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ABSTRACT

The research work reported in this dissertation focuses on the

mathematical interpretation of force plate measurements for normal and

abnormal locomotion. A force plate large enough (approximately 16 sq.

ft. in area) to accomodate many types of abnormal gait normally

encountered by the clinician was developed. The force plate was

sufficiently sensitive to ground-reaction force measurements in all the

three principal spacial directions to allow the measurement of the subtle

changes in ground-reaction as a result of injury to any of the supporting

1imbs.

A simple three dimensional model is proposed in order to interpret

the significance of reaction parameters. The model input, in the form of

displacement patterns of limb segments and ground~reaction forces were

obtained using bi-plane photography and force plate measurements

respectively. The mathematical model proposed relates the dynamics of

upper body motion to those of the lower extremity in support phase. A

set of symmetry parameters highly indicative of gait disruption have been

defined. The parameters of symmetry which relate reaction forces as

measured by the force plate to asymmetrical characteristics of

pathological gait have not been previously defined in the literature.

The present work relates the measured reaction force patterns to

the upper body motions using the principle of impulse and momentum and

force and moment equilibrium. In the majority of investigations on gait

analysis the moments and forces at various limb joints have been

expressed in the general reference frame. In the present study,




movements of the segments are related to the angular rotations of the

body fixed coordinate system. Special coordinate transformation

techniques have been proposed and are general enough to accept the large

angular rotations characteristic of pathological gait. The moments in

the moving upper body coordinate system are then related to ground-

reaction forces through the parameters developed. In this way, the

compensatory maneuver brought about by the upper body in the event of

injury to one of the supporting members is better understood and

quantified.

The use of the force plate and the mathematical model to develop

gait parameters for clinical studies is illustrated by analysing certain

subjects with joint dysfunction. The set of force and moment parameters

developed have been used to indicate the degree of symmetry in the

various planes of motion. The parameters have helped identify gait

abnormalities, as well as to quantify them. Through cooperation with

subjects undertaking physiotherapy, data have been taken and demonstrate

the use of the gait parameters developed for clinical monitoring of

injury recovery rate.
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CHAPTER 1

- INTRODUCTION

pefinition of Locomotion

Locomotion in the most general sense is defined as change of place.

The rhythmical, alternating movement of the limbs of the human body to

accomplish this change of place is referred to as human bipedal

locomotion. Walking from one place to another on two legs seems to be a

simple act but it is a complex interaction between the forces generated

within the body and several external forces acting on it. In order to

produce or prevent motion at any major limb joint in the body, millions of

energy transformations are triggered within the body. The resulting

movement of the center of gravity of the body from one place to another

(in the safest, most efficient and pain-free manner) will be termed normal

human locomotion and is one of the primary functions of the neuro-musculo-

skeletal system. In the case of normal gait, the movement of the limbs

are more or less symmetrical with respect to the median plane. The

various planes normally considered by anatomists and clinicians for

defining motions of the body are shown in Fig. 1. In the case of

pathological or abnormal gait the movement of the limbs even though

alternating, need not necessarily be symmetrical.

The human control system automatically interrelates changing

conditions in the force-motion-position system at scores of joints and the

end product is the resultant ground-reaction force at the foot. The major

locations for the control of the ground-reaction force in each leg are the

ankle, knee and hip. By proper regulation of moments about each of these

joints, the nervous system controls the magnitude and direction of the
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ground—reaction force and consequently controls the movement of the center
of gravity of the body. 1In the case of certain joint dysfunctions and
neuro—musculo-skeletal disease, the precise and efficient'regulation
mechanism of the movement of the body does not function well. A person's
ability to apply and control forces and moments is often impaired. 1In the
event of amputation of one of the major joints or extremities, a
prosthesis restores the possibility of locomotion for an amputee.

Usually, a prosthesis is purely a passive device having no active elements
corresponding to muscle. Amputee gait therefore requires an adaptation in
body kinetics and a change in the utilization of remaining ﬁusculature in
order to ambulate from one place to another. This kind of compensation
from other musculature would in general be found for any pathological gait
condition and the readjustment is a highly individual characteristic.
Exaggerated motions in some 1limb segments and reduced motions in others,
resulting in a totally different ground reaction force[9], may be viewed
as an attempt by the individual to preserve as low a level of gait energy
expenditure as possible. Therapeutic intervention of many sorts, such as
assist devices, orthotic devices, prosthetics, rehabilitative surgery and
a range of exercise techniques represent attempts to improve abnormal gait
or represent attempts to develop more normal or stable gait positions.
From time to time anatomists, mathematicians and physicisté have
occupied themselves with problems concerning human gait and to trace the
roots of such study would lead one almost to antiquity. Parameters that
are observable on a subject's gait such as time duration of support of
each leg on the floor, the duration of swing of each leg, angular rotation

of ankle, knee and hip joints are all interrelated. The characteristics
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fynormal gait determined with respect to these physical parameters have
O

- attempted by several researchers. Forces and moments at various limb

ints during normal locomotion have also been investigated and

jo

approximated using models of varying degrees of complexity. A brief

review of variousvstudies is presented in the next chapter. A complete
description of human gait would involve consideration and measurement of
both the kinematics and kinetics of the extremities of the limb segments.
Such knowledge, by itself, is not of much value to the clinician until it
is integrated and reduced to a simpler concept of locomotion. Deductions
can then be drawn, clinical progress quantified, and treatment inferred
from the analysis of the clinical problems that confront him. Such

locomotion analysis would then help determine the type and extent of gait

disorder resulting from pathological processes.

1.2 Gait Study in the Past and Scope of Present Study

The distinction of being a path finder in human locomotion study
should go to Borelli[l] since he was the first to determine the center of
gravity of the human body and to propose a fundamental concept of muscle
action. He described the forward displacement of the center of gravity
beyond the suppbrting area of the foot and the manner in which the forward
swinging of the limbs saves the body from losing balance. Following this
study, very\little was accomplished in the study of locomotion for nearly
one hundred years. The period which could be termed the observational
Period of studies in gait started with Wilhem and Edward Weber[2].

Several studies of alternation of swing and support, the inclinations of

the lower limbs in either phase, the relationship between the duration and
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Jength of the step, the rhythm of alternation in walking and running, were
attempted during this period. Once photography was established as a
mediuﬁ of recording the phases of gait, the way was open for more
quantitative investigations of velocities, accelerations and moving
forces, — an outstanding paper being the classic work of Braune and
Fischer[3]. From this time, newer approaches to human gait opened up
wider possibilities. With the availability of hybrid computing systems, a
comprehensive picture of human locomotion was made possible. Synchroniéed
data relevant to muscular activities, trajectories of several cardinal
points on the body and the various forces underfoot, with and without the
imposition of special constraints such as pace period have been under-
taken by researchers such as Murray[4,5]. With the application of high
speed computing systems to gait study, the scope of investigation has
increased manyfold in recent times.

To study those aspects of locomotion which are most germane for
patient gait evaluation and thus aid in the design of better prosthetic
and orthotic devices has been the aim of several researchers in recent
years. Floor torques and floor reaction forcesvhave been measured and
applied to the calculation of forces and moments at various joints of the
body. These measurements and calculations are analyzed in conjunction
with limb displacement data and EMG signals from various groups of
muscles. = Normal human gait has been the theme of investigation in the
majority of studies. In a normal human gait the movement of the 1limbs on
either side of the median plane[Fig. 1] is more or less symmetrical and,
hence, measurements have been mostly made on one limb in the plane of

pProgression. Such measurements have been assumed to be adequate. In the




case of pathological gait the movement of the limb in the three
dimensional space need not be symmetrical[9], and hence measurements have
to be made in three dimensional space. Such measurement and the analysis
that follow have required relatively elegant instrumentation and
mathematical models. The concept of using a force plate (a device that
measures the reaction force between the foot and the ground) was not
available to most of the investigators and gait study was restricted to
calculation of velocity and acceleration of the moving limbs of the body.
Frame-by—-frame analysis of the motion picfure film of the subject moving
in a laboratory environment resulted in composite tracings and stick
diagrams showing the position of body segments. The energy levels and
power flow across human limb joints were assumed to represent the
characteristics of human movement. The advent of a force plate by
Cunningham and Brown[6] in 1951 increased the scope of gait studies. Thus
in addition £o the kinematic information on the movement of the limbs, the
kinetic information through the ground forces is available to the
researchers. Force plates reported in literature are rather small in size
(approximately 2 to 3 square feet in area) and the subjects have to
constantly aim in order to step on the force plate. This aiming could
result in a constraint on the walk. Some of the subjects investigated as
part of a preliminary study on Legg Perthes Braces[10] showed a very broad
ctompass gait and it would be difficult to accomodate such pathological
gait on a small force plate. As pointed out earlier, in the case of
pathélogical or abnormal gait the compensation for loss of function in one
limb or joint usually comes from other limbs or joints of the body. A

reduced force or motion in one plane of motion, may give rise to a larger
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'd above normal level of forces or motion in another plane. This brings
nté focus the necessity of three dimensional measurement for adequately
répresenting pathological gait. Mathematical models for human body
movement reported in literature vary from a simple one link segment model
ﬁo the nine link segment model used by Ramey and Yang[71]. Some of the
three-dimensional models reduce their clinical applicability due to their
_complexitye.

In the case of three dimensional displacement measurements,
additional difficulties arise from the use of several cameras. Because of
the solid, irregular and opaque nature of human body segments, the same
target fixed to the body may not be seen by all the cameras at all times.
Solutions for such problems will have to be developed.

The critical period for stability of human body during its
ambulation occurs when it is being supported on only one of the lower
limbs. One of the valuable biomechanical variables for the assessment of
any human movement is the time history of the moments at each joint. The
effect of all agonist and antagonist muscle activity is shown by these
kinetic patterns. The net effect of the movement of the body about the
point of support at the ground results in a time varying net ground-
reaction force. As part of the present work the design and development of
a force plate capable of accurately measuring the ground reaction force
Components in three mutually perpendicular directions was undertaken. The
force plate is required to be large enough to accommodate disrupted gait
Without altering a subject's stride. The increased mass of a large forcé
Plate will tend to lower the natural frequency of the system as well as

lower the sensitivity in measurements. The design investigated attempts




,to xeep the natural frequency of the system well above the measurement

range and provide a good resolution for force measurement in all three

directions.

Since normal locomotion has been investigated by several
researchers, the present study will focus on the use and mathematical
interpretation of force plate measurements for abnormal or pathological
gait conditions. The use of models to analyse locomotion in abnormal gait
conditions has not been reported. A set of parameters will be defined
which are highly indicative of gait disruption but show smaller variation
in normal gait.

In order to describe the net locomotion posture, a simple
mathematical model that would present an integrated bicture of locomotion
of the upper body with respect to the lower limb will be proposed. The
spatial kinematics of 1limb segments in three dimensional space will have
to be determined and the use of biplane photography for obtaining three
dimensional movement of the body segments will be illustrated. The
traditional locomotion analysis considers the motion in a moving
coordinate system, parallel to the general reference axes, and the
computations are reported primarily in the sagittal plane. 1In the present
study the movement will be described in the moving body coordinate system
and special coordinate transformation techniques for obtaining these from
measured limb marker positions will be proposed. Finally, the use of
force and displacement measurements and the mathematical model along with
the set of parameters for analysing the characteristics of gait disruption

on certain abnormal gait conditions will be reported.




General Statement of Goals.

. 1.3

22
geveral weaknesses in gait analysis up to the present prevent their

:full clinical use. These weaknesses will be more fully defined during the

]iterature review in Chapter 2 and are summarized at the end of that

chapter. However, there are two over-riding difficulties in the usual

clinical gait laboratory. The first is the lack of accurate three

dimensional reaction force data taken simultaneously with displacement

data. The second difficulty is the length of time required for the data

abstraction and analysis. The first difficulty can be overcome by the

development of a suitable force plate system, which is one of the
objectives of this work. The difficulty of data abstraction and analysis
is caused, in part, by a lack of simple parameters which give clear
indications of abnormal gait. Often, extremely complex mathematics is
applied yielding conclusions quite beyond clinical interpretation. In
this work the objective is to use mathematical models to develop simple
parameters which allow a clinical assessment of gait normality, based on
reaction force measurement and related changes in body segment

displacements and motions.




CHAPTER 2

LITERATURE REVIEW

2,1 General Layout

A review of literature on human locomotion studies presented in this
chapter would indicate the constant interest and advancements made in this
field. For the sake of convenience in presentation, the literature
review in this chapter is divided into five sections which are reviews of:
the normallgait cycle, the force plates used in locomotion analysis, the
displacement measurement techniques, the joint models and some
mathematical gait models. Areas where further work is most desirable are

identified in detail.

2.2 Review of Normal Gait

Human locomotion is a phenomenon of the most extraordinary
complexity with a multitude of individual motions occuring simultaneously
in the sagittal, frontal and the transverse planes of space. A concept
adopted in several studies assumes that locomotion is the translation of
the center of gravity of the body through space along a pathway requiring
the least expenditure of energy. The pathway described by the center of
gravity in the plane of progression is a smooth, undulating, almost
sinusoidal curve. In a single cycle of locomotion from the right heel-
strike to the next right heel-strike, the center of gravity of the body
rises smoothly to a summit at 25% of the cycle and at the same time
deviates to the right. As the center begins to descend it smoothly

deviates toward the left to continue this deviation as it once more
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:begins to rise to a second summit at 75% of the cycle.

When the second summit is reached and the center of mass proceeds to
fall, it begins to return gradually to the right and has reached the
central axis of the forward motion as the cycle is completed. A sensitive
palance on each foot exists as the upper body goes“through the undulating
motion. A complete gait cycle is the period from heel-strike on one leg
to the next heel-strike on the same leg. The cycle is broadly divided
into two phases; the stance phase and the swing phase. Stance phase
begins at the heel-strike on one leg and ends at toe-off on the same leg.

Swing phase begins when the stance phase ends and represents the period
between toe—off (T.0.) on one foot and heel contact (H.C.) on the same
foot.

A complete gait cycle is explained with reference to Fig. 2. Stance
phase is characterised by six key events. It begins at the instant the
heel touches the floor - 'Heel contact' (H.C.). Shortly thereafter, the
sole makes contact with the ground - 'Foot flat' (F.F.). Next the body
weight is swung directly over the supporting extremity - 'mid stance'
(M.S.) and continues to rotate over the foot. As the body mass above the
ankle continues to rotate forward, the heel lifts off the ground - 'Heel
off' (H.0.). Shortly after this, the body is propelled forward by the
forceful action of the calf muscles - 'push-off'. The push—off phase
terminates when the entire foot rises from the ground - 'Toe off' (T.0.).
Swing phase, as represented in Fig. 2, is divided into three main periods.
Just at the end of toe-off, a phase of rapid acceleration (as high as 4g
at the ankle) begins. The leg must be accelerated in order to catch up to
and get in front of the body in preparation for the next heel~contact.

The leg is in 'mid-swing' position when the swinging leg has caught up and




passes directly beneath the body. It is also the instant at which the

and aft shear forces registered on the ground are zero. The

fore

deceleratioh phase begins after mid-swing when the forward motion of the

leg is restrained by the stretching of the hamstring muscles to control

the position and velocity of the foot immediately before heel-contact. As

the body alternates from swing to stance on each leg, there is a period

when both feet are in contact with the ground simultaneously. This

period, termed 'double support', occurs between push-off and toe-off on

one foot and heel-contact and foot-flat on the other. The duration of

double support is inversely related to cadence. Figure 2 also shows

temporal components of walking cycle. At ordinary speeds, the single leg

stance phase period is approximately 60% of the cycle and the swing phase

approximately 40%. The period of double support occupies about 25% of the

gait cycle time and includes a portion of the stance-phase time for each

leg.

The continous process of rise and fall of the upper body can be seen

by monitoring the time wvarying ground-reaction force. A typical tracing

of these force curves for a double step, as obtained by Balakrishnan and

Thornton-Trump(1ll) is shown in Fig. 3. The vertical component of the

reaction force has a double-peak shape and two smaller peaks; this is due

to vertical upward and downward accelerations of the body. The difference

between the vertical component of floor reaction and the body weight is

proportional to the vertical acceleration of the body. The smaller peak

occurs shortly after heel strike, when the body rolls over the supporting

leg and the second peak occurs when the leg ‘'pushes' the body just before

the other leg strikes the floor. The lateral component of the ground
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reaction has a very small magnitude but plays a vital part in the lateral

stability in walking. As the body weight is shifted from one leg to the

other, the lateral reaction force must be directed inward with respect to

the body in order to prevent the subject from falling sidewise. The

magnitude of this force will depend largely upon the amount of lateral hip

motion. The posterior-anterior (fore-aft) component of floor reaction

force has a typical shape approximating a saw tooth during the stance

phase. The temporal variation in this force is due to the fact that upon

heel strike the force first must retard the forward motion of the body and

then a fraction of a second later must provide the push-off or forward

acceleration necessary to continue the forward motion of the body.

Many departures from these simple features are present in a

pathological gait, the most frequent being the lack of force and time

symmetry, reduced and non-uniform rates of loading and unloading on the

foot, reduced peaks and valleys and lengthened phases, particularly those

of double support. The asymmetry of force traces may extend over one or

more features such as differences during the left and right limb support

Phases, maximum forces or the general appearance of the trace.

2.3 Force Plates Used in Gait Study

Force plates are dynamometric platforms designed to measure the

forces exerted by the foot on the ground during walking or other

activities. They are essentially flat plates supported by a base frame.

The base frame or, in certain cases, linkages between the base frame and

the force plate carry transducers to detect the exchanged loads. Reaction

forces between the foot and the ground during walking have been of -
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Considerable interest to orthopaedic surgeons for a long time. From the
literature available to the researchers in gait study, measurement of the
ground reaction force was attempted as early as 1872. This is evident
from the works published by Carlet{l2] and Marey[13]. The vertical
component of the grpund reaction was measured by them with a pneumatic
cell fixed in the sole of the shoe. Other ingenious methods like relating
the impressions of the foot to the forces exerted on a floor made of
plaster of paris - Beely[l4], have also been reported. Abrahamson[l5]
studied the impressions left on a lead plate when the subject walked upon
it with steel shots fixed to the shoe. While the above studies would help
in understanding the load distribution under the feet in static |
conditions, the applicability of such methods for a continuous monitoring
of forces on a dynamic state as would be encountered in human locomotion
is limited.

With the advent of photography as a means of recording measurements,
Elftman[16] filmed the underside of a corrugated mat placed on a glass
plate. The deformations produced due to the forces when the mat was
walked upon were taken to represent the load distribution. Barnett[17]
devised a box of vertical perspex rods whose vertical displacement into a
rubber support could be filmed from the side when the subject walked on
the upper surface. Thus with the introduction of photography, the
recordings of pressure distribution under the feet in a dynamic state was
Presented as a possibility.

The first device capable of measuring the three components of the
floor reaction on the feet was reported by Amar{18] and Elftman[19].

Vertical deflections of four springs supporting a level plate were




aured and compared to a calibration chart for determining the vertical
a8

The horizontal loads were measured as a function of bending of the

oad.

prings in the horizontal plane. Both the devices of Elftman and Amar

were entirely mechanical and a permanent record of the measurement was not

Elftman's force plate was perhaps the most direct and accurate

device reported up to that time. However, the large deflections of the
'Walking surface, inertia of the force plate and friction in the linkages
were found to produce large errors. While efforts were being made to
measure forces using a supported platform, Schwartz and Heath[20] and
Baumen and Brand[21] investigated the use of electronic transducers for
measuring forces. In their studies pressure sensitive discs were attached
to the foot for measuring forces. This principle is used even today by
several researchers. Instrumented shoes have a tendency to alter the gait
of the subject and measure the force only at a specific point on the feet.
The advent of an electronically instrumented force plate developed
by Cunningham and Brown|[6] allowed the addition of new dimension to force

measurements. This is demonstrated by the works of Bresler and

Frankel[22] who, using Cunningham's force plate, obtained the three

components of moments at the lower limb joints. Cunningham's force plate

was a rectangglar flat plate 15" x 20", and rigidly supported at each
corner by tubular columns. Vertical load and its position was determined
by means of three pairs of axially placed strain gauges. Shear force on
the top plate in each of the coordinate directions was measured by a
combination of eight gauges, responsive to the bending strain in the
columns. Torque about a vertical axis of the force plate was measured by

the same set of eight gauges switched in a different combination. The




1inearity in calibration of such a force plate is claimed to have a
maximum deviation of less than 3 pounds in the vertical direction. The
average deviation was one pound in the shear measurement and seven inch
pounds in torque values. Damping of the force plate was found necessary
and was achieved by a thin layer of fluid between the top force plate and
a parallel bottom plate. A leaf spring was interposed between the two
plates for additional damping. The available publications on the force
plate do not report the cross-talk between the various transducers. A
rigidly supported force plate with each support carrying several
transducers will generally produce large cross—talk. Since the horizontal
components of force produced in walking are considerably smaller in
magnitude when compared to the vertical component, any large errors
introduced in their measurement due to cross—talk would reduce the
usefulness of force measurement.

McLeish and Arnold[23] improved the sensitivity of ground reaction
force measurement by supporting the force plate on vertical and horizontal
steel strips. Several support strips with strain gauges mounted on them
measured the forces in the respective axes. The suspension system adopted
in their design improved the sensitivity in force measurements by nearly
five times when éompared to the column supported design of Cunningham.
Grundy et al{24] adopted the same design of support systems and the force
plate had a glass walkway set in the middle for synchronized photography
of the sole of the foot. From the film and force measurement, plots of
center of pressure along with the force curves were obtained for several
normal subjects. Other investigators - Paul and McGrouther[25], Paul{26]

have used similar force plates in their studies. It is difficult to
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compare the performance of the different force plates discussed so far, on

the basis of force tracing obtained from different subjects. The

characteristics of the force place such as natural frequency, resolution,

cross—talk are not generally well documented.

The introduction of minicomputers and microprocessors has given rise

to the development. of computer based force platforms in recent years.

pata processing of force information, modelling, simulation and prediction

of human gait analysis are all feasible for the experimentalist without

having to spend many man hours. It took Bresler and Frankel[22] nearly

500 man hours to analyse one stride of force data.

A study velated to analysing the moving pattern of point of

application of the vertical resultant force during level walking resulted

in the development of a triangular force plate by Yamashita and Katoh[27].

The force plate was right isosceles triangle in shape, supported at its

three vertices by load cells of high rigidity. The load cell was

sensitive to forces in the vertical direction only. The unknown

coordinates of the vertical force acting on the platform were determined

by measuring the reactive components at the three vertices. The accuracy

of this geometry with just three supports at corners depends mainly on the

accuracy of the load cell. For a static calibration the error was less

than 5% except for a few points around the vertex where a maximum error of

10% was found. A satisfactory (no figures available) dynamic response has

been reported. By using a triangular element, the number of supports were

reduced and thus the structure becomes statically determinate. Since

Yamashita's force plate can measure the vertical components only, its
p p

application is limited.
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Gola[28] applied the concept of a statically determinate system for

he design and development of a new kind of force plate. It was again a

triangUlar element force plate suspended at each corner by two strips. A

set of strain gauges glued to these strips measured the force. Each

suspension element was hinged at both ends and their position in space

"will not be affected by deformation of the plate, nor will they be
subjected to any bending. The cross-talk between the transducers with
this arrangement was expected to be a minimum. The natural frequency of
vibration as obtained by them was 190 Hz. Sensitivity was reported to be
1/2 Newton at the plate center in the x-direction, and 1/6 Newton in the
y-direction.

