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ABSTRACT



AB STRACT

Locomotion analysis and lower limb action exploration in general has reached
remarkable levels of sophistication in recent years. Such sophisticated developments
have been accompanied by an apparently unavoidable and increasing complexity of
apparatus and equipment. This has made installation of such facilities for routine
clinical use expensive and complex and in consequence there are relatively few centres
which such assessments have become available for disability diagnosis and treatment
monitoring.

Concurrently there has been increasing attention directed to the possibility of
developing a simple technique useable in the restricted space normally available in
routine clinics. Grieve et al(1978)highlighted in their exploration of movement patterns
of the lower limb the potential applicability for this purpose of a "step”
test. Insuch a test the subject raises himself from a standing position on to a step of

pre~determined height leading with either the right or left leg. The full cycle

consists of a step up and a step down.

The aim of the investigation undertaken has been a definitive exploration of the
step test in which in addition to kinematic characteristics, dynamic assessment of the
variations tnvolved was also to be included. It was found as work progressed that the
full kinetic analysis required the development of an increasingly complex computer
program suitable for the generalised variability of displacements and of the force
actions involved in the step specified. As things have now developed the program
presented in the thesis is a format of analysis that is able to handle walking on the flat,
walking up and down ramps, walking up and down stairs, jumping etc, in fact any
action in which the lower limbs are involved. The development of these analyses took
up a far greater proportion of the total project time than was initially anticipated.
Nevertheless this being the first time that such an all embracing program was attempted,

it was felt worthwhile to reallocate the effort available in favour of the program

design and specification.
Inescapably the actual applied investigation involving normal subjects and patients
had then to be reduced to a pilot investigation. Even this pilot programme covering

5 normal subjects and 5 patients involved the detailed analysis of some 25,000 frames

of film,




v

The results of these tests highlight the fact that the step test in this simple form
will not produce the definitive clinical data hoped for. One of the conclusions of
the investigation therefore amounts to a recommendation not to continue exploration
of the simple step test. On the other hand data and experience gained points clearly
to the significant potential of a test consisting of the subject moving up a step: by
graded and varying step heights in which monitoring the kinetic changes from step
to step is likely to produce data of value in diagnosis and therapy monitoring. There
was no time to undertake experimental work on this step concept apart from mooting
its feasibility.

The thesis consists of six chapters:-

Chapter 1 is an introduction giving an appreciation of the background presenting
the clinical requirements and the clearly demonstrated need for a simple means of
patient assessment.

Chapter 2 puts forward a critical review of the literature and explores in outline
the classic studies of human locomotion, the clinical applications of gait analysis and
the biomechanical assessment of the stepping function.

In Chapter 3 the experimental investigations are outlined in the conventional
manner providing the definition and planning of the project, the development of the
relevant methodology, devices and apparatus. The chapter culminates in putting

forward the experimental results in sample form in the text and in full in the relevant

appendices.
Chapter 4 concerns the analysis of the data collected. It is in this chapter that

the formulation of a pioneer system of analysis is put forward that permits the handling
of generalised human motion involving the lower limb.

Chapter 5 discusses the applicability of the step test as explored to clinical
requirements as defined. It highlights the significance of the techniques evolved
and suggests that the step test in its simplest form is unlikely to be capable of dev=
elopment into an effective clinical tool.

The conclusions in Chapter 6 summarise the findings in direct statements.

The thesis concludes with the appropriate bibliography and 2 appendices which

give an outline of all the work undertaken and completed.
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1. INTRODUCTION

The need to develop o simple technique for clinical assessment of the
locomotor function of the lower limb has increased considerably in recent years.
More recently there has been increased interest in the study of activities other
than level walking, such as stair and ramp ascending and descending.

It has been suggested by D'Angelo and Grieve (1977) that stepping could be
employed as a suitable test to be used in a clinical environment. In 1978
Grieve et al have provided data on the kinematics of non-pathological subjects
stepping on and off a platform. By interpolating the experimental results
predictions have been made for the movements in the form of angular displacement
of the limb segments which would be expected on a step of rise equal to 10% of
a persons height,

The present project is, in fact, an attempt to test this hypothesis viz that
the step test could be used as a clinical tool. A more sophisticated technique
has been used in order to obtain a complete biomechanical description of the
task. [t was the author's view that the forces and moments had to be included
in the analysis and to give a better understanding of biomechanics involved in

the proposed test. Additionally it was felt that the data from both limbs should

be collected simultaneously.

The step can be negotiated forward or backwords, upwards or downwards, so
that for each side of the subjects (patients) there were four manoeuvres to be
analysed. In order to accomplish such analysis a comprehensive computer
programme had to be developed. Priority had to be given to the development
of such a programme which could form the basis for further work in this area.
Considering the pioneer aspect of the research, the time available for the
development of the techniques and experimental procedure it was possible to only
test five  normals and five patients. Nevertheless it was found that certain
preliminary conclusions could be arrived at. Modifications and suggestions for
further work are included.

