; this will be pointed out whenever it is the. case. 

6.2 Subjectil Particulars 

The particulars of the normal subjects and the AK amputees who were 

tested in this project are presented in tables 6.1 and 6.2 respectively. All 

subjects were numbered and coded in a manner that the code represents the 

patient, his side of amputation and the type of socket which was used on that 

patient. In the case of the normal subjects, the code represents the subject. and 

the sex of that subject. The. decoding is shown below tables 6.1 and 6.2. All 

subjects were males, this was controlled by the availability of the subjects and 

their willingness to perform the test. The normal subjects were between 28 and 
34 years of age and most were colleagues of the author who was also one of 

the normal subjects. Although most of the patients were older than the normal 

subjects, the normal results are still of value to allow comparison of the gait 

patterns of ihe amputees with those of the normals, because Murray et al 
I 

I Normal alignment is the dynamic alignment which was set by the prosthetist for a 
patient before any alignment change sessions were undertaken. 
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Chapter Six Results and Discussion 

(1964) studied sixty normal subjects in five groups of age (ranged from 20 to 
65 years old ), and they reported that no significant differences were found 

between the temporal-distance parameters, and the hip, knee, ankle, and trunk 

rotations of the first four groups which cover an age of 20 to 55 years. Also, 

two of the patients are of the same age group as the normal subjects and all 

patients are active. The activity scores of the amputees were calculated by the 

prosthetist who was involved in this work according to the method presented 
by Day (1981) and are shown in table 6.2. 

6.3 Alignment Measurements 

All alignment parameters of the test prostheses worn by the amputees 

were measured and are presented in table 6.3. The measurement method was 

explained in section 4.2 and the data presented are for normal alignment. 
Comparing the results with those presented by Zahedi et al (1986) and Yang 

Lang (1988), it is evident that the values measured in this study are broadly M 

the same range as those of the previous investigators. For instance, Zahedi et 

al presented an average of 0.35 *1.27 cm for knee set back and Lang obtained 

a range from -1 to 2 cm for the same parameter. The results of this study 

showed that a range from -1.2 to +0-9 cm was obtained for the knee set back 

parameter (fig. 4.12 and 3.33). Nine prostheses out of eleven were found to 

have their knees set back (the load line passes ahead of the knee) by not more 

than 0.9 cm and two prostheses only were found to have their'knees set 

forwards. However, it should be noticed that patient DLAQ who had his knee 

set forwards by 1.2 cm was fitted with a safety uniaxial knee and his socket 

was aligned in 10.5 degrees of extension and set forwards by 4 cm. Thus, 

despite the fact that the prosthesis was fitted with a safety knee, the load line 

was passing ahead of the knee joint centre and the prosthesis was not unstable. 

Examining the knee set out parameter, it was found that the results of 

ten patients were in a range from -1.2 to 0.5 cm (-O. l to 0.1 cm from Yang 

Lang and -0.04 1.11 cm from Zahedi et al), and only one patient (ILB 1) had 

his knee joint centre set out by 3 cm. This patient had a relatively short stump 
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Chamer Six Results and Discussion 

and such a large shift in kne e set out can be attributed to an attempt to improve 

medio-lateral stability. - It was noted that prostheses with IC sockets had the 

tendency tu have a more pronounced knee set out than those of the 

quadrilateral sockets. This can also be related to an attempt to improve the 

medio-lateral stability of prostheses with IC sockets, however, it is not advised 
to report that prostheses with IC sockets are less stable in the medio-lateral 

plane than those with quad sockets, because three subjects only were fitted with 
IC sockets and more patient tests are suggested using the IC socket. 

Excluding patient DLAQ, the quad sockets of all prostheses were 

aligned in flexion at a range from 6.4 to 10.6 degrees. This is within the range 

which was obtained by Lang in 1988 (0.4 to 10.1 degrees) and within the'range 

of Ziliedi et al in reported 1986 (-9.2 to 9.3 degrees). Socket flexion of 

subjects JLAQ, PLAQ and ILBQ was reduced by at least'3.9 degrees when 

their prostheses*were fitted with IC sockets. This indicates that the IC sockets 

were alignea with less flexion than the quad sockets, however, it was reported 
by the prosthetist who aligned the prostheses that the IC sockets were not 

deliberately aligned in less flexion than the quad sockets. 

Looking at the socket adduction parameter, it is clear that most of the 

quad sockets were in an abducted position while tw6 of the IC sockets Were 

in an adducted position and the third IC socket was neutral. This was related 

by the prosthetist of this work to the fact that" he was' able to adduct the IC 

socket morethan the quad socket. Excluding subject LRBQ, a range from -9.8 

to 11.8 degrees was obtained for the socket adduction parameter (42.3 to 14.15 

degrees in Zahedi at al and -10.0 to 0.2 degrees in Yang Lang). The range of 

this study is in agreement with that of Zahedi et al, and the small range which 

was obtained by Yang Lang (1988) can be related to the fact that he tested 

only four subjects. It is clear that the socket tilt has a greater variation in the 

NIL than that in the AP plane. This confirms the suggestion of Zahedi et al, 
(1986) that "the above-knee amputee can tolerate more variability in the ML 

direction than the AP". The ML tolerance can be related to the fact that the 
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Chapter Six Results and Discussion 

knee mechanism is locked in the ML direction. 

All subjects were found to'have their feet rotated inwards, except the 

uniaxial fooL which was rotated out by 1.4 degree. Ille toe out angle varied 
from -9.6 to +1.4 degrees, this was comparable to the results of Yang Lang 

(1988) who found that three subjects out of four had their feet rotated in and 
his data varied from -8 to +4.1 degrees. 

Aliument Consideradons: 

In the following discussion, the foot is considered. as a reference for the 

calculation of the alignment parameters. As mentioned in chapter four, 

alignment changes were applied at the foot, knee and socket. Changing the 

angular position of the foot by 0 degreýs towards plantarflexion direction from 

its original position will cause socket flexion (by the same angle P) as seen in 

figure 6.1. If the foot is considered to be flat on the floor, the positions of the 

knee joint centre (KJC, point K) and the hip joint centre (IUC, point H) will 

also be shifted backwards. These shifts would be forwards if the foot angular 

changes were in the dorsiflexion direction. The magnitude of any shift in the 

position of KJC or IIJC can be calcul4ted as: 

b sin (P+a)-b sin cc (6.1) 

Where: X is the shift in the position of the point under consideration. 

is the foot angular change and it is positive when dorsiflexing the 

foot. 

b is the distance between the AJC-and the point under consideration. 

a is the original angle (fig. 6.1) between a vertical line (y. or parallel 

to it) and the line connecting the AJC to the point under consideration, 

and it'is positive clockwise. ' 

Changing the angular position of the socket will not affect the alignment 

parameters of the foot or the knee as the socket alignment changes wW be 

conducted at- the socket centre of rotation (SCR, point S in flig. 6.1). However, 

extending/flexing the socket will shift the IH[JC forwards/backwards by a 

156 



156A 

p 

Figure. 6.1 Calculation of the change in knee position relative to hip-ankle line due 
to equal and opposite changes inangular position of the foot and socket 
respectively. Refer to text section 63 for detailed explanation. 
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distance XI which can also be calculated relative to the socket centre of 

rotation from equation 6.1 after replacing X by XI, b by L, cc by (1) and P by 

y, where L is the distance between the IUC and the socket centre of rotation, 

,y is the change in the socket angle and it is positive when extending the socket 
(y=P in fig. 6.1), and (D is the original angle between the vertical line and the 
line connecting the FUC to the SCR and it is positive clockwise. 

As mentioned, the above discussion is based on the assumption that the 

foot is considered as a reference for the calculation of the alignment parameters 
(see section 4.2.4 ) and the position of the ankle joint centre is fixed and not 

affected by ! he alignment changes. It is possible to consider the socket as a 
fixed reference for the calculation of the alignment parameters. This may be 

more reasonable than considering the foot as a reference because the socket is 

attached to the stump and together they form one entity. However, as the foot 

and the socket can be equally used without any geometrical preference, it was 

more convenient to consider the foot as a reference for measuring and 

calculating the alignment parameters and visualising the effect of the alignment 

changes on the whole prosthesis. 

The knee alignment changes were carried out by shifting the KJC 

forwards and backwards from the original position without changing the 

angular configuration of the prosthesis. This was achieved by plantarflexing 

the foot and simultaneously extending the socket (or, dorsiflexing the foot and 

flexing the bocket) by the same angle. To calculate the amount of shift of the 

KJC, equation 6.1 can be employed. However, as the knee stability is always 

controlled by the position of the KJC relative to the line which connects the 

FUC to the AJC, it was decided to consider the knee shift as the change in the 

distance between the KJC and the HA line (the line which connects the HJC 

to the AJQ and can be calculated as follows: 

Referring to figure 6.1, the shift in the KJC away from the HA line 

which resulted from a simultaneous angular change (P) in the foot and socket 

can be calculated as: 

157 



Chal2ter Six Results and Discussion 

KIN, - KN 

Where: 11 a" is the shift in the KJC relative to the HA line. 

KN = AK sin 0 is the original distance between the KJC (K) and 
the HA line (before the two angular changes). 
KIN, = AK sin 0, is the distance between the KJC (KI) and the 
H2A line after the angular changes. 
0 and 01' are the angles between the hip-ankle line and the knee- 

ankle line, before (HA & KA) and after ( H2A & KIA ) the 

angular change respectively. 0 is positive when. the hip-ankle 
line passes behind the KJC, and 01 is positive when the H2A line 

passes behind KI. 

The knee shift is forward when "a" is positive and backward when "a" is 

negative. 
The original position of the IUC (point M is known relative to the AJC 

from the static test (see chapter 4), and the KJC (point K) relative to the AJC 

(point A) was measured in section 4.2.2 using the coordinate measuring system. 
Thus, the distance KN can be found straightforwardly (KN = AK sin 0 ). To 

calculate the distance KIN, after the angular change has been made, the new 

positions of the KJC (point KI), the SCR (point S) and the FUC (point H) 

should be found relative to the, AJC, which was not changed. The position of 

K, relative to the ankle frame of reference ( y, , x, ) can be found as: 
XKI = AK,, sin + a) 

YKI = AK, cos +a) 

Where: P is the angular change in the foot position, foot dorsiflexion 

taken as positive. ot is the original angle between the y, axis and the 

KA line, and it is positive clockwise. 
A similar method can be employed for deriving the position relations of 

the other points relative to the AM However, the derivation of the coordinates 

of points H, (the position of the IUC after the foot change), H, . and S relative 
to the AJC, and the calculation of NK and NIKI are shown in appendix A. A 
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Chapter Six Results and Discussion 

numerical example of calculation is also shown in appendix A for subject 
TRAQ. For this subject, it was found that by simultaneous plantarflexing of 
the foot and extending the socket by 3 degrees, the KJC was shifted backward 

relative to the line which connects the IUC to the AJC by 0.98 cm. 
6.4 Temporal-Distance Parameters 

6.4.1 Normal Subjects 

Table 6.4 presents means and standard deviations of the temporal- 
distance parameters for the ten normal subjects of this study. The mean value 

of each parameter is the average of three different measurements carried out 

within one day. Since only three measurements were made the -statistical 

confidence level would be low, however, the standard deviation (value between 

brackets) shows the closeness of the three readings from each other and fro'm 

their mean. The temporal-distance- parameters were defined for the normal 

subjects and the amputees in accordance with the method presented by Inman 

et al in 1981 (See chapter two of this thesis), and the method of calculation was 
discussed in chapter five. 

Comparing the results of this study with those of previous work, it was 

found that the velocity (1.16 m/s) obtained for the subjects of this study was 

comparable to that obtained by Chao et al (1983) and Kadaba et al (1989) who 

reported a mean velocity for adult men of 1.2 nVs and 1.3 m/s respectively, 

however, the subjects of this study walked with a 24% slower than those of 

Murray et al (1980). This can only be referred to the gait pattern which was 

chosen by the subjects of this study, as the average of their heights (1.73 rn) 

was approximately similar to that (1.75 rn ) of the subjects of Murray et al. 
It was also found that the mean stride length (1.39 rn ) was comparable to that 

presented by Chao et al (1983) who reported a (stride length)/(leg length) equal 

to L56 (1.4 m. assuming leg length = 0.9 rn), and Kadaba et al (1989) who 

obtained a stride length of 1.36 m for the normal subjects. However, the stride 
length obtained in this study was slightly shorter (I I%) than that obtained by 

Murray et al (1964) and Murray et al (1980). This difference in the stride 
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length can be attributed to the differences in the velocity between the subjects 

of Murray et al and the subjects of this study. The cycle duration (1.22 s), was 
15% longer than that obtained by Murray et al (1980), and again the reason is 

referred to the differences in the velocity of subjects of this study and subjects 

of Murrayet al. 
The mean step width of the normal subjects of this study was 0.109 T. 

0.021 m. This is in agreement with that obtained by Murray et al (1964) who 

presented a mean of 8 :; 3.5 cm of the gait width parameter which was defined 

in similar manner to that of this study (distance between the right and left 

AJQ. The results 'of this study are in disagreement with those obtained by 

Chodera and Levell (1972) and Akidele (1987). Chodera and Levell reported 

a mean of 6.02 * 1.25 cm. for the gait width which was measured between the 

right and left heels. Akidele presented a mean step width of 6.59 cm. for 

normal subjects. However, Akidele defined the step width as the perpendicular 

distance between two parallel lines, one of which passes through the point of 

the right heel strike and parallel to the line of progression, and the other passes 

through the point of left heel strike and also parallel to the line of progression. 

As age and height have no effect on the step width (Murray et al 1964), the 

above differences in the step width between this study and the other work 

(Chodera 1972 and Akidele 1987) can partly be related to the different 

definitions adopted by'the researchers for the gait width. This is confirmed by 

the fact that the results of this study were in agreement with those of Murray 

et al (1964) who adopted a similar definition of the gait width to that adopted 

in this study as shown above. The gait width differences can also be affected 

by the pattern of walking which is adopted by the different subjects. 
The mean left step length measured in this study was 0.72 rn and was 

comparable to that measured by Chao et al (1983) who obtained a mean step 
length of 0.73 Mi, and was 8% shorter than that reported by Murray et al (1964) 

for subjects of similar age. 11is can be explained as discussed before for the 

stride length. It was found that the mean right step length was 0.67 m and was 

160 



1-ý 

Z-, 

P. 

Z 
E. 
ci 

. 12 

ýo en en 110 C4 in 

2= CA N M en 
ý. oo 

00 - 14T M 

to 

a C. -;, Cs N C14 en = 0 
en C-4 C-4 

-cn 
C; C; C5 C; Id C5 1 C5 I 

C4 
CD 

0-1 %n o-% 0 ---% ýo 

CD 

1. % --% 00 o-% t- 1-% 00 

d c; 

tA = a n G Cý, - s C, 00 C-4 0 ý, 

c; c; C5 C; c; 

0-1 t- --% ? -- N N, m eq C-Iý C14 0-k 
- 1. % co en VII 

r4 %, ý Iýq %ýq ci 0- C) 

00 0 0 00 r- ýo %r. \0 C14 

C5 (6 C5 6 0 C; C; 

ý wl . In tri Wi Wi W) 
C4 ýo 

W" 
00 
wl 
Wi 

('4 
r- 

S 

w! 
s 

wl 
rý 
%0 
Wi 

- 
cn 

- 
-0 01 01 0 CD 1 0 0 0 01 CD I C) 0. CD I 

C4 
'wr C4 ON en 

en eol 
en qmt 04 00 

o-% 0--% en 

C5 6 1.00 C5 C5 1-1 d C5 ., d CD ci ci 
=a 
oS 

en 
00 
en 
wl 

Ifl 
C14 

0 ('4 
en 

r- 
wl 
IT 

Cs 
ýc 
Vi 

v 
- 
Vi 

0 
- 
Iýq 

0 
00 
Iýq 

00 
cn 
Wi 

m 
cn 

hi 

en Vý en F. 
z; ;, g 

S o o C o C C 6 6 6 6 6 ci cn6. .5 8 00 
fn 
Cli 

0 
C'4 
Cli 

ýc t- 
"T 

cs 
00 

CD 
M 
cq 

ON 
r- 8 s 1 ýc "o a C 0 d 6 a d C5 d 0 

C 4 

C5 0 C5 

6 - . C; ci C; C; c; C5 C5 ci 6 6 
C5 ci 6 

m 

-3-0 '. G r- 
q, 
en 

C'i 
Cs 
r- 

8 
en 

C,, 
en 
"t 

%C 
MT C'i 

%C 
- 

8 

7 en (14 0 eq 'IT qT 00 00 0 en 00 tri 

Ls 0 
ci 
ý 

c; CS d 6 6 (6 

UR Q 
F 
Cli 00 

c 0 
2 

(4 CD en 
;z 

CD 
N N 

ýo en rl. tl- 10 ON 
Cli 

04 

5 

0% qT . en C2% N 0 ON VO g e 
%n 

C C; ci C5 C; d C5 C; C6 

C14 

4 

") 
.60 0 

ZY 0 CY a CY 
< cy 

m 
a, 5, . 

CY C) I.. 
I 

U 

ci 0. 

.M 

lu 

M 

eu 
.EZ-Zr:: 
2 eý L3 

S; 

e4 «v 3 uc- ti 
t--2 

.! 2 Z: �ýz. _O a 0- 
-2 c 'u «2 43 0- 04 2eam2? 
-s ei cl e 

.Eee: 2 
lu 

ei F. LU 

.ý't cn 



Chapter Six Results and Discussion 

significantly (P<0.01) shorter than the mean left step length. This is in 

disagreement with the above mentioned studies and shows that the right and 
left legs of the normal subjects are not always synunetrical, and also suggests 

that to obtain the best results from any gait analysis test, the right and left legs 

should be treated separately and measured simultaneously. 
The duration of the right (61%) and left (62%) stance phase and the 

double support time (12.6%) as percent of the gait cycle were in agreement 

with those presented by Murray et al (1964) who reported duration for stance 

phase and double support of 61% and 11% of the gait cycle respectively, 
Zuniga et al (1972) who reported 61% and 10% of the gait cycle for the stance 

phase and double support respectively, Chao et al (1983) who obtained 59% 

and 8.8% * 1.9% of the gait cycle for the stance phase and double support 

respectively and Kadaba et al (1989) who reported a swing to stance ratio of 
0.64. There were no significant differences (P>0.1) between the stance phase 

or the double support durations of the right and left sides. At the right side the 

swing phase existed for 39% of the gait cycle, and at the left side, swing phase 

accounted for 38% of the-gait cycle. 

6.4.2 Amputees with Normal Alignment 

As mentioned in the previous chapter and in section 6.1 of this chapter, 

normal alignment is the dynamic alignment which was achieved by the 

prosthetist before conducting any experimental alignment change. The 

temporal-distance parameters of the amputees with normal alignment are shown 

in table 6.5. In this study, each patient was called to the laboratory three times 

on three different days. On each occasion the test procedure was started by 

obtaining &ree runs for the patient-with his prosthesis in normal alignment. 

Therefore, each reading of those in table 6.5 presents the mean of nine different 

measurements carried out on three different days. 

The average velocity (0.966 m/s for the quad subjects, and 1.079 nVs for 

the IC subjects). obtained in this study for the AK amputees, is in agreement 

with those presented by James and Oberg (1973), Godfrey et al (1975) and 
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Murray et al (1983), who reported an AK amputees' velocity of 0.94 m1s, 
0.85.; 0.18 rn/s and 1.07 m/s respectively. The average stride length obtained 
in this study (1.31 m for the quad, and 1.4 rn for the IC subjects) is also 

comparable to those obtained by the above listed investigators (1.29 m, 
1.19 -TO. 2 m, and 1.42 m respectively). It was also found that the cycle duration 

obtained in this study (1.39 s for the quad, and 1.30 s for the IC sub ects) was 
in agreement with those reported by the above listed investigators. (1.41 s, 
1.5:; 0.24 s and 1.34 s respectively). 

The average step widths obtained in this study were 17.9 cm and 16.1 cm for 

patients wearing quad and IC sockets respectively. The step width obtained in 

this study was comparable to those reported by Murray et al (1980) and 
Murray et al (1983) who reported a step width of 17.4 cm and 16.4 cm 

respectively. The average sound and prosthetic step length measured in this 

study for patients with quad sockets were 61.0 cm and 69.7 cm respectively. 

This is in agreement with that (61.7 cm for the sound and 67.5 cm for the 

prosthetic step length) presented by James and Oberg (1973), and slightly 

shorter than that (67 cm for the sound and 76 cm for the prosthetic step length) 

obtained by Murray et al (1983). As one would expect, significant differences 

(P<0.05) were found between the prosthetic and sound step lengths of the 

patients fitted with quad sockets. It was found that the prosthetic step length 

was longer than that of the sound leg. This can be explained by the fact that 

the patients were more comfortable, secure and stable when supported by the 

sound leg than when supported by the prosthesis. The short step length of the 

sound leg in comparison with the prosthetic leg, can also be related to the lack 

of fooi plantarflexion on the prosthetic side at push off and prior to the sound 

heel strike. Although the sound step length of the patients fitted with IC 

sockets was slightly shorter than that of the prosthetic side, the difference was 

not significant (P>0.05). 

The durations of stance phase (66.5% for the sound side, and 55.8% of 

the cycle duration for the prosthetic side) and double support time (12.9% for 
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the sound side, and 10.8% of the cycle duration for the prosthetic side) for the 

subjects which were fitted with quad sockets, were comparable to those (65% 

and 57% of the gait cycle for the sound and prosthetic stance respectively, and 

11% of the gait cycle for the sound and prosthetic double support) presented 

by James and Oberg (1973). The stance phase durations of the sound and 

prosthetic sides were also comparable to those (68% and 58% of the gait cycle 

for the sound and prosthetic stance phase respectively) presented by Murray et 

al (1980). The stance phase of the sound side was longer 

(P<0.01) than that of the prosthetic side for patients fitted with the quad socket. 

The sound double support duration of these patients was also significantly 

(P<0.05) longer than that of the prosthetic side. This was expected and can be 

explained as discussed for the differences in the step length between the 

prosthetic and sound legs. 

6.4.2.1 Comparison Between Quadrilateral and IC Sockets 

The average stride length of patients fitted with quad sockets (1.306 m) 

was shorter than that of patients fitted with IC sockets (1.4 m), and the average 

cycle duration (1.39 s) of patients fitted with quad sockets was longer than the 

average cycle duration (1.29 s) of subjects fitted with IC sockets. The velocity 

of the subjects wearing IC sockets was therefore 10.5% higher than the velocity 

of the subjects wearing quadrilateral sockets. Two subjects (PLA and ELB) 

walked with a narrower based gait when fitted with IC sockets than when fitted 

with quad sockets. However, subject JLA with a long healthy stump, described 

by the prosthetist as a good walker, walked with the same step width when 

fitted with either socket. The prosthetic and sound step lengths of the patients 

wearing IC sockets were slightly longer than those of the patients wearing quad 

sockets but not significantly (P>0.1). 

As discussed above, the stance phase of the sound side was significantly 

longer (P<0.01) than that of the prosthetic side for patients fitted with the quad 

socket, and the sound double support duration of these patients was also 

significantly (P<0.05) longer than that of the prosthetic side. For patients with 
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IC sockets, stance phase of the prosthetic side was noticeably shorter (P=0.08) 

than that of the sound side, and the prosthetic and sound double support had 

no significant differences (P>0.1). This indicates that patients fitted with IC 

sockets walked with more even parameters between the sound and prosthetic 

sides than those fitted with quad sockets, and this can be related to the fact that 

the patients were more comfortable with the IC socket than with the quad 

socket as reported by the three patients. However, since all of the above 
differences between the parameters of subjects wearing quad and subjects 

wearing IC sockets had no significant meaning, and because only three subjects 

wore IC sockets, definite conclusions cannot be drawn, thus, further testing for 

patients with IC sockets is suggested. 
6.4.2.2 Comparison Between Normal Subjects and Amputees with Normal 

Alignment 

As the differences between the parameters of subjects wearing quad and 

subjects wearing IC sockets were insignificant, the following comparison 
between the amputees and the normal subjects will not distinguish between the 

two groups of amputees. Although, some differences were found between 

stride length of the normal subjects and amputees with normal alignment, 

these differences were not significant (P>0.1). This can be attributed to the 

fact that the normal subjects and the amputees were of the same average height 

(1.73 m), and all amputees were active. The cycle'duration of the normal 

subjects had no significant differences (P>0.05) from that of the amputees, 

although in general most normal subjects tended to walk faster than the 

amputees. This tendency was found with most subjects but on average, the 

differences between - the velocity of the normal subjects and amputees were 
insignificant (P>0.1). This can be accounted by the fact that the normal 

subjects used in these series of tests are-slightly slower walkers than that 

reported in the literature and the amputees are active. 
As expected, normal subjects walked with a significantly (P<0.05) 

narrower step width than the arnputecs, which can be explained by the poor 

164 



29 
--A Z: 

-9 

12 

r- 

E 

0 

ei 

.0 9 

= 
0 CD C D CD 

c; c; (D 
0% e4 w vi ýo 

0 
gn Im, -ý c; 

2 
CD CD ý 0 C CD (=)ý ý 

0, - CD. 

%0 r- CD 00 ýo 

CD .Z 
1 

0 Eý 0 t 4. N 1-- 1-ý 

== 

Z; ý 2 ý n z 0 -, 
4D \o 

c; ci cý CD 

ci cý Z CD 
ci 00 (> w 00 tý r- 2 nt rn CD y»% ýT V) KA Vl% IZ V_ý tý 00 

* 
vl vi %A vi 

. vl - 
vi 

" Vi Vi V, 4 
JLn . 1., C) c: i 

1 
cý cý CD 

1 -, CD - c: ý 
ý CD CD, cz; -- 

12 F-" 
cý 00 CN 00 r- 

. 

