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ABSTRACT

Current models for physiological components and a
series of experiments on human subjects form the basis for
a multiloop control model which describes how a human uses
multiple feedback sensors to control his orientation. Par-
ticular emphasis is placed on defining functional interfaces
between the feedback sensors and postural responses. Be-
cause of the inherent complexities within the posture con-
trol system, analysis is simplified by considering only
control of forward and backward rotational motions about
the ankle joints during quiet standing tasks.

The research effort is divided into three segments.
First, a general posture control model is assembled given
current models for motor and sensory components. This gen-
eral model forms the basis for a series of experiments with
human subjects using a specially designed two-degree-of-
freedom simulator. Finally, experimental observations are
combined with the general model, developing specific models
which predict the observed postural responses.

During quiet standing on a rigid surface ankle re-
flex gain is about one third that necessary for postural
stability. Ankle reflexes, however, are adequate to fully
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stabilize very small deflections due to the presence of
"stiction" forces acting between fibers in intra- and extra-
fusal muscle fibers. Quiet standing is punctuated by fre-
guent transients during which the subject "breaks out" of
static reflex stability and begins to diverge. A kinesthe-
tic threshold is reached, commanding a transient multipli-
cative increase in reflex gain proportional to disturbance
amplitude. A static sense, either vision or utricle oto-
lith is necessary to correct slow drift of this reflex/kin-
esthetic control loop.

When reflex and visual feedback are removed, the
vestibular sensors are able to fully stabilize posture.
The utricle otoliths and semicircular canals act as fre-
quency selective feedback sensors. The canals detect sway
divergence and initiate corrective postural responses. The
utricle otoliths provide a static vertical reference to
stabilize slow drift of the canal control loop. Otolith
cues are shown to be ambiguous at higher frequencies be-
cause of interactions between linear motion and gravita-
tional stimuli.

Control strategy is observed in one subject with
complete loss of vestibular function but with normal motor
control. When eyes are open, the subject shows reflex/kin-
esthetic control strategy which is very nearly normal. The
subject is also able to stand with eyes closed; however,
this required great effort. Tests show eyes closed control
strategy to be radically different. Extensor reflex gains
were increased six—-fold, allocating almost complete control
of function to reflex "rigidity".
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CHAPTER 1

INTRODUCTION

The sensorv-motor system is the mechanism through
which man interacts with his physical environment. This
system is necessarv for survival since it provides the means
for detecﬁing features of the environment, spatial config-
uration, smell, temperature, etc., and for coordinating
motor activities in response to the sensory information.
Thus man could gather food, build shelter, and‘move quickly
from place to place. In the technological world of today,
man has constructed machines which greatly extend his capa-
bility to perform these basic sensory-motor tasks. This
technology has provided man with problems and challenges.
Most of these machines still require a man as the ultimate
master. Hence, man, with the same basic sensory-motor
system adapted to simple bipedal locomotion is asked to
control mechanical "extensions" of his physical body with
far more complex dynamic characteristics, under conditions
considerably more exactinag. In solving the problems that
arise from man-machine interactions, engineers and physiolo-

aists have soucght greater understanding of the neuro-



physiological mechanisms that control orientation of the
body in space.

The same technological understanding which extends
man's motor capabilities can also help to restore artificially
the sensory and motor functions in people in which injuries
or disease have impaired these mechanisms. Here too, a
thorough understanding of posture control function is
necessary before artificial components can be successfully
integrated with natural motor and sensorvy functions.

To gain a greater understanding of postural mechanisms,
physiologists have studied in detail the components involved
in motor énd sensory functions. More recently, physiologists
and engineers, using control theory techniques with physiolo-
gical data, have developed models which define and predict
response characteristics for many of the motor and sensory
components.

The thesis research attempts to carry‘the control
theory description of postural mechanisms one step further.

A series of experiments with human subjects forms the basis
for a multiloop control model which describes the way a
human uses multiple feedback sensors to control his orienta-
tion during a simple gquiet standing task. The current models
for motor and sensory components are used in this model.
Particular emphasis is placed on defining the role of each
sensor and on modelling the functional interfaces between

these sensors and postural resvonses.



1.1 Scope of the Research

The thesis seeks to define the basic functional pro-
perties of the posture control system during a relaxed
standing task. Because of the inherent complexity of even
this basic control task, analysis is simplified by consider-
ing only control of forward and backward rotational motions
of the body about the ankle joint, hereafter termed body
swav or bodv angle motion. Bodv sway motion represents
the critical mode in control of posture because of the
inherently unstable "inverted pendulum" characteristics of
the bodyv. Therefore, this simplification is justified.
Relative motion between upper body segments is of consider-
ably less consequence during guiet standing and may be
neaglected here. Hence, the goal of the postural control
system in this simple task is to assess the current status
of body sway motion and generate appropriate ankle reaction
torques to maintain stability.

The research is divided into three segments. First,

a general posture control model is assembled, given current
models for motor and sensory components and the general
properties of neural vprocessing described in the literature.
This general model then forms the basis for a series of
experiments. Finally, experimental observations are com-
bined with the general physiological model to develop

specific models for the sensorv-motor interface.



In both the design of the experiments and develop-
ment of the final models, the highly adaptable and non-
stationarv characteristics of the system are recognized.
Experiments use transient disturbances which probe the
states of the system at specific instances in time or during
very short periods in which characteristics remain relatively
constant. The models also define transient rather than
continuous control processes.

Sensory deprivation techniques are employed during
experiments to isolate characteristics of the individual
sensory feedback modes. These methods allow observation
of a numbér of control strategies and enable a more complete
determination of the range of adaptability of the various

sensory feedback modes.

1.2 Applications of the Research

1.2.1 Basic Physioloay

Physiology of posture control mechanisms has been the
topic of considerable research effort. To date there have
been descriptions of the characteristics of individual
sensory, neural, and muscular components. The validity
of these descriptions has been reinforced with the develop-
ment of control tvrme models for these components which pre-
dict their input-output characteristics. Descriptions of

overall posture control processes, however, have been lim-

ited to general cases based vrimarily on "educated speculation."



This thesis attempts to expand the knowledge of sensory-
motor processing by describing specific functional relation-
ships between the feedback sensors and the initiation of
postural commands. Although these descriptions of neural
processing in the model are purely functional, care is taken
‘that the defined relationships have basis in the physiology.
The completed model thus sugaests a general framework in
which more specific physiological experiments may be

interpreted.

1.2.2 Medical Applications

Possible medical applications fall into two general
catagories:

1. Diagnosis of sensory disabilities affecting

posture control

2. The development of artificial limbs which are

involved in the regulation of posture.

A number of experimental techniques are developed which,
in conjunction with the model, enable a rapid determination
of the sensorv modes beinag emploved by a subject to control
posture. In addition, sensory deprivation techniques allow
independent observation of several sensory feedback nodes.
These techniques, together with a bodv of data on perform-
ance of normal subjects, should enable diagnosis of some types
of sensory deficiencies.

Natural "feel" in the operation of an artificial limb

is a major factor in its acceptance and.successful use by a



patient. In the case of artificial legs, the posture
control model might help in the development of natural
responsiveness in- the limb by answering the following
guestions:
1. What active motor functions are most important to
include in the artificial 1limb?
2. What feedback senses are most important to enable
efficient regulation of the limb's actiwve function?
3. How might the active limb best be integrated into

the central nervous system?

1.2.3 Technologv

Engineers developing control interfaces between a pilot
and his vehicle have been intrigued by the simple, almost
effortless way in which a human controls his own orientation.
They have contemplated ways to link the man-vehicle interface
to this posture control system so that the pilot's postural
responses might also control the orientation of his vehicle,
As is the case in developing artificial limbs, success of
such‘a‘scheme requires that the sensory-feedback and control
effectér interfaces have the feel of "natural" postural
procesées. Hence, the posture control model may help
answer some of the same questions confronting the designers
of.artifical limbs. In addition, the man-vehicle engineer

faces some other questions that the model may help answer:



What are the maximum performance capabilities

of the posture control system during a given
control task?

How micght these capabilities be enhanced by
pre-processing of the postural stimuli presented

to the men?



CHAPTER 2

PHYSIOLOGY OF-~POSTURE REGULATION

Sensors in all areas of the body are used in the
control of posture. Some of these sensors measure within
a body reference frame, while others indicate orientation
of the body with respect to its external environment. 1In
the central nervous system, the task of sensory processing
and generation of muscle commands is multilevel, the lowest
levels of coordination located at the sminal ventral roots
and subsequent levels extending upward to the hicghest
brain centers.

Although understanding of posture physiology is far
from complete, many features of organization and function
have been described. The current literature on posture
physiology is reviewed here and a general model is assembled
usinag the properties of the muscular, sensory, and neural
components described in this literature.

2.1 Anatomy of the Lower Leg 23,78

Figure 2.1 introduces the basic bone and muscle structure

of the lower leg and foot. The following paragraphs consider
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the mechanical properties of joint motion and the genera-
tion of ankle torques during posture control.

Positive body angle, leaning forward, (dorsiflexion),
corresponds to flexion of the ankle joint; negative body
angle, to ankle joint extension (plantarflexion). The
gastronemius and soleus muscles are the primary effectors
of ankle joint extension. Their point of insertion (Achilles
tendon) on the calcaneus bone of the foot is within the plane
of ankle extension-flexion motion, therefore, gastrocnemius-
soleus force produces pure extensor ankle joint motion.

Function of the muscles effecting ankle joint flexion
is somewhat more complex. The tibialis anterior inserts at
a point medial (toward center line) to the plane of extension-
flexion motion. Therefore, tibialis anterior force produces

a combination of ankle joint flexion and eversion. Force in

the peroneus tertius produces a combination of ankle flexion
and inversion. Coordinated activation of these two muscles
produces pure ankle flexion motion.

An adequate model for muscular initiation of ankle
torque lumps flexor and extensor muscles into a single
agonist/antagonist pair.

A determination of maximum magnitude of extensor and
flexor muscle motions, velocities and changes in length is
necessary in developing models for muscle force characteris-
tics. Anatomical dimensions and body angle motion character-

istics are reguired in order to compute these values. The
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latter are provided by exverimental studies within the thesis.
Estimates of the anatomical dimensions are made using draw-
inags (78) ané Demntser's data on the average dimensions
of body segments {£3). These are shown in Figure 2.2.
Experiments in Chapters 4 and 5 show that angular
motions of the ankle joint are restricted to a range of
+2 degrees and that the frequency of these motions is less
than 0.5 hz during posture control tasks examined in this thesis.
Using these parameters, the following maximum values
for muscle stretch velocity and length change are found:
|AL] < 0.0075L
[v| < 0.0225L_/SEC.

where LO is the resting length of the muscle.

_ 15,19,47,53,68
2.2 Posture Muscles The Response Effectors76'89'107'108'115

This section contains a brief description of the tension
generating characteristics of skeletal muscle. Effects of
neural innervation, muscle~length, and muscle stretch
velocity on tension are considered.

Skeletal muscles are composed of numerous muscle fibers,
each extending the entire length of the muscle. All fibers
are roughly parallel in orientation. A single muscle fiber
is in turn subdivided into several thousand parallel units
called myofibrils. The mechanisms of contraction lie within
these tiny myofibrils.

Skeletal muscle is innervated by axons from alpha moto-

neurons. Each motoneuron innervates a number of muscle fibers
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(3

which always act in unison. This group of fibers is termed
-é motor unit, thus forming the basic functional unit of
muscular contraction.

The total muscle output is the summation of tension
developed by each of the motor units within the muscle.
Simplified muscle models, considering the muscle as a single
force generating unit, predict input-output characteristics.
A single component model is considered here.

The variables affecting muscle output (tension) are the
following:

1. activation level (in the single component model
this is the average activation level of all motor
units in the muscle.)

2. 1instantaneous length of the muscle

3. shortening velocity of the muscle

Hill (53) proposed a general relationship between
force output and shortening velocity of muscles:

(P + a)(V + b) = b(PO + a) (2.1)

where P muscle force
v shortening velocity
P = isometric (i.e., V = 0) maximum tension
aand b = constants

For maximally stimulated shortening muscle, the relationship
fits experimental data fairly well. The equation also applies
for less than maximum activation levels if PO is replaced by
P

A’ the maximum isometric tension for a given level of muscle

activation. The relation, however, breaks down for all but
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very slow rates of muscle lengthening. Studies since Hill's
first proposal have also shown definite errors in the
relationship for predicting the fine details of muscle
response characteristics. The basic relationship, however,
is useful as a modelling tool. Figures 2.3 and 2.4 compare
theoretical force-velocity relationship with exnerimental
data of Jovce et al (68).

Force generating characteristics of muscle are also
dependent on the length of the muscle. Strictly speaking,
Hill's force-velocity relationship is valid for constant
length; it is able to predict instantanecus force levels
only. |

Force-length characteristics of muscle are dependent on
both active ané vassive mechanical proverties of muscle.
Fiocure 2.5 shows these relationships. The passive mechanical
resistence is only present for large stretch lengths. Active
properties show a "bell" shaped curve; tension for a given
rate of stimulation is maxinum at rest length and decreases
if the muscle is either shorter or longer than this optimal
length.

