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ABSTRACT

Alignment of the above-knec‘ prostheses is one of the important factors
affecting the success of patient/prosthesis matching. It has been found that the
prosthetist and the patient can accept a number of alignments which produce
different intersegmental loads and it has been suggested that 1t 1s possible to obtain
an 'optimal’ alignment satisfying certain criteria. In order to enhance the efficiency
- of the alignment procedure, 1t is necessary to understand how alignment affects the
amputee's gait and the patient compensations for changes in the alignment,

Biomechanical gait tests on above-knee amputees were conducted in which
the alignment of the prosthesis was changed systematically. The Strathclyde
television-computer system was used to record the kinematic data of the amputee,
and the ground reactions were measured by two Kistler forceplates. An 8-segment
biomechanical model of the above-knee amputee was developed and implemented
by a suit of FORTRAN computer programs to analyze and present 3-D kinematic“
and kinetic data obtained. The effects of alignment changes on the above-knee
amputees' gait were studied in terms of the temporal-distance parameters, angular
displacements of the lower limbs and the trunk, ground reactions and
intersegmental moments. f

It was found that the angular displacement at the hip joint on the prosthetic
side showed compensatory actions of the amputee for the alignment changes. The
ground reaction force was sensitive to alignment changes, and in particular, the
changes in the characteristics of the fore-aft ground force could be related to the
alignment changes. The antero-posterior intersegmental moments about the

prosthetic ankle and knee joints were evidently influenced by alignment.
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KEY ABBREVIATIONS AND NOTATIONS

Alignment Change Sequence.
Ankle Joint Centre.

Above-Knee.
Anterior/Posterior.
Anterior Superior Iliac Spine.

Below-Knee.
Configuration of the prosthesis in NORMal alignment.

Configuration of the prosthesis in Foot Alignment Change Sequence.
Configuration of the prosthesis in Foot & Socket Alignment Change
Sequence.

Centre of Gravity.

Centre of pressure of the ground—foot reaction.

Configuration of the prosthesis in Socket Alignment Change Sequence.
Dynamic Configuration of the prosthesis in NORMal alignment.

Dynamic Configuration of the prosthesis in Foot Alignment Change
Sequence.

Dynamic Configuration of the prosthesis in Foot & Socket Alignment

Change Sequence.

Dynamic Configuration of the prosthesis in Socket Alignment Change

Sequence.

Foot Alignment Change Sequence: dorsi flexion — normal — pIantar'

flexion.

Foot & Socket Alignment Change Sequence which results in the antero-
posterior shift of the knee joint centre: posterior — normal — anterior shift.
Heel Strike.

Hip Joint Centre.

Knee Joint Centre.

Knee Stability Index: orthogonal distance of the knee joint centre to the line

connecting the hip joint centre and the ankle joint centre.

[eft Heel Strike.
Left Toe Off.
Medial/Lateral.



RHS Right Heel Strike.

RTO Right Toe Off.
SACH Solid-Ankle-Cushioning-Heel.
SAL Socket Axes Locator.
S.D Standard Deviation.
TCPe Time at which the centre of pressure of the ground—foot reactions enters the

toe area, i.e. the end of the transient period of the progression of the centre

of pressure. |
TCPg Time at which the centre of pressure of the ground-foot reactions leaves the

heel area, i.e. the start of the transient period of the progression of the centre

of pressure.

TO Toe Off. _

Qpacs A/P angular changes of the prosthetic ankle in the FACS: (-6°, 3", 0", 3",
6°) with plantar flexion positive.

Qooacs A/P angular changes of the prosthetic ankle in the FSACS: (6°, 3°,0°, =3,
-6") with plantar flexion positive.

O NORMAL static A/P orientation angle of the prosthetic foot with respect to the ground
frame of reference.

O(t)vormar dynamic A/P orientation angle of the prosthetic foot with respect to the
ground frame of reference.

¥ isacs A/P angular changes of the socket in the FSACS: (-6°,-3", 0%, 3°, 6°) with
flexion positive.

Yorcs A/P angular changes of the socket in the SACS: (-6°, -3°, 0°, 3°, 6°) with
flexion positive.

Y NORMAL static A/P orientation angle of the socket with respect to the ground frame of
reference.
Y(normar DPynamic A/P orientation angle of the socket with respect to the ground

frame of reference.

O NORMAL static A/P orientation angle of the prosthetic shank with respect to the
ground frame of reference.

O0(normar  dynamic A/P orientation angle of the prosthetic shank with respect to the
ground frame of reference.



CHAPTER 1
INTRODUCTION AND AIMS

Successful rehabilitation of amputees requires that the prostheses fitted to
them fulfill the needs of each individual amputee with respect to three most
important'critcria: comfort, function and appearance during use. It is known that
cosmesis is also most important although not relevant to this study. In order to
satisfy the requirements, the socket must be fitted accurately and comfortably
around the stump so as to form an effective connection to the prosthesis, and the
various prosthetic components should be correctly chosen, assembled and aligned

to provide maximum restoration of function and minimum gait deviation.

The alignment of the prosthesis, defined as the relative position and
orientation of the prosthetic components, affects all three criteria. Improper
alignment would result in undesirable and ineffective pressure distribution at the
socket/stump interface, giving rise to discomfort, pain and even tissue break down.
Incorrect alignment could also influence the function of the prosthesis. For
example, an excessive knee set back would make knee flexion at the time of push
off difficult. Finally, apart from the direct influence of the alignment on the standing
appearance of the amputee, the amputee would change his/her normal manner of
walking in an attempt to compensate for any problems in the comfort and function
of the prosthesis, resulting in greater gait deviations.

In current prosthetic practice, the final alignment of the prosthesis is arrived
at by combining the prosthetist's skill and experience with the patient's comments.
During the phase of dynamic alignment, the prosthetist observes the walking
amputee from all angles, listens to his/her comments and makes adjustments, based
on subjective judgement, aiming to satisfy the patient and to achieve minimum gait
deviation. This final alignment, which ideally should be optimum and unique, is

commonly referred to as the "optimal alignment".