A newer approach to ground-force visualization is being attempted by
several researchers. Whilst the information from force plates have been
providing valuable information regarding kinetic factors influencing gait,
the difficulty of relating the three separate force components and
positional components (coordinates of center of pressure) was always a
problem for use as a clinical evaluation. Cook et al[29, 30] have
overcome this problem by superimposing a vector of ground reaction force
on a film of the subject ambulating. The system uses the relevant force
plate outputs for the plane of interest to produce Lissajous figures by
deflecting a laser beam with galvonometer mirrors driven through analog
circuits. The resulting 'line' is optically combined with the view of the
subject and recorded on film. Stallard et. al{31] used the same principle
but instead of recording the images on film they devised a technique by
which the force vector was instantaneously superimposed on a television

Picture of the subject, by electronically processing the video signal.
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Using the vector display approach Pedotti[32] created on - line

putterfly diagrams for a spatial-temporal representation of evolution of

‘ground reaction during each stride. The above principle was investigated
further by Boccardi et al[33,35]. The images of the vector representing
:the ground—reaction are superimposed on-line to the images showing the
positions of the hip, knee and ankle joint axis. Muscular moments during
stance phase were obtained by multiplying the vector amplitude by its
distance from the joints in each image. All the above investigations on
force-vector visualization can be adapted for any force plate design using
supplementary hardware. The vector visualization approach has great
potential to help the clinician perform a rapid diagnosis of gait
abnormalities. |

From the review of force plates, it can be seen that, ih general,
force plates are of two types. In the first category of force plates,
instrumented supports in the form of columns, cantilevers or some kind of
solid supports were used as base structure and the instrumented support
act as tranducers. A single support may carry more than bne transducer as
seen in Cunningham's[6] force plate. In the second category, the force
plate was suspended by strips of metal and tension changes in the elements
were used as loéd sensing devices. Gola's[28] force plate is one such
example. In the case of force plates having supports carrying more than
one set of transducers the cross-talk between various signals is bound to
be large. With a rigid support system the problem is magnified. The
rigid support system will also have a reduced sensitivity. In the case of
the suspended type of force platforms, the alignment of various

transducers is quite critical, especially to minimise cross-talk error.
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oyision for fine balancing of the force platform has to be provided. It
ro

ar from the publications whether such a provision is available

is not cle

e majority of force plates. The force plates investigated so far

yve the disadvantage of being small in size and suitable for single step

gait analysis. Only that of Yamashita[27] could be calibrated by direct

loading of the transducérs, but his force plate was capable of measuring

only the vertical forces. Following the development of force plates

_reported in this thesis, the only other accurate force plate allowing

direct calibration is the one reported by Gola[28]. All others require

either solution of statically indeterminant systems based on several

transducer readings from the force plate or need further signal

processing.

2.4 Kinematic Measurement Techniques

The methods and variety of kinematic measurement of limb segments

are almost endless being limited only by the ingenuity of the researcher

and the facilities available to him. Among the many devices used in

understanding human motion are goniometers, interrupted light photography,

still cameras, normal and high speed motion cameras, TV cameras and

X- rays. The majority of studies have used limb displacement measurement

for a detailed kinematical analysis. Velocity and acceleration can be

deduced from a series of instantaneous displacement measurements. The

accuracy with which the latter can be measured and the inherent

characteristics of the required process of differentiation have given rise

to a number of difficulties. A brief review on the use of motion film

cameras and video systems for collecting kinematic information will be
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presented in this section.
Chronophotography or interrupted light photography was developed by
MareY[13] in 1873. Marey's method utilized a rotating disk with a

jable number of apertures placed in front of the shutter of a camera to

var

take successive exposures on a single fixed piece of film. The walking
subject wore shiny reflecting buttons and reflecting bands on various
segments of the body. A series of pictures were taken of the subject
walking and deductions were made about the way the different segments of
the body moved. Indirect deduction of forces acting on the body by
measuring the three~dimensional space-time relationships of various
segments of the body was attempted in 1895 by Fisher[3,36]; A thorough
analysis of one subject was made by means of still photographs. Geisler
tubes fastened to the body segments flashed intermittently providing
markers on the still photographs. The investigation was devoted to the
graphic representation of the pathways of human gait. From ﬁhe pathways,
velocities were calculated and by using the velocity information,
acceleration and floor pressures were also determined. This procedure,
with refinements in analysis, is being followed by several investigators
even today. About 20 years after Fisher, Bernstein|[37] extended his work
and analysed the gait of several normal subjects. Bresler and
Frankel[22] in their study of kinematics and kinetics of walking subjects
used continously lighted opthalmoscope bulbs as body markers instead of
shiny buttons. ﬁy exposing a film in a darkened room to the light 30
times a second, they obtained a photograph containing many points of

light. With these data points they were able to calculate displacement,

velocity, and acceleration of various segments of the leg using graphic
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'& arithmetic techniques. The disadvantage of the chronophotography was
- overlapping images of the body markers at the boundaries of the range
V'f motione

All of the earlier studies were done assuming coplanar motion and
;three—dimensional motion studies were not attempted. The techniques
:described thus far would introduce a large number of constraints on the
,&ay in which a subject walked, due to the darkness and the bulky
reflectors.

The first major measurement of displacements of the extremities of
the human limb was performed by Saunders et. al[38]. A technique
different from those reported so far was employed to determine the
kinematic information. They used a glass walkway to permit displacement
measurement in three planes. An interrupted-light technique simiiar to
that employed by Marey[13] was used. Transverse rotation of limb segments
were determined by the use of bone markers. The goal of their study was
to relate six major determinants in locomotion. Using the interrupted
light technique and an overhead mirror, Murray et. al[39] and Murray[40]
listed the range of normal values for 20 simultaneous gait components
including the serial displacement patterns of the head, neck, trunk, upper
and lower limbs. Examples of abnormal movement patterns of disabled
subjects were also investigated.

Cinematography with both normal and high speed motion picture
cameras has been one of the most widely used systems of kinematic analysis
of motion. After establishment of motion photography as a medium of
recording the phases of gait, quantitative investigations on velocity,

acceleration and moving forces could be done more easily. Frame-by-frame




i ¢is of the motion picture film yielded results in the form of
y
osite tracings and stick figures showing the position of body segments

p

'Subsequent times in the gait cycle. Using a computer based system,

ssvand ete all41,42] were able to draw 'stick diagrams' for hip, knee

nd ankle positions. They employed high speed photography of subjects and

imbS were marked with black dots on a white area for each dot. The co-

fdinates (x,y) of the various points with reference to a background

marker were converted to voltages by reading the output of a

photomultiplier with an analogue-to-digital converter. A real-time
éomputer was used for processing the film data. Background markers were
,ﬁot exactly in the same plane as the spots on the subject and whenever the
_spots were not moving at the same speed as the camera, parallax caused
'position errors., Following this work a televion-computer system was
employed by Winter et. al{43,44] based on an interface developed by Dinn

et. al[45]. Some of the difficulties reported by Kasvand et. al[41,42]

were corrected. The subject was tracked along the walkway atka range of
about 4 meters from the track by a television camera mounted on a tracking
cart. Larger markers were chosen to increase the accuracy of their
calculated centres. By calculating absolute coordinates of the body
markers from determining their positions relative to the background
markers, the problem of having to synchronize the speed of‘camera cart

with that of the subject was eliminated. Using this system, a statistical

study on the kinematics of normal locomotion was reported. The study
reported measurements on a group of normal subjects walking at slow,

comfortable and fast candences.
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A commercially available system, 'Selspot'[46], uses silicon

hotosensors capable of transducing the coordinates (in a plane) of light
pitting diodes. Multiple locations are tracked by sequentially switching
he l.e.d. markers. A computer system is needed for proceésing the data,
and must provide for data storage as well. A somewhat different approach
described by Guth et. al[47] operates with photodetectors located on
pertinent parts of the body while a v-shaped light pattern scans the
object. Information read from the photodiodes enabled the determiﬁation
of their planar coordinates with the aid of a PDP-8 computer. Andrews and
'Jarrett[48] developed a multiple camera system interfaced with a PDP-12
’computer. The interface stored horizontal and vertical info;mation in a
fbuffer memory. The line synchronised signal then transfers the data into
the core memory of the computer. For systems such as the selspot using
switched light sources, cable connections to the subject pose problems and
are somewhat cumbersome. Brugger and Milner[49] exploited the use of a
c.ced. (charge coupled device) for image sensing in locomotion. The
digital nature of c.c.d. devices considerably simplifies the design of the
Yequired computer-interface since no analogue~to digital conversion was

- required for extraction of the data coordinates. A wide range of frame
rates, extending from 10 to 300 Hz was possible. The labels or markers
attached to the subject need not be point sources and an averéging over
the field of the marker is claimed to improve the resolution and hence
careful focussing of the camera is not needed. Using the current state-
of-the art in the field of microprocessor technology, a microprogrammed
Processor for locomotion data extraction was built by Slonosky and

Shwedyk[50]. A standard, 60 frames/sec., 525 line interlaced Sony video
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ra is used as an opitical sensor to obtain data points. The system
me

_a sampler which collects and stores a frame of sampled data and the

cessor processes the sampled data to compute the marker coordinates.
0

o system 18 capable of storing data for up to 25 markers (body or

ference). There are two sample memories, each 1K x 16 bits in size.

e system has not yet been interfaced for use in locomotion data

cquisition.

As is evident from the review, the basic ideas concerning capture of

motions of the body is by no means a product of this decade, even though

advances have hinged upon several technological developments and

innovations particularly over the last century. The practicalities and

_economics of particular situations have dictated the method of data

capture. Digital processing would be of considerable help in the analysis

. of various complex aspects associated with human gait. Most of the

studies reported so far have assumed symmetry in motion and measurements

in the sagittal plane have proved to be adequate. 1In the case of

pathological gait studies, three-dimensional kinematic measurements will

be needed to describe the complete motion and the recording system must be

able to perceive the marked body locations in three dimensions at all

times. The systems used to analyse the motions must monitor certain

assumptions usually made, such as: a) plane of photography sufficiently

approximates or models the spatial motion b) the spatial orientation of

the plane of photography must be able to be known at all times.

In the case of disrupted gait with unsymmetrical motions in space,

multiple cameras have to be used for tracking the motions. The optical

axes of the cameras may be perpendicular and must intersect at a common

Point, An additional difficulty of most multiple camera techniques is the
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ment of the filming of the landmarks or targets by all cameras for

uire

nining the three coordinates. Because of the solid, irregular and

;er

que nature of the human body segments, the same landmark or target may

| pe seen at all times by both the cameras. Solutions for such problems

11 have to be deveioped.

.5 Joint Model

According to the physiological functions and anatomical constraints

£ human limb joints, different types of mechanical joint analogs ‘have
een assumed by different investigators. The mechanical equivalents for

ach joint, its degree of freedom and the associated unknown constraint

iforces and moments have resulted in different kinds of joint models. 1In
each articulating human joint, a total of six degrees of freedom exist to
some extent. However, the anatomists have a different understanding of
'degrees of freedom'; Steindler{72] and MacConaill[73] imply that three
degrees of freedom is the maximum number required for anatomical motion.
The following classification is made according to the order of increaéing
complexity.

A hinge or revolute joint is probably the most widely used

articulating joint model and has a single degree of freedom. The motion

between two articulated body segments is assumed to be a hinge type, when

the motion is characterized by rotation about a single axis fixed in one

of the segments. Thus, only one independent coordinate, i.e. the angle

formed between two reference lines inscribed on the segments, is
sufficient to determine the position of one segment with reference to the

other one. Some representative publications assuming hinge joint models




have been written by Saunders et. al[38] and Beckett and Chang[74].

A spherical model is the next widely used joint approximation in

investigatiods reported in the literature. There are two versions of the

spherical joint and both have two degrees of freedom. In the first

ion of the model marked I in Fig. 4, the limbs are rotated about

vers

origin O. The motion is determined by two independent angles ¢ and 6 and

the axial rotation y is assumed to be zero. In the second version of a

gspherical joint, marked Il in Fig. 4, the axial rotation is allowed but

the motion is restricted to a plane passing through the center of the

sphere. 1In Fig. 4 the slot defined by angle '¢' refers to the plane in

which motion is restricted.

The first version of the spherical joint model was used by Paul[56]

for the hip. The knee joint was modelled in this way by'Bresler and

Frankel[22], Eberhart and Inman{75] and Morrison|[76]. The second version

of spherical joint has been primarily used for the elbow by Taylor and

Blaschke{77]), Dempster[78] and for the knee by Dempster[78].

The socket joint has three degrees of freedom and is most frequently

used for modelling hip and shoulder joints. The motion is characterized

as shown in Fig. 4 (marked I1II) by the independent coordinates y, © and ¢.

Dempster [78], Chaol79] have used this type of joint in their

investigations.

A planar joint has been used less widely. Such a type of joint

permits motion of the instantaneous axes which are always normal to the

plane of motion. The primary application for planar joint models has been

in modelling the knee joint, Radcliffe[81], Smidt([82] and Burstein and

Frankel[83].
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A rather complicated joint model possessing six degrees of freedom

is the general joint. This joint model allows all possible motions

between'the segments of the body. A good application for this joint is
_the shoulder joint. Thompson|[84] developed a mechanical linkage system
’capable of monitoring the lengths of six links connected via ball and
socket joints to the femur and the tibia for the purpose of studying
motion of the human knee.

The joint models with one degree of freedom are restricted in
applicability to single plane motion studies. The three degree of freedom
joint models allow a more general representation of the movements involved
in human locomotion. The six degree of freedom models are probably very
specialised and the complexity involved in designing the special
instrumentation needed for tracking the motions generally prohibits their
application to clinical studies. A good joint model must permit analysis

of the dynamic motions and the selection must be such as to allow the

quantification of the articulated total body motion at the given joint.

2,6 Human Locomotion Models

The data gathering techniques reviewed in the previous sections
resulted in the development of mathematical models of various degrees of
complexity to explain the complex motions associated with human gait. The
study of locomotion has gone through a long and colorful history of fitful
development. As contrasted to experimental investigation, the ratiqnal
approach entails the development of dynamic models with varying degrees of
detail and sophistication. Locomotion models‘described in the literature

can be broadly classified into two categories. The basis behind all the
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dels was to visualize the human body as being composed of several
mo

iegmeﬂts (or links) to represent the various limbs. The links are joined
5

ﬁogetheriat joints having specified degrees of freedom ranging up to six.
1In the first category of models, the applied forces and moments at limb
joints were computed from known limb kinematics (obtained from laboratory
measurements). In the second category, the model gives a solution for the
motion (system response) from joint moments (system inputs). The first
category of models are sometimes referred to as representing the Inverse
dynamic problem and the second type, the Direct dynamic‘problem.
Mathematical and anatomical analysis of human body motion étarted as
early as 1898. Fischer, (a mathematician) in cooperation with Braune an
anatomist, investigated the kinetic properties of different segments of
the human body[51,52]. Using the chronophotographic methods developed by
Marey[13], Fischer and Braune used classical approaches of mechanics in
deriving their analysis. Bernstein[37] extended Fischer's work and
concluded that the complexity of locomotion would preclude the smoothing
out of any data (raw data as obtained from filming the subject's
movement ). Much of this pioneering work was aimed at locating the centers
of gravity of the various segments, their radiivof gyration and the
relative masses. Elftman[53,54] proposed a methodology for detérmining'
instantaneous values of the forces and torques at the joints in lower
limb. The transfer of energy within the leg and between the leg and the
rest of the body was followed by means of activity of these forces and
torques. Elftman improved Fischer's work by determining the reaction
forces at the foot through the use of his force plate[l9]. He,»however

could not solve the hip joint forces. Elftman's analytical work was




1argely dormant until 1952 when Bresler and Frankel[22] reported their

estigation on the joint forces and moments in the leg during level

inv

walking. The principle of dynamic equilibrium of bodies while in motion

was used for the analysis. The internal forces or moments at the joints

were expressed directly in terms of reaction forces, gravity forces and

jpertial forces. The mass moment of inertia of the lower extremity for

each subject analysed was determined experimentally. Calculations of the

'mass, centroid location and moment of inertia of the combined shank and

' foot were made using methods outlined by Fischer{5l1] and Weinbach{55].

Cunningham's force plate[6] provided the necessary ground-reaction forces

measurement. The kinematics of 1limb segments was obtained by biplane

photography. Bresler's work was probably the most exhaustive up to that

time and was the first to combine the three dimensional kinetics and

kinematics for human locomotion modelling.

A technique for assessment of magnitude and direction of the

resultant forces transmitted at joints in the human body was investigated

by Paul[56]. Assuming mass properties, as reported in Braune and

Fischer's[52] work, Paul proposed equilibrium equations at each joint.

The moment actions at each joint were assumed to be transmitted by the

development of tension in muscular or ligamentous connections crossing

each joint and the corresponding reaction at that joint. The ground

Teaction force measured by a force plate and photographic records provided

the kinetic and kinematic input for his model. The number of muscular or

ligamentous connections at any joint in the human body exceeds the number

of available equilibrium equations and a guide to the muscles which are

acting at any instant of time has to be obtained by electro-myography.
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on With this information an explicit solution is generally not possible.
E

Ohly resultant actions can be analysed by making use of approximations.
The various developments in image analysis briefly described in
gection 2.4 provided a plethora of kinematic information to be applied to
ﬁany aspects of biomechanics of walking. These data range from
investigations of the trajectories of limb seéments, which are fairly
;traightforward, to considerations of segment energies and energy
ﬁransfers across joints. An analysis of the energy components of human
_gait in the sagittal plane was investigated by Quanbury et. al[57] and
Winter et. al[58]. The trajectory in absolute coordinates of anatomical
markers fixed to the body was obtained using a TV-computer system[42].
From the coordinate data, angles between various limb segments were
computed along with the velocity and accelerations. The location of the
center of mass of each segment was determined from anthropometric tables
developed by Contini[59}. Inter-segment forces and floor reaction forces
in the sagittal plane, as well as the instantaneous energy of the shank
foot combination, were determined from kinematic and anthropometrié
information.

A computer analysis of gait data to predict floor reaction forces
from the translétional and angular accelerations during normal locomotion
was performed by Thornton-Trump and Daher[60]. It was shown that the
Phase of the head-arms-trunk system with respect to the hip-thigh-shank
System was important in determining hip moments.

With the developement of load carrying tripod walkers and robots,

models developed for biped machines are being applied to the study of

locomotion. An approach to the design of a biped machine was investigated
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y,Frank[61]' The design criteria was to achieve minimum energy while
aintaining stability, which is similar to the energy efficient motion
that the human body tries to achieve in any kind of locomotion. Frank
modelled his system with a rigid upper body mass having three principle
,éxes of inertia. The upper body was attached to two legs of zero mass.
:The leg was capable.of supplying a force between the body attachment point
énd the contact point on the ground. A ball joint, capable of supplying
torques about three independent axes, connected the body and the leg. The
object of the investigation was to evolve control strategies for attaining
stable, straight-line motion without any lateral sway. Rotation about
three angular axes and propulsion distance in the forward direction were
used as control parameters. Synchronous switching between the two legs
was assumed as against an asynchronous system. Man's decision to‘switch
load from one leg to another is probably dependent upon his body state and
would have to be treated as an asynchronous system. Being synchronous,
Frank's model will be limited to the analysis of biped synchronous
machines.

Many living organisms which move with legs exhibit a property of
movement repeatability during different forms of locomotion[62]. This is
especially no;iceable for locomotion at a constant velocity over a level
surface, e.g. jogging. Some kind of regulation mechanisms must exist in
these living organisms to maintain these conditions of repeatability.
Vukobratovic et. al[63] described a method for the analysis of such
Systems in dynamic equilibrium. They assumed that the dynamic equilibrium

in a legged locomotion system coincides with the conditions of

Tepeatability and hence conditions of repeatability were assumed to
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represent a set of necessary conditions for dynamic equilibrium. A
@ontr°1 system comprising of a force controller and a position controller
was used by Vukabratovic et. al to maintain the conditions of
;repeatability of the system. In brief, the force controller supplies the
force, independent of the position of the controlled element, while the
position controller holds a position independent of the force applied to
‘the controlled element. A set of differential equations for motion of the
’system with the imposed regime of repeatability was proposed by
yukobratovic et. al,

A general theory for the analysis and synthesis of bipedal
locomotion was the object of a study by Townsend and Seireg|[64]. Their
model consisted of a rigid upper body with massless, extensible legs.
General equations of motion for the biped machine were proposed by
Townsend. The model was subjected to motion criteria such as maximised
stability and minimum energy expenditure. Stability was defined in terms
of foot print size (obtained by calculating the center of pressure under
the feet). Relationships for calculating machine work and physiological
work were proposed and wére used for calculating an efficiency factor.

The efficiency factor indirectly quantifies energy expenditure. Various
body trajectories were analysed for optimum performance of the model. The
model does not take into account pelvic rotation with respect to ﬁpper
body and upper body rotation was assumed to represent the total body
rotation. In human locomotion the rotations of various segments of the

body are not synchronized and overall stability of the body is brought

about by the synthesis of motions in the various segments of the body.
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in recent years, human locomotion is being analysed using various

ciplines of science. The basic principle of energy efficient motion
is

A prompted optimization techniques as a tool for analysing the motions.
a [

how and Rim[65] used the principle of optimization and, in their

alysis, the joint moments were iteratively varied until the theoretical

displacements matched those measured in the laboratory. The model was

nly capable of motion in the sagittal plane, with the upper body mass
'umped at the hip and the lower limb modelled as a stick with pin joints

t the various joint locations.

A simpler approach to the control of upper body in a biped
locomotion system was proposed by Yamashita and Yamada[66]. The model was
analysed by taking into consideration the frictional force between the
ground and foot. The body force and moment vectors in the leg supporting
phase were related to the control force and moments defined in the leg
coordinate system. The variability in step length together with the hip
moments, defined in leg coordinates were used, as control parameters for
producing a rotation free upper body. An upper body which was free of
rotation was assumed to have maximum stability. The analysis in their
work was modified to include an extensible leg[67,68]. A prescribed
motion in the-form of a sinusoidal displacement at the hip joint was used
as the model input in all their analyses.

In sports, dance or rehabilitation work it is important to know
which appropriate combination of body-segment movements would accomplish a
desired function. The models reviewed so far have used three segments to
represent the human body. With the ever increasing application of high

Speed computers to movement analysis, researchers are attempting the
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ation of more complex models for human locomotion. Yamashita and

applic
' wal[69] have investigated a multi-segment model with two body elements

Taga

per and lower torso) and three segments to represent a massless thigh,

(up

_ghank and foot. The body was permitted movement in three dimensional

space. By applying principles of mechanics, the balancing equations for

_moments and forces have been derived for each element. Since the number
_of unknown variables exceeds the number of equations, a predetermined
motion was applied to the lower torso to simulate the motion of the
pelvis. The forward speed of the hip was assumed constant and the lower
torso was subjected to sinusoidal oscillation in the vertical and lateral

planes. The computer simulation allowed variation of parameters

associated with human movement and the response of the system was
determined in terms of joint moments and forces. The analysis uses the
body fixed coordinate system for defining rotations of the segments. The
rotation angles have been assumed to be small and the transformation
matrices use the small angle approximation to determine the rotation
matrix.