All possible exploration of the step test as suggested were investigated

within the limitations of project time and laboratory facilities.




CHAPTER 2

CRITICAL REVIEW OF THE LITERATURE

2.1 The Classical Studies of Human Locomotion

2.2 Clinical Applications of Gait
2.3 Biomechanical Assessment of Stepping
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2. CRITICAL REVIEW OF THE LITERATURE

2.1 The Classical Studies of Human Locomotion

Locomotion is a phenomenon that has interested many investigators since the
earliest days of our history. Walking is one of the few motor acts in which we
all require a similar level of skill, since our working, domestic and social
environments are designed to accommodate the walking man. Thus all possible
modes of locomotion have attracted the interest of philosophers, mathematicians,
anatomists, physiologists, surgeons, and recently bioengineers.

The motion of the human body in space has been investigated centuries before
techniques were available for the accurate recording of the tasks. The title
'Father of Kinesiology" is attributed to Aristotle (384 = 322 BC) whose treatise
"Part of Animals, Movement of Animals, and Progression of Animals", has
described for the first time the action of muscles and subjected them fo geometrical
analysis. He was the first to describe that in the process of walking rotatory
motion is transformed into translatory motion.

Galen (131 - 201 AD) in his work "De Motu Musculorum” distinguished
between motor and sensory nerves and between agonist and antagonist muscles
groups.

Leonardo da Vinci (1452 - 1519) in his studies of anatomy was particularly
interested in the structure and related performance of the human body. He has
described the mechanics of the body in walking, stepping and jumping. Fig. 2.1)

Galileo Galilei (1564 - 1643) who was a student of medicine before his
searching for laws underlying certain physical phenomeﬁa, has also studied the
motion of the human body. Alfonso Borelli (1608 - 1679) in his treatise "De
Motu Animalium® among several things explained that bcnes serve as levers and
that muscles function according to mathematical principles.

Direct experimentation on the movement of the body durin;;.; locomotion has
its foundations centuries later in the work of the Weber brothers (1836). They

also initiated a series of experimental determinations of the whole body centre
of gravity. The Webers observed the motions of the trunk through a telescope at

a distance of 100 metres from the walkway, and in this way estimated the
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amplitude of the vertical oscillations and the inclination of the trunk to the
vertical.

The first transducers attached to the body during locomotion were probably
of the 'tabours' variety used by Marey (1885). His work is characterized by
originality and inventiveness. He was quick to judge the importance of the
work of Muybridge in 1882 which consisted of a series of photographs during the
stepping of the trotting horse, by sequential exposures on 24 cameras mounted
side by side. Marey however, devised a more elegant solution for field use in
photographing birds and developed a photographic gun on which twelve exposures
could be made in one second. The photographic plate was circular, and between
each exposure (1/720th sec.) the plate was rotated 30 degrees. For the
recording of human motion he invented an instrument called “chronocyclograph™
which produced multiple exposures in a single photographic plate. Fig. #_
2.2). Aslotted disc rotated in front of the fixed plate making from 1/10th
exposures to 1/5000th of a second. Experiments were carried out with the subjects
dressed in many ways in order to produce better chronocyclographs. The precision
offered by the new method allowed gait to be studied on a scientific basis.

Braune and Fisher (1890) used four chronocyclographs recording movements
on the sagittal and coronal plane of walking. Incandescent tubes were attached
to the limbs of a subject dressed in black. With this technique available these
authors made laborious and detailed analysis of the human locomotion. From the
kinematic descriptions of eleven points on the body Fisher (1898) by means of
graphical differentiation, calculated the forces acting on the whole body centre
of gravity. A notable aspect of the work of Browne and Fisher is the careful
investigation in the area of anthropometry. Their investigation of the static
and dynamic constants of human body segments provided data which was used
by investigators for more than 50 years.

In 1916, Amar described an instrument that he had devised in order to evaluate
artificial limbs. The apparatus which he called the 'Trottoir Dynamographique™

was the first force platform and consisted of two wooden heams, mounted on a
cantilevered system of iron girders. In the region of each articulation a

pneumatic chamber recorded pressure changes proportional to the qpplied force.



Amar reports the use of the force plate as an aid to the evaluation of pathological
gait.

