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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF ENGINEERING AND APPLIED SCIENCE
ELECTRICAL ENGINEERING DEPARTMENT

Doctor of Philosophy

FEEDBACK MECHANISMS FOR HUMAN POSTURAL COMPENSATION

By Armando Ferraioli

The thesis describes an experimental study performed using simple
engineering techniques, to investigate the ability of the human
operator to achieve postural compensation for gross bhody
movements when performing a manual task. These investigations
were also used as the basis of a structural model which can be
quantified by the evaluation of the frequency responses of its
component elements.

As with most non-invasive biological tests the difficulties were
to measure suitable variables and to isolate the various elements
in the system. A number of experiments are described in which
vision, proprioception and vestibular sensation are variously
disabled when arm posture is controlled in the presence of
vertical whole-body vibrations. The results are subjective since
no model can be conclusively verified. However physiological
measurement of relevent EMG activity in the deltoid muscle shows
that compensation is an active neurological response under all the
test conditions. Furthermore, assumption of superposition of the
sensory information appears justified given the variability of
the experimentsg conducted.

While much experimental refinement is necessary to identify the
control parameters numerically, the model does seem to agree with
the ccnceptual form which has been developed for the control of

a mechanical arm with a fully-flexured tactile hand~-manipulator.
Adaptation withir this model consists merely of the selection of
appropriate feedback channels using simple criteria based on
sensory data.
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CHAPTER ONE

INTRODUCTION .

Interest in control engineering descriptions of neuromuscular
system originates not only from academic study of physiological
mechanisms but also from a requirement for better understanding

of the basic dynamics of the human operator.

Feedback coﬁcepts are recognised as having important
implications for the investigation of the mechanisms of overall
postural control and this may be of some significance in
understanding problems concerned with the design of artifical

limbs.

The study of the neuromuscular control system also overlaps
the study of manual control systems. The precision of the latter
is ultimately limited by the properties of the physiological
part of the system. The dynamics of the postural control system
may be observed in many different ways. Since the input~output
investigations must be of a peripheral nature, in human experimentation,
different experimental methods of analysis provide information on
different aspects of the system. Collectively, such experiments

complement each other.

In such a complex system determining a set of experiments
which can completely elucidate the nature of the system is not

apparent and probably is not even feasible as a theoretical concept.

The work undertaken in this thesis has been motivated by
a somewhat different approach to the same problem. When manual
tasks are undertaken it is possible to compensate, largely
subconsciously, for gross body movements and it is the role of
the vestibular and proprioceptive sensors in this adaptation which

we seek to model.

It is hoped that such an understanding might lead to a
significant improvement in upper limb prosthesis. At present
no such compensation is available, often with quite disastrous

results.



The most general purpose of this work was to investigate
the mechanisms involved in human motor control by means of

adequate stimulation of the feedback pathways involved.

The problem has been restricted by studying only the
control of the hand in a stable position despite gross body
movements and by limiting the sensory feedbacks, as much as

possible through the vestibular and proprioceptive pathways.

The various sections of the thesis may appear somewhat
discontinuous. This is mainly due to the nature of the
problems discussed. In some cases the status of present
knowledge allows a sufficient formulation of the problems for
a mathematical model to be formed. But in other cases only
qualitative understanding is possible. It has been felt necessary
to include an extensive review of the neuromuscular system and
in the control of upper extremity function. This may prove useful
to the reader with an engineering background. The contents of

the thesis may be summarised as follows:

Chapter 2 and 3 review the physiological aspects of the

work.

Chapter 4 reviews the control of skeletal muscles in
the light of feedback concepts. 1In Chapter 5 the design of the
vibrating platform used in experimental work is discussed
together with its control system, while in Chapter 6 the

measurement system is outlined.

-y

Chapter 7 reports a measurement of the transmissibility
of low frequency vertical vibrations to the shoulder and head.
In Chapter 8 an attempt is made to model certain aspects of
the overall control structure in a way which is useful to the
particular functions being investigated. A block diagram structure
is proposed in which individual sensory feedback paths may be
isolated and described, at least concept:M.ally, by transfer

functions.

In Chapter 9 an experimental program is outlined which

attempts to quantify the characteristics of the transfer Ffunction



dynamics by non-invasive methods.

Chapters 10 and 11 report the experimental results from

the many tests performed.

Finally Chapter 12 discusses the results obtained and

makes suggestions for a further study.



‘CHAPTER TWO

REVIEW OF THE NEUROMUSCULAR

SYSTEM AND ITS COMPONENTS

2.1. INTRODUCTION

Animals can produce a wide range of highly co-ordinated
movements under a variety of conditions. This ability requires
the interaction of central commands with sensory feedback, and
several hypotheses have been suggested for integrating central

commands and sensory feedback to produce co-ordinated movements.

The neuromuscular system referred to here is the output
or actuation element of the human controller. It is a composite
of neural and muscular compornents situated in the spinal cord
and the periphery - typically a limb and its neural connections

~ operating on commands sent from higher centres.

A complete study of the neuromuscular system would be
far beyond the scope of this thesis. However an overall view
will be given in order to provide the reader with a physiolgical

background.

2.2. SOME PHYSIOLOGICAL BACKGROUND

The nervous system of higher organisms are, in effect,
communication systems transmitting electro-chemical impulses
(or signals). The structural unit of these communication systenms
is the individual nerve cell or neuron. Although sensors are
highly diversified in both structure and function, each sensor
is made up of the same basic parts: the soma, the axon, the
dendrites and the synapses. Figure 2.l shows a reconstructed
motor neuron. - Each neuron receives signals from many other
neurons through terminal contacts referred to as synapses.
Synapses are found on the neuron's cell body or soma, and on

itsdendrites, the tree-like structures which are routed in the



soma. The geometry of the dendritic trees varies greatly, and is
often crucial to the neuron's function. At the soma, ionic currents
produced at the synapses on the soma and the dendrites are
combined or integrated. While considerable physiological work

has been done related to this integrative process, the details

of the process are not fully known. 1In most neurons synaptic
potentials are summed in a nonlﬁkar fashion for synapses located
within the dendritic trees, but are summed nearly linearly for
synapses located on the soma membrane itself, since here summation
occurs only over a limited range of‘potentials below the threshold
for spike generation. In the motor neuron, initiation of spikes
occur near the axon hillock, where the soma and the axon are
joined, when the summed ionic currents at the axon hillock

produce a depolarization to the threshold level (the threshold is
not necessarily constant), the neuron fires, transmitting an
output signal (action potential, discharge or spike) down the

axon to connecting neurons. Spikes can also be initiated in

dendrites themselves, but we do not consider such situation here.

We canvclassify neurons in three types according to their
function: sensory, interneuron, and motor. Sensory neurons
either transduce stimuli directly into spike trains, or are
activated synaptically byspecialised epithelial cells such as
those in the auditory or olfactory systems; interneurons connect
neurons with other neurons; and motor neurons transmit signals
to motor mechanisms such as muscles and glands. Some motor neurons
are simultaneously interneuromns. The physiological features

of neurons differ both among and within these classes.

The neuron consists of a well—conductin§ electrolyte gel,
surrounded by a somewhat insulating membrane (a leaky membrane).
Changes in the permeability of the membrane lead to the action
potential referred to above. More specifically, the cell
membrane differentiates between different types of ions and, as
a result, a potential difference exists across the membrane, the
size and sign of which are a function of the relative permeability
of the membrane to various ions (such as Na+ and K+ ions). This

potential difference serves as a source of stored energy, the



partial release of which constitutes an action potential.  This
propagated impulse which travels along the axon is an all~or-none
event. The signals received by the neuron via its synaptic
contacts are labelled as excitatory or inhibitory depending

upon whether the membrane potential is depolarised oxr
hyperpolarised upon the receipt of the signal. Excitatory and
inhibitory potentials vary in magnitude and are functions of

the membrane potential. In some cases, inhibitory synapses

are located closer to the soma than excitatory ones. In motor—
neurons, however, inhibitory and excitatory synaﬁses appear to
be distributed uniformly over the cell. It is important to note
that when a neuron emits an action potiential, it becomes
temporarily incapable of integrating further input signals. For
a brief period of time, Ain the order of one, or two milliseconds,
the neuron does not respond to any stimulus {the absolute
refractory period) and for several milliseconds thereafter its
relative threshold (i.e. the total amount of excitation required
to trigger an action potential) is higher than usual (the relative
refractory period). The relative refractory period is not fixed.
The absolute refractory period is essentially of fixed length.
Sequence of neuron firings, referred to as spike trains, arise
either from so-called spontaneous activity or as responses to
stimuli. A stimulus which effects the firing of the neuron
results in a spike train that is either a mixture or an
interaction of the two. When stimuli reach the neuron at high
rates the contribution of the spontanecous activity typically

becomes small.

2.3. BASIC ANATOMICAL AND FUNCTIONAL FEATURES OF MUSCLES

Skeletal muscle is the ultimate effector mechanism of all
our mechanical activities. They are unilateral force generator
which act across joints and function either as prime movers,

synergist, or antagonists.

Skeletad muscle is made up of individual muscle fibres,

each a single, multinucleated cell which is cylindrical in



shape. The muscle fibres are made up of fibrils, and the fibrils
are divisible into individual filaments (Figure 2.2). The
filaments are made up of a series of segments called sarcomeres,
which are the basic contractile elements of skeletal muscle.

The sarcomere includes myosin and actin filaments which slide
relative to each other during shortening as illustrated in
Figure 2.3." The basic element for modification of skeleton
muscle tension or length is the motor unit. (Figure 2.4). This
consists of a single motor neuron in the spinal cord, the

axon through which it transmits impulses to the periphery, and
all muscle fibres to which the axon is connected. As the motor
axon reaches the muscle it innervates, it divides into multiple
branches, or collaterals, each of which makes contact with a
single muscle fibre; conversely, each muscle fibre is activated
by only one input axon. The region at which the axon makes
contact with the muscle fibres is called the “motor end-plate”
or "neuromuscular junction”. This is a region of very small
dimensions (a few square micions)where the membranes of the

axon and the muscle come into very close contact. Upon reaching
the end-plate, a pulse travelling from the motor cell in the
cord down the axon to the muscle , triggers the release of

a minute guantity of a chemical agent, stored at the end-plate,
which diffuses across the junction to react with the muscle
fibre membrane in such a way as to initiate a comparable pulse
in the muscle. By a process that is not well understood, this
electrical pulse or sudden depolarisation sweeping across the
muscle membrane, triggers a set of energy-releasing chemical reactionsg
in the muscle protein which cause contraction or development of
tension. Thus, each unitary (pulse) event in the motor neuron
elicits a unitary mechanical response in every muscle cell it
reaches; the response is called the "muscle twitch". Like the
electrical pulse, it is all-or-none, i.e. it is basically an
invariant quantised event. FEach muscle fibre contributes its
individual twitch response to the summated over-all response of
the motor unit. A generalised tension time plot of a twitch

response can be seen in Figure2.5, but considerable differences



in its details will be manifested between different motor units.
These arise because a motor neuron does not always innervate

the same number.of muscle fibres, nor do individual muscle

fibres necessarily generate twitches with the same amplitude or
time course. Indeed, it is this variability in the size of the
motor unit and the details of its unitary events that contribute

to the richness and complexity of neuromuscular control.  If a
sequence of impulses reaches the muscle fibre each impulse will
trigger a twitch response, and if the impulses are close enough
together in time a summation of tensionswill result. As can be

seen from Figure 2.5 the total tension developed will depend on

the timing or frequency of the arriving‘nerve impulses, their time
span, and the temporal 4@racteristics of the muscle twitch.

When the nerve impulse frequency is high enough, however, a saturation
effect develops and the individual twitch response firesintc

a continuous maximum tension. This condition is called "tetanus",
the neuron frequency necessary to produce this (the "tetanic fusion
frequency”) will of course depend on the twitch time of the muscle,
which, as already pointed out, is variable from unit to unit. A
few general statements on the organisation of neuromuscular elements
should be made. First it is important to note that all the muscle
fibres in a motor unit lie within the same Parent muscle, i.ec. they
are not distributed between various muscle. There may be anywhere
from about 10 - 10.000 fibres in a unit and from rather few to
several million units within a muscle. The fibres in a muscle

are organised into a hierarchy of bundle called "fascicles" and

these in turn are bound together to form the total muscie.

2.3.1. PARAMETERS OF CONTROL FFOR MOTOR UNITS

There are several motor system parameters which are relevant
to the control of muscle tension at the peripheral level of the
motor unit. The first important parameter is the size of the
motor unit itself, i.e., the mumber of muscle fibres innervated
by a single motor neuron. There is a large variation in the size
of motor units sometimes referred to as the "innervation ratio".

For a large and powerful muscle such as the gastrocnemius



as many as several thousand muscle fibres are directly innervaﬁed

by a single neuron in the lumber region of the cord; at the other

extreme, a motor cell in the oculo-motor nucleus in the brain stem
may control as few as ten muscle fibres which serve to rotate

the eyeball.

A second obvious parameter is the total number of fibres
available in the entire muscle. Again, a powerful muscle such
as the gastrocnemius, as would be expected, has a very, large
number (An the order of a million), while the smallest muscle
the tensor tympany has only about 10000 fibres. Taken together,
the innervation ratio and the total number of muscle fibres
enables us to compute the total motor neuron pool size (i.e.
the number of motor neurons for each muscle). Assuming that all
muscle fibres of comparable diameter have the capacity of
generating the same amount of tension, it follows that the
size of the motor unit determines the mininum quantum of
tension or force which muscle can "negotiate™ in the control of

movement.

A third factor of extreme importance in the graduation of
muscle tension is the firing frequency of the motor neuron. In
general, tension in the motor unit is a monotonically increasing
function of firing frequency. Another variable, which appears
to be intrinsic to the muscle fibre itself, is a characteristic
property known as the "twitch time" (the time fequired for a
twitch to develop and subside), it being an important phenomenon
either "fast" or "slow". Generally, the “slow" fibres are
tonically active Postural-type muscles which maintain fixed
tensions over relatively long time period. "Fast"” muscles
are those related to phasic, i.e., short term kinetic moVements.
Refractory periods and action potential durations for muscle also
tend to parallel twitch times, slow fibres having long recovery
times ahdAQgEion potentials (which is unimportant because their
longer twitch times mask their inexcitability). The duration
of the twitch will naturally influence the firing frequercy /

tension relation.
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An understanding of the significance of particular
patterns of the impulse activity generated by motor reurons in
the spinal cord depends on an understanding of the electromechanical
properties of the muscle cells to which these impulses are
directed. It is often convenient in studying the physiological
properties of muscle to restrict attention to two extreme
modes of muscle operation, namely, those cases in which during
contraction, the over-all length of the muscle remains constant
{isometric contraction) and those in which the load on the
muscle remains constant (isotonic contraction). Many natural
movements, of course, are intermediate between these, but
some simplifications in the treatment of experimental data are
possible in these two restricted conditions. From experiments
using a combination of isometric, isotonic, and abrupt load
reduction contractions, it can be shown that muscle can be
represented by a cornbination of a series elastic component plus
a contractile component where only the latter is influenced by
motor nerve stimulation. One can further distinguish the
active from the passive properties of the contractile component

- the latter consist of the mechanical properties of muscle which
is not being stimulated, while the former are those which are
observed during stimulation, to which the passive propertics are
usually added. The total tension a muscle can exert is the
sum of the active tension and passive tension and varies with

muscle length as illustrated in Figure 2.6.

The active tension characteristics are ascribable to
sarcomere behaviour, e.g. in the fully contracted and fully
stretched states the sarcomere can generate no force, whereas,
at about resting length, the sarcomere has its greatest
force capability. . Although physical damage does not necessarily
occur in the fully stretched state, this level of stretch is not

attained under normal physiological conditions.

The passive tension curve is obtained by stretching the
pascive muscle and recording the force. Thus, in the musculoskeletal

system the force capability of a muscle is affected by the position
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of the joint(s) across which the muscles extends. In a dynamic
situation the force a muscle can exert is dependent on the
velocity of shortening, determinedﬁ&orce - velocity curves for
different levels of excitation which illustrate that, for a
constant velocity, muscle viscosity is directly proportional to
the level of activation. Thus, typical force-velocity curves

for skeletal muscle have the characteristics show in Figure 2.7
where a max indicates maximum activation and FISO is the maximum

isometric force.

2.4. MUSCLE SPINDLES AND OTHER PERIPHERAI, NEUROMUSCULAR SENSORY

ELEMENTS (MUSCLE PROPRIOCEPTORS)

An important aspect of movement control is the existence of
multiple feedback signals originating from the moving limb. The
receptors which signal the relevant information to the various
control centres under normal conditions are the low-threshoid
mechano-receptors in skin, joint, tendon and muscle. The responses
of these receptors are determined not only by the characteristics
of their sensory nerve endings, but also by the transfer functions

ci their mechanical structures.
The receptors of interest are:

{(a) Muscle Spindles These are probably the most

important sensory organs for the control of
movement and muscular activity. The muscle
spindle is a complicated receptor organ whose

function will be described later.

(b) Golgi Tendon Organ sensitive to muscle force.

(c) Joint Capsule Receptors There is evidence that these

are the receptors which signal actual joint angle

and in contrast to the two previous organs, their
signals reach consciousness. Although joint receptors
may be involved in some reflex activity, little is
known about their actions besides their importance

for the position sense.
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{(d) Touch and Pressure Receptors located in skin and

muscles. These include free nerve endings and various

specialised structures like Pacinian corpuscles.

2.4.1. MUSCLE SPINDLES

Muscle spindles constitute the most important and most
numerous sensory organs of vertebrate muscle. There may be,
typically, from 50 to 100 such organs in a single mammalian
muscle and each may have a quite complex organisation in terms of
its motor and sensory innervation. A spindle has a length of
several millimeters and is known to consist of several distinct
and specialised regions. Within the fluid-filled capsule enclosing
the organ are two distinct types of special muscle fibres, the
thicker bag fibres, in which there is an enlarged nuclear region,
and the thinner, simpler, but more numerous, chain fibres. A
highly simplified diagrammatic view of a nuscle spindle is shown
in Figure 2.8. This shows the central axis of the spindle which
consists of a globular nuclear bag region connected to either pole
of the spindle by means of a pair of nuclear bag fibres which
are themselves typical striated muscle fibres. These nuclear bag
fibres are known as "intrafusal fibres", and do not contribute
significantly to the development of tension in the muscle. Rather
they appear to be motor fibresrelated solely to control within
the spindle itself. Chain fibres lack the nuclear bag region.
They have smaller diameters and are connected in series and in
parallel with the nuclear bag fibres. All spindles have at
least one nuclear bag fibre, but may not have any chain fibres.
The motor nerve supplying the intrafusal fibres have their cell
bodies situated in the spinal cord. Their axons have a diameter
somewhat smaller than that of the axons of the nerve supply to
the extrafusal muscle fibres. To distinguish these two classes
of motor cells, axons, and muscle fibres, the terms "gamma"
(referring to the spindle motor system) and "alpha" (referring

to the main muscle motor system) are used.