A seven segment model to represent a human body has been proposed by

Onyshko and Winter[70]. The head, arms and trunk [HAT] are represented as
one segment and six joints — one at each of the hip; knee and ankle
characterised their model. Using limb angles as the variables, the
Lagrangian equations of motion for the body were determined. The stance
and swing phase were analysed using two different mathematical

representations. To ease the complexity of the constraint equations, a

spring and damper coupling was used to represent the connection between

the right thigh, left thigh and upper body. The response of the proposed




del was studied for a prescribed initial condition in the form of
no

;ngu1ar displacements and velocities of the limbs and joint moments were
a

ged as system input. The model was tested with several existing records
u

_on such variables. In comparison to other segment models, the above

énalySiS did not assume any prescribed trajectory for motion of various

xlimbS- The model would permit investigator interaction to predict the

_trajectories resulting from any pattern of joint muscle moments. In the

'present form the model can be used for motions in the sagittal plane

onlye.

A nine segment model was developed by Ramey and Yang[71]. The

segments consisted of a head and torso, upper arm, lower arm on each side

and the leg and foot in each lower limb. The upper arm and thigh were

connected to the main body by ball and socket joints and the lower arm and

leg were connected to their respective upper limbs by simple hinge joints.

The equations of motions associated with a torque-free motion were

developed along with the necessary transformation technique to define the

known quantities in their appropriate frame of reference. The model was

used to simulate hitch-kick and somersault and long jump motions.

The multi-dimensional, multi-directional movement device, namely the

human body has been modelled as being a collection of interconnected

rigid-body segments for developing appropriate equations of motion. The

function of the body may be to walk in a normal pattern and, in the case

of certain sports activity, it might mean to jump higher while maintaining

a striking pose. The wide spectrum of studies reviewed show the various

approaches used in gait studies. Some of the models impose a

Predetermined trajectory, mostly a sinusoidal displacement pattern at the
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hip 1evel. This input trajectory was based on the pattern observed in
Qormal locomotion. Such an imposition, however, may not be wvalid for
pathOlOgical gait studies. The aspect of symmetry is also not likely to
pe present in abnormal gait as pointed out earlier, and asymmetry in gait
can be observed in motions in the frontal plane as well as the sagittal
plane. A model for abnormal gait movements should have no trajectory
constraints and should permit analysis of even undesired locomotion
_patterns. Use of optimization techniques in computing moments at joints
alters the problem from one of pure synthesis to one of curve fitting the
limb displacement histories.

Description of quantities associated with gait in the appropriate
frame of reference would be closer to the physiological conditions of limb
movements and muscle activity. Even though the use of body coordinates
for defining movements has been attempted by a few, the assumption of
small angle theory and vectorial addition of rotation angles to obtain the
necessary rotation matrices is only valid for the analysis of biped
machines which meet those assumptions. The human body exibits large
rotations of the body segments, especially in pathological gait
conditions, thus theory must be modified.

As a result of reviewing the literature on force plates, it was
determined that a large force plate with good accuracy in the measurement
of shear force was needed. Ideally, such a plate wéuld be statically
determinate and directly calibratable in each direction. The size of such
a plate is desired to be large enough to allow subjects with pathological
gait and/or aids to be wholly on the plate during a full gait cycle. The

development of such a plate is one of the objectives of the current
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ﬁvestigation and is described in the following chapters.

The mere measurement of forces, however, does not add greatly to the
ability of a clinician to quantify gait characteristics in terms of normal
gait. As is apparent in the survey of the literature, much researched
éffort has gone intg mathematical models describing the motions of limbs
during locomotion. However, none of the models appear general enough to
accept the large asymetrical motions of pathological gait. In general,
parameters of symmetry which would relate reaction forces as measured by
force plates and asymetrical characteristics of pathological gait appear
~undeveloped. It is the purpose of this work to relate the measured
reaction force patterns to the upper body motions using the principles of
impulse and momentum and also to express force and moment equilibrium in
body coordinates, thereby developing simple parameters to allow a
clinician greater ease in quantifying pathological gait. To accomplish
this relationship, large angle transformation matrices to convert data
into body coordinate systems are applied to models of the body motions.
These transformed results are related to the simultaneously measured force
traces and the apéropriate parameters developed. The meaning of the

parameters is thus explained in terms of the net body segment geometry

changes necessary to produce the reaction force parameters measured.
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CHAPTER 3

DESCRIPTION OF DEVELOPED FORCE PLATE

3.1 Introduction

The role of force plates in the study of human locomotion has been

described in the previous chapter. It was noted that in the act of
walking the magnitude and direction of the force exerted on the ground by
each foot varies with time. When this force is resolved into three
‘mutually perpendicular components, the variations in each of these
components may be represented by time functions. This force pattern,
peculiar to each individual, is characteristic of the gait. One device
that would help record such information on force patterns is a force

plate.

3.2 Design Criteria for a Force Plate

From the review of force plates described in section 2.3, various
force plates have used the principle of instrumented supports for
detecting the ground-reaction components and this seems to Be the most
practical way from the viewpoint of instrumentation. The statical
determinacy or indeterminacy of a structure is dependent on the number of
unknown support reaction forces or moments. A statically determinate
structure is preferable in view of the reduced algorithms needed in order
to obtain the total reaction forces in the structure. By monitoring the
individual components of support reactions, the non-linearity and cross-

talk among the various signals if any, (as could happen in the case of




1gidly supported platforms carrying more than one set of transducers)
r

could be checked and corrected.
A majority of investigators have used their force plates for the

analysis of normal locomotion in the sagittal plane only. The variations

in medio-lateral force components have been assumed to be very small and

an accurate measurement of this component was not considered. In the case
of abnormal gait, the movements in the other planes of motion are bound to
pe larger than what is normally present. Hence an accurate measurement of

all the components of ground reactions should be obtained for a proper

understanding of abnormal gait. The force platfofms described in the
literature are also very small and the subjects have to adjust their
cadence in order to step on the force plate. This would impose a
constraint on the subject's gait.

The present design is an attempt at the development of a force

plate large enough to accommodate the cadence of many types of abnormal

gait normally encountered by the clinician. The design would also aim at

the accurate measurement of all the components of ground-reactions with a

reduced level of cross—talk. From the dynamic point of view, a larger
force plate would tend to reduce the fundamental natural frequency of the

system and the measurements obtained will be affected. Hence the present
design would attempt to keep the fundamental natural frequency well above

the measurement range.

3.2.1 Layout of the Force Plate

The force plate developed is right isosceles triangle in shape

(Fig. 5) and has a base length of 7'11" and a width from vertex to




ypotenuse of 3' 11 1/2". The force plate weights 110 1lbs. The base

tructure of the force plate is made of several lengths of 2" x 1" x 1/4"

i11d steel channels welded together to form an open steel truss. A 3/4"

part101e board sheet, cut to the dimensions of the truss, is bolted to the

top of the truss and forms a smooth walking surface. The truss provides

flexural rigidity for the force plate. The walkway has approach walkways,

20 feet long on either side of the force platform[Fig. 5].

2;2;% Suspension System

The force plate developed belongs to the class of the suspended
type, where the force plate is hung from a solid support instead of
resting on solid support. The suspended type was preferred because it is
possible to use as transducers thin steel sections on which strain gauges
are mounted. By using this method, it is possible to get comparatively
large output signals and this improves the sensitivity. The force plate
uses a unique suspension system and the description of the various
elements will be presented in this section.

The three corners of the triangular truss of the force plate have

steel blocks fixed to them. A threaded hole 5/8" in dia. runs through the

center line of the block from top to bottom. The spatial orientation of
the suspension elements will be defined with respect to a coordinate axis
fixed to the center line of the force plate{Fig. 5]. The force plate has
five suspension élements, one at the apex 'B' of the triangular frame, two
at the leading corner 'A' of the triangle and two at the trailing corner,
'C'. All the suspension elements to be described in detail, have one end

rigidly fixed to the force plate.
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The three vertical suspension elements (A, B and C in Fig. 5) are

d to specific dimensions and are identical in all dimensions. The

machine

crow central section of each vertical suspension (Fig. 6) element was

na

machined to precision (¢ 0,00lmms). One end of the vertical suspension
olement has threads to match the threaded hole in the steel block and the
éther end is provided with a adjustable suspension hook. Each vertical
;uspension element is screwed to the corresponding steel block and acts as
_a solid connector between the force plate and the solid support. Three

vertical steel pipes of 2 1/16" inside diameter, 1/8" wall thickness and

29" long are used as solid supports for suspending the force plate. The

pipes at corners A and C are fixed to a frame work and the frame is

rigidly connected to the floor. The vertical pipe at corner B is fixed to

a rigid solid base. All the three pipes are capable of fine rotatiomns

about their vertical axis for very fine alignment of the force plate.

The alignment procedure will be discussed in a later section. A short
length (approx. 4 1/2"). of horizontal tubing welded to the top end of each
support pipe carries a suspension system as well. The force plate is hung
from the horizontal pipes by means of a short length of high tensile steel
wire (0.06" dia.). One end of the wire loops over the anchor bolts
provided in the vertical suspension elements and the other end is
connected to the pipe through the suspension hook in the pipe. The weight
of the force plate is distributed equally among the three vertical
supports due to the geometrical symmetry of the suspension.

The suspension arrangement in all the vertical elements allows finer
control of the length of the wire and this enables proper levelling of the

force plate.
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The stability of the force plate in the hortizontal plane was
provided by the suspension elements 'd' and 'e'. The suspension elements
1d' and 'e' are square in section (0.5" x 0.5") and 2" long. One end is
threaded into the steel blocks at corners A and C respectively. The
vertical axis of suspension element 'a' and 'd' and that of 'c' and 'e'
coincide and project on opposite sides of the force platg. The free end
of suspension element'd' has a short threaded section and a grip nut

(Fig. 6). Just at the top end of the threaded section two small holes
are drilled. The holes intersect each other at right angles and run
through the body of the horizontal suspension element. High strength
tensile wireé similar to those used in the vertical support system pass
through these holes and are connected to tension devices provided on the
support frame on each side of the element. A photograph of the force
plate and the suspension systems is shown in Fig. 8. The grip nut on the
two horizontal suspension elements fastens the horizontal tension wires to
the suspension element. The two -horizontal wires at corner 'A' are
parallel to the x and y axes respectively of the force plate. The tension
devices on the support frame can be moved up and down for proper levelling
of the horizontal tension wires. The tension in the wires is also
adjustable, and the tension controls the sensitivity and cross-talk. This
will be described under calibration procedure. The suspension element
'e' at corner 'c' is exactly identical to the suspension element 'd'
except it has only one tension wire rumning through it along the y axis.
The structural action of the various suspension elements can be

modelled as follows. The three vertical suspension elements will act as

point ball joints at the point of connection of the support frame to the
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high tensile wire and any vertical load will be transmitted as axial load
’to the suspension elements. Changes in the axial strain can be taken as
directly proportional to the changes in the vertical load. The three
vertical suspension elements give rise to three measureable forces in the
vertical direction.‘ The suspension element 'd' at corner 'A' is held in
space at its lower end by means of the tension wires. This anchored end
gtructurally behaves as a bi-directional hinée joint and the two reaction
forces in the X and Y directions will contribute to two more unknown but
measurable forces in the system. The forces will be proportional to the
appropriate bending strain in the suspension systgm. The suspension

element 'e'

can also be modelled as a hinge in the y direction and the
force in that direction will constitute the sixth unknown but measureable
force. The unknowns in this mechanical system are the magnitudes of the
forces in the six hinge joints described above and their number equals the

degrees of freedom of the force plate. Thus, the force plate is reduced

to a statically determinate structure.

3.2.3 Force Detection

In order to measure the forces exerted by the subject walking on the

force platform, strain gauges positioned in the suspension elements were

utilized. The strain gauges in the vertical suspension elements respond
only to the axial strains produced during load changes while the strain
gauges in the horizontal suspension elements respond only to the bending
Strain produced about the appropriate axis during load changes.

The two opposite faces of the vertical suspension element [Fig. 6]

have carefully machined flat surfaces and carry a resistance type wire
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strain gauge on each of the vertical faces. The longitudinal axis of the

gtrain gauge lies parallel to the axis of the suspénsion element, Thus
_the two strain gauges will respond to changes in axial strain. The
’substrate carries two more gauges which are inactive to strains and are
’used for temperature compensation. The compensation gauges are orientated
in the lateral direction and, hence, will be insensitive to axial strains.
The four gauges used in each vertical suspension element are qonnected to
the four arms of a wheatstone bridge. Due to the point ball, joint action.
of the suspension wire, the vertical suspension elements will not be
subjected to any measureable bending moment for the displacements caused
by anticipated forces. As an extra measure to improve the sensitivity of
the vertical force transducer, the two active gauges are connected to the
diagonally opposite arms of the wheatstone's network and this improves the
sensitivity of the transducer to axial strain and, at the same time,
renders it insensitive to any bending strain. The strain bridge
configuration is shown in Fig. 9.

The horizontal force component detection transducer works on the
principle of measuring the strain produced due to bending on the
suspension elements 'd' and 'e'. Suspension element 'd’' cérries four
gauges, one on each of the vertical faces [Fig. 7]. Each set of gauges on
opposite faces are perpendicular to the tension wires and any lateral
shear force applied to the force plate, results in a bending of the
suspension element. The gauges in the YZ plane measure the bending strain
Produced due to longitudinal shear force (X-component) and gauges in the
XZ plane measure the bending strain produced due to lateral force along

the Y-axis (Y-component). Suspension element 'e' carries just two active
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gauges on faces in the XZ plane and is constrained in the Y-direction
only. Thus the bending strain produced due to lateral force in element
1e' is measured by these two gauges. The gauges in elements 'd' and 'e'
are connected to the arms of a wheatstone bridge with two compensation
gauges in each network. The elements are made insensitive to axial
strains by connecting the two active gauges to the upper arms of the

bridge. The horizontal strain bridge configuration is shown in Fig. 10.

3.2.4 Force Detection Instrumentation

A simple representation of the ground-reaction force resulting from
a subject stepping on the force plate is shown in Fig. 1l1. The ground-
reaction force vector is resolved into components in the three orthogonal
directions *= by the force transducers described previously. These
components are: i) FX (referred to as longitudinal or posterior-anterior

or fore-aft shear force), ii) FY (lateral or medio-lateral or right-left

shear force) and iii) FZ (the vertical force component). The

instrumentation to be described will measure these three reaction

components as the subject traverses the force plate. For this purpose,

each of the suspension elements of the force plate with strain gauges
mounted to their substrate was designed to function as a transducer. The
total vertical reaction force distributes itself among the three vertical
suspension elements 'a', 'b' and 'c'., The distribution of these reaction
forces depends on the position or point of application of the external

force on the force plate. If the external force is applied at the

centroid of the force plate, the three vertical suspension element
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reaction forces will be equal in magnitude. In a similar way, the
,horizontal force component FY is distributed between the two suspension

elements 'd' and 'e' and the horizontal force component FX is carried

wholly by the suspension element 'd'. The strain gauge networks on each
suspension element is connected to six individual strain bridge
amplifiers. A regulated D.C. supply (5 Volts) is used for excitation of
strain bridges. Each bridge amplifier has a balancing potentiometer and
built in instrumentation amplifiers with variable gain controls. The six
analog amplifiers containing the circuitary for bridge excitation,
balancing, calibration and scaling are shown in Fig. 12. The analog

amplifiers convert the strain level in each bridge to proportional

electrical outputs and, by proper calibration, the electrical outputs

will represent the force of each suspension element. The procedure for
calibration of force plate is explained in a subsequent section. Each

transducer measures the force applied to the corresponding suspension

element in one of the coordinate axes and further processing of the

signals is needed to get the total reaction-force component. If Va,'Vb

and VC represent the outputs of transducers 'a'y, 'b' and 'c', proportional

to loads F ‘F, and F e carried by each vertical transducer

Za’ "Zb Z
respectively, the total output for the resultant vertical load will be a

sum of these three outputs.

= V +V +V - 3.2.4.10
Total a b c

The VTotal is proportional to the resultant vertical load on the

force plate. In the same way, if M. represents the output of horizontal

1
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ransducer 'd' corresponding to a lateral load FYa at corner A and M_, the

3’

ansducer 'e' corresponding to a lateral load F, at corner 'c'

output of tr Ye

the resultant output will give the total lateral force on the force plate.

M = M + M - 3.2.4.2
Total 1 3

Hence MTotal is proportional to the resultant mediolateral force FY.
The longitudinal load (X-direction) on the force plate is entirely carried
by the suspension element 'd'. This element will give a signal

proportional to the total fore-aft shear force on the plate.

Hlongitudinal (Hx) = HXc - 3.2.4.3

A set of operational amplifiers are used for processing the individual
outputs and the schematic diagram in Fig. 13 represents the scheme

followed.

3.2.5 Alignment and Calibration of Force Plate

The force plate developed uses a suspension system that is unique in
force plate design. The three dimensional hinge behaviour of each
suspension system allows the function of each transducer to be independent
of one another and structurally connected to the force plate through the

suspension wires. After trying several types of suspension devices, the

present hinge system was evolved. The geometrical arrangement of
suspension systems allow them to be sensitive to force actions in one
direction only. The flexible coupling in the form of a wire suspension
Provides a frictionless joint between the force plate and the supporting
Structure. This allowed the transducers to be very sensitive to small

variations in the loads. In the case of vertical suspension elements, the
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~ coupling between the wires and the suspension elements provide a pin
4

int In the case of horizontal suspension elements, the pre~tension in

es always keeps the wires on either side of the suspension element

~

wir
tension and does not permit any displacement of the elements in that
rection. The long length of wire allows free deflection of the
uspension elements for loads in the vertical direction in the measurement
énge- The suspension system with the various transducers separated from
one another was expected to reduce the cross-—talk considerably. The
structural action of each transducer would also permit direct
interpretation of outputs of each transducer in terms of forces. Above
all, the force plate could be easily calibrated by monitoring the
individual support reactions. This was a direct advantage of making the
structure statically determinate.

The geometrical arrangement of each suspension element being
important for the performance of the force plate necessitates a precise
alignment of the various elements of the force plate. The basic
requirement for alignment of the force plate is the accurate orientation
of each transducer in the respective direction of load action. The axes
of the transdqcers should coincide with the line of action of the support
reaction in the case of a vertical transducer and should be perpendicular
in the case of horizontal load sensors. The plane of the substrates
containing the strain gauges should be parallel to the reference XZ or YZ
Plane depending on the force component they are measuring. A systematic
alignment procedure was carried out as follows; the force plate was
relieved of its horizontal suspension wires by loosening the grip nut

Provided at the tip of suspension elements 'd' and 'e'. This way the
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force plate is free to move horizontally in space and hangs from the three
Vertical transducers. The force plate is in perfect alignment in the
yertical plane if the axes of the three transducers a, b and ¢ coincide
with the point of suspension on the respective vertical supports. In
order to avoid a Vefy large mismatch in the vertical alignment, precaution
_was taken at the fabrication stage to transfer the point of suspension on
to the laboratory floor and orientate the support frame close to a final
alignment. The smaller deviations in the vertical alignment were then
corrected by rotating each vertical support about its vertical axis.

The second step involved alignment of the X and Y.reference axes fixed to
the force plate. When aligned, they should be parallel to the floor. 1In
order to achieve this requirement, levelling of the top surface of the
force plate is carried out similar to the three point levelling procedure
commonly adopted in survey instruments. The length of the three vertical
suspension wires can be varied to lift the force plate at any of the three
corners. The balancing procedures outlined above bring about a proper
alignment of the reference coordinate system fixed to the centroid of the
force plate along with the vertical suspension elements. Finally the
alignment of ;he two horizontal suspension elements 'd' and 'e' with
respect to the reference frame is carried out as follows. The three axes
of the suspension elements 'd' and 'e' should be made parallel to the
reference axes and the three horizontal suspension wires attached to the
Suspension elements should also be in a horizontal plane and parallel to
the measurement axes. The horizontal suspension elements can be rotated

about their vertical axes and this would enable orientation of the axes of

the suspension elements. The tension wires are also brought into proper
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ientation by moving the anchor blocks provided in the support frame, to

ich, they are attached. At the completion of the alignment procedure,

he various suspension elements are firmly secured to the respective

pport structures and the force plate can be calibrated for force

asurements .

A predetermined tension (arrived at on the basis of maximum expected
oad) is applied to the horizontal tension wires prior to calibration. To
calibrate the force plate in the vertical direction, the calibration rig
shown in Fig. 8 is used. The vertical calibration rig (A in Fig. 8) is a
horizontal beam pivoted at one end to a rigid support and carries a
movable collar. The movable collar transfers the load to the force plate.
" The other end of the beam has a hook from which known static loads can be
hung. Graduations on the beam would give the position of the collar and
hence the load transferred to the force plate can be calculated. The
collar is moved over the centroid of the force plate and known loads are
applied to the end of the beam. The reaction load at the centroid
distributes itself equally among the three vertical supports. The gain
control on each vertical bridge amplifier is adjusted to a predetermined
output. The individual vertical amplifiers should have the same output
for any load applied at the centroid. TFor the present study, the gain
factor was set at 10 millivolts/1bf. Since the weight of the force plate
distributes itself equally among the three vertical transducers, the d.c.
offset on each vertical amplifier is adjusted to produce a null output for
zero external load on the force plate. The calibration curve for the

vertical transducer is shown in Fig. 14 and 15.
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The principle involved in calibrating the horizontal transducers is

g gimilar to the calibration in the vertical direction. Loads to
preseﬂt lateral shear and longitudinal shear are applied to the X and Y
rection of the force plate using a calibration frame (B in Fig. 8).
riable gain controls on each strain bridge amplifier can be adjusted to
¢ desired output in both the horizontal directions. The calibration

rve is shown in Fig. 16.

~___g;_g_Dynaunic Response of the Force Plate

The natural frequency of the force plate was obtained

xperimentally. A vertical load of 250 1lbs was applied to the centroid of
he force plate using the calibration rig 'A' in Fig. 8. The calibration
rig was modified to enable a quick release of this load from the force
plate. The sudden release of the load (achieved by cutting a string
attached to the calibration arm) would represent a step load on the force
Plate. The output from the force transducers was recorded on a storage
scope and Fig. 17 represents one such trace. The abscissa represents time
~and the ordinate corresponds to the vertical load on the force plate.

From an initial load of 250 1lbs, the plate response to the step load was
recorded by reléasing the load. From the response trace shown in Fig.

17, the fundamental natural frequency was calculated by obtaining the mean
Period for ten consecutive peaks in the trace shown in Fig. 17. A
fundamental natural frequency of 17.22 HZ was obtained using this method.
A similar procedure was adopted for determining the dynamic response in
the horizontal direction. The plate was loaded in the horizontal

direction using the calibration frame 'B', shown in Fig. 8. The plate
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gponse was obtained by suddenly releasing the load. The fundamental
a;ural frequency in the lateral direction was measured and found to be
.1 HZ. A further check was done by applying oscillatory loads for
requencies of up to 5 HZ at the centroid of the force plate. The output

rém a load cell interposed between the loading frame and force plate

ﬁtput was recorded simultaneously. The output from the two followed

losely.