Elftman, in 1934 contributed to the study of gait with the design of a baro-~
graph which gave information on the distribution of pressure over the sole of the
foot more accurately than had been previously possible. In 1939, he reported
the design of a force plate which allowed him to calculate the instantaneous
point of application of the force at the feet. Thus, by construction *free body'
diagrams for each segment of the lower limb and knowing the assumed centres of
rotation of the joints Elftman calculates the net torque acting about the joints of
the lower limbs, and from that an approximation for the net flexor and extensor
muscles tensions throughout the'walking cycle. In this classical paper, Elftman
investigated the transfer of energy between the segments of the body in locomotion.
An important concept introduced was that energy is being both supplied and absorbed
by the muscles. These concepts had profound influence on future investigators
in this area. Elftman, undertook further exploration on the principles of muscle
action during locomotion (1941) with regard to the intrinsic property of the
mechanics of muscle fibre.

Little advance was made until the work of Bresler and Frankel (1950) published,

as an account of work done as part of the University of California programme.

These studies basically repeated Elftman's own experiments using more sophisticated
equipment. Bresler and Frankel used a platform instrumented with strain gauges

to measure the vertical and horizontal components of applied forces, the torques, and

to locate the instantaneous centre of pressure.

2.2 Clinical Applications of Gait
The majority of the work that has been done in the field of gait analysis has

been undoubtedly oriented towards its possible applications in the clinical areas
where locomotor assessment may be used either diagnostically or for noting progress

as result of treatment. However, some of them are even more clinically oriented
than the others, such as the work of Pauwells (1935). He calculated the magnitude
and direction of the resultant force transmitted between the femoral head and the

acetabulum for an individual standing on one leg. The value of this force he



suggested was 2.92 times body weight. The object of this work was to improve
a technique for osteotomy of the hip joint.

The College of Engineering in collaboration with the Medical School of
the University of California (1947) carried out an extensive locomotion study
in normal and amputated subjects. The purpose of the research was to achieve
improvements in the design of artifical limbs. The most significant development
of the California Group was the design and construction of an accurate force=-
platform, which measured the components of the resultant force in three
dimensions at the centre of the top plate and the component moments about these
axes. They have used two force-plates (Klopsteg and Wilson 1954) avoiding the
assumption of absolute symmetry in the forces developed by the two lower limbs.
As part of the same project, Bresler and Berry (1951) had expanded the classical
work of Fenn's calculations of energy and power input-output relationships
during normal and amputee gait Bressler, Radcliffe and Berry, 1958). They
characterized gait as a "push=pull” mechanism involving the expenditure of energy
by the posterior limb and the absorption of energy by the anterior limb. They
also emphasised the value of the "lock-unlock~lock" sequence of events at the
nomal knee joint in maintaining the energy level of the head, arms and trunk
(HAT) relatively constant. The positive moment immediately following heel
strike indicated the resultant force passing anteriorly with respect to the knee
joint giving the stability that the authors called "locking". The reaction moves

to a line of action which falls posterior to the knee joint, referred to by the

authors as "unlocking".

Marks and Hirschberg (1958) attempted to use a force plattorm on the analysis

of hemiplegic gait, and were able to show significant differences in the vertical

force and knee moment curves obtained from normals and hemiplegic subjects.

Drillis in 1958 suggested that measurement of the time period between the two
peaks of the vertical force, in relation to the total stance force may be a useful

indicator of pathological gait.
The work of the Californian group was extended by Paul (1965). The line

of actions and moment arms of the ilio-psoas, rectus femoris, gluteus maximus,

biceps femoris, gluteus medius and adductor magnus muscles were approximated



to by measurements related to elastic threads appropriately attached to a skeleton.
The period of activity of these muscles was detected by surface electromyography.
With the use of photography and force-plate the net force and moment at the hip
were calculated throughout the complete walking cycle. Furthermore by

making certain assumptions Paul was able to estimate the three components of

force between the head of the femur and the acetabulum. His results showed

peak joint forces of approximately six times body weight to occur during the

first 20% of the walking cycle.

Rydell (1966) made direct measurements of these forces in vivo, using a
strain gauge instrumented head of an Austin-Moore hip prosthesis. The forces
have been recorded during locomotion and other activities post operatively of a
subject. The results showed peak forces of approximately two time body weight
in one subject and over three times body weight in a second subject. Some
dependance on the speed of wdiking was shown.

Most of the investigations concerned with pathological locomotion have been
limited primarily to kinematic studies. As a typical example, Saunders (1952)
postulated six determinants that may be used to assess gait patterns, they are:
Pelvic rotation, pelvic tilt, knee flexion in stance phase,foot mechanisms, knee
mechanisms and lateral displacements of the pelvis. All the%e determinants act
to produce a sinusoidal displacement of the centre of gravity of the body of low
magnitude, since this requires the minimal expenditure of energy.

Murray (1964) carried out a comprehensive study on the kinematics of human
locomotion, obtained from photographic techniques producing "stick diagrams”.
This study was carried out in order to provide normal standards with which
measurements of abnormal gait may be compared. The data was obtained by
interrupted-light photography and the subjects were appropriately marked with
reflective targets. Speed and timing of gait, stride dimensicns, angular and
linear displacements of the trunk and the limbs were measured and analysed.