Most muscle-initiated movements involve muscle action
within the general region of rest lenagth. For this owerating
region a roughly linear relationship, dependent only on
muscle activation level, can be defined. These roughly
linear segments of the length-tension curve are shown as

dotted lines in Figure 2.5.
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The posture control tasks in this thesis involve
only small changes in lenath and velocity. Calculations
in section 2.1 show that changes in length are about £0.75%
of rest length with maximum expected stretch velocities
of about 2.25% per second. In this case, the preceeding
relationships can be combined into a linearized equation
in which effects of activation, length, and stretch velocity

are independent of one another:

_ 9P 3P ,. . oP
P = PO(fO’LO’VO) + { -s—f Af + E Au + -gv Vv ] fzfo (2.2)
IJ=L
'V=VO=O
where
Af = small changes in activation level (impulses/sec)
AL = small changes in length (mm)

V = small stretch velocities (mm/sec)
The relationship for changes in tension thus reduce to the

sirmmle form:

AP = Ke Af + K AL + BV (2.3)
where

KL = KL(fO)

Bm = Bm(fo)

Equation 2.3 adequately describes the force generating
component of muscle. The addition of an elastic element in
series with the force generator, Ks, attributable to tendon

and connecting tissue, is necessary for the model to describe
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experimental observations. The complete lumped parameter
model commonly used to desqribe muscle dynamics is shown
in Figure 2.6.

For this model, the isometric step response is

approximately:

g

(2.4)

—_— (s) =

where s is the LaPlace transform operator. Isometric step
response time is highly dependent on the rate at which the
muscle is stimulated. At large tetanic stimulus rates (15)
the step response time constant for a slow skeletal muscle
(soleus) ranges from 50 to 100 milliseconds. For slower
stimulus rates, response time is considerably longer than

100 milliseconds (75).

2.3 The Feedback Sensors2,4,14,42,57,61,64,72,81,98,113

2.3.1 Muscle Spindles

Structure:

Muscle spindle receptors, several centimetefs in length
are interspersed throughout muscles. Each measures local
muscle length. Muscles involved in fine control have more
receptors per unit weight than those performing coarse
movements.

The spindle is composed of several small intrafusal
muscle fibers of two types, nuclear bag and nuclear chain

fibers. Collaterals from a single primary group I afferent
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nerve fiber spiral around the central region of each spindle
fiber (annulospiral endings). Collaterals from a small
secondary group II afferent fiber form diffuse endings
(flower spray endings) adjacent to the central region,
generally on nuclear chain fibers, but occasionally on
nuclear bag fibers as well.

Intrafusal muscle fibers are innervated by small
y-efferents, separated anatomically into two groups accord-

ing to the type of ending:

1. plate endings;:; mostly on bag but also on a few
chain fibers
2. trail endings on both bag and chain fibers

Figure 2.7 illustrates muscle spindle structures.

Function:

Evidence suggests that primary and secondary afferent
respense levels of the spindle are directly proportional to
deformation of intrafusal fibers in the region of sensory
ending. Annulospiral endings of the primary afferent fiber
respond in proportion to both length and the rate of stretch
of the intrafusal fibers. Secondarv endings respond primarily
in proportion to the length of the intrafusal fiber.

Functionally, y-efferents can be separated into two
groups, y-dynamic and y-static fibers. There is no consis-
tent relationship between functional and anatomical definitions.
Increased y-dynamic activity increases the velocity sensitivity

of the primary afferent response. Activity of the y-static
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fibers determines the bias discharge levels in the responses
of both the primary and secondary afferents. Jansen et al.
(64) recording from individual primary and secondary af-
ferents, conclude that static and dynamic response

characteristics may have relatively independent control.

Models:

Investigators (56,61,98,113) have developed models for
the primary afferent response of the muscle spindle in
the general form:

K(Tls + 1)

= : (2.5)
£(s) (o Tis + l)(Tzs + 1) Xm(s)
f(s) = output firing rate in pulses/sec
Xm(s) = muscle spindle length in mm
K = muscle spindle gain in pulses/sec/mm

Agarwal et al. (2), using this model to match step response

data of Lippold et al. (72) found the following parameter

values:
T1 = (0.28 sec
T2 = 0.0055 sec
a = 0.21

They show that the "lead-lag” model is adequate to predict
the basic form for the response of the mammalian muscle

spindle to stretch inputs.

2.3.2 Golgi Tendon Organs56’ 58,59,60

The Golgi tendon organ is a muscle force transducer.
Each ending is located in series with a small number, 3 to
25, of extrafusal muscle fibers, and it measures the

total force exerted by the group. The group of muscle
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fibers comprising one organ unit are generally from differ-
ent motor units; thus, each organ samples the level of
activity in several motor units. The Golgi organ has no
motor innervation.

Afferent fiber endings in the Golgi tendon apparatus
closely resemble the flower spray endings of the spindle
secondary afferent fiber.

In the past, Golgi organs were thought to function only
as force limiters, inhibiting muscle response only when
excessive loads threatened permanent damage. Because of this
assumption, relatively little effort has been made to more
accurately define Golgi organ response characteristics.
Recently, Houk et al. (59) have shown that Golgi organs
provide a high resolution reading of muscle tension through-
out the force range of the muscle. They observe absolute
threshold levels for each organ of less than 0.1 gram, con-
cluding that the Golgi organs provide an accurate filtered
sample of the active forces produced by the muscle. They

define the following average response function:

h(t) = K(1 + B + C) Uy(t) - K[bBe % + cce %1 U (¥)
where K = 4 pulses/sec/gram
B=1.0, b= 2.0/sec
C = 2.0, ¢ = 25/sec
h(t) = output firing rate
Uo(t) = unit step function
Ul(t) = unit impulse function (18)

Functionally, Golgi organ afferents form an inhibitory

disynaptic pathway with motoneurons of the same muscle.
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Houk et al. (58) postulate that Golgi organ feedback acts
as a continuous force regulating loop, correcting for
variations in muscle response characteristics due to
fatigue and to lenath and velocity changes.

2.3.3 Joint Receptorsll'20’36’98'105

Three types of sensory endings within the joints of
limbs are responsive to rotation:
1. free endings in both the joint capsule and ligaments
surrounding the joint
2. non-encavsulated spray endings, Raffini joint
receptors, primarilv within the joint capsule
3. encapsulated endings in ligaments and the joint

capsule,

By far the most common are the "spray type" endings
located within the connective tissue of the capsule. Some
receptors respond over a limited angular range, while others
respond within a much broader range. At any given angle it
is likely that a number of receptors are active.

Recordings from first order afferents innervating the
capsule of the knee joint, by Boyd et al. (il) show that in
the cat responses are proportional to both position of the
joint and its rate of movement.

Viernstein (105) observed transient response character-
istics of first order afferents in the knee joint of the
monkey, sensitive to angular motion of the joint. He con-

cluded that a simple "lead-lag" transfer function can be
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used to characterize the relationship between angular
position and impulse frequency response.

2.3.4 Deep Pressure Sensors9’36’47

Very little quantitative data relevant to a control
description of the deep pressure sensors are available.
Bouvassa et al. (9) observing cortical evoked responses,
found that only very few peripheral afferent fibers need
be active for perception. Unfortunately, no data are
available to indicate linearity or dynamic range of pressure
discrimination. Little is known about how responses of
the individual receptors are combined to enable integrated
perception of body motions and forces.

2.3.5 The Vestibular System83’lll'112

Characteristics of the vestibular system are well
documented. A complete description can be found in the
references listed above; a review of the details pertinent
to posture control is given here.

Angular acceleration in three dimensional space is
sensed by three approximately orthogonal semicircular canals
in each inner ear. The utricle étoliths, onein each inner
ear, are multi-dimensional linear accelerometers. They
sense specific forces (linear acceleration plus gravity)
in a plane rotated 30 degrees with reference to the horizontal

plane of the head. Hence, combihed canal receptors sense

all relevant angular motions of the body; utricle otoliths
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sense the summation of all linear and gravitational
forces.

The canals are heavily damped accelerometers, with
perceived output corresponding to angular velocity. Dynamic

characteristics of the pitch axis canals are:

Subjective angular velocity (s) _ 7

Input angular acceleration (s) (7 s+1) (0.1 s+l1)

The threshold of perception of angular velocity is heavily
dependent on the sensory mode in which it is measured. A
thorough discussion of this point is included in Chapter 4.
The utricle otoliths are also heavily damped accelero-
meters, sensing both tilt angle and linear velocity. The
revised non-linear otolith model of Young and Meiry (112),

based on input-output data only, is given in Figure 2.8.

. MECHANICAL
MECHANICAL MODEL THRESHOLD NEURAL

OF OTOLITH PROCESSING
ACCELEROMETER

(d AND d TERMS)

SPECIFIC 1.5 d
B amassenm o oo
FORCE (S+0I9)S+ 1.5) | OTOLITH / |

/ PERCEIVED ACCELERATION, TILY
] (S + 0.076) |em—mmuniim.

DISPLACEMENT
W.R T MACULA

A DYNAMIC MODEL FOR THE UTRICLE OTOLITHS (REF. 112)

Figure 2.8
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2.4 Organization of the Sensorv-Motor Nervous System

2.4.1 Properties of the Single Neuronzz’70

Integration in the nervous system is the result of
summation of the integrating characteristics of individual
neurons. A brief summary of neuron function follows.

Figure 2.9 shows the general form of a neuron. Three
basic commnonents of each cell include the dendrites,. the
soma or cell body, and a single axon. The nerve imoulse,
initiated by electrochemical activity in the cell membrane
of the dendrites and soma is transmitted along the axon.

The synapse is the junction between neurons, or between
nerve and muscle cells; transmission of a nerve impulse from
one cell to the next occurs here. Reception and integration
of these synaptic inputs take place along the dendrites and
cell body of the neuron. This is a local, graded>process
in which incoming messages raise or lower the local membrane
potential. Svatial and temporal summation of the many inputs
determines the membrane potential at the point of emergence
of the axon from the soma, the axon hillock. When the mem-
brane potential at the axon hillock reaches a threshold
value, a single response, in the form of an action potential
or "spike" is generated and transmitted down the axon to
other neurons or muscle fibers.

Since an impulse must cross the synaptic junction in
order to effect a change in the membrane potential of the

subsequent cell, the synapse is a locus for control of neural
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activity. This control can be effected either pre- or
postsynaptically.

Postsynaptic effects are either excitatory or inhibit-
ory. Excitatory impulses drive the membrane potential
toward the action potential threshold; inhibitory impulses
stabilize the membrane potential or drive it away from the
threshold.

Presynaptic effects do not directly change membrane
potential levels; rather they interfere with the ability
of other synapses to function, either as excitatory or in-
hibitory effects on the membrane potential. They inhibit
transmission across the svnapse.

Spatial location of a given synapse is also an important
characteristic. Svnapses near or on the soma are able to
affect strong,rapid changes in membrane potential at the
axon hillock. Svnaptic activity more distant along the
dendrites have weaker and slower acting effects.

Figure 2.10 brieflv summarizes the integrative functions
of a single neuron.

8,10,12,29,31,32,

2.4.2 The Spinal Cord Structure and Function;3'38'44'62'74'95

A cross section'through the spinal cord reveals a
butterfly-shaped gray region surrounded by a white region.
The white periphery contains ascending and descending tracts
going to or originating from the hicher brain centers. The
central grey region is composed of cell bodies of inter-

neurons, motoneurons, and ascending nerve fibers.
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Cell bodies of motoneurons are located in the ventral
region of the gray matter. Axons of the motoneurons leave
the spinal cord to innervate either skeletal or intrafusal
muscle fibers. Alpha-motoneurons innervate skeletal
muscle; smaller gamma-motoneurons innervate intrafusal
fibers in muscle spindles. It appears that the effect of
each gamma-motoneuron is exclusively "dynamic" or "static,"
so that independent control of vhasic and static length
feedback is preserved at the spinal level.

The primary group Ia afferent fiber of each muscle
spindle enters the dorsal region of the gray matter and
impinges monosynaptically on an alpha-motoneuron, activating
the homonomous skeletal muscle. Collaterals from each
afferent also innervate interneurons and neurons ascending
the spinal tracts to the higher brain centers.

Muscle spindle secondary group II afferents impinge
only on interneurons and on neurons ascending the spinal
tracts to the higher brain centers. The effects of spindle
secondary feedback is not understood.

Afferent fibers from Golgi tendon organs impinge on
interneurons and neurons ascending the spinal tracts. Via
simple disynaptic feedback pathways (an interneuron to an
alpha-motoneuron) afferent fibers from Golgi organs act to
inhibit activity in homonomous muscle fibers. Through this
simple inhibitory mechanism, Golgi organs are believed to

-act as muscle force regulators. Pressure, touch and joint
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receptors are associated with the more complex flexor,
vlacing, and scratching reflexes. They also initiate
actively in ascending spinal tracts.

A great deal of input inteqgration takes place within
the complex net of interneurons in the spinal cord gray
matter. Although much of this integrative activity is not
understood, investigators have found definite patterns of
organization among sensory inputs and higher center commands.
The following paragraphs include a few simple organization-
al patterns which have been observed. Several general models
’oﬁ sensory-motor organization at the spinal level are then

provosed.
2.4.3 Interaction Between Spinal Reflex Pathways

Simple mechanisms enable reciprocal action between
stretch reflexés in extensor and flexor muscle pairs.
When a stretch reflex is excited in one muscle of the pair,
the stretch reflex in the opposing muscle is inhibited.
The converse is also true: a decrease in afferent activity
in muscle proprioceptors removes inhibition from the propri-
oceptor feedback paths to the opposing muscle, effectively
facilitating the reflex path in the opposing muscle. These
reciprocal pathwavs insure that total reflex activity in
opposing muscles acts in concert, providing smooth, efficient
regulation of motion.

The flexor reflex, activated by high threshold cutaneous

afferents, strongly activates the flexor muscles of the limb,
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withdrawing it from the source of painful stimulus.

Flexor reflex afferents also act to inhibit transmission

of Ia afferents {muscle spindle position feedback) in the
extensor and flexor muscles. The effect of this inhibition
is to open both position feedback loops to enable a maximum

rate of withdrawal, i.e., "open loop " control.

2.4.4 Function of the Higher Brain Centers

Remarks on the functions of the higher brain centers
must be limited to a few generalizations.

Voluntary commands are generated in the "highest"
brain area, the cerebral cortex, where information about
the states of the body and the external environment reaches
conscious experience.