Two distinctly different sensory fibres arise from the

muscle spindle; the larger of these, the primary ending (also
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referred to as the "annulospiral ending” or type Ia afferent)
apparently can have multiple origins in the spindle, i.e. can
have its endings imbedded in both the nuclear region of the bag
fibre and the chain fibres. FEach spindle usually has a single
primary ending, and this afferent innervates but a single
spindle. The secondary endings (also called "flower-spray" or
type II afferents) arise from the nuclear chain fibres, with
occasional branches to the bag fibres, but these never terminate
at the bag region. Secondary fibres may be traced back to
more than one spindle. The axons arising from secondary endings
are smaller in diameter than those from primary endings. With
regard to the motor innervation of the intrafusal fibres,
considerable disagreement exists with regard to their anatomical
distribution. It is agreed that two types of small dianmeters
"gamma" fibres contribute to the motor innervation as well as

a larger size fibre of the "péta” class. The Beta fibres and
one group of gamma fibres terminate in "plate” type endings,

the other gamma fibres terminate in "trail” type endings. The
actual distribution of these endings over nuclear bag and |
nuclear chain fibre is controversial. However, agreement has
been reached about their funccional significance. The gamma
plate fibres and beta fibres are believed to be associated

with the control of the "static” response of spindle primary

and secondary endings, the trail endings with the control at

the "dynamic” response, acting almost exclusively on the primary

endings.

The sensory fibres leaving the muscle spindle enter the
spinal cord and form direct synaptic connections with the motor
neurons supplying the muscee in which the spindle is inbedded.

The nature of this monosynaptic coupling is such that increases
in spindle firing frequency, generate increases, in the
corresponding motor neuron firing frequency, and hence produce
increasing motor unit contractile forces or resistance to stretch.
The spindle axon also makes more complex connections which
effectively inhibit the antagonist pool of motor neurons. This

reveals the underlying importance of the spindle/motor neuron
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feedback loop in stabilising the length of the muscle. Influences
tending, for example, to increase the length of the muscle, such
as sudden increases in load, augment spindle activity which
reflexively generates motor command signals tending to resist

changes in length.

2.4.2. GOLGI TENDON ORGANS

Uniike the muscle spindle which is connected parallel with
the muscle fibres and responde to muscle length, the Golgi Tendon
Organ is connected in series with the muscle and respond to
tension. It is located in the tendinous insertion of the muscle.
As yet there is no clear—-cut evidence that the afferents arising
from these receptors form distinct classes: therefore, we
can consider only one single class of afferent fibres, the type
Ib axons. Although the threshold of response of this sensory
organ is indeed high to passive muscle stretch, under conditions
of active muscle contraction, activation of a single-muscle
fibre is sufficient to‘elicit tendon organ response. An individual
tendon organ is connected in series with about five to twenty-five
fibres from several different motor unite . These in turn are
connected in parallel with the cther extrafusal fibres of the
muscle that are joining at the insertion. There is no voluntary
control of the tendon organ that is the equivalent of the

spindle’'s fusimotor system.

The physiological role of the Golgi tendon organ is still
not clear. Between them, the spindle and the tendon organs generate
a continuous stream of length and tension information to the

spinal cord and higher centres.

2.5 GENERAL FEATURES OF THE SPINAL CORD ORGANISATION

The central nervous system consists of the brain and the
spinal cord which is attached to it in the region of the medulla.
The spinal cord, throughout its length, is surrounded by the
bony vertebral column a union of separate bones which effectively

define a sequence of spinal cord segments. At the side of each
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vertebrae there are two openings through which all the sensory
nerves enter and all the motor nerves leave that section of

the cord. A cross section through the cord shows the internal
pattern to consist of butterfly shaped grey matter surrounded

by white matter. In the dorsal horn of the grey matter are

cells primarily concerned with or under the domination of sensory
input pathways from the dorsal root fibres. (The cell bodies of

all incoming sensory axons are actually outside the CNS, strung
along the vertebraein swellings, or ganglia, at each spinal level).
From some of these cells arise axons which pass into the white
matter, ;bregating to form pathways connecting local spinal

regions (propriospinal pathways)or pathways relaying information

to higher cenfres. At more intermediate regions of the grey matter
are located interneurons, cells lying in the integrative pathways
between sehsory input and motor output. They may receive input
from the periphery (for example, from skin receptors, joint
position receptors, or muscle receptors), as well as from the
sensory centres in the midbrain (e.g. the vestibular system),

the higher integrative centres (e.g. the cerebellum) or the cerebral
cortex. In addition to propriospinal pathways located in the
whitekmatter, a number of very important long pathways, both
ascending and descending occupy standard locations in the cord.

They are the "dorsal column” pathways which carry touch, pressure,
and joint position information to cortical levels; the "spinocerebellar"
pathways which carry a variety of proprioceptive information
(including that from spindles) to the cortex of the cerebellum;

and the "spinothalamic” pathways which carxry touch, pressure,

pain, and temperature information to the midbrain, the thalamus,

and, ultimately, the cerebral cortex.

There are a considerable number of descending pathways whose
functions are not clearly understood. The most important of these
are the "vestibulospinal” path through which, apparently, spinal
motor systems are enabled to compensate for motions of the body
in space; the "cerebellospinal” path which therefore provide
a closed spinocerebellar loop; the "subrospinal” paths from the red

nucleus in the midbrain, an area implicated in the control of
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CHAPTER 3

THE UPPER~EXTREMITY SYSTEM

3.1. INTRODUCTION

Man is a biped mammal whose upper limbs differ from
his lower limbs in that they are adapted to mobility and
prehension rather than stability and locomotion. The skeletal
and neuromuscular structures of shoulder, arm, forearm, and hand

constitute the upper extremity.

Clearly, this is a biological system of such complexity
that, if it wereto be considered from all possible points of view,
volumes would be required to describe its anatomy, physiology,
and manifold performances. However, anatomical, pPhysiological
and performance data have been selected only where they are
pertinent for the present work. Most of the material reported
“in this Chapter has been summarised from WELLS {19711 and
TAYLOR [1968].

3.2. 'THE SEGMENT, ANGLES, AND AXES OF THE UPPER- EXTREMITY SYSTEM

It is important at the outset to define carefully the
principal component motions of the upper-extremity system.
The motion of each part upon its proximal joint may be described

with respect to the principal planes which intersect at the joint.

Figure 3.1 shows the standard position and body reference
planes: frontal, sagittal and horizontal. In this standard
position, the trunk is erect, the arms hang with their axes
vertical, the elbows flexed to 90 degrees and the wrist planes

are vertical to assume the "shake-handg" position.

Table 3.1 lists the bones, angles, and axes of the system
with chef reference to this standard position, although it

is evident that, as the parts move, their reference axes should
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be shifted so that the angular motions made by each segment

are properly referred to the new position of the joint with

which the segment articulates. The angular movements are

further displayed in Figure 3.2. The shoulder~on—chest, arm-on-
shoulder, and hand-on-wrist actions take place through two angles,

as if these articulations were moving about a universal joint.

3.3. THE FUNCTIONAL ANATOMY'OF THE SHOULDER AND ARM

3.3.1. THE SHOULDER AND ARM BONES

The shoulder is articulated with the thorax anteriorly
by the clavicle, which forms the sternoclavicular and costoclavicular
‘joints with the breastbone and with the first rib. These are
the only direct skeletal attach ments of the shoulder, and
therefore of the arm, to the torso. The clavicle then extends
laterally and, passing superior and posterior to the coracoid
process, articulates with the acromion of the scapula to form
acromioclavicular joint. The body of the scapula hange in a
uscular suspension on the postero-lateral aspect of the torso
and, in addition, receives lateral support from the clavicle
at the acromioclavicular joint. The body of the scapula is flat,
and triangular with two lateral projections, the acromion and
the coracoid process which are important attachments points
for muscles and ligaments. fThe humerus, with its rounded
proximal headlarticulating in the glenoid cavity of the scapula,

complete the shoulder-arm complex.

Both the shoulder and arm may, to a first approximation,
be considered as linked segments, each having a two—angle motion

field about its proximal articulation.

3.3.2. THE SHOULDER-ARM MUSCULATURE

The muscular anatomy of the shoulder arm system is highly
complex, and a considerable degree of simplification is necessary
to gain an elementary understanding of the basic actions of the

muscles as well as of their interactions in the various phases
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of motion. For clarification, the schematic view of Figure 3.3.

show the skeletal members and principal muscle groups. 'The

muscles can be divided into three groups: those joining scapula to thorax,
those joining arm to scapuia, and those running from arm to thorax. The
. neuromuscular organisation is capable, within the limits set by the
musculoskeletal mechanism, of performing shoulder motions alone,

arm motion alone or co-ordinated motions of both. The last

is the normal mode.

3.3.3. THE SHOULDER JOINT (GLENOHUMERAL ARTICULATION)

3.3.3.1. STRUCTURE

~The shoulder joint is formed by the articulation of the
spherical head of the humerus with the small, shallow, somewhat
pear-shaped glenoid fossa of the scapula (Figure 3.4). It
is a ball-and-socket joint. The structure of the joint and
looseness of the»capsule {permitting bétween 2.5 and 5 cm. . of
separation between the two bones) account for the remarkable

mobility of the shoulder joint.

The joint is completely enveloped in a loose sleevelike
articular capsule which is attached proximally to the circumference
of the glenoid cavity, and distally to the anatomic neck of
the humerus. The capsuleis reinforced both by ligaments and
the muscle tendons. The latter are particularly important in
preserving the stability of the joint. Apparently they do not

- prevent downward dislocation however.
3.3.3.2. MOVEMEN'TS

The movements of the humerus are as follows:

Flexion and hyperflexion (Figure 3.5-1)

A forward-upward movement in a plane at right angles to
the plane of the scapula. If the movement exceed 180 degrees,

it is hyperflexion.

Extension (Figure 3.5-B)

Return movement from flexion.



Hyperextension

A backward movement in a plane at right angles to the plane

of the scapula.

Abduction (Figure 3.5-C)

A sideward upward movement in a Plane parallel with the
‘plane of the scapula (some authorities interpret this movement
as the sideward movement of the arm away from the body, thus

incldding the action of the muscle gridle).

Adduction (Figure 3.5-D)

Return movement from abduction.

Outward Rotation

A rotation of the humerus around its mechanical axis so
that, when the arm is in its normal resting position, the

interior aspect turns laterally.

Inward Rotation

A rotation of the humerus arcund its mechanical axis so
that when the arm is in its normal resting position, the interior

aspect turns medially.

Horizontal Flexion

A forward movement of the abducted humerus in a horizontal
plane (i.e. from a plane parallel to the plane of the scapula

to a plane at right angles to it).

Horizontal extension

A backward movement of the flexed humerus in a horizontal
plane (i.e. from a plane at right angles to the plane of the

scapula to a plane parallel to it).

Circumduction

A combination of flexion, abduction, extension, hyperextension

and adduction, performed sequentially in either direction so
that the extended arm describes a cone, and the finger tips a

circle.
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3.3.3.3. MUSCLES

The muscles of the shoulder joint may be classified according

to their position in relation to the joint.
Superior

Middle deltoid ~ Supraspinatus
Inferior

Latissimus dorsi-Teres major - Long head of triceps (primarily

a muscle of the elbow joint).
Anterior

Pectoralis major - Coracobrachialis — Anterior Deltoid —

Subscapularis - Biceps (primarily a muscle of the elbow joint).
Posterior
Posterior deltoid -~ Infraspinatus - Teres mionr.

Table 3.2 summarises the muscles acting at the shoulder

joint.

3.3.4. THE SHOULDER GIRDLE (ACROMIOCLAVICULAR AND STERNOCLAVICULAR
ARTICULATIONS

3.3.4.1. STRUCTURE OF ACROMIOCLAVICULAR ARTICULATION

The articulation between the acromion process of
the scapula and the outer end of the clavicle belongs to the
diarthrodial classification, (Figure 3.6-a). Within this
group it is further classified as an irregular (arthrodial)
§oint. A small wedge-shaped disk may be found between the
upper part of the joint surfaces, but this is frequently

absent.

The articular capsule is strengthened above by the acromio-
clavicular ligament, and behind by the aponeurosis of the trapezius
and deltoid muscles. The clavicle is further stabilised by
means of the coracoclavicular ligament, which, as the name suggests,

binds the clavicle to the coracoid process.
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3.3.4.2. STRUCTURE OF STERNOCLARICULAR ARTICULATION

The sternal end of the clavicle articulates with both
the sternum and the cartilage of the first rib. It is classified
as a double arthrodial joint because there are two joint
cavities, one one either side of the articular disk. (Figure
3.6-b) This round flat disk of white fibrocartilage is attached
above to the upper and posterior border of the articular surface
of the clavicle, and below to the cartilage of the first rib
near its junction with the sternum. The movements of the clavicle
at this joint are as follows: elevation and depression which
occur approximately in the frontal plane about a sagittal - horizontal
axis; horizontal forward - backward movements which occur in the
horizontal plane about a vertical axis; and rotation forward and
backward, very limited moveménts which occur approximately in
the sagittal plane about the bone's own longitudinal axis. (In
forward rotation the top of the clavicle revolves forward — downward) .
The sternoclavicular articulation is of great importance in
the movements of the shoulder girdle and of the arm as a whole.
It permits limited motion of the clavicle in all three planes
and because of the bone’'s attachment to the scapula at its distal

end, is partially responsible for the latter's movements.
3.3.4.3. MOVEMENTS

It is customary to define the movements of the shoulder
girdle in terms of the movements of the scapulae. It is well
to emphasise the fact that every movement of the scapula involves
motion in both joints. The movements of the shoulder girdle,
expressed in terms of the composite movements of the scapula,

are as follows:

Elevation (Figure 3.7-A)

An upward movement of the scapula with the vertical border

remaining approximately parallel to the spinal column.



Depression

The return from the position of elevation. There is no

depression below the normal resting position.

Abduction or Protraction (Figure 3.7-B)

A lateral movement of the scapula away from the spinal
column, with the vertebral border remaining approximately

parallel to it.

Adduction or Retraction

A medial movement of the scapula toward the spinal column

combined with a reduction of lateral tilt.

Upward Tilt (Figure 3.7-C)

A turning of the scapula on its frontal - horizontal axis
so that the posterior surface faces slightly upward and the

inferior angle protrudes from the back.

Reduction of Upward Tilt

The return movement from upwrd tilt.

Upward Rotation (Figure 3.7-D)

A rotation of the scapula in the frontal plane so that

the glenoid fossa faces somewhat upward.

Downward Rotation

The return from the position of upward rotation.
3.3.4.4. MUSCLES

The muscles of the shoulder girdle are classified as
anterior or posterior muscles, according to their location

on the trunk:

30.
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Anterior

Subclavius - Pectoralis minor - Serratus anterior.
Posterior

Levator scapulae ~ Trapezius -~ Rhomboids.

Table 3.3 summarises the muscles acting on the shoulder

girdle.

3.3.5. MOVEMENTS OF THE ARM ON THE TRUNK

The movements of the arm on the trunk do not take place at
the shoulder joint alone, but they involve movement of the
shoulder girdle at both the acromioclavicular and sternoclavicular
joints. In order to analyse correctly the movements of the upper
extremity, it is necessary to understand the co-operative action
of the shoulder joint and shoulder girdle. The fundamental
movements of the arm, analysed in terms of shoulder joint

and shoulder girdle action, are stated below:

Sideward Elevation

Shoulder joint: abduction of the humerus; outward rotation
if the palms are turned to face each other in the overhead
position.

Shoulder girdle: upward rotation and slight elevation

of the scapula, particularly after arm basses above the horizontal.

Sideward Depression

S.J.: Adduction of the humerus, reduction of outward
rotation.

S.9.: Downward rotation of the scapula.

Forward elevation

S.J.: Flexion of the humerus; slight outward rotation;

abduction if scapula is laterally tilted (in which



32.

case glenoid fossa will be facing partly forward).
S.g.: Slight upward rotation of the scapula; abduction and

lateral tilt, unless inhibited.

Forward - Upward elevation

(From the horizontal to the vertical and beyond)

S.j.: Flexion and possibly hyperflection of the humerus;
slight outward rotation.
S.g.: Upward rotation and some elevation of the scapula;

reduction of abduction and lateral tilt.

Forward - Downward depression

(From the vertical to the starting position)

S.j.: Extension of the humerus; adduction; reduction of
outward rotation. |

S5.g.: Downward rotation of the scapula; passes through
position of abduction and lateral tilt, unless

prevented by strong action of the scapular adductors

Backward elevation

S.j.: Hyperextension of the humerus
S.g.: Upward tilt of the scapula; elevation if movenment

is carried to extreme.

Outward rotation

$.3.: Outward rotation of the humerus; tendency toward
hyperextension.
8.g.: Adduction of the scapula; reduction of any lateral

tilt which may have been present.

Inward rotation

S.j.: Inward rotation of the scapula
S.¢.: Abduction and lateral tilt of the scapula; tendency

toward elevation.
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Horizontal forward - Swing from position of sideward elevation

S.j.: Horizontal flexion of the humerus; slight inward

rotation.

S.g.: Abduction and lateral tilt of the scapula; unless
inhibited.

Horizontal sideward - Backward swing from positon of forward elevation

S.j.: Horizontal extension of the humerus; slight ocutward
rotation. ,
S.g.: Adduction and reduction of lateral tilt of the

scapula.
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TABLE 3.2 3.

MUSCLES ACTING AT THE SHOULDER JO

X Definitely active in the movement
O An assistant or emergency muscle

? Action uncertain in the movement.