, 00 V rý en rn - CN tz (D e in oo ýn ' fA r3 ON 00 
\O 

00 
e 

CD 
r, (> 

IQ - (U 
r- 
rý 

le 
rý 

kn 
r- 

vl, 
r- 

V, 4 r- 
c5 .e 

cs 
1-CD -2 CD (D c; 1 e- 1 cý , 

1 C, 4 - rn (4 4 (> vi 

vi oc CN vi 
ZQ (-) ki cIlý 

CD CD 1 (D CD CD 0 

CO 00 c41 ýc4 

r V wý 00 
zr , e - V% Vlb 

bý 
00 

r- 
CN 
ýQ 

vl 
r- 

r, 
rý 

en 
e 

ke) vi 
Z 

CD 
1 1 

0 
1 

CD c; CD -1 -ý 1-1 Iw 

-4 (> 00 00 cý (4 r- 1 r- 

%0 00 rn e4 cý vl 00 cý eN e4 r4 
c4 94 ICZJ rc1411 52 

CD 
vl 

vi 00 
VI, c4 vi 

ze 
Lo 

La 
LU LU 2 0 Q Z Q Z 

0 

0 

U 

ý02 
C 
cq 

JW u 
0- 

m 

4. ) 

tiý W. 0 

E9u 

. tz U0 

ý. c a 
,'21. - ru, 

.. Z ,8e m r.. 



Chapter Six Results and Discussion 

medio-lateral stability of the amputees in comparison with the normal subjects. 
The left step length of the normal subjects was found to be significantly longer 

(P<0.05) than the sound step length of the amputees. The prosthetic step 
length of the amputees had no significant differences from the right (or left) 

step length of the normal subjects. However, the prosthetic step length of the 

amputees was noticeably longer (P=0.07) than that, of the right side of the 

normal subjects. Duration of the stance phase - of the normal subjects was 

significantly (P<0.01) longer than that 
' 
of the prosthetic side of amputees with 

normal alignment, and the duration of the 
_sound 

stance phase of the amputees 

was significantly longer (P<0.01) than stance phase'of the normal subjects. 

This is evidence that the patient spends more time on his sound leg than that 

on the prosthetic leg as he feels more secure and stable. The prosthetic double 

support time of the amputees was significantly (P<0.01) shorter than the double 

support time of the normal subjects, but the sound double support displayed no 
difference from -the normal subjects. This confirms the above -statement that 

the amputee relied on his sound side rather than the prosthetic side, because the 

prosthetic s; de does not give the patient the comfortable support or the secure 

stability of a normal limb. The long double support duration of the sound side 

in comparison to that of the prosthetic side, can also be related to the fact that 

the sound leg has to stay on the floor for a longer time after the prosthetic heel 

strike than that -of the prosthetic leg after the sound heel strike, in order to 

ensure the stability of the prosthetic leg before leaving the floor. 

6.4.3 The Effect of Alignment Changes on the Temporal-Distance 

Parameters 

6.43.1 Effect of Foot Changes 

Table 6.6 presents the average temporal-distance parameters obtained for 

the amputees after changes were made to- the alignment of the foot. The 

individual results of each subject were. also calculated corresponding to each 

alignment change, however, because of the space- limitation, only the results of 

the extreme change (6 degrees foot changes) are presente4 here in tables 6.7 
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and 6.8, and the results of the other change (3 degrees foot changes) are shown 
in tables Al and-A2 of appendix A. Each value depicted in these results was 

averaged for three different runs obtained in one day. The standard deviation 

is also presented, shown between brackets. 

On average, changing the alignment of the foot by 3 and 6 degrees 

towards dorsiflexion or plantarflexion, resulted in no significant (P>0.1) 

changes in the recorded temporal-di stance parameters. However, trends were 

noticed in the data. For example, most of the patients walked slightly more 

slowly when the foot was dorsiflexed than with normal alignment. This was 

caused by the slight increase in the cycle duration for most patients as the 
dorsiflexed prostheses became less stable in comparison with those of the 

normal alignment. It was -also found that the patients tend to walk more slowly, 

with a plantarflexed foot than with the normal alignment. This was caused by 

a short stride length which resulted from the shorter sound step length in the 

plantarflexed position. As the foot was- plantarflexed, the prosthesis became 

more stable and more power was required to initiate knee flexion just before 

toe off. This may leave the patient with less power to spend in order to shift 
his body forwards and in this case the shift will be shorter than that of the 

normal alignment. Although this effect was noticed in changing the foot 

alignment 3 or 6 degrees, no noticeable differences were found in the temporal- 

distance parameters of these two alignment changes. The foot alignment 

changes had similar effect on the temporal-distance parameters of patients 

whether they wore quad or IC sockets. 
6.4.3.2 Effect of Socket Changes 

The average temporal-distance parameters corresponding to the socket 

alignment changes are presented in table 6.9 for the eleven AK amputees and 

regarding the quad and IC sockets. As was done in the previous section, the 
individual results of each subject are presented in tables 6.10 and 6.11 for the 

extreme cases (6-degrees socket changes), and the other cases (3 degrees socket 

changes) are shown in tables A3 and A4 of appendix A. The results presented 
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Chapter Six Results and Discussion 

are the mean and standard deviation of three measurements obtained in one 

day. As the socket was flexed by 3 and 6 degrees or extended by 3 and 6 

degrees, again, no significant differences (P>O. 1) were found between the 

temporal-distance parameters corresponding to socket alignments changes and 

those of normal alignment. However, some trends were noticed which 

generally, were similar to those which resulted from the foot alignment 

changes. Flexing the socket showed similar effects to those which resulted 

from dorsiflexing the foot, and extending the socket exhibited similar effects 

to those which resulted from plantarflexing the. foot. No noticeable differences 

were found between the effect of socket alignment changes on quad and IC 

wearers. 
6.4.3.3 Effect of Knee Shifts 

The means and standard deviations of the temporal-distance parameters 

of different knee positions relative to the hip-ankle line are shown in table 6.12 

for AK amputees regarding the quad and IC sockets. Results of each subject 

are presented in tables 6.13 and 6.14 for the extreme cases (1.6 cm knee shifts) 

and the other cases (0.8 cm knee shifts) are shown in tables A5 and A6 of 

appendix A. The different knee positions were found by shifting the KJC 

forwards and backwards from its original position which corresponded to, the 

normal alignment. By shifting the knee forwards, most subjects tend to 

decrease their velocity. 
_. - 

However, the 
I 
change in the velocity was not 

significant (P>0.1) and was not exhibited by all patients. The reduction in the 

velocities of the amputees was obtained by a slight increase in the cycle 

duration, or by slight decrease in the stride length (or by both) as the prosthetic 

knee became less stable than that of the normal alignment. By shifting the 

KJC backwards relative to the hip-ankle line, the subjects' velocity was also 

decreased, but not significantly (P>0.1). The decrease in the velocity, was 

mainly caused by 'increasing the time of the cycle duration, and it can be 

related to the fact that by shifting the knee backward more power will be 

needed to maintain velocity and initiate knee flexion before the prosthetic toe 
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ChaRter Six 

off. 

Results and Discussion 

A noticeable decrease in the prosthetic step length obtained when the 
KJC was shifted forwards. This change was not very pronounced when the 
KJC was shifted by 0.8 cm, but it was significant (NO-05) when the shift was 
1.6 cm. This was associated with a significant (P=0.05) increase in the sound 
stance phase time as the prosthesis became less stable and the patient tended 
to rely on his sound side. Shifting the KJC backwards has resulted in a 
significant (P<0.05) decrease of the sound side double support time. This can 
be explained as follows: as the KJC was shifted backwards the prosthetic knee 
became more stable, the patient's confidence increased and he loaded the 

prosthesis with reduced help from the sound side which was free to leave the 

ground earlier than with normal alignment. The knee shifts had similar effect 
on the temporal-distance parameters of subjects wearing quad and IC sockets. 
6.5 Kinetics and Kinematics of the Normal subjects 

Ten normal subjects were tested and their data were analysed. All 

results will be discussed but due to space limitations, only the results of five 

subjects are presented in this chapter. The results of the other five subjects are 

shown in appendix B., The ground reaction forces are presented relative to the 

ground frame of reference. The ankle and knee moments were calculated 

relative to the shank frame of reference, while the hip moments were calculated 

relative to the femur frame of reference (shank and femur frames of reference 

were discussed in chapter five). The ground reaction force in the medio-lateral 
direction (FPZ), the medio-lateral (MX) and transverse (MY) moments of the 

lower joints (ankle, knee and hip) of the left leg were multiplied by -I in order 

to present them in a form more convenient for comparison between right and 
left legs. In order to compare the results of different subjects, the ground 

reaction forces were normalised to the subject's body weight, and the joint 

moments were normalised to the product of the subject's body weight and 
height. Thus, the effect of different body weights and different subject heights 

on the results will be reduced. Ground reaction forces and joint moments were 
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Chapter Six Results and Discussion 

also normalised to 100% of stance phase and 100% of the gait cycle 

respectively. 
6.5.1- Ground Reaction Forces 

The ground reaction forces acting on the foot of the right and left legs 

of five normal subjects are shown in figures 6.2 and 6.3 respectively. The 

results of each subject presented in these graphs were averaged for three 
different runs obtained within one day. The results of this study were 

comparable to those presented by previous researchers such as Chao et al 
(1983) and Winter (1984) (see chapter 2). No remarkable differences were 
found among the different subjects and between the right and left legs. Mie 

fore-and-aft force (FPX) showed the typical pattern which can be identified by 

the br"g. force and the push'off force. It is found that the average 

magnitude of the braking force is 19% (ranging from 13% to 29% ) of body 

weight, and the average magnitude of the push off force is 21% (ranging from 

17% to 27% ) of body weight. The magnitude of the braking force of the left 

leg (21% of body weight) was larger than that of the right leg'(16% of the 

body weight). This is -attributed to the fact that the left step length was 

significantly (P<0.01) longer than that of the right leg. Subject SIGM ( shown 
in appendix B) has shown -a large fore-and-aft force in his left foot in 

comparison to that of the other subjects., Against expectation, this subject 

walked more slowly (see, table 6.4) than the others, therefore, this can only be 

explained as odd behaviour. As expected, subject NTFM who walked faster 

than the other subjects has shown the largest ground reaction force in the 

direction of progression. 
The vertical force (FPY) of all subjects displayed the typical two peak 

and trough pattern. The first peak found just after heel strike as the leg was 

accepting the load, and the average magnitude of this peak wds 109% (ranging 

from 100% to 123% ) of the body weight. The second peak occurred at the 

push off phase and had an average magnitude of IQ9% (ranging from 100% -to 
116% ) of the body weight, 
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Chuter Six Results and Discussion 

The medio-lateral force (FPZ) found to be abducting the foot during the 

period from heel strike until about 11% of the stance phase, and was adducting 

the foot for the rest of the stance'phase. No noticeable differences between the 

right and left legs were seen on the medio-lateral force. However, FPZ showed 

some variations among subjects which is thought to be related to the individual 

way of controlling medio-lateral stability. 
Figures 6.4a and 6.4b show "Butterfly" vector diagrams for four of the 

nonnal subjects. In addition to the presentation of FPX and FPY, the vector 

diagram shows the progression of the centre of pressure with respect to time 

over the stance phase. The vector diagram of subject SAHM which was 

typical of most subjects, shows that the centre of pressure travels relatively 

quickly. from heel strike to about 41% of the stance phase. For the remainder 

of the stance phase the centre of pressure progressed slowly as the foot was in 

the push off phase. The left leg of subject LUDM showed uniform travel of 

the centre, of pressure over 82% (from 18% until toe off) of the stance phase. 
This reflects a smooth translation of the body mass over the left leg. Subjects 

SQEM and SAHM had a deeper trough (peak to trough distance) in their 

"Butterfly" diagrams than those of subjects ZMCM and LUDM, reflecting a 

higher speed of walking for subjects SQEM and SAHM (1.32 & 1,33 m1s) in 

comparison to that of subjects ZMCM and LUDM ( 1.10 & 1.13 m13). 

In summary, sin-dlarity in the patterns and'magnitudes of the ground 

reaction forces was found between the results of this study and those obtained 
by other researchers. Most of the subjects investigated have shown the 

expected pattern of forces, however, some differences among subjects and 

between the right and left legs were found. These'differences suggest that 

symmetry between the right and left legs cannot always be assumed. 

6.5.2 Angular Displacements of the Lower Limb Joints 

The anterior-p6sterior (A/P) angular displacements of the right and left 

leg joints of five normal subjects are shown in figures 6.5 and 6.6 respectively. 

The results of this study'are- comparable to those reported by Eberhart et al 
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Chapter Six Results and Discussion 

(1954), Murray et al (1964), Winter (1984) and Kadaba et al (1989) (see 

chapter 2). At heel strike, the femur was generally flexed between 25 and 35 

degrees. Thereafter, the femur began extending to reach its maximum 

extension just before toe off when femur flexion started to take place, this 

flexion action was terminated at about 84% of the gait cycle as the femur 

moved towards extension so that the swing phase will be terminated. Femur 

flexion/exýension angle (the angle between the femur and the vertical line, as 

calculated in chapter 5) has shown consistency in the pattern among the various 

subjects and between the right and left legs. The knee flexion/extension angle 

angle between the thigh and the shank, as calculated in chapter 5). of most 

subjects showed two flexion events. The first event was of approximately 10 

degrees-of-knee flexion and occurred at approximately 14%. of the gait cycle 

after heel strike. - This allowed a smooth transfer of the body mass over the 

foot. The'second 6vent'was of approximately 67 degrees of knee flexion- and 

appeared during swing phase. The right knee of subject MIVBM did not show 

the first flexion event and the knee was-locked in full extension-duridg *stance 

phase (like a prosthetic knee). Variations in the knee flexion/extension angle 

were noted between subjects; this can be related to the speed variations among 

subjects. However, there was no obvious relationship between these variations 

and the speed of the subjects. 

All subjects exhibited a roughly similar pattern of ankle 

dorsiflexion/plantarflexion angle, and the results are in the ranges of those 

obtained by Murray et al (1964) and Kadaba et al (1989). At heel strike 15 out 

of 20 feet were found to be plantarflexed by an average of 3.5 degrees (ranging 

from 0 to 10 degrees) in order to maintain a soft heel strike. The 5 remaining 

feet were found to'be'dorsiflexed by an average of 4.4 degrees (ranging from 

2 to 8.5 degrees). This is * in* agreement with Inman et al (198 1), they reported 

that "at heel strike the ank-le'angle is usually near the standing position, but the 

ankle may be slightly dorsif1exed or somewhat plantarflexed, depending on the 

person". However, the overall average of the data for the 20 feet showed that 
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at heel strike the foot was plantarflexed by 1.6 degrees (overall average of 1.5 

and 3 degrees were obtained by Murray et al (1964) and Kadaba et al (1989) 

respe6iively). After heel strike the plantarflexion was slightly inqeased 

ensuring a gradual'transfer of load from the heel to the front of the foot. When 

the foot was in full contact with the floor at (6% to 8% of the gait cycle), foot 

dorsiflexion started to build up as the foot is in contact with the floor and the 
body is moving forwards. Foot dorsiflexion reached its peak at approximately 
45% of the gait cycle (72% of stance phase) when the heel started to rise and 
the foot plantarflexion - action started to take place. The magnitude of this 
dorsiflexion peak'-varied among subjects and an average of 14.3 degrees 

(ranging from 4 to 20 degrees) was found for 18 out of 20 feet (average of 3.3 

and 10 degrees obtained by Kadaba et al and-Murray et al, respectively). Ile 

two remaining feet exhibited large dorsiflexion angles (25 degrees on the left 

foot of i6lýject -MUBM- and 27 degrees on the left foot of subject NAJM)' 

compared to the other subjects. Foot plantarflexion reached its peak at 62% 

of the gait cycle which equates to theloe-off. -An average of 12.3'degrees 

(range from 0 to 26 degrees) was found for the plantarflexion peak in 19 feet 

out of 20 (average of 19 and 21.4 degrees were obtained by Kadaba et al and 

Murray et al respectively), and the remaining foot (right foot of subject NAJM) 

exhibited a peak of '35 degrees (Inman et al '1981 reported such a- large foot 

plantarflexion angle, it was 27 and 30 degrees for subjects waMng with speed 

of I m/s and 1.5 m/9 respectively). Although, the average magnitude -of the 

foregoing foot dorsiflexion and plantarflexion peaks differ from those obtained 

by the other mentioned researchers, the difference between these two peaks 

(26.6 degrees) is comparable to -that obtained by those researchers (22.3 and 

31.4 degrees obtained by Kadaba et al and Muffay-et al respectively). The 

variations found"in 'the- foot angle among subjects can only be related-to' 
variations mi speed of the subjects and the pattern of walk which was chosen 
by the subjects. 
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6.53 Angular Displacements of the Trunk 

Figure 6.7 represents the angular displacements of the trunk of flye 

normal* subjects. Most subjects displayed similar trunk tilt patterns in'the ML 

plane but the magnitude varied among subjects. During the gait cycle, a 
complete wave of oscillation was shown by the trunk of most subjects in the 
NiL plane. Ilie amplitude of this oscillation was approximately 2 degrees of 
tilt to the right side And 2 degrees of tilt to the left side (i. e. trunk tilt was 4. 
2 degrees). In, figure 6.7 the tilt is positive when the trunk is tilted to the right 
( i. e. the left shoulder is higher than the right shoulder). During the gait cycle, 
the trunk was always tilted to the supportive side in order to shift the body 

centre of mass towards the supporting leg. It was found that the trunk was 

tilted to. the-right for approximately 50%. of the-gait-cycle, this coincided with 
the interval from right heel strike to left heel strike whereupon the trunk tilt 
directioh-. -%ýas'reversed. -As will be discussed later (section 6.6.3), trunk tilfis' 

more pronounced with pathological gait than normal gait. - Su0ject MUB M who, 

walked with a, stiff kziýe during his right-stance phase (similar to a prosthetic 
knee) exhibited the largest trunk tilt among subjects. 

In the transverse plane, subjects have shown a complete cycle of 

oscillation in torso rotation during the gait cycle, and the average difference 

between any two successive peaks 
, 
of that cycle was 7.2 degrees (average of 5.2 

and 9 degrees obtained by Murray etal 1964 and Inman et al 1981), ranging 
from 4 to 10 degrees. It is- believed that the variations in torso rotation among 

subjects are related to the variations in the velocity, push off force and stride 
length of the subjects. However, all subjects exhibited the same pattern of 
rotation except subject MUBM (the subject with a stiff knee) who showed -an 
inconsistent pattern of rotation of noticeably smaller magnitude in comparison 

to the other subj&ts. In general, - the maximum torso rotation to the righe was 

achieved just before the rikht heel strike, and as the subject progressed through 

I Rotation to the right is a clockw*. rotation when one is looking against Y axis of the 
ground fraine of reference. 
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right stance phase, rotation to the left was building up to reach its maximum 

magnitude at about 40% of the gait cycle which equates with 75% of the left 

swing phase (or 10% of the gait cycle before the left heel strike). 
In the A/P plane, most subjects showed two cycles of trunk oscillations 

during the gait cycle. 'I'he oscillations were always about a base line which 
was either flexed, extended or neutral dependent on the individual. In general, 
the trunk A/P tilt was approximately 2 degrees about the base. line, however, 

subjects SQEM and MAIM showed very little oscillation about that line. 
Taking subject LUDM as an example, it was found that after the right heel 

strike, the trunk continued extending from its base line to reach its first peak 
of trunk extension (approximately 2 degrees) at about 14% of the gait cycle 

which corre-ýponded to the. left toe off when the trunk began flexing. The truhk 
flexion reached -its maximum magnitude ( approximately 2 degrees) at about - 
42% ofthe .' gait cycle . which corresponded to 8% of the gait cycle before the 
left heel strike. The other two peaks of the trunk A/P tilt were extension at the 

right toe off (approximately 60% of the, gait cycle) and - flexion'at 94% -of the 

gait cycle which is equivalent to 80% of the right swing phase. Imus, there 

were two peaks of trunk extension and two peaks of trunk flexion during the 

gait cycle. The two extension peaks occurred at the left and right toe off, and 

the two flexion peaks occurred at 80% of swing phase of each leg. 

In sunu'nary, the trunk angular movements patterns were found to be 

consistent amongst the subjects, and they were very descriptive and meaningful. 
6.5.4 The Ankle joint Moments 

The Aioments of the ankle joint in the A/P, transverse and M/L planes 

of five normal'subjects are presented in figures 6.8 and 6-9. for the, right and 
left legs respectively. The results of each subject were averaged for three runs 

carried out within -ond day. - The results obtained in this study had similar 

patterns and comparable magnitudes to those presented by Winter (1984), Paul 

(1986) and Kadaba ei il (1989). Most subjects, showed a plantarflexing 

moment from heel strike, -until about 12% of the gait cycle. The average 
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magnitude of this moment was 13 Nm (ranging from 0 to 43 Nm), similar to 
that presented by Paul (1986), but more pronounced than those of the other 
mentioned researchers who'reported avery small Plantarflexing moment. Ille 

plantarflexing Moment is resisted by the pretibial muscles and that avoids 
"slap". of the forefoot on the ground and controls the transformation of the body 

mass over the supporting leg. The dorsiflexing moment dominated the rest of 
the stance phase and the average of its ma-ximurn value is 113 Nrn (113 Nm, 
100 Nm, and 90 Nm obtained by Winter (1984), Paul (1986) and Kadaba et al 
(1989) respectively) ranging from 50 to 142 Nm, excluding the left ankle of 
subject MAIM. which was subjected to a dorsiflexing moment of 194 Nm). 

This dorsitlexing moment occurred at about 50% of the gait cycle 

corresponding to the foot push off. . No noticeable differences among subjects 

or between the'right and left legs were found in the A/P moment of the normal-- 

subjects'. ' 

The pattern of moment which was-obtained in this study for the ankle 
in the transverse plane was comparable to'that obtained by-Kadaba er 

al (1989). The ankle joint exhibited a negative moment of 4.5 Nrn (3.2 Nrn in 

Kadaba et al) at heel strike which tended to rotate the foot externally and lasted 

until 22% of the gait cycle. During the rest of stance phase, the ankle was 

subjected to 'd positive _'momefit of 13 Nrn (about 11 Nrn in Kadaba et al) 

ranged from 8 to 19 Nm. This moment tended to rotate the foot internally, ýso 

as rotational stability was maintained in the transverse plane as the body was 

shifted forwards. 

In the coronal plane, ali subjects exhibited an eversion moment (MAX), 

suggesting that the AJC was -always. medial 
-to 

the centre of pressure -during 
stance phase. Thernagnitude of this moment was on average 30 Nrn (33 Nm. 

in Kadaba et al. - and 10 Nrn in Paul), ranging from 7 to 55 Nm. 'Me 

magnitude of this moment is influenced by the magnitude of the ground 

reaction force in the mddio-lateral (FPZ) and vertical (FPY) directions, and by 

the medio-lateral offset between the-centre of pressure and the ankle joint 
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Chapter Six Results and Discussion 

centre. This offset is usually small (0 to 4 cm) but the large difference 
between FPZ and FPY has made it an effective factor in generating the medio- 
lateral'moment, and its variation among subjects has caused some variations in 

the MAX aaong'the subjects. 
6.5.5 The Knee Joint Moments 

Figures 6.10 and 6.11 show the knee joint moments of the right and left 

legs respectively for five normal subjects. The moment patterns of the results 
obtained in this work are comparable to those presented by Eberhart et al 
(1954), Winter (1984), Paul (1986) and Kadaba et at (1989), and the magnitude 
of the moments of this work are in the range obtained by the other listed 

researchers. In the sagittal plane (NIKZ), all subjects showed the typical 
lock/uýlock/lock/unlock moment pattern during stance phase, except-for the 

right leg of subject MUBM who walked with a locked knee during the stance 

phase. Ile firsrpositivý peak kept the knee in extension to maintain stability 
from heel strike until about 7% (6.4% obtained by Inman et al 1981) of the 

gait cycle. The average magnitude of this-peak found'to be 20.9-Nm (ranging 

from 6.6 to 38 Nm), and this is in the range obtained by the above researchers 
(average of 15.5 Nm, 33.3Nm and 6 Nrn obtained by Winter, Paul and Kadaba 

et al respectively). The second positive peak started at about mid-stance (30% 

of the gait cycle) and lasted until about 54% of the gait cycle'when the knee 

starts flexing in preparation for toe off. The average magnitude of this peak 

was found to be 22 Nm ( 20,17 and 16 Nm obtained by Winter, Paul and 
Kadaba et - al respectively) and ranged from 4 Nm to 68 Nm, but this is 

excluding the left knee of subject SIGM which exhibited a moment of 90 Nm. 

Between these two periods of extension, the knee was subjected to a flexing 

moment as it was flexed to absorb energy and the vector of the ground reaction 
force passed behind the knee joint centre. The average magnitude of this 
flexing moment was'found iO be 47 Nm (38.8,33 and 44 Nrn obtained by 

Paul, Winter and'Kadi-ba e't al respectively), and ranged from 19.4 Nm to 74 
Nm. The average value of the-flexing moment does not include the moments 
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of the left knee of subjects SARM and SIGM who exhibited large moments of 
90 and 116 Nm respectively. The A/P knee moments of all subjects were also 

comparable' to'dia't obtained by Winter'(1994), Paul (1986) and Kadaba, et al 
(1989) during the'swing phase. The A/P knee moment of the right leg was 
found to be smaller than that of the left leg during swing phase. This can be 

referred to the fact that the left leg moved faster than the right leg during swing 

phase and can be explained as follows: 

it was found (section 6.4.1 and table 6.4) that the subjects walked with 
z 

a left step length -longer than the right step length. As the two legs had 

approximately the -same time duration of swing phase and the left leg had to 

travel a longer distance during that time, the velocity of the left leg will be 

faster than -that of the right, leg during swing phase. - Since the velocity. of the 

left leg was larger than that of -the right leg, the inertia moment generated at 

the -leff 'kfie*e will --also be larger than that generated at the right khee. ' 

Generally, the A/P knee moment has a flexing peak corresponding to theý 

maximum knee flexion angle during the'-swing' phase; and pdak-extefiding 

moment which corresponded to the knee extension angle when the foot is in 

its furthest point forward during the swing phase. The magnitude of these'two' 

peaks is influenced by the, velocity of the subject (Winter 1984) and by the 

individual ýattem of walk adopted by the subject. 

In the transverse plane, the knee joint exhibited a similar moment 

(MKY) in'pattem and magnitude to that exhibited by the ankle joint (MAY). 

This was expected as the knee and ankle joints belong to the same body 

segment (&-, shank) and their moments were expressed in its frame of 

reference. Thus, and 'as the shank should be subjected to a uniform torque, 

MKY and MAY"would be the same. 
In the corional plifie, 01 subjects exhibited a similar pattern of knee 

moment which tends-'fo*adduct the shank in order to maintain the medio-later'al 

stability. The magnitud-e of thisknee adducting moment varied among subjects 
from 8 Nm and 50 Nm (average of 29 Nm). This is in agreement with that of 
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Chapter Six Results and Discussion 

Paul (1986) and Kadaba et al (1989) who obtained an average value for this 

moment of 30 Nrn and 25 Nm respectively. The variations of this moment 

among subjects, can be referred to the variations in the offset between the KJC 

and the vector-of the ground reaction force, in the medio-lateral plane. This 

offset -is affected by the medio-lateral force (FPZ) which influences* the 
inclination of the vector of the ground reaction force in the medio-lateral 
direction. 