Physiology of the cerebellum suggests that it is a
coordinating center for motor control. Investigators
have found that its microstructure is well suited to process
complex sensory patterns.

Higher center commands act via descending tracts in
the white matter of the spinal cord. These descending axons
form synaptic junctions with interneurons and motoneurons,
interacting with the spinal reflex pathways to determine the
cutflow from the motoneurons.

Descending fibers originate in the cerebral cortex and
in the nuclei (large nerve masses) of the brain stem. Both

the cerebral cortex and cerebellum exert an influence on

activity in the brain stem nuclei.
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The direct cerebral cortex efferents are believed to
exercise strong, independent control over both the alpha
and gamma motor svstems. The less direct effect of the
cerebellar influence suggests that its function is primarily
that of a coordinating center.

Experiments have shown very general functional properties
of the descending spinal tracts. Weak stimulation within the
brain stem nuclei may either enhance or inhibit the stretch,
force, and flexor reflexes. While these studies have shown
only general inhibitory and facilitory functions, it is not
unreasonable to assume that higher center mechanisms exhibit
a high degree of selectivity in control of svinal level
reflex mechanisms. The studies suggest that higher centers
may determine the mode of reflex control; either force
feedback, position feedback, open loop, or a combination of

these.

2.5 Conclusions - A General Model for Regulation of Posture

Figure 2.11 depicts a general configuration for the
feedback of sensory information and the initiation of motor
commands in the postural control system.

Major features of the model include:

1. Position and force feedback loops at the spinal

level

2. Higher center control of position and force feed-

back gains
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3. Higher center position and force commands

4. Direct higher center activation of postural muscle

5. Feedback of sensory information from the vestibular
system, the visual system, and the kinesthetic

senses to the higher, consciocus centers.

In subsequent chapters, specific properties and functions
of this multiloop system are explored using both experimental
observations and automatic control modelling techniques.
Characteristics of each feedback loop are defined to the
extent possible. Strategies for the coordination of the
many feedback control loops are demonstrated for a number

of posture control tasks.
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CHAPTER 3

THE STRETCH REFLEXES

The stretch reflex is one of the simplest examples
of feedback compensation in the human body. Reflex control
in extensor and flexor muscles about a given joint may be
compared to a position servomechanism, resisting changes
in muscle length through both mechanical and spinal leval
active processes. Sensitivities of the reflex responses
are regulated by the higher centers.

The ankle joint stretch reflex acts to inhibit body
sway. Experiments presented in this chapter attempt to
quantify the contribution of the ankle joint reflex responses
to overall postural stability under a variety of conditions.
To this end, an exmnerimental platform has been developed
to measure ankle reflex responses of human subjects ‘during a
number of posture control tasks. '

A model is developed which describes the reflex control
loop and the modes by which higher centers modulate reflex |

response gains. Control of small transient disturbances

through multiplicative increase in reflex gain is shown.
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The strategy of setting reflex gain is shown to be
dependent only on the nature of the supporting surface.
Rigid supporting surfaces afford maximum reflex control,

while compliant surfaces render reflex control useless.

3.1 The-Stretch Reflex as a Feedback Controller

3.1.1 Physiological Background

Recently, models for neuromuscular mechanisms have
been developed using control theory épplied to current
physiological data (55, 67, 76). These component models
form the basis for the description of integrated posture
regulatory processes in this thesis.

The reflex control mechanism, including proprioceptive
feedback pathways and higher center inputs, is illustrated
in Figure 3.1. Characteristics of individual components
have been presented in Chapter 2. Components include
postural muscles responsive to both active neural stimula-
tion and to mechanical stretch and position feedback via
the muscle spindles which respond in proportion to length
and rate of stretch. The following paragraphs describe
reflex~feedback regulation z2nd the effects of higher center
commands on the reflex control loop.

Two direct mechanical mechanisms resist length changes
in flexor and extensor muscles. During constant stimulation,
muscle tensions vary in proportion to small length changes

about a median length, Figure 2.5. Rate of stretch also
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affects tension of the muscle under constant stimulation,
Figure 2.3. Both the length-change and velocity induced
tensions act to resist overall change in muscle length.
It should be noted that the sensitivity of both of these
mechanisms varies in response to the activation level of
the muscle itself.

In addition to the "mechanical" mechanisms wvarying
tension to resist muscle length change, there is active
resistance initiated by muscle spindle reflexes.

Stretching skeletal muscle produces a corresponding
stretch of the muscle spindle receptors interspersed through-
out the muscle. Stretching a muscle spindle increases its
afferent discharge, which then acts through the alpha moto-
neuron pool to contract skeletal muscle fibers in the region
of the stretched spindle. Increase of muscle tension is
achieved by a combination of the recruitment of additional
motor units and increased activation of units already firing.

Higher center activity influences the reflex feedback
functions in the following ways:

1. Muscle "mechanical" properties are dependent on

the level of muscle activation.

2, Muscle spindle feedback "gains" are controlled

by higher center commands.

3. Higher centers may act on the alpha-motoneuron

pool, exercising direct control over the activation

level of the muscle.

The intensity of the muscle spindle response to stretch
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may be altered by activating intrafusal muscle fibers by
way of the y-motoneuron pool. y-fibers can be separated
functionally into two groups: those affecting static and
those affecting dynamic components of the spindle response
(64).

Activation of y-static fibers may produce either 1limb
movement or chance in the mechanical reflex gain, or muscle
tone. Consider increased y-static activity in one muscle
of an antagonistic muscle pair. Figure 3.2 shows how the
length-tension relationship for this muscle shifts, moving
the limb from equilibrium vposition R to position R'. Equal
changes in y-static activity Qf both muscles of the pair
change the equilibrium activation levels of both the agonist
and antagonist muscles. Figure 3.3 shows how this affects
an increase in stiffness of the joint.

Increasing the intensity of the phasic spindle response
to a given rate of stretch y-dynamic fibers, increases the
intensity of the active reflex response. A change in phasic
response gain has no effect on the equilibrium position of
the limb.

In describing control mechanisms of the reflex arc,
physiologists have recognized its likeness to a position
servo-mechanism. Only recently, however, have investigators
integrated functional descriptions of the individual physiol-

ogical components into models of the reflex control system.
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Johnson (67) developed a linear component model for
postural reflex control. He measured the mechanical
impedence of the human wrist postural reflex and was able
to show that his linear model could predict the experi-
mental results. By incorporating into the model the func-
tional changes brought about by several diseases affecting
reflex control, his model predicted the mechanical impedence
of several afflicted subjects.

Houk (55) studied wrist rotation, integrating mathemat-
ical models for each physiological component into a complete
reflex control model. He compared a linearized reflex model
to the responses of human subjects determining specific
parameter values for each of the components in his model.

McRuer et al (76) developed a neuromuscular activation
model using both recent physiological data and describing-
function data from human operators. Linear models were used.
Muscle models were lumped into a single agonist/antagonist
model describing both mechanical muscle and active reflex
response characteristics. Model dynamics were comparable
to the describing-function data.

These studies show that linearized component models
and equivalent bilateral muscle models can with fair ac-
curacy predict postural responses. Further investigations
of posture control mechanisms described in this thesis

begin with these premises.



46

Before proceeding further, a brief description of the
lumped agonist/antagonist muscle model is in order. The re-
lationship of muscle tension, P, to small changes in length
(AL) , small stretch velocities, V, and small changes in
stimulation frequency (Af) derived in Section 2.2 is as

follows:

- 9P -
P = PO(fO'LO'VO) + [ -é_f Af + -a-i'- AL + 5—-‘7 V j f = fO (3.1)
= 1L
(o]
V=V_=20
O

Using this relationship, net torque produced by the
agonist/antagonist pair shown in Figure 3.4 may be given as

follows:

EXTENSOR FLEXOR

e
dg 9F

AN AGONIST/ANTAGONIST MUSCLE PAIR

Figure 3.4
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Assuming the joint is initially at equilibrium:

a.p = d_P
E Op F Op
VE = VF = 0 (3.3)
Vg = dEe
Assuming reciprocal innervation:
AfE = —AfF = Af (3.4)
Combining 3.2, 3.3, and 3.4:
r oP aP oP P
_ E F E F
AT = l s 9 * 7 9 }Af + { 7 dp * 55— dp }Ae +
9P, S (3.5
30 26

Equation 3.4 shows that the combined agonist/antagonist
muscle model is of the same form as the single muscle
model. Lumped model parameter values are a weighed sum
of the parameter wvalues of each muscle. Active and passive
response characteristics remain independent of one another
within the scope of the original approximations.

A perturbation model for small motions about the equi-

librium position is developed in the form:

T(s) = KR(s) f(s) + KM(s) 9 (s) (3.6)

KR(S) are the reflex response characteristics; K, (s), the
muscle response characteristics.
Active response may be modeled as a simple first order

lag (15, 19, 75): K
£ (3.7)

v L
KR(S) v ITF Ty S
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The muscle response is modeled as a spring constant

with series damping:

Km(s) = Bm(fo) s + Km(fo) (3.8)

Spring constant, K and viscous damping, Bm' vary with

ml
the background stimulation level, or muscle tone, as

shown in Figures 2.5 and 2.3.

3.1.2 Reflex Responses During Quiet Standing

The following is a description of the experiment
conducted to determine specific values of the parameters
for the ankle stretch reflex control loop. The reflex
response parameters obtained are then formulated into a
model which quantifies the contribution of the ankle refllex
control loop to overall postural stability, providing the
basis for further experiments exploring the strategy of
reflex parameter adaptation to changing control conditions.

The subject stands relaxed on the experimental platform
(described in Appendix B), arms folded above the waist and
feet ten to twelve inches apart. The subject's knees are
locked. He is asked to avoid shifting his stance during the
three minute duration of each test run. The platform detects
the subject's reaction torques and his sway angle about the
ankle joint. A hydraulic position servo allows rotations of
the plat. rm about an axis colinear with that of the sub-
ject's ankle joints. The ankle stretch reflex is excited by

small steps of the platform.
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The experiment is controlled by a hybrid program,
"Test", which initiates each step disturbance, initializes
the torque and body angle readings, and stores the responses
on digital tape. ("Test" is described in Appendix C.)

The direction of each step is random about zero platform
angle. The time between steps is random within an interval
of 5 to 15 seconds.

During each test run the subject is asked to stand
relaxed with his eyes open. To prevent fatigue, each test
run is limited to 16 step samples, or approximately 3
minutes. Seven test runs are conducted for each of five
step sizes: 1/10, 1/4, 1/2, 1, and 1 1/2 degrees. A test
run consists of one step size only. The ordering of step
size test runs is random.

Typical extensor and flexor muscle responses are
shown in Figure 3.5. Responses are characterized by a
peak within 80-125 milliseconds, a compensatory response
peak at 400-800 milliseconds, then gradual return to equi-
librium. Within the first 50 milliseconds, a large
difference is evident between the muscle extensor and flexor
responses. The extensor response shows an acceleration
peak at ten milliseconds and strong viscosity component at
10-50 milliseconds, while the flexor response shows neither
of these effects strongly. A possible explanation for the
differences in these muscle responses is:

The foot is a nonlinear elastic component which trans-

mits the platform step to the ankle joint. Normally
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the subject stands with his center of gravity

forward of the ankle joint, compressing the foot.

The foot is forced upward during excitation of the

extensor reflex response. Because it is already com-

pressed, the‘foot is nearly rigid to further compres-
sion. The foot drops downward, and is decompressed
during excitation of the flexor reflex response. The
foot is elastic to decompression.

The reflex response amplitude, defined as the maximum
ankle torque occurring within 80 to 125 milliseconds after
initiation of the step disturbance, is determined for each
step response. Reflex gain is defined as response torque
amplitude divided by the ankle step size. The composite
average gain as a function of step size is shown in Figure
3.6. Variation among subjects is statistically insignifi-
cant, p > 0.1. (Histograms showing the distribution of gains
are included in Appendix E.)

To examine the later compensatory phase, average re-
sponses of each subject to the 1/4 and the 1/2 degree steps
are computed. These response groups are further subdivided
according to initial gain into three levels, those in the
lowest third, those in the middle third, and those in the
highest third for each sample group. (Complete response
averages for each of the six cases are shown in Appendix E.)
Combined response averages for each case are shown in

Figure 3.7.
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3.1.3 Conclusions

The reflex response characteristics determined in
the experiments described above are in good agreement with
the physiological data of reflex time delay and slow skele-
tal muscle response times presented in Chapter 2.

A significant feature of the reflex control loop is
the large increase in gain for disturbances of very small
amplitude. While gains for steps of 1/4 to 1/2 degrees
are considerably below that necessary for postural stability
(2 ft-1b/degree versus about 5 ft-1lb/degree), the two-fold
increase in gain for 1/10° steps (4 ft-1lb/degree) suggests
that reﬁlex control alone may fully stabilize the body for
disturbances below 1/10°. This is substantiated by current
physiological evidence.

Evidence of large gain increases in muscle responses
to small length changes is found in the work of Hill (54)
and Joyce et al. (69). Brown et al. (14) observe a large
gain increase in muscle spindle response at the onset of
stretch. Similar gain increases in the reflex response
is shown by Matthews (80). Hill observed an elastic effect
in frog sartorius muscle for small length changes, up to 0.2%
of muscle length. Beyond this point, further changes in
length at constant velocity produce no further increase in
tension. Joyce et al., observed tension changes during

length changes at various velocities in cat soleus muscle.

Lo
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At a moderate rate of stimulation isometric tension exceeded
the tension during either lengthening or shortening. See
Figure 3.8.

Matthew determined the relationship between the change
in active reflex tension and the extent of displacement in
cat soleus muscle. He found the gain of the reflex response
to be two to four times greater for changes of length less
than 0.3 millimeters than that for larger stretches, Figure
3.9. Brown et al. found a large burst of spindle afferent
activity at the beginning of strétch. They suggest that
these effects are due to the persistence of stable bonds
between actin and myosin filaments of the intrafusal fibers,
i.e. fibers tend to remain "stuck" at their initial setting.