MUSCLES UPPER ARM

AND ROTATION ROTATION HORIZONTAL HORIZONTAL

LOCATIONS FLEXION | EXTENSION HYPEREXTENSION ABDUCTION ADDUCTION OUTWARD TNWARD FLEXTON EXTENSION

SUPERIOR

Middle deltoid X X

Supraspinatus X ?
INFERIOR

Latissimus dorsi X X X X

Teres major X X X X X
ANTERIOR

Anterior deltoid
Upper X ? X X

Lower [o]

Pectoralis major

Upper or clavicular X X X
Lower or sternal X 4 X X
Coracobrachialis o} o} 0 X
Subscapularis X X
POSTERIOR

Posterior deltoid X o X X
(Lower fibres)

Infraspinatus X X
Teres minor X X

PRIMARY ACTIONS AT
OTHER JOINTS

Biceps brachii [¢] o] o

Triceps brachii
(Long head) ° Y 0
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CHAPTER FOUR

FPEEDBACK CONTROL OF

SKELETAL MUSCLE: A REVIEW

4.1. INTRODUCTION

It is well known that the human nervous system represents a very
complicated and sophisticated feedback system. Such a control system
in the human body participates in a variety of functions such as
regulation of body temperature, sugar level in the blood, carbon

dioxide in the tissues, etc.

The neuromuscular control system comprises many reflexes and
reflex pathways, and this system is not only used for maintaining
posture. In prﬁéiple the same system with its neural reflex pathways
is used when different types of movements are performed. A reflex in
the control system of posture or movement implies that a signal carrying
information concerning a part of the muscular-skeletal system is fed
back to a control centre. This information is then used in regulating
the activity. The neuromuscular system comprises a complex hierarchy
of feedback control mechanisms and may be likened to an extensive,
multiloop servo system. Motor control is one of the most important
functions of the central nervous system, One of the basic difficulties
handicapping all research on the motor system, is the lack of unifying
theory of motor function. With good reason it has‘been felt that the
available information is too fragmentary for the formulation of any

overall theory and most investigation proceeds without it.

In étudies on spinal reflexes, for example, muscles, receptors
and neurons are usually treated as though they were isolated elements
with little regard for their roles in coherent reflex systems. This
is somewhat like studying a finger without‘being aware that it is part
of the hand. A comprehensive approach relating all studies on motor

function is needed, but is still far from feasible.

The discipline of control theory offers an approach which is
suited to these problems and it offers some advantages in the study of -

motor functions. Motor control in man is r%}ized by a complex set. of



45.

neural structures. The course of evolution has created a hierarchy of
these structures, each contributing certain characteristics and
capabilities to the motor system, but none of which can be designated

as sole source or organizer of any specific motor function.

4.2, STRETCH REFLEX SYSTEM AND SERVOMECHANISM HYPOTHESIS OF

NEUROMUSCULAR CONTROL

There is little question that feedback plays a dominant role in
the muscular control of posture and movement, even though many details
are still unknown. One of the most important feedback loops is the
stretch reflex, also termed myotatic reflex, which produces a muscular
force in opposition to a lengthening of a muscle. The stretch reflex
is involved in the regulation of posture as well as in the control and,

in all likelihood, the initiation of movements.

The anatomical components of this reflex and its mechanism have

been briefly reviewed in Chapter 2.

Figure 4.1 shows a simplified schematic diagram of the stretch
reflex system. The components are interconnected by afferent axons
from spindle receptors which form, in the spinal cord, excitatory
connections with agonist motor neurons =»nd inhibitory connections with
antagonist motoneurons, and by efferent axons of motor neurons which

innervate the muscle.

That this interconnection of physiological components can be
recognized as a feedback control system is apparent from the block
diagram of Figure 4.2 which shows some of the peripheral components

of the motor systemn.

The alpha motoneuron (o) summates signals that originate
centrally (A). and peripherally (only I, afferents shown) and activates
the muscle. The force Fy generated by the muscle, plus external forces,
act on a mechanical load (which includes the intrinsic viscosity,
elasticity; and in ertia of the muscle itself) and movement occurs as
governed by the basic laws of physics. Length changes of the muscle

(x) are sensed by the muscle spindle and transmitted back to the alpha
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motoneuron to restore the muscle to its previous length. The set point
of the spindle error detector, as well as the dynamic behaviour of the
spindle, are under control by the dynamic and static fusimotor system
(). The stretch reflex is looked upon as a powerful servo, auto-
matically holding the muscle at the particular length "demanded" by the
fusimotor discharge, and thus unaffected by any disturbances produced

by variations in the loading of the muscle or in its strength.

A servomechanism may be defined as any automatic control mechanism
which is actuated by an error signal occurring in a closed-loop control

cycle and which possesses power amplification.

The stretch reflex, being independent of the cortex, is clearly
automatic and its "power amplification” is provided by the contraction

of the muscle.

The closed-loop control cycle may be identified as being: tension
on muscle, stretch of muscle, excitation of spindle endings, excitation
of the a motoneuvrons of the same muscle, contraction of muscle, increase
in muscle tension. This is a negative feedback loop, for the increase
in tension in the muscle on its contraction opposes the applied tension,
and so tends to maintain the length of the muscle constant in spite of
the disturbance. Equally, the muscle tends to maintain the same length
when the load on it is reduced, Therefore, *he length control system
functions as an automatic regulator which quickly compensates for
disturbances. Another manifestation of the system is its ability to

execute any changes in length dictated by the control signal.

Higher centres in the nervous system have only to initiate a new
control signal and then may go on to other tasks, knowing that the
length control system will automatically move the arm (the load) to the
desired position. Furthermore, if any disturbances should occur, the

control system would also automatically regulate against them.

A further basic premise of the servo hypothesis is that the stretch
reflex is sufficiently powerful (i.e. sufficiently stiff, has enough
gain) to ensure that the shortening commanded by the Y bias occurs
irrespective of the value of any load and the variation of the strength

of extrafusal fibres with their length; the servo will then produce the
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appropriate increase in o motor discharge required to compensate

entirely for such things.

If a movement were to be produced solely by the a route, then
the command signal to the a motoneurons from the higher centres would
of itself have to take account of these factors, whereas a command
issued via the o route does not. Thus the use of the Y route of
excitation would save the higher centres a certain amount of effort.
The circumstances under which use is made of one route or the other,
or (as seems more likely) various mixtures of the two, are not known,
although, for example, it is probable that posture would mainly
employ the a route, and that rapid movements with minimum reaction
time go through the a route. If there is truth in these suppositions,
it is clear that some mechanism must exist to adjust activity quickly
between one route and the other, and to vary the proportions of the
two routes in use. Granit speculates that, in ordinary life, both
pathways, direct and servo, are employed together (Y-a linkage),
perhaps with the proportions of the two in use varying according to
circumstances. Matthews forcefully urges contractions controlled
by such a watered~down follow-up servo, are properly referred to as

"servo-assisted".

We may conclude that the central nervous system is offered two
pathways through which neural commands may be transmitted to the
lehgth control system, one by way of the alpha motor neurons and
the other by way of the gamma motor neurons. Both pathways act
through the length control system and therefore enjoy the advantages
of feedback which has already been emphasized; however, each also
has subtle advantages of its own. The alpha route to muscle is
faster. Alpha commands encounter only‘a brief delay between
motor neuron and muscle. Gamma commands are additionally delayed
due to transmission in slowly conducting gamma efferents and in
afferent fibres from spindle to alpha motor neuron. On the other
hand, inputs via the gamma route have the advantage of causing mus-
cle shortening without a steady-state change in the output of the
spindle, whereas large inputs via the alpha route may drive the

spindle below threshold or into saturation, thus hindering reflex
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regulation against disturbances. One might speculate that alpha
inputs are employed where speed is essential and gamma inputs are
employed for smooth, continuous control. However, we must await
further experimental evidence to elaborate the full possibilities

of these two modes of control.

4.3. OTHER FEEDBACK SYSTEMS

In addition to the reflexes seen before, other spinal reflexes
are involved in the task of combining the motions of individual
joints into purposeful movements of the whole limb, or even the
whole body. Balance, for example, is maintained by associated

reflexes.

Two categories of proprioceptive feedback are specifically
designed. Peripheral feedback includes signals from spindle
receptors and tendon organs originating in the primary muscle
system as well as others which, through mechanical linkage, are
coupled to movement at the primary joint. This feedback operates
with short latency and is apparently "continuous" in nature.
Central feedback includes signal from joint and visual receptors
specifically, but one may also consider those cutaneous siguals
which are involved in the more automatic decisions affecting
voluntary control. Experiments with human operators sﬁggest that
this feedback is "discontinuous”. Muscular control is, therefore,
managed by a hierarchy of feedback control systems built one upon
another. Every one of the levels occurring in this hierarchical
organization is a set composed of material things, each of which is

characterized by peculiar properties dictated bth[ndmmbx laws.

At the bottom of the hierarchy are the positional control
systems, which must serve as the final common mechanism of control
for all joints and muscles which participate in the control of
movement. Complex movements require the action of many types of
feedback. The Golgi tendon organ responds to an increase in
tension rather than length. The tendon organ in the muscle pro-
vides the necessary fredback by sending to the motor neurons a
signal propertional to the actual tension being produced in the

muscle. If this tension is not the value specified by the control
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signal, then the discrepancy is détected by motor neurons which
generate an error signal which modifies muscle tension so as to
reduce this error. If the length of the muscle or its velocity
should change, or should fatigue set in, the tension feedback

mechanism will automatically compensate for these disturbances.

Feedback from receptors in the skin of the moving-parts is
required for exploratory behaviour and grasping. Maintenance
of upright posture and balance requires vestibular feedback which
contributes to postural stability and assists in updating spatial
awareness. The vestibular system also operates an eye tracking
system so that visual contact is maintained despite head movement.
If posture becomes unstable, this sytem will take over all motor
functions until posture is restored and, under those conditions, the

vestibular apparatus is at the head of hierarchy.

'A.large part of the all voluntary motor activity is guided by
visual feedback, the basic role of which is clearly to provide a
measure of the error between the actual and the desired position of
a limb, It may aléo provide a measure of the rate at which the
error is being reduced and sé improve the dynamic performance of
the task by enabling corrective action to be initiated earlier when

the rate of change of error is great.

The manner in which all of the various control mechanisms are
co-ordinated, with proper regard for their priority in different
situations and for the sequence and timing of movements, is not

fully understood.

Figure 4.3 summarizes the higher centres and their inter-
communication paths. It is not a straightforward hierarchical
system of controls stacked one upon another, neither are the
elements equally interconnected as in a net. Most important is
the motor cortex, which can initiate movements and has direct access
to the motoneurcnes and cord mechanisms though the cortico-spinal or
pyramidal track. This pathway is of particular importance for fine
and discrete movements. All other motor signals to the spinal cord
originate from cells in the reticular formation, which receives
dominant transmissions from the cerebellum, the vestibular

apparatus and the cerebral motor cortex.
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The subcortical structures, the thalamus and the basal
ganglia, can influence the reticular formation, but their major
transmissions are upwards to the cortex. The cerebellum, which
receives signals from all of the known feedback systems, unguest-
ionably plays a major role in co-ordination. It is reciprocally
linked with both sensory motor cortex and positional control sys-

tems and may be regarded as a feedback centre common to both.

It is generally believed that in some way the cerebellum
functions as a type of computer that is particularly concerned with

the smooth and effective control of movement.

It is assumed that in the cerebellum there is integration and
organization of the information flowing into it along the various
neural pathways and that the consequent cerebellar output either
goes down the spinal cord to the motoneurones, and so participates
directly in the control of movement, or else is returned to the
basal ganglia and to the cerebral cortex, there to modify the

control of movement from the higher centres.

The cerebellum receives muscle length and tension information
directly through very fast conducting pathways, and the circuitry
of the cerebellum seems designed to produce an output immediately.
Impulses can reach the cerebellum, be processed and transmitted
back to the spinal cord in the time it takes for a motoneurone to

discharge and for the muscle fibres to twitch.

The cerebellum is important for the correct timing of move-

ments. Its precise function, however, has not been defined yet.
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CHAPTER FIVE

DESIGN OF A VIBRATING PLATFORM AND

ITS CONTROL SYSTEM

5.1. INTROCDUCTION

The main apparatus used in the experimental work described in
the thesis is a pneumatically actuated platform capable of vertical
movement, (Figure 5.1). A special purpose device was constructed
because of the low range of frequencies needed with comparatively
large amplitudes which exceed the normal operating range of vibration

shakers.

" The main problem with very low frequency mechanical oscillators
is that of stick-slip motion which is caused by a combination of
friction charaéteristics and backlash in gearing and similar mechanism
Any electrical drive designed to meet the specifications would neces-
sarily employ a gear box and for this reason and because of poor
torque characteristics at low speeds in most electrical drives it
was decided to use direct mechanical actuation. A pneumatic system

was chosen rather than a hydraulic one for reasons of economy.

The pneumatic actuator consists of a large air-bag accumulator
placed under a moving platform. In this way large forces cé@d
be generated with modest variations in the air pressure. However,
since the volume of the air bag is large and considerable variations
are required, it is necessary to generate a large volumetric flow-rate
of air at normal temperatures. A centrifuga% turbo blower was
chosen to meet the flow requirement. A disadvantage of such devices
is that they are dynamic rather than flow generators and their
flow/pressure charécteristics are both time and load varying.
However since air is an inexpensive material it was possible to
design very conservatively with considerable margins in both

pressure and flow.

There are also problems of resonance due to compressibility

in pneumatic control systems and these will be briefly discussed

S.
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further on. Here the operating frequencies are so far below

any resonance that no special stability features were required.

In addition to the actuator and platform a control valve
"is required together with its actuating system and an instrumentation
system for measuring'appropriate subject variables. The individual
performance and that of the complete system are discussed in this

chapter.

5.2 THE VIBRATING PLATFORM

The vibrating platform carries a chair supporting the subject
who then undergoes displacements controlled by an independent
signal generator. A range of signal characteristics were used
but initially the design was based on values of acceleration for
'which the vestibular apparatus is known to respond. (see Appendix
5.1). This led to a design specification for the platform dynamics
as shown in Table 5.1. fThe platform was conveniently designed
as a hollow box containing the airbag accumulator. {Appendix 5.2).
The effective cross section area, S is about 0.70%. The maximum

vertical velocity is

v = A . W = 5,65 HI/%C

where: A  is the maximum displac t = =
M placement and WMAX ZWEMA ( £

maximum operating frequency).
Hence the maximum flow rate required is:

- . o 3 ~
PRyax = Wy ~ S = 3-95 m3dke = 668/

where: = flow rate max.

FRuax

v = Max vertical velocity

S = Cross section area
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This must be accomodated by the turbine and the control
valve. The other control problem which directly affects the
platform is that of resonance. It is known, Appendix 5.3, that
pneumatic servos tend to oscillate at the natural frequency of
the outpﬁt mass supported by half the volume of air between

the valve and the actuator. This is (see Appendix 5.4)

where: K = stiffness (N/m)
fo = natural frequency»
S = cross section area (mz)
P = air pressure (Kg/m?)
V = air volume (m3)
M = total mass (Kg)
Y = ratio of specific heats

Normal values for P and V give:

wo = 6.6 rad/sec
This is a rather pessimistic estimate of wo,,since
adiabatic conditions have been assumed. Even so it estimates
the resonant frequéncy below the common operating frequency. In practice
friction in the box supports is somewhat large and in free
suspension the natural oscillations of the box decay after
few cycles. This is confirmed by frequency responses measured for the

closed loop system.

5.2.1. THE PRESSURISED SUPPLY SYSTEM

The pump unit chosen (Appendix 5.5) was a centrifugal turbine
blower as shown in Figure 5.2. fhe drive is a 415 v, 0.56 KW variable
speed a.c. motor. The maximum air supply is about 9000 %/m at

1494 N/m2 pressure. It can be seen from the last section that
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even at the extreme pressure requirement (1494 N/m?) the

maximum delivered flow is greatly in excess of that required.

Thus the demands made on the pump during the test run will not
drastically affect its performance and it may therefore be regarded
as a constant pressure source. Infact under low flow conditions,
the pressure delivered by the pump was so great that it could
damage the air bag and for this reason a variac was used to
regulate the motor speed sé that the operating pressure was

kept within acceptable limits.

It was impractical to vary the flow by changing the
turbine speed continuously and so to vary the flow of air into
the bag a by-pass system using a "butterfly" valve was used.

This is described in more detail in section 5.3.

5.2.2. THE SEAT AND SUPPORT

The vertical displacement of the platform is to be transmitted
to the torso of the subject. To eliminate spurious lateral movement

it was decided to seat the subject on a rigid chair.

In addition a back support wac provided to restrain
relative latéral motion of the head. The seat could be adjusted
relative to the platforw in both vertical and horizontal planes
while the back support has three directional adjustments which
allow variations in torso position. Both the seat and the support
could be adjusted to suit the dimensions of the subject while
inhibiting unwanted lateral movements. Problems of body compliancy
were great and some experimentation was necessary to ensure both
reduction of unwanted movement and subject comfort and distraction
during prolonged tests. Eventually the design shown in

Figures 5.1 and 5.2 was evolved.

5.3. THE CONTROL SYSTEM

A schematic diagram of the complete control system is shown
in Figure 5.3. The flow of air to the airbng actuator is to

be regulated by a flow control valve. With sealed pneumatic valve
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systems operating at low velocities about the null position there

are stability problems since the valve cannot generate sufficient

flows to compensate for compression effects in the actuator. Stability
can be achieved by allowing leakage through.the valve although

this can result in loss of up to 1/3 of the total energy from

the source. Here loss of power or fluid is not a‘problem

and so a by-pass system has been used with the valve modulating

the leakage to atmosphere, see Figure 5.4. 1In this way there are

small fluctuations in pressure about a fixed value which balances

the weight of the platform.

The butterfly valve was constructed largely empirically since
there was little available literature on flow-pressure characteristics
for such devices with air as the operating medium. A diameter
was chosen so that full closure produced air flow variations
consistent with the required maximum platform velocities. In view of
the large capacity of the bag it was considered best to aim at
bang-bang control of the butterfly valve, see Figures 5.4 - 5.5.
Accordingly a subsidiary feedback loop was provided to control the
small D.C. motor driving the valve. Angular displacement of the valve
is sensed by a potentiometer and the gain of the loop was adjusted
to give a maximum closing time of 100 m sec. The time constant
of this loop is negligibly small when considering the response of

the overall system.