However, the present subjective techniques of assessing the amputee's gait
are stated to be inadequate (Saleh, 1985). Visual observation is neither reliable nor
sensitive enough to detect minute gait deviations and the amputee's comments are
not always helpful particularly in the case of genatric patients. Therefore, modern
gait analysis techniques have been adopted 1n an attempt to increase efficiency in
obtaining prosthetic alignment. Several papers (eg. Pearson er al, 1973; Winarski
& Pearson, 1987) reported the effects of alignment changes on the socket/stump
pressure distribution. Due to technical difficulties, only the normal pressures at
selected sites were monitored. These investigations more or less concentrated on the
aspect of comfort and the whole picture of the gait pattern was missed. Some other
investigators (eg. Hannah & Morrison, 1984; Mizrahi et al, 1986) refer to the
symmetry of the gait between the prosthetic and unaffected limbs. These
researchers believe that correct alignment should reduce the Fasymmetry in the
movement of the lower limbs. This concept is questionable since, as Winter &
Sienko (1988) pointed out, the function of an amputee with major structure
asymmetry in the neuromuscular skeletal system cannot be optimal when the gait is
symmetrical. Instead, the amputee is probably seeking a new asymmetrical
optimum within the constraints of his/her residual system and prosthesis.
Therefore, there is a need to study the amputee's gait represented by variables such
as joint moments and power. However, few detailed reports dealing with this
subject (Bresler et al, 1957; Cappozzo, 1976; Lewallen er al, 1985; Winter &
Sienko, 1988 ) have appeared in the literature, and only three (Zahedi et al, 1985;
Saleh, 1985; Morimoto, 1987) reported studies, two of them on below knee
amputees, relating the joint moments to alignment.

Since the 1970s, investigations into the alignment of lower limb prostheses
have been carried out at the Bioengineering Unit, University of Strathclyde.
Solomonidis (1975 & 1980) developed a method of defining the alignment

parameters and a technique for measuring the parameters, making it possible to



compare the different alignments quantitaﬁvely. During an evaluation programme of
the current modular limbs (Solomonidis, 1975 & 1980), the alignment of the BK
and AK prostheses was one of the factors studied. It was found that the prosthetist
aligning any one amputee with several limbs could come to a different final
alignment for each limb, thus throwing the idea of a unique alignment for each
amputee into doubt. Zahedi et al (1986) conducted an extensive study on the
alisnment of BK and AK prostheses and the results confirmed that an amputee
could tolerate several alignments. In another report (Zahedi et al , 1985), they
presented the effects of alignment on the amputee's gait and suggested that it was
possible to select biomechanically the most suitable alignment from the range of
acceptable alignments for any one amputee. However, it was recognized that the
biomechanical aspects of the process were not fully established.

This study was therefore undertaken in order to gain a better understanding
of the biomechanics of AK amputee locomotion and the effects that alignment
changes have on his gait. Specifically, answers to the following questions were
sought: How does a variation in any particular alignment parameter (eg. socket
flexion or knee set back) influence the gait of the amputee? Does a certain change in
alignment parameters have consistent influence on a gait parameter? Can any
particular gait variable be controlled by a certain alignment parameter? Does the
amputee compensate for changes in the alignment? What methods does he use for
compensation? Which gait variables are most sensitive to alignment changes? Is the
effect consistent and easy to measure? Is the alignment configuration arrived at by
current subjective method the "optimum" from a biomechanical point of view?

In order to answer the above questions, it was decided to carry out a study
by systematically changing the alignment of above knee prostheses and analyzing
the resulting gait of the amputee 1n terms of the gait variables such as temporal-
distance parameters, angular displacement of the body segments, ground reaction
forces and joint moments. Different alignments were compared biomechanically,

and the amputee's compensation for the alignment changes was studied.



In order to obtain a general guide for the behaviour of the various gait
parameters during locomotion,.it was decided to test extensively a normal subject.
Such a test also allows for the verification of the computer program as there is
considerable amount of data available in the literature on normal gait.

This study has some limitations. Firstly, due to the nature of the study 1n
which an amputee is required to perform many test walks, only the group of
amputees classified as "active" participated in the project. Secondly, because it was
necessary at this stage to examine as many gait variables as possible so as to
establish the most sensitive and important parameters for future work, it was
decided to limit the number of amputees to 4. Furthermore, it was decided to restrict
the alignment changes in the antero-posterior plane.

The thesis commences with a literature review on the methodology of gait
analysis and the gait patterns of normal people, followed by a outline of lower li-mb
prosthetics and a review of the current state of prosthetic gait analysis. Chapter 4 is
given to the description of the experiment design. The biomechanical model of the
above knee amputee and its gait analysis is presented in Chapter 5. Chapter 6
presents the results of the study and the discussion. Finally, Chapter 7 states the

conclusions reached by this work and suggestions for future work.



CHAPTER 2

LITERATURE REVIEW ON GAIT ANALYSIS

§2.1 Introduction

An up to date summary of published studies in gait analysis which are
relevant to the work presented in this thesis is given in this chapter.

The review starts with a look at the various models and methods used in gait
analysis. With access to this information, it becomes possible to discuss later in some
detail certain important aspects of gait analysis on the one hand, and to locate where
we are in the sea of references on the other hand. After that, several sections concern
the recording techniques used in gait analysis which also form a basis for the
selection of a recording system suitable for this projec‘t. The gait pattern of the
normal, which has served as basis for describing, comparing and evaluating how a

handicapped person compensates for defects during walking, 1s presented in the final

section.

§2.2 What Is Gait Analysis ?

Walking from one place to another on two legs seems to be a simple act, but it
actually 1s a very complicated phenomenon. In producing only one step, one must
continuously support oneself against the action of gravity, employ muscle action
which i1nvolves energy transformation to produce or prevent relative rotations at
almost every major joint in the body, and co-ordinate all the actions, by means of a
sophisticated control system, according to the changing conditions in the external and
internal forces and motions. Therefore, an adequate description of walking requires a
multi-disciplinary approach involving anatomy, physiology, and mechanics.

According to Cappozzo (1984) the quantitative description of all mechanical
aspects of walking 1s commonly referred to as gait analysis.

Like any scientific discipline, the first step towards gait analysis is to create an
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Fig.2.1 A 17-segment biomechanical model ot the
human body.
(from Hatze, 1984)



adequate model for the human body which achieves the practical combination of
stmplicity and accuracy. A fundamental assumption in the biomechanical model of the
human body, that has been universally accepted, is that the human body consists of
rigid segments connected by joints. The number of segments and the number of
degrees of freedom of the joints vary with the purpose of the model, and no direct
relationship exists between these two numbers. Hatze (1984) suggested that a model
consisting of 13 segments was regarded as adequate for gait analysis although he in
fact presented a 17 segmental model as shown in Fig. 2.1. As far as the number of
degrees of freedom of a joint is concerned, there are in general six independent
parameters: three translations and three rotations. Joint translations, however, are of
small magnitude and can not be accurately measured using the experimental
techniques available in the gait analysis laboratory, therefore only three rotational
components of movement are dealt with in gait analysis.

The first problem posed by gait analysis 1s the movement of the segments in
tefms of kinematic .variables such as linear and angular displacement, velocity and
acceleration. At this stage no considerations are taken of the forces that cause the
movement. This kinematic analysis of gait concerns not only the lower limbs but also
the upper limbs and torso,and not only the motion range of the segments, but also the
phﬁse relationship between these motions (Braune & Fischer, 1895; Murray et
al,1964; Lamorcux, 1971; Eberhart et al, 1954; Cappozzo, 1982). Careful
inspection of the kinematic variables can give trained observers some insight into the
basic mechanisms of movement and direction for diagnosis, training and therapy.