Recordings of ankle torgue ard body angie responses
during quiet standing, Figure 3.10, indicate that the reflex
loop fully stabilizes very small amplitude body sway motions.
All subjects exhibit frequent periods of five or more seconds
duration in which no motion within measurement resolution
(T = #0.10 ft-1b GB +0.02 degrees) can be‘observed. All
higher center feedback controls are limited by thresholds
considerably larger than the measurement resclutions.
(Results, Chapters 4 and 5) Therefore, reflex feedback
control must be responsible for these stable periods.

On the basis of forementioned physiological and ex-
perimental evidence, a reflex gain function is defined in

Figure 3.11. Both muscular and reflex responses show gain



56

Tension

35 imp/sec

re Ca)

+1kg

7 HT\B/SGC ¢ :

3 lmp/sec | 1 1 |

40 30 20 10 O 10 20 30 40
Lengthening Shortening

(Velocity mm/sec)

FIGURE 3.8 FORCE-VELOCITY DATA SHOWING "STICTION"
EFFECTS AT MODERATE STIMULUS RATES
(REF. 69)

400 °

Change
in Tension 300

@ | A

100

Il | ] i i
0O 02 04 06 08 IO
Displacement (mm)

FIGURE 3.9 ACTIVE REFLEX TENSION IN CAT GASTROC-
NEMIUS AND SOLEUS MUSCLE AS A FUNCTION
OF DISPLACEMENT (REF. 80)



57

KGN

[0.4 degree

h“E;fflfiJEL\\»A\v/““Nj\”'“”\/\AL\/\V,f\wu,/\‘“m_”~\
DR
Eo.4 degree

NIV N A A A

a’*fii:_-J///f )r**“\\\\hﬂJH~—4~#*FJ//’_‘“a_
0.4 degree

| i I 1 | |

0 5 0 15 20 25

SECONDS

FIGURE 3.10 TYPICAL BODY ANGLE AND ANKLE TORQUE
RESPONSE SEQUENCES DURING OUIET STANDING
ON A RIGID SURFACE



58

increases due to stiction for deflections less than 0.15°.
Reflex feedback gain is sufficient for complete postural
stability for deflections less than 0.05°.

The compensatory response is initiated by higher center
commands., Observed delay'time, about 200 milliseconds,
agrees with physiological evidence for higher center response
delay; it also agrees with vestibular response delays
measured by the author and reported in Chapter 4.

Figure 3.12 shows the compensatory response natural
frequency and damping ratio as a function of the initial
reflex disturbance amplitude. Included in each figure for
comparison are the response characteristics as a function
of gain for the following roughly equivalent system: an
inverted pendulum stabilized with a rate compensated feed-
back, with system dynamics roughly equivalent to those of the
body reflex control system. (Figure 3.13) Results suggest
that higher centers enhance the total reflex gain during a
transient disturbance in proportion to the perceived dis-
turbance amplitude. Reports of several investigators also
indicate reflex gain control as a likely higher center con-
trol mechanism.

Kim and Partridge (71) show that total reflex gain
(A tension/A length) in cat soleus muscle is enhanced by
factors of two to three times when the vestibular nerve is
stimulated continuously. They note that neck rotations
also enhance reflex gain. For a given amount of stretch,

the reflex tension generated is proportional to the
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vestibular stimulus rate. (Figure 3.14) 1In a further
study, Partridge and Kim (87) find that isometric tension
varies less than 1% of maximum muscle tension during sinu-
soidally modulated vestibular stimulation.

Gernandt et al. (39) have shown that vestibular
stimulation in anesthetized cats strongly affects the
dorsal to ventral root response amplitude at the cervical
and lumbrosacral levels of the spine. They observe a
sequence of strong enhancement, interference, then re-
enhancement with single shocks to the vestibular nerve,
Figure 3.15. Since the period of enhancement is consider-
ably greater than that for interference, one would expect that
a train of shocks would produce continuous enhancement of
the dorsal to ventral gain.

A guestion arises in regard to vestibular regulation of
reflex gain. Experiments in Chapter 4 show conclusively
that vestibular responses are able to mediate the operating
torque of ankle joint muscles in the absence of ankle joint
movement. This finding appears to be in direct conflict
with the vestibular reflex gain control mechanism. proposed by
Partridge, Kim, and Gernandt.

Recent experiments by Houk, Singer, and Goldman (un-
published) have shown that reflex gain is dependent on the
operating level of the muscle. At higher operating levels
they observe larger reflex gains. This nonlinear
characteristic allows higher centers to effect reflex loop

gain changes through increases in the muscle operating
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levels, or muscle "tone". Perhaps this mechanism for reflex
gain control is more consistent with observations in this
chapter and in Chapter 4. 1In summary, two physiological
mechanisms for reflex gain enhancement are proposed;
multiplicative increase in the dorsal to ventral reflex
gain, and control of the operating tension levels of muscle.
Functionally the mechanisms are equivalent.

The strategy of gain enhancement shows an excellent
combination of higher and lower levels of sensory informa-
tion. The higher center gain command involves no complex
processing and can be effected with a minimum of delay.
Additional corrective computation takes place at the spinal
level through enhanced resistance of body displacements.
This mechanism is a crude one, but in most situations a
good "first guess". More complex higher level mechanisms
requiring longer processing time may intervene somewhat

later to fine-tune the initial crude corrections.

3.1.4 A Proposed Mechanism for Reflex Postural Control

A simplified model is assembled from the experimental
results and conclusions described above. This model attempts
to demonstrate the wvalidity of the reflex gain control
mechanism. Basic operational features of tﬁe model include:

1. separation of muscle and reflex responses

2. large increase in muscle and reflex gain for very

small deflections
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3. modulation of reflex gain by higher center commands

during transient disturbances.

A linearized perturbation model for muscle in the form
described in Equation 3.6 is assumed. A lead-iag model for
the muscle spindle length feedback is used.

Parameters for the muscle and muscle spindle models
are determined by matching the initial reflex response char-
acteristics of the model with average experimental observa-
tions shown in Figure 3.7. Reflex gain control parameters
are determined which match model compensatory responses with
the experimental results. Figure 3.16 shows the model and

computed responses.

3.1.5 Conclusions

The reflex gain control model demonstrates the relative
roles of reflex and higher center control during quiet
standing. Reflex responses insure only static stability,
while higher center gain control provides stability during
small transient disturbances.

The gain control strategy makes good sense if we assume
the human wishes to achieve postural stability within the
following constraints:

1. a minimum of the amount of physical effort

necessary to remain stable

2. a minimization of the frequency at which the

higher centers must intervene to maintain

stability.
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Increasing reflex loop gain decreases the number of
times the higher centers must act to prevent the body from
diverging. However, increasing reflex rigidity calls for
an increased expenditure of muscular energy and more rapid
fatigue. Normal posture control can be seen as the "optimal"
combination of continous reflex and intermittent higher
center feedback control.

The preceding model establishes gain control as a
likely mechanism for achieving postural stability when the
ankle joint reflexes are active (i.e. standing on a rigid
surface). A more complete development of this model is
given in Chapter 5 after a definition of higher center
sensory modes, vestibular, visual, and exteroceptive, in

Chapters 4 and 5.

3.2 The Role of Ankle Reflex Control in Posture Stability

3.2.1 Implications of Ankle Reflex Control

Stretch reflexes are the simplest of the posture
feedback control loops. Simplicity gives reflex control the
advantage of rapid response to posture disturbances. Reflex
control has the limitation of operating within the body
reference frame, that of relative motion between body parts.

The ankle stretch reflex feedback helps stabilize body
sway mofion. The reflex model has shown that reflex control,
in combination with a simple gain control from higher centers,
is able to fully stabilize small body disturbances. In many

circumstances, however, independent reflex control cannot
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stabilize the body. When the supporting surface is rigid,
ankle angle motion can provide both body and inertial
reference information necessary for stability. On non-
rigid surfaces inertial information is lost and the higher
center sensory loops (eyes and vestibular organs) must
mediate or override the reflex responses to provide postural

stability.
3.2.2 Reflex Adaptation (Experiments by the Author)

The following experiments explore more fully the
relationship of reflex and higher center control strategy,
illustrating reflex gain during a variety of circumstances
which alter the effectiveness of the reflex control loop.
Test conditions are designed to determine the effects of
the following on feedback parameters:

1. visual feedback: enhancement and elimination

2. conscious posture set

3.. random ankle angle disturbances

4., elimination of ankle position feedback

Method:

The reflex response parameters are measured using the
technique developed in the previous experiments. In cases
where platform motions other than the steps are present,
the steps are added to the motion. In all cases, the step
velocity is several orders of magnitude greater than the
other ankle motions so that direct effects of the other

motions to the step transient are negligible. One-half
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degree steps are used. Subjects stand quietly under the
following test conditions:
1. relaxed on rigid platform; eyes closed
2., rigid platform; visual display of 6z, 1° = 6 centi-
meters
3. rigid platform; eyes open; try to minimize sway
4. small random low frequency platform rotations;
eyes open
5. small random low frequency platform rotations;
eyes closed
6. plétform is servoed to maintain zero ankle angle;
eyes open
7. platform is servoed to maintain zero ankle angle;
eyes closed
The random appearing platform disturbances}are composed

of six sinusoids:

Radians per Second AMP

0.1 1°
0.15 1°
0.21 1°
0.29 0.5°
0.33 0.5°
0.61 0.5°

Maximum amplitude of the composite signal never exceeds
+2°, The frequencies were chosen to be well within the
range of normally occurring postural responses. (See

section 5.2 for frequency response data.)
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3.2.3 Results and Conclusions

All subjects clearly demonstrate adaptation of the
reflex gain in response to changes in posture control
conditions. Composite gain histograms for each of the
eight experimental conditiqns_are shown in Figure 3.17.

Subjects are able to increase reflex gain when asked
to exert special effort to minimize sway. They all report-
ed, however, that this condition was quite uncomfortable if
maintained for more than a few minutes.

When given a high sensitivity visual display of body
orientation with respect to vertical, their reflex gain
decrease only slightly compared to normal gain, while their
ability to reduce body sway increased significantly. Sub-
jects reported that this condition too was tiring after
several minutes.

When small random disturbances are introduced, average
reflex gain decreases to nearly one-half the "normal" (eyes
open or eyes closed, standing on a rigid surface) gain.

In this case the distribution of reflex gains, rather than
being "bell" shaped is more broadly distributed. These
results suggest that the random disturbances cause suppres-
sion of reflex control a significant part of the time,
since about 30 per cent of the reflex responses are at or
near zero gain,

When the reflex position feedback loop is fully sup-

pressed by maintaining zero ankle angle with platform rota-
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tions, suppression of reflex control is nearly complete.
About 65 per cent of the reflex responses are at or near
zero gain.

Elimination of visual feedback has little effect on
reflex control strategy under any of the tested conditions.
All runs identical for eyes open or eyes closed showed no
significant changes in the distribution of reflex gains.

According to subjects' reports, increased utilization
of either reflex (when trying to minimize sway) or higher
center (when controlling with highly sensitive visual feed-
back display) control results in rapid subject fatigue. An
"optimal" combination of these two types of feedback during
normal postural control is thus indicated.

The availability of the supporting surface for body and
inertial reference information determines the reflex gain
setting. Reflex gain is reduced as the reflex control loop
becomes a less effective mode of stabilization. Changes in
the state of higher center feedback sensors (i.e. eyes open
or eyes closed) seem to have a much smaller effect on the
strategy for reflex gain setting.

Reflex strategy is integrated into the complete
posture control mode after development of the higher center

.control models in Chapters 4 and 5.
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CHAPTER 4

THE VESTIBULAR SENSES

The vestibular organs, the utricles, the saccules,
and the semicircular canals are the prime motion
sensors in the human. Vestibular cues contribute impor-
tant sensory information for the regulation of posture.

In a series of experiments observing posture control
in human subjects, all sensory information relative to
postural orientation but that from the vestibular system
is eliminated. Results demonstrate specific regulating
functions for the linear motion sensors, the utricle
otoliths, and the angular motion sensors, the semicircular
canals,

As the body begins to fall , the semicircular canals
detect this motion and initiate corrective postural responses.
The semicircular canal feedback loop is unable, however, to
detect or stabilize very low frequency drift.

The linear motion sensors provide excellent steady state
and very low frequency body angle information, correcting
the low frequency drift of the canal feedback loop. Analysis

of linear motion stimulation during body sway shows an
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ambiocguity in the sign of the input at higher frequencies
due to the interaction of gravitational and linear accel-
eration stimuli.

A model is developved which accurately describes

these vestibular regulatory processes.

4,1 The Vestibular System, Response Characteristics

The physiologvy of the vestibular sensors, the utricles,
the saccules, and the semicircular canals is presented in
Chapter 2. A review of recent data on the input-output
characteristics of these sensors follows.

Meiry (83) analyzes the vestibular organs in detail
by using sinusoidally varying linear and angular stimuli
on human subjects whose subjective responses are then
measured. He shows that the semicircular canals function
as angular accelerometers with input axes fixed to the
head. Response characteristics are second order and heavily
damped; hence, output is proportional to angular velocity
over the range of input frequencies between 0.15 and about
10 radians per second. Meiry reports that a subjective
‘threshold to perception of angular accelerations about the
roll and pitch axes is about 0.5°/sec?, with a rather sharp
separation between sensation and a lack of it. Subjective
threshold in vaw is significantly less, averaging 0.14°/sec?.

Young et al. (112) show that the linear motion sensors
in the horizontal plane, generally believed to be the

utricle otoliths, are accelerometers with overdamped, second



77

order characteristics. Output sensation indicates both
linear velocity and orientation with respect to gravity.
Meiry (83) estimates a linear acceleration threshold of
0.005g, equivalent to a 0.30 degree threshold for sub-
jective orientation.