3,2.7 Center of Force Detection

CALALS

The concept of center of pressure has been used in the studies of
jocomotion to describe normal and pathological gait (Cunningham [6],
Grundy et., al[24], Yamashita et. al[27}). The center of force at any
_instant during foot-ground contact is the projection of the centroid of
;the vertical force distribution on the ground plane. In effect, it is the
klocation where the resultant force vector would act if it could be
considered to have a single point of application. The present study does
not use the center of force as a major determinant in the analysis, rather
the coordinates of the point of application of thé ground to foot vector
as measured by the force plate, were used in conjunction with the foot-
ground contact boint established from biplane motion pictures for
determining the lower limb displacement.

To locate the center of force application requires that the force be
located in the longitudinal and lateral direction of the force plate with
Tespect to a reference point. With reference to Fig. 18, using the apex
of the triangular plate as an origin and assuming a known force acting at
an unknown point (x,y) on the force plate (Fig. 18), the unknown

coordinates 'x' and 'y' can be determined by measuring the reactive
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'components at the three vertices of the force plate. The following

procedure could then be employed.

F = F + F + F - 3.2.7.1
Z Z Z
a b c

where FZ s sz and FZ are the three vertical forces at
a c

the plate vertices obtained from the three vertical transducers.

Taking moments about the sides BC and BA (Fig. 18) of the force

plate,

an

X = F . L - 302.702
F
ZC

y = T . L - 30207.3

where L is the length of side AB of the force plate.

By meésuring the reactive force components at the corners of the
force plate, as described in previous sections of this chapter, the point
of force application during walking can be determined as a function of
time. The point of application of force was used only to a limited extent
in the study reported in this thesis. The center of force obtained for a
single step and double step stride is also represented by dots in Fig. 18.
Fig.>19 represents the trace of center of the force as determined by the
force plate for a roller skater executing a 'spin' while on the force
plate. Figure 19 also shows the center of force for a load rolled along
the sides of the force plate. The center of force was uséd in a study
pertaining to forces generated for different maneuvers in roller skating,
Balakrishnan and Thornton-Trump[34]. The performance characteristics of
the force plate developed is presented in Table 1. The performance
evaluation of the force plate developed in comparison to other force

Plates reported in literature will be discussed in Chapter 6.
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CHAPTER 4

THERET1CAL CONSIDERATIONS AND MATHEMATICAL MODELLING

Background to Modelling

Having developed a force plate capable of accurate measurement of

the ground reaction force in the space coordinate axes, a mathematical
ﬁodel relating reaction force information to body segment position -in
three dimensional space is required if the reaction forces are to be given
reasonable interpretation. Such a three dimensional model was not
 available and the development of one such model is described in this
'Chapter.

The model must have general parameters to allow reaction force data
to be related to the upper body posture. It is the common procedure to
define motions and related physical quantities about a general Newtonian
reference frame. It would be more appropriate for human locomotion to
relate the motions to the joint structure of the body. The joint
angulation represents in some way the pain-free posture of the various
body segments and would also retain a constant relationship to the point
of origin and insertion of muscle groups. One method of representing the
joint angulation would be to define a body centered co-ordinate system
that moves wi;h the segment. The mathematical model developed in this
chapter has the above required feature as well as features similar to

" those encompassed by other models developed previously.

One of the valuable biomechanical variables to consider for the
assessment of any human movement is the history of the moments and forces

at each joint. The net effect of all agonist and antagonist muscle
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activity of the body is shown by these kinetic patterns. The mechanisms
jnvolved in movement control and the efficiency of the therapies adopted
in orthopaedics, rehabilitation and in general clinical practice can be
investigated and, perhaps, evaluated by knowing the moment history of the
joints. Several mathematical models ranging from a simple one-body model
to complex multi-body models have been investigated [26, 64, 70, 71]. The
complex analytical procedure required to apply some of the locomotion
models to gait study reduces their clinical usefulness. This study
presents a simplified three dimensional mathematical model that is
conceptually simple, employs a relatively small number of parameters and
uses the experimentally determinable, ground-reaction forces and
displacements of limb segments as input. The model may then be used to
interpret reaction force data without the need for displacement data.

The spatial kinematics of the limb segments is determined by
displacement analysis using cinematography and the reactive force between
the foot and ground is measured by the force plate described earlier.
Traditional clinical measurements of the joint motion usually uses motion
in three independent planes and the measurements are generally referred
back to the neutral position of the limb. All the computed moments are
defined in thg present study with respect to the rotating body axes by
using classical rigid-body mechanics. A method to simultaneously compute
all three coupled angular motions (Eulerian angles) has been developed.
This method enables continuous joint motion analysis. The rigid—body

representation of angular motion has the added advantage of matching the

definition of joint angulation commonly used by clinicians.




| Basis for the Model
Human ambulation involves a series of co-ordinated movements of the

ments employing an interplay of muscular forces and external

dy seg

rces (inertial, gravitational and, ultimately, reaction forces). The

tabolic energy expended by muscular actions is used efficiently by

eratively learned, optimal orientation and phasic activity of the body

egments and these learned relationships result in an optimized

ndividualistic gait. The skeletal structure, can be modelled due to its

onfiguration, as a system of links hinged to one another. The muscular

forces acting on these links rotate them about their hinge points by
lgenerating moments. Since more than one muscle action is involved, the
total action of all the muscles has to be taken into account in order to
quantify the resultant action. The muscular moment at a joint is defined
as the product of the force exerted by each muscle crossing the joint and
the distance from its articular axis. The vector sum of the moments
produced by each muscle acting at a joint provides the total moment at the
joint,

The total moment at any specific joint may be computed

mathematically by developing a free body model at that joint and writing

the dynamic equilibrium equations for that joint. The dynamic equilibrium

of a joint is a function of M, d, d, d, R and p where M is the net

moment produced by the musculature at the joint under consideration.
Remaining variables are defined as:
d -~ is the coordinate of the point which is used to define the

mechanical parameters of the system;
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- and d are the first and second derivative with respect to time of

'a'

_ is the ground reaction vector of the external force acting on the
system; and

- is a mechanical parameter of the system such as mass, length,

distance to the center of mass or moment of inertia.

The total moment at any joint is given by the sum of three different
moments due to the inertial, gravitational and reactive components of the
1imbs below that joint. The moments produced by the muscle action at the
 joint are those moments required for dynamic equilibrium as a result of

external and dynamic forces acting on the limb. If we represent M, as

the total moment at the jth joint due to muscular forces

M. = M_ + M‘ + M_ - 4.20101

3 Jy Jg Jr
where

M - moment produced by the ground-reaction force at the jth
Ir joint.

M, - moment due to gravity forces of leg segments below the
Jg jth joint.

M, - moment at the jth joint due to inertial forces of the
Ji leg segments below the jth joint.

The foot exerts a pressure and a shear force on the ground during
locomotion. The resultant force of this pressure and shear is
compensated exactly by the ground reaction. The ground reaction can be
Tepresented by a vector whose amplitude, inclination and point of

application varies as the body progresses during motion. The spatial-
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,aporal evolution of this vector provides an integrated representation of
e

he body segment movement dynamics. From the review in section 2.2, the

pody alternates support between the two feet as it progresses and is in
ingle suppqrt approximately 70 to 75% of a gait cycle, while the double
stance period is approximately 10 to 25% of the gait cycle. During the
double support period, the load is distributed between the two feet and
the proportion in which the force is distributed varies during the gait
cycle. The position of the resultant reaction vector during double stance
period can be found easily. For the load on each foot, the magnitude of
ground-forces on each of the two feet should be measured simultaneously by
using two separate sensing devices. However, this work is primarily
concerned with the single support phase, thus only one force plate is
‘required.

Considering the single stance period, the foot supporting the body
rests firmly on the floor while the other foot goes through the
acceleration and deceleration process associated with the swinging forward
of the leg. The dynamics of the upper limbs of the body as well as the
moving lowér limb produce the resultant time varying ground-reaction force
on the supporting limb. The sum of inertial and gravity forces acting on
each element of the body will be in equilibrium with the ground reaction

force. The moment produced by this reactive force at any particular joint

of the lower limb is represented by Mj in equation 4.2.1.1 and would be
r

the most dominant component of the total moment at the joint during the
Single stance-phase. The validity of this assumption has been

investigated by Bresler et. al{22] who had complete dynamic data from
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:e’UniV' of Calif. prosthetics research group[90]. Recently Boccardi et.
(33, 35, 87] and Redotti[32] have also verified its validity. All their
{ndings indicate that ground forces have a paramount effect on the
dynamics of the lower limb during stance and the gravitational and

inertial components have relatively minor influences.

The model in the present study makes use of the above assumption

along with other assumptions which will be briefly stated in the following

joint described in section 2.5. The upper body represents the body mass
‘with the center of gravity located at a known distance with respect to the
hip joint. Fig. 20 indicates the model considered. The motion of the
upper body is described by the translation and rotation of a body centered

b _b.b
coordinate system X Y Z with respect to a reference frame X1 Y1 1’

both the axes are assumed to be fixed at the center of gravity of the
body. A typical relative position of the two coordinate systems is shown
in Fig. 20. The overall motion is described with respect to the general

Newtonian frame XE YE ZE (Fig. 20). All coordinate systems are assumed to

be right handed and the general direction of the motion is assumed to be

in the forward direction of the X axis. The model has a X2 Y2 22

reference axes fixed at the hip joint. As the body moves in space, the

locomotion produces excursions of the body about a nominal trajectory

determined by the propulsive force acting on the body. With reference to
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ig. 20, the body segments and the motions considered here are as
'(;llowsi
(i) the upper body rotations in the three fundamental planes of
motion (sagittal, transverse and frontal); and
(ii) the lower limb (the limb in stance phase only is considered)
motions occur in the three fundamental planes of motiomn.
The supporting limb is considered massless in the present study.
puring the stance—phase of a stride, the motion of the center of mass of
the supported limb is considerably smaller in comparison to the upper body
motion. The inertial force of the supported limb as a result, would be
‘negligible in comparison to the inertial and gravitational forces of the
upper body. The static friction between the foot and ground keeps the leg
in the supporting phase. In other words, there is no slip between the
foot and the ground. The support on the floor is assumed to be a point
contact for the present analysis and this assumption is made to simplify
the analysis. The dynamics of the swinging leg and the upper body would
result in time varying ground-reaction forces on the supported limb. The
temporal .ground-reaction force at the supported limb is available in the
form of force records from the force plate developed. The geometrical
orientation of the two segments—upper body and supported limb could be
established using cinematography by following the position of a set of
body markers fixed to the body at various locations. Details will be
given in Chapter 5. With this method of measurement, the calculation of
joint moments caused by the extermal ground reaction will be developed in

the next section.
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tion of Moments due to Ground Reaction

2 Computa

Let h represent the position vector of the center of mass of the

with respect to the X2 Y2 22 reference frame (Fig. 21) at the hip

¢t and further suppose that 'r' is the position vector of the
téf of rotation at the hip joint defined with respect to the reference

Pt XF YF ZF (the point of contact of the lower limb with the

or). Then 'h'and'r'can be obtained by finding the individual

r. and rZ « The methods to obtain the

ponents h, , h
X 2 2

“ 1 1 1
pponents will be described in chapter 5. Assume for the present that

ey can be determined so that the reaction moment at the hip joint can be
b:ained as a cross-product of r and R, where R is the ground-

eaction vector. If we represent the reaction moment at the hip joint as
» in the reference frame then

MH = r x R - 4.2.2.1

ére MH and R are defined in the earth parallel reference frames at

4.2.2.2

r = a, i+ bl i + ¢ k -

R = R i +R J +R k - 4.2.2.3
= R - ORy

MHY = - (a,R, - CIRX) - 4.2.2.4
MHZ = (3 Ry = biRY

HaVing determined the moments due to the external reaction at the hip

Joint about the earth parallel reference frame, the next step involves
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orming the moment into the body coordinate system fixed to the hip

| The present investigation aims to describe the motions of the body
¢he moving body coordinate system for reasons stated in the opening
on of this chapter. The transformation can be achieved by knowing
otation angles of the body coordinate axes with respect to the

ence space coordinate axes. In order to determine the body

inate system at various intervals of time, transformations based on
erian angles, similar to the transformations followed in rigid-body

anics, were used. The methodology is presented in the following

rione

2,3 Eulerian Angle Representation

If a rigid body is considered as a body, one of whose points is

ixed at the origin of some X, Y, Z coordinate system and suppose, that
rdinate system is assumed not fixed to the body. A sequence of
otations of the body within that general X, Y, Z system produces a
equence of displacements of every one of its points except those, lying
n the axis of rotation. After the rotations are completed, every point
iS generally in a new position. The new position has components X, Y, Z
0 the coordinate éystem which is not fixed to the body. A new coordinate
?XeS Xl, Yl, Zl, is fixed to the body so that a set of relations can be
derived to get the components of the position change relative to this new
frame, The relationships between the two coordinate systems can be
6btained in the form of a transformation matrix whose elements are the

irection cosines of the body~fixed axes with respect to the axis-system
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:Which is not fixed in the body. These relationships have been derived

:already [86] and shown to have the following properties:

(i) the transformation matrix is orthogonal; and

(ii) the transformation matrix of a sequence of rotations is equal

to the product of individual transformation matrices,

multiplied in the inverse sequence of that in which the

rotations were made.

Since rotations do not add like vectors, a different sequence

results generally in a different transformation matrix. Data must be

taken in a sequence compatible with the transformation.

The general displacement of a point on a rigid body is describable

by three independent rotations because a rigid body with one point fixed

has three degrees of freedom. The usual description of a displacement

resulting from a rotation is that given in terms of the Euler angles. The

sequence of rotations used by various researchers are not all the same

and, as pointed out earlier, these differences result in different

transformation matrices. The relationship to be derived in- the next

sections follows the sequence given by Goldstein[86].

Consider an X, Y, Z coordinate system not fixed to the body, and an

1
X, Yl, Zl system fixed to the body, as shown in Fig. 22. The two systems

coincide before rotation. The first rotation is about the Z axis by an

amount 'y' (right handed rotation). The body fixed axis moves to a new
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ey

n indicated by X{, Y/, . For this rotation

X X
Yi = D Y - 402.3-1
A z |

’where D is the matrix of the direction cosines, the elements dij’ i and

1, 2, 3, of which are :

1

dll = cos(Xi, X) = cos y
d12 = cos(X{, Y) = sin y
d13 = cos(Xf, Z) =0
le = cos(Yf, X) = - sin y
d22 = cos(Yf, Y) = cos
d23 = cos(Yf, Zy =0
d31 = cos(z{, X) =0
d32 = cos(Zf, Y) =0
d33 = cos(Z{, Z) = 1.
Therefore
cos y siny O
D = |- siny cos y O - 4.2.3.2
0 0 1

Next consider X{, Y], Z{ as not fixed in the system and let the body fixed

system be denoted as X Yg, Zﬁ as shown in Fig. 22. Before rotation the




wo systems coincide and the body fixed system is given a right handed

otation'e' about the Xi axis, as shown in Fig. 22. The X{ axis lies in

'1ine of nodes'. The transformation for the second rotation is given

_X'ZT P'X""

Y2' = C Yi - 4.2.3.3
LZé sz

The transformation matrix C has the elements, Cij’ iand j =1,2,3, given

by

Cll = cos(Xé, X{) =1

«

12 = cos(X), Y{) =0

C13 = cos(X), Z}) =0

- t
C21_ cos(Y;

sz = cos(Yé, Y!') = cos®

C23 = cos(Yé, Z{) = sind

031 = cos(Zy, X]) =0

A d
>
.
~
]
(@]

C32 = cos(Zé, Yf) = -gind

C33 = cos(Z], Zf) = cosf

Therefore

—

0 0
c =10 coso sind - 4.,2.3.4
0 —sing cosd
¥Yinally, consider the Xﬁ, Yé, Zé system as not fixed in the body
while Xé, Yé, Zg is fixed to the body. As before the two systems coincide

before a given rotation. A right handed rotation '¢' about the Z] axis




prings the body-fixed coordinate axes to its final position Xé, Y!, Z

shown in Fig. 22. The transformation for this rotation is given by

X3 [

1
¥3

[l
==

Yz' e 4-2-3.5
23 Z;
The transformation matrix B has its elements given below:

bll

b12 = cos(X3, Y;) = sing

= t
b13 cos(X3

- 1
b21 cos(Y3

cos(Xé, Xé)

COS¢

0

-

z3)
X;)

b22 = cos(Yg, Yé) = cos¢

. _ ,
b23 cos(Y3

Z3)
b = cos (23

31 %)

b32 = cos(Zg, Yé)

b33 = cos(Zg, Zﬁ) =1

-

- sing

[
o

1l
(=)

[}
(@]

Therefore
B = - Sin¢ COSq) O - 4.2-3060
By the rule of the composition of rotations, the transformation from

(X,Y,Z)(to be denoted hereafter as the 'space frame') to the final body

L ] ] s
frame X3 Y3 Z3 is




A =B CD. - 4.2.3-8

atrix multiplication in equation 4.2.3.8 results in the following

cosy cos¢ — cosH sing siny, cos¢ siny + cosH cosy sing, sing singd

-sing cosy — cos® siny cos¢, =-sing siny + cosd cos¢y cosy, cos¢y sing

sing siny, -sing cosy, cosf

- 4.203-9

Xé = X', Yé = Y', Z§=Z', the components in the body axes are

X' = (cosy cos¢ — cosp sing siny) X

+ (cos¢ simp + cosp cosy sing) Y + (sin¢ sing)zZ - 4.2.3.10

Y' = (-sing cosy - cosf siny cos¢) X (-sin¢ siny + cosf cos¢ cosy) Y

+ (cos¢ sind)zZ - 4,2.3.11

and

2' = (sinp siny) X —(sing cosy) Y + (cos6)Z - 4.2.3.12

Hence in order to transform from space coordinates X, Y, Z to body co-

ordinates X', Y', Z', the transformation matrix given by equation 4.2.3.9

is used. The inverse transformation from body coordinates X', Y', Z' to

Space coordinate X, Y, Z is given by

X ' - X!

Y = A Y! - 4,2.3.13




cosy cos¢ — cosp siny sinp, -sing cosy - cos® siny cosy, sinb siny
- cos¢ siny + cosp cosy sing, —sing siny + cosb cos¢y cosy, -sin® cosy
sing sing, cos¢ sing, cosf
- 4.2.3.14
As was pointed out earlier, several systems of Euler angles have

peen used in the literature and Table 2 shows three different systems used

pe various authors. The rotation followed in the present/work is Type IIL
in Table 2. The rotation sequence for Type I is shown in Fig. 23 but was
not used for the transformations given here. Euler angles have the
advantage that three ordered rotations would determine a unique
orientation. But an orientation does not determine a unique set of Euler

angles. Depending upon the order of rotations the various systems

outlined in Table 2 would give rise to different set of values for the
angles. Thus, in order to obtain a unique orientation of a segment in
space the sequence of rotations and the corresponding Euler angles have to

be used in the transformation matrix.

4.4 Determination of Reaction Moments in the body coordinate System

For the model considered, if Xh Yh Zh and Xb Yb Zb (Fig. 21)

represent the body coordinate system attached to the hip joint and the
center of gravity respectively, the desired transformation at the hip
joint and at center of gravity may be performed, knowing the angular

rotations ¢ , 62, ¢2and wb, eb, ¢b at the respective joints. One such

2
orientation of the axes is shown in Fig. 2l1. If the transformation matrix

for the space to hip is represented as [T the reaction moment in

S - H]’-




he body coordinate system at the hip joint can be written as

b

Moo= [T, 4l MHY - 4.4l

Z

b -

where ME is the moment vector due to the ground reaction force in the

pody coordinate system at the hip joint and M, MHY, M, are the
X z

components of moment vector MH in the reference frame X, Y, Z,. The

b
component form of MH is given by:
- ™ -

X

The transformation matrix [T can be obtained from equation 4.2.3.9.

S—>H:|
Having determined the reaction moments about the hip joint, the

reaction moments about the upper body can be computed. If[TS N B]

b
represents the transformation matrix for the upper body and MB

represents the vector moment due to the external reaction in the body

frame at the center of gravity,

_Mg -

X

= o

= [rg ,pll 1 = Fol-[Tg ,pll My ] - 4.ss

[T is the transformation matrix for space to upper body

S +B]




is the position vector from hip to the center of gravity of

"e bodY H

FH -~ is the reaction force about the space frame at the hip joint

if vy and Gb and ¢b are the Eulerian angles for the upper body,

B] can be obtained using the relations given in equation 4.2.3.9.
5+

b
Mo, MB in equation 4.4.3 represent the moment components
Y Z

b b . b
pout the respective X Y Z coordinate axes.
The methods to obtain the moment due to external reaction at the hip

oint in the body coordinate system will be described in the following

ections.

.5 Determination of Transformation Matrix

o

The use of Eulerian angles to represent the limb rotations was

illustrated in the previous two sections. Farlier in this chapter it was

pointed out that several systems of Eulerian rotations are in common
usage. Even though the symbols used are the same, the sequence of
carrying out the Euler rotation is not always the same and, to date no
standard sequence has been agreed upon. Methods to find the rotation
angles for any arbitrary rotation of a body have not been illustrated
clearly., Langrana[88] and Chao et.al[89] have tried to determine the

fotation angles ¢, 6, ¢ by fixing triads to external bony markers for

finger joints and upper limb extremity joints, respectively. For the
Sequence of rotations adopted in this study, methods to determine the

elements of rotation matrix | ] and [T ] will be developed and

TS +B S »>H
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Qarious approaches will be employed to match with the anatomical motions
possibly encountered in the lower limb and upper body.

The transformation techniques proposed in this study are the result
of an examination of the factors which determine the pathway of the center
of gravity. The details of the technique employed will be described after
priefly summarising the determinants controlling the translation and
rotation of the segments of the body.

For the purpose of analysis, a bipedal system is considered with
lower extremities represented by levers without foot and articulated at
the equivalent of a hip joint. Fig. 24 is one such system pefmitting
flexion and extension of the lower limb. The movement of the lower limb
in this system would be analogous to the process of stepping—off distances
with a pair of compass or dividers. The pathway of the center of gravity
during forward translation would be a series of intersecting arcs as shown
in Figure 24 by dotted lines. The upper body, which is attached to the
lower extremity at the hip joint, would go through a similar up and down
motion without rotation. If a right handed coordinate system is fixed to
the head of femur with X-axis in the direction of walking, the motion
described can be observed by monitoring the orientation of the body fixed
coordinate axes at the hip joint with respect to a reference frame. The

body fixed X-axis moves up and down in a vertical plane and since there is

no adduction or abduction* of the lower extremity, the body fixed Y-axis

always remains in the XY plane.

*The terminology used to define movement of the limbs is represented in
Fig. 40.
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he body fixed Z-axis follows the movement of the lower extremity and goes
nrough a forward and backward tilt alternately as the lower extremity
steps off distances. The above described locomotion is a hypothetical
:gait and produces a very inefficient gait in terms of energy due to
 maXimUm excursions of the joint in the vertical direction.