6.5.6 The Hip Joint Moments 

The hip joint moments. of five normal subjects are presented in figures 

6.12 and 6.13 for the right and left legs respectively. The hip joint moments 

obtained in this study were in agreement with those presented by Eberhart et 

al (1954), Winter. (1984), Paul (1986) and Kadaba (1989) which are presented 

in chapter two. ', In the *A/P plane, most subjects maintained a flexing moment- 

at the'fiip, *joint for the -duration from heel strike to about mid-stance as the, 

force vector passed ahead of the FUC. Thereafter, an extending moment started 

to build up as the force vector passed behind the 1HUC -and' lasted until the 

instant of toe off. In most subjects, the peak flexing moment during stance 

phase occurred at approximately 12% of the gait cycle (20% of the stance, 

phase) as the vertical ground reaction force (F? Y) approached its first peak. 

The maximum value of this flexing -moment was in average 41 Nm (compared 

with the average of: Winter'43 Nm, Paul 58 Nm and Kadaba et al 33 Nrn), 

and varied among subjects from 23 Nm to 65 Nm (excluding subject MFFM 

and SIGM). These variations among subjects can be mainly related to the 

variations among the velocities of the subjects. Subject NIFFM showed a large 

flexing moment at the, left hip (93 Nm), although, this subject was the fastest 

among all subjects, this high flexing moment can be referred to the large FPY 

which was exhibited by this subject (see fig. 6.3). The hip extending moment 

during stance phase reached its maximum value at approximately 50% to 54% 

of the. gait cycle . (80 . %-fo"87% of the stance phase), -which coincides with the 

second peak of the FPY. " The maximum value of this extending moment was 
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Chapter Six Results and Discussion 

in average 35 Nrn (compared with the average of: Winter 28 Nm, Paul 83 Nrn 

and Kadaba at al 92 Nm), and varied among the subjects from 18 Nrn to 70 

Nrn (exclud. 'ng subject SIGM) depending on the velocity of the subjects . The 

maximum moment of this study was 15% and 24% smaller than that obtained 
by Paul and Kadaba et al respectively. This can be related to the fact that the 

subjects of this study walked relatively slowly when compared to the other 

normal subjects (s-. e section 6.4.1). The minimum value of this extendine, 

moment (18 Nm ) was obtained for the right hip of only two subjects (SIGINI 

and SABNO, one of them SIGM was found to have the lowest velocity. The 

odd A/P hip moment pattern exhibited by the left leg of subject SIGM can only 

be related to the fact that the left leg of this subject is 1.5 cm shorter than his 

right leg. 
- 

As. a result, the duration of the left flexing moment after heel strike 

was very small (5% of the gait cycle) because the subject can easily shift his 

body mass -over, the short leg, This subject also developed the habit - of 

producing a large fore-and-aft force with his left foot (FPX in Appendix B) 

particularly at push off which caused the large flexing moment-at-the -push off 

time. During swing phase, most subjects exhibited a comparable moment in 

pattern and magnitude to those obtained by the above researchers. The 

extending moment exhibited during the first half of swing phase and its 

maximum value (approximately 18 Nm) occurred when the thigh was at its 

furthest point behind the FLJC. A flexing moment don-dnated the second half 

of the swing phase, and its maximum value (approximately 21 Nm) occurred 

when the thigh was at its furthest point ahead of the HJC. During swing phase 

the hip moment was more pronounced at the left hip than that of the right hip. 

Ibis can be referred to the fact that the left step lefigth was longer than that of 

the right leg, and can be explained as shown in the previous section for the 

MY, Z during swing phase. 

In the transverse plane, 
*a 

moment tending to externally rotate the thigh 

was obtained for the duration from heel strike to nU-stance. Thereafter, a 

moment tending to rotate the thigh internally was maintained for the rest of 
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stance phase. The pattern of this moment is influenced by the pattern of the 
trunk rotation in the transverse plane. The average magnitude of the external 

rotating moment is 16 Nm (10 Nm and 5 Nm obtained by Paul (1986) and 
Kadaba et al (1989) respectively), and varied among subjects from II to 22 
Nm. The average magnitude of the internal rotating moment is 9 Nm (13.6 
Nm and 7 Nm obtained by Paul and Kadaba et al respectively), and ranged 
from 4.4 to 19 Nm- 

In the coronal plane, all subjects have exhibited an adduction moment 
at the hip joint during the stance phase, and no differences were found between 

the moment of the right and left legs. The moment obtained in this study was 

comparable in pattern and magnitude ( average of 50 Nm) to those obtained by 

other researchers (average of 60 Nm, 53 Nrn and 51 Nm obtained by 

Andriacchi and Stricpand-(1985), Paul (1986) and Kadaba et al (1989) 

respectively), and varied among subjects from 35 to 71 Nm. The above 

obtained pattern of hip moment in the coronal plane, maintained the upright 

position of the trunk in the M/L direction throughout the stance phase-. The 

variations in the M/L hip moment among subjects are related to the variaflons 

in the body medi o-lateral movement of the sub ects. This can be clearly seen j 

in subject ALAM who had the largest moment. Subject ALAM had a different 

MIL trunk movement from the other subjects, his trunk moved laterally to the 

left side during right stance ( see fig. 6.7). This may have forced the WC to 

move laterally to the right in order to bring the body centre of gravity over the 

foot. Thus, the medio-lateral offset between the HJC and the centre of pressure 

increased and generated the high adduction moment. 

In summary, the results obtained in this study for the normal subjects 

were comparable to those presented by other researchers. Results from various 

subjects were consistent but some individual variations were noted. Speed and 

the walking style can affect the kinetics and kinematics of the body and its 

lower limb joints. 
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Chapter Six Results and Discussion 

6.6 Kinetics and Kinematics of the Amputees with Normal Alignment 

Two series of tests will be discussed according to the type of socket 

which was used to fit the amputees. Me-first series was undertaken meight 
AK amputee subjects who were fitted with quadrilateral (quad) sockets. The 

second series was conducted on three AK amputees who were fitted with 
ischial containment (IQ sockets. The subjects' particulars are presented in 

section 6.2 of this chapter. All subjects were supplied with SACH feet and 
uniaxial (Otto Bock) constant friction knee mechanisms with extension assist, 

except subject DLAQ who was supplied with a untaxial foot and uniaxial 

safety knee mechanism (see section 4.1). Because so many parameters were 

considered, innumerable graphs were produced for the eleven patients, 

therefore, only results of the sound and prosthetic sides for five subjects 

wearing quadrilateral sockets, and thefesults of the prosthetic side of thethree 

subjects who wore IC sockets are presented in this chapter. The results of -the 
sound and prosthetic sides of the remaining three patients who wore quad 

sockets and the sound side of the patients wearing IC sockets are presented in 

appendix C. All results were averaged for three runs obtained during one day. 

The ground reaction forces were normalised to the body weight and all the 

joint moments were normalised to the product of body weight and subject 
height. The medio-lateral ground reaction force (FPZ), and the joint moments 

in the transverse and coronal, planes 'of* the left leg were multiplied by -1 in 

order to make the comparison between right - and left legs more convenient. 

The above information regarding data averaging, normalising and left/right leg 

comparison is applicable to all results which will be presented in this chapter. 

6.6.1 The Ground Reaction Forces 

Figure 6.14 -shows the ground reaction forces applied to the prosthetic 

side for the three- subjects wearing IC sockets. The ground reaction forces of 

the prosthetic' and sound sides of five subjects wearing quad sockets are 

presented in figures 6.15 and 6.16 respectively. Results from the sound side 

of the subjects wearing IC sockets, and the left and right sides of the three 
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Chapter Six Results and Discussion 

remaining subjects wearing quad sockets are shown in appendix C. The results 

of this study were comparable to those obtained by Cunningham (1950, shown 
in fig. 3.42) and Akidele (1987, shown in fig. 3.48). In general, the ground 

reaction forces of all amputees were larger at the sound side than that at the 

prosthetic side. Medio-lateral force (FPZ) of the sound side (average of 6% of 
body weight) was slightly larger than that of the prosthetic side (average of 4% 

of body weight), and also larger than that of normal subjects (average of 5% 

of body weight). No noticeable differences were found in the pattern of FPZ 

between the sound side of the amputees and the normal subjects or between the 

prosthetic side of subjects fitted with quad and IC sockets. The FPZ pattern 

of the prosthetic side was slightly different from that of the normal subjects. 

For the normal subjects, the FPZ was abducting the foot during the first 11% 

of the stance phase, this abduction period was reduced to about 6% of the 

stance phase at the sound side, and disappeared at the prosthetic side. This can 

be attributed to the poor medio-lateral stability of the prosthetic side in 

comparison to the normal subjects. The individual variations in FPZ were 

more noticeable among the amputees than among the normal subjects. 

Vertical ground reaction force (FPY) of the amputees' sound side 

displayed the typical two peaks which appear just after heel strike and at push 

off. The average magnitude of the-first peak is 119% (ranging from 103% to 

147%) of body weight, and the average magnitude of the second peak is 109% 

(ranging fr6m 103% to 127%) of body weight. Most patients exhibited a 

"vaulting" action which was characterised by a third peak in the sound FPY 

pattern which appeared at about n-dd-stance (this peak is shown clearly later in 

the "Butterfly" diagram, figures 6.17 and 6.18) as the patient rose on his sound 

side to provide clearance for his swinging prosthetic toe. This "vaulting" action 

can also be caused by a prosthesis which is too long or by a loose suspension 

system. It was found (fig 6.18a) for the 
* 
three subjects fitted with quad and IC 

sockets, that the "vaulting" action was gmater when the subjects were fitted 

with quad than with IC sockets. This may suggest that the suction suspending 
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Chapter Six Results and Discussion 

method was more effective with the IC socket than that with the quad socket 

as it is believed that the IC socket takes the shape of the stump, unlike the 

quad socket which has a different shape from the residual stump. It was found 

that the first peak of the FPY of the normal subject occurred at 22% of the 

stance phase. In the sound side of the AK amputee, this peak appeared at, only 
12% of the stance phase, this is due to the fact that the patient preferred to load 

his sound leg quickly, after heel strike-, as this would lead to a more stable, 

comfortable and secure situation. At the prosthetic side, the average magnitude 

of the first vertical peak was 103% (ranging from 95% to 112%) of body 

weight, and the average magnitude of the push-off peak was 91% (ranging 

from 75% to 100%) of body weight. The small magnitude of the push off 

peak can be attributed to the lack of active plantarflexion in the prosthetic leg. 

For subjects with quad sockets (fig. 6.15), the'first peak of the prosthetic 

vertical force occurred at about 33% of the stance phase. The delay in the 

occurrence of this peak could be due to an uncomfortable prosthesis or to a 

patient's unwillingness to trust the prosthetic leg. It should be noted, that this 

delay in the appearance of the first vertical pe A of the prosthetic leg, may be 

caused by insufficient ischial bearing of the quadrilateral socket at the heel 

strike as suggested by Lehneis (1985), this is also supported by the fact that for 

subjects fitted with IC sockets, this peak occurred at 16% of the stance phase. 

In the A/P direction (FPX), the braking force of the sound side of the 

amputees (average magnitude of 17% of body weight, ranged from 10% to 

27%) was slightly smaller that of the normal subjects (average magnitude of 

19% of body weight). The push off force of the sound side (average of 21% 

of body weight) was comparable to that of the normal subjects (average of 21 % 

of body weight). Small variations were found among the subjects except for 

subject ILBQ whose pattern was substantially different from the others. On the 

prosthetic side, the fore-and-aft force was found to be much smaHer than that 

of the sound side. For subjects fitted with quad sockets, braking force of the 

prosthetic side was equal to 40% (66% for subjects with IC sockets) of that of 
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Chavter Six, Results and Discussion 

the sound side, and the push off force found to be 50% (43% for subjects with 
IC sockets) of that of the sound side. The small FPX applied on the prosthetic 

leg in comparison with that on the sound leg can be explained as follows: 

The application of a large braking force on the prosthetic foot wW 

generate a high flexing moment on the prosthetic knee. Under this high flexing 

moment the knee may collapse because of the absence of an extensor 

mechanism and the need of not having an over stabilised knee alignment. 

Some patients do not trust the prosthetic leg even if it contained a stabil. ised 

knee as in the case of (subject DLAQ) and they prefer- not-to apply large- 

braking forcz; s on their prostheses. The push off force of the prosdetic leg was 

also smaller than that of the sound leg. This can be related to the lack of 

active plantarflexion, and is compensated partially by the hip on the prosthetic 

side (providing the prosthetid push off force seen in the graph) and partially by 

the sound leg (providing the large push off force seen at the sound leg). 

The braking and generally the push off force of the prosthetic leg was 

slightly larger for patients wearing IC sockets than that for patients wearing 

quad sockets. This suggests that the IC socket was more comfortable than the 

quad socket, in fact this was reported by the three subjects who were fitted 

with quad and IC sockets. It can also be referred to the fact that subjects fitted 

with IC sockets walked slightly faster than subjects fitted with quad sockets. 

Figure 6.17 shows the "Butterfly" diagram of the sound and prosthetic 

legs Of MO AK amputees (TRAQ and LRBQ) fitted with quadrilateral sockets. 

The "vaulting" effect was noticeable on the sound side and the delay in loading 

on the prosthetic leg was also evident (33% and 31% of stance phase for 

TRAQ and LRBQ respectively). The centre of pressure of the sound side 

travelled slowly during the period between mid-stance and end of the push off, 

because the sound foot would wait for the prosthetic heel strike and would also 

wait until the stability of the prosthesis is ensured on the ground. For the 

prosthetic leg, the centre of pressure moved slowly from heel strike until about 

33% of the stance phase, and also during the push off period. This occurred 
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Chapter Six Results and Discussion 

for the period after heel strike because the patient was reluctant to load his 

prosthesis during that period as he did not trust the stability of the prosthesis 

and therefore, 'the progress of stance phase and the centre of pressure will be 

slowed down. týr`the push off period, the slow movement of the prosthetic 

centre of pressure occurred because the subject's body rotated around the foot 

metatarsal part which was in contact with the ground helping the process of 

generating the push off force. This slow movement of the centre of pressure 
during the push off period also existed in the normal subjects. Figure 6.18 

shows a "Butterfly" comparison for a subject fitted with quad and IC sockets. 
The first peak of the "Butterfly" of the prosthetic leg, occurred earlier with the 

IC socket (16% of the stance phase) than that of the quad socket (31% of the 

stance phase), and the "vaulting" action disappeared from the sound side with 

--the IC socket. This suggests that the IC socket was more comfortable and had 

a better system than the quad socket. As a matter of fact all 3 

subjects reported that the IC socket felt more comfortable than the quad socket. 

It should be reported here, that subject MRCQ was converted by the prosthetist 

of this project from quad to IC user. After wearing the IC socket for five 

months he reported that the IC socket was more comfortable and the 

suspension system (suction system) was so successful that this socket felt as 

if it was a "part of him". 

It should be mentioned that some patients (ILAI and LRBQ) showed 

"vaulting action" at the prosthetic side. This can be explained as another push 

off phase exerted after heel rise, by the hip of the prosthetic side in order to 

help the original push off phase which occurred, before toe off. 

6.6.2 Angular Displaciffients of the Lower Limb Joints 

Ile A/P angular displacements of the lower limb joints are shown in 

figure 6.19 for the prosthetic side of the three subjects who wore IC sockets. 
Figures 6.20 and 6.21 present the A/P angular displacements of the lower limb 

joints for the prosthetic and sound sides of five AK amputees wearing'. quad 

sockets. Results of the other three remaining subjects who were fitted with 
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Chaoter Six Results and Discussion 

quad sockets, and of the sound side of the subjects fitted with IC sockets'are 

presented in appendix C. The ankle dorsiflexion/plantarflexion angle of the 

sound side -was comparable in pattern and magnitude to that presented by Goh 

(1982, fig. 3.45) and generally to that of the normal subjects which were 

presented in this thesis (rig. 6.5). However, some differences were found 

between the sound side of the amputees and the normal subjects, in that most, 

, patients showed a smaller dorsiflexion angle during the first half of the'stance 

phase, and a larger plantarflexion anale during the push off. This can be 

attributed to the fact that the amputee has to plantarflex the sound foot in order 

to achieve a long prosthetic step length. However, no significant (P=0.07) 

differences mere found between the step length of normal -subjects and that of 

the prosihedc_ leg of the amputees (section 6.4.2.2). This is related to the fact 

that the push off force of the. prosthetic leg was smaller than that of the normal 

subjects. Subjects ILBQ and ELCQ showed a noticeable plantarflexion (13 to 

14 degrees) just after mid-stance (34 % of the gait cycle) which coincided with 

the, "vaultina action". This plantarflexion angle was larger (about 22 degrees). 
a 

with subject ILBI which is attributable to a habit developed by that subject. 

At the prosthetic ankle_, all SACH feet showed a similar behaviour over, 

the gait cycle (except subject LRBQ) and the results of this study are 

comparable to those presented by Goh (1982) and Krebs and Tashman (1985, 

fig. 3.47). The prosthetic ankle showed a slight plantarflexion angle after heel 

strike and a noticeable dorsiflexion angle (2 to 7 degrees) at the push off 

(compare 5. Ar in Goh, and 9 in Krebs and Tashman). The variations in the 

dorsiflexion and plantarflexion angle of the prosthetic ankle can be attributed 

to the stiffness of the prosthetic heel and to the flexibility of the prosthetic fore 

foot respectively, and to the load applied on the foot. Most patients had a 

slight foot plantarflexion angle (3 to 7 degrees) just after toe off. This can be* 

explained as a foot spring back occurring when the load was removed Erom the 

foott and the magnitude -and time of occurrence of this plantarflexio'n 

movement are controlled-by the stiffness of the fore foot. Subject DLAQ 
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showed a larger foot dorsiflexion angle during the push off phase of his 

prosthetic side than all other subjects. This can be referred to the uniaxial type 

of foot which wasý supplied to this subject, and such a difference in 

performance 
- 
between the uniaxial and SACH foot was also found by Goh 

(1982). 
The A/P knee and femur angular displacement of the sound and 

prosthetic sides obtained in this study for the AK amputees, are comparable to 

those presented by Eberhart (1947), Murray et al (1980), Goh (1982) and Krebs 

and Tashman (1985). No differences were found between displacements of the 

sound leg and those of the normal subjects. The prosthetic knee showed- no 
flexion during the stance phase as the knee was maintained in full extension 
in order to, ensure the stability of the prosthesis. The amplitude of the knee 

flexion angle -during swing phase for the sound and prosthetic legs of most 

subjects, is-approximately'the same, except subjects LRBQ and PLAI wh6 

showed a relatively small knee flexion during the swing phase of the prosthetic 
leg. These two subjects exerted a markedly small push off- force at the 

prosthetic leg in comparison to the other amputees. Comparing with the 

normal subjects or the sound side of the amputees, the femur of the prosthetic 
leg showed no further flexion after heel strike and it began extending 
immediately after heel strike. This can be attributed to the lack of knee flexion 

during the stance phase. At heel stiike the femur of the prosthetic leg was 

flexed by 20 degrees, while the femur of the sound side was flexed by 24.5 

degrees. The femur of the prosthetic leg was flexed by approximately 20 

degrees during swing phase, and was held in that flexed situation for 

approximately 17% of the gait cycle. '- Holding the femur in flexion can be 

attributed to the fact that the thigh of the prosthetic leg has to wait for the 

swinging foot'which remains in the air for a longer time period than that the 

sound (or the normo) leg, since it is u, sually travelling for a longer distance 

(longer prosthetic step length), and also because of the lack of quadriceps 

section over the knee which normally bring the shank forwards No 
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differences were found between the quad and the IC sockets with respect to the 
A/P displacement of the lower limb joints. 

6.6.3 Angular Displacements of the Trunk 

Figures 6.22 and 6.23 present the results obtained in this study for the 
trunk-afigular displacements of five AK amputees fitted with quad sockets and 
three AK amputees fitted with IC sockets respectively. Results for the 

remaining three subjects whom were fitted with quad sockets are presented in 

appendix C. Comparing the results with those of the normal subjects (fig. 6.7), 

the M/L trunk tilt of the amputees had a similar pattern to that of the normal 

subjects, i. e. the trunk was always tilted towards the supporting leg. However, 

the magnitude of the tilt was larger for the amputees than for the normal 

subjects. (2, degrees), and it was also larger towards the prosthetic side (about 

7 degrees) than that towards the sound side (about 3.5 degrees). This can be 

related-to--the difficulties faced by the amputees in maintaining medio-lateral 

stability as the thigh adductors were weakened by the amputation. It should 

be mentioned that no noticeable differences were found between the. trunk M/L 

displacements of subjects wearing quad and IC sockets. This does not agree 

with Sabolich (1985) who reported that with the IC socket #I everything is 

stabilised in the NIL direction", and since the socket is not abducted the patient 

does not have to lean toward the prosthetic leg during its'Stance phase, and 

thus, the patient would walk with a normal gait. 

The A/P trunk displacements of the amputees also had a sin-dlar pattern 

to that of the normal subjects. However, the magnitude of this displacement 

(approximately ± 3.3 about a base line) was larger for the amputees than for 

the normal subjects (approximately ±2 about a base line), and more variations 

existed among the amputees than among the normal subjects. Illese variations 

could be related to the degree of control which can be effected by the'amputee, ' 

on the prosthesis to achieve A/P stability. 
In the transverse plane,, most patients -showed a similar pattern for torso 

rotation to that of normal subjects, and the difference between two successive 
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peaks of torso rotation was approximately 10 degrees (also 10 degrees for the 

nonnal subjects). This can be attributed to the fact that the patients are active 

and had approximately similar velocities to that of the normal subjects. Most 

patients showed less torso rotation to the prosthetic side (about 5 degrees) than 

to the sound side (about 7 degrees), and patients PLAI and TRAQ showed a 

very small rotation to the prosthetic side (see fig. 6.22). The difference in 

torso rotation between the sound and prosthetic sides can be attributed to the 

difference between the sound and prosthetic step lengths (see table 6.5). Some 

differences were found between the pattem of torso rotation for subjects 

wearing quad and the IC sockets, however, these differences were inconsistent. 

6.6.4 The Aiakle Joint Moments 

.. 
The ankie joint moments of the prosthetic side for the three amputees 

fitted with IC sockets are shown in figure 6.24, for the normal alignment. The 

ankle moments'o f five subjects wearing quad sockets are shown in figures 6.25 

and 6.26 for the prosthetic and sound side respectively. 
' 
In the A/P plane,. 

moments of the sound leg were comparable to those presented by Goh (1982) 

and to those obtained in this study for the normal subjects. However, the 

pattern of the A/P moment of the sound leg of most subjects increased sharply 

after foot flat and formed a different pattern shape from that of the normal 

subjects -which increases gradually between foot flat and push off. At the 

prosthetic side, the A/P ankle moment (MAZ) showed some differences ftom 

that of the sound leg-and of the normal subjects. The plantarflexing moment 

lasted much, longer (22% to 44% of stance phase) than that of the nonnal 

subjects (11 % to 16% of stance phase). This can be attributed to difficulties 

faced by the patient in transferring his body weight over the prosthesis as a 

result of the inactive ankle joint, and that the subject had to spend a longer 

time on the heel area causing a longer duration of the plantarflexing moment. '. 

The inactive ankle joint of the prosthetic leg also caused a reduction in the 

magnitude of the dorsiflexing moment at the push-off, and this was noticed'in 

all patients in comparison to the normal subjects. The dorsiflexing moment of 
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the prosthetic ankle was approximately 69% of that of the normal subject 
which was found to have an average value of 113 Nm. No differences were 
found between the A/P ankle moment of subjects wearing IC and quad sockets. 

In the transverse plane, most amputees exhibited a similar pattern of 
moment (MAY) at their sound ankle to those of the normal subjects. For the 
duration from heel strike until approximately 33% (33% for the normal 

subjects) of the stance phase, the sound ankle was subjected to a rotation 

moment which tended to rotate the ankle externally, the average magnitude of 
this moment is 4 Nm (4.5 for the nonnal subjects), and varied among subjects 
from 1.6 to 10 Nm. Thereafter, an internally rotating moment dominated the 

rest of the Stance phase, the average magnitude of this moment is 12 Nm (13 

Nm. for the normal subjects), and ranged from 4 to 19 Nm. Subjects TRAQ 

and MRCQ only, exhibited a different pattern of ankle moment on their sound 

side 'regarding 'the -'transverse plane. At the prosthetic ankle, all subjects 

showed a similar pattern of moment in that an internally rotating moment, 
dominated the stance phase, this pattern is comparable to that obtained by Goh 

(1982) shown in figure 3.46. For most subjects, the peak magnitude of this 

moment was smaller (about 50%) than that of the sound ankle. The small' 

magnitude of the prosthetic MAY during stance phase can be related to the 

small step length which was undertaken by the sound leg when the prosthetic 

le g was on the ground. 
In the M/L plane, the ankle joint moments of the sound and prosthetic 

legs of the . ̀&K amputees were different in pattern and magnitude from those 

of the normal subjects. Also, no consistency among subjects was found in the 

pattern of the MAL moment of the sound leg. However, on the prosthetic side, 

all the left amputees exhibited a similar pattern of moment, in a manner that 

the ankle of most subjects, was subjected to an everting moment (approximately" 

10 Nrn) from heel strike until about 50% of the stance phase. 77hereafter, an 
inverting moment (approximately 8 Nm) dominated the. rest of the stance 

phase. The right amputees again'exhibited a consistent pattern of moment at 
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their prosthetic ankle in the M/L plane, and this pattern was comparable to that 

of normal subjects. The magnitude of this moment was 2.6 times larger than 

that of the prosthetic leg of the left amputees, and 1.6 times larger than thatof 

normal subjects. -Me difference in the ankle's M/L moment pattern among 
subjects and between. the right and left amputees can be related to the foot 

alignment in the M/L direction which dictates whether the. subject lands 

medially or laterally on the foot. 