Angular acceleration threshold values for the semi-
circular canals reported in the literature vary over a
wide range. Clark and Stewart (17) find detection of
steady state angular accelerations with the oculogyral
illusion at values ranging from 0.04 to O.28/secz. The
illusion does not involve a direct sensation of movement,
rather the subject, seated in a dark enclosuyre during
.angular acceleration, perceives movement of a light spot
which is actually fixed with respect to him. The illusion
of movement is believed to be cauéed by the action of
canal output responses on the visual system. Their results
show that canal responses influence visual sensation at
levels of angular acceleration significantly below the
levels which can be detected subjectively.

Clark and Stewart also test subjective threshold for
perception of pitch axis accelerations in normal human
subjects. Average threshold is 0.67°/sec2; intersubject
variability, however, is very high, ranging from 0.06 to
2

2.24°/sec Other investigators cited by them report sub-

jective thresholds which vary over a wide range: Hilding

(52), 0.25 to 3.0°/secz, Groen et al. (46), 0.28 to 2.O°/sec2.
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While descriptions of semicircular canal and utricle
otolith dynamics are reasonably accurate, there is a large
uncertainty in the,observed values of the angular acceler-
ation threshold of the semicircular canals. Present data
indicate that canal angular acceleration threshold varies
with input axis and is heavily dependent on the response
modality, subjective, ocular, etc. Posture control repre-
sents one of the primary functions of the pitch and roll
axis motion sensors; therefore, posture responses to
vestibular stimulation should presumably be sensitive

indicators of the vestibular response thresholds.

4.2 Vestibular Stimulation by Body Angle Motion

Angular acceleration of a rigid human body about the
ankle joints is directly equivalent to the accelerating
input to the pitch axis semicircular canals. Since the
posture control model to be developed here considers only
quiet standing during which the upper body remains relatively
rigid, equivalence of body angle acceleration and pitch
axis angular accelerations may be assumed.

Stimulation of the utricle otolith organs by body sway
motions is considerably more complex since both gravita-
tional and linear acceleration reaction forces act as inputs.
During uncontrolled sway divergence of the body, gravita-
tional (fg) and tangential acceleration reaction force (ft)

act in opposite directions.
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I 0 = Mg ghy, 05 + Ty (4.1)
where
Ty = reaction torgue about the ankle joint
GB 2 sin GB, small angle approximation

The net reaction force on the otolith during free fall
(TP = 0) is:

” mthC d

£, = 0 [g——-——i—] (4.2)

s

Because the utricle otolith organs are located well
above the center of mass of the body, the net reaction
force on the otolith is negative during free-fall sway
divergence of the body, (i.e., it is opposite to the force
on the otolith due to gravity alone). If the body diverges
with partial resistance from postural responses, the net
force acting on the otolith may be negative, zero, or
positive depending on the intensity of postural resistance.
Recalling that reflex responses oppose body sway with a

torque roughly proportional to angular deflection of the
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ankle joint, the following relations demonstrate the am-

biguity of the sign of the linear motion sensor:

TA = =K GB (4.3)
m_gh d Kd
fo._.eB{g-_l.%_eLQJ,__O) (4.4)
i Ig

Using body parameter values derived in Appendix A, we find
that:

£. > 0 if K > 4 ft-1lb/degree

0
f0 < 0 if K < 4 ft-lb/degree
During stabilizing postural responses, body angle is
accelerating towards zero angle, tangential and gravita-
tional forces on the otolith are always of the same sign.
Experiments described in the following section induce
postural sway by displacing the experimental platform in
either a forward or backwards direction at constant
velocity. The subsequent analysis establishes the effect
of these lateral displacements on the body sway motions
and vestibular sensor stimulation.
Figure 4.2 illustrates the mode in which body angle
motion is induced by the platform and defines the variables
to be used in the analysis. Equations relating linear

motion of the center of mass to linear and angular motion

at the ankle joints are as follows:
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X =X + h 3] (4.5)

X, =X + h 3] (4.6)

A horizontal force actinag at the ankle joint has the

effects:
LN ) F
N (4.7)
I mB
.o F h
_ _A'cg
SA = T (4.8)
cg
Combining results of (4.6), (4.7) and (4.8):
. F
A cqg
X, = ==, M = %n + = }
A MEQ T EQ B h 2 (4.9)
cqg

Given an acceleration impulse, Vaul(t), such that
Xa(0+) = Vs the momentum delivered to the bedy at the

ankle joints becomes:

P =

A MEQVA (4.10)

The acceleration impulse at the center of mass is:

. P V.M
X w0 = 2 A"EQ

cg (4.11)

mB mB

Effects of the acceleration impulse on semicircular canal

and utricle otolith stimulation are:

oo AV M
6y 1w (t) = ﬁ?i— [1 - m-:EQ ) (4.12)
og B
ad M
. . 4, Mg
X uy (t) = v, [1 - -2 ] (4.13)
cg B

So lonag as the platform continues at constant velocity

after the initial acceleration impulse, no further lateral
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forces act between the body and the platform. Only gravi-

tational torque acts to induce further angular accelerations.

4.3 Postural Responses to Vestibular Stimulation

4.3.1 Methéds

The subject stands relaxed on the experimental platform.
Sway 1is induced using small forward or backward platform
displacements at constant velocity, introduced by the
experimenter when the subject shows no movement. The
platform disturbance induces a step change in body angular
velocity.

Elimination of all other modes of sensory feedback
is necessary to insure that postural responses to the
induced sway are vestibular in origin. To remove reflex
responses and kinesthetic cues, the platform is rotated
to track the motions of the bodv:; thus, maintaining an ankle
ancgle of zero. Nulling ankle angle during bodv angle
motion effectively ovens the reflex nosition feedback loop
but does not interfere with the subject's abilitv to gener-
ate isometric ankle control torgues. Removal of reflex
feedback also eliminates any advanced extereoceptive cues.
(This point is more clearlv explained in section 5.1.)
Subjects are tested with eyes open and eyes closed to
determine effects of visual cues on vestibular detection
of bodv sway.

The hybrid comouter program, Test, records ankle

reaction torque and body ancgle on digital tame during each
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response sample (the program is presented in Apvendix C).
FEach run consists of 16 samplings of the induced sway
resvonse threshold. Induced sway rates range from 0.15 to

3.0°/sec.

4.3.2 Results

Figure 4.3 shows typical postural responses to rapid
and to slow induced bhody motion stimuli. Responses are
characterized by an initial period during which the body
ancgle begins to increase while the ankle torque remains
unchanged. When the motion is detected by the vestibular
sensors, ankle reaction torque increases rapidly, returning
the body to a stable position. Threshold of the vestibular
feedback sensors is defined in terms of the time after
initiation of motion at which the ankle torque level has
increased 0.25 foot pounds above its initial level.

Because subjects tend to oscillate almost continuously
when their eyes are closed and reflex and kinesthetic feed-
back is removed, an accurate vestibular threshold function
could not be determined for this condition. Instead, sub-
jects are tested with eyes closed when the platform is
rotated to track only the induced component of body angle
motion. To show that this method does not introduce signi-
ficant reflex and kinesthetic cues, a similar test is made
with eyes open and the results compared to those in which

all ankle angle motion is removed.
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4.3.3 Conclusions ~ the Vestibular Model

Threshold characteristics for forward and for back-
ward sway are identical. Variations among the subjects
and among the three test conditions are statistically
insignificant, p>0.1 for all samples. Composite threshold
functions for the three test conditions are commared to
the semicircular canal model threshold characteristics in
Figure 4.4. The following semicircular canal model predicts
the observed threshold characteristics over the complete

rancge of induced swav rates:

) 0.05%/SEC? -
©; _ ©;
b _|_(1+0.0175) |7 _foees|
[0S +1)@:3S + 1) e
DYNAMICS THRESHOLD  DELAY

FIGURE 4.5 THE SEMICIRCULAR CANAL MODEL

Linear dvnamic characteristics of the semicircular
canal model compare closely with Meirv's canal model. The
addition of a very small lead term is necessary to predict
the minimum response time characteristics for large impulsive
inputs. This term has no effect on threshold response
properties within the dynamic range of normal body angle

motions.
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New values are derived for the pitch semicircular
canal acceleration threshold and response transmission
time delay. The 0.05°/sec? acceleration threshold is
considerably less than those observed with subjective
reports. The followinag arquments are ponsed to account
for the wide disparity between subjective and vnosture
response thresholds.

All methods of measuring canal responses short of
direct eighth nerve measurements necessarily introduce
characteristics of additional neural elements between the
oriaginal sensation and the observed response. Character-
istics of these additional elements varv with the modality
of measured response, and mav also be affected by other
states within the syvstem. A case in point is the large
difference in Stewart and Clark's data reporting vaw axis
subjective and oculogyral illusion thresholds.

Yemelyanov et al. (119) report "...that while balancing
himself a man's vestibular sensitivity thresholds decrease
two- or three-fold..." Their observations show how the task
at hand largely determines the characteristics of the inter-
mediate elements between vestibular output and measured
response.

Postural responses appear to result from relatively
direct coupling with vestibular output. Threshold values
measured by the author are among the lowest observed and

are consistent from trial to trial and subject to subject.



Responses are measured during active control of posture
which, according to Yemelvanov et al., affords a minimum
of interference from intermediate elements. The short
response delay time, 225 milliseconds, further substan-
tiates that postural responses are‘initiated with little
intermediate interference.

Lowest canal threshold values have been found by other
investigators for ancoular acceleration about the vaw axis.
Considering their measurement techniques, subjective and
oculogvral illusion, this conclusion might be expected.
Voluntary head and eve movements are predominantly within
the horizontal plane; hence, the close functional link
between the yaw sensitive canals and subjéctive and ocular
responses. On the other hand, roll and pitch are the
critical axes in the control of posture. Posture responses,
therefore, should show close coupling with pitch and roll
motion sensations.

The induced sway experiments add no detail to the
characteristics of the linear acceleration sensors, the
utricle otoliths, given by Youndg and Meiry. This model,

Figure 4.6,will be used in future analyses.

0.0059
+ | S/ £
= = = KS + K, >
(5.3S +10.66S +1) / ' 2
DYNAMICS THRESHOLD LEAD

Ficure 4.6 The Utricle Otolith Model
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A hybrid comnuter model for the semicircular canal
and utricle otolith dynamics is develoned in Appendix D.
Threshold response characteristics for detection of body
angle during free-fall divergence are determined for each
sensor. Figure 4.7 shows the body angle at which sway
‘is first detected as a function of the initial body offset
eéo):o. Data noints shown in
the 1igure are results of hody angle threshold detection

anglereb(OL where eb(m=o and

experiments described in sections 4.4 and 5.2.

Linear motion sensors probably play no role in the detection
of postural responses during free-fall divergence. Simula-
tion of the otolith dvnamic model indicates that the linear
acceleration threshold must be an order of magnitude less
than the lowest values reported in the literature, even in
the limit, as the initial body angle offset amplitude
approaches zero. The utricle otolith organ threshold is
sufficient to account for observed response threshold
levels only in the static or nearly static range, since
the body free-fall divergence rate (wB = 3 r/sec) is fast
compared to the very slow dynamics of the otolith organs.

The role of linear and angular acceleration cues in
posture requlation are made clear by observing the frequency
ranges at which each component of the vestibular apparatus
is most effective in responding to sinusoidal postural

sway. Figure 4.8 shows the sinusoidal body angle amplitude

necessary just to achieve detection of motion as a function
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of sway frequency. Note the clear separation of the
functional frequency range for each sensor. The thresholds
for each sensor within its frequency range of maximum
sensitivity are approximately the same.

The poor response characteristics of the utricle
otolith organs, which exclude from participating in the
detection of postural responses is not surprising. Functional
arauments support these results. Since linear motion
stimulus is ambiguous during body angle divergence, the
extra processing necessary to resolve the sensory ambiguity
makes the utricle otolith an unlikely candidate for initiat-
ing short delay postural responses. Low pass filtering
of utricle otolith resvonse resolves this ambiguity quite
effectively since the sign reversal occurs only at higher
frequencies. The low frequency otolith output is an
excellent estimate of average orientation with respect to

gravity.

4.4 Postural Regulation with Vestibular Feedback

Posture control with vestibular feedback alone is
observed. Subjects stand with eyes closed on the experi-
mental platform. Ankle angle is maintained at zero by
rotating the platform to track bodv angle motion. Ankle
reaction torgue and body angle are recorded continuously.
A typical response sequence, shown in Figure 4.9, is

composed of the following stages:
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1. stable period with no movement lasting several

seconds

2, sway divergence begins

3. threshold:-is reached; ankle torque increases to

restabilize body

4., 'one or several oscillations occur before quiet

standing is re-established.
Ten of these response sequences are averaged for each
subject, Figure 4,10, to determine transient response
properties of the vestibular posture control loop.

Transients to be averaged are lined up with one another
by defining time zero as one second before initiation of
the torque response. Only changes in angle and torque are
considered, both eB(O) and TA(O) are defined as zero.
Transients are averaged only for a five second interval
because beyond this time other factors begin to cause wide
differences among the responses.

The transient response patterns are consistent among
subjects. Average canal threshold is 0.36°. Variations
among subjects are insignificant, p > 0.1l. On the average
subjects diverge about 0.5° in the first second, equivalent
to an average of 0.05° initial body angle error. Referring
to Figure 4.7, actual divergence canal responses show

close correlation with those of the simulated canal mode.