The pelvis goes through a rotation during normal walking and when
this is added to the hypothetical gait considered previously, a motion
with the alternating pelvic rotation is achieved. Fig. 25 shows the
resultant motion. The pelvis rotates alternately to the right and to the
left relative to the line of progression and, at customary cadence and
stride, the magnitude of this rotation is estimated to be approximately 4°
on either side of the central axis. This rotation shows itself as
alternating internal and external rotation of the pelvis and upper body
about the hip joint during the stance phase because, the pelvis is a rigid
structure. The resulting motion, viewed from the rotations of upper and
lower limb coordinate axes, would be: rotation about the vertical axis
for the upper body and reduced angular tilt of the body fixed X and Z axis
for the lower extremity.

In the third category of motion, the pelvic tilt, present in normal
locomotion, is added. There is a listing downward relative to the
horizontal plane on the side of the non weight-bearing limb. This tilt
produces an average of 5° angular displacement at the hip joint. The
result of the pelvic tilt is an outward deflection of the hip joint
supporting the limb in the stance phase. Thus, there is an adduction of

the extremity in the stance phase and a relative abduction of the

extremity in the swing phase. The knee joint of the non-weight bearing




1imb also flexes to allow clearance for swing-through of that member.

guch a motion is represented in Fig. 26. The motion of this category

produces a rotation about the vertical axis and a tilt in the horizontal
plane of the upper body. The lower extremity in stance phase undergoes a
tilt due to the relative adduction of the hip joint in the horizontal
plane in addition to all the other rotations described in the first two
categories of motiomn.

The motions described above would produce rotations of the upper body
as well as of the lower extremity and would contribute directly to the
rotations of the body fixed coordinate systems in both the segments of the
body considered in this analysis. The transformation technique proposed
is a result of close examination of these movement patterns and the motion
described in Fig. 26 is considered as representative of several abnormal
gaits.

The upper body, assumed rigid in this analysis, is attached to the
lower limb by a ball and socket joint. When the upper body is subjected
to propulsive forces as the whole body moves forward about the supporting
limb, the pelvis is observed to twist in a counter-clockwise and clockwise
direction alternately for normal locomotion{5, 38]. Assuming a left heel
strike, the pelvis begins to twist in a counter-clockwise direction. At
the time of the right heel strike, the left side of the thorax is advanced
and the remainder of the cycle is characterised by thoracic rotation
similar to that described for the left heel strike. This kind of phasic
behaviour probably contributes to the smoothness in translation of the
body. In the case of abnormal gait, the smooth and symmetric movements

described above may not be present and compensatory motions in the form of
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'dﬁced motions in one plane and more than normal motions in other planes
e

esult in overall stability of the body. The transformation

may T

hniques to be outlined in this thesis would determine all the rotation

tec

angles of the upper body coordinate axes.

4.6 Upper Body Transformations

This section describes the procedure for determining the

transformation matrices developed in Section 4.2.2. The basic principle

_involved in the transformations is based on obtaining the Eulerian

rotation angles for a specific position of the lower 1limb and upper body

segments. The geometrical position of the lower extremity and upper body

is given by the position vectors 'r' and 'h'defined in section

4.,2.2. The rotations of the two body segments will be governed by the

instantaneous positions of these two line vectors.

4,6.,1 Upper Body Rotation Matrix

Figure 27 illustrates the upper body, with the geometrical position

of center of gravity 'C', connected to the lower extremity by a spherical

joint at hip center, 'B'. Thus the geometrical position of the center of

gravity at any given time can be defined with respect to a reference axis

fixed at the hip joint. The position vector 'BC', henceforth referred to

as the 'hip vector', is assumed determinable from biplane measurements.

The upper body is assumed rigid so that the orientation of the upper body

in space would be defined uniquely by the hip vector, 'BC'. The rotation

of the upper body is described by Eulerian angles ¢b, eb and ¢b (defined

. b
in Section 4.2.3) of a body fixed coordinate system Xb Yb Z with respect
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’to a reference frame X;Y) Z; located at the center of gravity. The
reference frame X, Y, Z, always remains parallel to the earth reference

frame XE YE ZE. The neutral position of the center of gravity of the body

is assumed to be located in the frontal plane passing through the hip
joint with the Y and Z coordinates 0.15 and 0.30 times the length of the

leg, respectively, defined as in Fig. 21 with respect to the XY, Z,

coordinate axes at the hip joint. This assumption agrees with the values
given in anatomical tables{59}. 1If the position vector 'BC' in the body
neutral -standing erect position is represented as 'hé , then

hS = (0.00 1 + 0.15% j - 0.308 k ) - 4.6.1

where '%' is the length of the leg and the components are measured with

respect to the X, Y; Z, coordinate system. The relative movement of 'C'

with respect to 'B' changes the components of 'BC' as the body moves in
space. If the position vector of 'BC' at any instant other than that
coinciding with the neutral position is denoted as 'h', then

The a,, b, and c, are the components of BC defined with respect to the

AN

space parallel reference system X; Y, Z;. Also h , the unit vector

along BC, can be expressed as

h =azi +b2j +Czk

- 406-3
2 2 2
/(a2 + b2 + Cz)

Referring to Fig. 27, C' indicates the new position of the center of

gravity of the body relative to the hip. This new position vector is




. . . . R \
sented by B'C'. Since the rotation is described relative to a

ence frame fixed to the hip joint, B'C represents the neutral limb

ion of the center of gravity of the body in the new position relative

o hipe If 'v' represents the angle between the reference axis Zland

the direction cosine 'cosy' is given as
~ A

b
1f Xb, Yb, Z refers to the new position of the body axes fixed at

ter of gravity, the rotation angles wb’ eband ¢b can be determined as

lows. The upper body is assumed rigid so that the body coordinate
tem would maintain the same initial angular orientation with respect to
new position vector 'h',

The vector operations outlined below are performed in order to define

‘

A

A
here T defines a unit vector, normal to the plane containing 2, and

N
+ Forming a cross product between T and the new position vector

~

would define the vector P normal to the plane containing

i A
and h, or

5>

he body axis Zb would be in the plane containing P and and

Ould maintain the same angular orientation 'v', defined by eqn. 4.6.4,

¢

A

ith respect h . The components of Zb contributed by h and
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are given by

%b h cos v+ P sinwv - bebo7

or, from equation 4.2.3.12,

b - i i 3 hd i 3 7 - eDe
3° = (51neb 81nwb) X (31neb coswb) Y + (coseb) Z 4.,6.8
The ¥y, and eb can bg obtained by equating corresponding components in

equation 4,6.,7 and 4.6.8.

To obtain Xb and Yb with respect to Zb , the coordinate axes

Y Yb » X; and Xb are expressed as a function of %, %1, %s s % s
, and 2 » as given below
¥, =a T +b BS +d Z - 44649
and
YY" =a T +b b +a 2° - 4.6.10
where %1 = %b X % . - 4.6.11

The a, b and d are constants representing the angular orientation of the
body coordinate axes with respect to the position vector 'BC',
The constants a, b and d are obtained from the known initial position
of vector BC. The program flow chart to obtain a, b and d is outlined in
Appendix B. When substituted into equation 4.6.10 these constants will
define the position of Yb . Since the body coordinate system is
orthogonal, Xb can be obtained through the cross—product

¥ = ¥ x 2P, - 4.6.12
The next chapter describes the method used to determine the limb
positions as a function of time. From the limb positions determined from

the biplane views of body markers, the variables in the transformation

techniques discussed can be computed.




16 2 Lower Limb Transformation

The rotation angles for the body coordinate system located at the hip

joint cannot be determined uniquely without imposing certain conditions on

ﬁhe articulation of the lower limb. A method to obtain the lower limb

transformations with the current body marker systems is proposed in

Appendix A. As will be pointed out in the next section, the net muscle

moment at the hip joint can be computed without knowledge of rotation

angles for the lower limb. The next section will outline the method to

calculate the net upper body moment which is also the net muscle moment at

the hip joint.

.7 Net Muscle Moment at the Hip Joint in Upper Body Coordinate System

The moment produced by the ground reaction at the hip joint and

center of gravity is given by Mj ,» the last term in equation 4.2.1.1.
r

This could be obtained directly from the measured ground reaction R

and its distance from the articular axis. The reaction moment about the

hip joint is obtained using equation 4.2.2.1. Equation 4.4.3 gives the

net reaction moments about center of gravity in the upper body coordinate

system. The conditions for the dynamic equilibrium of the model under

consideration can be expressed in a reference frame fixed to upper body

[96, 97] as follows: The vector summation of forces

z fi + mg + (- mac )= 0 - 4.7.1
i

and the vector summation of moments about any segment joint

Z M . + (_ H ) = 0 - 4.7020
i cl C




= total mass of the body

g = the force vectors acting on the body at the hip(hip forces)

the weight of the body

&

the inertia force vector

5

a = the acceleration vector of the center of mass

M = the moment vectors acting on the body at the hips (hip
moments)
(- H ) = the rate of change of the inertial moment of momentum
¢ ‘

vector about the center of mass.

The forces fi and moments Mci are the active controls which cause the body

to move. The right hand side of equation 4.4.3 represents the external
reaction moment about CG. During the stance phase, as pointed out
earlier, the resultant ground reaction force is the sum of inertia and

gravity forces of each element of the body. In the present model the

lower limb, assumed massless during the stance phase does not contribute
to the inertial and gravity forces and, hence, the net moment at the hip
joint would be the result of gravitational and inertia forces of the upper
body alone. The net dynamic muscle moment given by equation 4.7.2. 1is
found directly from equation 4.4.3. Equation 4.4.3 expresses the moment

due to external reaction in the body coordinate system from which the net

moment at the hip joint can be computed in the body coordinate system .




The scope of the present study is to monitor the ground reaction

rces for several cases of abnormal locomotion resulting from injury to

any one of the load bearing extremities and relate the asymmetry in
iocomotiOH to a set of indices derived from reaction force records. To

keep the body in dynamic equilibrium it may then be shown that the
compensatory movements brought about by the upper body could be monitored

by a similar set of indices for the upper body. A discussion on the

various indices along with the results obtained is presented in Chapter 6.
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CHAPTER 5

EXPERIMENTAL PROCEDURE

1 General Layout of Experimental Set up

This chapter describes briefly the general procedure for gathering
data in the present study. A schematic illustration of the experimental
1éyout is shown in Fig. 28, The force platform 'g', is located in the
éenter of walkway 'f' which is 48 feet long. The long walkway allows the
subject to reach a normal ambulation before reaching the force platform.
As the subject strides over the force plate, signals proportional to the
ground reaction components are amplified by a set of strain bridge
amplifiers 'h' and then are recorded on magnetic tape. A Philips FM tape
recorder, 'g', with 10 channel capability was used for this purpose. The
order of the recorded signals is shown in Table 5. The subject,
appropriately lighted by spot lights 'c', traverses the force plate
several times from either direction. Bi-plane photography was used to
capture the positions of various segments of the body as the subject
traverses the force plafe. The common problem with three dimensional
motion studies has been the inability of several cameras to perceive the
marked body locations at all times. Two 16mm movie cameras (Action Master
500 and Arriflex ST) were used in the present study. Camera ‘a' was
located in line with the centroid of the force plate and perpendicular to
the long side of the force platform. Camera 'b' was located with its axis
perpendicular to the lens axis of camera 'a' and in line with the centroid
of the force plate. The two camera axes intersect at the centroid of the

force plate. Camera 'a' views the motion of the subject in the sagittal

Plane and frontal plane motions are recorded by camera 'b'. A series of
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' circular markers, 'd', which are 2" in diameter are used as
~hatche

und markers. The movements of the markers are measured with

kgro

ct to the cross—hatched set of fixed reference markers. The position

pe
the packground markers with respect to the force plate geometry is

wn accurately. In addition to the background markers, the three

port pipes carry markers and appear in the field of view of both

neras. Body segments are identified by several markers and bony

ominences close to the joints were chosen as marker sites. The

bject's preparation involved fixing adhesive markers on these bony

rominences. Strips of adhesive tape (1" in width and 2" long) carrying a

tack circular patch 3/4" diameter comstituted the body markers and

dentified the pointé of interest on the body segments. Markers 1, 2 and

3:in Fig. 29 represent the lateral side of the toe, tarsal bone and heel

as viewed in the sagittal plane. Marker '4' represents the lateral

malleolus and 5 and 6 represent the lateral tibial head and lateral

epicondyle of the femur. The greater trochanter was identified by marker

7 and marker '8' corresponds to the center of gravity of the body as

viewed from the lateral or frontal camera. The center of gravity of the

body was established by using equation 4.6.1. The accurate determination

of the location of the center of gravity is beyond the scope of the

present work. All eight marker points described above appear in the‘field

of view of the sagittal camera. Markers of size and shape similar to

those used on the two lateral sides of the limbs were also fixed on the

medial sides of the limbs. The dorsal and ventral sides of the subject

Was identified by a similar set of markers which identified the location

of the heel, knee joint and center of gravity. Care was taken to align




‘markers as accurately as possible.

The movie cameras were operated at a constant speed of 50

mes/s€Ce The practicalities and economics of the situation determined

ne operating speed. Various measurements have to be synchronized to

rrelate the kinematic and kinetic measurements. This was achieved using

comparator circuit. The signal from the vertical summing amplifier was
d through a comparator circuit. Any changes with reference to the
alanced null output of the vertical summing amplifier when there is no
xternal load on the force plate would trigger the comparator circuit.
The threshold was adjusted to correspond to an increase of 5 pounds in

external load on the force plate. Thus, as the vertical load on the force

plate starts increasing, when the heel strikes the force plate, the
comparator will be triggered for vertical reactions greater than 5 pounds.
The comparator output was recorded on analog recorders with the force
signals. It was also amplified to operate a relay which, in turn,
_controls two flash lights pointed in the field of view of the two cameras.
The flash lights would come on at the instance of heel strike on the force
plate so that complete synchronization of the force output and the
kinematic data was achieved. The comparator output recorded on the
magnetic-tape in the form of a pulse is shown in Fig. 42.

The locomotion analysis involved the kinetic and kinematic
measurements of the subject's gait. The first step involved preparation

of the subject as outlined in this section. The subject was familiarised

wWith the general procedure and subsequently traversed the force plate

Several times prior to the actual data collection. The static weight of

the subject when in an erect or neutral position was recorded along with
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the neutral position of the markers. A complete motion analysis, as the

.

subject traversed the force plate several times, was then obtained.

5,2 Data Reduction

ity

Data reduction comprised an analysis of the cine the film and the
force signals. The reduction from the film was done on a P.C.D. Digital
reader system and a Hewlett Packard (HP) 9874A digitizer interfaced to a
9835A minicomputer. The HP system available at the School of Physical
Education, University of Manitoba is used for analysing sports motions.
Both the units are used for converting data on paper charts or graphs and
film material to computer compatible digital form. Both the systems
essentially consist of an XY reader head and the recording process is
initiated by a push switch mounted on the reader head. The P.C.D. system
uses a well proven potentiometer system for measurement. The optical
sight i1s positioned over the point to be digitized and the analog signals
derived from manual positioning of the optical sight are converted to X
and Y digital displays with the help of built-in analog to digital
converters. The HP system has a platen on which the graphs or films to be
digitized are projected. The platen is a sheet of laminated glass with
the X and Y conductors placed between the layers of glass. When the
cursor is moved over the point to be digitized, the digitized X and Y co-
ordinate values of the point are fed automatically to the minicomputer at
the press of a button. The HP digitizing system is fully programmable.

To digitize the force curves from the force plate, analog force
signals stored on magnetic tape were transferred to traces on paper by

using a strip chart recorder. Transparencies made from the strip chart
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output were then projected on the digitizer platen for an enlarged image

of the traces. Both the P.C.D. and HP systems have facilities for scaling

the ordinates. The HP system was programmed to read into memory only

those Y ordinate values corresponding to a X increment of 0.02 sec (scaled

to proper units). Since the cine film data was taken at 50 frames/sec

every frame corresponds to an interval of 0.02 sec. The active digitizing

area (315 x 435 mms) of the HP unit is divided into 25 micrometer units.

The accuracy of the cursor unit is * 125 micrometers (0.00492").

For measurement and analysis of various types of film material, the

P.C.D. system is fitted with a compact rear projection unit. The 16 mm

cine film of the subject walking across the force plate was projected on

the translucent screen of the digitising pad. The projector was a

Lafayette motion analyser which has controls for projecting frame by

frame. The film was wound up to the frame corresponding to the first heel

strike on the force plate which was recognised by the instant at which a

flash light comes on. The cursor is moved sequentially over the markers

fixed to the body and the digitized X and Y coordinate values of every

marker point was transferred to the minicomputer. The digitizer was

programmed to read the values initialised with reference to a spatial

origin corresponding to one of the background markers fixed to the force

plate. Since the vertical and horizontal distances of the markers are

fixed, the scaling was done with respect to these markers. A similar

procedure was adopted for digitizing the frontal displacement

measurements. Every alternate frame from the first heel strike was

digitized and, hence, a complete force-displacement time history was

obtained. The digitised values of marker points were




hen used for calculating the X, Y and Z positions as described below.

30 shows the projected view of the human body on the digipad as seen

py camera 'a' from the sagittal plane. The digitiser axis is represented

py OX and OY and O' is the background reference point. The program

idevelOPed for digitization, initialises point 0' with respect to 0 for

every frame and all further measurements are made relative to 0'. This

way any errors introduced due to a shift in origin 0' between frames were

minimised. From the measurement of marker positions at floor, hip joint

and center of gravity, the components are computed in space reference

frame by using:

= X - X
a2 cg hip

c, and ¢, are the components of the position vectors AB and BC

The a;, a,, ¢} 2

defined in section 4.2.2, Proper signs were assigned to the components

depending upon the position of the hip and center of gravity with respect

to the floor marker. The 'bl' and 'bz' are the components of its position

vector in the body and hip reference frames which were obtained from the

frontal view of the subject as seen by camera 'b'. OX and OY represent

the digitiser axis in Fig. 31 and, as in the previous case, the

measurements were with respect to a permanent background marker 0'. In

the frontal view, the location of hip joint was established by




,terpolation. It is difficult to establish the hip joint in the

sterior view due to the vast musculature.
The methods described above provide a discrete mapping of the body

bositions at 0.04 second intervals. The analysis of the data as applied

o the model was carried out according to the procedure shown in Fig. 32

5.3 Experimental Set up for Verification of the Transformation Model

P

An experimental jig was constructed to verify the mathematical model
for transformations from the space to body systems or vice versa. Even
though the specific transformation for the upper body could not be
verified in view of the complexities involved in constructing a physical
model of the hip joint, the general principle involved in the
transformation could be verified. The jig (Fig. 33) consisted of a mild
steel tube 'A' 40" long, 1 3/8" internal diameter and 1/8" wall thickness
and carried a universal joint 'B' at its lower end. A flat plate, 'C',

3" x 3" x 1/4" and welded to the free end of the universal joint allowed

the fixture to be anchored to the force plate. The universal joint

permitted rotations of the tube about the X and Y axis of the force plate.

Any rotations about the Z axis was prevented by fixing 'C' rigidly to the
force plate. A collar, 'D', machined to the outer dimensions of the tube,
was arranged to slide freely on the tube 'A'. The collar was supported by
a specially designed suspension system, 'E', and the two together provided
a hinge joint with three degrees of freedom for the upper end of the tube;
This suspension system was free to move to any position along the length
of the tube and was fixed in space to two rigid horizontal beams, 'F',

running either side of the suspension system, 'E'. The two horizontal




joined at their ends, are supported in turn by two beams, 'G',

peams

aning on either side of the force plate. The structural arrangement

ru

permitted tube 'A' to be set to any inclination in space. The length of
 the tube from the point of support at the force plate to the point of
suspension at collar 'D' represents the position vector of the limb
segment in the human model. The position vector of its components is
determined accurately by measurements from two perpendicular directions
using precision theodolites.

The top end of the tube carries two loading arms fixed to a collar
'4', These arms were set at right angles to each other and their
longitudinal axis remained perpendicular to the length of the tube. Thus,
the loading arm represents the moving body axis and the angular
orientation could be changed by rotating collar 'H'. In order to verify
the transformation techniques, tube 'A' was set to any position and the
position vector was determined from theodolite measurements. The loading
arm was rotated to the angular position determined from the transformation
techniques. The two theodilites.enabled accurate setting of the loading
arm. Loads applied to the arm produced moments about the respective body
axis fixed to the collar and the reactions at the lower end of the pipe
were measured using the force plate transducers. The reaction values
determined by using the transducers are with respect to the space frame.

The accuracy of the model could then be checked by comparing the

theoretical reactions with those obtained by experimental measurements.

The results of the experimental investigation are presented in the

following section.




3,1 Results of the Analysis

The experimental rig described in section 5.3 was set to various

pclinations of tube 'A'. The two theodolites were used to measure the

?rojected angle of the tube in the XZ and YZ planes respectively. The

{oading arm was rotated to the corresponding angle determined from the

transformation technique for each setting of the tube. Ground reactions

were measured for different loadings of tube 'A' up to a maximum bending

moment of 840 in lbs. about the body fixed axes. The difference in the

reaction components as measured by the force plate transducers and the

reaction component calculated from the transformation technique was

computed for various settings. Fig. 34 represents the percentage error

obtained for various inclinations of the tube. The plot in Fig. 34

represents a typical case where the tube was set to the same inclination

in the XZ and YZ planes and the various symbols represent the percentage

error for different values of bending moment applied to the tube.

Values plotted in Fig. 34 indicate a maximum difference of 7%

between the ground reactions obtained experimentally, and theoretically.

Theoretical values tend to be the highest. For inclinations of the tube

closer to 25° or greater tilt, there was an increase in experimental

values.. The Fig. 34 also shows the percentage error to be higher for

reduced moment values on the loading beam. Even though a detailed

analysis of the results will not be attempted at the present time, the

increased differences for lower ranges of loading of the beam could be

attributed to the slight slackness in the various joints of the rig. It

was felt that the error values obtained are quite low and do not warrant

any further analysis. As pointed out earlier, the rig cannot be used for

checking the upper body transformation without further modification.
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CHAPTER 6

RESULTS AND DISCUSSION

General Points Considered in Presentation of Results

The large number of gait studies performed by several investigators

ve all resulted in a current understanding of primarily normal

comotion. Most of the studies come from largely descriptive and
ualitative kinematical evaluations. It has been the general conclusion

f various researchers, as observed by Townsend[95], that the motions of
arious body segments cooperate to facilitate a specific gait, minimize
orces and/or energy expenditure, or ensure adequate stability or some
:combination of these parameters. Results from various studies undertaken
in the present investigation will be presented in the form of general
ground reaction forces for various subjects along with a set of net muscle
moments computed in the translating body-fixed coordinate system, fixed at
the hip joint. Since the model developed idealises the human body as two
segments, a rigid upper body capable of motion in three dimensional space
abbut the hip joint and massless legs, the net postural compensation, if
any, should be seen in the net dynamic muscle moment at the hip joint.

The mechanical behaviour of the upper part of the human body has never
been studied in detail in relation to the lower limb. As part of the
results, the performance of the developed force plate will be discussed
first, followed by the definition of various parameters used to present an

integrated view of the various motions.