6.6.5 The Knee joint Moments 

Figure 6.27 shows the knee joint moments of the prosthetic side of the 

three subjects whom were fitted with IC sockets. Moments of the prosthetic 

and sound knee of five subjects fitted with quad sockets are presented in 

figures 6.28 and 6.29 respectively. The results of this study were comparable 

to those obtained by Goh (1982, shown in fig. 3.47). -In the A/P plane, most - 
patients sliowed'a' similar pattern of moment on their sound side, and this 

pattern was comparable to that obtained in this study for n. ormal subjects 
(shown in fig. 6.10 and 6.11). Two periods of extending moment,. and'a period 

of flexing moment were found at the sound side during stance phase. The 

flexing moment lasted from about 4% to about 22% of the gait cycle, and had, 

an average magnitude of 31 Nm (47 Nm for the normal subjects), ranging from 

19 to 61 N-. -.,. The first period, of extending moment lasted from'heel strike 

until 4% of the gait cycle (7% for the normal subjects), and its average 

magnitude-is 26 Nm (20.9 Nm for the normal subjects), ranging from 13 to 64 

Nm. The -second period of extending moment lasted from about 22% of the 

gait cycle until toe off, and the average magnitude of this moment is 32 Nm 

(22 Nm for the normal subjects), ranging from 16 to 65 Nm. The reasons 
behind this pattern of moment have been discussed in section 6.5.5 for the 

normal subjects. -During swing phase, the A/P moment of the sound leg was 

also comparable to that of normal subjýcts with no noticeable differences. 

On the prosthetic side, all subjects showed a consistent and simýar 

pattern of moment in the A/P plane. The stance phase was dominated by an 
z:, 
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extending moment (average value of 38 Nm, ranged from 22.6 to 48 Nm) in 

order to maintain knee stability because a flexing moment cannot be supported 
by a plain uniaxial knqe. Subjects MRCQ and LRBQ showed a small knee 

flexing 
, 
moment (about 5 Nm ) at the prosthetic knee during stance phase. 

Since the patients maintained stability during that period of knee flexing 

moment, it is believed that this knee 
' 
flexing moment was compensated by pin 

friction of the knee axis. Subject DLAQ also showed a small knee flexing 

moment during the prosthetic stance phase, but this can be accepted as the 
patient used a. uniaxial -safety knee. During the swing phase, the prosthetic 
knee exhibited a typical pattern of knee moment in the A/P plane. During the 

first half of the swing phase, the prosthetic knee was subjected to a flexing 

moment with -the maximum value coincident with the largest knee flexion- as 

the acceleration was, maximum. The second half of the swing phase was 
dominated-by' an extending moment at the prosthetic knee, and the maximum 

extending moment corresponded to the instant when the- knee was in- full 

extension. The magnitude of the prosthetic knee moment during swing phase 

was about 50% smaller than that of the sound leg. This can be related to the 

differences in the mass between the prosthetic and the anatomical shanks. 
In the transverse plane, the knee moments of the prosthetic and sound 

sides were s-imilar to their respective ankle joint moments. This was expected, 

as the moments of the knee and ankle joints were expressed in the shank frame 

of reference, and both of them belong to the shank segment which would act 

as a rigid body and would be subjected to a uniform torque. The transverse 

moment of the prosthetic knee had the tendency of rotating the knee internally 

in order to maintain the stability of the prosthesis. 

In the medio-lateral plane, all subjects showed an adduction knee 

moment which helped in maintaining medio-lateral stability during the stance 

phase. Ile pattern' and magnitude (27.6 Nm) of this moment which - was 

obtained for the sound side, was comparable to that of the normal subjects (29 

Nm). The prosthetic knee moments were always adducting the shank, and the 
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magnitude of this moment was noticeably smaller (about 50%) than that of the 

sound side. This can be related to the fact that the NVL tilt of the amputee's 

trunk was greater towards the prosthetic side than that of the sound side. Thus, 

the MIL offset -between the knee joint centre and the vector of the ground 

reaction for.. e, will be small on the prosthetic side in comparison to that of the 

sound side. 
6.6.6 The Hip Joint Moments 

Figure 6.30 presents the hip joint moments obtained in this study for the 

prosthetic side of three AK amputees fitted with IC sockets. 1-Hp moments for 

five AK amputees fitted with quadrilateral sockets are shown in. fligures 6.31 

and 6.32 for the prosthetic and sound side respectively. It was found that 

patterns of- the hip moments obtained in this study for the -sound 
leg are 

comparable to. those, obtained by Goh (1982, shown in fig. 3.47), and to those, 

obtained in -this s'týdy foiffie normal subject (fig. 6.12). In the A/P plane, the'. 

sound hip of most subjects was subjected to a flexing moment from heel strike 

until approximately mid-stance when- the moment reversed to an extending 

moment ana lasted until the end of the stance phase. The average magnitude 

of the hip flexing moment is 63.6 Nrn (41 Nrn obtained in this study for ýhe 

normal subjects, and 100 Nrn obtained by Goh 1982 for the sound side of an 

AK amputee), ranging from 38 Nrn to 107 Nm. This excluding patient MRCQ 

who exhibited a hip flexing moment of 207 Nm. 'The difference in the 

magnitude of the hip flexing moment between the sound leg of the amputees 

and the normal subjects, is related to the fact that the sound leg of the 

amputees have larger FPY and smaller FPX than those of the normal'subjects, 

In some patients- such as TRAQ and ELBQ, the hip momýnt of the sound leg 

was dominated by a flexing moment during stance phase. Ibis can be related 

to the style of walking which was adopted by these patients, or to the large 

push off force (200 N and 266 N respectively) which was exhibited by these. 

subjects in comparison to the other subjects, (about 150 - N). The, average 

magnitude of the hip extending moment of the sound side is 24 Nrn (35 Nrn 
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obtained in this study for the nonnal subjects, and 50 Nm obtained by Goh 

1982 for the sound side of AK amputees), ranged from 0 to 83 Nm. During 

the second half of swing phase, the hip mo ment of the sound leg of most 

amputees was Urger than that of the normal subjects. Ilis can be related to 
the higher mass of the sound leg in comparison to that of normal subjects, as 
the sound leg of an amputee is always well built. 

The. NVL hip moment of the sound leg was always adducting the femur 
in order to maintain the body's M/L stability during the stance phase. 17his 

moment is comparable to that of the normal subjects in pattern and magnitude. 
In the trans'verse plane, the hip moment of the sound leg of the majority 

of patients showed a tendency to rotate the thigh externally from heel strike 

until-about- mid-stance. - Thereafter, the -stance-phase -was dominated by, a 

moment which tended to rotate the thigh internally in order to provide the 

stability Oif ihe'leg'in the, transverse plane. This moment was also comparable 
in pattern and magnitude to that of the normal subjects. 

At the prosthetic hip, most patients' showed 'a consistent* pattern of 

moment in the, A/P plane, and was comparable to that of the sound'leg. 

However, the magnitude of this moment was smaller than that of the sound leg- 

especially at the heel strike and during the swing phase. At heel strike, the hip 

moment of the prosthetic leg was approximately 50% of that of the sound leg. 

This can be related to the fact that the vertical ground reaction force of the 

prosthetic leg is smaller than that of the sound leg. Also, at heel strike, the 

flexion-of the-femoral remnant (20 degrees) is smaller than that of the femur 

of the sound leg (24.5 degrees). During swing phase, the prosthetic hip 

moment was alsd smaller (abbut 50%) than that of the sound hip. . This can- be 

related to the differences between the mass of the prosthetic leg and that of the 

sound leg. 

In the transverse plane, the hip moment of the prosthetic side tended to 

rotate--the thigh internally throughout- the ýstance phase in order -to maintain 

stability in that plane. In general the magnitude of this moment (average of 8.2 
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Nm) was slightly smaller than that of the sound leg (9 Nm). This can be 

attributed to lack of supportive muscles in the prosthetic leg, and to the fact 

that the sound step length was shorter than that of the prosthetic leg. - 
In the N4/L plane, all subjects exhibited an adducting moment with an 

average value of 39 Nm (50 Nm for the sound leg and for the normal -subjects), 
ranging from 15.5 to 93 Nm. No abducting moment was found following heel 

strike at the prosthetic hip because the weak adductors cannot compensate for 

an abduction moqient., However, in the literature, this abducting moment was 

obtained by some researchers (Goh 1982), and was not obtained by others. 
(Yang.. Lang 1988), and. itl is. b6lieved. that this moment may appear at the 

prosthetic leg, and its magnitude increases with 'increasing the stability of the 

prosthesis as-presented by-Zahedi et al-(1988). - 
it should ýbe mentioned that no noticeable differences were- found 

between the patterri of the hip moment of subjects fitted with IC and 4u-*ad 

sockets. However, the NM hip moment of the prosthetic leg was generally y 
larger for the subjects fitted wiih4 IC 'than that- of subject's fitted'wfth qdad 

sockets. This could be related to the fact that the subjects fitted with the IC 

sockets had adducted sockets whereas subjects fitted with quad sockets had 

abducted sockets (see table 6.3). The adducted socket position will reduce, or 

may reverse, the effect of the vertical ground reaction force in producing-a hip 

abducting moment. i. e. the vertical ground reaction force may produce a hip 

adducting moment if the socket is adducted, depending on the foot position 

relative to the hip joint centre. 
6.7 Effect of Alignment Changes on the Kinetic and Kinematic parameters 

of Above-Knee Amputees 

In generil, no 'noticeable differences were found between the gait 

parameters of subjects fitted with quadrilateral (quad) or ischial containment. 
(IC) sockets, also, no noticeable differences were found between the effect of 

alignment changes'on- the -gait pdtametert of subjects fitted with'eithe'r'of the 

above two type of socketý. Therefore, the data of subjects fitted with the two 
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socket types are discussed together to study the effects of alignment changes 

on the gait parameters of above-knee amputees, and differences between these 

effects on the gait parameters of subjects fitted with quad and IC sockets will 
be discussed when found. 

in order to study the effect of alignment changes on the gait parameters, 

the curves representing gait parameters of each deliberate mal-alignment, were 
compared with their respective curves corresponding to the normal alignment. 
Since none of the current available statistical tests can be applied to the results 
(personal'communication, and consultation with the Statistics Department), and 
applying an unestablished statistical test may produce misleading conclusion, 
the comparison was made by calculating the percentage difference between the 

normal alignment and the mal-alignment curves. 
Many parameters, were considered in, order to assess the effect of 

alignmen't*'i-hanges -on the kinetic and kinematic parameters of the AK 

amputees, and therefore many graphs were produced. These graphs cannot all 
be presented here. for reasons of space limitation, therefore, samples of. the 

results are included in this section to enhance and clarify the discussion, and 

all the noticeable effects of the alignment changes on the different gait 

parameters are also tabulated and presented in this section. The complete set 

of results for all patients, and the set of computer programs which were 
developed and used for the calculation of the gait parameters, can be obtained 
from the*author or from Mr Solomonidis of Strathclyde University. 

6.7.1 Effect of Alignment Changes on the Angular Displacements or the 
Trunk 

6.7.1.1 Effect of the Foot Changes 

Table 6.15 shows the results for the effect of alignment changes 

on the trunk angular displacements for all subjects, and figures 6.33 and 6.34* 

show the effect of the foot alignment changes on the trunk angular 
displacements of two representative subjects. 

It was found that the trunk angular displacement in the AP plane was 
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Cha2ter Six Results and Discussion 

affected more by foot dorsiflexion than plantarflexion changes. This is related 
to the fact that the patient may lose knee stability when dorsiflexing the foot, 

and therefore, he/she has to change. -the trunk angular position in order -to 
maintain stability. -' Throughout stance phase of the prosthetic leg, when the foot 

was dorsiflexed from the normal position, eight subjects out of eleven showed 
an increase in the trunk flexion angle, one subject (JLAIAF) showed no change 

and the two remaining subjects (PLAIAF, LRBQAF) showed a decrease in the 

trunk flexion position. The amount'of change which was exhibited by the eight 

subjects varied among them from 1.5 degrees in subject PLAQAF to 10 

degrees in subject MRCQAF when the prosthetic foot was dorsiflexed by 6 

degrees (in increments of 3 degrees).,. -However, 'the changes had a consistent 

trend among -subjects, therefore, they- are meaningful and can be explainedas 
follows: 

- In""tha ., following_ discussion and throughout the rest of this chapter, the 

vector of the ground reaction force is considered to be acting on the foot centre 

of pressure and passing through the body CG, ignoring the offset between the 

force vector and the body CG, which can be caused by the moment resulting 

from the angular acceleration of the body CG. 

Comparing the two alignments (i. e. normal and the misaligned 

prosthesis)'at the same values of foot-floor angles, and as seen in figure 635, 

for the period fibm heel strike until n-dd-stance and figure 6.36 for the period 

from mid-stance ýntil toe off, dorsiflexing the foot will shift the knee joint 

centre forwa rd from its original position K to a new position Kd, and the hip 

joint centre will also be shifted from H to Hd. If the trunk angular position did 

not change, the b6dy centre of gravity. would move from CG to CGI, this 

would chan,; 'e the vector of the ground reaction force from R which passes 

ahead of the'KJC (point K), 'to R1 which may pass ahead, on or behind the 

new position of the KJC (point Kd) depending on the original configuration of 

the prosthesis and on the amount of change when dorsiflexing the foot. Thus, 

if the new force vector RI passes'behind the KJC (point Kd), the prosthesis 
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Chapter Six Results and Discussion 

will be unstable and therefore, the patient will flex the trunk forward by an 
angle Od, shifting the body centre of gravity from CGI, to CGd, and changing 
the vectof'of the ground reaction forcq'from RI to Rd which passes ahead of 
the KJC (point Kd) and maintains the stability of the prosthesis. Ile foregoing 

explanation-is seen to be true on the eight subjects who showed an increase in 

the trunk flexion. angle when the foot was dorsiflexed from the original 

position. If the ground reaction force vector RI passed ahead of the KJC 

(point Kd); the trunk angular position may not need to be changed because 

stability. of 'the 'prosthesis exists and the patient will not be forced to 

compensate'for the lost stability. However, the patient still has the option of 

changing &j.; trunk position toward flexion, or even extension as long as ýthe 

stability -is, maintained. - This explanation is applicable for the patient who did 

not change his trunk- position, and for the two patients who extended their trunk 

positfon', whe'q týe - fo oit. was-'dýrsiflexed from the normal position. 
It should. be mentioned, that the patient can compensate for the -lost 

stability at the prostheac'knee" when the_ f9ot was dorsiflexed, by either flexing 

the trunk forwards, or by maintaining the original position of the trunk"and' 

exerting force in -the hip extensors. This will produce a positive, force at the. 

heel in the direction of progression. Therefore, the fore-and-aft force (FPX), 

which'is the' sum ofthe d, ecelerating force (negative forc'e), and the hip 

extensors force (positivef6rce), would be smaller than that when the foot was 

in normal alignment, so that the inclination of the vector of the ground reaction 

force, will be -changed to pass ahead of the KJC (point Kd) and maintain the 

stability of the prosthetic knee. The patient may also strike the floor in a 

manner that may produce a positive FPX acting at the heel and contribute in 

maintaining the knee stability- and accelerating the bodyý forwards. However,, 

it is eviden*t that the iW6f6reigoing possibilities of compensation for the. lost 

stability were not adopted by -the subjects of this study, and had they done so, 

trunk forward flexion wouUnot be obtained in eight subjects out of eleven as 

discussed above. 

i98 



198A 

--0 

e2 

pHs pHs 

all oc 
4141-jop 0 

21 IN aatI12 64 

CODE: ILBIAF 
PARAMETER: 

TRUNK AP TILT Edeg3 

NOR. AL 

--------- 3DEG. DCRS 

SDEG. DORS 

3DES. PLAN- 

. --SDEG. PLAN 

o 20 40, . 
90 90 100 

% oP cycLe 
. pl pHs pHs 

. .0 

w jpr. f0 

I1212222112l 11 A22 &AJJA" 

0 20 40 so 90 too 
% oP cycLe 

g 

-I. - " 
0 

-S 
0 

0 
S 

pHs CODE: - ILBIAF 
PARAMETER: 

TRUNK ML TILT Edeg3 

NOR. AL 

--------- 3DEG. DORS 

8DEG. DORS 

3DES. PLAN 

SDEG. PLAN 
0 20 40 90 00 100 

% oP cycLe 
Figure 6.34 Effect of foot alignment changes -on the variation with time of 

the AP and ML angular displacements of the trunk, and on the 
transverse rotation of the torso for an AK amputee fitted with an IC 
socket. 
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When the foot was plantarflexed by 6 degrees (in increments of 3 
degrees) from the normal position, five subjects (NlRCQAF, JLAQAF, 
JLAIAF, ELBIAF, TRA. QAF) extended the trunk from its normal position by 

a range from 1.5 to 3 degrees, two subjects (PLAIAF, PLAQAF) showed no 
change in the angular attitude of the trunk, and the four remaining subjects 
flexed the trunk from its normal position by a range from 3.3 to 7.2 degrees. 

These changes can be explained as follows, (see. flig. 6.35 and 6.36): 

Plantarflexing the foot from the original position will shift the KJC from 
K to Kp and the FUC from H to Hp (at the same values of foot-floor angles). 
If the trunk angular position did not change, the body centre of gravity will 

move from CG to CG2 and the vector of the ground reaction force will change 
from R- to R2. This will. subject the hip joint to a high flexing moment at heel 

strike, and will render the knee joint over stabilised causing difficulties in 

initiating -knee flexion prior -to swing phase. Ilerefore, the patient would 

extend the trunk backwards by an angle OP shifting the body centre of gravity 
from CG2 to CGp, and changing the vector of *the ground reaction force from 

R2 to Rp in order to reduce the hip flexing moment at heel strike, and ease the 

initiation of knee flexion prior to the swing phase. This is the case with the 

five subjects who extended their trunks when the foot was plantarflexed. Since 

plantarflexing the foot does not reduce the stability of the prosthesis, the patient 

still has the option of flexing the trunk (the case of four subjects), or. 

maintaining the normal trunk position (the case of two subjects), as long as the 

patient is able to support. the large hip flexing moment at heel strike and to 

overcome the highly stabilised knee prior to swing phase. 
In the transverse plane, all subjects showed variations in the torso 

angular position over the gait cycle with the foot alignment changes. These 

variations 
' 
variedamong subjects from 0 to 5 degrees. However, the changes 

were inconsistent and no trend of change was found, therefore, no conclusion 

can be- stated regarding the effect of foot alignment changes on the torso 

angular rotation in the transverse plane. 
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Figure 6.36 Effect. of foot alignment changes on the orientation of.. the trunk 

. and the. segments of the prosthesis. The orientation of the ground 
reaction force vector 'with respect to the joint centres of the limb is 
also shown. (from mid-stance until toe off of the prosthetic leg). 
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Chapter Six Results and Discussion 

In the medio-lateral plane, in general the pattern and magnitude of the 

trunk MEL angular tilt did not change with foot alignment changes. This can 

be related to the fact that changing the AP angular inclination of the foot is not 

supposed to change the DýL angular configuration of the prosthesis. However, 

it was found that some patients showed a slight trend to increase/decrease the 

trunk NiLýtilt, towards the sound leg during swing phase as the prosthetic foot 

was plantar/dorsiflexed from the normal position. This trend of change is 

clearly seen in subject TRAQAF and is related to the fact that 

plantar/dorsif-lexing the foot, might increase/decrease the hip-toe distance. 

Therefore, these patients increased the trunk ML tilt to the sound leg in order 

to provide ground clearance for the swinging foot when the foot changes were 

toward plantarflexion. ' 
It should be noted that the trunk ML tilt changes w6re 

more noticeable'when plantarflexing than those arising when dorsiflexing the 

foot, since 'dorsiflexing the foot does not extend the hip-toe length and 

therefore, the subject will not be forced to change the attitude of the trunk. 

6.7.1.2 Effect of Socket Alignment Changes 

The effect of socket alignment changes on the angular displacements of 

the trunk is shown in table 6.15, and figures 6.37 and 6 . 38 show this effecton 

two representative, subjects. In general, since the socket alignment changes 

were confined to the AP plane, the trunk AP displacements were more affected 

by these chuges than the trunk NIL and torso transverse displacements. As the 

socket was flexed by 6 degrees (in increments of 3 degrees) from its normal 

position, - three subjects (PLAIBS, DLAQBS, N1RCQBS) showed no change in 

the trunk flexion position, while the eight remaining subjects exhibited an 

increase in the trunk flexion relative to its normal flexion angle by a range 

from 2 to 4.7 degrees. These trunk changes were more pronounced when the 

socket was, changed by 6 degrees than that by 3 degrees, and were consistent 

during stance phase only. The reason for these changes in the trunk flexion 

angle is explained as follows (see fig. 6.39): 

In the original position of the prosthesis (normal alignment), as the 
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Chapter Six Results and Discussion 

subject loads the prosthesis, the ground reaction force vector R will act on the 
foot centre of pressure, passing ahead of the KJC (K) to the body centre of 

gravity (CG). Flexing the socket from its original position will force the ]HUC 

to be shifted backward from H to HF, and the body CG will also be shifted 
from CG to CGI (considering the foot held at the same anglewith the floor). 

This will change the position of the ground reaction force vector from R to Rl, 

passing through CGI, and may pass ahead, on, or behind the KJC, depending 

on the original position of the KJC and on the amount of the socket flexion 

change. If RI passes ahead or on the KJC, the knee is still stable and no 

changes in- the attitude of the trunk will be necessary. This applies to the three 

subjects who showed no trunk angular changes with the socket flexion change. 

If Rl'passes behind the KJC, the knee joint (i. e. the prosthetic knee) Will be 

unstable and therefore, the subject will have -to flex the trunk forwards shifting 

the body centre of gravity from CG I to CGF, and changing the ground reaction 

force vector from RI to RF, in order to maintain the stability of the prosthesis. 

This applies to the eight subjects who changed ihe'trunk angular position when 

the socket was flexed from its normal position. The variations in the trunk 

angular changes between subjects (ranged from 2 to 4.7 degrees) may 

correspond to the degree of knee instability caused by flexing the socket, and 

to the amount of CG shift (the CGl-CGF distance) which was achieved by the 

subject. 
Extending the socket from its original position will force the HIC to 

move from H to HE and the body centre of gravity will be shifted from CG to 

CG2 (see fig. - 6.39). This will change the ground reaction force vector from 

R to R2 passing further *ahead of the KJC which may well be over stabilised. 

Therefore, the subject will extend the trunk backward by an angle OE shifting 

the body CG from CG2 to CGE, and changing the ground reaction force vector 

from R2 to RE_ passing close (but ahead) to the KJC in order to keep the body 

erect, reducing the hip flexing moment during the first half of stance phase, and 

facilitating the initiation of knee flexion prior to swing phase (see fig. 6.40). 
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The foregoing explanation is applicable on five subjects (TRAQBS, ELBQBS, 

JLAIBS, ELCQBS, DLAQBS) of this study who showed a trend of extending 
their trunks backward when the socket was extended from the normal position. 
Ile six remaining subjects showed no change in the trunk AP position when 
the socket was extended from the normal position. This may be attributed to 

the fact that the prosthesis did not lose stability when extending the socket, and 

therefore, the patient would not choose to change the attitude of the trunk as 
long as the stability is maintained and the subject is physically able to operate 

the prosthesis. Another reason for the unchanged trunk angular position in six 

subjects, when the socket was extended, is that extending the trunk by an angle 
OE will increase the hip extending moment at push off (see fig. 6.40). This 

may force the posterior brim of the extended socket to dig into the gluteus 

maximus muscle or under the ischial tuberosity of the patient causing pain and 

discomfort (as reported by subjects PLAIBS and ILBIBS). 

In the transverse (TORSO ROTATION) and medio-lateral (TRUNK ML 

TILT) planes, all subjects showed inconsistent changes with the socket 

alignment changes, in that, the trunk changes resulting from flexing the socket 

did not have an opposite trend to those which resulted from extending the 

socket, and the trunk changes which resulted from changing the socket angle 

by 3 and 6 degrees were not in the same direction. This is related to the fact 

that changing the socket alignment in the AP plane will not change the 

alignment of the prosthesis in the transverse and ML planes, and its effect will 

not be seen in the torso rotation and MIL tilt of the trunk displacements unless 

the AP alignment changes are large. Thus, no conclusion can be drawn 

regarding the torso angular changes in the transverse and the trunk changes in 

the NIL planes with the socket alignment change. This finding does not agree 

with Yang Lang (1988) who stated that extending the socket increases the trunk 

lateral tilt toward the sound leg during prosthetic swing phase. However, Yang 

Lang tested two subjects only whereas eleven patients were tested in this study. 
6.7.1.3 Effect of the Knee Shifts 
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The knee alignment changes were achieved by shifting the KJC position 
forwards or backwards relative to the hip-ankle line. It was found that knee 

alignment changes resulted in noticeable changes to the trunk angular 
displacements, and these trunk changes were more pronounced and consistent 
than those which resulted from the foot or socket alignment changes. As 
discussed above (section 6.3), knee forward shift was achieved by dorsiflexing 

the foot and flexing the socket simultaneously by an equal angle, and similarly, 
knee backward shift was achieved by plantarflexing the foot and extending the 
socket. simultaneously by the same angle. This procedure of changing the 

alignment results in shifts in the knee forward/backward and causes no change 
in the angular orientations of the socket and foot relative to each other. 

Table 6.15 shows the effect of knee alignment changes on the angular 
displacements of the-trunk, and figures 6.41 and 6.42 show this effect on two 

representative subjects. In the AP plane (TRUNK AP TILT), shifting the KJC 

forwards by 1.8, cm (in increments of 0.9 cm) from the normal position, 

resulted in a noticeable and consistent change in the trunk AP angular 

displacement. 'The trunklexion angle in-creased-in nine subjects out of eleven 

and slightly decreased in the two remaining subjects (PLAICK, LRBQCK) in 

comparison to that of the normal alignment. The increase in the trunk flexion 

angle ranged from 1.7 to 10.6 degrees, and was generally more pronounced and 

consistent during stance than swing phase. This behaviour of the trunk was 

undertaken by the patient in order to maintain the stability of the prosthesis 

which was affected by shifting the KJC forwards relative to the hip-ankle line, 

and it can be explained using the kinetic and kinematic data as follows: 

Referring to figures 6.43 and 6.44, shifting the KJC forwards relative to 

the hip-ankle line, will change the KJC from its normal position K to a new 

position KF. If the trunk angular position did not change, the body centre-of 

gravity will move from CG to CGI, and therefore the vector RI of the ground 

reaction force will pass behind (possibly on or ahead) the KJC (point KF) and 

the prosthesis will be unstable. Therefore, the patient will flex his/her trunk 
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forwards by an angle OF shifting the body CG from CG I to CGF, and 

changing the ground reaction force vector from RI to RF which passes ahead 

of the KJC (KF) and maintains the- stability of the prosthesis. Ilis explanation 

is applicable to the nine subjects, wh, 0 showed an increase in the trunk flexion 

angle associated with shifting the KJC forwards. 