4.5 Postural Regulation with Vestibular Feedback -- A Model

The inverted pendulum configuration of the human body

is stabilized with a combination of body angle and body
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angle rate feedback. Two modes of vestibular sensation
provide dynamic feedback information of body angle. The
semicircular canals provide a good estimate of sway rate
for frequencies above 0.1 Hz, while the otoliths indicate
sway angle below 0.1 Hz. Because of frequency response
limitations of each sensor, the canal feedback control
ioop is unable to respond to rapid sway divergence. Thus,
stability can only be attained through the combination of
two frequency selective feedback loops, each of which in
isolation is unable to provide stability.

In the proposed vestibular control model, the canal
output, body angle rate, is used for an initial estimate
of both body angle rate and, through neural integration,
'body angle. The low frequency utricle otqlith estimate
of body angle updates the initial_can%l estimate. The
model configuration is shown ingigure 4;11.

Several comments about the configuration of‘the model
relevant to physiology”are in order. The thresﬁold charac—
teristics of the -semicircular canal model which best predicts
postural regponses to deteé%ion of sway features a step in
output "at the time of detection. This small séép ﬁight be
interpreted as an initially high sensitivity in the loop
which habituates rapidly after the onset of the postural
response. Predicted response characteristics of the model

are insensitive to the type of otolith threshold.

Neural compensation of semicircular canal feedback

includes a pure integration. Most likely, the physiological
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pure integration. In this case otolith feedback would not

mechanism is a lag of the form rather than a
only effect static stability but also would serve to "re-
set" the neural "integration" in canal feedback loop.

The goal of the vestibular control model is to
predict thé”reSponse characteristics of a single cycle in
the regulation process. Disérete response characteristics
of the complete body-motor sensofy model are shown in
Eigure 4.12, The presence of canal feedback alone shows
the expected‘low frequency divergence. Stability is
>achieVed when utricle otolith feedback is included to
correct this. Note that the simulation results can be
compared to actual responses only during;the:first cycle,
since no provision is made in the model to "feéet“ the

vestibular thresholds.

4.6 Conclusions

If indeed the vestibﬁlar system has evolved primarily
as a posture regulatory device, the preceeding analysis‘
vhas,shown it to be well adapted to perform that funétion.
A high sensitivity to sway is achieved over the entire
range of postural motion frequencies using two frequency
selective sensors, Figure 4.8.

Orientation with respect to the gravitational field
(vertical) is best measured with a linear accelerometer.
Hence, the evolution of utricle otolith type organs in

all including the most primitive forms of animal life which
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have a preferred orientation with respect to vertical.

In higher forms of animal life, complex locomotion
has necessitated more sophisticated modes of orientation.
Rapid maneuverability requires bodies that are inherently
less stable. The resulting rapid angular motions cause
conflicts between linear acceleration and gravitational
stimuli (section 4.2).

To eliminate sensory ambiguities, higher animal forms
have evolved angular motion sensors, restricting the linear
motion sense to very low frequencies. The angular motion
sensors provide unambiguous motion sensation, but their
static sensitivity is poor. 1In combination, utricle oto-
lith and semicircular canals provide the complete spectrum

of unambiguous motion information.
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CHAPTER 5

VISUAL AND EXTEROCEPTIVE SENSES

General models for visual and exteroceptive feedback
are developed which indicate the ways that these senses
modify vestibular responses. Analysis is limited to
more dgeneral models for the following reasons:

1. In normal subjects visual and exteroceptive re-

sponses cannot be observed in isolation.

2. Present physiologv does not permit construction

of detailed models of the visual and exteroceptive

senses.

Visual and exteroceptive semses are shown to be function-
ally separable in the same manner as the separation found
between the otolith and semicircular canal sensors. Exterocep-
t ive cues exhibit a very low body angle threshold (0.12°)
but have little effect on slow phase correction. The hich
angular resolution of vision is limited to the low fre-

quencies (< 0.1 cps) during slow phase correction.

5.1 Function of Exteroceptive and Visual Senses

Exterpceptive cues are provided by ankle joint rotation

and bv changes in the distribution of pressures within the
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foot and lower leg. Vision detects relative orientation
of the body with respect to surrounding objects.

Exteroceptive cues are strongly dependent on the quality
of the supporting surface and on reflex loop and higher
center responses. A rigid supporting surface is required
for the ankle angle receptors unambiguously to sense body
motion. Deep pressure sensation is considerably more
complex, since changes in muscle tension are the primary
mode of stimulating these receptors. Free-falling body
motions, causing changes in tension due to muscle and
reflex responses, activate deep nressure sensors. After
the initiation of higher center responses, deep pressure
feedback information is primarily redundant efferent
feedback.

Physiological descriptions of exteroceptive and visual
senses are too complex to allow input-output modelling of
these processes. Models of these feedback sensors must
therefore be limited to more general functional descriptions.

Raffini's end organs are the primarv receptors of
joint angulation. Each joint contains a large number of
receptors, each responding in proportion to joint angle and
angular rate. Angular information is transmitted both as
frequency and spatial distributions.

No quantitative data are available to indicate the
resolution or dynamic characteristics of deep‘pressure sen-

sation. Recordings from single pressure receptors show
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that excitation is primarily sensative to changes in pres-
sure. Habituation rapidly degrades static pressure sensi-
tivity.

Vision, the most complex of all human senses, is also
the most difficult to describe quantitatively. Two point
visual acuity at the fovia is excellent, resolving separa-
tions of about 1/2 minute of arc. Because cf the multiple
levels of visual processing, however, visual-motor response 
delavs are longer than those for vestibular or kinesthetic
resbponses. Okabe (86) observed eye-wrist response delavs
of 0.32 seconds. This exverimenter found eye-ankle delays
of 0.40 seconds.

Meirv (83) observed the performance of subjects
stabilizing a vehicle with inverted pendulum dynamics over
a range of divergence frequencies, Figure 5.1. He found
that performance with visual cues, while superior to
vestibular cues at low frequencies, degraded rapidly for
frequencies above 1 rad/sec. With vestibular and tactile
cues, subjects could stabilize a vehicle with divergence
frequencies up to 2.6 rps but showed voorer low frequency
performance. The combination of visual, vestibular, and
tactile cues resulted in the best overall performance.
Several, more extensive investigations into the use of
visual and motion cues in manual control tasks parallel

Meiry's results (26, 96).
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Since removal of vestibular responses in normal
subjects is not possible, the roles of the visual and
kinesthetic senses may be studied only by observing how

each sense modifies the wvestibular prstural resnonses.

5.2 Posture Reaulation with Vestibular, Visual, and

Exteroceptive Senses

5.2.1 The Experiments

Effects of including visual and/or exteroceptive cues
during vestibular control of vposture are considered.
Subjects stand on the experimental platform under the
following conditions:

1. eyes oven; platform rotates to remove ankle angle

feedback

2. eyes closed; nlatform rigid

3. eves omnen; platform rigid.

Measurement techniques employed are similar to those used
in Section 4.4; reaction torques and body angle are
measured cohtinuously.

In each of the above conditions, posture control
follows the same basic pattern seen during vestibular
feedback control: gquiet period, bodv divergence, transient
responses, and re-establishment of quiet stability.

For each subject ten transient responses of each test
condition are averaged. 1In cases 2 and 3, special caution

was exercised to include only responses in which the onset



108

of body motion clearly preceeds initiation of the postural
response. Figure 5.2 shows composite average responses
for each test condition. At all sample times, variations
among subject means were less than those within each
subject's sample.

The basic strategy of.control in case 1, vestibular
and visual cues only, is similar to control strategy with
vestibular cues only, defined in Figure 4.11. Control
strategies in cases 2 and 3, however, are different, since
the rigid platform enables full activation of the reflex
control loop. Here control\resembles that in the reflex
model in Figure 3.16. Subsequent analysis develops each
of these control models to include effects of visual and

exteroceptive cues.

5.2.2 Vestibular and Visual Control

Comparing vestibular initiated responses with and
without visual cues, Figures 4.10 and 5.2, three effects
of the visual cues are evident: |

1. The slow phase transient response is more highly
damped when visual cues are added, (eyes open
p = 0.5, eyes clpsed: p = 0.1).

2. Peak amplitude of the slow phase transient response
is reduced to less than one-half size when visual
cues are included (eyes 0pen:‘peak eB = 0.6°, eyes
closed: peak eB = 1.4°).

3. Offset error at the termination of the slow phase

correction, as indicated by the rate at which the
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body again diverges, is improved with visual feed-
back. As indicated by average divergence rate,
body angle error with eyes closed is 0.05°, and
with eyes open 0.025°,
Average threshold values for the vestibular response during
divergences are slightly smaller when eyes are open, 0.29°,
than when eyes are closed, 0.36°. In both cases, eyes open
and eyes closed, variations among the three subjects are
statisticall§ insignificant, p > 0.10. Visual cues, however,
do not appear to directly effect the vestibular response
threshold. The body angle threshold for vestibular response
is dependent on the diﬁergence rate of the body, which is
more‘rapid when eyes are closed. This fully accounts for
the difference between eyes open and eyes closed fesponse
thresholds. (See Figure 4.7.)

Visual cues do not appear to participate contihuouély
in the regulation of posture. Referring to data above,
visual resolution of body angle is about 0.025°. Noting
the average body divergence characteristic in Figure 5.2,
visual thfeshold should be reached about 0.75 seconds
before the postural response is detected. Including the
transmission time delay of 0.40 seconds, a visually initiated
posture response would be observed at significantly lower
threshold. We must, therefore, conclude that visual feed-
back is not active during the initial sway divergence,
that it is activated only after vestibular detection of

body sway.
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5.2.3 Exteroceptive/Reflex Control

Basic changes in control are evident when exteroceptive
cues and the reflex feedback loop are combined with
vestibular regulation of vosture. The following paragraphs
explain these changes.

When reflex feedback control is included, the per-
centage of time during which subjects show static stability
(i.e., when changes in reaction torque and body orientation
cannot be detected) increases from an average of 20% to
40%. This increase is the result of "stiction" in the reflex
loop, shown in section 3.1.2.

The threshold for detection of bodv sway decreases
significantly when exteroceptive cwes are added, (case 2),
dropping from 0.36° to 0.13°. Variations in the exteroceptive
threshold value among subjects is statistically insignif-
icant, p > 0.10. Amplitude of the transient response is
reduced in proportion to the nearly three-fold decrease
in detection threshold.

Natural frequency of the transient response increases
when the reflex feedback loop is added. Natural frequency
with reflex stabilization is 0.35 Hz ,  significantly
higher than that with only vestibular feedback control,

0.20 Hz .

Addition of visual cues, (case 3), shows slightly
improved damping characteristics during the slow phase
correction. Threshold for detection of sway remains virtually

unchanged:
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Damping ratio with visual cues = 0,5
Damping ratio without visual cues = 0.3
Threshold with visual cues = 0.11°
Threshold without visual cues = 0.13°

5.2.4 Frequency Analysis of Control

Smectral analysis Qf postural responses provides an
added means for observing the function of each mode of
feedback control. Analysis is performed digitally. The
program, Fourier, is described in Appendix C.

Coefficients are computed for six minute runs; three
runs are made for each test condition with each subject.
Test conditions include:

1. eyes open; exteroceptive and refiex control removed

(platform rotated to maintain ankle angle at zero)

2. eyes ovpen; all other cues available (rigid piatform)

3. eyes closed; all other cues available (rigid platform).

Comparing coefficients in cases 1 and 2 above, removal
of exteroceptive cues and reflex control increases the amplitude
of body sway motions at higher frequencies, Ficure 5.3.
Conversely, removal of visual cues, comparing cases 2 and 3,
causes increases in body sway motion only at the lowest
frequencies, Figure 5.4. (Comvlete spectra for each subject

are included in Appendix E.)
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5.3 Model for Visual and Exteroceptive Control of Body Sway

5.3.1 Reflex/Exteroceptive Control

The model configuration closely follows the basic
strategy for reflex gain control developed in Chapter 3.
More quantitative descriptions are included for exteroceptive
and utricle otolith mcdulaticn of reflex feedback gain. The
model is shown in Figure 5.5.

The exteroceptive sense is modeled as a low threshold
sway detector with habituation. Otolith cues provide slow
phase correction due to habituation of exteroceptive cues.
Because quiet standing with reflex and exteroceptive cues
is inherently very stable, little effort is noted when
visual cues are added.

Thé model is simulated; the program is shown in
Appendix D. Figure 5.6 compares responses predicted by

the model with experimental observations.
5.2.5 Vestibular and Visual Control

A visual feedback loop is added to the vestibular
control model presented in Section 4.5. The visual sense
is modeled as a linear feedback controller with prediction
(rate compensation) and transmission delay of 0.40 seconds.

The model assumes that visual feedback participates
in posture control only intermittently. Visual control is
suppressed during stable periods and activated only after
vestibular detection of divergence. The vestibular and

visual control model is shown in Figure 5.7.
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Model responses are determined analytically. Figure
5.8 compares responses predicted by the model with exper-
imental observation. Note that the linear model for visual
control of the slow phase transient does not accurately
predict amplitude of the oscillation. A higher gain in the
visual feedback loop necessary to reduce amplitude of the
.8low phase oscillation also causes a considerable reduction
in the damping of the response. Hence, it is likely that
visual compensation is non-linear; its feedback gain is
very large initially and decreases rapidly, resulting in

the observed damping characteristics.

5.3 Conclusions

The basic strategy of separating dynamic and static
feedback control functions applies to the exteroceptive
and visual senses. Exteroceptive cues provide rapid, low
threshold detection of body sway divergence. Visual cues
effect well damped, high resolution correction of the slow
phase drift.

Comparing properties of the vestibular systems with
those of visual and exteroceptive senses, vestibular senses
appear to be less accurate in all phases of control.
Minimum canal detection threshold is about 0.29° compared
to 0.11° with exteroceptive cues. Final resolution of
utricle otolith slow phase correction, 0.05°, is less
accurate than that using visual feedback, 0.025°.