In order to describe movement, a spatial reference system must be introduced
which can be either relative or absolute. The spatial system established in anatomical
literature 1s the means by which the position of one segment relative to another is
defined using terms such as flexion, proximal and anterior, while the one used in
biomechanics 1s absolute and describes the motion of a segment relative to the ground
Or any inertia systemh of reference. The relative system is effective in describing
biological function and the absolute system is convenient for mathema.tical
formulation. Since the relative motions are caused by the muscular activity and the

muscles are grouped according to their relative function, the kinematic data must be



capable of interpretation in terms of the anatomical directions, that is, using the

anatomical relative system.

The kinematic data can be obtained by several techniques which fall into two
categories: direct and imaging techniques. In direct measurement the instrument such
as a goniometer or an accelerometer 1s directly attached to a subject so that the

movement of the segment can be registered, while in imaging technique, television or

cinematography for instance, a number of markers fixed onto the subject can be
identified by the imaging devices that either coincide or permit the subsequent
determination of the anatomical landmarks of the segments.

The raw data obtained from experimental instruments are contaminated with
random errors which must be removed before further processing is undertaken,
particularly when differentiation is involved. Fourier analysis of normal walking

(Winter et al 1974) has shown that over 99% of the signal power was contained in

thé lower seven harmonics (below 6Hz). Basically, two kinds of techniques are used
to remove noise: smoothing and filtering. In smoothing the raw data, a number of
coefficients in a trial function, a polynomial of a certain order or a sum of sinusoidal
functions for instance, are determined by minimizing the mean square error,-and
further mathematical operations are performed on the smoothed functions. Digital
filtering of a signal, based on the analysis of the frequency spectra of both signal and
noise, aims at the selective rejection, or attenuation of certain frequencies. It appears
that the Butterworth filter which follows a numerical method of differentiation is most
appropriate (Pezzack et al, 1977; Cappozzo, 1983).

A further problem posed by gait analysis i1s that concerning forces, ie,
kinetics. It 1s here that a major focus of the gait analysis 1s made because it is these
forces that cause the observed movement. The forces acting on the human body
during walking may be classified into two categories: external and internal. External
forces come from gravity inertia and ground reaction forces, and internal forces from
muscle activity, ligaments and bone-on-bone forces.

The ground reaction force is distributed over an area of the foot and can be

measured by various methods (Elftman, 1934; Hertzberg, 1955; Nicol and Henning,
1976; Chodera & Lord, 1978; Cavanagh et al, 1981; Gerber, 1982). The reaction



also can be represented as a 3-dimensional vector acting on a point called the centre of
pressure. The force vector and centre of pressure can be measured by a dynamometric
platform which forms part of the walkpath on which the locomotion act is performed
(Elftman, 1939; Cunningham & Brown, 1952; Laura, 1954, 1957; Kistler, 1977).
The gravitational forces acting at each body segments together with the

segmental moment of inertia can be determined by means of a prediction technique

from anthropometric measurements (Harless 1860, Braune and Fischer, 1889 &
1892; Dempster, 1955; Drillis & Contini, 1966; Clauser et al, 1969; Chandler et al,
'1975: Hanavan, 1964; Jensen, 1978; Hatze, 1930).

There have so far not been any non-invasive techniques available to measure
directly the internal forces. As a result, analytical procedures have to be employed
which use classical mechanics and modelling approaches (Elftman, 1939; Bresler and
Frankel, 1950; Paul, 1967; Morrison, 1967; Cappozzo, 1982). The segment under
investigation is separated from its adjacent parts of the body by an imaginary surface,
and all physical connections of the segment with the others are represented by the
intersegmental forces and moments which are assumed to maintain both body parts in

the same dynamic state as they had before separation. The equations of rigid body

mechanics are applied to the segment and the intersegmental forces and moments can
thus be calculated.

It should be emphasized that intersegmental loads are not the muscle forces
nor the bone-on-bone forces but their nett effects. The inter-segmental moments are
balanced by the moments generated by muscle contraction and ligament constraints. If
the effects of the ligaments are much smaller than those of the muscles, as in normal
walking, the intersegmental moments can be approximated as a measure of muscle
function. That is why the inter-segmental moments are often referred to as muscle

moments and are valuable in understanding musculoskeletal functions.

If the bone-on-bone forces are considered, another two fundamental pieces of
~ information are required: (1) the geometry of the muscle and its attachment to the
bone which determine the muscle force lever to the joint centre; (2) muscle activity

relative to the phase of the motion of the body segments during motion. The first

piece of information can be obtained from cadaver studies and the second from
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electromyography (EMG). Having defined the muscle groups involved in the period
of the gait cycle, the bone-on-bone forces are calculated (Paul, 1967; Morrison, 1967;
Cappozzo, 1982). These forces are valuable in the study of endo-prosthetics
problems.

Investigation into energy expendifure i1s another reason for carrying out gait

analysis. In the process of walking, energy is converted from metabolic to mechanical

energy and some energy is dissipated during the process. Therefore the study of
energy expenditure has been pursued at two levels, that is, metabolic and mechanical.
Metabolic energy cannot be measured directly, but can be calculated indirectly from
the amount of oxygen required or carbon dioxide given off (Ralston, 1960; McDonal,
1961; Zarrugh et al ,1974; Passmdre and Durnin, 1955). Mechanical energy and
work can be computed from the kinematic and kinetic data already mentioned above
(Elftman, 1939; Bresler and Berry, 1951; Ralston and Lukin, 1969; Cavagna et al,
1963; Robertson &Winter, 1980; Aleshinsky, 1986). By comparing the metabolic
energy expenditure and mechanical work done by muscles, an overall muscle

efficiency can be assessed.

Gait analysis has been pursued for a long time and has shown significant
promise in associating normal and abnormal gait patterns with underlying
musculoskeletal pathology. However, since walking is extremely complex, our

knowledge about 1t 1s still far from complete.

§2.3 Mass Properties of the Body Segment

It is a fundamental requirement in the study of biomechanics of human
locomotion to determine the physical properties of the body segments under
consideration, especially when kinetic analysis 1s performed. These body properties
are the mass of the segment, the location of the mass centre-(the CG) and mass
moment of 1nertia.

The estimation of these segment parameters falls into two principal categories:
prediction through regression equations and geometric approximations.