The two subjects who showed a: decrease in the trunk flexion angle 

associated with a forward shift of the XJC, displayed a situation whereby the 

ground reaction force vector RI passed ahead of the KJC (KF), and the patient 

still has the ability to flex or extend the trunk. This would be found if the 

trunk was normally held in a position'of large flexion (subject LRBQCK), or 

if the original position of the KJC was far behind the load line, and therefore, 

the subject can tolerate some knee forward shift without endangering the 

stability of the knee joint and thus, without changing the position of his trunk. 

This would be the case of subject PLAICK as he extended his trunk only when 

the knee was shifted forward by 0.9 cm, and he had to flex his trunk slightly 

when the knee was shifted forwards by 1.8 cm. It should be noted that the 

magnitude of OF is affecting the AP moment'of the hip joint, however, this will. 

be discussed later with the effect of alignment changes on the hip joint 

moments. 
As the KJC was shifted backwards by 1.8 cm (in increments of 0.9 cm) 

relative to the hip-ankle line, the trunk flexion angle increased by a maximum 

of 3 degrees in three subjects (PLAICK, ELBICK, 'DLAQCK), did not change 

in two subjects (PLAQCK, LRBQCK), and decreased during the gait cycle in 

the six remaining subjects by a range from 1 degree in subject JLAQCK to 3.3 

degrees in subject ILBQCK. This trunk behaviour can be explained using 

figure 6.43 for the duration from heel strike. until mid-stance, and figure 6.44 

for'ihe duration from mid-stance until toe off. Shifting the KJC backward 

relative to the hip-ankle line from K to KB will also shift the FUC from H to 

HB, and the body centre of gravity from CG to CG2. This will subject the hip 

joint to a large flexing moment at heel strike, and create difficulties in initiating 
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knee flexion prior to swing phase as the load line (R2) will be passing far 

ahead of the KJC (point KB). Therefore, the patient would extend his/her 

trunk backwards by an angle OB shifting the body CG from CG2 to CGB and 

changing the ground reaction force vector from R2 to RB in order to reduce 

the AP hip moment at heel strike and facilitate the initiation of knee flexion 

prior to the swing phase. The foregoing explanation is applied to the six 

subjects who extended the trunk position with shifting the KJC backwards. As 

can be seen in figure 6.43, shifting the KJC and extending the trunk backwards 

will increase the fore-and-aft braking force (compare vector RB with R), thus, 

the subject will encounter a higher resistance when the knee is shifted 

backwards than that when the knee is in the normal position. This was 

described by subject PLAICK by saying that the prosthesis was pushing him 

backwards. Therefore, as the stability still maintained, the subject may flex the 

trunk forwards or maintain the original trunk flexion in order to avoid the high 

resistance during the first half of stance phase. This explanation is applied to 

the subjects who flexed or did not change the trunk position with -shifting the 

KJC backwards. This explanation does not include subject DLAQCK as he 

was supplied with a uniaxial foot, and the knee backwards shift was 

compensated by a large change in the foot dorsiflexion angle. Thus, this 

subject should not be counted with those who flexed the trunk with shifting the 

KJC backwards, Le only two subjects (PLAICK-and ILBICK) can be counted 

in flexing the trunk with shifting the KJC backwards. It should be mentioned, 

that extending the trunk when shifting the KJC backwardsý may force the 

posterior brim of the socket to dig into the gluteus maximus muscle giving the 

patient pain and discomfort. Although no complaint was reported, this can still 

be a reason for flexing the trunk forwards, when the KJC is shifted backwards, 

in order to relief pain, since the subjects were describing the function of the 

prosthesis after conducting the trunk adjustments. 

in the ML direction (TRUNK ML TILT), the AP knee alignment 

changes resulted in small and inconsistent changes in the trunk angular position 
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during stance phase. However, some subjects showed a meaningful trend of 

change in the trunk position during swing phase. When the KJC was shifted 
backwards from the normal position, five subjects (ILBQCK, PLAICK, 

PLAQCK, TRAQCK, ELCQCK) increased the trunk MEL tilt toward the sound 
leg during the prosthetic swing phase, two subjects (ILAQCK and DLAQCK) 

showed no change and the four remaining subjects showed a decrease in the 

trunk ML tilt toward the sound leg during the prosthetic swing phase. When 

the knee was shifted forwards, six subjects (ILBQCK, NIRCQCK, PLAQCK, 

LRBQCK,. 1"1LB1CK, PLAICK) slightly decreased the trunk ML tilt towards the 

sound leg during the prosthetic swing phase, three subjects (JLAQCK, 

JLAICK, DLAQCK) showed no change, and the two remaining subjects 

showed a slight increase in the trunk NIOL tilt toward the sound leg during the 

prosthetic swing-phase. The increase/decrease in the trunk ML tilt toward the 

sound leg which was exhibited by most subjects during swing phase when the 

KJC was shifted backward/forward, is due to the fact that shifting the KJC 

backward/forward increases/decreases the hip-toe distance of the prosthesis 

during swing phase. Therefore, the subject is forced to lean over the sound leg 

during the prosthetic swing phase in order to clear the way for the swinging 

foot and prevent stumbling. The change in the hip-toe distance is affected by 

the original orientation of the prosthesis and by the amount of shift in the KJC, 

and the patient may tolerate some change in that distance without having to 

change the trunk ML behaviour. This explains why some subjects did not 

change the trunk ML angle with the knee alignment changes, and some 

subjects even decreased/increased the trunk MOL tilt toward the sound leg during 

the prosthetic swing phase when the KJC was shifted backward/forward. 

In the transverse plane (TORSO ROTATION), changes in torso rotation 

were found in "most subjects with knee alignment changes, however, torso 

changes were inconsistent and followed no certain pattern of change. The 

magnitude of these changes varied among subjects from 4 to 10 degrees. 

These changes are related to the changes in the fore-and-aft force which were 
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Chapter Six Results and Discussion 

found on the sound and prosthetic legs with knee alignment changes, as an 
increase in the push off force was expected to result in an increase in the torso 

rotation. However, as these changes were inconsistent, no conclusion can be 
drawn. 

6.7.2 Effect of Alignment Changes on the Angular Displacements of the 
Lower limb Joints 

6.7.2.1 Effect of Foot Alignment Changes 

Figures 6.45 and 6.46 show the effect of the foot alignment 

changes on the AP angular displacements of the lower joints of the sound and 

prosthetic legs respectively, for one subject, and table 6.16 shows a summary 

of the results for this effect for all subjects. 
It was found that the angular displacements of the sound leg joints were 

not affected by the foot alignment changes. Small and inconsistent variations 

were f6und in all subjects, and the change exhibited in the ankle dorsiflexibn 

angle of subject PLAQAF was only found in this subject. Therefore, no 

conclusion can be drawn regarding the effect of foot alignment changes on the 

angular displacements of the lower limb joints of the sound leg. 

On the prosthetic side, no noticeable changes were found in the knee, 

flexion angle, however, some patients displayed a slight decrease in the knee 

flexion angle during swing phase when foot alignment -changes toward 

plantarflexion were made. This corresponds to the decrease in the push off 

force which was found at the prosthetic leg when the foot alignment changes 

were toward plantarflexion. 
It was found that at the prosthetic leg, foot alignment changes were 

compensated by changes in the ankle' and thigh angles during stance phase, 
but no. changes were found in the ankle and thigh angles during swing phase. 
When the foot was dorsiflexed by 6 degrees (in increments of 3 degrees) from 

For the prostheses which were fitted with SACH'feet, the changes'in the ankle angle 
are in fact changes in the bending angle of the forefoot because the ankle is solid, see section 
5.5.3 for the calculation of this angle. 
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its normal position, the ankle dorsiflexion angle decreased at push off in eight 
subjects by an average of 3.6 degrees (ranging from 2 to 6 degrees) in 

comparison to that'when the foot'was in noffnal alignment, and the three 

remaining subjects (PLAQAF, JLAQAF, ELCQAF) showed no changes in the 
ankle do . rsiflexion angle. Plantarflexing the foot by 6 degrees (in increments 

of 3 degrees) from the normal position, in creased the ankle dorsiflexion angle 
at push off in seven subjects by an average of 2.3 degrees (ranging from 1.5 
to 3.5 degrees), and the four remaining subjects (MRCQAF, ELCQAF, 
ILBQAF, DLAQAF) showed no changes. Another interesting change wasý 
found in the ankle angle 

. 
parameter with foot alignment changes, that is, in the 

time duratic-A of the ankle plantarflexion after heel strike. This however, will 
be discussed later with the anklejoint moments. The above finding of the 
decreasefincrease . in . the ankle angle at push off when the foot was. 
dorsi/plantarflexed, fr6m the'original position, 'ffiay be related to the fact that the * 

subject was compensating for the foot alignment changes. However, -. the' 

patients hav 
,e 

no control on the ankle angle because they were all fitted with 
SACH feet (except subject DLAQAF), and the changes measured in the ankle 

angle were in fact changes in the bending angle of the forefoot. The change 
in the bending angle of the forefoot depends on the stiffness of the foot, *and. * 

on the moment applied aboU-t the foot bending centre which is mainly 

generated by the vertical component of the ground reaction force. However, 

the foot stiffness was not changed because the foot was not changed, and the 

vertical grp. nd reaction force (FPY) was found to have no noticeable changes 

at push off with the foot alignment changes. Therefore, the above changes in 

the ankle angle can only be related to changes in the distance between the FPY 

and the foot centre of bending. The anterior part of the prosthetic foot (which 

is equivalent to the anaton-dcal toes) may not be fully supportive at push off 

when the foot changes were toward dorsiflexion, and the subject was more 

supported by the. Prosthetic toes when the foot changes were toward 

plantarflexion than that when the foot was in normal alignment. This is 
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supported by the fact that the ankle dorsiflexing moment showed a slight 

decrease/increase at push off as the foot was dorsiflexed/plantarflexed from its 

normal position (see section 6.7.4.1). 

On the prosthetic side, it was found that dorsiflexing the foot from its 

original position by 6 degrees (in increments of 3 degrees) increased the thigh 
flexion angle at heel strike by a range from I to 3.5 degrees, and decreased the 

thigh extension angle at push off by a range from I to 3.5 degrees. 0 
Plantarflexing the foot from its original position by 6 degrees (in increments 

of 3 degrees) decreased the thigh flexion angle at hect strike by a range from 

I to 3 degrees, and increased the thigh extension angle at push off by a range 

from I to 3 degrees, in comparison to- that when the foot was in normal 

alignment. These adaptations were made by the subject in order to compensate 

for the angular changes of the foot and for lost stability. The mechanism of 

compensation for the dorsiflexion changes at heel strike and at push offls' 

explained below. A similar explanation can be applied to the plantarflexion 

changes: 
Referring to figure 6.47, dorsiflexing the foot by an angle Od will shift 

the KJC from K to KI, the HJC from H to HI and the body centre of gravity 

will also be shifted from CG to CGI. This will increase the height of the FUC 

(point HI, by about 2 cm) relative to the ground, and will change the vector 

of the ground reaction force from R to RI which passes behind the KJC (KI) 

causing instability of the prosthesis. Therefore, the amputee will put the 

prosthetic foot further forwards (or the IUC backwards) so that the HJC (HI) 

will move downwards from H to Hd (distance H-Hd is exaggerated to 

demonstrate the point) and reduces the height gained. . 
This will change the 

thigh flexion angle from T to Td, and it is clear that the value of Td is larger 

than T, and this case was obtained in the above discussed results. The subject 

will also flex the trunk forwards to restore stability. At push off phase, the 

IUC of the prosthetic side loses height by dorsiflexing thefoot (compare points 

H and Hd in fig. 6.36), therefore, the patient will shift the FIX backwards 
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(toward the point H) in order to compensate for the lost height. This will 
decrease the thigh extension angle at push off, and this is applicable to the 

above discussed results. 
6.7.2.2 Effect of the Socket Alignment Changes 

The effects of socket alignment changes on the angular displacements 

of the lower limb joints in the AP plane, are shown in table 6.16, and figures 

6.48 and 6.49 show this effect on the prosthetic and sound sides respectively, 
for a representative subject. 

On the prosthetic side, no noticeable changes were found in the ankle 

dorsiflexion, knee flexion or in the thigh flexion angle during swing phase with 

socket alignment changes. However, the knee flexion angle of most patients 

showed a tendency towards a slight increase. during swing phase as the 
I 

alignment' ciianges were towards. flexing the socket. This is attributed to the 

increase in the prosthetic push off force (FXP) which was found with flexing 

the socket from its original position (see section 6.7.3.2). During stance phase, 

flexing/extending the socket from its normal position by 6 degrees (in 

increments of 3 degrees), resulted in flexing/extending the prosthetic knee angle 

in all subjects by 6 degrees (proportional changes can be assumed) from its 

normal position (the knee angle was defined as the angle between shank and 

thigh, see section 5.5.3). This change in the knee angle is in fact not a 

compensating action, because during stance phase the prosthetic knee is always 

held in full extension, as it is a plain uniaxial knee, and the patient cannot 

control the prosthetic knee- angle during stance phase. Thus, the resulting 

changes in the prosthetic knee angle during stance phase noted are a reflection 

of the changes which were conducted at the socket.. 

When the socket was flexed/extended from its original position, the 

flexion angle of the prosthetic thigh at heel strike was increased/decreased, 

while the extension angle' of the prosthetic thigh at. push off was 

decreasedrinCreased in comparison to that when the socket was in normal 

alignment. When the socket was changed by 6 degrees (in increments of 3 
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degrees) in either direction, the change in the thigh angle varied between 

subjects from 2 to 6 degrees (proportional changes can be assumed for each 

subject). It was also found, that in most subjects flexing/extending the socket 
by 6 degrees (in increments of 3 degrees) increased/decreased the ankle 
dorsiflexiOn angle at push-off by a range from zero to 3 degrees (proportional 

changes can be assumed for each subject). The changes in the thigh and ankle 

angle are influenced by the changes in the socket angle, and are also 
influencing each other. This mechanism of the changes in the thigh and ankle 

angles with the socket alignment changes is explained as follows, considering- 
the socket flexion change as an example: 

By flexing the socket by an angle TF (3 and 6 degrees in this study) 
from its normal. position, the subject will , have to flex his stump by the . same 

angle (TF)'in order to fithis stump in the flexed socket, and maintain similar 

angulation between the foot and the ground 'to that when the socket was -in - 

normal alignment, during the events of stance phase. If the subject failed to 
flex the stump by-, the angle TF and flexed it by an angle TI only (where T1 

is smaller than TF), the foot angular position would be changed with the 

ground in 
, 
order to compensate for the differences in the thigh angle, and as 

such, the foot would act as if it had been plantarflexed by an angle equal to the' 
difference between TF and TI (TF-TI). This explains why the ankle 

dorsiflexion. angle of most subjects behaved in a similar manner when the 

socket was flexed to that when the foot was plantarflexed. If the changes in 

the thigh angle, are similar to the changes in the socket angle (subject TRAQB S 

is a clear example), the ankle angle would not be changed. 
On the sound side, no noticeable changes were found in the angular 

displacements - of the joint with the socket alignment changes, however, small 

and inconsistent -variations, were found but they cannot be considered 

conclusive. 
6.7.23 Effect of the Xnee Shifts 

Figures 6.50 and 6.51 show'the effect of knee forward/backward shifts 
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on the angular displacements of the prosthetic and sound leg joints in the A/P 

plane respectively for one representative subject, and table 6.16 shows a 

summary for all patients. 
On the prosthetic side, the knee angle was changed in all subjects during 

stance phase. -. Shifting the KJC forwards/backwards relative to the hip-ankle 

line resulted in an increase/decrease in the knee flexion angle. Ilis change in 

the knee angle is equal to the angular change which was applied on the socket 
in order to achieve the knee shift. As mentioned before in this chapter, the 

knee shifts were achieved by a simultaneous change at the prosthetic, foot and 

socket by a certain angle. For example, shifting the KJC forwards by 0.9 cm 
(fig. 6.50) was conducted by flexing the socket and dorsiflexing the foot 

simultaneously by 3 degrees. As the knee is always locked in full extension 

during stance phase, the above obtained changes in the knee angle were in fact 

a measure of the'angular changes at the socket and they have no compensatory 

mechanism. During swing phase, five subjects (TRAQCK, ELBQCKI, PLAICK, 

PLAQCK, ELCQCK) showed a tendency of increasing the knee flexion angle 

as the KJC was located anteriorly. This is related to the increase in the push 

off force (FXP) which was found at the prosthetic leg as the KJC was shifted 

forwards. The six remaining subjects showed inconsistent variations in the 

knee flexion angle during swing phase with the knee shifts. 

Shifting the KJC forwards/backwards does not affect the socket and foot 

orientations relative to the ground, because the foot angular changes were 

compensated by suitable socket angular changes when the knee shifts were 

conducted, therefore, the subjects have no angular changes in the orientation 

of the prosthesis to compensate for. However, shifting the KJC 

forwards/backwards from its normal position resulted in slight variations in the 

ankle angle of some subjects, and in a noticeable change in the thigh flexion 

angle of all subjects. Shifting the KJQ forwards by an increment of 0.9 cm, 

increased the thigh flexion angle at heel strike and decreased the thigh 

extension angle at push off by a range from 1.5 to 3 degrees per shift. Ibis 
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is explained as follows: 

Results and Discussion 

Although, shifting the KJC forwards did not change the orientation of 

the prosthesis, the height of the IUC which is represented by the point HF (see 

fig. 6.43) ir.: reased in comparison to that of the normal alignment (point 14). 

Therefore, the subject was forced to put his foot further forward (or his JIjC 

further backward) in order to reduce the gained height. This increased the 

thigh flexion angle and caused a slight change in the ankle dorsiflexion angle 
during stance phase. The change in the foot and thigh angles which were 

obtained from shifting the KJC forwards, is similar to that obtained from 

dorsiflexing the foot and was 'discussed in section 6.7.2.1. 

On the sound side, no noticeable changes were found in. the angular 

displacements of the lower joints with the knee shifts. However, some 

variations were noted in the thigh angle. of subjects JLAICK, TRAQCK, 

MRCQCK, PLAICK, ELCQCK and JLAQCK. In these cases the thigh angle 

slightly, increased as the KJC was shifted forwards. This may be due to the 

fact that some subjects would compensate by thigh angular changes on the 

prosthetic*, and sound legs in order to have a uniform gait. 

6.7.3 Effect -of Alignment Changes on the Ground Reaction Forces 

The effects' of alignment changes on the fore-and-aft ground reaction 

force (FPX) of the prosthetic and sound legs are shown in tables 6.17 and 6.18 

respectively. ' The effect on the'veitical ground reaction force (FPY) is also 

shown in table 6.19 for the prosthefic. and sound legs. 

6.7.3.1 Effect of the Foot Changes 

Figures 6.52 and 6.53 show the effect of foot alignment changes 

on the ground reaction force of the'prosthetic and sound legs respectively for 

a typical subject, and tables 6.17,6.18 and 6.19 show a summary of the results 

of all subjects. 
The Effect on the Fore-and-aft Force (FPX): 

To make the. discussion more effective, the fore-and-aft ground reaction 
force (FPX) was characterised by three parameters (see fig. 6.52), thus, the 
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Chamer Six Results and Discussion 

changes in the FPX with the alignment changes can be studied in detail. The 

parameters are: the braking force (FXB), the push off force (FXP) and the 

transition time (TT) during which the FPX will appear to be negative (Le the 

duration of, the braking force ). 

On the prosthetic leg. noticeable changes were found in the pattern of 
FPX with foot alignment changes. The pattem became more comparable to 

that of the normal subjects, when the'foot was plantarflexed from the normal 

position. This was achieved by an increase in the magnitude of the braking 

force (FXB) and in the transition time (TT). When the foot was dorsiflexed 

by 6 degrees (in increments of 3 degrees) from the normal position, the Tr of 

the prosthetic leg decreased in eight patients and did not change in the three 

remaining patients (L-RBQAF, TRAQAF, ILBIAF). This decrease in the 71T 

was also. reported by'Mizrahi et al (1986) and Yang Lang (1988).. Ile 

maximum decreAse-'in'the' IT value with dorsiflexion of the foot varied 

individually among subjects from 38% (subject PLAQAF) to 67%. (subjict 

ELBQAF) of that obtained -when the foot was in normal alignment. It should 

be noticed that the change in the value of Tr was not proportional to the 

change in the foot angle, and generally, a similar change in the 17 value was 

obtained when the foot was dorsiflexed by 3 and 6 degrees. This is attributed 

to the fact that the subject has to spend a certain time on the heel area in order 

to allow shifting his body mass forwards. This time is influenced by the 

velocity of the subject which was found to have no significant (P>0.1) changes 

with the foot alignment changes. The reason of the decrease in the value of 

TT will be discussed later in this section along with the changes in the 

magnitudes of -the braking force (FXB) and the push off force (FXP). When 

the foot changes were towards plantarflexion, and against the expectation, eight 

subjects showed no change in the 17 value of the prosthetic leg and the three 

remaining, subjects (ELBQAF, TRAQAFLRBQAF) only showed an increase 

in the TT, value by -an average of 37% of the value obtained when the foot was 

in normal alignment. 
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Chapter Six Results and Discussion 

On the sound leg no changes were found in the TT value with foot 

alignment changes, and the small variation which was obtained (maximum of 
7% of that when the foot was in normal alignment) is considered to be within 

the individual step to step variations. 
On the prosthetic Iv, the magnitude of the fore-and-aft force (FPX) 

showed noticeable changes with foot alignment changes. When the foot was 
dorsiflexed by 6 degrees (in increments of 3 degrees) from the normal position, 

the braking force (FXB) decreased in five subjects (PLAIAF, TNfRCQAF, 
ELCQAF, ILBIAF, DLAQAF) by an average of 43% (ranging from 16%. to 

87% and proportional changes can be assumed) of that of the normal 

alignment, and increased in three subjects (PLAQAF, JLALkF, LRBQAF) by 

an average of 17.3% (ranging from 14% to 22%) of that of the normal 

alignmentý one subject (JLAQAF) showed no change, and the two remaining 

subjects (ILBQAF, TRAQAF) showed inconsisient variations. Ile push off 

force (FXP) increased in three subjects (NlRCQAF, PLAQAF, PLAIAIF) by'an 

average of 20% (ranged from 10% to 26%) of that when the foot- was -in 
normal alignment, and showed no changes in the eight remaining subjects. lie 

above finding'agrees with Yang Lang (1988) who reported insignificant 

changes in the FXP and significant changes in the FXB as the foot was 

changed from plantarflexion to dorsiflexion. When the foot was plantarflexed 

by 6 degrees (in increments of 3 degrees) from the normal position, the braking 

force (FXB) of the prosthetic leg increased in nine subjects by an average of 

45% (ranging from 10% to 100% and proportional changes can be assumed) 

of that when the foot was in normal alignment, and decreased by an average 

of 16.5% of that of the normal alignment in the two remaining subjects 

(LRBQAF, PLAIAF). Plantarflexing the foot by 6 degrees (in increments of 

3 degrees) decreased the push off force (FXP) of the prosthetic leg in six 

subjects (MRCQAF, TRAQAF, ILBQNF, DLAQAF, ILBIAF, PLAIAF) by an 

average of *16.5% (ranging from 10.5% to 29% and proportional changes can 

be assumed) of that when the foot was in normal alignment. Only one subject 
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Chamer Six Results and Discussion 

(PLAQAF) showed an increase in the FXP, by 18% of that of the normal 
alignment, and the four remaining subjects showed no change. 

To study the mechanism of the above changes in the fore-and-aft force 

with the foot alignment changes, the kinematic and kinetic data acquired were 

used and figures 6.35 and 6.36 were drawn to illustrate the discussion. 
Suppose a prosthesis in its normal alignment is represented by the AJC 

(A), KJC (K) and HJC (H), the body centre of gravity by CG, at heel strike 
(fig. 6.35), +'. -, e vector of the ground reaction force R passes ahead of the KJC 

and the prosthesis is stable. Dorsiflexing the foot will shift the KJC form K 

to Kd and the HJC from H to Hd. If the trunk angular position did not change, 

the ground reaction force will be represented by the vector RI which may pass 
behind the KJC (Kd) causing- instability to the prosthesis. Therefore, the 

patient will flex his trunk forwards shifting the body centre of gravity from - 
CG2 to CGd, in this case, the ground reaction force vector will be represented 
by Rd which passes ahead of Kd and restores the stability of the prosthesis. 
Comparing vector R with Rd (fig. 6.35), it is clear that the inclination of vector 

Rd to the vertical line in the AP plane is smaller than that of vector R, thus, 

the fore-and-aft (the braking force) component of vector Rd is smaller than that 

of vector R with the condition that the absolute values of vectors Rd and R are 

equal d R1 -"'Rd ). This explanation is appropriate to the five subjects who 

showed a reduction in the FXB when the foot was dorsiflexed from the normal 

position. The reason that three subjects showed an increase in the FXB when 

dorsiflexing the foot, is believed to be the possibility that the -dorsiflexion 
which was applied on the foot, did not cause instability to the prosthesis, and 

the subjects did not have to flex their trunks in order to compensate for the lost 

stability. This is supported by the fact that (referring to these 3 subjects) 

subject LRBQAF extended his trunk- slightly, subject JLAIAF showed no 

change and subject PLAQAF exhibited very little trunk flexion as the foot was 
dorsiflexed from the normal position. 

The above explanation which showed that the braking force (FXB), i. e. 
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the horizontal component of vector Rd was smaller than that of vector R, 

proves that the subject encountered a lower resistance when the foot was 

dorsiflexed than that when the foot was in normal alignment. This explains 

why eight subjects had a decrease in the transition time (TT) when the foot was 
dorsiflexed from the normal position. 

The differences among subjects noted in the changes in M and Tr as 

a result of foot alignment changes, can be. related to the changes in the 

inclination of the ground reaction force vector (GRFV). The changes in the 

inclination of the GRFV were in turn due to changes in the attitude of the trunk 

adopted by the subjects in order to ensure adequate stability of the prosthetic 
knee. 