Taken at face value, the above observations indicate

that visual and exteroceptive feedback regulation is in every
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respect superior to that using vestibular cues. Such an
assumption, however, is incorrect. Exteroceptive-visual
control of posture in normal subjects acts in conjunction
with vestibular cues; it does not replace them. While
results clearly show that threshold sensitivities of the
exteroceptive and visual senses are superior, increased
sensitivity may not be directly correlated with these
sensors' ability to effect more accurate postural responses.
In other words, threshold sensitivity is only one part

of the total response characteristics of a sensor. Of
eqgual importance in control of posture are the following:

1. continuous output characteristics of the sensor

2. the neural interface between the sensor and the

postural response effectors.

Vestibular modulation of the visual posture control
loop effectively allows the visual system to perform many
functions in addition to regulation of posture by summoning
visual control only when it is most needed. Hence, vestibular
sensors are important even when full visual cues are avail-
able.

A description of posture control without vestibular
cues in Chapter 6 enables further development of the

description of visual and exteroceptive sensors.
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CHAPTER 6

POSTURE CONTROL WITHOUT VESTIBULAR SENSES

Posture regulation of a subject with complete loss
of vestibular function is observed. During normal guiet
standing, eyes open, performance is nearly normal. The
combination of reflex/exteroceptive hich frequency and visual
low frequency stabilization is adequate for posture control
in these circumstances.

With eyes closed, the subject is able to remain
stable with considerable conscious effort. Tests show that
eyes closed stability is achieved by a large increase in

reflex loop gain, resultinag in "rigid" stability.

6.1 The Subject

The subject, age twenty vears, has complete loss of
vestibular and auditorv function due to bilateral transection
of the eighth nerve. The subject's motor-sensory functions
in the lower limbs are normal. Vestibular loss occurred

about two vears prior to the author's tests. Since loss

of vestibular function, the subject has remained active and
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has compensated for the sensory deficiencv to the extent
possible. Walking and standing on stable surfaces appears
normal. Complex nosture coordination, however, is clearly

affected by the vestibular loss.

6.2 The Tests

The subject was observed standing guietly with eyes
open and eves closed. The following test was performed:
1. reflex response gains; eyves open and eyes closed

(Section 3.1.2)

3]

induced swav threshold tests; eyes open only
(Section 4.3)
3. continuous recordino of postural response and body
angle motion (Section 5.2.1)
4., frequency spectra of body angle motions; eyes open
and eyes closed (Section 5.2.4)
Test procedures are identical to these described in previous
chapters. In all cases, tests are abbreviated versions of

the original exveriments.

6.3 Results

6.3.1 Reflex Response Gains
Recalling the conclusions in Chapter 3, the average
gain of the stretch reflex response induced by small rota-

tions of the ankle joint is shown to be about one-third that

necessary for postural stability. During quiet standing with

eyes open, the vestibular defective subject demonstrates
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reflex responses at gains somewhat larger than those of
normal subjects, Figure 6.1. The level of gain, however,
is still well below that necessary for postural stability.
The subject is most likely using the same strategy for con-
trol as normal subjects.

Average reflex gain of the vestibular defective subject
increases markedly when eyes are closed, Figure 6.2. The
average reflex gain for extension, 12.35 ft'lb per degree,
is large enough to achieve "rigid" postural stability,
while average gain for flexion increases by only a factor
of two.

A likely explanation for the unsymmetrical increase in
reflex gains is the following:

All subjects tend to lean forward slightly when their

eyes are closed. The vestibular defective subject

leans forward even more than the normal subject when
eyes are closed, raising the operating level of the
extensor muscles and allocating almost complete control

function to these muscles.

6.3.2 Threshold for Detection of Induced Sway

This experiment tests the ability of the subject to
detect sway divergence of reflex control and exteroceptive
cues. Body sway 1is induced using backward and forward de-
flections of the platform at constant velocity. As sway is
induced, the platform is rotated to track the rotation of
the body, thus eliminating reflex and exteroceptive detec-

tion of sway via deflection of the ankle joints. The
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validity of this technique is demonstrated in section 4.3.
The observed response sequence is similar to that
seen in normal subjects: body angle begins to increase
without a corresponding increase in ankle torque; motion is
detected and torque increases rapidly; stability is re-
established. Results in terms of response time and body
angle shown in Figure 6.3, clearly demonstrate that thresh-
old for detection of body motion is increased when vestibular
cues are absent. Minimum delay time is about 0.45 seconds.
The minimum body angle subtended before motion is detected
is about 0.35 degrees. Note that the angle threshold in-
creases continuously as the rate of induced sway increases,
while normal subjects with the aid of vestibular cues show
a constant threshold of 0.29 degrees for induced rates up

to 0.80 degrees per second.

6.3.3 Continuous Postural Response Characteristics

Continuous records of postural response during eyes
open and eyes closed control are shown in Figure 6.4. The
intervals chosen generally characterize the types of re-
sponses seen through out each observation period of 4
minutes.

Comparable response characteristics for normal subjects
are analysed in Section 5.2. These results show that
"stiction: forces provide for complete static stability.
During frequent transient disturbances, increases in reflex

gain initiated by the higher centers maintain stability.
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This simple control strategy is seen in both eyes open
or eyes closed test cases.

With eyes open, control strategy of the vestibular
defective subject is the same as that observed for normal
subjects. Records show periods of "stiction" stability
and frequent divergin transients. Threshold for detection
of the divergence transients is about the same as that
observed for normal subjects, 0.10 degrees. Corrections of
the transient disturbance, however are less consistent.
Resulting divergence body angles are larger, 0.5 degrees
versus 0.25 degrees for normals, and corrections are often
underdamped.

When eyes are closed, the entire strategy of control
changes significantly. No periods of "stiction" stability
are present, rather small, higher frequency oscillations
(about 3/4 to 1 Hz) are present almost continuously during
quieter periods. During these quiet periods, body angle
drifts continuously at rates ranging from C¢.2 to 1.0
degrees per second. A rough estimate of the threshold for
detection of this slow phase drift is about 2 to 4 degrees.

When slow phase drift is detected, larger transient
responses are initiated. Characteristics of these responses
are very erratic. Many of them are very poorly damped,

showing many large oscillations at frequencies above 1 Hz,
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6.3.4 Fourier Coefficients

Fourier coefficients for body angle with eyes open
or eyes closed control are compared to those of normal
subjects under the same test conditions, Figures 6.5 and
6.6. Posture control with eyes open shows characteristics
very nearly the same as £hose for normal subjects.; Some
increase in low frequency sway amplitude is seen.

When eyes are closed, body sway amplitude at all fre-
gquencies increases. Largest increases are noted at fre-

quencies above 0.1 cycles pér second.

6.4 Conclusions

A vestibular defective subject is able to regulate
posture during a quiet standing, eyes open task using the
same controi strategy as normal subjects. A radical shift
in strategyﬁ however, is necessary to maintain stability
when the vestibular defective subject closes his eyes.

These two statements are consistent with the reflex/exter-
oceptive control model described in Section 5.3. The obser-
vations substantiate two major characteristics of extero-
ceptive/reflex model:

1. Habituation of the exteroceptive gain control
mechanism results in poor static stability of the
exteroceptive/reflex control loop.

2. Gain of the reflex loop may be increased to achieve

static "rigid" stability.
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Because the primary mode of control has a slow drift
instability, an additional sensory feedback mode, either
vision or utricle otolith, is necessary to correct this
slow drift. Hence, the vestibular defective subject with
eyes open is able to maintain posture in a normal manner.

When the vestibular defective subject closes his eyes,
both mechanisms for slow drift correction are lost. The
large increase in average reflex gain may be seen as an
attempt to minimize this drift by maintaining reflex gains
at very high levels. The continued presence of drift likely
results because the subject is not able to maintain reflex
gains continuously above the level necessary for rigid
stability. Habituation likely lowers reflex gain during
quieter periods. Joint receptors most likely provide the
very crude correction of the reflex/exteroceptive control
loop drift.

A model for "rigid" reflex control of posture in the
absence of both visual and otolith cues is proposed as
follows. The basic configuration is the same as before;
exteroceptive feedback modulates the reflex loop gain.
Here, however, the background reflex gain setting is con-
siderably higher, though not quite large enough for static
stability. Habituation of the exteroceptive gain control
loop results in the slow drift. Perhaps high threshold
joint receptor or non-adapting pressure receptor feedback

loops correct slow drift.
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After observing the subject for several hours, a further
gualitative observation can be made:

During simple postural tasks, walking, climbing stairs,
etc., control without vestibular cues is very nearly as
accurate as when they are included. The vestibular defective
subject, however, must maintain a continuous visual aware-
ness of body orientation, while in normal subjects the
vestibular system continuously monitors postural orientation.
Performance of the vestibular defective subject, dependent
on the level of visual attention, is noticeably more erratic.
While stability is generally good, the subject occasionally
became unsteady for no apparent reason except that visual
attention was inadvertently relaxed. These observations
further support the proposal made in Chapter 5.

Vestibular cues, acting as a continuous monitor of
posture orientation, free the visual system from a
continuous monitoring function. Instead, vestibular cues
alert‘the visual senses for postural control only when

necessary during transient disturbances.



CHAPTER 7

CONCLUSIONS

The goal of this thesis is to define the function of
the feedback sensors in controlling posture and to model
the neural interfaces between these sensors and the mechan-
isms that initiate motor responses. A general model is
first aeveloped from information found in a review of the
motion sense models, muscle models and current senscory-
motor neurophysiology. Using a specifically designed two-
degree of freédom platform, observations from a series of
experiments form the basis for specific models for the
feedback sensors, the resvonse effectors, and sensoxrv-
motor neural processing.

The posture control model can be subdivided into two
basic parts: regulation with stretch reflex position feed-
back (standing on a rigid surface), and regqulation relying
on higher center feedback sensors (standing on a surface
which rotates to track body ancgle motions, nulling ankle
angle continuously.)

Posture control strateay in these two extreme cases is

fundamentally different. Evidence is presented, however,
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which suggests that for a large class of conditions between
these extremes of a perfectly rigid flat surface and a
surface with special compliant properties, a combination

of these two control strategies can be expected.

7.1 DPosture Control on a Rigid, Flat Surface

During guiet standing on a rigid, flat surface, the
ankle stretch reflex gains are about one-third that necessary
for vosture stability. Small "stiction" forces acting between
fibers within both intra- and extra-fusal muscle, however,
supplement this reflex gain, and together they provide a
gain adequate for complete stability for very small ankle
deflections. Quiet standing shows periods of "stiction”
stability punctuated by frequent transients during which
the subject "breaks out" of stability and begins to diverge.
Kinesthetic cues, changes in pressure distribution on the
feet first detect this divergence, triggering a multiplica-
tive increase in reflex loop gain provortional to disturb-
ance amplitude. Because deep pressure sensation habituates,
an additional sense, either visual or utricle otolith infor-
mation is necessarv to provide drift stabilization.

Average reflex gain is found to be a good measure of
pmarticipation of the reflex mode of posture regulation.

When small amplitude, low fregquency platform rotational
motions are introduced, the reliability of this mode of
control is reduced. A corresponding decrease in feflex

gain is seen. When the reflex feedback loop is removed
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by maintaining ankle angle at zero, mean reflex gain

drops to nearly zero.

7.2 Posture Control with Vestibular and Visual Senses

When reflex/exteroceptive feedback is removed, the sub-
ject must rely completely on higher center motion sensors,
the vestibular and visual systems. With eyes closed,
vestibular cues are sufficient to provide postural stability.
In this case, the utricle otoliths and the semicircular
canals operate as frequency selective feedback sensors.
Canals, the higher frequency motion sensors, detect body
divergence and initiate postural responses. Canal feedback
control, however, is unstable at very low freguencies. The
utricle ctolith is a static and very low frequency senscr,
indicating average body angle with respect to the gravity
vector. An outer otolith feedback loop stabilizes the low
frequency drift of the canals.

The addition of visual feedback during vestibular
control of posture produces a significant improvement in
accuracy of the slow phase correction of body angle. Vision,
however, does not affect the threshold for detection of
body angle divergence. Posture control experiments substan-
tiate the fact that vision is primarily a static or very low

frequency feedback sensor.

7.3 Posture Control without Vestibular Senses

Posture control without vestibular function is nearly
normal when a defective subject stands on a rigid surface

with eyes open. Detection of body divergence, exteroceptive
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cues, is normal. Reflex gains are somewhat higher than
normal. It mav be concluded that exteroceptive detection
of divergence and visual correction of slow drift are
sufficient.

When eyes are closed, a radical change in control
startegy is evident. Since neither wvisual nor utricle
otolith static senses are available, reflex gain is increas-

ed about six-fold to enable "rigid" stability.

7.4 An Overall Summary

Posture control is seen as a multiloop system in which
a number of specialized feedback sensors contribute to the
generation of commands. Proprioceptive sensors and neural
processing at the lowest levels enable crude but fast acting
responses based on information from bodv centered frames.

"Inertial” sensors and higher center processing provide
more accurate, adaptable control but with longer processing
delays. Hence, posture control is a highly non-stationary
process in which responses to transient disturbances are
initiated at the lowest levels. Allocation of control then
"radiates" upwards to the hicher centers where successive
corrections, based on more complete information, fine tune
the initial responses. Fiqure 7.1 reviews the basic
features of the posture control system. Table 7.2 summarizes

the properties of the posture control sensors.