§2.3.1 Regression technique

The regression equations have been determined through the statistical analysis



Table2, { Regression Equations {for Predicting Segmental
Weight 1in Kilograms

Head fHead Cire

{J.144

el —E B A

Weiszht (kg)

o B e -

CConstant [
- 3.7106 414 (}.20

() 104 +10.015 —2.189 875 .17
Trunk Weight (kg) Trunk Length  Chest Car

).551 -2.837 Y66 1.33

0.494 +0.347 - 19.186 979 1.11

().344 +0.423 +0.229 —-35.460 986 0.92
Upper Weight (kgt Arm Circlax)  Acrom-Had
Arm Lth

0.030 ~-0.238 879 0.14

0.019 + 0.060) -1.280 931 0.12

0.007 +0.092 4+ 0.050 -3.101 961 0.09
Forecarm Wrist Cire  Faorearm Cire

0.114 -0.913 .827 009

0.081 +0.052 -1.650 .920 006
Hand Wrist Circ  Wrist Br/Bone Hand Brdth

0.05 | ~0.418 .863 0.03

0.038 +0.080 ~0660 917 0.03

0.029 +0.075 +0.031 -0.746 942 0.02
Thigh Weight (k) Upper Thigh C lliac Cr Fat®

0.120 —-1.123 893 0.54

0.074 +0.138 —-—4641 933 0.45

(1.074 +0.123 +0.027 -4.216 944 0.43
Calf Calf Clirc Tibiole H Ankle Circ

0.139 *T —1.318 933 0.14

0.141 +0.042 -3.421 971 0.09

0.111 4+0.047 +0.074 —-4.208 979 008
Foot Weight (kg)  Ankle Circ Foot Length

0.004 4+0.369 .810 0.06

0.0Q5 +0.033 —-0030 882 0.05

0.003 +0.048 +0.027 —0.869 907 0.04

el e

*lliac Cr Fat (mm) = 0.78 Skinfold. lliac Crest {mm} — 0.27. weight is kg: and all other
dimensions are in cm -

(from Miller & Nelson, 1973)

'—_'___"_—ll S — I—_—_'_'_-___-——_-__-_——-_-___-_'_'_--"_"_

Table 2.2 Body segqment parameters
(from Goh, 1982)
Body segment | Cl C2 C3
Foot 0.0152 (0.00) 0.5000 (0.00) .4750 (0.00)
Shank 0.0453 (0.00) ©0.4030 (0.03) .2890 (0.01)
Shank & Foot 0.0632 (0.01) 0.4673 (0.05) .3467 (0.06)
Thigh 0.1027 (0.01) 0.4169 (0.023) .2912 (0.04)
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of data obtained from a sample population of subjects of either cadaver or living
subjects. They often consist of only one anthropometric item of data for each mass
property, thus the mass properties are usually quoted as the coefficients in the

regression equations, that is,

o _ _segment mass
I~ whole body mass

distance from proximal joint centre to the mass centre of the segment

C. =
2 total length of the segment

radius of gyration of the segment inertia moment

C3= total length of the segment

Harless (1860) and Braune & Fischer (1892) worked on cadavers and
investigated the body segment mass and the locations of the CG. Dempster (1955)
carried out one of the most extensive studies based on 8 cadavers and determined all
three mass properties. Drillis & Contini (1966) and Contini (1972) investigated the
segment mass properties of living normal subjects and patients with hemiplegia and
amputations. They also compiled the data obtained by previous investigators and
provided weighted average coefficients. Clauser ez al (1969) derived the stepwise
regression equations from 14 cadavers as shown in Table 2.1. It is believed that the
inclusion of two or more anthropometric variables in the regression equations
improves the accuracy of the prediction. Goh (1982) presented a set of body
parameters by averaging the previous data bbtained by various investigators, as
shlown in Table 2.2. In this thesis, data derived by Clauser et a/ and Goh were used.
§2.3.2 Geometric approximation

This method simplifies the irregular shapes of the different segments as
standard geometric forms, such as ellipsoid, sphere and truncated circular cone,
which permit simple mathematical description. Hanavan (1964) perhaps was one of
the earliest to employ such a technique. Jensen (1978) estimated the body segment
properties using the photogrammetric method. Hatze (1980) derived an very
complicated and accurate model which needed 107 anthropometric measurements and

could reach 2% accuracy.
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§2.4 Motion Measurement Techniques
Data collection for the kinematic analysis of human motion plays a very
important role in biomechanical analysis and therefore great efforts have been made to

improved the quality of data obtained. Presented in this section is a review of the
motion measurement techniques which are classified into two parts: imaging and

direct measurement techniques.

§2.4.1 Imaging measurement techniques

In this category two techniques are included: photographic and optoelectric
methods. Only the displacement data can be obtained by these techniques and
considerable calculations are required to obtain other kinematic variables meaningful

to gait analysis. Combined with ground reaction data, a comprehensive gait analysis

can be conducted.

§2.4.1.1 Photographic techniques The photographic techniques of
recording human locomotion have been well developed and extensively used since the

late nineteenth century. There are basically two kinds of photographic recording

methods;

(1) chronophotography, i.e., recording the entire movement on a single

photographic plate;

(2) cinematography, 1.e., recording each instant of movement in time on

separate frames.

Chronophotography
This method was first introduced in France by Marey (1873). The subject was

dressed 1n black with bright reflective strips to define the limbs and buttons to mark
the joint axes. The movement of the subject was photographed by a camera viewing
from the side of the walkway. The camera had an open lens with a rotary shutter

placed before it. A series of images of strips and buttons was thus produced on a

single plate, forming a 'stick diagram'.
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Bfaunc and Fischer (1895) used four cameras for three-dimension
measurement. In order to enhance the contrast, the passive strips were replaced with
"Geissler" tubes which flashed at a frequency of 26 Hz. Parallax errors were
corrected using a reference grid positioned in the object field. Velocities and
accelerations were calculated from displacement data and the resultant force acting at
the centres of the segment joints were derived. Because of their pioneering work they
~ earned the title of 'the fathers of the modern biomechanics'.

Eberhart and Inman (1947) combined the chronophotography with a
forceplate to study human walking. A flash lamp, synchronized to the rotary shutter,
fired once during the event for synchronization of all recording equipment.

As an alternative to the rotary shutter, a stroboscope was introduced by
Murray (1964) which fired 20 times per second. A mirror was mounted at an angle of
25 degrees over the walkpath such that the transverse movement could be recorded on
the same photographic plate, see Fig. 2.2.

Cappozzo (1981) used 4 cameras to study the 3-D movements of the head and
the upper body. Yellow light emitting dicdcs (LED) were used as body markers
which flashed from 30 to 60 times per second. The laboratory was illuminated with
green light to enhance contrast. An accuracy of 2.5mm for the 'X' and 'Z' co-
ordinates and 8mm for the "Y' co-ordinates was claimed for the stereo-scopic field
of (2.2m x1.9m X 0.3m).