Applying a similar analysis on the push off force FXP (see fig. 6.36) 

shows that dorsiflexing the foot would increase the FXP. -However, only three 

subjects followed this mechanism of change, and the changes in the FXP of the 

remaining eight subjects were not noticeable (see discussion above in this 

section and table 6.17). This is attributed to the fact that during the push off 

phase, the foot alignment changes performed did not endanger the stability of 

the prosthesis, and therefore, the subjects did not have to change the trunk 

position in nrder to compensate for lost stability. 
Considering the foot changes in the plantarflexion direction, and again 

referring to figures 6.35 and 6.36 and following a similar procedure of analysis 

to that for the changes in the dorsiflexion direction, it can be seen that 

plantarflexing the foot will change the vector of the ground reaction force from 

R to RP (the GRFV passes through the body CG, ignoring the offset between 

the body CG and GRFV caused by the body angular acceleration). This would 

increase the magnitude of FXB as indeed was found in nine subjects and 

decrease the value of FXP as was obtained for six subjects. The increase in 

the magnitude of FXB would increase the value of TT, however, this was 
found for three subjects only and eight subjects showed no change in theIT 

value when the foot was plantarflexed from the normal position. This is 
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believed to be due to the fact that most subjects were fit enough to overcome 

the resultant high resistance without delay in the TT. Furthermore, the IT 

cannot be delayed by more than a limited time, this time is influenced by the 

velocity of the subject which was found have no significant (P>0.1) changes 

with the foot alignment changes. Therefore, the subjects were forced to make 

the effort and overcome the resultant high resistance without delaying in the 

The differences among subjects in the changes in FXB and FXP, and the 

reason that four subjects showed no change in the FXP with plantarflexing the 

foot from the normal position, are attributed to the fact that plantifflexing the 

foot would increase the stability of the prosthesis, therefore, the subject may 

adopt a compensatory mechanism and change the vector of the ground reaction 

force from R to Rp, however, the subject is not forced to adopt that change as 

the stability of the prosthesis is maintained. 

The decrease in the prosthetic push off force when the foot is 

plantarflexed from the original position, resulted in a noticeable decrease in the 

braking force of the sound leg This decrease was found on the sound side of 

six subjects (DLAQAF, ELBIAF, MRCQAF, ILBQAF, JLAQAF, PLAIAF) and 

ranged from 15% to 41% of that when the foot was in normal alignment. The 

push off force of the sound leg showed a trend of increase/decrease when the 

prosthetic fuot was plantarflexed/dorsiflexed trom the normal position. The 

maximum increase was 28% (subject JLAQAF) and the maximum decrease 

was 23% (subject DLAQAF) of that when the foot was in normal alignment. 

This increase/decrease in the push off force of the sound leg is controlling the 

braking force of the prosthetic leg which generally increased/decreased with 

plantarflexion/dorsiflexion of the prosthetic foot from the normal position. It 

should be mentioned, that no noticeable differences were found between the 

effect of foot alignment changes on the fore-and- 
* 
aft force of quad and IC 

socket wearers, therefore, they were discussed as one group of patients. 
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Chapter Six Results and Discussion 

,. 
Effect on the Vertical Force (FPY): TILe, 

As the vertical ground reaction force is typically characterised by two 

peaks and a trough, this will be employed in addition to the, phase of 

occurrence of these three parameters to study the effect of the alignment 

changes on the vertical ground reaction force. 

On the prosthetic leg most subjects exhibited variations in the vertical 

ground reaction force with the alignment changes. However, these variations 

were noticeable and consistent on the time of occurrence of the first vertical 

peak only, in that planwflexing/dorsiflexing the prosthetic' foot 

advanced/delayed the time of occurrence of the first vertical peak, and as a 

result, the occurrence of the trough was also advanced/delayed in most subjects 

(see fig. 6.52 and table 6.19). Dorsiflexing the prosthetic foot by 6 degrees (in 

increments of 3 degrees) delayed the occurrence of the first vertical peak in six 

subjects (JLAQAF, JLAIAF, ILBQAF, ELCQAF, MRCQAF, PLAIAF) by a 

range from 11% to 66% of that when the foot was'in, normal alignment. 

Although tht-. changes are small relative to the stance phase, they are quite large 

relative to their value which was obtained when the foot was in normal 

alignment. For instance, subject ELCQAF showed* a delay of 8% of stance 

phase, this is equal to 27% of the time of occurrence which was obtained for 

the first vertical peak when the foot was in normal alignment. This delay is 

attributed to the fact that dorsiflexing the foot will reduce the stability of the 

prosthesis, and will increase the foot-floor angle at heel strike, therefore, the 

patient was dwelling for a longer time on his heel to ensure the stability of the 

prosthesis and full contact between the foot and the floor before transferring 

load on to it. The reason that the delay time varied among subjects and did not 

exist in some subjects may be related to the degree of instability which was felt 

by the subject when dorsiflexing the foot. The reverse of the above 

explanation -Wanbe adopted to explain the advanced occurrence of the first 

vertical peak mi the prosthetic ground reaction force, which was found in five 

patients (DLAQAF, TRAQAF, PLAQAF, JLAQAF, ELCQAF) when the foot 
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was plantarflexed, and ranged from 28% to 42% of the normal value. The 

above advance/delay in the occurrence of the first vertical peak is also related 

to the time which is needed from heel strike until the foot is in full contact 

with the floor (as mentioned above). This time is affected by the foot 

alignment changes and the effect will be discussed later along with the 

moments of the ankle joint (section 6.7.4.1). 

On the sound le-g-, a trend of change was found in the FPY of most 

subjects, in that the first/second peak decreased/increased when the prosthetic 
foot was plantarflexed from the normal position. The first/second peak also 

showed a trend of increase/decrease when the foot was dorsiflexed from the 

normal position. However, these changes were not discernible with all subjects 

and not always consistent. The reason for this change of trend can be 

explained as discussed above regarding the changes in the braking and pushing 

off forces of the sound leg. 

The'Effect on the Medio-Lateral Force (FPZ): 

The medio-lateral force (FPZ) of the prosthetic leg showed noticeable 

and consistent 'changes during the first half of stance phase (the transition 

time), and inconsistent variations were noted during the rest of the stance phase 

with the foot alignment changes. When the foot was dorsiflexed/plantarflexed 

from the normal - position, the magnitude of the prosthetic FPZ 

decreased/increased in most subjects. These changes varied among subjects 

and their maximum value was 100% (subject ELCQAF) of that when the foot 

was in normal alignment. These changes are attributed to the decreaserincrease 

in the horizontal force acting along the foot, which has components in the X 

(FPX) and Z (FPZ) directio 
- 
ns, since the ioot has a toe out angle with the line 

of progression. On the sound leg. no changes were found in the ýFPZ with the 

foot alignment changes, and the variations that exist can be attributed to step 

to step variqdons. I 
It should be'mentioned that no differences were found in the effect of 

the foot alignment changes on the vertical and medio-lateral force that could 
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be attributed to the type of socket which was either quadrilateral or IC. 

6.7.3.2 Effect of the Socket Changes 

- Figw-cs 6.54 and 6.55 show the effect of the socket alignment changes 

on the ground reaction forces of the prosthetic and sound leg respectively, and 

tables 6.17,6.18 and 6.19 show a summary of the results of all subjects. .- 
The Effect on the fore-and-aftforce (FPX): 

On the prosthetic side, the fore-and-aft ground reaction force showed 

noticeable and consistent changes with the socket alignment changes. Flexing 

the socket from its normal position by 6 degrees (in increments of 3 degrees), 

decreased the braking force (FXB) of the prosthetic leg in ten subjects by an 

average of 43.9% (ranging from, 14% to 66% and proportional changes can be 

assumea) of that when the socket was in normal alignment. The remaining 

subject (ILBQBS) showed an increase in the FXB of the prosthetic leg by. 57% 

of the normal value when, the socket was flexed by 6 degrees (in increments 

of 3 degrees). These changes pan be explained using the acquired Idnernatic 

and kinetic data and referring to figure 6.39 as follows: 

Flexing the socket from its normal position will change the vector of the 

ground reaction force from R to RI (corresponding to the position of the body 

CG) which passes on or behind th'e KJC causing instability to the prosthesis. 

Therefore, the subject will flex the. trunk. forwards by an angle OF (which was 

indeed found in section 6.7.1.2 and table 6.15) so that the vector of the ground 

reaction force, in its final position (RF), will pass ahead of the KJC and secure 

the stability of the prosthesis. Comparing vector R with RF, it is evident that 

the fore-and-aft component (FXB) of vector RF is smaller than that of vector 

R in condition that the absolute values of the two vectors are eqýal 

R] ý Rý ). This indicates that the subject encountered less resistance by 

flexing the socket than when the socket was in normal alignment. Therefore, 

the transition time (TD- would be Oecreased when flexing the socket. 

However, as the socýqt was . 
Oexed from the normal position by 6 degrees (in 

increments of 3 degrees), the TT value decreased in only four subjects 

221 
... 



221A 

0' 
N 

a 
I 

a 

0 
a 
0 

0 
I 

I 
0 

I 

0 20 '10 so, -80,100 
% oP stance phase 

.9 m 
-1 

(4 Sm 
-STO 

CODE: ILBIBS 
PARAMETER: 

FPY/-BWGHT 

NORM. AL 

--------- 3DEG. EXT 

GDEG. EXT 

--------- 3DEG. FLEX 

9 GDEG. FLEX 

0 20 40 so so 100 
% OP stance phase 

5 

a C') 
C 

a 

CODE: ILBIBS 
PARAMETER: 

FPX / BWGHT 

, 
NORM. AL 

--------- 30EG. EXT 

GDEG. EXT 

3DES. FLEX 

SOEG. FLEX 
70 20 40 so so 100 

oP stance phase 

Figure 6.55 Effect of socket alignment changes. on the variation with time 
of the ground reaction forces of the sound leg for an AK amputee. 



Chal2ter Six Results and Discussion 

(ILBQBS, PLAIBS, DLAQBS, ELCQBS) by an average of 16.3% (ranging 

from 6% to 30%) of that of the normal alignment, and the seven remaining 

subjects shewed no change in the magnitude of Tr- The reason that seven 

subjects showed no change in the value of IT is related to the unchanged 
(P>0.1) velocity of the subjects which would affect the 7T value. 

When the socket was flexed by 6 degrees (in increments of 3 degrees) 

from the normal alignment, the push off force (FXP) did not change in one 

subject (JLAQBS), but did increase by an average of 42% (ranging from 10% 

to 130%, and proportional changes can be assumed) of that of the normal 

alignment in the ten remaining subjects. This increase in the FXP can be 

explained by the same method used above to explain the decrease in the FXB 

when the socket was flexed. Referring to figure 6.40, it is clear that the fore- 

and-aft *component of vector RF which represents-the ground reaction force 

after flexing the socket, -. is larger than that of vector R which represents the 

ground reawion force when the socket was in normal alignment. Another 

reason for the increase in the FXP with increased socket flexion is that the 

effectiveness of the hip extensors muscles may increase and therefore, the 

moment generated by the prosthetic thigh will be increased, thus, the push off 

force will also be increased. - 
Extending the socket by 6 degrees (in increments of 3 degrees) from the 

normal alignment increased the braking force (FXB) of the prosthetic leg in all 

subjects, one subject (UBQBS) showed a large increase (350%) while the ten 

remaining subjects showed an increase by an average of 34.5% (ranging from 

15% to 100%, and proportional change can be assumed) of that when the 

socket was in'normal alignmeni. This can be explained following a similar 

procedure to that followed above for studying the changes resulting from 

flexing the socket. Referring to figure 6.39, it is clear that the fore-and-aft 

component of vector R which represents the ground reaction force with the 

socket'in normal alignmentv is smaller than that of vector RE which represents 

the ground reaction force after extending the socket. It should be mentioned 
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that the increase in the FXB would delay the transition time (Tr), however, it 

was found that the IT value was delayed by 8% in subject ILBQBS only, 

advanced by 29% of that of the normal alignment in subject ELBIBS, and no 

changes were found in the TT value of the prosthetic side of the nine 

remaining slibJects. This is related to the fact that all subjects were active and 

overcame the increase in the resistance without delay in the Tr, and this in 

turn, is supported by the fact that no significant (P>0.1) changes were found 

in the velocity of the subjects with the socket alignment changes. Referring to 

figure 6.40, it can be seen that the push off force (FXIP) should be decreased 

when extending the socket from its normal alignment (compare vector R with 

RE). This was found in eight subjects out of eleven, i. e. extending the socket 

by 6 degrees (in increments of 3 degrees) from the normal alignment, 

decreased the FXP of the eight subjects by an average of 21.8% (ranging from 

8% to 35%, and proportional changes can be assumed) of that of the normal 

alignment, and no changes were found in the FXP of the three remaining 

subjects (ILBQBS, LRBQBS, NMCQBS). 

Flex-Lig/extending the socket from its normal position resulted in a trend 

to increase/decrease the braking force (FXB) and decreasefincrease the push off 

force (FXP) on the sound leg. This trend of change was found in most 

subjects and is related to the changes in the prosthetic fore-and-aft force with 

the socket alignment changes which were discussed above, as such, an increase 

in the FXP of the prosthetic leg would result in an increase in the FXB of the 

sound leg, and a decrease in the FXB of the prosthetic leg would result from 

a decrease in the FXP of the sound leg. 

The Effect-on the Vertical Force (FPY): 

The vertical ground reaction force of the 12rosthetic leg, was more 

affected by flexing, than extending, the socket from the normal alignment. 
However, the noticeable changes were only at the instant at which the first 

vertical pea;. occurred. When the socket was flexed from the normal position 
by 6 degrees (in increments of 3 degrees), two subjects (DLAQBS and 
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PLAQBS) showed no change, one subject only (JLAQBS) showed an advance 
by 17%, and the eight remaining patients showed a delay in the occurrence of 
the first vertical peak of FPY, by an average of 38.4% (ranging from 9% to 
64%, and proportional changes can be assumed) of that when the socket was 
in normal alignment. With the socket flexion changes, the magnitude of the 

: first verticai peak of FPY of the prosthetic leg slightly increased in three 

subjects (JLAIBS, LRBQBS, JLAQBS), slightly decreased in subject ILBQBS, 

changed inconsistently in subject MRCQBS, and no changes were found in the 

six remaining subjects. These changes'in the magnitude of the first vertical 

peak of FpY can be explained in a similar manner to that used to explain the 

changes in the FXB with increased socket flexion. Referring to figure 6.39, 

and comparing the vector R which represents the ground reaction force when 

the socket was in normal alignment with the vector RF which represents the 

ground reaction force after flexing the socket, it is clear that the vertical 

component of vector R is smaller than that of RF, if the magnitude of the 

resultant vector did not change, i. e. I RI ý0. This explanation is 

applicable to the three subjects who showed an increase in the first vertical 

peak of FPY when the socket was flexed. The reason that the other subjects 

did not follow the foregoing explanation may be related to the fact that they 

could not maintain the condition I RI ý0, because of a feeling of instability 

which was felt by the subjects when the socket was flexed. Thus, the subjects 

had to reduce the load which was supported by the prosthesis i. e. I P'A ýW. 

The instability feeling at heel strike is also responsible for the delay in the 

instant of occurrence of the first vertical peak of FPY which was found in eight 

subjects, because the patients spent more time on the heel in order to ensure 

stability before fully loading the prosthesis. 
No noticeable changes were found in the magnitude and time of 

occurrence of the trough and the second, vertical peak of FPY of the prosthetic 
leg when the socket was flexed from its normal position. This shows that the 
delay in the occurrence of the first vertical peak did not affect the occurrence 
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time of the trough and the second peak, and this in turn is in agreement with 
the finding that the transition time (TT) was reduced (or did not change) when 
the socket is flexed from its normal position. The unchanged magnitude of the 

trough and second vertical peak of FPY is related to the unchanged velocity of 
the subjects with the socket alignment changes. 

When the socket was extended from the normal position, no noticeable 

changes in the pattern and magnitude of the FPY of the prosthetic leg were 
found. Although the changes in the FPX should be combined with changes in 

the FPY, this was not clearly shown. The reason for this is related to the small 

magnitude of the changes in FPY when the socket was extended relative to its 

original magnitude when the socket was in normal alignment. The changes in 

FPY can be explained by considering FPY and FPX simultaneously during 

stance phase. At heel strike, FXB was increased when the socket was extended 

thus, the FPY should have decreased (if the magnitude of the GRFV did not 

change), however, this was not the case because all subjects were active and 

could increase the speed and therefore, the magnitude of the ground reaction 

force vector would also increase. At push off the FXP decreased when the 

socket was extended thus, FPY should have increased, however, this was not 

the case either because extending the socket may reduce the effectiveness of 

the hip extensors and may create pain under the posterior brim of the socket 

during the push off phase, 
On the sound side, FPY was not affected by the socket alignment 

changes, and the variations which are shown can only be related to step to step 

variations in the patients' gait. 

The Effedon the Medio-Lateral Force (FPZ): 

The medio-lateral ground reaction force was not changed on the sound 

_side with the socket alignment changes. On the prosthetic side. flexing the 

socket from the original position resulted in a slight decrease in the. FPZ of six 

subjects (ELBQBS, JLAIBS, ELCQBS, LRBQBS, PLAQBS, XAQBS) during 

the first half of the stance phase, and extending the socket increased the FPZ 
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I 

slightly during the first half of stance phase in five subjects (ILAIBS, 

ELCQBS, LRBQBS, PLAQBS, PLAIBS). The decreaserincrease in the FPZ 

may be related to the fact that the alignment changes of the prosthesis, may 

change the horizontal force acting along the foot. Since the foot has a toe out 

angle with the line of progression, the force acting along the foot would have 

components on'the X (FPX) and Z (FPZ) directions, and any change in the 

force acting along the foot will be reflected on FPX ds discussed above and on 

FPZ as shown in this section. 

6.733 Effect of the Knee Shifts 

Figures 6.56 and 6.57 show the effect of the knee alignment changes on 

the ground reaction forces of the prosthetic and sound leg respectively for one 

representative subject, and tables 6.17,6.18 and 6.19 show. a summary of. the 

results of aP. subjects. 
The Effect-on the fore-and-Aft Force (FPX): :I 

When the knee was shifted forwards by 1.8 cm (in increments of 0.9 

cm) from its 'normal pbsition'relative to the. hip-ankle line, the fore-and-aft 

force (FPX) of the prosthetic leg showed the following changes: 

The decelerating force '(FXB) decreased in ten subjects by an average 

of 46.1% (ranging from 33% to 157%, and proportional changes can be 

assumed) of that when the-knee was in normal alignment, and the remaining 

subject (ILBQCK) showed"an increase in the FXB by 143% of that of the 

normal alignment. The transition time (TT) advanced in six subjects by an 

average of 45.8% (ranging from 26% to 59%, and proportional changes can be 

assumed) of that when the knee was in normal alignment, and no change was 

found in the five'remaining subjects (ILBQCK, PLAICK, ILAQCK, DLAQCK, 

LRBQCK). The push. off -force (FXP) increased in eight subjects by an 

average of - 18.6% (ranging from 6% to 31%, and proportional change can be 

assumed) of that when the knee was in pormal alignment, the three remaining 

subjects. (ILBQCK, JLAQCK, TRAQCK) showed no. change-in the magnitude 

of FXP when shifting. the KJC -forwards. Shifting the KJC backward by 1.8 
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cm (in increments of 0.9 cm) relative to the hip-ankle line resulted in the 
following changes in the fore-and-aft force of the prosthetic leg 

': 
The braking force (FXB) increased in ten subjects by an average of 

59.5% (ranging from 10% to 198%, and proportional changes can be assumed) 

of that when the knee was in normal alignment, and the remaining subject 
(LRBQCK) showed a decrease in the FXB by 22% of that of the normal 

alignment. The transition time (TT) was delayed in four subjects (ELBQCK, 

TRAQCK, LRBQCK, JLAICK) by an average of 28.5% (ranging from 8% to 1W 
73%) of that when the knee was in normal alignment, and no change was 
found in the seven remaining patients. The push off force (FXP) decreased in 

nine subjects by an average of 209d' (ranging from 9% to 29%, and proportional 

changes can be assumed) of that when the knee was in normal alignment, one 

subject (ILBQCK) showed inconsistent changes and the remaining subject 

(JLAQCK) showed no change in the FXP when the KJC was shifted backward. 

The above results were expected and can all be explained by using, the 

acquired kinematic and kinetic data and referring to figures 6.43 and 6.44. In 

these figures, it can be seen that shifting the KJC forward from K to KF will 

cause instability of the knee joint and therefore, the patient will flex his trunk 

forwards by an angle OF (as indeed was found in section 6.7.1.3 and table 

6.15) changing the vector of the -ground reaction force from R to RF which 

passes ahead of the KJC (KF) and maintain the stability of the prosthesis. It 

can also be seen that shifting the KJC backwards from K to KB would force 

the subject to extend his trunk by an angle OB (see section 6.7.1.3 and table 

6.15) in order to reduce the hip flexing moment at heel strike and ease the knee 

flexion prior to swing phase. This will change the position of the ground 

reaction force vector from R to RB. Thus, the ground reaction force vector is 

represented by R when the knee is in normal alignment, and by RF/RB when 

the knee is, shifted forwards/backwards from the normal position. A simple 

comparison betWeen vectorg R, RF, and RB shows that shifting the KJC 

forwards/backwards relative -to the hip-ankle line will decreaserincrease the 
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braking force (FXB) and increase/decrease the push off force (FXP) with the 

condition that IWý0ý RBI . The advance/delay in the TT which was 

obtained with shifting the knee forwards/backwards is attributed to the 

decreaserincrease in the resistance encountered by the subjects with shifting the 

KjC forwards/backwards as listed above. IleTeason that some subjects did 

not show cl. cmges in the TT with the knee changes, is related to the fact that 

the velocity of the subjects had no significant (P>0.1) change with the knee 

alignment change (see section 6.4.3.3). It should be mentioned that the 

decrease/lincrease in the braking force can be influenced by the feeling of 

stability the patient has as the KJC was shifted forwards/backwards. 

On the sound leg, shifting the KJC of the prosthetic leg forwards by 1.8 

cm, (in increments of 0.9 cm), increased the braking force (FXB) of the sound 

leg in nine subjects by an average of 24.9% (ranging from 5% to 43%) of that 

when the prosthetic KJC was in normal alignment, one of the two remaining 

subjects (LRBQCK) showed no change, and the other (TRAQCK) showed 

inconsistent changes. With the above forward shift of the prosthetic KJC, the 

push off force (FXP) of the sound leg decreased in eight subjects by an average 

of 33.4% kranging from 20% to 60%), did not change in two subjects 

(DLAQCK, LRBQCK), and increased in the remaining subject (NIRCQCK) by 

85% of that when the prosthetic KJC was in normal alignment. 

When the prosthetic KJC was shifted backwards by 1.8 cm (in 

increments of 0.9 cm) relative to the hip-ankle line, the braking force (FXB) 

of the sound leg decreased in nine subjects by an average of 22.9% (ranging 

from 8% to 55%) of that of the normal alignment, and did not change in the 

two remaining subjects (PLAICK, LRBQCK). The push off force (FXP) of the 

sound leg increased in seven subjects by an average of 26.7% (ranging from 

11% to 48%), did not change in three subjects (ILAQCK, TRAQCK, 

LRBQCK), and decreased in the remaining subject (ELCQCK) by 22% of that 

when the prosthetic KJC was in normal alignment. The increase/decrease in 

the FXB, and the decreasefincrease in the FXP of the sound leg when the 
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prosthetic KJC was shifted forwards/backwards from the normal position, are 
influenced by the changes of the fore-and-aft force of the prosthetic leg which 

were found with the knee shifts. The increase/decrease in the prosthetic push 

off force resulted in an increase/decrease in the braking force of the sound leg, 

and an increase/decrease in sound side push off resulted in an increaseldecrease 

in prosthetic braking force. 

The Effect-on the Vertical Force (FPY): 

It was found that the only change in the FPY of the prosthetic leg was 
in the time of occurrence of its first vertical peak. When the KJC was shifted 
forwards by 1.8 cm. (in increments of 0.9 cm), the time of occurrence of the 

first -vertical peak of FPY of the prosthetic leg was delayed in eight subjects 

by an average of 39% (ranging from 9% to 117%) of that when the knee was 

in the normal position, and the three remaining subjects (ELBQCK9 LRBQCK, 

MRCQCK) showed no change. The delay in the occurrence of the first vertical 

peak of FPY, was associated with a slight delay in the occurrence time of the 

trough of oe FPY of some subjects (PLAQCK, TRAQCK9 ILBQCK, 

ELCQCK). Shifting the KJC backwards by 1.8 cm (in increments of 0.9 cm), 

advanced the occurrence of the first vertical peak of the prosthetic FPY in five 

subjects (ILBQCK, PLAQCK, TRAQCK, ELCQCK, DLAQCK) by an average 

of 21.2% (ranging from 13% to 29%) of that of the normal alignment, and the 

six remaining subjects showed no change. The advance in the occurrence of 

the first vertical peak resulted in a slight advance in the time of occurrence of 

the trough of FPY, however, this was only found in three subjects (PLAQCK, 

TRAQCK, DLAQCK). These changes in the time of occurrence of the first 

vertical peak of the prosthetic FPY, are related to the instability which was felt 

by the patient when the KJC was located anteriorly, because the patient would 

be dwelling on the heel for a longer time in order to ensure the stability of the 

prosthesis before transferring full load onto it. 

On the sound leg, the vertical ground reaction force (FPY) showed 

similar changes to those shown by the fore-and-aft force of the same leg with 
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Chapter Six Results and Discussion 

the knee changes, so that the first vertical peak increased/decreased and the 

second vertical peak decreasedfincreased when shifting the prosthetic KJC 
forwards/barkwards. Although the changes in the FPY were not pronounced 
in most subjects, " this trend of change was observed and was consistent in all 
subjects. 