139

WILSAS TOYLNOD TVINLSOd IHL 40 S3UNLlvad uﬁm<m JHL T°L FI™WNDIA

X3743Y
IDINY IHL 10O
_ ~HLlIAA TOYLNOT) <5 3G0
o> NOILOILS > s3TaNIdS gy J g 9N
vz 5 | % 39V4UNG
bl B aioly v
|_T0¥1NQD NIvO NO T0¥LNOT) | 3FAO
—=lAvYo I
. N —
— | B
< Agos [ | 370snw|_ S i — 34+
© —AN" f+
s
| 2y,
e — INLATY  ——>{aT0Hs3¥HL = AvI30 |-
. —0¥31X3
2 syl
}— = SHL17010 |——=>{a10HST¥HL = AvI3a =
154
i Noisia > AV13Q =
S
——> SIYNVD ——>{q10HSIYHL > AvT3q Py




140

SAOSNIS TTOALNOD FdNlsSOd
JH1 40 S31.1¥340dd 2°/Z JdnN9Hlid

(C ¥40 T 3A0W) TOAULNOD D11VLS

(¢ 3AOW)
TOJLNOD JISVHd

(T 3d0W) TOYWLNOD JISVHd

SANYWWOD SIINVINL | (4001 TO¥LNOD
ITINY IN0YOL ITINY ~$1Q LN3IS NOILISOG)
IT9NY AQ08 40| S3ILVILINI ANV |-NV¥L SNI¥Nd 319NV ITINY 1O4LNG
AQ0g 40 L413dd L41¥a MOTS JONIOYAAIQ | NIVO X343 |[3IHL 40 SIONVHD 33NLS0u
MOTS S1D3¥N0D S123Y¥0D AVMS $10313a [3HL ST0¥LNOD SLSISTY NI NOTLANNA
*23SW $22 *03SW SzZ# *03SW §22 D3SW 001 = *23SW 01 = AVI30 IWIL
379NV
3719NY ) _ . . _
Adog 08¢0 0 & 2238/,50°0 AQ08 01°0 0 = QTOHSIYHL
uNOILDILS,
+ . + . + . . . .
(1+599°0)(1I+5¢"5) = (I+S1°0)CT+S¢°8) (s/z + 1) (1 + s7°0) |BOILSI¥ILOVAVH
[+,591°0- zS T (T +SZ)#°0
D IWYNAQ
C08"0+SST 0)
NOILD31430Q
JLVY 3NV OL| v
AVINONY ANV 31V TYNOILY0d0O¥d g anvy '8 ol
319NV AQOE 319NV AQ0g]  dVINONY AQ0E [ATILVWIXO¥adY| TYNOILIOLdO¥d LndLno
Adog 3IHL 40 1334 3HL
NOILVd31300V AQ08 3IHL 40 NO J¥NSSIYUd
AYTINONY ANV NOTLOW Ad0dl (01 yy3a1320v ANy NOIL onFUMJMMmz< LAdNT
379NV AqO0g AVINONY ~23743a0 ITANY
SHLIT0L0 NOTISIA STIVYNYD dA11d3D JSNOdSIY X3143Y
3701¥LN AVINI¥IDIWIS ~O0¥3LX3 f35N0dSI¥ ITISNW




141

7.5 Some Suggestions for Further Work

Expansion of the research presented in the thesis
mav proceed along two fronts: a deeper probe into the
mechanisms of posture control outlined here, or accepting
the basic form of the model, the application of the model

to clinical research problems.

7.5.1 Multiplicative Increase in Reflex Gain During

Transient Disturbances

A multiplicative increase in reflex gain during tran-
sient disturbances may be observed by introducing ankle
angle step disturbances, not at random intervals but at
various intervals after detection of a transient body angle
disturbance. Questions to be answered include:

1. Does the reflex gain increase for a transient in

a given direction apply only to deflections in
that direction, or does the gain increase cover
both extension and flexion disturbances?

2. Is the time history of the reflex response the same
or different during a transient increase in reflex
gain?

Answers to both questions would provide valuable insight into

the physiological mechanisms for regulating reflex responses.

7.5.2 Clinical Diagnosis of Posture-Related Sensory Defects
This thesis research has shown the frequency selective

nature of higher center sensory feedback modes, specifically
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of the frequency differentiation for semicircular canal

and utricle otolith functions. The two-degree of freedom
experimental platform developed is able to remove reflex

and exteroceptive cues, thus allowing observation of vestib-
ular feedback control. Combining these results, a simple
method for diagnosing utricle otolith or semicircular

canal deficiencies is possible. This could be done in

the following way.

Ask the subject to stand quietly on the platform with
eyes closed. A simple reflex response test should give an
immediate indication of utricle otolith function. Although
the subject’'s performance may appear normal upon simple
visual inspection, he will show an increase in reflex gain
to compensate for deficiency in otolith sense of vertical.

If utricle function is normal, semicircular
canal function may be tested by rotating the platform such
that the reflex and exteroceptive cus are removed. Without
canal function, the subject would be unstable during this
procedure. A rough estimate of the degree of canal defici-
ency may be provided by slowly reducing the effects of reflex/
exteroceptive feedback and observing the point at which

instability is reached.



APPENDIX A

BODY DYNAMICS

For motions about the ankle joint, the dvnamic charac-
teristics of the body may be compared to those of an inverted
pendulum. Because of this inherently unstable configuration,
forward-backward rotational motions of the body about the
ankle joints represent a critical mode in the control of
posture. Relative motion between upper body seaments during
quiet standinag is of considerably less consequence and is
assumed to be zero in the body dvanmic model, Figure A.l.

Parameter values for body physical characteristics are
taken from Demmster ( 23). Effects of variations in these
characteristics amona the three subjects are considered and
found to have insianificant effects on performance character-
istics of the posture control model.

The body dynamic equation is:

B IA B IA

.e. m,th TA

where I is the moment of inertia of the body about the
ankle joint;
is the mass of the body;

hcq is the height of the center of mass
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body

HEAD ‘
11.5 LBS.
65 INCHES

UPPER ARM
11 LBS. 51 INCHES

LOWER ARM
9 LBS. 45 INCHES

TRUNCK
76 LBS. 50 INCHES

UPPER LEG
36 LBS. 30 INCHES

LOWER LEG
16 LBS. 13 INCHES

FIGURE A.1 PHYSICAL CHARACTERISTICS OF THE BODY
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TA is the net reaction torque effected by posture

muscle at the ankle joint;

eB is the body angle in the forward-bkackward plane.

The following are average values for these parameters:

IA = 750 lb—in—sec2
_ 2 _ 2
my = 166.5 1b wg = 8.6/sec
hcg = 38.7 in Wy = 2.94/sec
~ 3,.0/sec

Size data for the three subjects are given:

G.L. D.R. K.G.N.
Height 610" 5rgn 515
Weight 155% 150% 1254

Combining these data with Dempster's average body configura-

tion, the following estimates for each subject are made:

G.L. D.R. K.G.N.
IA =~ 720 lb—in—sec2 640 lb—in—sec2 490 lb-—in—sec2
my = 155 1bs 150 1lbs 125 1bs
= 40.1 in 38.1 in 35.9 in
cg
wg o 8.7/sec2 8.9/sec2 9.l/sec2

The ankle response gain just necessary to stabilize the body
T
to gravitational torque is §é = mthC . The average for the

g
three subjects tested is = 7.5 ft-1lb/degree.

A word about the genération of stabilizing ankle torques
during quiet standing is in order. The foot is a limited
supporting surface; thus, there is a maximum torque after
which the foot will not remain flat on the supporting surface.

For positive torgques (activation of the extensor muscles) the

maximum torque is about 70 ft-1lb. Since little foot length
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extends behind the ankle as support, maximum negative
torque is much smaller, about 20 ft-1lb. The following

torque response limiter is therefore defined:

LIMITER

TORNU MUSCLE i} L//”"- ANKLE
£ MUSCLE ~f_ -20 , LE

DYNAMI CS ' r
COMMAND TOROUE ____,/’1 79 [ TOROUE

FOOT-POUNDS

The above relation essentially defines the limits of simple,
feet—-together posture control.

When conditions require greater net torques, stepping
and more complex body motions are required. Therefore,
experiments in this thesis consider only control of quiet
standing, during which these toréue response limits need

not be exceeded.
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-.APPENDIX B

THE TWO-DEGREE - OF FREEDOM EXPERIMENTAL PLATFORM

The platform provides the base on which the subject
stands during experiments. It enables the experimenter to
influence the control strateagy of the subject and permits
him to probe the states of the postural control system with
small transient disturbances.

The platform performs two basic functions:

1. It measures ankle reaction torques and the body

lean angle.

2. It introduces rotational and backwards and forward

translational inputs to the ankle joints.

Figure B.1l shows the complete system with a subject in position.

B.1 Measurement of Postural Responses

B.1l.1 Ankle Torque Measurement

The plate on which the subject stands is supported at
each of its four corners by a miniature variable resistance
force transducer, (Clark Electronics, Micro-ducer No. CS-5-100L).
Resistance bridges measure differential loading between front

and back sensors on each side of the force plate. Differential
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load readings are amplified and summed, forming the net
reaction torque reading. Figure B.2 shows the configuration.

Each force transducer is calibratéd separately and
resistance ranges are matched for each of the differential
force bridges. Passive resistors in each bridge are set to
balance the bridge at the nominal load of 70 pounds on each
differential pair (one half the weight of an average subject).

The complete force plate is calibrated using large weights
simulating the nominal load of 140 pounds.

Figure B.3 shows the static outout characteristics of
the force plate transducers as a function of net reaction
torque. Linearity is within *2.,5% at full scale. Hysteresis
errors during a given cvcle are within *5% of the maximum
amplitude of the cvcle.

The rated frequency response of each sensor is above

1000 hz, far better than necessarv to measure postural responses.
B.1.2 Body Angle Measurement

Bodv angle is measured by the simple, 2-potentiometer
and cable system, shown in Figure B.4. Two potentiometers,
one on each hip, remove effects of vertical axis rotations.

Sensitivity of the system is +0.01 decgrees.

B.2 Platform Motion Effectors

The force plate is maintained on a member which is able
to rotate about an axis colinear to that of the ankle joint.
A hydraulic ram and servo valve control the angle of the force

plate member.
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The entire supporting base rides on two roller bearings,
allowing forward and backward motion of the platform. This
motion is controlled by a second hydraulic ram and valve
svstem. The system is shown schematically in Figure B.5.

The rotational servo loop consists of the following
components:

1. proportional servo valve; Moog Model M-7770

@2700 psi; excitation push-pull.
2. 2-~way hydraulic ram; 1 1/4 bore, 8" stroke.

3. rack and vinion potentiometer position feedback.

Flow rates within the control valve limit the performance of
the system. The following transfer function describes closed

loop platform rotational motion for amplitudes below £2°:

command > 1
(0.005s+1)C0.045s8+1)

enn-l— >

Frequency response is well above that required during exper-
iments. The step response time, about 50 milliseconds, is
adequate to observe a well defined reflex response.

The lateral position control loop operates open loop.
Deflection velocity is controlled by a needle valve and moni-
tored with rack and pinion potentiometer position feedback.

Total deflection is fixed with adjustable restraininag rings



mounted on the hydraulic ram. 2n on-off relay valve controls
activation of the lateral deflection loop.
Components are as follows:
1. relay valve, 2-way
2. double acting hydraulic cylinder, 7/8" bore,
4" stroke, adjustable with inserts from 1/2" to 4"
3. rack and pinion actuated votentiometer for monitor-

ing of lateral position.

Figure B.6 shows operation of the hydraulic motion control
system.

Maximum deflection velocity is greater than 5 inches
per second. Response (not including response time delay of
the relay valve) is approximately first order with a response

time of 10 milliseconds.
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APPENDIX C

DIGITAL COMPUTER PROGRAMS

C.1 The Computer Facility

Digital computation is performed by a PDP-8 computer,
built by Dicital Equipment Corporation. Features of the
machine include:

1. Single address

2. 12-bit 2" complement arithmetic

3. Cycle line of 1.5 microseconds - add line of 2

microseconds

4, Extended arithmetic element permitting multiplica-

tion (less than 21 microseconds) and division
(less than 36.5 micfoseconds)
5. 4096 word memory
6. Two Dectape (magnetic tape) drives which read/write

from tape to core in blocks of 128 words.

Programs are written in "PAL" machine language develoned for
the PDP-8,

Hybrid facilities include:

1. Seven analog to digital channels

2. Eight digital to analog channel

Overation of these converters is controlled by commands from
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the digital computer.

3. Twelve control lines

4, Twelve sense lines
Control lines, enable the digital to give two-level commands
to the analog computer. Similarly, sense lines enable the
digital commuter to read two-level logic signals initiated
bv the analoag computer.

5. Program Interrupt
This input allows interruption of the diagital program by the
analog comouter. Interrupt is used in programs presented
here to control the sampling rate during the digital collec-

tion of data.

C.2 Diagital Operating Proorams

Three digital programs are used. The first, Test, is
a general purpose program which operates the experiments,
collects the data, and stores it on dicgital tape. Fourier
is a fast Fourier transform nrogram. Model performs non-
linear functions required during simulation of the posture

control models. A description of each program follows.

Test

Test performs the following functions:

1. Reads into core two channels of data, biasing each
so that the initial sample of each is zero.

2. 1Introduces a digital to analog command (for initia-
tion of rotational steps or lateral displacements

of the platform) after a delay of 16 samples.



156

3. Writes data onto digital tape after each trial.
4. Allows sequential examination of data stored on
digital tane.
Each trial reading is initiated by an analog command. The
sampling rate durinag each trial is controlled by an analog

clock.

Fourier

The fast Fourier transform program performs the follow-
ing functions:

1. Reads data from digital tape into core memory.

2. Performs the fast Fourier transform.

3. Prints frequencv coefficients.
A complete description of the digital transform technique is

aiven by Van Houtte (104). ..

C.3 Model

Model converts six analog inputs to digital, performs
nonlinear operations on these signals, and feconverts the
transferred signal back info anaiog form. Model simulates
the following nonlinear functions:

1. Three time delays

2. Two thresholds

3. One "stiction" model used to simulate muscle

response characteristics to small deflections.
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APPENDIX D

ANALOG COMPUTER PROGRAMS
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APPENDIX E

EXPERIMENTAL DATA
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