Position feedback from the platform was obtained from a
12.5 cm linear potentiometer attached to one side of the platform, see
Figure 5.6. This potentiometer had a sensitivity of 0.5% which
therefore matched the design specification. Input signals were
obtained from a signal generator and compared with the feedback
signal in an operational amplifier. However, the main problems
in such systems were avoided by providing an excessive power

margin in the pneumatic power drive.

Because of the bang-bang control loop around the main
valve, and the integrating properties of this valve, spurious inputs
of power interruptions would cause drift in the platform displacement.
Since the platform travel is limited, a "soft" constraint was provided to

prevent damage.
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This safeguard consisted of a switch which caused the valve

to open fully thus venting the supply to atmosphere and
returning the platform to its neutral position. During
start-up, also, care had to be taken to gradually increase

the pressure in the bag to avoid damage. Figure 5.7 shows the

circuits of the complete control system.

5.4. MEASURED RESPONSE

A feature of the system is that‘the demanded platform
displacements can easily be selected and varied by appropriate choice
of an electrical signal. Both sinusoidal and random signals were
used in the experimental program. The latter signals were
first-order Markov signals of break-frequencies up to 10 Hz, but
predomnantly lower than this value. RMS amplitude variations of

8 cm were selected.

Frequency response tests on the system showed its response
to be flat within the operating range of frequencies. Similarly
transient response characteristics, Figure 5.8, show well-damped
characteristics with a rise time of 4.l sec. and nearly no

oscillations.

Only few adjustments, e.g. to loop gain, were necessary
to bring about a completely satisfactory performance. Table 5.2
shows values of platform displacements and accelerations for
sinusoidal iaputs of different amplitude and frequency. Figures
5.9 and 5.10 show input and output waveforms obtained from pen
recorders. Figure 5.11 compares platform displacement and
acceleration. It can be seen that there is little harmonic
distortion. The system behaves in a linear fashion on open-loop

operation over the test range 0.1 - 9 Hz.

Table 5.3 compares the rms input and platform displacement fox
random signals of different amplitude and cut-off fredquencies.
The random generator used was a Solartron Random Signal Generator
Mod. RO 1227. To produce a smooth continuous output from

the generator a suitable low pass filter was designed, see
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CHAPTER 5
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TABLE 5.1

DESIGN SPECIFICATIONS FOR THE PLATFORM

DYNAMICS
OPERATING FREQUENCY (f) 0.001 - 9 Hz
Af
FREQUENCY SENSITIVITY jE- 5%
AMPLITUDE RANGE (a) O - 10 cm
AA
AMPLITUDE SENSITIVITY -57 1%
ACCELERATION RANGE (|a |) 0.0001 - 0.25 g
Ac
ACCELERATION SENSITIVITY 7;' 5%
MAXIMUM TOTAL MASS (M) 100 kg
MAXIMUM VERTICAL FORCE»(:MAX) 1250 N

MAXIMUM VARIATION IN
VERTICAL FORCE (AFppy) 500 N
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TABLE 5.3

Displacement of the platform for
different frequencies and amplitudes
of the input reference signal
(Random gignals).

AMPLITUDE MaX
FREQUENCY REFERENCE DISPLACEMENT
c/s S%%.I\PI'%A%') PLAEI‘E/;ORM
1 0.5 1
1 2.5
2 4
4 6.5
6 6
8 5.8
3.2 0.5 1.2
1 2.2
2 4
4 6.2
© <)
8 5.8
10 0.5 1
1 1.8
2 3.3
4 5.8
6 6
8 6.5

65.



CHAPTER 5

LIST OF FIGURES

5.1. Overall view of the apparatus designed

5.2. Overall view of the platform and the centrifugal blower
5.3. Schematic diagram of the pneumatic platform control system
5.4. Pneumatic platform control system

5.5. Block diagram of the electro-pneumatic position control
system

5.6. Pneumatic platform control system with the potentiometer
attached to one side of the platform

5.7. Circult diagram of the control system
5.8. Transient response of the system

5.9. Platform response to a sinusoidal input
5.10. Platform response to a sinusoidal inpul
5.11. rlatform diSplacement versus acceleration

5.12. Platform response to a random signal.















71.

WILGAC TOWINDT NOILISOL Emzai-wﬁw.; IHL 40 WHYIHIT

WRIULLHYY

vr\.

HE

JRUT

AT EERAN
THL L

qxkouL LY
SILIHQUNY LG

A301d &'gald

Y LLINULLNF LTS

JATKA
AN A 3 LS9

LIRS LG
THIWL YA
HITLLHT

JYLHNLIY

DULENAZNG

INBA-TRY 3G

RTINSO LI

NoLE Azt
NYLLISYY
JANTHA

(ALumtey 2USuddy

AU YHULWN)
MORFAITY
aQiLisgd Mdind
7
THNDLS
TONIVIATY
Avuiroy

FXIAGHE
BULH 0¥

+

i i
JAZTINY
DNIHH®






™

™~ >mT.+O -+

17

WILGAS T0YIND] IHL 40 WHWYSHIC 1in)wld

ArGY o

9Q07 NI

J0LUW

£'5 9

A
d& 0]
WO S A
xm.vw WW—> ¢
Sop 1N3aNaLsn\Q}
+ ~_ 139440
EM. ° PN M M JATBA >mo? >>x>o>>r>‘ >..omT
u%“\o*w;r NOKS YL g A
T wor _ runr
JINIYILAN
W = Moy LN
Nop W
YW MT o
V1O xor WY04L17
N7'D *19d
NG+

Ho1ims LLI48s

X
N 00§

W%

o

N

¢
ACy -


















79.

APPENDIX 5.1

VESTIBULAR APPARATUS

(Range of Acceleration Response)

The non-auditory section of the human inner ear is the
rgcognised centre of motion sensors. This centre, the vestibular
system, is one of the sensory system which provides information of
body orientation and balance. The vestibular system, also called
the labyrinth, lodges the sensors associated with maintenance of

balance and orientation in three-dimensional space.

Tﬁe principal organs of bagamce are the mutually perpendicular
semicircular canals (which sense rotational velocities about 3
axes in the head) and the maculae of the utriéle that, again in
three dimensions, signal head position with relation to the
terrestrial vertical, see figure A5.1.1. These two groups together
with the saccule, whose role is not so clearly established, form the
vestibular apparatus. There are two complete and independent
systems, one on either side of the head. Their biological importance
may be judged from the fact that they are protected by being
deeply encased within one of the hardest bones of the skeleton,

the mastoid process.

The semicircular canals are neither semicircular nor
mutually at right angles, neither does any one canal lie in a
single plane. This is of no functional significance, because the
perception of motion includes a corrective programme invoked by
the brain and developed since birth. The canals contain a liquid,
endolymph, and a gelatinous obstruction, the cupola. When a
canal is angularly accelerated about an axis perpendicular to
its plane the endolymph moves with relation to the canal wall,
distorting and moving the cupola, which in bending stimulates the
nerve endings embedded in it. These nerves send frequency-modulated

pulses to the brain, which represent, because of the physical time
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constant of the canal-endolymph system, the angula: velocity of

the head. The utricle, contains a gelatinous body in which

small "stones", the otoliths, are embedded; hence if the head is
moved, gravitational forces will act upon the otoliths, distort the
utricula maculae, and as with the cupulae of the semicircular

canals, neural signals will be sent to the brain.

Otolith organs have been shown to have potentially a dual
function. They can serve as a pure gravity receptors, with an
associated function as receptors for linear movement and centrifugal
force, or as receptors for vibrations, or both - as in the case
of the elasmo branch sacculus. In fact the otolith organ is
fundamentally designed as a receptor for linear accelerations of

all kinds.

The vestibular sensors are sensitive to accelerations,
thus the input variable to the vestibular system is a vector
having direction and magnitude. The output quamtity, however,
is not a vector in the strict sense. Informationm from the
semicircular canals and the otoliths is sent to the central
nervous system and thercafter an awareness of the sensation of
motion is perceived. This perceived output variable preserves
the indication of direction like a veccor. ' Howewver, sense of
magnitude is applicable only on a comparative basis, where motions
~are faster or slower without an absolute scale. Perceived
orientation is the most inportant sensation the human experienc:as

in response to an input acceleration.

To summarise, the anatomy of the labyrinth displays two
different groups of sensors. The semicircular canals are the
human angular accelerometers while the otoliths are the linear
motion sensor of the vestibular system. It must, however, be
said that recent studies by Goldberg-Fernandez, suggest that

the semicircular canals may also respond to linear accelerations.

Since the ability of human to orient himself and preserve
equilibrium with the surrounding environment is a basic prerequisite

for normal existence, a sizable research literature is devoted
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to various aspects associated with the function of the vestibular

system.

In the following part of this appendix the dynamic characteristics

of the vestibular sensors will be reviewed briefly. [MEIRY, 1966].

The semicircular canals are known to be heavily damped, angular
accelerometers. Consequently, they respond as angular velocity

meters over the frequency range from 0.02 c¢ps to about 1.5 cps.

The threshold of perception of angular acceleration are 0.14%9/sec

for rotation about the Yy (yaw)axis figure A5.1.2 and 0.5%/sec?

about the X, (Roll) axis. A similar value of threshold (0.5%/sec?)

is presumably valid for rotation about the Zy, (Pitch) axis.

The otoliths are planar linear accelerometers sensitive to
the specific force applied to the skull. Young and Meiry's (1968)
revised dynamic otolith model using subjective response data
described the otoliths as heavily damped linear accelerometers
with an acceleration threshold. Statically they measure head
orientation with respect 4o the apparent vertical quite accurately.
This sense of orientation to the vertical is modified by
habituation during prolonged stay in tilted positions. Dynamically
the otoliths function as linear velocity metres and the computed
bandwidth over which the cupula-endolymph system functions as a
velocity transducer extends from 0.025 - 25 Hz a range encompassing
the bandwidth of physiological head movement. The human threshold
for perception of linear acceleration is near 2 x 1072%g

re ;presenting an estimated displacement of 10~6cm.

Table A5.1 summarises the results for the vestibular sensors

as found in Meiry (1966).
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TABLE A5.1

THE VESTIBULAR SYSTEM [MEIRY, 19661}

SENSOR SEMICIRCULAR CANALS UTRICLE

Input Variable Angular acceleration Specific force in
the plane of
the otolith

Sensitive axis Sensitive to angular . Sensitive to
acceleration about an acceleration
axis perpendicular to in the plane of
the plane of the canals .} the otolith
Output variable Subjective sensation SHbjective
of angular velocity; sensation of Tilt
vestibular nystagmus and linear velocity
counteroling, Eye
movements
Sensor Transfer H(s) = subjective angular velocity
function input angular velocity
Rotation about the Subjective velocity _
sagittal Head input velocity
Axis X Roll)
h Ks
7q (LOs + 1) (0.66s + 1)
HX, (s) =
h 75 + 1) (0.1ls + 1)
Rotation about the vertical Head
Axis Yy (Yaw)
10s
HZ, () =
h(s) (10s + 1) 0.1s + 1)
Rotation about the Lateral Head
Axis z, (Pitch)
HZ (1) s ’s
(h)= (7s + 1) (0.1s + 1)
Threshold of Angular acceleration Acceleration in the
Perception aXp = 0.5%sec? ‘IPlane of the otolith
ay, = 0.14%9/sec? o = 0.005 g

[

it

aZp, 0.5%/sec?



















In our case:

= Platform cross section = 0O.70m2
= height of the platform = 0.40 m
Y = ratio of specific heats = 1.4
= i tical for = 250
F maximum vertlica orce 1 N
Therefore:
K = 4375 kg/sec?
since -
MAX
Po= = 1800 (N/m?)
V = S-h = 0.28 (n%)
For a single degree of freedom system:
K
wo—-/ M= 2 fo
where £, = natural resonant frequency
M =  mass
it follows:
4375
w, = v 166 = 6.6 rad/sec
and:
Wo
£ = - = 1.05 Hz

le] 2m
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APPENDIX 5.6

LOW~-PASS FILTER

The Solartron Random Signal Generator Mod. BO 1227,
available in our department, gave at its output a random signal
continuously changing between different levels. 1In order to
obtain a continuous random signal which could be followed by the
vibration platform, the signal generator output signal was passed

through the circuit shown in figure A5.6.
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etc. be as small and light as possible so as to cause as little
loading or distraction to the subject. Care must also be taken
when siting the instruments and attaching them if the output is
to be meaningful. Several kinds of inertia measuring dewvices
are possible but small strain gauge accelerometers were preferred
for their response characteristics, size, interference rejection
and cost. In particular, it is important that orthogonal
vibrations of the platform do not produce significant response

from the transducers.

Accelerometer type: TML-AM2 made by Tokyo Sokki Kenkyujo Co.,

Japan was selected.

Their dynamic characteristics are shown in Figure 6.1 and

manufacturer's details are given in Appendix 6.1.

The devices use the suspended cantilever principle with
resulting forces being converted to electrical outputs by a strain
gauge bridge. Each accelerometer weighs 13 grams only and has flat
frequency responses up to 20 Hz where a slight resonance (2 db)
occurs. This is well within the dynamic specification required

in the tests.

The associated circuits are shown in Figure 6.2. Two legs
of the strain gauge bridge were connected to a bridge driver while
the other two legs were connected to a synchronous detector thus
giving a rectified D.C. output voltage proportional to the
acceleration. Balancing and calibration are achieved by means of
the potentiometer P;. When the device was tested in situ by

impact methods it was confirmed that the fregquency response was

flat up to 20 Hz.

The calibration was achieved by comparison with the krown
gravitational field. The full procedure is outlined in Appendix
6.2. Calibration, see Appendix 6.1, also showed the input/output
characteristic to be linear throughout the frequency range of
interest. Phase~shifts were negligible. It was concluded, there-
fore, that the instrument was suitable for use even with non-

sinusoidal inputs.



6.4. HAND DISPLACEMENT BY ULTRASOUND METHOD

Use of ultrasound methods for detecting vertical hand dis-
placement was considered ideal since no physical linkage between
the transducer and its recording system is required. An
experimental system was devised involving a transmitter and a
receiver, one of which was attached to the hand. The time taken
for impulses to travel hetween these elements gave a measure of
the vertical displacement. Fig. 6.3 shows schematically the lay-
out of the complete transducer system. Of course it is essential
that the velocity of ultrasound in the separating medium be known

and constant.

Complete circuit diagrams for each transducer are shown in
Figures 6.4 and 6.5. The transmittexr, Figure 6.4, consists
basically of a free-running multivibrator and a square wave
shaping circuit which drive the ultrasonic generator. The
receiver, Figure 6.5, consists of an amplifier with the ultrasonic
pick—-up, a pulse width generator, mono~stable multiwvibrator,

a ramp generator and a sample-and~hold clamping circuit whose out-
put is proportional to the transmission time. This output can be
fed to any suitable recording instrument. The c¢haracteristics of
the ultrasound transducers are given in Appendix 6.3. They are
bi-directional, linear and resonate at 40 kHz. The electronic
elements in the circuit are in cascade and so their sensitivities
add. Design calculations and measurements, Appendix 6.4, show
that the detector was capable of 2 mm resolution which was éon~
sidered adequate for the experiments. Figure 6.6 shows the com-

plete experimental sensor system.

6.5. SHOULDER DISPLACEMENT BY CAPACITANCE METHOD

Again it is essential to have free movement and light
loading and it was an ideal application for a capacitive position
transducer devised by TODD (1970) and CODD (1975). In this trans-
ducer a spring, stretched by a light cord, moves freely inside a
brass sheath as shown in Figurae 6.7. The resulting change in
capacitance between the spring and the sheath is used in a resonant
circuit tuned at a fixed frequency of 10 kHz. Attenuation in the

transducer output then gives a measure of the change in capacitance
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and hence of the spring extension.

Figure 6.8 shows a photograph of the transducer, while
Figure 6.9 shows the associated electronic circuitry. A plot
of measured detector output voltage against spring displacement
shown in Figure 6.10 is surprisingly linear over the range of

interest and the sensitivity is considered adequate.

6.6 ELECTROMYOGRAPHIC (EMG) SIGNAL PROCESSORS

Electromyographic (EMG) signals give an indication of the
electrical activity in a muscle whenever there is a voluntary or
involuntary contraction. EMG signals, usually detected by surface
electrodes, are gross records of the firing of individual motor units.
The waveform consists of a large number of impulsive spikes warying
in amplitude from a few pvolts up to several hundred ﬁvolts and
ranging in average frequency from a few Hz up to several kHz. When
a substantial muscle mass between recording electrodes is active,
the signal produced is influenced both by the number of fibres in
the muscle mass and their rate of contraction. The lowest signal
level occurs during virtually complete relaxation and the highest
during a tetanic (sustained) contraction or spasm. An average
value of the waveform is considered to give a measure of the mechani-
cal state of the muscle. Ideally an infinite integration time
would give a good measure of a constant state but in practice,
since the mechanical state changes, the averaging time must be a
compromize between smoothing out the random fluctuations and
following dynamic changes in the muscle. In practice, a balanced
output is achieved by comparing differentially the EMG voltages from
two recording electrodes placed on the opposite sides of the muscle

mass, a suitable neutral electrode providing a reference potential.

Two forms of EMG processors have been used here. The EMG
integrator shown in Figure 6.11 consists of an ideal resettable
integrator (CHANDLER, 1973) while the EMG amplifier-filter of
Figure 6.12-6.13 consists of a differential follower input stage,

a high gain difference amplifier circuit, 50 Hz notch filter and an
averaging filter (WILLIAMS et al, 1977; GARLAND 1972; FERRAIOLI
1973; 1974). Details of the averaging filter are reported in
Appendix 6.5.
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In the EMG integrator the averaging time could be varied

between fast and slow regimes.