The Effect on the Medio-Lateral Force (FPZ): 

in ? dl subjects, the medio-lateril 'force (FPz) of the prosthetic leg 

showed a tendency to decreaserincrease during the flirst half of stance phase as 
the KJC was shifted forwards/backwards from the normal position. 7bis can 
be related to the changes in the horizontal force acting along the foot, and can 
be explained as seen in section 

. 
6.7.3.2 for the changes in the FPZ which 

resulted from the socket alignment changes. - 
On the sound. leg, no trend of changes was found in the FPZ with the, 

knee alignme'ýi 6haýiges, and the observed variations can be attributed to step 

to step vari: tions. 
6.7.4 Effect of Alignment Changes -on the- Ankle Joint Moments 

6.7.4.1 Effect of Foot Alignment Changes 

The, effect of foot alignment changes on the prosthetic ankle joint 

moments. is shown in figures 6.58 and 6.59 for two representative subjects, and 

the effect on the sound ankle joint moments is shown infigure 6.60 for one of 

the two subjects. A summary of the results for all subjects -is shown in taýle 

6.20. 
On the, prosthetic leg, the pattern and magnitude of the AP ankle joint 

moment (MAZ) did not noticeably change with the foot alignment changes. 

However, the magnitude of the ankle dorsiflexing moment during the push off 

phase, was slightly increased in some subjects (JLAQAF, ELBLAF, DLAQAF, 

LRBQAF, ILBQAF) as the'alignment changes were towards plantarflexing the 

foot. This is related to the fact that plantarflexing the foot will make the 

prosthetic toes more suoportive to the. subject than that when the foot was in 

normal alignment at the push off phase (see section 6.7,21). Thus, the 
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perpendicular distance between the AJC and the vector of the ground reaction 
force will increase with plantarflexing the foot. 

It was also found that the magnitude of the plantarflexing moment of the 

prosthetic ankld afheel strike did not change with the foot alignment changes. 
However, the transition time (TP) (see fig. 6.58) during which the ankle 
moment changes from plantarflexing to dorsiflexing moment was noticeably 

affected by the foot alignment changes. Dorsiflexing the foot by 12 degrees 

(in increments of 3 degrees) delayed the TP of the prosthetic ankle moment in 

all subjects by an average of 20% (ranging from 9% to 31%, and proportional 
delay can be assumed of 5% per change) of stance phase. The delay in the TP 

shows that the subject was on the prosthetic heel for a longer time when the 
foot was dorsiflexed, than that when the foot was in its original position. ! rhis 

is related to the fact that dorsiflexing the foot will increase the foot-floor angle 

at heel sirik6; - thus, the thiie consumed from heel strike until the foot is in full 

contact with the floor will be increased. Furthermore, because dorsiflexing the 

foot reduces the stability of the prosthetic kneei the patient wil 
.I 

spend a-long 

time on the ýeel to feel an dI ensure the knee stability before fully loading the 

prosthesis (delay in the occurrence of the first peak of FPY. See section 

6.7.3.1). Thus, the T? will be delayed with dorsiflexing the foot. 

In the transverse plane, no changes in'the pattern of the prosthetic ankle 
joint moment (MAY) of, any subject were found with the foot alignment 

changes. However, the magnitude of the internally rotating moment which 

dominated the MAY; slightly increased in all subjects (noticeably in subjects 

JLAQAF, TRAQAF and LRBQAF) during stance phase when the foot 

alignment 'changes were in, a direction of foot plantarflexion. . 
This may be 

attributed to the increase in the medio-lateral ground reaction force (FPZ) when 

plantarflexing the foot (ged'section 6.7.3.1). The increase in the FPZ is also* 

responsible for the slight decrease in the everting moment (MAX) which was 
found at the prosthetic ankle of most subjects when Plantarflexing, the foot. 'As 

the increase in the FPZ was not noticeable during the second half of stance 
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Chapter Six Results and Discussion 

phase, its effect was not apparent on the inverting moment of MAX which 

existed during the second half of the stance phase. 

On the sound side, the ankle joint moment showed no change in the 
I 

transverse and coronal planes with foot alignment changes. In the AP plane, 
the plantarflexing moment of six subjects (ILAQAF, ILBQAF, LRBQAF, 

JLAIAF, PLAIAF, N1RCQAF) increased slightly when dorsiflexing the foot. 

This is related to the increase in the braking force of the sound leg which 

resulted when the prosthetic foot was dorsiflexed (see section 6.7.3.1). 

6.7.4.2 Effect of the Socket Alignment Changes 

Figures 6.61 and 6.62 show the effect of socket alignment changes on 

the prosthetic ankle joint (AJ) moments of two sub ects, and figure 6.63 shows j 

the effect on the sound AJ moments of one subject, a summary of the results 

for all subjects is shown in table 6.10. 

On'thd prosthetic side, no noticeable changes were found in the pattern 

and magnitude of the MAZ with the socket alignment changes, and the only 

detected change was in the transition time (T?. ). - It was -found that extending 

the socket by 12 degrees (in increments of 3 degrees) delayed the TP in all 

subjects by an average of 15% (ranging from 11% to 20%, and proportional 

changes can be assumed of 3.8% per 3 degrees change) of stance phase. 71is 

is related to the fact that extending the socket will increase the foot-floor angle 

at the heel strike, thus, a longer time'will be needed for the period from heel 

strike until the foot is in full contact with the floor. This time is accounted as 

the main part of TP. 

In the transverse plane (MAY), the internal rotating moment which 

dominated the MAY of the prosthetic leg showed. a tendency to increase 

(subjects JLAIBSP'MRCQBS, ELCQBS, LRBQBS, JLAQBS) with flexing the 

socket as Seen in figure 6.61. ' This may be related to the fact that flexing the" 

socket'may increase the foot-floor angle at push off phase (similar to the foot 

plantarflexi6ý case). Therefore, the force component which is parallel to: ffie 

X axis of the shank, and -acting at- the foot centre of pressure in a manner that 
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Chapter Six Results and Discussion 

increases the internally rotating moment of the ankle joint at push off phase, 

will be increased. This is supported by the fact that Zahedi et al (1988) found 

that the - FX of the -shank increased when the foot was plantarflexed (see fig. 

3.37) 

On the. coronal plane (MAX), some variations were found in- the J 

prosthetic MAX when the socket alignment was changed, however, these 

variations were small in magnitude, 'inconsistent, and were not found in all 

subjects. T'herefore, no conclusion could be reported on the MAX with socket 

alignment changes. 
.. 

. 
On, the sound leg, the only detected change was in the ankle' 

plantarflexing moment. Most subjects. showed a slight increase in that moment 
flexed. This is related to the increase in the braking, when the. socket was. rce 

of the sound leg which was-found (see section 6.7.3.2) when flexing the so-pkeL. 

6.7.43 Effect"oUthe Knee shifts 

The effect of the knee changes on the prosthetic ankle joint moments is 

shown in figures 6.64 and'6.65 for two representative subjects. Ile -effect, on 

the sound ankle joint moments is shown in figure 6.66 for one of the two 

subjects, a summary of the results for all subjects is shown in table 620. 

On the prosthetic side, although the braking and push off forces of the 

prosthetic leg changed with- the knee shifts-, the, magnitudes of the prosthetic 

ankle plantar/dorsiflexing moments did not change with the knee shifts. This 

can be explained by the fact that FPY is the main factor for the MAZ, and 

small changes in the FPX may not affect the MAZ. The only change detected 

in the MAZ on the prosthetic leg is in the transition time (TP). It was found 

that shifting - the KJC forwards relative to the hip-ankle line by 3.6 cm (in 

increments of 0.9 cm) delayed the transition time in all subjects by an average 

of 11.4% (ranging from 4% to 13%, and proportional changes can be assumedy. 

of stan6e phase. -This, is related to thý fact that shifting the KJC forwards 

relativelto thi hip-ankle- line 
-will 

increase the heightpf. the prosthesis ( and the 

height of the HJQ therefore,, the subject will have to put his foot further 
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forwards in order to maintain the original height of the IUC at heel strike (see 

section 6.7.2.3), so that the push off force of the sound leg will be maintained. 
This (putthrg -. the foot further forwards) will reduce the stability of the 

prosthesis and increase the foot-floor angle at heel strike and therefore, the 
transition time will be delayed. 

In the transverse plane, the internal rotating moment which dominated 

the MAY of the prosthetic ankle j6int, exhibited a tendency to decrease in all 

subjects as the KJC was located anteriorly. This is related to the decrease in 

the medio-lateral ground reaction force (FPZ) which was found in all subjects 
(see section 6.7.3-3) as the KJC was located anteriorly relative to the hip-ankle 

line. 

In the coronal plane (MAX), inconsistent variations were found in the 

MAX of the prosthetic leg with the knee shifts. , However, some patients 
(PLAICK9-LRBQCK, PLAQCK, JLAICK) showed a trend of increase/decrease 

in the evers: onfinversion moment of the prosthetic ankle joint during stance 

phase as the KJC was located anteriorly relative to the hip-ankle line. This is 

also related to the decrease in the FPZ of the prosthetic leg which was found 

when locating the KJC anteriorly relative to the hip-ankle line, because the FPZ 

is working against/with FPY in generating the eversionfinversion moment at the 

ankle joint during stance phase. 
On the sound side, shifting the prosthetic KJC backvýards by 1.8 cm (in 

increments of 0.9 cm) showed no noticeable change in the MAZ of the sound 

leg. However, the plantarflexing moments of only three subjects (ILAICK, 

ELCQCK9 -TRAQCK) decreased by an average of 27.7% (ranging from 12% 

to 43%) of that when the knee was in normal alignmeni. Shifting the 

prosthetic KJC forwards by 1.8 cm (in increments of 0.9 cm) affected the MAZ 

of the souna leg in three subjects only QLAICK, JLAQCK, ELCQCK), and no 

changes wer&found in, the MAZ of the eight remaining subjects. It was found 

that th6. plintarflexing/dorsiflexing moments .. of . the sound ankle joint 

increased/decreased in the three above mentioned subjects by an average of 
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Chapter Six Results and Discussion 

43%/17.7% of that when the knee was in normal alignment. These changes in 

the MAZ OL the sound leg are attributed to changes in the fore-and-aft force 

which were found at the sound leg with the knee alignment changes. An 

unexpected change was found in the TP of the sound side of four subjects 
(ILAQCK, JLAQCK, ELCQCK, TRAQCK), namely the TP of these subjects 

delayed by an average of 9% of stance phase as the prosthetic KJC was located 

anteriorly by 3.6 cm (in increments of 0.9 cm). 

In the coronal (MAX) and transverse (MAY) planes, inconsistent 

changes were found in the ankle joint moments of the sound leg, this is related 

to the inconsisientv4riations 
-which 

were found in the FPZ of the sound leg 

with the prosthetic KJC shifts. 

6.7.5 Effect-of-Alignment Changes on the Knee Joint Moments 

6.7.5.1 Effect of the Foot Alignment Changes 

--The effect of the foot alignment changes on the knee joint 

moments of the prosthetic leg is shown in figures 6.67 and 6.68 for two, 

representative -subjects, and the effect on the sound knee joint. moments_ is 

shown in figure 6.69. A summary of the results of all subjects is shown in 

table 6.2 1. 

On the prosthetic side, no noticeable changes were found in the three 

moments at the knee joint during swing phase. - During stance phase, the AP 

knee moment (NIKZ) showed no change in the pattern and magnitude of the 

extending moment which dominated the stance phase. However, the transition 

time TE (see fig. 6.67) at which the knee extending moment starts to bui. ld up, 

was delayed in all subjects by a range from 10% to 30% of that when the foot 

was in normal alignment, when the foot was dorsiflexed by 12 degrees (in 

increments of 3 degrees). The changes in the TE of the prosthetic knee 

moment coincided with and are approximately equal to those found in the T. P. 

of the prosthetic ankle joint moment, pd the reason for the TE changes is. 

similar to that of the TP changes which was discussed. in section 6.7.4.1. 

In the transverse plane, the prosthetic knee moment (MKY) showed 
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Chapte Six Results and Discussion 

similar changes to that exhibited by the ankle moment (MAY) with the foot 

alignment changes. This was expected because the ankle and knee moments 

were calculated relative to the'shank frame of reference and the mass moment 

of inertia about the Y axis (I. ) was considered negligible. 
On the coronal. plane, - the knee moment (MKX) of the prosthetic leg 

exhibited a slight increase in all subjects when plantarflcxing the foot. This is 

attributed to the increase in the medio-lateral ground reaction force which was 
found at the, prosthedc. -leg when the foot was plantarflexed. 

On the sound side, the foot alignment changes had no noticeable effect 

on the three moments of the knee joint. However, most subjects exhibited a 

slight increase/decrease in the knee. flexing moment after*heel strike when the 

prosthetic foot was dorsiflexed/plantarflexed from its normal position. W4 is 

related to the -increase/de'crease in the braking force which was found on the 

sound leg as the'prosthedc 'foot was dorsiflexed/plantarflexed ftom the normal 

position. 
6.7.5.2 Effect of the Socket Alignment -Changes - 

The effect of socket alignment changes on the prosthetic knee joint 

moments is shown in figures 6.70 and 6.71 for two representative subjects, and 

figure 6.72 shows. the effect on the sound leg for one of the two subjects. A 

summary of the resuilts of all subjectsý is shown in table 6.21. 

On the prosthetic leg, during swing phase, no noticeable changes were 

found on the three knee moments. In-the coronal plane (MY. X), during stance 

phase, the knee moment was not noticeably changed and only slight variations 

were obtained, 
' 
these variations can be attributed to the slight change in the 

prosthetic FPZ which was obtained with thesocket alignment changes. In the 

transverse plane, thechanges in the prosthetic knee joint moment (MKY) were 

similar to those found'in"thd-prosthedc ankle joint moment (MAY) which were 
discussed'in'se'ction 6.7. "4.2. " This is because MAY and MKY were expressed 

in the-shank'fra'me of'reference and the inertia effects were neglected. 
In the AP plane,, the' kned joint moment (NfKZ) showed noticeable 
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changes during stance phase with socket alignment changes, and these changes 

were mostly noticed on the pattern of the knee moment, and on the magnitude 

of the peak of the knee extending moment, which occurred just before t4e push 

off phase The pattern of the knee extending moment was changed during 

stance phase, in that its shape changed from triangular to rectangular like when 

the socket was flexed from the normal position. When the socket was 

extended by 6 degrees (in increments of 3 degTdes) from the normal position, 

the peak of the extending moment during the stance phase increased in nine 

subjects by an average of 49.9% (ranging from 26% to 90%, and proportional 

changes can be -assumed) of the moment when the socket was in normal 

alignment. The two remaining subjects showed no change. Flexing the socket 

by 6 degrees (in increments of. 3. degrees) from. the. normal alignment, 

decreased the knee extending moment at the push off phase in seven subjects 

by an av'erage-*of 24.3%'(ranging from 10% to 35%, and proportional changes 

can be assumed) of the moment when the socket was in'normal alignment. No 

changes were found in three subjects, (JL-AIBS, - ELBQBý, 'J'LAQBS). -- Ile 

remaining subject (URCQBS) showed an increase in the knee extending 

moment by 70% of that when the socket was in normal alignment. 
The decrease/increase of the knee extending moment during stance phase 

is related to the decreasefincrease in the perpendicular distance between the 

KJC and the vector of the -ground reaction force when the' socket., is 

flexed/6xtended. The change in the perpendicular distance between the KJC. 

and the force vector is influenced by the change in the trunk angular position 

OF/OE (see fig. 6.40) which was achieved by the subject in order to compensate 

for the flexion/extension of the socket. The change in the knee moment which 

resulted by extending the socket by 6 degrees (49.9%) is approximately double 

the change which resulted by flexing the socket by 6 degrees (24.3%). Ibis 

is related to the fact 'th'at'flexing the socket produces knee instability and 

therefore, the subject will have to flex his trunk in order. to bring the vector of 

the ground reaction force ahead of the KJC (see section 6.7.12). In the case 
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of extending the socket, the subject dose not have to change the trunk position 
because the knee stability is maintained, and therefore, the change in the 

perpendicular distance between the KJC and the force vector will be larger 

when extending the socket than that when flexing the socket. T'his explanation 
is supported by the fact that five subjects only (section 6.7.1.2) showed a slight 

extension in the trunk position when extending the socket, and subject ELBQBS 

who showed the largest trunk- extension showed no change in the knee moment 

when extending the socket. 

The transition time (TE) of the prosthetic knee joint moment, showed 

a slight trend of advance/delay when the socket was extended/flexed. This is 

related to the. fact that flexing the socket would decrease the stability of the 

prosthesis. Thus, the patient will spend a longer time dwelling. on -the. 
heel, than 

when the socket was. in normal alignment, to ensure stability before applying 

full loading-on the prosthesis. 
On the sound leg, no noticeable changes were found in the three 

moments of the knee joint. Howeveri it can-be -Teported that the knee flexing , 
moment which exists after heel strike was slightly increased/decreased as the 

socket was flexed/extended from the normal position. This is related to the 

increase/decrease in the braking force of the sound side which was found 

(section 6.7.3.2) when flexing/extending. the sockerfrom the nonnal position. 

6.7.53 Effect of the Knee Shifts 

Figures 6.73 and 6.74 show the effect of the knee shifts on the prosthetic. 

knee joint moments of two subjects. Figure 6.75 shows the effect on the sound 
knee joint moments for one subject, A summary of the results of all subjects 
is shown in table 6.21. 

On the prosthetic side, during the swing phase, the three knee moments 

showed no change when the-knee was shifted. In the AP plane, shifting the 

knee backward by 1.8 C'm (in increments of 0.9 cm) from the normal position 

relative to the hip-ankle line, increased the ý peak value of the knee. extending 

moment during the stance phase in ten subjects by an average of 52.5% 
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(ranging from 10% to 105%, and proportional changes can be assumed) of that 

when the knee was in normal alignment, and no change was found in the knee 

moment of the remaining subject (ILBQCK). Shifting the-KJC forwards by 1.8 

cm (in increments 'of 0.9 cm) from the normal position, decreased the 

prosthetic knee extending moment during the stance phase in ten subjects by 

an average of 34.5% (ranging from 14% to 50%) of that when the KJC was in 

normal -alignment, and no change was found in the knee moment of the 

remaining subject (JLAQCK). Thus, the AP knee moment of the prosthetic leg 

decreasedrincreased during the stance phase when the KJC was shifted 
forwards/backwards from the normal position. This is attributed to the 
decrease/increase in the perpendicular distance between the KJC and the vector 

of the groutid reaction force when the KJC was shifted forwards/backwards 

relative- to the hip-ankle line. This change in the perpendicular' distance 

between- the *KJC Ind the force vector, is influenced by the degree of change 
in the trunk position w hich was achieved by the subject in order to 

restore/reduce the knee stability as-the KJC was-shifted forwards/backwards 

(see flg. 6.44). The variations in the knee moment changes among subjects, 

and the differences between the changes in the knee moment resulting'by 

shifting the knee forwards and those resulting by shifting the knee backwards 

can be attributed to the differences among subjects in the trunk angular changes 

with the knee shifts. 
It was also found that shifting the KJC backwards by 1.8 ý cm (in 

increments of 0.9 cm) relative to the hip-ankle line, advanced the TE of the 

prosthetic NtKZ in ten subjects by an average of 44% (ranging from 13% to 
72% and proportional changes can be assumed) of that when the KJC was, in 

the normal position'. and no change was found in the remaining subject 
(ELBQCK). 'Shifting the -KJC forwards by 1.8 cm (in increments of 0.9 cm) 
delayed the TE of the prosthetic MKZ in rive subjects (PLAICK, TRAQCK, 
JLAICK, ILBICK, PLAQCK) by an average of 16.6% -(ranging from 9% to 
40%) of that when the KJC, was in the normal position, and no change was 
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found in the six remaining subjects. 

Results and Discussion 

These changes are related to the 
increase/decrease in the stability of the prosthesis which were associated with 
the backwards/forwards shifts of the KJC, as the patient would delay loading 

on the prosthesis until he/she ensures its stability. The reason that six subjects 

showed no change in the TE when shifting the KJC forwards, can be attributed 
to the fact that when the forward of the knee shifts were carried out, the 

stability was reduced but the prosthesis was not unstable. 
The above changes in the TE and in the peak value of the knee 

extending moment when the KJC was changed, caused a change in the pattern 

of the AP moment of the prosthetic leg, during the stance phase (see fig 6.73 

and 6.74). 

In the transverse plane (MKY), the change in the prosthetic knee joint 

moment was similar to that obtained on the ankle joint moment (the two joints 

belong to one segment which is subjected to a uniform torque). In the coronal, 

plane (MYX), all subjects (except ELBQCK and JLAQCK) exhibited a trend 

of slight increase in the MKX as the KJC was located posteriorly esoecially 
during the first half of stance phase. This may be attributed to the slig ht 

increase in the ýmedio-lateral ground reaction force (FPZ) as the KJC was 
located posteriorly (see section 6.7.3.3). 

On the sound side, the only noted change in the'knee joint moments 

with the knee shifts was in the flexing moment which exists after heel strike. 
The flexing moment showed a tendency to increase/decrease when the KJC of 

the prosthetic leg was shifted forwards/backwards, this is related to the 
increase/decrease in the braking force which was found on the sound leg as the 

prosthetic KJC was shifted forwards/backwards relative to the hip-ankle line. 

6.7.6 Effect of Alignment Changes on the Hip Joint Moments 

6.7.6.1 EfTect of the Foot Alignment Changes 

Figures 6.76 and 6.77 s4ow the effect of the foot alignment 

changes on the hip joint moments on the prosthetic and sound leg respectively 
for a representative subiectý table 6.22 shows a summary for the results of all 
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Chapter Six 

subjects. 

Results and Discussion 

On the hip joint of the prosthetic leg, the moments in the AP (NM), 

transverse (MHY) and coronal (MHX) planes showed no trend of change with 
the foot alignment changes during the swing phase. During stance phase, 
dorsiflexing the foot resulted in a trend of slight increase in the magnitude of 
the flexing moment which exists after heel strike. This trend was -found in 

seven subjects (JLAQAF, ILBQAF, URCQAF, ELCQAF, TRAQAF, ILBIAF, 

LRBQAF), and it is related to the fact that dorsiflexing the foot decreased the 
braking force-(FXB) of the prosthetic leg (see section 6.7.3.1 and rig. 6.35), 

FXB is the component of the ground reaction force which is responsible for the 

reduction of the hi flexing moment. Thus, a reduction " the FXB results in p in 

an increase in the hip flexing moment. Furthermore, dorsiflexing the loot 

increased the trunk flexion angle in most subjects (see section 6.7.1.1); this 

may increase the* perpendicular distance between the IHIJC and the vector of the 

ground reaction force (see fig. 6.35) depending on the amount of change in the 

trunk flexion angle (0d). 

In the transverse plane, the MHY of all subjects slightly increased (the 

increase. is pronounced in subjects JLAQAF, TRAQAF, and LRBQAF) with 
plantarflexing the foot during the stance phase of the prosthetic leg. This is 

attributed to the increase 
, 
in the FPZ which was found on the prosthetic leg 

with Plantarflexing the foot (see section 6.7.1.1), because FPZ is the main 

contributor to NIRY. The changes in the FPZ are also responsible for 

increasing the hip adducting 
- 
moment which was found when the foot changes 

were toward plantarflexion. However, this trend of increasing the hip 

adducting moment was not found in all subjects and was not always consistent. 
On the sound side, no noticeable changes were found in the hip joint 

moments with., the foot alignment changes. However, it can be stated that 

some patients (ELBQAF, ILBLkF, ELCQAF9 JLAIAFq PLAQAF) showed a 
trend of slight increase in the hip flexing moment which exists after heel strike 

as the foot changes were toward dorsiflexion. Ilis is attributed to the increase 
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Chal2ter Six Results and Discussion 

in the perpendicular distance between the IUC and the vector of the ground 

reaction force, as the subject had to flex his trunk with flexing the foot (see 

section 6.7.1.1 and fig. 6.35). 

6.7.6.2 Effect of the Socket Alignment Changes 

The effect of the socket. alignment changes on the hip joint moments is 

shown in fi,, -, jres 6.78 and 6.79 for the prosthetic and sound sides respectively, 
table 6.22 shows a summary for the results of all subjects. 

It was found that the socket alignment changes had no noticeable effect 
on the hip joint moments ofthe prosthetic and sound leg. Ibis is related to the 

small trunk angular change which was found with the socket alignment changes 
(2 to 4.7 degrees as the socket was flexed by 6 degrees) in comparison to that 

obtained - with the foot alignment, changes (1.5 to 10 
. 
degrees as - the foot. was 

dorsiflexed by 6 .. degrees). Thus, the change in the perpendicular distance 

betweeý thd, HJC'and the ground reaction force vector was not noticeable with 
the socket changes, and therefore, the changes in the AP hip ! noment were also, 
not noticeable. Furthermore, the changes in the FPZ-, which are responsible for - 

changes in the MEY and MEX were also found to be small and not in all 

subjects (se.: section 6.7.3.2) with the socket alignment changes. Therefore, no 

changes were found in the NIHY and MIHX with the socket alignment changes. 
6.7.63 Effect of the Knee Shifts 

Figures 6.80 and 6.81 show the effect of the knee shifts on the hip 

moments of the prosthetic and sound leg respectively for a representative 

subject, table 6.22 shows a summary for the results of all subjects. 
On the prosthetic side, the AP hip flexing moment (MM) increased 

slightly in seven subjects (JLAQCK, PLAQCK, MRC. QCK, ILBICK, 

ELCQCK, TRAQCK; JLAICK) when the knee was located anteriorly. This 

case is similafto that -which resulted on the prosthetic MEZ as the foot was 
dorsiflexed, and itcan'be explained by the same method by studying the trunk 

angular changes - (see- section 6.7.6.1). - In the transverse plane, the MEHY of -all 

subjects showed a trend of slight'increase during stance phase when the KJC 

. 
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Chapter Six Results and Discussion 

was located posteriorly. This is related to the increase in the prosthetic FPZ 

which was found when the KJC was located posteriorly, and can be explained 
by a similar method to that used in section 6.7.6.1 for the increase in the MEY 

when the foot was plantarflexed. The hip adducting moment (MEX) of the 

prosthetic leg, was also increased during the first half of stance phase as a 

result of the increase in the FPZ when shifting the KJC backwards relative to 

the hip-ankle line. However, the increase in the MIIX was not pronounced, not 
in all subjects and was not always consistent. 

. On the sound leg, no noticeable changes were found on the hip joint 

moments with the knee shifts. However, a slight increase in the hip flexing 

moment which exists after heel strikq, was shown in some subjects when the 

prosthetic KJC was located anteriorly.. This is related to the changes in the 

trunk flexion angle, which were found when locating the prosthetic KJC 

anteriorly, and can'be explained as seen in section 6.7.6.1 for the changes 

resulted from dorsiflexing the foot. 