6.2 General Performance of the Force Plate

The force plate developed has been used for nearly two and a half

years. It is larger than those reported in the literature having a

gurface area of 16 sq. ft. Cunningham's[6] force plate measured 15" x 20"

and Gola's[28], approx 1.73 sq. ft. Some investigators have used two

,plates set on the walkway in order to accommodate the normal cadence. 1In

_the present design, the long length of the platform (approximately 6' at

“the long side when the subject walks at approximately 8" from the base of

the platform) allowed capture of more than one stride. No constraint was

imposed on the subject and no pacing was required. The width of the

platform (4' at the center of the triangle) permitted easier subject

manoeuvrability and allowed locomotion studies on subjects with large

motions in the frontal plane{l0]. The size of the force plate therefore

allowed pathological or abnormal gait and permitted certain specialised

sports motions [34].

The current force plate with its unique suspension system (evolved

while considering various possibilities to make the structure statically

determinate) was classified as a 'suspended force platform' in an earlier

chapter. However, the structural behaviour of the suspension system is

similar in certain respects to the 'rigidly supported' type of force

platforms. The three vertical suspension elements fixed at one end to the

force platform, are held by a short length of wire attached at the free

end as described in Chapter 3. This allowed free horizontal movement of

the suspension element although the elements were.constrained downwards in

the vertical direction only. The vertical load or body weight always acts

downward on the force plate and, in the present design, the vertical
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gspension elements will be subjected to axial tension irrespective of the
3

position of the load on the force plate. The majority of previous

investigators used a rectangular force plate as indicated in the review of

force plates. In the case of a four-cornered support system, there is an

area at the center of the force plate known as a 'kern or core'[91l] within
which a load must be placed in order for the four supports to experience
compression. Loads placed outside the core or kern would produce tension
’in one or more of the supports. Output from such plates which employ

unidirectional force transducers may be questionable. An engineering

analysis relating plate stiffness, support stiffness and load weight to
kern shape has been investigated by Harris et. al[92}. The current design
using the three point support system eliminates the problem of kermn

areas.

The horizontal suspension elements were constrained by tension wires
from moving in the direction in which they are supported. The tension in
the horizontal wires is adjusted to a predetermined value and the wires
allowed movement in other directions of load application. This freedom of
motion results in the transducer being insensitive to load application in
other directions. Thus every sensing element iﬁ the current force
platform measures a force component either parallel or perpendicular to

its axis and the six components of reactions constitute a statically

determinate structure. The reaction load of the‘force platform can be
determined completely by measuring the six reactions without any further
complicated processing of the primary signals. Some of the force plates
reviewed with more than one set of sensing gauges on the same support

would need more complicated processing of the signals in order to define
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the desired statically indeterminant quantities. The determination of the

center of pressure using the current force platform was relatively simple

when compared to other force plates.

The force plate developed has a range of 300 pounds and * 60 pounds
_for force measurement in the vertical and horizontal directions
 réspectively. Other force plates reviewed earlier have very similar load
ranges and this has been found adequate for normal locomotion studies on
subjects weighing up to 250 lbs. The load calibration curves shown in
Fig. 14 through 16 indicated the response to be highly linear. The

linearity in the vertical direction was found to be 1% and * 0.5% in the

two horizontal directions. These values were measured for an accurately

aligned and balanced force platform. In Cunningham's force plate the
maximum deviation from the mean for the vertical load was found to be less
than 4 1lbs. No figures are reported for calibration in the horizontal
directions. The repeatability in calibration was less than 1% for the
current force plate. Any deviations from the general characteristics were
recognised as misalignement of the suspension element. The suspension,
with all the provisions for fine balancing, was checked before every test
and the calibration procedures described in section 3.2.5 were carried out
as a general routine.

In spite of its largeness, the force plate showed good sensitivity
for force measurement in all the three directions. The sensitivity was

t 1 pound at the plate center for vertical loading and * 1/2 pound for
loads in the two horizontal directions. Gola's force plate[28] which was
about 1/10th in size of the force plate developed, was claimed to have a

sensitivity of 0.1 1b for vertical load and 0.03 1lbs for load measurement




in the horizontal directions. Figures for several other force plates

’reviewed earlier are not available for comparison.

Since strain gauge systems are sensitive to temperature changes, the
yarious sensing elements were provided with temperature compensation
gauges as outlined in section 3.2.3. The effectiveness of temperature
compensation was checked by monitoring the signal output from the
transducers for several hours. The drifts in the vertical and horizontal
directions were 2% and 1% respectively. On further investigation the
drifts were found to be the result of drifts in the custom built
amplifiers. This was checked further by connecting each strain bridge
network to a high quality Bruel and Kjéer strain indicator model
No. 1526. The resulting drift in this case was measured at less than
0.1%. Figures on drift have not been reported by other investigators.
The drift from the strain bridge amplifiers was nullified by adjusting
each bridge individually before every test,

The cross—-taik and its influence on the force measurement was
emphasized in Section 3.2.5. Cross—talk would be present in any multi-
component measurement system and the cross-talk error would depend on the
relative magnitude of all the input forces and moments. An accurate
estimate of the cross-talk should involve different combinations of the
multi-component load. Since one of the design criteria was to keep the
cross—talk at a low level, an experiment’was designed to attempt to
monitor the cross—-talk for different load ranges.

The calibration jig described in section 3.2.5 was loaded with different
combinations of loads. It was found that the upper bound on cross-talk

occured when the force plate was loaded to 75% of the load range in the
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~ertical direction and approximately 85% of the load range horizontally.
he upper bound on the cross—-talk error was 0.15% in the vertical

ad 0.2% in the horizontal direction. Cross—-talk could not be fitted into
ny definite mathematical relationship. The rather complex suspension
elements with tensioning wires attached, permit movements in all
directions except in the direction of load sensing. The low cross-talk
error might be a result of the multi-directional hinge system. More
detailed study on cross—talk errors was beyond the scope of the present
work. Cross—talk errors have not been reported for any of the other force
plates. Gola[28] has proposed plots of the cross-talk errors based on
certain theoretical analysis for his force plate.

The fundamental natural frequency of the force plate was

determined experimentally as outlined in Section 3.2.6. Even though one
would desire a much higher frequency than that which was determined (17 HZ
in the vertical direction and 16 HZ in the lateral direction), the
largeness of the force plate puts a limitation on the upper bound. The
current design has been adopted in the development of a force plate now in
usé at the Manitoba Rehabilitation Hospital for Children. The top plate
is made of light weight alloy and is approximately two thirds the size of
the force plate developed in this thesis. The fundamental natural
frequency of the modified plate is approximately 75 HZ. The fundamental
frequency of a walking cycle is of the order of 1.5 to 2HZ, and is below
the fundamental natural grequency of the forée plate. Future
modifications will improve the resonant frequency of the system. For ease
of reference, Table 1 lists the characteristics of the force plate

developed.




Force Records Obtained for Normal Locomotion

63
Experimental measurements were taken on several subjects

(predominantly male) in level walking on the force plate to understand

pormal locomotion. Figure 35 shows the tracing of the three components of

force as measured on the force plate for a subject who does not show any
abnormality (assessed visually) in walking. The individual traces A, B
apnd C in Fig. 35 represent the vertical, medio~lateral and posterior-
 anterior force components for the same subject obtained over six months.
fAll traces show a very consistent pattern in ground-reaction components
and the small phase shifts in the various groups of curves are a result of
glight differences in the speed of walking, each time the subject
traversed the force plate. A normal procedure adopted in several studies
involved pacing the subjects to a predetermined speed with the help of a
metronome. In the present study, it was concluded after a preliminary
investigation that any imposition on the subjects normal gait is bound to

alter the normal locomotion patterns and would reduce the usefulness of

the study. During the various locomotion studies reported in this work

the subject always walked at his normal cadence.

With reference to the complete description of normal gait (presented
in section 2.2) the vertical component traces in Fig. 35 have a typical
shape with a double—peak and two smaller peaks. The peaks represent the
vertical upward and downward acceleration of the body. The first small
peak occurs shortly after heel strike, when the body rolls over the
supporting leg, and the second peak occurs when the leg pushes the body

up, just before the other leg strikes the floor. The X-component




(posterior—anterior) and Y-component of forces (medio-lateral) also

exhibit typical shapes, approximating a full smooth wave during the stance
phase in the respective directions. The sign convention for forces
is based on the reference coordinate system shown in Fig. 5. Walking
js always assumed to be along the X-axis and force components are

sed with reference to a right handed coordinate axes. Thus,

expres

negative posterior—anterior and medio-lateral ground reactions are
obtained when the subject hits the force plate with his left heel while
approaching the force plate from the right direction. A negative ground
reaction in the posterior anterior direction indicates an external force
tending to retard the forward motion of the body and a negative medio-
lateral reaction represents an external component acting inwards to the
body. Since the Y-direction changes in accordance with the right handed
system when the subject traverses the force plate approaching from the
left side, a positive posterior—aﬂterior component indicates an external
force tending to retard the forward motion and a positive medio-lateral
component indicates an external force acting inwards to the body. The
vertical component of ground reaction always acts in the positive Z-
direction irrespective of direction of traverse. Since all the signals
were recorded by using an analog tape recorder, it was not possible to
switch the polarity of signals for various strides. This aspect has to be
considered when analysing the force records. Force records in Fig. 35
represent a double step or complete gait cycle for the subject. During
several data collection runs, the subject was not presented with any
predetermined pathway. Individual force records were analysed one by one

and the multiple force records presented are the result of individual
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analysis of each force pattern. Several tests were obtained over a time
interval for several normal subjects and the consistency in force tracings
were present in all the tracings to such an extent it was possible to
identify a subject by looking at the force curves. The single foot force
traces shqwed the characteristic two peaks and a valley. Variations
peculiar to each individual subject were observed and could be attributed
to different mannerisms in walking.

In order to compare the force records obtained for normal subjects in
this study with those of existing records from other studies, the ground
reaction components obtained by Cunningham et. al[6] are reproduced in
Fig. 36. The original records, replotted on a larger time scale, were
digitised and reduced to a smaller scale for proper comparison with the
records obtained in the present study. Even though Cunningham's vertical
component shows a similar pattern, with a double peak seen in normal gait,
a rather large valley between the two peaks with a force about 0.4 times
the body weight prior to the push off phase was never obtained in any of
the normal gait records in the present study. Such a large valley could
be attributed either to the poor resolution of the force plate or to the
subject being paced at a speed well above his normal cadence.

The posterior-anterior component compares well with the general force
pattern obtained in the present study. The medio-lateral component shows
an unusual double peak never seen in any of the records obtained in the
present study.' The unusual double peak seems to indicate a large
stiffness in one direction of the force measurement. The magnitude of
forces could not be compared because the scales are not indicated in the

original records of Cunningham|6]. Fig. 36 also shows the average data
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ned from sixty healthy subjects by Seliktar et. al[93]. Only the

obtal

,Vertical and posterior-anterior component have been reported and hence the

medio—lateral forces could not be compared. Seliktar's force pattern

compares well with the records obtained in the present study both in shape
and magnitude. Greater, in-depth comparisons other than what has been

gtated above is difficult. The different nature of each researcher's

system for acquiring data and defining the individual parameters has not

been well documented.

In ordef to assess the effect of the large mass of the force plate
and its influence on the force signals, the recordings of force components
of a subject with an additional plate weight of 80 1lbs was obtained. In
Fig. 37 the continuous lines represent the force signals obtained when the
subject traversed the force plate with an additional 80 1lbs added to the
centroid of the plate and the dotted lines represent the force signals

without the extra weight. The left hand corner of Fig. 37 represents the

two vertical components for a single step and the tracing on the upper
right for a double step on the force plate. The posterior—anterior
component is shown at the bottom of the Figure 37. The tracings have been
shifted in time to see the closeness of the two profiles. As can be seen
from the Figure 37 there is a close match between the two traces even
though a few finer details appear to be filtered in the force records
obtained with the increased weight. Due to malfunction of one of the
medio-lateral strain bridge amplifier at the time of this study, the

medio-lateral tracings could not be obtained.
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/4 synthesis of Force and Moment Records

Like inanimate machines, one human body varies greatly from another
in puild, musculature and mannerisms in walking. The combined action of
1nternal muscle forces and the external forces results in a different
pattern of ground reaction forces for different subjects. During the
single support phase of the leg the resultaqt force exerted by the foot on
the ground at each instant of time is equilibréted by the sum of inertia
and gravity forces acting on each segment of the body. 1In order to
express this variation in ground forces generated for various individuals
quantitatively, a set of physical parameters could be used. Numerous
parameters of gait are interrelated but none is probably capable of
providing a total description of gait. The feasibility of measurement and
analysis generally reduces the choice of parameters to two groups: (i)
kinematical and (ii) dynamical. If the anthropometric information for
various parts of the body are known, either of the two groups can be
deduced from each other., To date no simple method has been presented
except Contini's anatomical tables|59] wherein the numerical values of
maés and inertia are measured accurately from living subjects. ‘In view of
this, the ground reaction force at the foot was chosen as the working
parameter. Although several relevant force representations could be

used to quantify gait, not all can be measured with the same ease as the
ground reaction force. The majority of studies have assumed that the main
effects of locomotion are apparent in the plane of progression only. This
assupption has been made to simplify the analysis, but the results from
the present study indicate that the assumption is not justified. The

first step towards obtaining a synthesised picture of locomotion resulted




in the development of a set of symmetry indices described in the next
gection. The validity of these indices is confirmed by relating them to

other indices developed from moment parameters associated with the upper

pody motion.

6.4ol Symmmetry Indices for Ground Reaction Forces

Examining the force curves obtained for normal locomotion (Fig. 3),
one can observe a high degree of symmetry as the body alternates in
support on the two lower limbs. The medio-lateral and posterior-—anterior
force curves swing symmetrically about the mean ;ero line and there is a
complete repetition in the vertical trace between cycles, even though the
force exerted on the ground did not necessarily conform to a pure sine
wave. A parameter having the dimension of time was considered to quantify
the symmetry in motion. If one considers the area under the force curve,
the area represents the momentum or impulse for the gait cycle. In a
perfectly regular gait we would have complete similarity from cycle to
cycle and the body would return exactly to the original state after one
cycle of walking. Exactly similar motions would be present on either side
of the body with a half-cycle phase shift. If we consider such a perfect
gait cycle, there is no net change in velocity of the body in one cycle
and therefore the net momentum does not change. In effect, the impulse
over one cycle must be zero. The impulse can be obtained by integrating
the force curves. If we.consider the medio-lateral (side to side) and
posterior—anterior (forward-backward) forces, the net impulse obtained by

integrating the force curves on either side of the base line should be

zero for a perfectly symmetrical motion. In the vertical direction, the
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,ay goes through an upward and downward movement(reviewed in section 2.2)
nd the dynamic vertical reaction component represented in Fig. 35 has
eaks and valleys. Since the body would return to the same state for a
perfectly symmetrical gait cycle, the net impulse in the vertical
irection must be zero. The net impulse can be found by vectorially
adding the integral of the vertical reaction curve and the integral of
pody weight for the given gait cycle. 1In the present study the relative
integrals of force curves in the three directions were expressed as
ksymmetry indices in the respective directions. The symmetry index in the

vertical direction hereafter denoted as vertical impulse ratio 'VI' was

determined from the following relation:

VI = Intergral of vertical reaction _ 6.4.1.1
Integral of body weight e

The integrals in relation 6.4.1.1 were evaluated from the vertical force
traces obtained for different subjects. The vertical impulse ratio should
be unity for level walking in any type of gait.

The symmetry indices in the two horizontal directions were determined
by integrating the force curves in the respective directions. As
explained in the review of normal locomotion (Section 2.2), the two

components alternate from side to side in the case of the medio-lateral

component and forward to backward in the case of the posterior—-anterior
component. The symmetry indices could be determined by comparing the

integral of the force curves generated by the two lower limbs. The MLI
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dio-lateral index) was determined by using the following expression:

/] R ot

mJI - - 604.102

(ne

where
RY - medio-lateral reaction force in left limb support phase
L
RY - medio-lateral reaction force in right limb support phase
T
t; - left limb support time
t, = right limb support time
Similarly,
t
J Ry dt
_ o 13
PAI B tz - 6.4.1-3
] Ry dt
o T
where
RX - posterior—anterior reaction force in left 1limb support phase
L
RX - posterior-anterior reaction force in right limb support phase
T

ty,ty are as defined in eqn. 6.4.1.2

6.4.2 Symmetry Indices Applied to Normal Gait

A group of normal subjects were analysed with a view to
establishing the usefulness of symmetry indices for characterising
locomotion. Only ground-reaction forces were recorded for the subjects.
Since the subjects were available for several force records, a statistical

analysis on the results was obtained. The integration of the force
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records were performed using an analog computer (model EAI 180) and a

planimeter' The results are presented in Table 3. The normal subjects

ghow a high degree of symmetry as is evident in the symmetry indices

reported. In the case of irregularity in gait, the uneveness in the force

records should be expected to show the asymmetry in the force patterns.

The symmetry indices for the several subjects with abnormal locomotion

analysed as part of this study will be discussed in a subsequent sectiomn.

6.4.3 Symmetry Indices for Upper Body Dynamics

The upper body motions in normal human movement involve small

excursions about a nominal trajectory defined by a mean forward velocity

and zero mean values for other motions and velocities. The entire body

center of mass moves forward at a mean velocity with a small sinusoidal

variation and can oscillate laterally and vertically. But in the event of

dysfunction of any of the lower extremities, the movement of the upper

body would try to compensate to keep the whole body in dynamic

equilibrium. The net dynamic moment vector at the hip joint is obtained

in the present study using equation 4.4.3. The equation represents the

total dynamic muscle moment about the hip joint defined in the upper body

coordinate system. The integral of the moment curves divided by the time

of support (total single support) for each limb would be proportional to

~the work done by the muscular forces on the upper body. The total work

done by the muscular forces at the hip joint on the upper body during the

single support of each limb would then show compensatory movements brought

about by other limbs not in support with the ground. The work performed
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about each support limb as the body alternates its support between the two

jower limbs should be equal in the case of a symmetrical gait.

consequently a set of symmetry indices similar to the ones derived for

ground reaction-force (Section 6.4.1) were used for upper body locomotion.

 As will be shown when presenting the results on upper body moments, the
_moment about the Z-axis in the body coordinate system is considerably
small when compared to the moments about the X and Y axes. Hence symmetry
indices for Z-axis moments are not considered. The symmetry indices for

the upper body are defined about the two principal planes of motion

(sagittal and frontal) as follows:

Symmetry index in sagittal plane referred to as 'SSP' is given by

b
where, MB — muscle moment about the body Y-axis for the right and left
Y limbs

t, - total single support time for right limb

t, - total single support time for left limb

Similarly, the symmetry index in the frontal plane or 'SFP' is given by

t b
TR
SFP = ° Xright 2
t, b T
/7% vy
o

x1eft

- 6.403-2




Whe re

Mg - muscle moment about the body X-axis for the right and left

X limb

t; and t, are as defined before

In comparison to equation 6.4.1.2 and 6.4.1.3, the symmetry indices

for the upper body are defined with the order of limbs reversed in the

expression. The reason for reversing the oraer will be clear when the
results are presented. The results to be presented in the next few
sections will qualitatively and quantitatively analyse the force patterns
obtained for various subjects and discuss the various symmetry indices
obtained for each subject and their relation to the character of gait

abnormality.

6.5 Analysis of Force and Moment Records Obtained for a Normal Gait

Several investigators have studied normal locomotion using different
approaches and a few have attempted to synthesise abnormal locomotion by
measuring the displacement patterns of limbs in the plane of
progression[38,40]. Since locomotion involves a very sensitive balance on
one foot when the body is in single support phase, the continuous process

of fall and recovery of the body as it alternates between the two feet can

be seen by the undulating pattern in ground reaction forces. Some of the

fine balance and symmetry seen in normal locomotion need not be present in

the case of abnormal gait. Injury to any one of the limb joints or
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musculature associated with the joint will shift the fine balance that
would be present otherwise. Since an overall balance has to be achieved
to keep the body in equilibrium, compensatory férces and moments in some

.

joints of the body must come into play as a result of reduced or increased

displacements at other segments of the body. Such a characteristic of

abnormal locomotion can be observed easily in an amputee's gait. The
ground reaction forces and displacement patterns, as reviewed in

chapter 5, were obtained on several subjects with gait impediment to
understand abnormal gait. Before presenting these results, the following
points should be brought into focus. The force records obtained for
various subjects represent the ground reaction as measured by the force
plate from the time of contact of the foot with the plate until the foot
completely leaves the force plate. For a short period of time at the
beginning and end of the record, the foot in contact with the force plate
is in double support and provides a period of indeterminacy in force
measurement. The force values obtained during these periods are not the
totalvindication of the reaction force on the body segment. Even though
this does not present a great problem in the understanding of force
patterns, the use of force values for obtaining reaction moments about the
joint segments is not valid. Thus, the analysis is confined in the
present study only to the period of complete single support on the limb
considered. The beginning and end of complete single support is
designated 'BTS' or beginning of total support and ETS or end of tot;l
support. These instants are marked accordingly in all the moment plots.

The 'BTS' and 'ETS' were established by carefully examining the biplane
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photographic films and the corresponding force values obtained by proper

Synchronization of force and movie records.

To check the validity of the mathematical model proposed in

Chapter 4, a complete locomotion analysis was performed on a normal
subject. The subject, henceforth called subject A, does not present any
gait abnormality as examined visually and has shown good total symmetry in

force patterns over several trials. This subject's force records compare

well with the one considered by Bresler et. al[22] in their investigation.

Figure 38 represents the single foot force records obtained for subject

A. The net upper body moments (ME , Mb 5 Mb ) about the translatory upper
B B
X Y Z
body axes at the hip joint and about the reference axes (M_ , M , M )
BX BY BZ

are presented in Fig. 39. The net upper body moment, obtained from

Equation 4.4.3., represents the net muscular moment at the hip joint and

is primarily responsible for the movement of the upper body.

The transformation matrices described in Section 4.6.1 define the

relationship of the net upper body moment in the upper body axes to the

moment in the space frame axes. Although the time courses of the net

upper body moments in Fig. 39 are typical of the subject 'A', they compare
well qualitatively with those obtained by Bresler{22]. Bresler's moment
traces are also shown in Fig. 39. These traces represent the moments for

the full single support cycle. The moments have been obtained in the




the full single support cycle. The moments have been obtained in the
general X and Y space coordinate system. The details at the beginning and
end of Bresler's traces will not be seen in records of subject A because
they are not considered in the present analysis. The moment values
obtained by Breslér are somewhat higher. Cappozzo et. al{94} and Boccardi
et. al{33,35] have also obtained net moments at the hip joint in the
sagittal plane and the profiles are very similar to those shown by Bresler
and their moment values are.comparable. Examining the traces of net upper
pody moment in the body coordinate system for subject A, it can be
observed that the moment curves about the X and Z axes in the reference
and body frame have the same general pattern with almost the same moment
values. The magnitude of the moments about the Y axes show the smallest
differences and the general pattern is the same. This closeness is
expected because upper body locomotion for normal gait involves only small
excursions about the neutral position of the body.