In this work only empirical methods have been used to
determine suitable filter characteristics. However, there have
been attempts by other workers (BRODY et al 1974; BATIYE et al
1955; BASMAJIAN 1958; HERTZ et al 1973;  GOTTLIEB et al 1970;
SCOTT 1967;  HARBA, 198l) to define the frequency content of the
useful information in the EMG signal and hence to design optimum
filters. The author considers that spurious noise caused by
unwanted movement and particularly mains interference causes the
most significant problems and accordingly the system shown in
Figures 6.12-6.13 was preferred. Frequency response curves are

shown in Appendix 6.6.

Figure 6.14 shows a view of the EMG processors and the

other instrumentation described in this thesis.
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APPENDIX 6.1

CHARACTERISTICS OF THE ACCELEROMETERS USED AND THEIR
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APPENDIX 6.2

ACCELEROMETER CALIBRATION

Calibration was based on the ambient Earth gravitational
field. Accelerometers sensitive only to vertical components are
used. 1Initially the accelerometer is placed orthogonal to the
earth field and the output adjusted to zero by the balancing

potentiometer.

The accelerometer is then placed in its working position,
i.e. axially co-incident with gravitational direction, and
the output measured. It is then known that this output corresponds
to an acceleration of 9.81 m/sec2. As a check the accelerometer
is then turned upside down when a negative output equal in
magnitude to the latter value should be obtained, corresponding
to an acceleration of - 9.81 m/sec. The interval bétween these

outputs is then scaled linearly. Typical readings are as follows:
Accelerometer No. 00816
Input acceleration lg - Output potential 10.71 V
Accelerometer No. 00817

Input acceleration lg -~ Output potential 12.76 V.
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APPENDIX 6.3

CHARACTERISTICS OF THE ULTRASOUND TRANSDUCERS






APPENDIX 6.4

DESIGN CALCULATIONS OF THE

ULTRASOUND DEVICE

TRANSMITTER CIRCUIT

Figure 6.4 shows the detailed circuit of the transmitter.
The free running multivibrator sends at time Ta (figure RA6.4-A)
a starting pulse to the square wave generator, figure A6.4-B to
the ramp generator, figure A6.4-F and the pulse width generator,
of the receiver, figure A6.4~D. The amplitude of the pulse
has to be equal to the amplitude of the burst of pulses generated

by the square wave generator, figure A6.4-B.

The frequency of oscillation of the circuit is normally
adjusted by means of the, potentiometer Py figure 6.4, for
maximum sensitivity.  That is, Pl is adjusted for maximum
meter deflection in the receiver when the input is so low that
no amplifier stage is limiting. The free irunning multivibrator
resets to zero the square waves sent to the transducer of the
transmitter during the time interval Tp~ figure A6.4-B. 1In this

way the received pulses occur at the receiver transducer without

overlapping the following burst of pulses.
Provided the velocity of the ultrasound in the air remalns

constant and egqual to 331 m/sec, TBC has to satisfy the condition:

do0TT
L
Tpe 331

[sec]

where dOTT is the initial distance between the two transducers.
TBC is adjusted by means of the preset P2, figure 6.4. The

time interval -

PAB has to be chosen equal to:

120.
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where TY is the duration of a single pulse.

In order to increase the sensitivity of the receiver

transducer, T is about 2 + 3 times T .
AB Y

In TB, figure A6.4-A, the free running multivibrator

resets to zero the burst of pulses.

RECEIVER CIRCUIT

Figure 6.5 shows the circuit of the receiver. The integrated
circuit used in the ultrasonic receiver to amplify the 40 Kiz

signal has a high gain since great sensitivity is required.

The output of the cascade of two operational amplifiers is
connected to the pulse width generator (TTL positive NOR gates)

whose output 1is related to the distance to be measured.

The pulse width generator output signal is sent to the
monostable SN 74121, whose output is a pulse of about 20us.
The monostable output is then connected to the sample and hold
circuit which gives at its output a dc voltage proportional to

the distance.

Use of the monostable is necessary because the duration time
of the pulse width generator output signal would be too long
_to be sent directly to the sample and hold circuit. The output
pulses of the pulse width generator trigger the monostable. The
free running multivibrator syncronises both the sguare wave
generator and ramp generator (integrator) whose output is reset
to zero at TA' figure A6.4-E by means of the nonostable. The
voltage VA' fiqure A6.4-G reached at. TA' is proportional to the

distance to be measured.

CALIBRATION CURVE

A plot of the measured output voltage against distance is
shown in Figure A6.4-1. It can be seen that the characteristics of
the device is linear. The initial distance (dOTT) between

transmitter and receiver transducers has been set at 70 cm.



This distance, which is eritical for the resolution of
the measurement, has been chosen in order to minimise the
error introduced in the measurement due to the movement
of the transducer in the horizontal plane. The accuracy of
this method is limited by the rise time of the burst of pulses
and the dispersion of the pulse as it travels to the
receiver. With a 1lOps pulse, the resolution is in any case

better than 2 mnm.
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where T is the averaging period in ms and C the capacitance in
uF. This filter has a wide dynamic range, limited only by
the power-supply voltage, and produces an output signal which is

the non inverted average of the input signal.
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APPENDIX 6.6

EMG PROCESSOR'S FREQUENCY RESPONSES

Figure A6.6.1 reports the frequency response curve
of the EMG integrator shown in Figure 6.11. While Figure
A6.6.2 reports the fregquency response curve of the EMG

amplifier~filter shown in Figure 6.12 - 6.13.
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CHAPTER SEVEN

HUMAN VIBRATION TRANSMISSION

AT LOW FREQUENCIES

7.1. INTRODUCTION

Whole body vibration can be evaluated and assessed by
many criteria. These consider such factors as physiological
effects, subjective tolerance, mechanical body responses and task
performance. Performance of manual tasks is generally degraded by
vibration. The exact mechanisms of this performance loss are
complex but one can identify factors such as direct interference
with muscular action, indirect interference through the centrél
nexrvous system, blurring of vision, interference in audio
communication channels and actual occurrence of fatigue and
disorientation. In addition, of course, the actual implements
and displays involved in the manual tasks may themselves be
adversely affected by the vibrations. Thus, for example aircraft
displays may become illegible, factory workers may suffer loss
of efficiency or even physical injury. Thus body vibration is
an area of vital interest to physiologists, psychologists, clinicians
and engineers. Most vibration studies involve fairly small
amplitude but wide frequency band signals or specific periodic or
pseudo~periodic random signals at frequencies near known body resonances.
Whereas in some fields, e.g. maritime studies, the effect of
slow, large amplitude vibrations have been investigated in
relation to human task efficiency there appears to have been little
attempt to quantify the results in terms of specific attributes of
the motor control system. It is certainly recognised that
stimulation of the balance organs and other receptors involved in
the control of posture leads to increasingly severe demands of
concentration in order to maintain a given posture while
attempting to carry out the task at hand. Thus a part of the

task which normally is achieved purely involuntarily, now
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becomes a part, often dominant, which requires severe
conscious effort thereby disrupting the normal operating mode

of the CNS.

This latter is perhaps an extreme example but there certainly
is a threshold beyond which the balance organ signals are routed
to the conscious brain (motor cortex) and demand conscious intervention.
Below this threshold response to the vestibular and other

exteroceptors. appears to be autonomous.

The work undertaken in this thesis has been motivated by
a somewhat different approach to the same problem. When we
undertake manual tasks we are able to compensate, largely subconsciously,
for gross body movements and it is the role of the vestibular
sensors in this adaptation which we seek to model. It is hoped
that such an understanding might lecad to a significant improvement in
upper—-limb prosthesis, where at present no such compensation is
available, often with guite disastrous results. In the next
chapter a proposal for some contrived tracking problems, in the
presence of extraneous body vibration, will be described. A
necessary point in attempting to devise and analvse the results
of these experiments is to model the vertical movements of the
human body. Of course the physical body is a complex distribution
of mass, elastic and viscous material but, for necessary simplicity,
we consider the masses to be distributed at head and shoulder
levels with visco-elastic supports. The experiments reported in
this chapter were primarily intended to provide measures of the
transmissibility of vibrations, applied to the seat, to the
torso and head in order to partially quantify the vestibular feedback
system. However, since the proposed frequency range spans some
of the human body resonances the results may also be of more general
interest. Generally the experiments involve seated subjects,
approximately in the car-driver position with vibrations applied

vertically to the seat.
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7.2. TRANSMISSIBILITY TO THE SHOULDER

7.2.1. EXPERIMENTAL DATA

Ten male adults were tested. Their personal data are
given in Table 7.1. They can be seen to be of average build,
aged between 16 and 33 years, reasonably fit and able to
withstand a vibration experiment. In all tests the subject
rested his hands on his thighs and was instructed to look straight
ahead. No mental or physical task had to be performed. A
sketch showing the posture of the subject on the platform is shown
in Figure 7.1, which also indicated the pésitions (L) and (2)
of the two accelerometers. These were required to measure

respectively:
(1) vertical seat acceleration

(2) vertical shoulder acceleration

N.B. The latter accelerometer was attached to wedge shaped
block designed to cancel the natural slope of the shoulders.
This transducer was strapped tightly to the top of the right
shoulder just medial to the tip of the acrmmﬁﬂﬂ It was fixed

so that it did not 1lift the shoulder during vibration tests.

The accelerometers were calibrated before each run. The
transducer outputs were recorded on either a 6-channel/U.V.
Recorder (SE LAB Type 300 6/DL) or an FM Tape Recorder (ES LAB
T-3000) . Each subject was instructed to maintain a normal
relaxed erect position. No seat harness was used. Tests were

not commenced until the subject was seated comfortably.

* Acromion:. point or summit of the shoulder; the triangular
process at the extreme outer end of the spine of

the scapula.



7.2.2. SINUSOIDAL EXCITATION

Five subjects were subjected to sinusoidal accelerations. The
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frequencies were changed by discrete increments in the range 0-~9 Hz. When

the transducer output looked reasonably steady a recording lasting

30 seconds was made from the accelerometers.

The duration of the tests did not impose unnatural constraints
on the subject. During tests emphasis was placed on frequencies(
neaf resonance where smaller frequency intervals were chosen.

The principal results for these experiments have been combined
and illustrated in Tigures 7.2 and 7.3. The ratio of

acceleration amplitudes are recorded for each frequency.

The results, Table 7.2, show a broad resonant peak,
nearly twice the value of the forcing vibration around the

frequency 6 Hz.

7.2.3. SWEPT FREQUENCY EXCITATION

Many difficulties were encountered in pérforming the
sinusoidal excitation tests. These muinly arose from the
prolonged period of observation for each amplitude and
frequency. ©Not only was this fatiguing for the subjects but
it was very difficult to maintain a constant posture and there

was a slight drift also in the d.c. platform position.

It was therefore decided to try to assess the response
using a quicker transient method.  One possibility is to use
step, impulse or other discontinuity functions. However, apart
from the obvious discomfort caused to the subject there are
other disadvantages. Firstly these functions generally give
a very uneven distribution of efterqgy across the frequency
spectrum and secondly the  imposed shocks are likely to excite
neurological reflexes which would give unwanted components in the

response.

In order to preserve an inert subject it was decided to

use a gradually varying continuous function. The most easily






The tests were repeated decreasing the frequency at the
same rate. Data was continuosly recorded on an SE LAB Type

T 3000 magnetic FM tape recorder.

FFT and other computations were performed, off-line, on
a Digital Equipment Corporate PDP 11/50 Digital Computer
{(See Appendix 7.3).

.

If the output acceleration spectrum is given by i2(jw)
then, by division, the frequency response of interest is given
by: .

F,Gw) = izil‘i)
X, (Gw)

Figures 7.5 - 7.7 show the resulting frequency response
curves for three of the subjects. The continuous curves are
related to the sweep with increasing frequency while the dotted

curves to the sweep with decreasing frequency.

The characteristics show general agreement with those
drawn for steady sinusoidal excitation, although the resonant
frequency has an average valve, 5 Hz, which is somewhat lower.
It is felt that the more controlled conditions of the swept
frequency experiments make these results more reliable. The
results of the test are tabulated in Table 7.3. There is no
pronounced difference when the direction of frequency sweep

is reversed.

7.3. TRANSMISSIBILITY TO THE HEAD

7.3.1. EXPERIMENTAL DATA

Five male subjects were used and their personal data are
given in Table 7.4. Two accelerometers were mounted, sece
Figure 7.8. The seat accelerometer is mounted directly to
the structure while the head accelerometer is strapped
firmly on the head and aligned by an aluminium wedge. The

subjects were seated and given trial runs so that a comfortable
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TABLE 7.1

PERSONAL DATA OF THE SUBJECTS TESTED

Subject Age Weight Height »Shoulder Height
¥s Kg cn cm

A.T. 29 64 170 65
S.L. 33 58 167 63
T.D. 17 78 192 88
C.N. 15 49 173 80
B.F. 23 81 18¢ 92
A.B. 20 58 ivle; 68
I.s. 22 72 172 87
M.T. 23 69 182 90
M.A. 31 65 175 85
M.D. 16 60 170 85

Average 22.90 65.40 174.9 50.40

St.Dev. 6.31 9.82 7.65 11

TABLE 7.2 FREQUENCY RESPONSE RESULTS BY SUBJECT
SINUSOIDAL TECHNIQUE
100% Displacement 70% Displacement
MAX.Peak Max.Peak
Subject Frequency Magnitude Frequency ' Magnitude
B.F. 6 2.6 6 2.25
S.L. 5.9 2 6 1.85
T.D. 7 1.75 8 1.65
C.N. 5.5 1.8 5 1.65
A.T. 5 1.9 5.5 1.75
Average 5.88 2.01 6.1 1.83
St.Dkev. 0.74 0.34 1.14 0.25
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TABLE 7.3

FREQUENCY RESPONSE RESULTS BY SUBJECT

SWEPT TECHNIQUE

139.

Swept 1 =>THz

Swept 7 > 1 Hz

Max. Peak Max.

Subject Frequency Magnitude Phase Frequency vMagnitude Phase
A.B. 4.5 1.65 &0 4.6 1.7 48
I.S. 5.5 2 64 5.8 1.8 72
M.T. 4.9 1.85 62 4.7 1.7 56
M.D. 4.8 1.95 68 5 . 62
M.A. 5 1.7 58 4.8 . 66

Average 4.94 1.83 62.4° 4.98 1.78 60.8°

St.Dev. 0.36 0.15 3.85 0.48 0.08 9.23

TABLE 7.4 PERSONAL DATA OF THE SUBJECTS TESTED

Subject Age Weight Height
ys kg ém
A.B. 20 58 170
I.8. 22 72 172
T.D. 17 78 192
M.D. 16 60 170
A.T. 29 64 170

Average 20.80 66.40 174.80

St.Dev. 5.17 8.41 9.65
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TABLE 7.5 FREQUENCY RESPONSE RESULTS BY SUBJECT

SUBJECT WEARING A RESTRAINING SUPPORT FOR THE WNECK

Swept 1 &> 7 Hz Swept 7 -+ 1 Hz
Maximum Peak Maximum Peak

Subject Frequency Magnitude Phase Frequency Magnitude Phase

A.B. 4.9 2.05 57. 4.6 2.0 56
I.S. 4. 1.35 35. 3.6 1.2 28
T.D. 4.6 1.70 60. 4.4 1.65 62
M.D. 4.4 1.55 48. 4. 1.50 55
A.T. 5 1.62 36. 4.7 1.65 34
Average 4.58 1.65 47.2 4.26 1.60 47
St.Dev. 0.40 0.26 11.56 0.46 0.29 15

TABLE 7.6 FREQUENCY RESPONSE RESULTS BY SUBJECT

SUBJECT NOT WEARING THE RESTRAINING NECK SUPPORT

Swept 1 - 7 Hz Swept 7 =+ 1 Hz
Maximum Peak Maximum Peak

Subject Frequency Magnitude Phase Ffrequency Magnitude Phase

A.B. 4.6 1.80 46 4.9 2.10 60
I.S. 4. 1.30 44 4. 1.25 42
T.D. 4.8 1.40 50 4.7 1.5% 52
M.D. 3.9 1.35 39 4.2 1.40 45
A.T. 4.5 1.55 46 4.8 1.45 50

Average 4.36 1.48 45 4.52 1.55 4.9.80

St.Dev. 1 0.39 0.20 4 0.40 0.33 6.94
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APPENDIX 7.2

FAST FOURIER TRANSFORM PROGRAM

ACQUIR (20.48, 512 2, 1)

CONV

CONV

NORM

NORM

FFTA

FFTA

MOPH

MOPH

(1,

(2,

(*

(*,

(3,

(4,

(5,

(6,

4, 1)

5, 1)

5, ~1)

6, —-1)

7, 0, 1)

8, 0. 1)

ARITH (6, 10, 4, 5)

MOPH (10,

11, o, 1)
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APPENDIX 7.3

PDP 11/50 DIGITAL COMPUTER SYSTEM

The system is based on PDP 11/50 digital computer
having 96K of memory, 2 x 256K fixed head disc stoyrage,
2 x 20 M moving head disc storage, 9 track magnetic tape,
paper tape reader and punch, line printer, 35 cm incremental
plotter, 2 x 15 bit word analogue to digital converters
2 x 16 channel multiplexer, 2.x 12 channels of sample and
hold amplifiers, 2 x 2 channels of analogue filtering
(24 dB/oct) 6 on-line terminals type. Tektronix 4010 having
alpha-numeric and graphic capabilities 3 x LA 36 terminals and

2 x 14 track, analogue, tape recorders.
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CHAPTER EIGHT

EVALUATION OF CONTROL

OF MOVEMENT

8.1. INTRODUCTION

Engineering methods have been applied to three major areas
of medicine : diagnosis, therapy, and assistive devices. The
latter include orthotic systems to aid weakened or paralysed limbs and

prosthetic systems to replace missing livbs.

The main characteristics of biological systems which make them
more difficult to study than engineering systems can be summarised

as follows : [ALBERGONI-COBELLI-FRANCINI , 1974}
~ evolutionary (instead of designed) system structures;
- hierarchical organisation;

- large dimensionality (number of variables very large and

sometimes not well known)

- great interaction at all organisation levels (often

varyving with time);
~ large dispersion from individual units to other units

-~ variability of the individual characteristics (dispersion

with time);
- non stationarity in statistical problems;

- linearity assumptions generally represent only rough

approximation;

- considerable limitation in the number of experiments

repeatable in sufficiently similar conditions;

- limits to the experimentation in order to prevent damage;
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-~ experimentation on animals can give useful information
on the human structure and its working, but seldom on
numerical values; in engineering simulation studies with

models can also give useful numerical estimates;

- the study of biological problems often mecessitates
logical procedures based on pattern recognition

proc..edures.