While many workers have derived important conclusions from information
concerning the linear and angular displacements of parts of the body in space as

a function of time, others have tried to make use of the angular displacements

of the lower limbs by producing means for the presentation of this basic information
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in a meaningful way, enabling a pattern of movement to be characterized by a
shape which is easily recognizable. This is achieved by producing a plot of
one angle as a function of another angle. Wagner and Catranis (1954)Fig.2.3)
and Grieve (1968) Fig. 2.4) . Grieve called these charts "angle~angle
diagrams™ and he explored the idea of studying families of similar shapes in
order to identify pathological conditions. According to Grieve's philosophy
these shapes would be easily recognizable by a mathematically untrained person

(clinician, paramedic, etc) just by looking at the shapes of the diagrams (Fig.2.5).

2.3 Biomechanical Assessment of Stepping

Although there is literature of a substantial amount of research on the biomechanics
of human locomotion in level walking, very little is to be found for -other activities

such as the 'step' action. Refer to section 3.1).

Cappozzo and Leo (1974) have used Fourier series to obtain a mathematical
description of the kinematics of normal subjects walking upstairs, and devised a
mechanical model in order to calculate the muscular moments around the major
points of the lower limbs. The object of the exercise was to produce a descriptive
technique which would facilitate the collection of reliable data in order to detect
the important features.of such manoeuvres so that the design of actual prostheses
could be improved, and to be able to develop sophisticated walking machines.
The authors described a characteristic pattern for all gait with a stride period
from 1 to 1.50 seconds. No correlation could be made between the stride
period and the anthropometric measurements, as the number of subjects tested was
small. They suggested that when the stride period is outside of these above
range some variations are evident, which could be correlated to a change of
gait. The authors have presented an elegant technique to overcome the problem

of handling kinematic data.

Grieve et al (1978) studied the kinematics of 21 normal subjects stepping at
three different step heights. The sagittal plane rotations of the thigh and shank
were recorded using a polarized light goniometer (Polgon). The purpose of this
research was to attempt to establish a clinical test of the locomotor function of
the lower limb. They have correlated the data between the heights of the step

with the subjects stature and predicted norms for a step equal to 10% of the



stature. Only one leg was monitored at a time, nc attempt having been made
to measure both limbs simultaneouslys and only angular displacements were
recorded. They expect that idiosyncratic differences could easily be detected

by comparing the angle-angle diagram between subjects.
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3. EXPERIMENTAL INVESTIGATIONS

3.1 Definition and Planning of Project

Many aspects of gait have been widely studied both in experimental and
clinical contexts. These include the assessment of the kinematics of the body
segments as well as the ground to foot reactions and intersegmental loads
transmitted by the major joints of the lower limbs. Although some different
activities such as stair and ramp ascent and descent have been reported by and
large the most widely studied activity has been the steady state walking on level
surfaces. [t hasJ been suggested (D'Angelo and Grieve , 1977) and (Grieve et al
1978) that stepping could be employed as a test to be used for clinical assessment
of the locomotor function in the lower limb from considerations of standardization,
accuracy, convenience and minimal demand on space. The stepping movements
can be performed in either a forward ) or bakkwards B) direction and in relation
to the level surface, it can be either upwards (U) or downwards (D). When a
limb leads (L) upwards and forwards in a stepping action, anti-gravity movements
are performed which are in reverse time sequence of those it executes as a
trailing (T) limb in the gravity-assisted movements backwards and downwards.
Such conjugate pair of movement exhibit remarkable similarities in normal subjects
Fig. 3.1) although flexions in one case are extensions in the other, movements
that are assisted by gravity in one are opposed by it in the other, and the muscle
that is acting concentrically in one case will be acting eccentrically in the other.

Grieve et al (1978) provided data on the kinematics of non~pathological
subjects stepping on and off a platform of various height. Predictions have been
made of movements which would be expected on a step equal to 10% of a persons
height. The biomechanical interpretation of such a task suggests that there
would probably be less similarity in the conjugated manoeuvre in the presence of
neuromuscular and articular disorders: thus it might be possible to assess performance
by making within-subject comparisons. Considerations based on these studies
show that more extreme positions of the joints are involved (using the letters above)

in the FUL-BDT and FDT-BUL manoeuvres. This is due to the fact that the body

passes through a position in which one limb is in contact with the step at the
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same time as the contralateral one is acting as a support on the ground. This is
a closely linked manoeuvre in which the position of the leading limb must closely
reflect the difference of the height of the step and the ground (Fig. 3.2).