Even though mathematical techniques for defining limb motions in a
body coordinate system have been proposed by a few researchers[71,88],
none have applied the models for locomotion analysis. Thus, the upper
body moments defined in the body axes could not be compared with any
available records. But the general nature of the various moment curves
could be explained by the biomechanics of locomotion. Motions at the
joints are a result of internal muscle forces and external forces
represented principally by the influence of gravity and inertia of the
body. While sténding erect, the center of gravity of the body is anterior
to the hip joint tending to flex it and anterior to the ankle joint,

tending to dorsiflex it. Terminology used commonly to explain body




potions is illustrated in Fig. 40. The body stays in balance by the
Combined action of the plantar flexors of the ankle and extensors of the
nip. To begin walking the plantar flexors of one leg are relaxed,
allowing the body to fall forward on that side and the other leg is
gwaying forward at the hip. During the swing phase, forcible hip flexion
in the swinging leg accelerates the swinging leg forward, producing a
flexion at the knee during mid-stance and the leg begins to extend,
reaching full extension at the time of the next heel contact. Immediately
on heel-contact with the ground, the pelvis and the superincumbent mass
remain approximately vertical. The hip is in flexion at this point. As
the body weight is applied in this position, the ground reaction force
causes flexion moment about the hip because its line of action passes
behind the knee and ankle joint and just anterior to the hip joint. This
initial flexion moment at the hip joint can be seen in the traces obtained
by Bresler (Fig. 39). It will not be seen in the records obtained for
subject A since only those force records that correspond to total single
support period were considered in the present analysis. As the major mass
of the body rotates over the ankle and knee joints between foot-flat and
mid-stance, the ground reaction force passes through and then behind the
hip joint. Thus, the hip moment starts swinging from a net flexion moment
to a hip extension moment. An extension moment of nearly 350 inch pounds
was obtained for subject A while Bresler's subject has generated close to
450 inch pounds extension moment; The normal hip motion has been observed
to be approximately 40° to 45° relative to the vertical axis in the
sagittal plane. It changes from approximately 25° to 30° of flexion at

heel contact to approximately 15° to 20° of extension (hyper extension) at
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toe off. The upper body attached to the lower limb at the hip joint is
kept erect by the extensor muscles. They resist the flexion moment. Even
though the upper body is assumed by many investigators to stay erect
during normal locomotion, the upper body rotates in all the planes of
motion even though the rotations are considerably smaller than those of
the lower limb. As the lower limb rotates forward between foot flat and
mid-stance, the hip extension moments in the sagittal plane bring about a
tilt of the upper body (longitudinal trunk extension). The body maintains
equilibrium by slightly leaning backwards to compensate the accelerating
force generated. This explains the reduced sagittal plane moment values
about the body coordinate system for subject A,

Angular rotations in the frontal plane are far lesé than those in the
sagittal plane. The motion of the hip joint in the frontal plane was
presented in Section 4.5. The lateral components of moment reflect the
requirements of bipedal walking. 1In shifting from one leg to the other,
the torso is pushed one way then the other and moments which are recorded
will be somewhat proportional to the elevation of the joint above the
ground. This points out the relatively large magnitude of the lateral
component of moment at the hip as seen in Fig. 39 for subject A.

Bresler's curves show similar variations. The lateral moment is a product
of the vertical component, medio lateral component and the position of the
joint considered in the XY and YZ plane. The side to side motion of the
pelvis is approximately 3" for normal locomotion which is about 1/10th thé
length of leg. Using the general order of ground reaction values obtained
in this study for normal locomotion, the contribution of medio-lateral

forces to the lateral hip moment is found to be approximately twice
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those due to the vertical reaction forces. Thus, any large changes in the

medj_o—lateral reaction forces would result in large lateral hip moments.
This aspect can best be explained when analysing several abnormal
jocomotion patterns. The moment about the body fixed coordinate axes in
the Y direction did not show much variation for subject A. As pointed out
in Chapter 4, the upper body rotates very little about the vertical axis
and dips to about 4° or 5° in the frontal plane. One should not expect
with this small motion to see large variations in the two moment values.
The lateral hip moment reaches a maximum when the maximum vertical load is
being applied. The pelvis on the swing side tends to drop when its
supporting member leaves the ground to initiate swing. At this instant,
substantial moments are generated. which tend to adduct the hip joint. A
peak adduction moment of about 600 in 1bs was obtained for subject A.
Only a few investigations{22,35] have precisely measured the lateral
moments. The computation of lateral moment needs measurement of the
lateral position of the various joints and the medio-lateral forces.
Rotation moments about the vertical axis have not been reported by
any investigator. The moment values are generally very small with a
maximum of 100 inch pounds for subject A and show very little variation in
the body coordinate axes. This supports the general assumption that
rotations about the vertical axis are generally small for normal
locomotion. With this background the next section discusses the results

obtained for several abnormal gaits.




.6 Analysis of Force and Moment Records obtained from Studies of
AR

Abnormal Gait

aApbnorma- sa-t

Several subjects with gait impediment were studied to better
gnderstand the abnormal locomotion. It was felt that, by analysing

subjects who have suffered injury to various joints responsible for

jocomotion, some aspects of abnormal gait could be understood more

clearly. Consequently several subjects undergoing rehabilitation after
surgery to the injured limbs were ghosen for analysis. The locomotion
measurements as outlingd in Chaper 5 were performed. Wherever possible,
the same subject wés analysed at different stages of recovery in order to
monitor whether changes could be detected in their gait. Before
presenting the individual results, a brief background is presented on
each subject. Amongst these subjects, the results on a few, each with a
different gait impediment will be presented in this thesis. Subject B
suffered multiple injuries in an automobile accident and underwent

corrective surgery for a broken femur (thigh bone) in the right leg. Both

ankles suffered multiple fractures. Figure 41 shows the ground-reaction
force patterns for subject B approximately six months after discharge from
hospital. The subject, who normally depended on crutches, could and did
walk without the help of crutches. Figure 41 represents the ground
reaction components.

Kinematic measurements were not obtained for the first trial.

Figures 42 and 43 represent the force and moment records obtained for
subject B, thirteen months from the first trial. The subject was able to
walk without the help of crutches and a complete locomotion measurement

was obtained at this time. "Even though such measurements were obtained
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for subject B with the subject walking with the help of crutches, the
discussion of results is not attempted in this thesis. The crutch-

jocomotion presents more difficulty in view of multiple support phases

when the subject strides over the force plate.

Subject C suffered injury to the right ankle. Figure 44 and 45 show
the force and moment traces at the end of 5 weeks of rehabilitation
treatment at St. Boniface hospital. The subject could not be monitored
over a longer period due to his unavailability. The left side traces in
Figures 44 and 45 represent the records for the left limb support and the
ones on the right hand side are those obtained for right 1limb support.
Subject D, on whom gait‘records were obtained over time, had
underwent lateral menisectomy in the left knee joint (surgical removal of
cartilage at the knee joint) and the right leg was considered normal.
Figure 46 shows the ground force records twenty one days after the subject
was discharged from hospital. The left hand traces in Figure 46 represent
the force records for left limb support and the right side traces, those
of right limb support. The subject was available for a subsequent trial
and Figure 48 represent the force records obtained three weeks after the
first trial. As in previous records, the left and right limb records aré
shown on the left and right side of Figures 46, 48. The moment records
for subject 'D' on his first.trial are shown in Figure 47.

Subject 'E' has a permanent gait impediment due to osteo-arthritis.
The subject underwent hip replacement surgery and has a femoral head
prosthesis (Charnley's) inserted into the left hip bone. The subject also
suffers pain in his right hip joint due to arthritis and walks with the

help of a cane. Figure 49 represents those force records for subject 'E',
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and was obtained when he walked on the force plate with the cane in his
jeft hand. Difficulties in the analysis were experienced for subject E
gimilar to those in the case of crutch walk for subject B. The cane
enhances lateral stability for gait and the mathematical model has to be
altered to take account of the load sharing between the cane and foot.
Hence, at the present time, only the ground-reaction forces are considered
for analysis of subject E's gait. Figure 50 represents the force records
obtained for subject E on a day when he was experiencing more pain in his
right hip joint. With this background on the various subjects, the
anomalies in the force and moment records will be examined in the
following paragraphs. The subjects may not be referred to in the same

sequence, and this is done to make the presentation of results easier.

Subject D: Referring to the paftern of force curves obtained for subject
'D' (Figs. 46 and 48) the vertical component of the ground-reaction for
the left leg during the first trial (Fig. 46) shows a more shallow valley
between the two peaks and a smaller peak at the push-off phase in
comparison to the right leg trace. The first peak in both vertical traces
is similar in magnitude so that, as reviewed in Section 2.2, the maximum
forces reached at heel strike are comparable. The peak heel strike forces
are indicative of the actiqn of plantar—flexors at the ankle joint. Any
injury to the ankle would reduce the magnitude of these heel strike
forces. As the swinging leg and the center of gravity of the body move
forward, the ankle moves from maximum plantar flexion to maximum
dorsiflexion just before heel-~off, The gastrocnemius and soleus muscles

whose eccentric contractions control the motion of the ankle in




iflexion as well as providing the peak force during push-off

dors

(represented by the second peak in vertical component) have their origins
around the knee joint. A subject with injury to the knee joint could be
expected to avoid the powerful contraction of these muscles. The reduced
second peak and shallower valley seen in the vertical force traces of the
left limb is indicative of the subject suffering from injury to the left
knee joint. Shifting attention to the two horizontal components of
forces, the posterior-anterior components in Fig. 46 have a more or less
similar pattern for both limbs. The variation in posterior anterior
component of ground reaction represents the net acceleration and
deceleration forces of the body about the point of support. Since the
upper body is expected to go throﬁgh the same vertical excursion during
each half of the gait cycle (unless one of the lower limbs is shorter than
the other) the net force needed to propel and retard the body in the
forward-backward direction during the swing phase must be more or less
equal for each limb. For subject 'D' the 'PAl' (defined in section 6.4.1)
during the first trial was 0.91. The medio-lateral reaction curves in
Fig. 46 for subject 'D' have shown by far the greatest variation in
ground-reaction between left and right leg. Thé 'MLI' for trial 1 was
0.74. This asymmetry in traces could be easily seen by examining the
records of medio-lateral components in Fig. 46. For normal locomotion,
the angular rotations of various segments of the body in the frontal plane
are considerably less than those in the sagittal plane. Even though the
knee flexes to about 65° during the swing phase and a maximum of 15°
during the stance phase, a 4° rotation about the knee occurs in the

frontal plane. In the case of injury to the knee even this smaller




rotation would not be present (to avoid pain). As pointed out earlier in
Chapter 1, compensatory forces and moments in order to maintain stability
of the body may be brought about by the upper body, in the event of joint
dysfunction in the lower limb. 1In the case of subject 'D', an examination
of moment records in Fig. 47 reveals the increased moment values obtained
when the left limb was in support. The moments about the reference and
body X-axis are greater for the left limb support (the injured limb) than
the right limb. The moment values about the Y—axis are comparable. To
express the variations more quantitatively, the symmetry indices- 'SSP' and
'SFP' were obtained from the moment records. For subject D, the 'SSP' and
'SFP' during the first trial were 1.04 and 0.66 respectively. As pointed
out in section 6.3.3, the symmetry indices for the upper body were
expressed with the ratios reversed. The compensatory movements from the
upper body to maintain stability would be expected to be greater when the
injured 1limb is in the support phase. The compensation could be seen from
the symmetry indices obtained (ref. Table 4). The 'MLI' index corresponds
to the variation in force obtained in the frontal plane of motion and the
similar index for the upper body would be the moment symmetry or 'SFP!
index in the frontal plane. The 'PAl' index or moment symmetry in the
sagittal plane should correspond similarly with the 'SSP'. From the
values in Table 4, the values of' MLI' and' SFP' are very nearly equal and
'PAL' and 'SSP’ also show similar trends. Similar indices were obtained
for upper body moments about the space frame and it should be pointed out
that there is a better correlation in the index values obtained in the
body frame system. The vertical impulse index 'VI' was not examined for

abnormal locomotion. Since the net movement in the vertical direction is
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result of interplay between various groups of muscles responsible for

potion in the sagittal and frontal planes, physiological interpretation of
yariations in 'VI' for abnormal locomotion is not attempted in this

thesis.

The force records obtained for subject 'D' on his second trial are

ghown in Fig. 48, The moments are not presgnted due to a difficulty in
data abstraction. However, in comparison to the first trial, the
increased valley between the two peaks in the vertical trace could be
noticed. The peak during the push—off period is higher too. The medio-
jateral force traces show a reduction in asymmetry as is evident by the
symmetry index value (Table 4) approaching unity. The posterior—-anterior

traces do not show any observable changes.

Subject C: Subject 'C' suffered an injury to the right ankle. Referring
to Fig. 44, the vertical component for the left leg strike shows a higher
first peak compared to the second peak (push-off). The first peak is

indicative of a strong, above normal heel strike and suggests that the

body is coming down more stréngly as a result of reduced push-off forces
from the injured limb (right leg). The reduced activity of gastrocnemius
and soleus muscles will produce a less than normal push-off force a§
evident in the vertical trace for the right leg. Gastrocnemius, along
with Soleus, forms the achilles tendon and has a commom insertion on the

middle posterior surface of the ankle joint. Thus, an injury to the ankle

joint could be expected to cause a reduced activity of this muscle group.
In contrast to subject D, the posterior—anterior forces for subject 'C'

show greater differences in the force generated in the support phases




119

of the two limbs. Since the body pivots about the ankle joint during the

gupport phase, the large fore-aft shear forces would be avoided by the

'injured limb and, hence, the reduction in posterior-anterior ground
reaction forces should be expected. The two—fold reduction seen in

posterior—anterior reaction forces should produce a corresponding change

in the compensatory movements of the upper body. The 'PAL' and 'SSP' for

subject 'C' were 1.76 and 1.70, respectively. The medio-lateral forces
are also smaller during the right limb support. Values of 1.55 and 1.70
were obtained for 'MLI' and 'SFP', respectively. It was also observed,
that in the case of subject 'C', the stance phase for the injured limb is

smaller when compared to the sound limb. In comparison to subject 'D',

the symmetry indices in the upper body reference frame did not show as
good a correlation with the 'MLI' and 'PAI' indices. The 'SFP' and 'SSP'

indices were 2.23 and 0.69 respectively.

Subject B: Subject 'B' had a severe gait abnormality at the time the
first locomotion records were obtained (Fig. 41). The subject has a
slightly shortened right leg (approximately 1") as a result of the surgery
to the right leg. The subject had a large upper body tilt, leaning to the
left side, and this could be viewed as a compensatory maneuver by the
upper body to maintain stability and equilibrium. The records in Fig. 41
were obtained at the early stages of recovery from injury. At the time of
the records in Fig. 41, the subject was on,crutcges for ambulation. The
records in Fig. 41 represent the ground-reaction components when the
subject attempted to walk without the help of crutches. As could be seen

from the force records in Fig. 41, the subject produced the most unusual
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pattern of ground reactioms. The force records represent a double step on

the force plate starting with right heel strike. The vertical component

of ground-reaction is characterised by below normal right heel strike

forces followed by above normal push—off forces. The left leg forces are

closer to normal. The posterior—anterior components show similar

reductions during right leg support. The medio-lateral force reactions,

in comparison to the other two components, were always on one side of the

normally defined neutral position or zero line. Some anomalies in subject

B's force records could be explained by considering the biomechanics of

such an abnormal gait. Figure 51 shows the frontal plane view (viewed

posteriorly) of a normal subject standing vertically and another standing

with a tilted upper body posture (leaning to the left). In the case of

the normal subject, the body weight acting downwards would be balanced by

two equal reaction forces at the foot during normal standing. A static

muscle moment would be produced at the hip joint to keep the body

vertical. For a subject with a lean to one side, the lean could be viewed

as a result of compensatory effort on the part of the neuro-muscular

system to reduce the load (to avoid pain) transmitted to the injured hip

joint (assumed to be the right in the case considered). To maintain

stability as a result of the lean, the left hip joint would be shifted

outwards in the frontal plane. The resultant movement (an adduction of

the left lower extremity) would subject the hip muscles to a net abduction

moment to keep the hip joint from collapsing sideways. The body stays in

equilibrium wunder the action of these forces and moments. Considering

the dynamic case when the body shown in the right side of Fig. 51 begins

to move, the locomotion can be discussed as follows: commencing from the
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time the right extremity leaves the ground, the pelvis on the swing side
would drop down from its neutral position. Substantial moments are
generated at this instant which tend to abduct the hip joint, resulting in
a reduced hip moment. The upper body would move inwards (from a lateral
hyper extension to lateral flexion) in the frontal plane to maintain
equilibrium and a large angular momentum would be produced in the upper
body. In the case of an injured or diseased hip joint, the hip rotation
of the right limb would be restricted and the right lower limb would move
medially as a result of upper body momentum. Hence the left limb would
strike the floor at an oblique angle producing a resulting reaction force
pointed medially. The degree of obliquity may be related to the limited
joint motion, muscle rigidity or inability to tolerate the muscle forces.
The resultant medio-lateral ground reaction forces will also depend on the
above factors. The left limb movement follows the normal pattern but the
limb abducts more than seen during the swing phase. The locomotion
described is typical for the particular subject considered and, as
discussed later, subject 'E' who had a similar upper body tilt produced
similar medio-lateral force patterns.

Subject B was examined from time to time but, due to the difficulties
encountered ip analysing crutch locomotion (multiple supports on the force
plate), interpretation of the statically indeterminant results is
difficult at present. Figures 42 and 43 represent the force and moment
records obtained for subject B thirteen months after the first
trial. Figure 42 represents a double step stride on the force plate. The
injury recovery can be seen easily by looking at the medio-lateral ground

reactions and symmetry induced. The subject still has a slight lean on
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the upper body. A complete gait study was conducted on the subject and
Figure 43 represents the upper body moment curves for subject B. The
’momeﬂt curves show greater moment values for right limb strike and reduced
poment values for the left. The symmetry indices in the corresponding
force records were 1.6l and 2.33 for 'MLI' and 'PAL', respectively. The
upper body symmetry indices, 'SFP' and 'SSP', were 1.56 and 2.6,

respectively in the body frame and 1.42 and 1.9 in the space frame.

Subject E: Subject E has a permanent gait impediment due to osteo-
arthritis. Although the subject underwent surgery on the left hip joint,
the subject has considerable pain in the right hip due to arthritis of the
right joint and hence, attempts to reduce certain modes of loading on the
right limb. The force records in Fig. 50 represent ground reaction
components when he walké with the cane and Fig. 51 shows locomotion
without the cane. As with subject B, the medio-lateral forces vary only
to one side of the neutral position (the subject has a upper body lean to
the left similar to that of subject B). Symmetry indices, defined in
section 6.4.1, could not be obtained, due to the swing being only to one
side. In comparing the force records, however,-one could see the right
limb reaction force (medio-lateral) tending more towards the neutral
position (Fig. 49) for cane walk when compared to unaided walk (Fig. 50).
Due to difficulties pointed out earlier, the moment records for subject E
(kinematic measurements wére taken w%th the subject walking with the help
of a cane) are statically indeterminant and thus not discussed at the

present time.




6.7 Summary of Results on Normal and Abnormal Gait
/

The symmetry indices for normal and abnormal locomotion listed in
table 3 and 4 clearly indicate the asymmetry in ground-reaction force
components during abnormal locomotion. Even though symmetry indices could
not be computed for subject E, the total asymmetry in motion in the case
of subject E could be seen easily by examining the medio-lateral
components. The symmetry indices for normal locomotion are almost unity
and they give an integrated picture of normal ground-reaction forces in
the three coordinate directions. Displacements of the various segments of

the body in the lateral and longitudinal directions have a definite

function in the process of locomotion - such as stabilizing the body

during support in the frontal plane and providing the propelling moment in
the sagittal plane. Displacements in the vertical direction have a less
apparent function. Hence, the symmetry indices of forces and moments in
two principal planes of motion (sagittal and frontal) were considered most
important and significant for quantifying abnormal locomotion. The
sigpificance of finding- the symmetry index for the vertical component of
ground-reaction is not clear at present and, hence, was not reported for
the abnormal gaits, except to qualitatively explain abnormal locomotion.
The force symmetry indices reported for abnormal locomotion clearly show
the asymmetry in gait as a integrated parameter and could be used for
monitoring recovery after injury as in the pattern of force records
presented.

It is apparent from an examination of Table 4 that the symmetry
indices computed from upper body moments about body coordinate axes show

clearly the compensatory maneuver by the upper body. Values of upper body
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poments are consistently higher when the injured 1imb is in the support

'phaSe° Even though such compensatory movements have been stated to take
place, they have never been measured before as Symmetry‘parameters. The
good correlation between the symmetry indices in the ground force
reactions and the moments in the body fixed axis clearly demonstrate the
validity of using ground-force reaction components to quantify asymmetry
in gait by using a force plate. In comparisoh, the symmetry indices
computed from moments in the space reference frame do not seem to show
consistent correlation. Since the bbdy axes accurately represent the
joint angulation at any instant, the present study shows that the
variations in the parameters associated with human locomotion are better
represented when viewed from the moving body coordinate reference frame.
In the case of grosser pathological gait with much larger angular
rotations than seen in the studies on Legg-perthes Braces|[10],
measurements in the body frame would provide greater insight into abnormal
locomotion. It is also seen from the various moment records that the hip
moment about the X-axis is considerably higher and probably most sensitive
in indicating abnormalities in posture of the upper body. The lateral
moment maintains the body stable in the frontal plane. The two reaction

components, medio-lateral and vertical, contribute to the moment in the

frontal plane. This moment would be more sensitive to changes in the

medio-lateral forces in view of the lafger moment arm of the force vector
in the YZ plane. This sensitivity indicates the importance of measuring
the medio-lateral forces in locomotion studies.

The validity of the simplification for approximating the total moment

at the hip joint with the moment due to ground reaction depends on the
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joint considered. The contribution of inertial and gravitational forces
on the fore—and—aft and lateral moments at the ankle, knee and hip joints
were found to be very small throughout most of the stance phase, Bresler
et.al[22] and Boccardi et.al[35] used the same simplification to calculate
reaction moments about the hip joint and compared their results using the
analytical proceduré presented by Cappozzo et. al[94]. Capozzo's model
includes the values of the body parameters which are only known
statistically. Boccardi found the results to be more or less the same
when using the simplified model except during the first part of the
stance-phase, In the present ahalysis, the beginning and end of the
stance phase is not considered and only the period corresponding to the
total single limb support was analysed. Boccardi's[35] results also
indicate that the inertia and gravity components have lower values in the
frontal plane compared to the sagittal plane values. From the present
investigation, it is seen that gait abnormalities have a close
correspondence between asymmetry in forces and asymmetry in moments in the
frontal plane directions and, hence, the original assumption appears
justified. More studies will have to be done to arrive at a statistical
analysis of the variation of symmetry parameters and to better

understand symmetry indices in other planes of motion. The good
correlation obtained in the frontal plane symmetry indices also suggests
that it is possible to use medio-lateral ground-reaction forces for
measuring symmetry in gait and to detect even small abnormalities of

locomotion.




CHAPTER 7
CONCLUSIONS
The problem studied in this dissertation can be divided broadly into
three areas: 1) the development of a force plate, ii) the application of

a simple three dimensional mathematical model to analyse the upper body

motions as well as the development of a set of parameters which allows
assessment of asymmetry in gait, iii) the clinical applicability of the
symmetry indices in locomotion studies to detect gait disorders.