Feedback control aspects of physiological systems have

been the object of much study.

Investigationsg of biological control have rxranged from
experimental studies which have applied the more standard tools
of control system analysis, to theoretical studies of the general
properties of systems. The main difficulty is to combine the
knowledge of the physiolégist with the methods of the engineer.
The physioclogist is trained to study complex systems which are
the result of a‘long evolutionary history known to him only
partially. Therefore he employs qualitative more often than
quantitative methods and his procedures may not appear to be
well defined to the engineer with a mathematical background.

The engineer is trained to analyse systems which have been designed
and built by man; they have been generally developed through

the history of technology together with systematic methods of
investigation. Therefore these systems are comparatively simple

and well defined in their structure.

8.2. PERIPHERAL FEEDBACK MECHANISMS - OVERALL CONTROL

In chapters 2 and 4 we have looked at the physiological
processes which are present in the motor system and in particular at
the feedback elements associated with the skeletal muscle. We now
turn to the question of motor function. Lack of a unifying theory
has handicapped all experimental work on the motor system and
especially in the field of rehabilitation, progress is largely

empirical.
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We are mainly concerned with the upper limdb where there
are two distinct problems - movement and prehension. The hand,
which is essentially a gripping mechanism, uses many feedback
loops and the stretch reflex, involving spindle feedback, has
been identified as a vital element. However, the Golgi tendon
organ which provides force feedback also is thought to be
essential to the control of gripping forces. While it has been
possible to establish feedback models of these two mechanisms, their
simple character is unable to explain the wide variability of

gripping characteristics.

It is believed that a threshold non linearity in the tendon
organ characteristic and adaptation of the sensoxr parameters allows
the grip to adapt to a wide range of load characteristics. This
adaptation is achieved at a subconscious level and therefore does

not involve excessive mental activity by the wearer.

Also present in the skin and the limb joints are sensors
which give information on the shape and weight of an object, its
dynamic state and also indicate the configuration of the limb in
terms of its joint angles and their derivatives. It is believed
that these play a vital role in co-ordinating the diverse muscle
activities involved in any specific arm/hand function. This
co~ordination reflects the skill that we acquire in performing
manipulative tasks. There is of course an element of learning
in such activities and this suggests that somewhere in the upper
centres of the central nervous system we have the ability to
store programmes of activity patterns. As yet this is not understood
and there is little evidence to support the idea that numerical
programming occurs. Indeed, knowing the response times of cells,
the functioning time of the brain in certain activities is
inconsistent with an algorithmic device, Recent experiments on
animals also suggests that much more of the learned and é&thmic
activity in the motor system is controlled by the peripheral

feedback mechanisms.

It is possible to classify the basic limb functions into

a set of important categories. [NIGHTINGALE-SEDGEWICK, 1979]
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Most of the experiments have involved a subject whose body
is stationary with only the arm moving. However this is not
typical of the way that we perform tasks where there is often
gross body movement associated with locomotion or with external
disturbances. Effectively this introduces a new input variable
in the loop and it is this situation that we are attempting to
describe. Simple observation shows that despite these disturbances
which, transmitted to the torso produce unwanted movement at
the shoulder,we are able to keep the hand relatively stationary
in space and to continue to perform a manipulative task. This I8
an acquired skill and is believed to involve the vestibular
apparatus as well as proprioceptive feedback. The skill is
maintained for a time in the absence of visual feedback but is
impaired by disease or trauma which disables th vestibular

mechanism.

In studying the tracking loop with motional disturbances
and with visual proprloceptive and vestibular inertial feedback,
we seek to investigate its effect on the predictive element in the
operator response and the extent to which the three feedbacks
are linear and obey the superposition rule. In particular we
seek to find the extent to which randon motjﬂns disrupt the operator
response. To achieve better understanding of the mechanisms
and the role of the various feedbacks, it is opportune to examine
the overall system involved in the control of posture and movement
as shown in Figure 8.1. Details of the different blocks are

summarised as follows:

Block 1: HIGHER CENTRES —~ Include the sensory-motor cortex
(from which originate voluntary movements), the cerebellum, the
basal ganglia and the reticular formation. Higher centres
receive signals from muscle tendon, joint, and skin receptors
and from visual, auditive, vestibular and muscle spindles, Tendon
organs, joint receptors (these are all proprioceptors), Visual
Auditory (often referred to as exteroceptors) organs. All this

enormous flow of sensory data conveyed to the. higher contres,
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is analysed, processed and utilized for posture and motor functions
and it co-ordinates the activity of the circuits involved at all
levels of the CNS and down to the spinal motoneurons which excite

the motor units fibres.

Block 2: SPINAL CENTRES: These are connected to the higher
centres. through the ascending and discending pathways in the spinal
cord. It must be remembered that if the spinal centres are
destroyed, all the regulatory loops are interrupted and no voluntary
or reflex movement can occur. Though the spinal centres can function
automatically, their activity is mostly controlled by the higher centres.
Infact the latter not only impose the reference signal to the
internal loops, but they also control the gain of the different
loops, adjusting the muscle tone, by means of signals sent to
block 3 obtaining in this way parametric changes of the postural

system without modifying the configuration.

Block 3: MUSCLE: The inputsto this block are the commands
coming from the spinal centres through o motoneurons. The outputs
are the forces exerted from the muscular apparatus. Forces depend

on tension, length, velocity and fatigue of the muscle.

Block 4: MECHANICAL SYSTEM: This block contains the overall

dynamic and static characteristics of the controlled system.

Block 5: MUSCLE SPINDLES: A description of their role was

given in Chapter 2,
Block 6: GOLGI TENDON ORGANS: Also described in Chapter 2.

Block 7: PERCEPTIVE SENSORY SYSTEMS: This block summarises
the functions of the various sensory systems such as the visual, vestibular
and proprioceptive systems, directly or indirectly involved with

the control and organisation of posture and mevement.

In the experiments to be performed, which involve vertical
disturbances only, the arm will be kept horizontal to avoid co-ordination

problems and relatively simple tasks will be involved.

A simple mechanical representation is shown in Figure 8.2. and

a block diagram in Figure 8.3.
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We especially wish to investigate the operator response to
vestibular input (head motion) V. Not cnly is there, little or no
quantitative evidence of its character but it is a wvital component
which is missing in the fabrication of prosthetic limbs. IXf these
are to be used in a natural way, without excessive conscious effort,
then some form of spatial stabilisation of the hand is necessary
in some conditions. However the design of an inertial system
is complex and its realisation would certainly be expensive. For
these reasons it is highly desirable to know the importance of

vestibular feedback in humans and to attempt to quantify it.

There are two main difficulties in an analysis of the model
shown in Figure 8.3 from our planned experiments. Firstly,
it is very difficult to obtain dircct physical measures of the signal
involved. This is partly a concept - ual one since overall effort
is the sum of a very large number of motor units firing randomly
and partly the practical one of obtaining measurements by mon-invasive
techniques (essential for manual responses). Secondly, it is
difficult to isolate the particular elements of the loops and to
eliminate other spurious feedback loops such as audio channels
which give unwanted clues to the task. We shali try, by
introducing visual art@facts and more especially by physiological
suppression techniques, to break some of the feedback loops. There
is an obvious difficulty in breaking the vestibular loop which should
contain the equivalent of double integration with respé% to time since
the sensor gives a measure of acceleration., There are of course many
sources of proprioceptive feedback which would be relevant but
we shall try to derive experiments which will particularly enhance
feedback of head motion relative to the torso from sensors in the

neck.

8.3. TRACKING STUDIES: A REVIEW

For the present study, man is viewed as an interrelated group
of anatomical components. Techniques for evaluation of central

nervous system performance are developed, based on control engineering
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that the linear portion of the human operator can be represented

by the transfer function

~-Td
Kt(l + Tos) e Tds

Ht(S),‘. o

where Kt is the human operator gain constant, Td is the transport
delay time, and Ta is the numerator time constant. The transfer
function is a lumped model which includes effects of the visual
system, higher centres, and peripheral neuromuscular system.
Tustin's clagsical work demonstrates how tracking models may account
for those output characteristics vhich are linearly correlated with

the input and those which are not.,

McRuer and Krendel (1959) suggested a linear adaptable model
of the human operator for randomly appearing visual inputs and motion
outputs, which is applicable to the results of investigators prior

to them. The most general form for this comprehensive model is

-T S
K e r (AT, s+ 1)
P i

.S+ 1) (T S +
(TlS 1)(l‘nC + 1)

Y (s) = (8.1)

where

T is the reaction time delay

T is the neuromuscular lag time constant

Kp is the gain

7 Tis + 1)
———————  represents the equalising ability of the operator.
(T.s 4 1)

i
The optimizing capability of the human operator is reflected

in the works of McRuer-and Krendel (1959): "The operator transfer

function for a given task is very similar to the one that a servo

engineer would select if he were given an element to control together

with a black box having within it, elements making up the describing
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function given by the equation 8.1, and Knobs on the outside

for adjustment of Al T » and Kp".

They conclude that the human will modify his transfer
characteristics until he has attained an acceptable level of

performance, or reached his performance limit,

Magdaleno - and McRuer (1971) hav® modelled a pilot's neuromuscular
sgubsystem during a visual tracking test to obtain describing function
data for the muscle/manipulator actuation element and the whole
human, for both hand manipulators and rudder pedals, respectively.
Their general control situation is illustrated in Figure 8.5. and an
illustration of the neuromuscular subsystems considered is shown in
Figure 8.6. The parameter values for the muscle/manipulator dynamics
were determined by correlating EMG activity with limb position. The
parameter values assumed for the muscle spindle were based on
earlier literature, The joint receptors were modelled with a
pure gain and delay term. The human operator's tracking capabilities
were then evaluated for first ~ and second order controlled element
dynamics, respectively. The subject displayed a low frequency
lead when second-order process dynamics were involved in the
tracking task. It was concluded that the peripheral neuromuscular
system remained essentially unchanged during the two tracking
conditions and, consequently, that the central nervous system had

adapted to the change in process dynamics.

8.3.2. TRACKING STUDIES -~ MAN

The dynamic characteristics of the wrist rotation system has
been evaluated for freewheeling (open—loop) conditions and
during a visual tracking task (STARK, 1968). The maximum freewheeling
frequency obtained was approximately 8 Hz, whereas, during
tracking conditions, with wunpredictable inputs, the subject could
not track beyond 3 Hz. The results suggest that the frequency
limitation during tracking is due to the processing of sensory
information and the determination of an appropriate motor response,

Tracking studies which are independent of the visual svstem
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have also been conducted. Neilson (1972) performed tests for
rotation at the elbow joint., During the freewheeling experiments
his subjects attained maximum frequencies of 4 - 6 Hz. When one
elbow was passivelylmoved in an irregular fashion and the blindfolded
subject was instructed to match the movement with his other elbow,
the maximum attainable following frequency was 2 Hz., Based on the
results of thesestudies, it is reasonable to assume that during these
proprioceptive tracking tasks the major factors limiting performance
are central processing mechanisms. Thus, a subject®s central
nervous system characteristics are reflected in the overall
frequency response measurements obtained from the tracking test

and, consequently, the tracking tests cited above are useful

techniques for assessing the dynamic performance of human subjects.

>Attempts have been made to relate the parameters of
transfer functions describing abstract models, to physical processes;
for example, time constants associated with the mechanical processes
in muscles, time delays in neural processing and transmission, and
so on. However the parameters are found to vary with the task and
the environment., Also the response may contain frequencies not
present in the input, thus casting doubt on the validity of a linear
model. Other experimental evidence {Bekey, 1963) suggests that
a) the operator is discontinuous; b) the operator has the ability
to predict the response when the input is briefly removed;
¢) the operator adapts to changes in the dynamics or kinematics

of the tracking problem.

While all the experiments above are a tribute té?glexibility~
and power of the central nervous system and perhaps give an
indication of the general strategies employed, they really do
little to throw light on the control structﬁres involved in

our particular task and still less on the general system organisation.
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CHAPTER NINE

THE EXPERIMENTAL PROGRAM

9.1. INTRODUCTION

This chapter will describe the experimental program devised
to investigate the characteristics of the control model proposed
in the previous chapter, involving the vestibular and proprioceptive

apparatus,

Figure 9.1. shows fully the block diagram model we propose,
while Figure 9.2. shows the proposed control model structure superimposed
on the physiological model. It must be stressed, that the ‘diagram
shown can only be interpreted as a conceptual model though it
partly resembles that put forward by other workers. Since it is
not possible to find physiological equivalents for all the variables
in such a model and, since those which we can identify cannot always
be accessed during an experiment, we must try to contrive separate
experiments to isolate, whenever possible, the individual components

in the system.

Finally some attempts must then be made to determine if the values
obtained for the parameters of the individual components are valid
under conditions where the system performance is considered to depend

on all of its mechanisms.

As can be seen, the block diagram of Figure 92.1l. shows some
slight differences from Figure 8.3. These are structured so that
an estimate iu of the vertical hand movement can be obtained from
the vestibular sensors and the neck and shoulder proprioceptors.
This particular form secems reasonable in the absence of a visual
input where we need to model our undoubted ability to estimate the
position of the hand despite gross body movement. In this model

we need to determine the following characteristics:

H(s) = gross limb response transfer function. This is

a closed-loop response since we are not interested



Gl(s) -

!

G2(S)

V{s)

P(s) ~

S(s) -

Tl(S) -

T2(s) -

It must

in separating the spindle, Golgi tendon organs etc.
We also suppose that the external load does not vary
substantially dvring tests. We will not investigate

this function in detail.

operator response to visual input. This describes
the central processing of a visual error. A
number of studies have been concerned with this

function but we will not investigate it in detail.

transfer function describing the response of the
central processing unit to an estimated hand position

exrroyxr.

assumed transfer function describing the response of the

vestibular sensors.

assumed transfer function describing the neck

proprioceptors.

assumed transfer function which relates the
transmission of length scnsory information in the

shoulder muscles to the motor cortex.

transfer function describing the motion of the

toxrso.

transfer function describing the motion of the

head,

be noticed that V{s), P(s), S{(s) are not identifiable

mechanisms (i.e. simple mechanisms) but they are functions which

we propose be

there.

Two different kinds of experiments, open-loop and closed loop,

were performed and these will be described in sequence. In the

open-loop experiments, the limb was not moved and so the vestibular

and proprioceptive sensors were not used in a limb feedback

loop. Thus S{s) is eliminated from our considerations and

Gl(s) and H(s) are separable. These tests then enable us to
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In some early experiments the output was the force exerted by
the subject under test, on a load-cell but the results here were
disappointing since subjects found it difficult to control force

with sufficiently accuracy.

As mentioned before spurious sensorysignals such as the
noise generated in the motor drive tended to give unwanted clues to
the platform position these effects were masked out either by
the use of headphones producing fairly high intensity broad-band

audio noise or by putting earphones or mufflers on the subject,

In trying to remove proprioceptive feedback from muscles in the
neck, several methods were tried. Of these the neck collar, see

Chapter 7, was probably the most justifiable,:

In trying to impair the vestibular feedback attempts were
first made to achieve this by indirect methods where cancellation
feedback was artificially inttoduced in the output display. This
method was not very successful and so reluctantly we turned to
physiological methods to inhibit the sensors. In this work
the author is indebted to Dr. Sedgewick and Dr. Snashall for their
guidance and clinical supervision. The technique of caloric stimulation

is well-known to physiolcegists but a brief summary follows:

9.2.1. CALORIC STIMUATION OF VESTIBULAR APPARATUS

The procedure is based on the known observation that prolonged
application of cold substances in the ear drum causes loss of
balance and nystagmus always occurs automatically when the semicircular
canals are so stimulated. The exhernal semicircular canal lies
adjacent to the ear, and cooling the ear can transfer a sufficient
amount of heat from this canal to cool the endolymph. This
increases the density of the endolymph, thereby causing it to sink
downward, resulting in slight movement of fluid around the semicircular
canal, This stimulates the canal, giving the individual a

sensation of rotation and also initiating nystagmus.

Refore each test involving caloric stimulation, a clinical

examination of the subject's ear was made with an othoscope to
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9.2.4. TACTILE EXPERIMENT C

For this experiment the oscilloscope display was not presented
to the subject who was blindfolded. A neck collar was provided but
no caloric stimulation was applied. The reduced block diagram is

shown in Figure 9.5.

In the absence of visual feedback the subject must estimate
the seat displacement from his vestibular output. If we call V(s) the
assumed transfer function describing the response to vestibular sensors,
T2(s) the transfer function giving motion of the head, X3 the motion
transmitted to the head, we can assume that the output of the vestibular

sensors V(s). X3(s) is used as the estimate.

The response would then be:

Y(s) = T2(s) . Vis) . Rl(s) Xl(s) (9.2.)
‘or
- y(s) _ :
R2(S) = Xl(s) = Tz(s) V{(s) Rl(s) (2.3.)

where Tz(s) is assumed known from the transmissibility tests of

Chapter 7 and Rl(s) has been determined from experiments A and B.
Thus V(s) follows by division:

V{s) = (9.4.)

9.2.5. TACTILE EXPERIMENT D

Here the conditions are as in experiment C but now the

neck support is removed. The block diagram is shown in Fiqgure 9.6.

Iﬁ this case since there is some information concerning the
head position relative to the shoulder, a corrected estimate of
;l can be formed. For simplicity it is assumed here that the
sensor outputs add. Thus if we call Tl(s) the transfer function
giving motion of the torso, P(s) the assumed transfer function

describing the neef proprioceptors, X3 the motion transmitted to
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From which it follows that:

Ry (s) - Rz(s)
[T)(s) =~ T,(s)] *(s) = F ) (9.11.)

From which, in principle, the proprioceptor transfer function

can be isolated.

9.2.6. TACTILE EXPERIMENT E

This test involves no visual feedback‘vestibular feedback
is inhibited by caloric stimulation but there is no proprioceptive
inhibition. The assumed model is shown in Figure 9.7. 1In this
case there is no spatial reference in the absence of vision and

assuming complete vestibular inhibition.

The output of the proprioceptors will, for periodic stimuli,

give some indication of the seat displacement X. .