Chronophotography is one of the most economical and simple technique to
measure movement in human locomotion studies. It has the advantage of providing
all the information on a singlcphotographic plate and gives rapid assessment if a
polaroid camera is used. With an electric strobe of high flash frequency, it is possible
to record high speed movement. This method is particularly suitable for recording the
motions in the plane parallel to the line of progression.

However, several disadvantages are inherent in the chronophotographic
method. One of these is the problem of image overlapping whc_ﬁ movement overlaps

or when a point is more or less stationary. The strobe flash light in a dimmed room is

very distracting, even dangerous, to a subject and may alter his/her gait pattern.
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Cinematography
Muybridge (1883) first introduced this method to human locomotion studies

and Dercum (1888) presented the displacement-time curves of the normal and
pathological gait recorded by Muybridge.

Elftman (1939) used one camera with its lens axis perpendicular to the
progression plane together with a forceplate to study human gait. The camera
operated at the rate of 93 exposures per second. Since only one camera was used, his
study was limited to two dimensions.

Ebethart and Inman (1947) described two cine camera systems for three
dimensional gait analysis. The first employed 35mm cameras which viewed a straight
walkway from above, in front and to the right of the subject at a distance of 25ft, as
shown in Fig.2.3. The three cameras were synchronized by a clock system seen
simultaneously by all three cameras. The second system involved a glass walkpath
with an inclined mirror underneath and two cine cameras. One of the cameras was
situated normal to the sagittal plane, taking the lateral view as well as the view from
the mirrdr, while the other camera took the frontal view. The frame rates in both
systems were 48 per second. No data about the accuracy were provided. -

Paul (1967) presented a system using two 16mm cinecameras 'view'ing the
subject laterally and from the front. The cameras operated at 50 frames per second.
The film was re-exposed to superimpose a grid board of 5 inch squares as a reference
such that the accuracy of the data was improved to within 1mm for lower-limb
studies. A flash bulb fired once during the test to synchronize the camera with the
forceplate and EMG records. In order to study the whole body kinematics during
walking, Ishai (1975) extended this system to include an additional side camera, SO
that the movement of both the right .and the left side could be fccordéd
simultaneously. '

Cinematography provides a noﬁ-contact, comprehensive, stable, high

resolution and permanent visual record of the events. It avoids some of the limitations

associated with chronophotography such as image overlap and high

marker/background contrast. However, this technique is relatively expensive and
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considerable delay is inevitable because the film must be firstly processed.

§2.4.1.2 Optoelectric techniques Optoelectric imaging techniques used
in human locomotion studies were developed in the 1960s and 1970s. At the present
time there are basically three kinds of optoelectric imaging systems used in

locomotion studies. They are

(1) Television/computer system,

(2) the SELSPOT system
(3) the CODA system.

Television/computer system
Although several television/computer systems have been developed

independently, they share the same basic principles. The spatial co-ordinates of
markers are dérived from the position in the television camera scan of the video signal
produced by the markers. This is done by digitizing either the complete vidéo signal
or the co-ordinates when a marker is detected in the video signal. In the latter case,
two digital counters are used to register the ordinate Iine number from the start of each
field and the time lapse period from the start of each scan line respectively. When a
marker 1s amplitude detected in the video signal the states of these two counters are
sampled, giving a marker's (X,Y) position 1n the TV raster.

Furnee (1967) was perhaps the first to introduce TV/computer system to
human movement studies. Miniature electric light bulbs were used as body mai'kers
and their positions were determined by two digital counters. This system was later
improved by including buffer memories and synchronous rotary shutters which
reduced image streaking. However, only 5 markers could be detected and only one
television camera was used in the system, thus restricting the studies to two
dimensions. '

Winter (1972) described a TV/computer system which was originally
designed by Dinn ( 1970). A standard vidicon camera was mounted onto a movable

trolley which ran parallel to a 7m walkway at a distance of 4m from the subjects. The

leg was marked by seven hemispherical reflective markers. In order to define the
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absolute marker co-ordinates, several large spatial markers were positioned at equi-
spaced intervals along the walkpath behind the subjects. The video signal was first
recorded by a video recorder and then re-played through the computer interface. A
typical line printer output of a converted field matrix is shown in Fig. 2.4, Only 2-
dimensional analysis can be performed using this system. This system converts the

whole television image so that a computer with large memory 1s required.

Jarrett (1976) developed a 3-D TV/computer system in Strathclyde University
which had a potential use of up to six television 'cameras, see F1g.2.5, Instead of
recording the whole TV field in computer memory as Dinn did, Jarrett recorded only
the (X,Y) co-ordinates of the pinlights brighter than the background. The contents of l
digital counters were sampled at a rate of 50Hz, stored in the buffer memory and
transferred to a PDP12 minicomputer during the line blanking period. Up to 6
horizontal co-ordinates could be digitized and stored in a single scan line. It was
reported that this system had a resolution of 0.1% and 0.3% for the horizontal and
vertical data, respectively. However only a two-camera system was installed at that
time. Andrews (1981) introduced several improvements to the system and, as a
result, the third camera was installed and the system can be used in a daylight.

Jarrett (1980) re-designed the system for a PDP11 computer and it 1s now
commercially available under the name 'VICON' (Oxford Medical Systems Ltd,
1980). |

The calibration of the VICON system and its performances was assessed by
Whittle (1982). A stationary marker was sampled for 20 frames and the frame-to-
frame variance was found to be 2mm or less. The accuracy for relative measurement
was assessed by comparing the measured distance between two markers with that
calculated. It was found that the deviation was 2.6mm. Long-term stability was
assessed through a 6 hour study and it was found that after 1.5 hours the standard
deviation did not change significantly, although there was drift in the absolute co-
ordinate of about lmm per hour. The overall accuracy of the VICON system was
assessed to be 4-5mm of standard deviation at a camera-to-subject distance of 4m.

The most promising advantage of the television-computer system is its ability

to automatically manipulate raw data. However, compared with photographic
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|

techniques, television system suffers from several disadvantages: (1) The interlace
scan reduces resolution in the vertical direction; (2) Horizontal and vertical axes have

different scales; (3) Installation of the system 1S VEIy expensive.

The SELSPOT system
SELSPOT is an acronym for 'selective light spot recognition’. This system

was originally designed by Lindholm (1974) based on a continuous light spot
position sensor developed by Wallmark (1957) and marketed by Selcom (1975)
under the name of 'SELSPOT". The position sensor is basically a large area silicon

photo-diode which gives an electric output signal proportional to the two dimensional

average position of a light spot on the sensor surface. The markers used 1n the system
are specially developed multichip, high power, infrared LED's. An optical filter
matched to these LED's is fitted over the sensor lens to suppress background
illumination. By means of a timing-multiplexing technique, the LED's give short
bursts of intense infrared light in turn from each LED so that there is no problem with
co-ordinates marker identification, making the system potentially viable for clinical
use. Up to 30 markers can be sampled at a frequency of 322Hz.