In summary, the AP hip joint moment - of- - the - prosthetic - leg 

increased/decreased during the first half of the stance phase, when the stability 

of the prosthetic knee was decreased/increased as a result of the alignment 

changes. This is related to the fact that the amputee was compensating for the 
lost stability by flexing the trunk forwards as seen above, therefore, the 

perpendicular distance between the IUC and the vector of the ground reaction 
force will be increased, and thus, the AP moment of the hip joint will also be 

increased. - , 
It should be mentioned, that the above finding is in agreement with that 

i found by Lowe (1969). Lowe studied the variation of the AP., hip moment of 

an AK amputee fitted with six different knee mechanisms. The stabilised knee 

mechanism was found to be associated with a smaller hip flexing moment- at 
heel strike than that of the non stabilised knee qpe, and when comparing the 
Blatchford Stabilised Knee (BSK) with the Single-Axis (SA) knee Lowe stated 
"BSK had a significantly lower maximum hip extensor moment (flexing 
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moment in the convention of this study) than SA. Although there was an 
increase in the maximum hip flexor moment produced (extending moment in 

the convention of this study), this was not significant in the experiments carried 

out". 
6.8 Summary 

Alignment Parameters: 

The values obtained for the alignment parameters measured in this study 

can be used as a guide in setting the bench alignment of above knee prostheses. 
Thus, the dynamic alignment may be achieved by introducing the minimum 

amount of adjustment. 
The knee set out alignment parameter, was more pronounced in 

prostheses which were fitted with IC sockets than that in prostheses fitted with 

quad sockets. 
The socket flexion was reduced and socket abduction decreased (or 

became addwtion) when the quad socket, was replaced by an IC socket. 
However, since only three subjects were tested with IC sockets, definite 

conclusions cannot be drawn. 

Temporal -Distance Parameters: 

The temporal-distance parameters (in fact all the gait parameters), 

measured in this study for normal subjects and above knee amputees, are 

comparable to those obtained by other researchers, and can be used in clinical 

assessment of above knee amputees' gait, and in determining the degree of 

pathology in the non-amputees' gait. 
For the normal subjects which were tested, the left step length was 

longer than the right step length. This was associated with slight differences 

between some of the other parameters of the right and left legs, such that, tile 

ankle plantarflexion angle at push off was greater for tile right leg than that for 

the left leg (fig. 6.5 and 6.6). Therefore, symmetry between the right and left 

legs cannot always be assumed, and it is recommended that in any gait analysis 

test, both the right and left legs should be treated separately and measured 
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simultaneously. 

Result-, and Discussion 

Speed and style of walk were found to affect the gait parameters for the 

normal subjects and amputees. Subjects fitted with IC sockets walked slightly 

faster than those fitted with quad sockets as the former achieved a longer stride 

length. The step length of the prosthetic leg was significantly (P<0.05) longer 

than that of the sound leg for subjects who wore quad sockets. This difference 

was not significant (P>0.05) for subjects who wore IC sockets. 
Stance phase duration of the sound leg, was significantly (P<0.01) longer 

than that of the prosthetic leg for subjects fitted with quad sockets. For 

subjects fitted with IC sockets, the stance phase duration of the sound leg was 

noticeably (but not significantly, P=0.08) longer than that of the prosthetic leg. 

Double support duration of the sound leg was also significantly (P<0.05) 

longer than that of the prosthetic leg for subjects fitted with quad sockets. For 

subjects fitted with IC sockets, the double support duration of the sound leg 

was not different (P>0.1) from that of the prosthetic leg. Again, the above 

conclusions are not definite since only three subjects were tested with IC 

sockets. 
Effect of Alignment Changes on the Temporal-Distance Parameters: 

Foot alignment changes and socket alignment changes had no significant 

(P>0.1) effect on the measured temporal-distance parameters of above knee 

amputees. 
Shifting the KJC forward or backward relative to the hip-ankle line, both 

caused slight decreases in the velocity of the amputees. Also, shifting the KJC 

forwards decreased the step length of the prosthetic side and increased the 

stance phase duration of the sound side. Shifting the KJC backward decreased 

the double support time of the sound leg. 

Kinetics and Kinematics Parameters: 

Foot plantarflexion angle at push off phase, was larger for tile sound leg 

of the amputees than that of the normal subjects in order to facilitate the 

achievement of a long step length for the prosthetic leg. 
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Chapter Six Results and Discussion 

The knee angle of the prosthetic leg was maintained in full extension, 

and subjected to an extending moment duringthe stance phase in order to 

ensure stability in the prosthesis. During swing 12hase, the knee angle of tile 

prosthetic leg was smaller for some patients than that for others and was also 

smaller than that of the normal subjects, because the prosthetic push off force 

of these patients was relatively smaller than that of the others. 

At heel strike, the femur flexion angle of the prosthetic - 
leg 

(approximately 20 degrees) was smaller than that of the sound side 
(approximately 24.5 degrees), and this flexion angle did not increase 

immediately after heel strike because the prosthetic knee did not flex during the 

stance phase. 
Trunk M/L tilt of the above knee amputees was larger than that of the 

normal subjects, because of the amputees' poor medio-lateral stability. It was 

also larger toward the prosthetic side than toward the sound side, in order to 

reduce the pressure on the lateral-distal end of the femur. 

No differences were found in the trunk M/L tilt between subjects fitted 

with IC and quad sockets. 
The amputees' rotation of the torso in the transverse plane was similar 

to that of the normal subjects, because they walked with a relatively similar 

velocity. 
For the vertical ground reaction force the occurrence of the first peak 

is very sensitive, and it occurred at 22%, 12%, 16% and 33% of stance phase 

duration for the normal subjects, sound leg, prosthetic leg with IC socket, and 

prosthetic leg with quad socket respectively. 
The "vaulting action" which is commonly seen at the sound leg of the 

amputees, was larger for subjects fitted with quad sockets than that of subjects 
fitted with IC sockets. 

Some subjects showed a third peak at the prosthetic leg, and it is 

believed that this peak may be caused by the hip extensors. 
In the direction of progression, the ground reaction force of the 
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prosthetic leg was smaller than that of the sound leg and of the non-nal 

subjects, because a large braking force may endanger the stability of the 

prosthesis at heel strike, and the prosthetic ankle joint does not help in 

generating a large push off force. 

Subjects fitted with IC sockets were found to have a larger braking and 
smaller push off force at the prosthetic leg as a fraction of the sound leg force, 

than those fitted with quad sockets. 
The shape of the ankle dorsiflexing moment curve with time for the 

sound leg was different from that of the normal subjects, viz the ankle moment 
increased sharply just after the point at which the moment changed from 

plantarflexing to dorsiflexing. The ankle plantarflexing moment of the 

prosthetic leg which occurs after heel strike, showed a longer duration than that 

of the normal subjects. The ankle dorsiflexing moment of the prosthetic leg, 

which occurs at the push off phase was 61% of that of the normal subjects. 

A/P hip moment of the prosthetic side was approximately 50% of that 

of the sound leg throughout stance phase. This can be related to the small 

vertical ground reaction force, and small femur flexion/extension angle during 

stance phase of the prosthetic leg in comparison to that of the sound leg. 

During the swing phase, the small A/P hip moment of the prosthetic leg can 
be attributed to the small mass of the prosthetic leg in comparison to that of 
the sound leg. 

Effect of Alignment Changes on the Kinetics and Kinematics Parameters: 

The A/P trunk tilt was found to be the most sensitive parameter to the 

alignment changes which were performed to the prosthesis in the A/P plane. 
The trunk angular position changed so that the position of tile body CG moved 
forwards/backwards in order to enhance/reduce the stability of the prosthetic 
knee as the latter was affected by the alignment changes. 

Increasing the dorsiflexion of the prosthetic foot by 6 degrees, tile 
flexion of the socket by 6 degrees from the normal position, and shifting tile 
KJC forwards by 1.8 cm relative to the hip-ankle line, increased the Mink 
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flexion angle by ranges from 1.5 to 10,2 to 4.7 and 1.7 to 10.6 degrees 

respectively, in comparison to those corresponding to the normal alignment. 
These trunk angular changes maintained the stability of the prosthetic knee, 

throughout the stance phase. 
Increasing the plantarflexion angle of the prosthetic foot by 6 degrees, 

the extension angle of the socket by 6 degrees from the normal position, and 

shifting the KJC backwards by 1.8 cm relative to the hip-ankle line, decreased 

the. trunk flexion angle by a range from 1.5 to 3 degrees, slightly, and a range 
from I to 3.3 degrees respectively, in comparison to those corresponding to the 

normal alignment. These changes in the trunk attitude reduced the hip flexing 

moment at heel strike and facilitated knee flexion prior to swing phase of the 

prosthetic leg. 

The M/L trunk tilt showed a trend of slight increase toward the sound 

leg during the prosthetic swing phase, when the foot changes were toward 

plantarflexion and when the knee shifts were backwards. This is related to the 

fact that plantarflexing the foot and shifting the KJC backward may increase 

the length of the prosthesis, therefore, the patient would lean over the sound 

leg in order to provide clearance for the swinging leg and prevent stumbling. 
The alignment changes had no noticeable effect on the angular 

displacements of the lower limb joints of the. sound leg. 

During swing phase, on the prosthetic side, the alignment changes had 

no noticeable effect on the thigh angle. However, shifting the KJC 

forward/backward relative to the hip-ankle line, showed a slight trend of 
increase/decrease respectively in the knee flexion angle during the swing phase. 
This is related to the increase/decrease in the push off force of the prosthetic 
leg which resulted when the KJC was shifted forward/backward. 

During stance phase, the alignment changes had no noticeable effect on 

the knee flexion angle of the ]Rrosthetic side. Dorsiflexing/plantarflexing tile 

foot and extending/flexing the socket from tile normal position, 
decreased/increased the ankle dorsiflexion angle. This angle showed 
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inconsistent variations with the knee shifts. 
When the foot alignment changes were toward dorsiflexion, the socket 

changes were toward flexion and the knee shifts were forward, the thigh 

flexion angle increased at heel strike and the thigh extension angle at push off 

was decreased on the prosthetic legl. 

On the prosthetic leg, when alignment changes were toward foot 

dorsiflexion, socket flexion, and when the knee was located anteriorly relative 

to the hip-ankle line, the following changes were found in the fore-and-aft 

ground reaction force for above-knee amputees: I- Braking force (FXB) 

decreased relative to the normal value, in order to enhance the stability of the 

prosthetic knee. 2- Push off force (FXP) increased relative to the normal value, 

since the hip extensors were put in an advantageous position (socket and knee 

changes only) and the trunk was flexed forwards relative to its normal position. 

3- The time (TT) up to the transition point in early stance, during which the 

fore-and-aft force is negative, advanced with the foot alignment changes, but 

not with the socket or knee alignment changes. 
On the sound leg fore-and-aft force was affected by the knee alignment 

changes only and not by the foot or socket changes. Shifting the KJC of the 

prosthetic leg forward s/backwards relative to the hip-ankle line, 

increased/decreased the brakinR force and decreased/increased the push o 

force on the sound leg in comparison to that when tile prosthetic knee was in 

normal alignment. It should be noted, that the effect of the alignment changes 

on the braking and push off forces of the sound leg, was opposite to that found 

on the prosthetic leg. 

Alignment changes had no effect on the vertical ground reaction force 

(FPY) of the sound leg. However, the magnitude of the first vertical peak of 

FPY acting on the prosthetic leg, decreased relative to the normal value, when 

the foot changes were toward dorsiflexion, socket changes toward flexion, and 

when the KJC was located anteriorly relative to the hip-ankle line. 

On the prosthetic side, the time (TP) up to tile transition point in early 
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Chapter Six Results and Dismission 

stance phase, during which the ankle joint is subjected to a plantarflexing 

moment, delayed relative to the normal value, as the foot alignment changes 

were toward dorsiflexion, socket changes toward extension, and when the KJC 

was located anteriorly relative to the hip-ankle line. Tile ankle joint moments 

of the sound leg, were not affected by the alignment changes. 
On the prosthetic side, the time (TE) up to the point at which the knee 

extending moment starts to build up, delayed as the foot was progressively 
dorsiflexed, and the KJC was shifted forwards relative to the hip-ankle line. 

The knee extending moment during stance phase, increased as the socket 
extension was increased and as the KJC was shifted backwards relative to tile 
hip-ankle line. 

On the hip joint of the prosthetic leg a slight increase was found in tile 
hip flexing moment after heel strike, when the foot was dorsiflexed and when 

the KJC was located anteriorly relative to the hip-ankle line. 

It can be concluded that the stability of the knee on the prosthetic leg 

is an important factor affecting the pattern of walk and the gait parameters, and 
in many cases appears to dictate the patient's response to alignment changes. 

No noticeable differences were found in the effect of alignment changes 

on the gait parameters of subjects wearing quadrilateral and ischial containment 

sockets. However, since only three patients were tested using tile IC socket, 

this can not be a definite conclusion. 
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Chapter Seven 

Conclusions and Recommendations for Future Work 

7.1 Conclusions 

Biomechanics of Above-Knee Amputee: 

(a) Sound Side vs Prosthetic Side: 

The fore-and-aft ground reaction force in AK amputees (both braking 

and push off) was smaller on the prosthetic leg than that on the sound leg. 

The A/P hip moment on the prosthetic side was approximately 50% of 
that of the sound leg throughout stance phase. 

At heel strike, the femur flexion angle of the prosthetic leg was smaller 
than that of the sound side. 

(b) Normal Subject vs Above-Knee Amputee: 

The trunk M/L tilt in above knee amputees was larger than that in 

normal subjects, and it was also larger toward the prosthetic side than toward 

the sound side. 

The ankle dorsiflexing moment of the prosthetic leg, which occurs at the 

push off phase was 61% of that of the normal subjects. 
(c) Quad vs IC socket: 
Subjects fitted with IC sockets walked slightly faster than those fitted 

with quad sockets. The step length of the prosthetic leg was significantly 
(P<0.05) longer than that of the sound leg for subjects who wore quad sockets. 
This difference was not significant (P>0.05) for subjects who wore IC sockcts. 

Stance phase and double support durations of the sound leg, were longer 

than those of the prosthetic leg for subjects fitted with quad sockets. This was 

not the case for subjects fitted with IC sockets. 
The "vaulting action" was larger for subjects fitted with quad sockets 

than that of subjects fitted with IC sockets. 
The first peak of FPY occurred at 22%, 12%, 16% and 33% of stance 

phase duration for the normal subjects, sound leg, prosthetic leg with IC socket, 

and prosthetic leg with quad socket respectively. 
When the quad socket was replaced by an IC socket, dynamic alignment 
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resulted in reduced socket flexion and socket abduction, and increased knee set 

out. 
Effect of Alignment Changes on-the Gait Parameters of AK Amputees.: 

No noticeable effect was found for the alignment changes on the 

measured temporal-distance parameters of above knee amputees. 
Increasing dorsiflexion of the prosthetic foot by 6 degrees, or the flexion 

of the socket by 6 degrees, or shifting the KJC forwards by 1.8 cm relative to 

the hip-ankle line from the normal alignment position, increased tile trunk 

flexion angle by ranges from 1.5 to 10,2 to 4.7 and 1.7 to 10.6 degrees 

respectively. 
Increasing the plantarflexion angle of the prosthetic foot by 6 degrees, 

or the extension angle of the socket by 6 degrees, or shifting the KJC 

backwards by 1.8 cm relative to the hip-ankle line from the normal alignment 

position, decreased the trunk flexion angle by a range from 1.5 to 3 degrees, 

slightly, and a range from I to 3.3 degrees respectively. 

When the foot alignment changes were toward dorsiflexion, or tile 

socket changes were toward flexion, or the knee shifts were forward, tile thigh 

flexion angle increased at heel strike and the thigh extension angle at push off 

was decreased on the prosthetic leg 

On the prosthetic leg, when alignment changes were toward foot 

dorsiflexion, or socket flexion, or when the knee was located anteriorly relative 

to the hip-ankle line, the following changes were found in tile fore-', 'Ind-aft 

ground reaction force for above-knee amputees: I- . 
13raking force (FXB) 

decreased relative to the normal value. 2- Push off force (FXP) increased 

relative to the normal value. 3- The time (TT) up to the transition point, 

advanced with the foot alignment changes, but not with the socket or knee 

alignment changes. 
Shifting the KJC of the prosthetic leg forward s/bac kward s relative to tile 

hip-ankle line, increased/decreased the braking force and decreased/increased 

the 12ush off force on the sound leg in comparison to that when the prosthetic 
knee was in normal alignment. 
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On the Rrosthetic side, the time (TP) up to the transition point delayed 

relative to the normal value, as the foot alignment changes were toward 
dorsiflexion, or socket changes toward extension, or when the KJC was located 

anteriorly relative to the hip-ankle line. 

On the Rrosthetic side, the time (TE) up to the point at which the knee 

extending moment starts to build up, delayed as the foot was progressively 
dorsiflexed, or the KJC was shifted forwards relative to the hip-ankle line. Thc 

knee extending moment during stance phase, increased as the socket extension 

was increased or as the KJC was shifted backwards relative to the hip-ankle 

line. 

On the hip joint of the prosthetic leg, a slight increase was found in tile 

hip flexing moment after heel strike, when the foot was dorsiflexed or when 

the KJC was located anteriorly relative to the hip-ankle line. 

7.2 Recommendations for Further Works 

I- More tests are recommended on patients wearing IC sockets in order 

to assess the function of the IC socket, and to draw definite conclusions 

regarding the claimed superiority of the IC over the quad socket, and regarding 

the effect of alignment changes on the gait parameters of patients wearing IC 

sockets. 
2- A greater number of force plates and cameras incorporated in the 

system would allow monitoring of the subject and analysis of the gait for more 

than one stride. However, since the installation of many force plates would be 

expensive, and adjusting the patient's gait to strike properly many force plates 

may not be possible, a radio telemetry or data recording pylon is recommended 

to record the loads on the prosthetic leg. 

3- An investigation for the muscle activities of the amputated leg of 

above-knee amputees during the gait cycle, would be useful in tile analysis of 

the above-knee amputee's gait. Electromyography is suggested. 
4- In order to assist the prosthetist in achieving the optimum alignment, 

a simple technique can be suggested. The technique should make use of tile 

relative position between the vector of tile ground reaction force and the knee 
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joint centre of the prosthetic leg, and also consider the angular position of the 

trunk in space. A computer program can be used to display the position of the 

KJC, the ground reaction force vector and the angular position of the trunk 

simultaneously during walking, thus, the prosthetist would be able to judge the 

knee stability, the function of the prosthesis and the appearance of the subject. 
5- A device is also suggested to lielp the prosthetist in setting the bench 

alignment, and in achieving the dynamic alignment. The device can consist of 

a series of gauges temporarily fixed on the components of the prosthesis, tile 

output signal of these gauges can be fed to a computer which would quickly 

calculate and display the eleven alignment parameters of the prosthesis. This 

device can also help in reproducing a certain alignment if a prosthesis needed 

to be aligned and realigned. 
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Appendix A 

Calculation of the knee shift referred to in section 6.3, and 
Tables Representing Some of Temporal-Distance Parameters 
Obtained for Above Knee Amputees, when the Alignment of the 
Prosthesis was Changed. 
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Calculating the Amount of Knee Shift: 
Referring to figure 6.1, and knowing that the position of points H and K 

are detern-dned relative to point A (see section 6.3), the angle 0 can be found as: 

arccos 
XR' + W? - 17? 

2 XXK-XMT 

0 is positive when the HA line passes behind the KJC, i. e. the knee is set 
forward, and the KN distance is positive. 

The distanco KN and the coordinates x,, of point K, were calculated in YKI 
section 6.3 as: 

Ka = XR sin 6 

x sin +a 
yjr Cos + cc 

Point H, is the position of the I-UC which resulted from changing the foot 
angular position, and its coordinates relative to the AJC can be found as: 

xH sin 

YK Cos 

Where: P is the foot change angle and it is positive when the change 0 dorsiflexes the foot. T is the original angle between the y, axis and the 
HA line, and it is positive clockwise. 
The coordinates ( xs , ys ) of the SRC (point S in fig. 6.1) can be 

calculatdd relative to the AJC as: 

+ 73 sin ý 

. ys Yx + K3 Cos .1 

Where KS was measured on the coordinate measuring system (secdon 
4.2.2). ý is the original angle between the SH, line and the vertical line 
which passes from S, and it is positive clockwise. 
In the knee shift procedure, the foot angular change was coupled with a 

change in the socket angular orientadon by the same angle is toward 
extension in fig. 6-1). This will shift the HJC from point H, to point H2, and the 
coordinates of point Hz can be found reladve to the AJC as: 

254 



sin +(b) -sin(b) 
YK, = YW, + 371. ( Cos + 40 Cos 10) 

Where P is positive when the change is extending the socket. 

Thus, the angle 01 (positive when H2A passes behind KI) can be calculated from 
triangle AK, H. and the distance KIN, can be found as: 

TI-N, = 7T, - sin 13, 

So, the shift "a" in the KJC relative to the line which connects the IUC to the 
AJC resulted from a simultaneous change in the foot and socket angular position 
by an angle P is: 

]qY,. - M7 

The knee shift is forwards when the value of "a" is positive, and 
backwards when the value of "a" is negative. 
Examole: 

Subject TRAQ is* taken as an example. The coordinates (in cm) of the 
KJC and IUC relative to the AJC are: K(-0.4 , 41.3) and H(2.1 , 85.2). Thus, 
AK = 41.3 cm, KH = 43.97 cm and AH = 85.23 cm. Also, K, S = 2.4 cm =ý SHI 
= 41.57 cm. 

arctan -0.4 0-55 degree 
41.3 

arctan 
2.1 1.41 degree 
85.2 

arccos - 
(41.3)2 + (85.22)2 - (43.97 )2 

= 2.02 degree 
2x 41.3 x 85.22 

It can be seen from angles (x and T that the HA line passes ahead of the 
K point =* 0 is -negative (0 2.02). Thus, 0 

IW = 41.3 sin (-2.02) = -1 . 46cm 

'Me foUowing calculations are for the case of plantarflexing the foot and 
extending the socket by 3 degrees. 

The coordinates of H2which resulted from extending the socket by 3 degrees (It 
should be noted here that socket extension is positive) are: 
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x, r = 41.3 sin ( -3 - 0.555 2.56 cm 
1 

yjr, = 41.3 Cos ( -3.555 )= 41.22 cm 

x, w 1 
85.23 sin -3 + 1.41 -2.26 cm 

y, ff 1, 
85.23 cos -3 + 1.41 85.2 cm 

- x. ( -2.36 -2.56 ) 
arctan 

xit' Iý arctan u 0.26 degree 
y9l. - YXI 85.2 -. 41.22 1. 

x.. = -2.36 + 41.57 ( sin (3+0.26 sin 0.26 0.18 
2 

85.2 + 41.57 ( Cos 3.26 COS 0.26 85.13 cm 

Thus, AH2= 85.13 cm , KIH2= 43.97 cm and AK, = 41.3 cm. 

e, - arccos 
W+ XK' - 172' 

%2 
XWI XAJýL 

arccos 
85.13 )2+( 41.3 )2-( 43.97 3.39 degrees 2x 85.13 x 41.3 

It is clear from the coordinates of K, and H2relative to the AJC that the HA line 
is passing ahead of K, (this can be confirmed by calculating the angles of H2A 
and K, A with the y, axis), therefore, the angle 0, is negative (01 = -339). 

41.3 sin( - 3.39 2.44 cm 

Therefore, the knee shift a is: 
a 2.44 -( -1.46 0.98 cm and the KJC is shifted backwards from 
the hne which connects the IUC to the AJC. 
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Figure B. 1 Ground reaction forces with time for five normal subjects. (Left leg). 
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Appendix D 

Evaluation of the effect of the TV errors and of the location error on 
the results 

It was found (sections 4.3.2.2) that the TV system has a maximum 
absolute static accuracy of 5.2 mm, 3.9 mm and 2.4 nun in the X, Y and Z 
directions respectively (these errors are the average of the errors obtained for 
left/front and right/front camera sets), and a minimum absolute static accuracy 
of -3.4 mm, -2.8 nun and -5 mm in the X, Y and Z directions respectively. It 
was also found (section 4.3,23) that the TV system has an overall relative 
dynamic accuracy of 1: 318. In order to evaluate the effect of these errors on 
the results calculaýied, the hip joint moments were chosen. The hip joint was 
chosen because the effect of the relative dynan-dc error on this joint is larger 
than that on any other joint, since the hip joint is located on the largest link 
(shank and thigh) to be subjected to that error. 

It was also reported (section 5.3) that the method of locating the FUC 
has an error of * 1.07 cm. 

Because the effect of the above listed errors (static, dynamic and 
location) on the moments of the hip joint is additive, they were all combined 
and evaluated together for subject MFFM, and their effect is shown in figures 
D1 and D2 for the leftand right hip joints respectively. In these figures the 
curve labelled MFFM was calculated without considering the effect of the 
errors. Curve labelled M17FM+E was calculated considering the errors in the 
following manner: 

1- The maximum absolute static error of each direction was added to the 
respective coordinate of the static marker. i. e. 5.2 mm, 3.9 mm, and 2.4 mm, 
were added to X, Y and Z coordinates respectively of each static marker. 

2- Each coordinate of the IUC was increased by 1.07 cm to evaluate the 
effect of the hip location error. 

3- 'Me length of each body segment (shank and thigh) which were used 
in calculating the hip moments was multiplied by 1.0031 which gives the effect 
of the relative dynamic error. 

Curve M17M-E was calculated usina the same method as curve 
NffTM+E but considering the n-dnimum errors( i. e. adding the negative errors). 

Then, the hip moments were calculated during the gait cycle for curves 
Nff TM, M17FM+E and MFFM-E. It was found that the above listed errors 
resulted in the following errors on the hip joint moments: 

I- Maximum errors of ± 8% and ± 14% of the original moment (which 
was calculated without considering the errors, curve M17FM) were found on the 
A/P hip moment on the left and right legs respectively. 

2- Maximum error of ± 14% of the original moment (curve M17FM) was 
found on tb, - transverse hip moment ofthe left and right legs. 

3- -A maximum errors of ± 15% and ± 12% of the original moment 
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Figure DA Effect of the TV errors and of the location error on the moments 
of the hip joint. (Left Leg). 



(curve NUTM) were found on the coronal moment of the hip joint of the left 
and right legs respectively. 

The differences in the percentage errors between the left and right legs, 
are related to the differences in the magnitude of the original moments between 
the left and right legs, and the magnitudes of the effors on the left leg are 
approximately similar to those of the right leg. 
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