1
Here:
X () = Pls) 1) (s) X, (s) = T,y(s) X (s)] =
P(s) [Tl(S) - T, (s)] Xl(s) (9.12.)
and therefore:
y(s) = P(s) [Tl(s) - T2(s)] . Rl(s) . Xl(s) (9.13.)
oxr
_.Y.Lg) — = o o " — o
Xl(s) ~R4(s) = P(g) Rl(g) “1(5) T, (s)] (9.14.)

substituting (9.11 ) in to (9.14 ) it follows that:
— — L g
R4(s) = RB(S) Rz(s) (9.15.)

or, if our assumption of superposition is true, then

R3(s) = R4(s) + Rz(s) {(9.16.)
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A measure of R3 will facilitate estimation of P(s).

9.2.7. TACTILE EXPERIMENT F

It is known physiologically that the proprioceptors in the
neck are enhanced by increasing their tension. One way to achieve this
is to tilt the head slightly and experiments D and E were repeated under
these conditions. Different values of P(s), the sensor sensitivity

are calculated.

9.3. CLOSED LOOP EXPERIMENTS

The previous experiments were performed to obtain some
neasure of the sensitivity of the proprioceptive and vestibular
sensors. However, the tests did not involve any controlled motion
of the arm and so it was not possible to investigate the resulting
control sequence. Further experiments were devised to enclose
the sensors in feedback loops so that a conjectured simple control
structure can be modelled. In these experiments the arm is
outstretched, figure 9.8, and the vertical height of the hand is
monitored and compared with a reference height while the platform is

subject to vertical displacements.

It was also intended to superimpose a hand tracking task
on this experiment but initially the only problem investigated
involved keeping the hand stationary. 1In these experiments the
arm does move and strictly speaking we should include components
of arm dynamics in the transmission eguations. However, since
there is no load on the arm and since movements are relatively
slow, the arm dynamics are ignored in this study. The experiments

and the proposed block diagram models are outlined as follows:

9.3.1. VISUAL EXPERIMENT G

In this experiment the subject can see his hand and the vertical
reference. Thus visual proprioceptive and vestibular feedbacksare

all present. BAgain this is largely a reference experiment for the
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muscle dynamics since we assume that the visual loop swamps out
the other feedback effects. The resulting block diagram is

shown in Figure 9.9.

If we call H(s) the gross limb transfer function, Gl(s)
the subject response to visual input, X, the hand response it

follows

X4(s) = Tl(s) Xl(s)" Gl(s) H{(s) X4(s) (9.17.)

and therefore

X4(S) Tl(s)
Xl(s) -1y Gl(s) H(s) (9.18.)

il

R. (s)
2

If Gl(s) H(s) >> 1

Tl(s)

5090 g e -19-)

9.3.2. BLIND EXPERIMENT H

Here the subject was blindfolded, so the visual loop was
broken. However, both the proprioceptive and vestibular sensors
are unimpaired. Therefore there is now no direct information on
the hand position so we conjecture thet the central processor
in the brain compute the hand position and its error from the

proprioceptor and vestibular sensor data.

Data on the deltoid muscle stretch are also required and
it is thought that this is directly available from spindle receptors

S, see Figure 9.10.

If r 1s the reference signal,Gz(s)the transfer function describing
the response of the central processing to an estimated hand position
error, S{s) the assumed transfer function which relates the

transmission of length sensory information from the shoulder muscles

to the motor cortex, the hand position estimate, X, is given by

4
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X (s) = il(s) + S(s) X(s) (9.20.)

‘where X(s) = G,(s) H(s) (r - %, (s)) and (9.21.)

A

Xl is given by equation ©.6).

Therefore, substituting in (9.20) gives:

X4(s) = Xl(S)» [V(s) To(s) + P(s) (Tl(s) - T,(s)] +
S(s) G,(s) H(s) [r - %4(8)] (9.22.)
Furthermore,

X, (8) = X(s) + X (s) T, (s)
‘Thus the actual hand position is given by:

X4(s) = Gz(s) H(s) (r - X4(s)) + Xl(s) Tl(s) (9.23.)
From the equation (9.22.) it follows that:

K 6) WVE) Ty(5) + 2(s) (T1(5) - ()] + S(s) G, (s) H(s) x

§4(S) =
: 1 + s{(s) GZ(S) H(s)

(9.24.)
which when substituted in Equation (9.23.) leads to the following

equation for the hand position in terms of the reference input r

and the platfﬂrm displacement Xl:

G2(s) H(s)

X)) = ITEE G, (s) H(s) {r+ Xy (s) [%2(5)(P(S) -

o 1
V(s)) + T, (s) {5(5) P(s) + 5;E5wﬁz5ﬂ.1} (a.25.)
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are disrupted by various techniques, Figure 9.11. It was very
difficult to completely inhibit such sensors and so no specific
alteration to the block diagram seems to provide a reasonable

basis for assessing these experiments.

Certainly a study of the transfer function and its
dependence on S5(s) and P(s) gives some indication of what
to expect if these parameters are reduced in magnitude. Clearly
since we loose some vital information on body configuration
we should expect the overall performance to be degraded compared

with experiment H.

9.4. CONCLUSIONS

In this chapter considerable speculation on the possible
control structure which allows postural compensation has been
attempted. These structures are represented by linear models and
the results of the subsequent experimentswill be expressed solely

in terms of these.

The feedback models associated with simple hand position
control are particulariy speculative. In particular we meet the
common problem concerning how or where a reference input is generated
within a closed-loop physiological process. Even in more
generally understood processes such as respiratory regulation the

answers to this and similar questions are not readily available.

An essential feature of all the experiments so far described
is that they have been non-physiological and non-invasive. From
the model structures formulated it is possible to predict gross
muscle activity in a given situation and, in subsequent experiments,
see Chapter 11, it is proposed to investigate these predictions by

EMG recordings of muscle activity.
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CHAPTER TEN

EXPERIMENTAL RESULTS

10.1. INTRODUCTION

In this chapter the results of the many experiments performed
with the vibrating platform are described. Each experiment was
performed with a number of subjects, with a variety of input

waveforms and a number of techniques were used to analyse the

results. There was extreme variety in the experimental results, not

only between the performance of individual subjects but also from
time to time with the same subject. The tabulated and graphical
results will show that it is difficult to be precise both in
determining the comportmental responses with which we have
attempted to model the various feedback processes and in trying
to validate the complete model in tests where all sensory systems
are thought to act. It is undoubtedly true that our model should
be non- linear and adaptive but, in the sense that a simple
physical model is being sought, it is considered that the approach
here is at least a beginning. Af alternative way to interpret
the results of each experiment is to use a. comparative verbal
method. Certainly such comments are included for completeness
although they do not in themselves help to formulate a system

model of the processes being studied.

10.2. ANALYSIS OF RESULTS

From transient inputs such as the swept sinusoid and random
signals it is required to determine the frequency response. Three

methods have been used:
(a) the FAST FOURIER TRANSFORM (FFT)
(b) the CROSS SPECTRAL DENSITY (CSD)

{z) CORRELATION TECHNIQUES

197.
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Thefe are the usual problems of sampling frequency, window
functions and record length encountered in these techniques. The

programmes used are standard, see Appendix AlO.1.

10.2.1. PRESENTATION OF RESULTS

With so many results and such wide fluctuations the question
of presentation of results needs consideration. While one should
ideally include all results there is a need to aim for conciseness.
In this case it is difficult not to show only the most favourable
results. In selecting a single basic set of results some attempt

at standardisation has been made.

A pair of subjects were involved in a wide range of tests and were
found to be fairly consistent in their performances. ‘Their results
are presented, generally as average. Statistical analysis of
results is not attempted since the sample numbers involved are small,
the observations are not stationary and the parameters being sought
are only tentative. The results are presented in the sequence
outlined in the éxperimental program of the previous chapter. A
separate section is then devoted to determining the transfer functions

which characterise the model. Finally some conclusions are drawn.

10.2.2. DATA ACQUISITION AND PROCESSING EQUIPMENT

The transient inputs to the platform were applied by means
of the following signal generators.

(a) PS1 Model AlO4 Variable Phase Waveform Generator

(b) . SOLARTRON, Model BO 1227 Random Signal Generator,

(c) PS1 Sweep Oscillator.

A block diagram of the data acquisition and processing system

is shown in Figure 10-1 (a-b).

During an experimental run, the transducers outputs (position
and acceleration signals) were recorded in two forms:-— An eight-channel

SE' LAB T 3006/DV U-V Oscillograph was used to make a paper recording
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10. 3. OPEN LOOP EXPERIMENTS

(Descriptions of the tests are reported in Chapter 9 -

Section 9.2).

10.3.1. TRACKING EXPERIMENT A

Only sinusoidal inputs were used for the experiment. The
frequency range was 0.5 Hz to 1.8 Hz; the frequencykinterval 0.1 Hz;

the duration time 60 seconds and the amplitude of displacement 4.5 cm.
Figure 10.2 shows the graphical response of the average subject.

FFT and correlation techniques were used to evaluate the
frequency characteristics and both sets of results are shown on

the same graph, Figure 10.2.

10.3.2.  TRACKING EXPERIMENT B

The input signals and methods of analysis were exactly the
same as in Tracking Experiment A. Caloric stimulation of the
left ear was carried out as outlined in section 9.2.1. The results

are shown in Figure 10.3.

10.3.3. TACTILE EXPERIMENT C

Two types of input were used:

(a) Swept sinusoid, initial frequency 0.1 Hz, final frequency

1.5 Hz, sweep time 25 seconds, amplitude 3.7. cm.

(b) Random 1st order Markov signal, cut-off frequency 1Hz
and 3.2 Hz, rms amplitude 3.6 c¢m. at 1Hz and 4 cm. at

3.2. Hz. Duration 79 seconds.
Methods of analysis were:

(a) Swept sinusoids - FPT

{b) Random-CSD.



The results are shown respectively in Figure 10.4 (¥FFT),

Figure 10.5. (Random -~ 1Hz), Figure 10.6. (Random, 3.2. Hz).

10.3.4. TACTILE EXPERIMENT D

The experimental conditions were the same as in experiment C
with an additional number of sinusoidal tests. The neck support

removed for this experiment.
The signal parameters were:

{(a) Swept sinewave - as in 10.3.3.
(b) Random Input ~ as in 10.3.3.

(¢} Sinusoidal Input - as in 10.3.1.
Methods of analysis were respectively:

(a) FFT

(b) CsD

(c) FFPT and correlation

The swept sinusoid tests were performed with increasing and
decreasing frequencies. The results are shown in Figure 10.7

(sweep sine input), 10.8 (Random input, 1 Hz) 10.9 (Random input,
3.2. Hz), 10.10 (Sine wave input).

10.3.5. TACTILE EXPERIMENT E

Inputs were:

{(a) Sinusoid ~- as in 10.3.1.

{(b) Swept sinusoid -~ as in 10.3.3.

(¢} Random - as in 10.3.3.

Methods of analysis were as in 10.3.4. The caloric stimulation

was applied in alternate ears and some variation was found. The

results are shown in Fiqure s 10.1l. (sine wave input), 10.12 (sweep
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sine input), 10.13 (random input, 3.2. Hz), 10.14 (random input,
1Hz).

10.3.6. TACTILE EXPERIMENT F

Here Experement D was repeated with the subject inclining his head

at 50° to the left.

The results are shown in Figure 10.15. (swept sine input).

10.4. CLOSED LOOP EXPERIMENTS

(Descriptions of the tests are reported in Chapter 9.

Section 9.3;).

10.4.1. VISUAL TEST G

The subject was seated with his arm immobilised in an
elbow and wrist acrylic splint. Bccelerometers wore mounted on
the shoulder and hand to record vertical accelerations. A reference
line was drawn on a board in front of the subject and his objective
was to align his hand with the reference during platform motion.
To eliminate the strong predictive element in the visual response

only random inputs were used.
The parameters were:

(a) Cut-off frequency 3.2. Hz, rms amplitude 4 cn -

Duration time 60 seconds.

(b) Cut off frequency 1 Hz, rms amplitude 3.6 ¢m - Duration

time 60 seconds.

Method of analysis : CSD. The results are shown in Filgure

10.16. (randon -~ 1Hz), 10.17 (random 3.2 Hz).

10.4.2. BLIND EXPERIMENT H

The subject was allowed to align his hand visually and then
his vision was obscured for the duration of the experizent, i.e.

. . ; o Tronerd it e ~
60 seconds. The objective was to keep his hand aligned with the
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(a)

(b)

(c)

(d)

(e)
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EXPERIMENTS A,B,C,D,E

When the visual feedback is not available the response
indicates that other mechanisms provide compensation
since proprioception has been limited in EXP. C, we
conclude that vestibular feedback provides this

compensation.

When the neck collar is removed, the differences are

slight at low frequencies, but increase at higher frequencies.
Better control is obtained with the collar. It is

inferred then that head movement gives a better indication

of the upper arm (shoulder) displacement, and so vestibular

feedback is more effective.

The body transmissibility tests (Chapter 7) show little
measurable relative displacement of the head and shoulder
in the rangé of frequencies 0-2.5Hz. This implies that
the neck proprioceptors are problably force rather

than displacement sensors.

The overall human operator response declines when the
platform displacements are random rather than sinusoidal.
This is presumably because the predictive element in
his response has inadequate information on the future
state of the input. The response now becomes lagging

rather than leading.

With sinusoidal and swept inputs the difference in
response with and without caloric ear stimulation is
pronounced indicating that the vestibular feedback can
function effectively in the conditions of experiment D.
For random inputs the difference ismuch less pronounced
showing that the vestibular apparatus does not have
enough information to be so effective as in experiment
D. In other words the predictability in control is

lost.
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10.5.3.
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Results for caloric stimulation of left and right ears

show some differences which suggests that the

vestibular apparatus is not balanced with respect to

vertical motion.

EXPERIMENT F

When the head is inclined, putting the neck muscles in tension,

the phase angle was reduced to almost zero and very accurate

control was achieved. It is Suggested that proprioceptive feedback

from the neck receptors becomes more effective in these

conditions.

10.5.4.

EXPERIMENTS G,H,J

(a)

(b)

(c¢)

When available visual feedback appears to dominate

the feedback mechanisms.

The response without vision deteriorates with
increasing time, showing that the central

brocessor has a short term spatial reference only.

With the bite bar, control is worse but it is
not excessively boor. But when stimulation
interferes with proprioceptive feedback the

response is markedly worse.

10.6. CALCULATIONS AND COMMENTS

10.6.

1.

OPEN LOOP EXPERIMENTS

As previously explained these calculations represent an

attempt to generalise the results in the form of a model. The

particular responses are derived from the experiments as follows:

R —

Exp. A

Exp. C

Ext D

Exp E.
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(b) Both responses show leading phase characteristics, the

proprioceptors giving the greater leading angles.

(c) The same calculations for sinusoidal inputs produce
even greater phase lead angles. This suggeéts that
there is compensation within the central processor and
that this is adaptive. One of the great difficulties
in performing this experiment was the removal of
other unwanted feedback, especially audible signals
associated with the platform drive. It was considered
that attempts to validate our model under these conditions

were probably not justified.

(d) The variations of phase and gain characteristics for
both sensors groups do not appear consistent with each
other in terms of normal minimum phase compenéating X
networks. It does not appear to be worthwhile fitting
numerical transfer functions to the data while the
experimental results are so widely fluctuating.

Table 10.2 reports the calculated numerical values for R3

and R4,figures 10.24 and 10.25 show the comparison between the

measured and the calculated values.

10.6.2. CLOSED LOOP EXPERIMENTS

As previously stated the results for the feedback experiment
G, H and J are extremely fluctuating. In particular it was difficult
to record phase information. However apart from the obvious
deterioration in control caused by loss of vision and proprioception
these experiments can be used for a crude verification of the

feedback model chosen.

Experiment G gives a measure of the ultimate performance
of the shoulder muscle control system, since all sensory systems
are active. It can be seen, Figures 10.16 and 10.17 that the
performance deteriorates at a frequency of approximately 2 Hz. This

may be taken as a measure of the closed-loop bandwidth of the system.
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In experiment H the visual loop is suppressed and from
equation 9.25,it follows that the measured response to a sinusoidal

platform displacement can be written as:

X4(jw) Gz(jw) H(jw)
X, G6) T T+ 6,(0w HGw SGw Ty Gw) [P(Gw) - V(3 1+
: , 1
Tl(S) S(jw) - PQHw) + (10.4.)

G, (Juw) H(Jw)
Since from the transmissibility tests (Chapter 7).
Tl(jm) = T2(jw) = 1, for frequencies in the range 0-2.5 Hz, equation

(10.4) may be written as:

X4(jm) G2(jw)~ H(jw) . '
Rgdw) = X, (G) T 1F G, (Gw) H(Gw) S(3w) [S(jw) - V(Fw) +
1

G, (Gw) H(jw) ]

(10.5.)
If we call
Gz(jw)H(jw)

= H_(jw) (10.6.)

1+ Gz(jw) H{jw) s(jw)

the closed-loop frequency response when only the vestibular and

propriocéptive feedback are active,

then equation 10.5. becomes

B = MO0 [5G0 -vGu)l + 155 <jm)1H(jw>s<jw>
(10.7.)
R6 will only have a similar frequency response to R5, see
9.19, if
T, = S =V =1
and G = G
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It is unlikely that this will be true since there seems to be

an uncertain weighting to the vestibular data. Thus R6 will be

in error, particularly at low frequencies. Assuming however

that the bandwidth of Hc is the same as that of R5 then the
deterioration in performance should be roughly the same with

and without vision beyond 2 Hz, (Figure 10.16 - 10.19). Clearly
from Figure 10.20 partial inhibition of the proprioceptors further

deterioratés the performance.