The present work reports a comprehensive three dimensional biomechanical
analysis of "stepping" both for normals and for patients sutfering from knee
disorders. The activities analysed included taking a single step on level and
on a step equal to 10% of the subjects height, both including their inverse
manoeuvres. From all the possible combination of postures, the FUL-BDT has
been chosen, because it represents the most natural task, i.e. the one that the
subjects would have more confidence in performing as well as the one which is

more likely to show variations.

3.2 Devices and ﬁeeamtus

The tests were conducted using a walkpath incorporating two force sensitive
platforms and three 16 mm cine-cameras. The forceplates are those supplied
by the Kistler Instrument Company, and consist of two rigid steel plates supported
on four transducers. The transducers which are of piezo-electric type, are
mounted in such a way that it is possible to measure any force applied in terms
of three orthogonal components (cartesian system) together with the three moments

about the axes of the plate.

The platforms are mounted on concrete foundation blocks and are housed in

a recess in the floor, so as the top of the plates are on the same level as the

floor.

A set of nesting wooden platforms each of one cm thick were placed on top

of the plate in order to create a step relative to 10% of the subject’s height.

The twelve channels containing the force and the moment signals generated
by the two force plates transducers are recorded and stored in magnetic tape at
asampling frequency of 50 Hz. This is achieved by means of a PDP-12 digital
computer (Digital Equipment Co.). The analogue signals are later converted
into digital form through a standard program (editor).

The kinematic data are obtained through photographic techniques and are

recorded by three Paillard Bollex H. 16 (16 mm film) cine-cameras mounted
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in the X-Y and Z-Y grid planes Fig.3.3). The shutter speed of the cameras is
synchronized at 50 frames per second and colour film is used in each camera.
Appropriate illumination is provided by overhead flood=lighting.

The force plate and cinematographic signals are related by firing a flash
bulb in the fields of view of each camera. Additionally, firing of the flash
bulb producesatransient voltage which triggers an event marker which is
recorded on the magnetic tape containing the force plate data. Thus the film
and the force data are related on line.

After each test the film is rewound in each camera and then re-exposed with
the grid placed on the ground at the geometrical centre of the two force plates.
The grid board consists of a black background with 5 inches (127 mm) square

network of white lines.. .

3.3 Methodology and Data Collection
3.3.] General

To obtain spatial co~ordinates from the limb displacements on the cine-films
records, skin markers are required. The markers are constructed of wooden
spheres of one ¢cm diameter and painted a flucrescent yellow colour. The markers
are attached to the subject’s body by means of double=sided adhesive tape placed
between the marker backing and the skin. The markers are placed on the surface
of the following joints: achromio clavicular joint, anterior superior iliac spines

(ASIS), a tail marker on the lombo sacral joint region, on the tibial tuberosity,
on the fibula head region, on the lateral aspect of the shank, midway between
the fibula head and the ankle lateral maleolus, and on the heel and head of the
fifth metatarsal joint. All the markers have been given initial identification
numbers which will then be changed according to the requirements at different
stages on the main programme developed to calculate the co-ordinates of the
joints centre Fig. 3.4 ).

The pelvis has been considered as a rigid body, three markers (six
quantities) are required to define its position in space. The same approach has

been used for the shank. Once these segments are defined, the co-ordinates of

the hip, knee and ankle joint centres are then derived. This procedure has been
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adopted to overcome a very common problem in defining the joint centres with
markers placed on the slkvin surface of such joints; the difficulty due to the amount
of movement of the skin around the joints during locomotion. The calculations
are possible by stabilising the relating of patients anthropometric measurements
with the marker system (this will be fully described in the chapter giving the
mathematical analysis). To achieve this relationship it is necessary to take a
static film shot (one frame of the film would be enough) of the subjects before
the tests. This relates the joints’ centre with the marker system relative to the
grid for all the three cameras.

The hip joint centre is calculated relative to the position in space of the
anterior superior iliac spines, this being based on a derived scaling factor for
hip co~ordinate based in turn on the distance between the right and left iliac
spines. These measurements were derived from skeletal and X-Ray measurements

(in selected subjects) in order to obtain the scaling factor for each patients, where:

SCALING FACTOR = PATIENT MEASUREMENT / SKELETAL MEASUREMENT
The cine film recorded from the subject stepping on the sagittal (X,Y) plane

is used to determine the X and Y co-ordinates of the joint centres, while the film

recorded from the frontal (Z,Y) plane is used to measure the Z co-ordinate of

the joint centred.

3.3.2 Ldboratory procedure
Approximately one hour before the beginning of the test all the equipment is

switched on and allowed to warm up. The cine cameras are loaded with 50 feet
spools of Kodachrome 40 ASA 16 mm. film. This procedure is done with the
cameras switched to "local mode" where they can be o;;ercted independently of
each other. Illumination is provided by overhead floodlighting. The camera focus
is adjusted and the lens apertures are set accordingly to readings of the photometer.
It was found that best settings for the apertures were: £2.8 for the side cameras and
£2 for the front one. The cameras are then switched to "remote mode" so that
they can be operated synchronously from the control panel.