The resolution of the system is largely dependent on the light intensity to
noise ratio in the analogue processing circuitry. Woltring and Marsolais (1930) found
that the signal to noise ratio decreased when the LED's moved further away from the
camera. They obtained a resolution of better than O 1% for a field width of 3m at an
object distance of 6m. |

Paul and Nicol (1981) conducted a test to assess the usability of SELSPOT 1n
biomechanical data acquisition. It was found that 'stray' reflection error due to the
high light power of the LED's used was very substantial and that the peripheral image
was unstable. Moreover, it was difficult to attach the LED'S to some anatomical
landmarks. They concluded that the use of the SELSPOT system for routine .
biomechanical measurement was quite difficult.

Perhaps due to the difficulties involved, not many references were found in
which the SELSPOT was used to acquire motion data. Stokes (1984) reported

experiments using the SELSPOT system for obtaining the 3-D kinematics of the
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pelvis and thorax during locomotion, The accuracy of the system was tested statically

and dynamically. It was found that the static overall accuracy was about Smm,

dynamic translation resolution 4mm and dynamic angular resolution 2 degrees.

The CODA-3 system

The CODA system, a Cartesian Optoelectronic Dynamic Anthropometer
system, has several versions. It was first proposed by Mitchelson (1971) named
"CODA-1, and later re-designed and marketed under the name of CODA-3. This
system uses passive prism markers made from glass and mirror in the shape of a
pyramid, eachp being identified uniquely by a colour filter. The scan unit, the main
part of CODA-3, consists of three mirrors, two placed horizontally and one vertically,
which produce three fan shaped beams of white light which sweep cross the field of
view. The prisms reflect brief pulses of light back along the emitting path, these then
being detected by photo-detectors in the scanner unit. The position” of a marker 1s
derived from the phase measurement between mirror rotation and the returning pulse,
and it is available in both analogue and digital forms. The system can detect 12
markers simultaneously at a maximum frequency of 300Hz. The vertical and
transverse resolution of this system is specified as better than 1:8000, and the
resolution along the longitudinal axis is specified as better than 1:1600 when the
scanner-object distance is 5 metres. The system was used successfully by Towle

(1986) to measure the knee joint kinematics during walking,.

§2.4.2 Direct measurement techniques

Only two direct measurement techniques are reviewed in this section:
Goniometry and Accelerometry. In these techniques the measuring element is directly
attached to a subject so that the movement of the underlying element can be
monitored. Since a relative system of reference is used in these techniques, no

information about where a segment actually 1s can be obtained, which is one of the

major drawbacks associated with these methods.

§2.4.2.1 Goniometry A protractor goniometer used in orthopaedic
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examinations is the simplest form of goniometer but it is not particularly useful in
comprehensive gait analysis as only passive movement can be measured with it it.

Therefore two other kinds of goniometer, that is, electronic and polaroid

goniometers, will be discussed here.

Electrogoniometer

A simple electrogoniometer consist of an electrical potentiometer fixed to an
arm with its spindle fixed to another arm. When used for measuring, the axis of the
potentiometer is aligned to the joint axis and the arms are firmly fixed to the adjacent
segments, as shown in Fig.2.8. Because of its single-axis feature, this device is -
commonly used only when very accurate measuremént is not required.

Johnson and Smidt (1969) reported a triaxial electrogoniometer.used for
measuring hip joint movement. The goniometer consisted of three potentiometers,
each of which was éh' gned to be in one of the three primary plahes. The proximal arm
of the goniometer was fixed firmly to a pelvic belt while the distal arm was placed
through a hole in the metal collar attached to the suprapaella cuff. In practice,
considerable effort was required in adjusting the axes of the potentiometer to be
coincident with the anatomical axes of the hip joint.

Errors due to misalignment of the goniometer were assessed by Chao et al
(1970). The electrogoniometer assembly, the hip joint and the femur constituted a
closed 7-link spatial mechanism and the motion of the linkage was theoretically
solved, by the analytical method of 4x4 matrix originated by Denavit and Hartenberg
(1955), with 3 input motion being defined from potentiometers attached to the
goniometer linkagé. As the femur was ohe of the segments in the 7-linkage, the
theoretical angles of the femur were thus obtained and compared with the data from
the goniometer. It was found that less than 5 degrees of error at any point in the
walking cycle for a normal subject existed.

Kinzel er al (1972) described a goniometer system which was capable of
measuring movement with six degree of freedom, that is, three rotations and three

translations, see Fig.2.9. Based on a relative kinematic analysis of two rigid bodies,

the movement of rigid body-1 relative to rigid body-2 was represented as a rotation

about and a translation along the so-called screw axis fixed in body-2. A 7-bar
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Fig.2.10 A flexible electrogoniometer in use.

Fig.2.11

(from Nicol, 1987)
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linkage with 6 revolute and cylindrical joint was constructed and precision
potentiometers were used to monitor the six variable angles of the linkage. The two
end members of the linkage were fastened rigidly to the two segments under
consideration. The system was applied to a dog's shoulder. No data about the
accuracy of the system were given. This system is attractive in that much more
extensive information about the motion permitted by a given joint can be obtained
than possible frém conventional goniometers, but the absence of one-to-one
correspondence between any of the potentiometer angles and the angle usually
associated with the joint motion makes its usefulness limited. _

Nicol (1987) reported a flexible type of electrogoniometer which consisted of
a narrow steel foil fitted with a long strain gauge, as shown in Fig.2.10. This device
has a resolution of 0.02 degree and a very good linear relationship between the
electrical output and the angles subtended between one encapsulated end and the
other. A similar device was described by Morimoto (1987). Four parallel thin beams
made of electro-conductive rubber are attached at each end to an elastic rubber and
thcy form a Wheatstone bridge circuit, see Fig.2.11. The total amount of elongation
of each beam changes in proportion to the angle between both ends. The unique

feature of these two devices is that the measurement of the angle 1s independent of the

bend curve.

Polaroi niometer

Polaroid goniometers were developed independently by Reed & Reynold
(1969) and Grieve (1969) almost at the same time. Mitchelson (1975) also reported a
similar polaroid goniometer, see Fig.2.12.