N.B. R5 and R6 represent the ability to cancel out the unwanted

movement caused by the seat displacement.
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TABLE 10.1
RESULTS

£ (Hz) 0.5 0.6 0.7 0.8 0.9 1 1.2 1.4
IR ] .39 -42 .43 .43 .37 .45 .55 .58
&, | 1.8 1.7 1.3 1.0 1 1.4 1.9 2
LRBI 1.3 1.3 1.3 1.2 1.2 1.2 1.2 1.5
IR, | .33 .31 .34 .36 .26 .35 .39 .40
| V] 4.61  2.38  3.02  2.32  3.51 3.11  1.45  3.45
e | 1.01 1.22 .12 .08 .13 .37 .33 1.16
| .13 .13 .15 .16 .10 .16 .21 .23
<R, 31 27 35 43 44, 54 64 49
<R, ~80 ~24 ~24 ~16 -24  -40 -48 -80
<R, -20 -8 0 ~16 -8 o -88  -148
<R, 22 37 48 70 83 100 86 20
Y ~49 3 11 27 20 14 14 ~31
<p 83 57 113 100 134 136 124 85

<p' 53 64 83 113 108 154 150 69




TABLE 10.2

ESTIMATED VALUES
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f 0.5 0.6 0.7 0.8 0.9 1 1.2 1.4
|, | 1.76 1.17  1.44 1.09 1.33 1.15 0.6 1.97
<R, -69.5 -10.4 -11 3.3 -12.7 -28.8 -20 -68.5
IR4] 1.61 0.91 0.54 0.2 0.36 0.91 .78 2
<R, 55.6 73 78 87 89.8 81.9 50.8 -36
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APPENDIX 10.1

COMPUTER PROGRAMS USED

FAST FOURIER TRANSFORM: See Appendix 7.2

CORRELATION (CORR.)

KILL (L1, ..... 6)
ACQUIR (12, 512, 2, 1)
CONV (1, *, 4)

CONV (2, *, 4)

NORM (*, 3, 3)

NORM (*, 4, 3)

CORREL (1, 3, 4, 5, *, *)
CURV (5, 6, 20, 200)

DISPHY (5, O, 6, O)

%\HL__‘\\“‘\_—.\'*“‘___%Q‘%—H

. END

Parameters: Cross Correlation

1. Mode = 1

2. Input file name
3. Input file name 2
4. Output file name
5. First lag

6. Last lag
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Notes:

(a) Last lag number must be more positive than first lag

(b) Input file must be real

(¢) A lag is defined as 1/sampling rate.
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QEQSS SPECTRAL DENSITY (CSD)

KILL (1,2, ........ 10)
ACQUIR (52, 4096, 2, 1)
CONV (1, *, 4)

CONV (2, *, 4)

NORM (*, 6, 1)
CSD (5, 6, 7, *)
MOPH (7, 8, 0, 1)

DISPLY (8, 0, 8, 1000)

J
f
f
f
[ o s, 5,
f
f
f
f

END

Parameters:

1. Input file name 1

2. Input file néme 2

3.  Output file name

4. Resolution

5. Window (1 = Hanning; 2 = Parzen; 3 = Bartlett)

6. Degrees of freedom
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Notes:

1. Actual resolution
This is always less than or equal to the desired
resolution because fast Fourier transform (FFT)
techniques are used.

2. Degrees of freedom
Equation = 2 [(2N/L) - 1]
where L = SR/Actual resolution

N = Number of samples in file

For the Results shown in Chapter 10:

Regolution = 0.25
Actual resolution = 0.203
Degrees of freedom = 60

Sampling rate = 52

Number of samples = 4096.



CHAPTER ELEVEN

"TRANSIENT RESPONSE AND EMG

ACTIVITY

11.1. INTRODUCTION

Although these experiments are described last, they were
actually the first to be performed. The initial objective was to
compare the time behaviour of the EMG response with the transient
displacements to see if the arm displacements were actually under
neurological control during visual and non-visual alignment tests.
This was necessary, to establish if the vestibular or some other
mechanism could be used to compute the position of the hand in
space. Subsequently a model was proposed for the system and
its frequency domain characteristics determined experimentally.

The results of the transient tests then offer a simple confirmation
of the frequency response results and hence of the model structure,
although too much significance should not be attached at this

stage.
11.2. EXPERIMENTS

11.2.1. TRANSIENT DISPLACEMENTS

The subject was seated on the platform with his arm outstretched
and splinted as described in the previous chapters. Before a step
displacement was applied to the platform he was required to align

the hand with a fixed horizontal marker.

Step displacements of magnitude 4.5 cm and 2.5 cm were applied
at instants unknown to the subject. He was often required to
reposition the arm so that the hand again aligned with the marker.

The tests were carried under the following conditions:

(a) looking, with and without bite bar as described in Chapters

9 - 10.
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(b) Not looking with and without bite bar and with
vibratory excitation of the anterior deltoid and

other shoulder muscles.

Tests were carried with upward and downward displacements

of the platform.
11.2.2. EMG TESTS

Physically the tests were the same as the visual tests (a)
described in the previous section. - As before the subject first aligned his
hand with a horizontal marker and then attempted to realigh
it after a step displacement. of the platform. EMG surface electrodes
were applied to the belly of the anterior deltoid and other shoulder

muscles.

Since the greater EMG activity was observed in the deltoid
muscle, whose major function is to abduct the arm, see Chapter 4,
the majority of experiments were performed with measurements taken

only from this muscle.

11.3. MEASUREMENT TECHNIQUES

11.3.1. TRANSIENT DISPLACEMENTS

The displacement input to the platform was obtained from a\
waveform generator. Although this reference signal was a square
pulse, of duration longer than the transient response of the subject,
the dynamic response of the platform led to an actual input which
contains transients, see Figure 5.8. Two accelerometers were placed,
one on the shoulder as described in Chapter 7 and the other was fixed
rigidly to the splint, see Figure 9.8. proximal to the top of the

hand. The accelerometers were calibrated before each test.

The accelerometer outputs were recorded on a 6-channel UV
recorder (SE Laboratories -~ Type 3006/DL) and on an FM Tape recorder

(SE Lab - Type T-3000).
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11.3.2. EMG TESTS

The platform displacement input was applied as before. It was
measured by a linear potentiometer attached to the platform,
see Chapter 5. The EMG signals were detected using Ag-AgCl surface
electrodes of 8 mm diameter. One electrode was attached over the
muscle belly and the other 2.5 c¢m away on the muscle axis. The
electrodes wereattached by doubled-sided adhesive tape disks. The
cavity beneath each electrode was filled with conducting jelly to
reduce skin contact resistance effects. Standard skin cleansing
techniques were used. The associated instrumentation is described

in Chapter 6 section 6.6.

The displacement and the processed EMG signal were recorded

on the 6-~channel UV Recorder.

11.4. ANALYSIS TECHNIQUES

11.4.1. TRANSIENT DISPLACEMENT

The data from the tape recorder were analysed off-line on the
PDP - 11/50 computer. Since the outputs were accelerations rather
than displacements it was necessary to integrate twice. with respect
to time. Standard integration routines were used. It was seen
that the displacement at the shoulder was virtually the same for

all subjects and was considered to be the actual input to the system.

11.4.2. EMG TESTS

The processed EMG signals were quantified by hand since
visual inspection gave the most reliable means of identifying the

characteristic features of the response.
11.5. RESULTS

11.5.1. DISPLACEMENT TESTS

Five subjects were used and their personal data are given

in table 11.1.

The experiments were repeated approximately 10 time for each
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subject.

Recordings of displacements for the various conditons of
the displacement tests are shown, for 2 subjects, in
Figures 11.1 -~ 11.4. It can be seen that there is a difference
between the responses for positive and negative displacements. Generally,
for wupward displacements, the responses (hand displacement) show
an overshoot followed by an undershoot and then a reasonable

equilibrium condition.

For downward displacement the responses are generally monotonic
but with one pronounced fluctuation. Best performance is obtained

when loocking, with no impediment. Here final alignment is good.

When blindfolded the final alignment shows a positive error
(hand above the reference mark). With the bite bar both tests show
a response which at times moves in the wrong direction. This is
particularly surprising in the tests where the subject was looking,
and clearly indicates that the vestibular feedback overrides the
other sensory feedback. The same trends were observed for downward

motion even though the responses generally tended to be monoktonic.

The worst performance of all was chtained when both bite bar
and shoulder muscle stimulation were used. Here proprioceptive

shoulder feedback was impaired and final errors were very large.

Ideally it would be desirable to relate the transient
responses with the freguency responses discussed in chapter 9 aﬁd 10
and with the proposed models. Only simple correlation was
possible with the results obtained although this could be usefully

investigated in the future.

The transient response times and accuracy appear consistent with
the frequency response. It is felt that the overall control system
is so much more complex thah the simple model we have proposed that
only broad agreement might be expected. From Chapter 10 we have
found that the closed loop bandwidth is approximately 2 Hz, while
the transient experiment gives a rise time approximately equal to

1.65 seconds and therefore it follows that:

Bandwidth x Rise time = 3.30
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For a second order system this product should be 3.142. It
may therefore be considered that the experimental result is in good

agreement with the expected value.

As can be seen in the next section, the EMG results confirm
that during this period the shoulder muscle is being actively driven.
Thus the response is a controlled response rather than a passive mechanical

Yeaction. This again offers some confirmation of the model structure.

11.5.2. EMG TESTS

Five subjects were used in the experiments and their

personal data are reported in table 11.2.

For each subject the experiments were repeated approximately
10 times. Although the fluctuations for each subject were quite
small the values reported here are averages taken of all subject
responses. Figure 11.5 shows representations of platform
displacement and EMG signals. On this diagram are shown the following

response times which thought Lo be significant.

T - time to positive beak overshoot for upward displacement
Tl - time to negative peak overshoot for upward displacement
Tg ~ total duration of EMG response for upward displacement
T3 - time to maximum overshoot for downwarad displacement

T'' ~ total duration of EMG response for downward displacements

The average values of these bParameters are given in Table 11.3.

11.6. DISCUSSION OF RESULTS

There is a notable difference between all subject responses for
downward motion compared with that for upward motion, see Figures
11.1 - 11.5. Since visual feedback is unchanged in each case, it
must be conjectured that it is the other mechanism which are sénsitive

to the different motional direction.

For upward motion there is over compensation shown by the
Jdisplacement records. This is confirmed by the EMG signal which shows

successive agonist and antagonist activity.



For downward motion there is a monotonic displacement
response which again is confirmed by EMG activity of mono-polarity.
There is also some difference in the duration of the processed
EMG response but this may be accounted for by variation in the

platform response times for upward and downward displacements.

It must also be noted that lags in the EMG processing filter
(0.95 sec. - 1st order lag) cause considerable time shift in the

EMG recordings.
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TABLE

11.1.

PERSONAL DATA OF THE SUBJECTS TESTED

DISPLACEMENT TESTS
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SUBJECT AGE WEIGHT HEIGHT SITTING HEIGHT FOREARM LENGHT
(YEARS) (Kg) (cm) (cm) (cm)
I.S. 22 72 172 87 60
S.T. 33 58 167 74 63
B.F. 23 81 180 93 59
M.A 31 65 175 85 57
M.T. 23 69 182 90 65
AVERAGE  26.40 69 175.20 85.80 60.80
STANDARD o 8.51 6.06 7.26 3.19

DEV.
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TABLE 11.2.

PERSONAL DATA OF THE SUBJECTS TESTED

EMG TESTS
SUBJECT AGE WEIGHT  HEIGHT SITTING HEIGHT FOREARM LENGTH
(YEARS) (Kqg) {(cm) (cm) (cm)
M.T.K. 23 62 168 80 59
S.L. 33 58 167 74 63
T.D. 17 78 192 88 68
A.F. 30 69 172 83 57
M.D. 33 76 170 80 60
AVERAGE  27.20 68.60 173.80 81 61.40
ST.DEV. 7.0. 8.65 10.35 5.10 4.28
TABLE 11.3
AVERAGE VALUES EMG TESTS
<p :
SUBJECT gPWARD ?Ib LAcggﬁNT DSWNWARD ?¥?PLACEMENT
1 2 3

S.L. .93 1.84 2.79 .98 2.2

T.D. .91 1.53 2.21 1 2.23

M.X. 1 2.1 3.10 1.09 2.91

A.F. .99 2.19 3.45 1.14 2.74

M.D .96 1.89 2.97 1.17 2.43

AVERAGE .96 1.91 2.90 1.08 2.50

ST.DEV. .04 .26 .46 .08 .31
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CHAPTER TWELVE

CONCLUSIONS AND DISCUSSION

A methodical investigation of a complex system such as human
postural control is severely limited because of the indeterminate
structure of the CNS and because many internal variables cannot
be measured without altering the behaviour of the system.

While it is clear that no principles of general applicability can be
established by a small study with so many variables under cbservation,
some aspects stand out from the bulk of data which show sufflclent
distinctive cons istency that they appear to merit attention

despite the limitations of the investigation. We have attempted,

first to devize non-invasive tests to effectively Separate certain aspects
of motor function in terms of individualelements and to isolate these

elements by impairing or disabling other parts of the system

Secondly, the interpretation and validation of the
experimental results so achieved is desirable. Many models of
the mechanisms involved in human postural control have been
formulated but almost without exception they are guantitative and
cannot be verified. The model proposed here at least has the advantage
of simplicity and the various sensory channels through which postural
compensation may be achieved involve only superposition of
relatively simple systems. The adaptive behaviour which is known
to govern human function in relevgnt circumstances can thus be
explained solely in terms of the selection of appropriate modes
of control. fThis simple selective type of decision process is much
more believable in terms of pPhysiological structure of the CNS
than the complex adaptive models which rely on a computer-like
structure in the brain. No evidence for a programmable brain

really exists according to recent views in neurophysiology.

The crude model which has been presented herein therefore

Tepresents a necessary compromise between simplicity and completeness.



259.

It contains a minimal number of parameters which, in future work,

may be related to the physiological properties of the control

system under investigation. At the same time, some phenomena

which are presently believed to be of importance have been

included. The model is linear but since the true control structure is
not known, the inclusion of some arbitrary non lineraties would

not contribute much to our understanding of the mechanisms being

considered.

Given that only a crude model has been established then we
can make suggestions for improving the experimental investigation and
the evaluation of the model in terms of numerical parameters.
Finally the significance of the results to the design of prostheses
may be attempted. The limitations of the work here presented are

as follows:

(a) Difficulty or perhaps impossibility of obtaining
physical measures of variables without distorting the
experiments. This is partly due to the tenuous balance
between voluntary and involuntary responses when the

human operator performs a given tatk.

(b) Difficulty in removing completely spurious effects such as
audio and other feedbacks which offer alternate subconscious

feedback mechanisms to the operator.

(c) Difficulty in eliminating predictive and learning cheracteristics

of operator.

(d) Difficulty to disable particular pathways when trying to

establish the superposition of multi~feedback channels.

(e) Extreme variability of the results amongst different

subjects.

(f) Only contrived experiments are available to separate,
if possible, the individual component in the system.
The results must be interpreted only in appropriate situations.

But this is also true for any tracking type of experiment.
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{(g) Low cost apparatus has been used and experimental techniques
could certainly be improved by use of more sophisticeted
low-frequency shakers with particular emphasis on the

suppression of noise and vibration associated with the motox

drive.

(h) Physiological aspects such as the duration of each run,
particularly in swept input excitation, to obtain a
more uniform spectrum by using a lower sweep rate;
caloric stimulation which shows very variable results,

the effect of fatigue and anxiety on the operator performance,

etc.

Bearing in mind the above limitations, the following comments

can be made from the various tests carried out.

(1) Visual feedback appear to dominates all the other
feedbacks available to the human operator when it is

aVaéiable.

(11) The human operator response indicates that, in absence
of visual input, vestibular and proprioceptive feedback

provide compensation.

(1ii) The human operator response to a periodic input clearly
shows a leading phase almost certainly due to his
predictivity. When the frequency of the input signal
increases or when the input is a random signal, the
predictivity is lost and therefore the phase becomes

increasingly lagging.

(iv) Proprioceptive feedback, whenever it is functioning, improves

the postural compensation of the human operator.

(v) The left and right sides of the vestibular apparatus are

not balanced with respect to vertical motion.

(vi) When the head of the human operator is bent in one direction,
impulses from the neck proprioceptors contribute to a

better postural control.
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(vii) The vestibular sensitivity appears to be more
significant than the proprioceptive one from the

results calculated indirectly from the model.

(viii) Both vestibular and proprioceptive responses show
a leading phase characteristic. The proprioceptors give

greater leading angles.

(xi) There is compensation within the human céntral processor
which is certainly adaptive in nature. With our
model this adaptation could merely be selection of an

appropriate feedback channel.

(%) Transmissibility of low frequency vertical vibrations
to the shoulder show a resonant frequency around 5 Hz

with a lagging phase of 60 degrees.

(xi) ‘Transmissibility of low frequency vertical vibrations
to the head show an average resonant frequency of 4.5. Hz with

a lagging phase of 47 degrees.

(x1ii) The human operator response to a sudden displacement,
i.e. step input, is a controlled response rather than

a passive mechanical reaction.

(xiii) The human 4;rator frequency bandwidth is somewhere

neaxr 2 Hz.

(xiv) The human operator rise time to a sudden displacement is

around 1.65 seconds.

Onc test of the feasibility of such a model of a rhysiological
systeﬁ is whether a mechanical system could be built which
functions successfully using the same principles. Thus the
prehension control scheme for a fully-flexured artificial
hand which has been developed in the Control Group at Southampton
University (TODD, 1970; CODD, 1975; STORY, 1977; NIGHTINGALE~SWAIN, 1978;
MOORE, 1980;) does give a useful model for the study
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of the human hand even if it is not a structural analogue.

Recently work in the group has been directed to the
control of a fully-articulated mechanical arm with 6-degrees of
freedom. Once again a control scheme has been sought in which
conscious human participation is no more thaéothe normal hand
(SWAIN-NIGHTINGALE, 1980). This has necessitated the use of
sensors to provide much information on the kinematics and kinetics of
the limb and its tactile element. A scheme has been proposed, see
Figure 12.1. which does make use of artificial proprioceptors,
through potentiometers, etc. and inertial sensors (the equivalent
of the vestibular system). Some experimental work has already
been performed on this system. A central computer facility has
been used but it has not fulfilled a flurmerical-algorithmic role.
Rather it has been used to make selective decisions, based on
simple criteria,at relative points in the control structuré. Only
in this way has it been found possible in these complex prostheses to
meet the conflicting requirements of multiple decision-making and
sneed of response. Certainly so far as prosthetic and other
bio-engineering systems are concerned, the kind of model adopted

here seems very appropriate.
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CHAPTER 12

LIST OF FIGURES

12.1. Complete S!outhampton Hand/Arm Control System.
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