The charge am;;wli'f'iers for the two force plates are divided into two sets for
each plate: the top one which controls Fx, My, and Fz, is set to operate at

100 mechanical units per volt. While the lower one which controls Mx, Fy and
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Mz is set to operate at 20 mechanical units per volt. The buffer amplifiers for
each channel is set to give the desired attenuation. At this stage the computer
is already loaded with two tapes: one containing a standard programme called
SAM12 (Jordan 1978) and the data tape. The programme has instructions for
the total number of analogue and mult‘iplexed channels to be used.

A flash bulb is positioned in the flash light tripod, which is mounted on the
run number block. The tripod is then positioned so that it is visible to all
cameras without obscuring the subject as the manoeuvres are performed. The
flash switch is placed on the control planner to be operated together with the
cameras and force plates switches.

The test subjects were subjected to a close medical examination and were
asked to wear briefs. They were tested barefoot. Questions relating to
the history of their locomotor disturbance were asked, anthropometric measurements
were taken and the markers were placed on their anatomical landmarks., This
procedure {algson average 25 minutes and all the measurements as well as the
relevant clinical aspects were recorded in a standard form Fig.3:5 ).

3.3.3 The Tests

The subject Is asked to stand on the top of force-plate 1 Fig. 3.6) and is
allowed to perform as many manoeuvres as possible in order to feel confident
with the test. These manoceuvres consisted of stepping forwards starting with

the right leg on the top of force plate 2.  Secondly stepping Fig. 3.6)"
backwards on the top of force plate 1 this time starting with the left leg

The manoeuvres were then repeated with a step equal to 10% of the patients
height on the top of force plate 2.. -.

The flash light was prepared, the computer reset and the force plates charge
amplifiers inputs discharged. The cine cameras were started and then the subject
was asked to perform the first manoeuvre. Each of the computer channels of
stored load information was checked and if satisfactory and the spatial data
appeared to be satisfactory (this includes the flash operation, cameras operation,
and all:markers being visible) the force plate data was written to the data tape.

If the test was not satisfactory, then it was repeated, otherwise the same procedure
was repeated for the next manceuvres. On the test form all the details were noted,

such as run number, block number on the computer tape etc, All the transducers
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and force plate amplifier gain settings were also recorded.

Once the tests were finished all the cameras were set to "local mode”,
lenses covered and the film rewound. A grid board consisting of a black back-
ground with 5 inches (127 cm) square network of white lines was placed on the
ground at the geometrical optical axes of the three cine cameras. The lenses

were uncovered and each camera was so re~exposed, superimposing the white

square network on the film image. .

3.4 E_L(Eeri'menfal Results

3.4.1 General

Force and moment data was stored on magnetic tape, while kinematic data
was stored on cine film, both with sample intervals of 0.002 sec. and related
on line through a flash bulb being fired in the field of view of the cameras and
a transient voltage of the same event marking the force plate data. The method
available to convey the data to CDC7600 computer to be processed is in the form
of punched paper tape. (PPT)

Force and moment data was transferred from magnetic tape to PPT by means
of the PDP12 computer, and this was achieved by means of a programme Editor
(Jordan 1978). The data tape and the programme tape were loaded into the
PDP12 and the desired block number selected. The events of the manceuvres
can be much more clearly seen using the Fy force plate data and with this channel
displayed on the computer visual display unit (VDU) the first cursor was positioned
on the beginning of the manoeuvre, while the second cursor was placed at the
end of the event on the level of the base line. These positiors were then checked
for the other channels. All the values between and including the cursor values
for each channel were then transferred to paper tape. The frame numbers of the

cursors were recorded together with the frame where the flash event occurred.

3.4.2 Film analysis

The analysis of the cine=film records was performed in a semi-automated mode
using a vanguard-PCD Spectro Digital Trace Reader, The film was projected by
a Vanguard projector head onto a PCD reader glass screen. A gantry moved

across the screen, carrying a cursor which could be moved vertically over the
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length of the gantry. Wire linkages on both gantry and cursor were

connected to potentiometers, the output of which depend upon the X and Y
co-ordinates of the cursors centre viewing sight. When a point on the body was
located on the cursor sight, the depression of a switch caused the X and Y co-
ordinates of the point to be punched onto paper tape.