The polaroid goniometer consists of one optical projector, a polaroid screen
and as many polaroid receivers attached to the body segments as required. The
receivers consist of a polaroid filter to which is attached a photocell that provide a
linear current changing with intensity of illumination. The polaroid screen 1s inserted
into the light path of the i1lluminator and rotates at an unifo;'m angular velocity m,

causing the plane of polarization of the projected beam to rotate. The transmitted

intensity of 1llumination of the polaroid receivers was thus sinusoidal with the same
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frequency as that of the polaroid screen but with different phases. An electronic
circuit is designed to give pulses when either the plane of polarization of the projector
beam is vertical or the currents from the solar cells reach zero. The angle of the
receiver to the vertical is measured by timing the interval T between the output pulses
of the screen and the receivers and comparing this with the period of rotation of the
screen T, that 1s 360T/T degrees. As the absolute angles of any two receivers are
known, the relative angles between them can be obtained by simple subtraction.
There were no data on the accuracy of the system.

The advantage of the polaroid goniometer over the conventional
electrogoniometer'would be that 1t 1s not necessary to align 1t to the joint ceﬁtre.

Additionally, as no exoskeleton is fixed to the segments, it is likely less encumbrance

during walking.

In summary, the most prominent advantage of goniomefry is that a large
amount of angular displacement data can be obtained instantaneously without tedious

data reduction procedures. Moreover, it is fairly cheap and relatively easy to operate.

However, goniometry suffers some disadvantages. First of all, the accuracy
of the system 1s limited by the accuracy with which the exoskeleton follows the
movement of the internal structure. Secondly, attachment of the exoskeleton will

inevitably cause some encumbrance to the subject.

§2.4.2.2 Accelerometry An accelerometer usually consists of a mass, a
sensor and a kind of "spring” system. As the device undergoes acceleration, the
inertial force due to the mass will cause the spring to deflect, and the sensor will
detect the deformation and transform it into an electrical signal.

Liberson (1936) was perhaps the first to use accelerometers in human
locomotion studies. He used a piezo-electric accelerometer which had a mass, a
quartz crystal and a spring system. -

Ryker and Bartholomew (1951) described a 3-accelerometer system capable

of measuring both linear and angular components. By arranging two linear

accelerometers in the same plane, as shown in Fig.2.13, the angular acceleration can
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Fig.2.15

Arrangement of the 6-accelerometer system.
(fxrom Ishai, 1975)
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be obtained. The third accelerometer 1s positioned normal to the long axis of the
shank at the estimated centre of mass.

Morris (1973) developed a mathematical model for a six-accelerometer system
capable of determining the absolute acceleration vector of a point. The mathematical
operations included solving for the angular velocity vector followed by calculation of
the direction cosine matrix. In applying this new approach to the kinematics of the
shank, Morris assumed the absence of transverse rotation of the shank and used a
five-accelerometer system. A strain gauged cantilever type accelerometer, as shown in
Fig.2.14, was used but the arrangement of the accelerometers on the platform was
not specified.

- Adopting a similar mathematical model, Ishai (1975) designed a six-
accelerometer system taking into account the transverse rotation. The arrangement of
the accelerometers 1s shown in Fig.2.15.

Padgaonker er al (1975) described a system using nine accelerometers to
minimize error due to cross sensitivity. However, the physical size and weight of the
system created considerable inertial effects which might alter the subject's gait.
Furthermore, attaching the system to the subject presented difficulties.

The accelerometer has the obvious advantage of providing acceleration data
directly without the tedious reduction procedure and potentially erroneous
differentiation. However, the method of attachment, especially on soft tissue, the

instrument noise and system inertial effect can cause serious problems in the

reliability and accuracy of the data obtained.

§2.5 Ground Reaction Measurement Techniques

Gfavity and friction enable the muscles to generate ground reaction forces that
accelerate and decelerate the human body. These forces are distributed over an area of
the foot and can be represented by a three dimensional vector acting on a point called
the centre of pressure (the CP). Accordingly, two types of load measurement

equipment have been developed, that is, forceplates for measuring the resultant

ground reaction forces and devices for recording the pressure distribution.
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Fig.2.17

Kistler's forceplate (type 9261A).

(a) Block diagram of the forceplate.

(b) Physical dimension of the forceplate.
(from Goh, 1982}
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|
§2.5.1 The forceplates

Elftman (1939) developed one of the earliest forceplates which operated on a
strictly mechanical basis. Stiff springs were used as force sensors. A plate mounted
on the springs deflected as forces were applied to it and a level system was used to
enlarge the deflection which in turn was recorded on a rotating drum. Although such
a mechanical recording system was not capable of accurate response to rapid changes
in forces and would not be used now, Elftman's early work did introduce the concept
of a forceplate and stimulated further development.

All modern forceplates use transducers to record load actions in terms of
electrical signals, such as strain gauges, piezo-electric, and so on.

Cunningham and Brown (1952) reported on a forceplate using strain gauges
as force transducers. The two ends of each four specially machined tubular columns
were rigidly connected to two rectangular platforms at the corners.Six sets of strain
gauges attached to each column sensed three orthogonal forces, the torque about the
vertical axis and the location of the resultant force. An natural frequency of 105Hz for
shear and 140Hz for vertical forces was cited.

A major difficulty in designing a forceplate using strain gauges lies in the
contra-requirements of having high sensitivity and at the same time, high natural
frequency. It is difficulty therefore to have a strain gauged forceplate with a natural
frequency higher than 150Hz. On the other hand, a piezo-electric sensor 1s very rigid
so that it can be used to make a forceplate having a very high resonant frequency.

The first forceplate using piezo-electric transducers was developed by Lauru
(1957). This forceplate consisted of two rigid equilateral triangular platforms with
three piezo-electric transducers fitted between them, one on each comer of the
platform for measuring the vertical force. The horizontal force was measured by two
other piezo-electric transducers at an apex of the lower platform and along one side.

Kistler (1977) marketed a fbrceplate also using piezo-electric sensors, see
Fig. 2.17. A cast aluminum rectangular plate is supported on a platform below it at
each comer by a stack of three quartz transducers, corresponding to vertical, fore-aft

and lateral forces respectively. By electrically summing and coupling the appropriate

components of the transducers, three orthogonal forces and three orthogonal
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moments were produced. The minimum natural frequency claimed by the
manufacturer 1s 200Hz and the maximum “cross-talk" is less than 3%. This system

has been widely used in biomechanical research because of its excellent dynamic

response characteristics.

§2.5.2 Pressure distribution measurement

Elftman (1934) reviewed early techniques of measurement of foot pressure
distribution. He described a system called 'barograph’ which consisted of a rubber
mat placed over a plate of glass floodlit from beneath. Foot pressure on the mat
caused projections on the lower surface of the mat flattened against the glass plate so
that the foot print appeared as a matrix of black on a 'light background.