The force plate developed showed good sensitivity for the
measurement of ground-reaction forces in all three coordinate directions
of motion. The sensitivity in the lateral and longitudinal directions was
sufficient to show subtle changes in the reaction components to enable an
injury to the supporting limbs to be identified. It was possible in two
cases to monitor the injury recovery by using the force plate. The size
of the force plate was large enough to allow subjects with pathological
gait and/or walking aids to be wholly on the force plate during a full
gait cycle. Subjects were allowed to walk without any constraints
normally imposed by smaller force platforms. The statically determinate
force platform allowed the force platform to be calibrated directly in
each measurement direction and the total ground components did not need
complicated signal processing.

The previous absence of a simple three dimensional mathematical model
prompted the evolution of a locomotion model which would be easily used
by a clinician. The model proposed has made it possible to describe
motions in the body coordinate system. The space to body transformations

proposed are general enough to accept the large angle rotations




characteristic of pathological gait and the accuracy of the
transformations are evident in the close balances obtained between the
forces and moments in the ground and upper body planes, respectively. The
model aléo resulted in the development of a set of symmetry indices that
would allow a clinician greater use in quantifying pathological gait from
ground-reaction force components.

Finally, in the area of clinical application of the force plate and
the mathematical model, it was shown that gait abnormalities at different
lower limb joints could be identified by a qualitative and quantitative
analysis of the three dimensional force and moment records. Even though
the model may not determine the actual moment and force values at the
various joints (it is difficult to obtain them in a non-traumatic way), it
could be used for comparison of two different states of gait as shown in
monitoring injury recovery. A lérge‘bank of data on the force and
displacement patterns of several abnormal gait states (patients at the
Rehabilitation Center, St. Boniface Hospital) has been generated as part
of this work. With the availability of a computing system for future
investigators, a greater understanding of gait abnormalities could be
attempted.

The author recommends the following for future investigation:

(i) analysis of the remaining records to establish the validity of
using the symmetry indiceg\as a parameter for quantifying
pathological gait.

(1ii) use of digital video cameras for future locomotion studies in
view of the enormous time needed for digitizing the motion

pictures.
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(iii) use of another force plate along with the existing force plate
for simultaneous measurement of ground-reactions on both the
supporting limbs. This would enable a better understanding of
the mechanics of locomotion during the double stance period which
is a critical period for certain severely disabled states of
gait.

It is hoped that this work will be of use to the future researchers

in human locomotion.
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APPENDIX A

LOWER LIMB TRANSFORMATIONS

This section will outline a method for determining the lower limb
rotations from displacement records. As pointed out in Section 4.6.2 the
rotation angles of the‘body coordinate axes located at the hip joint
cannot be determined completely with the present body marker system
without imposing certain conditions on the articulation of the lower limb.

One approach for finding the transformation matrice is outlined in
this section. The basic principle is to assume the body axes Zh to be
always pointed in the positive direction of the egtremity in the support
phase. This choice is not one of convenience but based on the fact that
the force vector in the leg during single support phase (total support
only) would always be in the direction of the leg supporting the body.
Thus, when the body is not in motion and is erect, the leg axis Zh and
reference Z-axis will both be parallel.

During motion of the body about the supported leg, the leg goes
through rotations in the three—dimensional space. If the lower limb is
represented in the support phase by the position vector r, a unit
vector along the leg axis is given as:

A. 1

h
A unit vector along the positive direction of Z axis (the reference axes




is located at the hip joint) will be

h A
% = - r . - A. 2
h Jh Jh . . P s
1f X Y Z represent the leg coordinate axes, fixed at the hip joint

(Fig. 52), and X, Y, Z,is the reference axes at the hip joint, the

angular orientation of the body fixed coordinate axes with reference to

the earth parallel reference frame can be defined by the direction cosines
h h _h . . . . .

of X Y Z (with respect to X, Y,Z,). The direction cosines will

represent the elements of the matrix [T ], the space to hip rotation

S »H
matrix. As the leg moves into various positions at different phases of
the gait, the rotation matrix will define the leg coordinate system at
. h . . . . h ,h _h
each instant. The Z is always in the direction of the leg and X Y Z

form a orthogonal system. 1If a,, bjand ¢, represent the components of

T in the reference frame X, Y, Z,, the component form of r is

given as:

The a;, b; and ¢; can be determined by knowing the position of B with

respect to A. In Fig. 52, B represents the hip joint and A is the point
of contact of the lower extremity with the ground. The following can be

determined from motion photography in biplane:
\

& 7 Xhip”— X jeel

b = Yhip 7 heel - A 4

¢, = Z

- Z
hip heel J

The biplane motion pictures of the adhesive markers, fixed at the
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respective locations on the subject, would help solve equation A. 4. The
leg axis Zh can be found by using relation A. 2. The principle behind
obtaining the leg transformation matrix is to obtain a set of values for
the Xh and Yh axes that would uniquely transform the position vector r
defined in reference to the leg axis. Due to the difficulty of not being
able to fix a location marker on the posterior or anterior side of the hip
joint (even though one could obtain its position by employing some form of
approximations on the images), the transformation procedure outlined below
would make use of the projected angles of r on the different planes of
motion to obtain a unique transformation.

If VI s VII ’ VI]:I and VIV represent the projections of
r on the X, Y and Z axis and XY plane respectively, the projected angles

1
between VIV and the axes can be obtained from the dot product of V v

and VIV « If o' is the angle between VI and VIV , then

a1 - alv
| Voo x V|
sing!' = - A. 6
T § ~1V
| v v 1
Similarly if B' represents the angle between V ~~ and r , then
AI ~
VI I. r
cosp! = - A. 7
~111 ~

L vl o |
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The unit vectors 61 s VII, GIII and QIV are obtained by

K3 A 2 . 3 3
resolving the components of r in the respective directions.

Thus
A A 1 +b 3+ k 1
\'} = i V3 5 0 - A. 9
VY(a; + by + ¢;) 0
and
A1] A i +b j +c¢ k 0
V - pl i 7 E l - Ao 10
T ! i +b §J +¢ k 0
A = 7 A 7 1 - A, 11
and finally
ATV a; i + bl j + ¢y k 0 0 O
A = 7 Vi 75 1 1 0 - A. 12

In the rotation described above, angle B' represents the rotation
about the X-axis and o' represents the resultant rotation about the Z-axis
(similar to the Eulerian ¢ and ¢ rotations described in Chapter 4). The
space to body transformation matrix could be solved with respect to the

- h ' ' . -
known quantities Z , o' and B' to obtain the various elements of the

matrix [TS +H].

The transformation outlined above would describe the rotation of

lower limb leg axes Xh Yh Zh with respect to the reference axes X, Y, Zy.

In the locomotion model proposed, the moments in the upper body axes can

be determined without knowledge of rotation anglesrfor the lower limb.

Even though the reaction moments at hip joint in the lower




1imb coordinate axes are obtainable using the above procedure, the
clinical significance of such an attempt is not clear at the present time
and, hence, the corresponding results are not presented in this

dissertation.




APPENDIX B

Program 'BALA12' was developed to compute the various quantities
described in the mathematical model. The listing of the program for a
THP41C' is presented in this section. The block diagram for the program

is given below followed by the listing of the program.

Block Diagrm for 'BALA12'

Start
Step 1, II Calculate moments about Input displacement and
oty .
reference axes at CG ground-reaction values
¥
Step III Unitize displacement Input displacement
] -—
vector for lower limb values
¥
Step IV Lower limb rotation matrix
7
Step V Lower limb Eulerian angle
¥
Step Vi Check lower limb transformation
¥
Step VII Moments in hip frame
+ .
Step VIII Unitize hip vector
¥
Step IX Unitize upper body
displacements
¥
Step X _ Calculate T
¥
Step XI Upper body rotation matrix
¥
Step XII Eulerian angle for upper body
¥
Step XIIIL Calculate constants a, b, d
¥
Step XIV, XV Upper Body rotation matrix
¥
Step XVI Upper body rotation angle
¥




Step XVII,XVIIIL Check upper body transformation

and XIX for uniqueness

¥

Step XX Moments about CG in body

frame

¥

Step XXI, XXII Projected angles for the

and XXIII two segments

¥

Step XXIV Display and print results
’

'"BALAL3' Run subroutine 'BALAL3' for

net moment in body frame,
display and print results




I

81¢LBL “BALR12"
82¢4LBL "BALA12"

83 RCL 46
84 RCL 53
85 *
86 RCL 47
87 RCL 32
28
a9 -
18 570 28
11 RCL 47
12 RCL 51
13 %
14 RCL 45
15 RCL 33
16 *
17 -
18 870 29
19 RCL 45
28 RCL 32
2l *
22 RCL 46
23 RCL 31
24 *
25 -
26 STD 38

IT

27 RCL 47
23 RCL 532
29 RCL 49
39 +
2«
32 RCL 46
33 RCL 53
34 RCL 56
35 +
6+
37 -
38 570 18
39 RCL 45
48 RCL 53
41 RCL 50
42 +
42 *
44 RCL 47
45 RCL 51
46 RCL 48
47 +
48
49 -
59 ST0 19

51 RCL 46
32 RCL 31
33 RCL 48
94 +
35
36 RCL 45
57 RCL 32
58 RCL 49
39 +
68 *
6l -
62 ST0 28

IIT

63 RCL 51
64 Xt2

63 RCL 92
66 %12

67 +

68 RCL 53
69 K12
78+

71 SORT
72 570 43
73 RCL 51
74 RCL 43
75/

76 ST0 51
77 RCL 52
78 RCL 43
797

38 ST0 52
81 RCL 53
82 RCL 43
83 s

84 870 33

IV

83¢LBL "EULER L"

86 RCL 52
87 RCL 51
28 =
89 CHS
98 STO 83
91 RCL 533
92 K12
93 RCL 51
94 Xt2
95+
96 570 @4
97 RCL 53
98 RCL 52
99«
18 CHS
181 STO 85
182 RCL 53
103 X2
184 RCL 5!
185 X2
186 +
187 RCL 32
188 £t2
189 +
118 RCL 33
111 *
112 570 88
113 8
114 570 81
113 RCL 51
116 342
{17 RCL 32
118 X2
119 +
126 RCL 93
121 22
122 +
123 RCL 51
124 *
125 CHS
126 STO 82
127 RCL S5t
128 5T0 @6
129 RCL 52
138 510 87
131 RCL 33
132 570 @8




v

133 RCL 88
134 ACOS
135 570 22
136 RCL 86
137 RCL &7
138 7

139 CHS
148 ATAN
141 510 21
142 RCL 82
143 RCL 83
144

143 ATAH
148 STO 23

VI

147 RCL @4
148 RCL 51
149 %

158 RCL 81
151 RCL 52
152 *

153 +

154 RCL 82
153 RCL 33
136 *

137 +

158 .ee8!
139 ¥0v?
148 GT0 81
161 BEEF
162 STOP
163¢LBL 81
164 RCL 83
163 RCL 31
166 *

167 RCL 84
168 RCL 52
169 *

176 +

171 RCL 83
172 RCL 33
173 *

174 +

175 .88l
176 X0Y?
177 GT0 82
178 BEEP
179 ST0P

{8@eLBL 82
181 RCL 86
182 RCL 51
183 #

184 RCL 87
185 RCL 52
186

187 +

188 RCL @8
189 RCL 33
199 *

191 +

192 1

193 -

194 .888!
195 ¥>¥?
196 GTD 83
197 BEEP
198 ST0P

VII

199+LBL 83
28@ RCL 60
281 RCL 28
282 *
283 RCL 61
284 RCL 29
283 *
286 +
287 RCL 8
288 RCL 3
269 *
218 +
211 570 31
212 RCL 83
213 RCL 28
214 *
215 RCL 84
216 RCL 29
217 *
218 +
219 RCL 85
228 RCL 38
221 %
222 +
223 570 32

2
f

224 RCL 86
225 RCL 28
226 *
227 RCL 87
228 RCL 29
229 %
230 +
231 RCL 08
232 RCL 34
231 *
234 +
235 570 33

VIII

236 RCL 44
237 .15
235 *

239 X2
248 RCL 44
241 .3

242 %

243 12
244 +

243 SERT
246 .3

247 RCL 44
248 *

249 /

258 1%
251 CHS
252 RCOS
233 570 34




IX

254¢LBL "EULER B~
255 RCL 48
256 Xt2
257 RCL 49
238 X2
259 +

268 RCL 58
261 Xt2
262 +

263 SQRT
264 ST0 27
263 RCL 48
266 RCL 27
267 /

268 5T 42
269 RCL 49
278 RCL 27
271/

272 570 49
273 RCL 58
274 RCL 27
275 /

276 570 58

X

277 RCL 49
278 CHS
279 RCL 48
258 212
281 RCL 49
282 12
233 +

284 SORT
283 /

236 CHS
287 ST0 55
288 LASTY
289 RCL 48
298 /

291 1%
292 CHS
293 ST0 56

XI

294 RCL 48
295 RCL 54
296 C0S
297 *

298 RCL 56
299 RCL 50
308 *

381 RCL 54
302 SIN
363 *

364 -

385 CHS
386 570 15
387 RCL 49
393 RCL 54
389 C0S
38 *

311 RCL 55
312 RCL 50
I+
314 RCL 54
315 SIN
316 *

37 +

318 CHS
319 $T0 16
328 RCL 50
321 RCL 54
322 0
323 *

324 ROL 48
325 RCL 56
32

327 RCL 54
328 SIN
329 *

330 +

331 RCL 55
332 RCL 49
333

334 ROL 54
335 SIN
336 *

337 -

338 CHS
339 §T0 17

348 RCL 15
341 %12
342 RCL 16
343 %12
344 +

345 RCL 17
346 K12
347 +

248 SGRT
349 ST0 57
350 RCL 15
351 ROL 57
352 /

353 ST0 15
354 RCL 16
355 RIL 57
356 7

357 5§70 16
358 ROL 17
359 RCL 57
368 /

361 70 17

XIT

362 RCL 17
363 ACOS
364 ST 23
363 RCL 15
Jo6 RCL 16
367 7

368 CHS
369 ATAN
378 570 24




XIIT

371 .15
372 ROL 44
373«

374 %2
375 .3
376 RCL 44
377

378 Rt2
379 +

388 SORT
381 .15
382 RCL 44
383 *

384 7

385 STO 58
386 .3

387 RCL 44
388 =

189 =

398 .15
291 RCL 44
392 =

393 %2
394 RLL 44
395 .3

296 x

397 X2
298 +

399 SORT
448 /

481 570 59

XIV

482 RCL 48

483 CHS
484 RCL 38
495 *

466 RCL 15
487 RCL 59
488 *

489 +

418 570 12
411 RCL 49
412 CHS
413 RCL 58
414 +

415 RCL 16
416 RCL 59
417 *

418 +
419 570 13

428 RCL 5@
421 CHS
422 RCL 38
423 %

424 RCL 17
425 RCL 39
426 *

427 +

428 570 14

XV

429 RCL 13
438 RCL 17
431 *

432 RCL 16
433 RCL 14
434 *

433 -

436 STO 89
437 RCL 12
438 RCL 17
439 %

448 RCL 15
441 RCL 14
442 *

443 -

444 CHS
445 5T0 18
446 RCL 12
447 RIL 16
448 *

449 RCL 15
458 RCL 13
451 *

452 -

433 570 11

XVI

454 RCL 1
435 RCL 14
456 /

457 RTAN
438 570 26

XVII

439 RCL 15
468 RCL 48
461 CHS
462 %

463 RCL 16
464 RCL 49
463 CHS
466 *

467 +

469 RCL 17
469 RCL 58
478 CHS
471 %

472 +

473 ACOS
474 REL 54
475 -

476 8881
477 31?
473 GT0 84
479 BEEP
489 STOP

XVIIT

4314LBL 94
482 RCL 89
483 RCL 48
484 CHS
485 *

486 RCL 19
497 RCL 49
438 CHS
489 *

499 +

491 RCL 11
492 RCL 50
493 CHS
494 *

495 +

496 ACOS
497 STO 69
498 90

499 -

508 . 0681
501 X)Y?
582 GT0 85
563 BEEP
584 STOP




XIX

5a5¢LBL 85
586 RCL 12
507 RCL 48
588 CHS
589 *

918 RCL 13
511 RCL 49
512 CHS
513 *

94 +

515 RCL 14
516 RCL 58
517 CHS
518 *

319 +

928 ACOS
321 570 &l
522 .15
523 RCL 44
524 *

525 .13
926 RCL 44
527 *

928 Xt2
329 .3

538 RCL 44
331 %

332 ¥t2
333 +

334 SQRT
333 7

336 ACOS
537 RCL 6l
338 -

339 .4e61
348 X717
541 GT0 86
542 BEEP
543 STOP

XX

S44¢LBL 86
943 RCL 89
346 RCL 18
547 %
548 RCL 19
349 RCL 19
398 *
391 +
352 RCL 11
353 RCL 24
354 *
555 +
556 ST0 34

557 RCL 12

398 RCL 18
339 *
568 RCL 13
361 RCL 19
362 *
363 +
364 RCL 14
365 RCL 24
366 *
367 +
368 ST0 35
369 RCL 15
378 RCL 18
371 *
372 RCL 16
573 RCL 19
374 *
375 +
976 RCL 17
3¢7 RCL 28
378 *
379 +
358 570 36

XXI

331 RCL @8
582 RCL o8
583 *

584 RCL 86
585 RCL 82
386 *

387 -

588 RCL 88
389 Xt2
598 RCL 86
391 Xt2
392 +

393 SRT
594 RCL @8
395 Xt2
396 RCL 81
397 Xt2
598 +

599 RCL 82
608 Xt2
681 +

662 SORT
603 *

684 /

683 ACOS
606 ST0 37

687 RCL 84
508 RCL 64
689 Xt2
618 RCL 85
611 Xt2
612 +

613 SART
614 7

615 ACOS
616 STO 38
617 RCL 85
618 RCL 87
619 Xt2
628 RCL @8
621 X2
622 +

623 SERT
624 /

625 RACOS
626 ST0 39

XXIT

627 RCL 17
628 RCL 89
629 *

£38 RCL 15
631 RCL 11
632 *

633 -

634 RCL 17
633 X2
636 RCL 13
637 K12
638 +

639 SORT
648 RCL 89
64] X12
642 RCL 19
643 Xt2
b44 +

6435 RCL 11
646 Xt2
647 +

648 SAKRT
649 *

658 /

651 ACOS
652 5T0 49




633 RCL 13
634 RCL 13
639 K12
656 RCL 14
657 Xt2
658 +

$59 SORT
668 7

661 RCOS
662 STO 41
663 RCL 17
664 RCL 16
663 Xt2
666 RCL 17
667 X2
668 +

669 SART
678 /

671 ACOS
672 STO 42

XXIII

673 RCL @9
674 RCL 0@
675 Xt2
676 RCL 81
677 Rt
678 +

679 RCL 82
688 ¥12
681 +

682 SERT
683 /

624 ACOS
685 STO 62

XXIV

£86 TOHE 3

687 "BRLA12 SUB RUN"
628 PRA

689 "STEP FRAME -
598 PRA .

691 RCL 28

692 “BHIPX="

693 ARCL X

694 AVIEM

695 RCL 29

696 "MHIPY="
697 ARCL X
698 AYIEN
699 RCL 34
788 -MHIPZ="
781 ARCL X
762 AVIEM
783 RCL 31
784 “NHIP1X="
785 ARCL X
786 AVIEW
787 RCL 32
788 “HHIP1Y="
789 ARCL X
718 AYIEMW
711 RCL 33
712 "MHIP1Z=®
713 ARCL X
714 AYIEN
715 RCL 34
716 "MBODZ="
717 ARCL ¥
718 RVIEN
719 RCL 35
728 ~MBODY="
721 ARCL X
722 AVIEM
723 RCL 38
724 “MBODZ="
725 ARCL X
726 RYIEW
727 RLCL 37
728 “ALPHAL="
729 ARCL X
738 AYIEMW
731 RCL 38
732 "BETAL="
733 ARCL X
734 AYIEK
735 RCL 39
736 “GRMAL="
737 ARCL X
738 AYIEM
739 RCL 62
748 “DELTA="
741 ARCL X
742 AYIEW
743 RCL 48
744 =ALPHAB="
745 ARCL X
746 AYIEW

747 RCL 41
748 “BETAB="
749 ARCL X
758 AVIEN
791 RCL 42
752 “GAMAB="
733 ARCL ¥
754 AVIEM
735 88,826
796 PRREGX
757 44,834
793 PRREGX
759 ADY

768 ALY

761 ALY

762 .END.




Performance Characteristic of the Force Plate Developed

Table 1

Vertical direction

Horizontal direction

RESOLUTION

RANGE

LINEARITY
CROSS-TALK

DRIFT

RESONANT FREQUENCY

CENTER OF PRESSURE
RESOLUTION

1 pound
0-300 pounds

1%

I+

I+

1/2 pound

60 pounds

p—
I~
el
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Types of Eulerian Rotations generally found in Literature

Type 1 Type II Type III
Y about Z Y about Z ¢ about Z
8 about Y 6 about X 8 about Y |
¢ about X ¢ about Z y about Z

—
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Table 3

Values of Symmetry Index for Normal Locomotion

Subject Body Weight 'vI! 'MLI' 'PAT'
(1bs) Mean SDEV | Mean SEDV Mean SDEV
1 125 1.008 0.005; 1.100 0.0244 1.055 0.021
2 154 1.005 0.018} 1.200 0.011} 1.041 0.027
3 175 0.994 0.006] 1.118 0.004} 1.038 0.032
4 205 1.010 0.020| 1.006 0.017{ 1.125 0.042

ot
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Table 4

Symmetry Indices for Abnormal Locomotion

'MLI' 'PLI' BODY AXES REFERENCE AXES
SFP sSSP SFpP SSp
Subject B 1.61 2.33 1.56 2.6 1.42 1.9
Subject C 1.55 1.76 1.70 1.71 2.23 0.69
Subject D '
Trail I | 0.74 0.91 0.66 1.04 0.60 0.80
Trail II| 0.92 0.88 * * * *

*Results are not presented due to some difficulties in data

reduction.
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Table 5

Scheme of Signals Recorded on Magnetic Tape

Channel Signal Recorded
1 Sum of Vertical transducers
2 Vertipal component at support A
3 Vertical component at support C
4 Comparator output
5 Center of force — x coordinate
6 Center of force — y coordinate
7 Sum of mediolateral forces
8 Mediolateral component at Corner A
9 Mediolateral component at Corner C
10 Posterior—anterior force

€q1

b



PLANES

I. Median Plane
2. Sagittal Plane

3. Frontal Plane
4. Transverse Plane
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Figure 2 A normal gait cycle
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Figure 9 Strain bridge configuration for vertical transducer
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Figure 23 Eulerian angle rotation (Type I in Table 2)




Figure 25 Locomotion with pelvic rotation added
to compass gait
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Figure 26 Locomotion with pelvic rotation and pelvic

tilt
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Figure 31 Relative position of markers in the frontal plane
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Figure 33 Jig for experimental verification of the model
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Figure 51 Normal and leaned upper body posture
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