Unfortunately, no printed output was available from the particular machine
used, and human errors, eg. recording too few or too many co-ordinates per frame,
were not detectable until a later stage of processing. As an aid to detecting errors
of this nature, three fixed grid points were always recorded as the first data points
in each frame enabling the co-ordinates at these points to be used as a basis for
editing. Moreover, these three grid points are used to transfer the PCD
reference system to the laboratory inertial frame system., The film is stepped
through frame by frame until the frame in which the flash occurred is found,
corresponding to the event marker on the force tape data. This event marker is
related (as no. of points) to the point on the force data where the beginning of
the movement occurs. This value was used on the film to identify the beginning
of the manceuvre. Both sides and front film were processed by following the
same sfeps.,

The paper tapes obtained by this procedure were read onto a magnetic tape
in the CDC-7500 system at the University of London Computer Centre. Following

editing subsequent processing of the co~ordinate data was carried out using

FORTRAN 1V programmes.

Control data such as subject and manceuvre identification, camera speci-
fication etc, were typed directly onto paper tape in the correct sequence and

spliced onto the beginning of each tape.
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4. ANALYSIS

4.1 Introduction

This chapter describes the theoretical analysis used to reduce the kinematics
and force plate data recorded during the experimental sessions. The anal ysis
converts the spatial data obtained from the cine films to real distance units and
the force plate data into units of force, and thus loading information on the lower
limb structures are obtained. A computer programme has been developed for this
analysis (Appendix 1) and it is carried out in the following steps:

(o) Real distances and loads are obtained by applying parallax and scaling
corrections to the spatial data and force calibration factors to the force plate data,
(b) From a kinematic static shot (the static test) recorded at the time of the
experiment on the film, direction cosines are determined in order to define the
co-ordinate system of the three markers mounted on the shank with respect to the
ground reference system (GRS), and relate the shank system to the ankle and knee
joints centre. The positional relationships between the shank markers and the
joint centres remain the same during a test on a subject, but change from test to
test and from subject to subject, thus requiring their positions to be redefined in
the beginning of each test.

(c) During the dynamic test, the shank and pelvic co-ordinate systems of the
structure is moving relative to the laboratory reference system for each frame of
the film., At the instant of a particular frame, the moving structure and the
reference system are fixed relative to one another, thereby permiting the
direction cosines in the GRS of each of the co-ordinate system to be defined.
(d) Determinations of the loading between body segments at the anatomical
joint centres, using both dynamic load and spatial data is obtained using
Newtons' law.

(e) The direction cosines of the co-ordinate systems are relative to the GRS,
thus a vector in any of the co-ordinate systems when multiplied by the direction
cosine matrix, transfer the vector in the GRS,

The assumptions made for this analysis are as follows:

(i) Each structure, for which a co-ordinate system is defined is considered a

rigid body; that is, the distance between the markers on the body is invariable.,
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The marker positions are chosen so that there is minimum skin movement
relative to the respective bony prominences; therefore the marker is considered

to be rigidly attached to the underlying skeletal structure.

4,2 Cine Film Analﬁis

The output data from the Vanguard=-PCD film analyser is given with respect
to the bottom left hand corner of the screen, and in order to refer all co-ordinates
to the geometrical camera axes, which correspond to a centre line between the
two force plates, calculations must be performed. For each frame analysed,
three known fixed points of the grid were taken in order to account not
only for the transfer of the origin of the co-ordinate system, but also to eliminate
any small displacements of the film frame due to imperfections on the sprocket holes
on the film. REF determines the laboratory reference axes system using the co-
ordinate of the 3 auxiliary points marked on the grid. CHANGE transforms the
co-ordinates of each marker on the frame from the vanguard system to the laboratory
system. I

The output is in arbitrary units representing voltages output from the Vanguard-
PCD potentiometres. The values differ from the true physical co-ordinates, the
difference depending on the magnification of the projected image. As all the
calculations are performed using true co-ordinates, the image co-ordinate values
have to be multiplied by a scaling factor (SCALING, in metres) derived from a
known dimension on the film. For this particular analysis the scaling factor was

calculated using 0.127 m,squares drawn on the grid as follows:

0.127

The corresponding readings in Vanguard units

SCALING =

The force plate data on magnetic tape on the PDP 12 computer is in integer form
between values of =512 to +512, where 512 represents an input voltage from the
transducer amplifiers of 1 volt,” To utilize this data in later calculations the stored

information must be converted to the actual load units

Force= FP data x buffer const. x omplif. set. / 512 (in Newtons)

Moment= FP data x buffer const. x amplif. set.x 0.264 (in Newton meters)
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4.3 Parallax Corrections

The co-ordinates obtained by reading directly from the film grid are apparent

and a parallax equation must be developed to determine the true X, Y and Z
co~ordinates of the marker. This is achieved by simple geometrical analysis

From (Fig. 4.1) it can be seen that (see Payl (1967) for full

derivation of the equations):

Y = YIANTES = (YIANTES - HX) Z/XL (1)
X = XIANTES -XIANTES.Z/ZL (2)
Z = Z1A = Z1A . X/XL (3)

XIANTES, YIANTES and Z1A are the apparent grid co-ordinates, and
X, Y, and Z are the true co-ordinates. HX and HZ are the distances of the
X and Z cameras from the origin of the system and HX is the height of the cameras
above the floor.