Chodera & Lord (1978) described a device comprising a flat optically-clear
plate illuminated albng two opposing narrow edges, see Fig.2.18. The light
introduced into the plate was conducted across by a series of internal reflections at the
plate/air interface. A plastic foil was placed on the plate and when the subject stood on
the plate, the foil contacted the glass under pressure. The conditions for internal
reflection were destroyed, and light escaped from the plfate to 1lluminate the under-
surface of the sheet, producing a black and white intensity modulated footprint or '
”pedbbarogram". A video camera was used to pick up the direct pedobarogram for
display or further analysis.

Nicol and Henning(1976) described a transducer capable of measuring
pressure distribution. The transducer consisted of a flexible mat covered with 256
capacitor plates on each side, the capacity of the transducer being recorded via
multiplexers. The upper condenser plates were jointed in rows, the lower ones in
columns, see Fig. 2.19. An alternating current was intermittently connected to the
row by means of a switch ("demultiplexer”) and a "multiplexer" was successively
connected to all the columns with a measuring resistor while the demultiplexer was 1n
a constant position. Thus each measuring capacitor was an element of a voltage
divider. The voltage appearing on the resistor depended on the acting forces. The
accuracy of the system was claimed to be good, but no quantitative data were given.

Gerber (1982) described a complete system for measuring pressure
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distribution using Nicol's mat. The mat was sampled in series with a frequency of
100Hz and the analog oufput was connected to an A/D converter and then transferred
to a PDP11 mini-computer. The resolution of the system was 10mm by 10mm
square. This system has the potential to measure fast walking and running because of
its high sampling rate and high resolution.

Cavanagh's group (1981) reported a "pressure-sensitive shoe insole" which
consisted of an array of 499 high precision piezo-electric transducers embedded in
silicone rubber, as shown in Fig. 2.20. Together with the insole, electric circuits and
a computer interface were developed capable of handling approximately 100,000 8-
bit words of data generated per second by the array. Compared with Nicol's mat, this

system seems to have a higher frequency response which is necessary for accurate

measuremendt.

§2.6 Gait Patterns of the Normal

The investigation of the normal gait mechanism has been pursued for quite
some time and a basic understanding of it has been achieved. In this section a review
of the normal gait is categorized into four basic groups: temporal-distance parameters,
kinematics, kinetics and energy expenditure. It is, by no means, inclusive of every

investigator's work, but an attempt is made to include all the important gait variables.

§2.6.1 Temporal-distance parameters
The typical temporal-distance parameters are depicted in Fig. 2.21. These

parameters are not only the basic gait characteristics themselves but also essential in

interpreting other gait variables.

The brothers Weber (1936) were perhaps the first to study the temporal-
distance factors for human walking, but no data were available fdr this author to
discuss.

Murray et al (1964) systematically investigated the temporal-distance

parameters and their relations to age and body built. A total of 60 subjects in 5 age

groups (between 20 to 65 years) was included and each age group consisted of four
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tall, four short and four medium height subjects. The mean values of the parameters
obtained are shown in Fig. 2.22. It was found that no systematic relationship existed
between the parameters and age, but the oldest subjects took shorter steps and strides
and demonstrated a greater toe out than younger subjects. The step and stride length
were the only parameters found to be related systematically to height, that is, the taller
the subject was, the longer the step and stride lengths were.

The dependence of the temporal-distance factors on walking speed was
reported by several investigators, such as Grieve &Gear (1966), Chantinier et al

(1970), Lamoreux (1971), Andriacchi et al (1977,1980). Grieve (1968) suggested

an equations to express the relation, that is

N=aV®  (foradults) (2.1)

where N was the number of complete cycles per minute, V the relative speed (speed

/stature) in sec™ ! for adults, and o an constant. Similar results were obtained by other
researchers. -

Molen (1973) reported on the temporal-distance parameters for the different
sexes. A total of 309 males and 224 females were observed. It was found that in the
range of velocity of between 40 to 100 m/min, the ratio of step length to step

frequency of the male was significantly larger than that of the female.

§2.6.2 Kinematic analysis

Linear displacements of the body segments during walking were investigated
by several researchers. Inman et al (1981) presented the linear displacements of the
leg and the pelvis. Since the mass centre of the whole body is near the centre of the
pelvis and the leg 1s jointed to the rest of the body at the pelvis, the movement of the
pelvis received much attention. Fig. 2.23 shows the typical linear displacement of the
pelvis at different walking speeds.It was found that as the walking speed increased,
“the progressional oscillation and the medio-lateral swing of the pelvis decreased in
amplitude while the vertical movement increased. The displacements of the head,
- shoulder and pelvis were investigﬁtcd by Braune &Fischer(1895), Lamoreux (1971)
and Cappozzo (1981). The data were depicted in threé anatomical planes rather than

in the forms of displacement-time curves, as shown in Fig.2.24. It was found that the
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excursion of the pelvis in the sagittal plane, with respect to an observer moving at
mean speed, was larger than those of the shoulder and head by approximately 20mm.
In the coronal plane, the contrary applies.

Harmonic analysis of the kinematic data is believed to be capable of extracting
more characteristic information about walking from the basic time-domain data.
Cappozzo (1981) performed harmonic analysis on the 3-D linear displacements of
the pelvis, shoulder and head. He introduced a concept of "intrinsic" and "extrinsic"
harmonics according to the perfect symmetry of the upper body movement. It was
found that in a normal population the intrinsic harmonic coefficients were highly
repeatable while the extrinsic harmonic coefficients were mostly of a random nature.

Angular movement of the body segments were extensively studied. Inman et
al (1981) published the results of an early project carried out at University of
California, as shown in Fig. 2.25. It was observed that the reason for the rapid
" flexion of the hip and the knee at the beginning of the swing phase was to secure toe
clearance and the knee flexion immediately after heel strike was to absorb the shock
of the body weight. The patterns of axial rotation, which had been neglected before
then, were also investigated. It was found that the joints of the foot absorbed the axial
rotation when the foot was in contact with the floor. The pelvis rotation in the coronal
plane was found to be an important factor in maintaining a smooth gait.

Murray (1964) conducted an investigation into the normal gait related to age
and height and she obtained similar mean values for all the gait variables to those
arrived at by Inman ez al. The results showed that the angular movements of pelvis,
hip, knee and ankle in the sagittal plane did not vary systematically with height and
age. The hip joint was found to approach its anatomically possible motion limuts.
Transverse rotations of the pelvis and thorax were also st'udied, as shown 1in Fig.
2.26. It was observed that the pattern of rotation once again did not vary with age and
height systematically. It was noted that the pattern of pelvis rotation was out of phase
to that of the thorax, suggesting a damping effect in order to reduce the overall
rotation of the body and also to give a smooth walking pattern.

Lamoreux (1971) investigated the effect of walking speed on the angular

velocity and acceleration. Some results are shown in Fig.2.27. It was observed that
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