From equations (2) and (3):

X = XTANTES(1 - Z1A/ZL)/(1 - XIANTES.Z1A/ZL .XL) (4)
Z =Z1A(1 = XIANTES/XL)/(1 - XIANTES.Z1A/ZL .XL) ()

The true X, Y and Z co-ordinates of the markers are derived and the Ankle,

knee and hip joint centres are calculated.

4.4 Calculation of the Unknown Co-ordinate
All the markers used in this analysis could be seen at least by two of the three
cine-cameras so that the requirements for parallax correction were obtained.

However, one exception was the tail marker placed on the Lombo=sacral region,

this marker could only be seen by both side cameras., Thus the Z grid co-ordinate
of this marker had to be calculated based upon the distances between the anterior
superior iliac spine (ASIS) marker and the tail marker, fee fig.4.2 ¥rom the

following equation:

2

(Xe - Xb)° + (Ye - Yb)° 4 (Ze - Zb)° = B2 (6)
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2 2
Zc2 [(XlANTESc/ ZL)2 + (YIANTESe - HX)” / ZL™ + l:l +
(2Zc / ZL) [XIANTES (Xb - XTANTESc) + (YIANTESc - HX)

(Yb - YIANTESc) - Zb ZL] + (XIANTESc - Xb) + (YIANTESc - Yb)* +

7b% - B% = 0 (7)

In this quadratic equation only the smaller root is the solution required.

See Paul (1967) for full derivaton of the method.

4.5 Defining the Static Co-ordinate Systems
Static analysis employs a cine film frame from both the side and front cameras,
with images of the patient's shank only, such that all calibration markers shown
in Fig. 4.3 can be seen by both cameras. Three markers arranged in a triangle
have been used to define a co-ordinate system. These markers are positioned
such that a line joining two selected markers; A and B in Fig. 4.3 lies on the Y
axis. The Z axis is normal to the plane in which all the three markers lie and
the X axis is perpendicular to both the Y and Z axes.
The shank co-crdinate system (see Fig.4.3 ) makes use of markers placed
anterior and lateral to the knee and ankle joint centres such that the side camera
will obtain from the lateral markers the X and Y co-ordinates, while the front

camera obtains the Z co-ordinates from the joint front markers. A line joining

the foint centres lies along the Y axis of the shank co-ordinate system. The
normal to the plane in which the Y axis of this system and the X axis of the GRS
lie, defines the Z axis and a line perpendicular to the Z and Y axis of this system

defines the X axis.

Also from the static test, the direction cosines of the vector between the
medial and the lateral knee markers and the medial and the laoteral ankle markers

are found. These direction cosines are applied in determining the medial knee

and ankle marker co-ordinates in the dynamic -tests.

4,6 De‘f"ining the Dynamic Co-ordinate System

Using the markers shown in Fig 4.3, the shank segment, the pelvis and the
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thigh are obtained for successive frames of cine film. Once the marker co-

ordinates have been found, the method used for obtaining the co-ordinate system
in the dynamic situation is the same as that for the static situation.,

The pelvis marker triangle co-ordinates (Fig.4.4 ) are obtained after
parallax corrections. The Y axis is normal to the plane in which the three markers
lie, while the Z axis is defined by the line between the two anterior superior iliac
spines. The X axis is perpendicular to both Z and Y axes,

The sense of these axes are:

Y is positive from inferior to superior

X is positive from posterior to anterior

Z is positive from medial to right lateral.

From measurements performed on a skeleton and a number of normal subjects,
the vector from the anterior superior iliac spine to the hip joint centre (HJC) of

the same side in the pelvis co-ordinate system has the following components:

x = 0,183* D84

y = 0.305* D86

z = 0,122* D86

Where D86 is the distance between the two ASIS. (Harrington
1974),

The thigh co-ordinate system takes the line between fe hip and the knee joint
centres to define its Y axis, as neither the hip nor the knee centres is defined by
markers, position is obtained by taking a known vector from one marker (on the
shank for the knee and ankle and on the ASIS for the'hip) to the respective joint
centre. From the static shot a vector is defined from the marker 1(if left side marker 10)
to both the knee and the ankle joint centre. This vector is then transferred to

the GRS and added to the position vector of the respective camera to the marker.

4.7 Intersegmental Force Actions

4.7.1 Mass and centre of mass

To calculate the force and moments acting on
a joint during locomotion it is necessary to know the mass and the positions of
the centre of mass of the limb segments. This is achieved by means of tcbles,

for this particular work the information published by Drillis and Contini (1946)
has been used (Fig. 4.5).
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