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ABSTRACT

The purpose of the work contained in this thesis was to investigate
whether experimental paradigms based on the system identification approach
are an effoctive clinical assessment tool. This was accomplished by
conducting two companion studies: a reliability study on a group of fifteen
control subjects and a case study of an individual who had sustained a
unilateral undisplaced ankle fracture. The data collected in both studies
included ankle anguiar position, torque, and Tibialis Anterior and Triceps
Surae electromyograms. From these data, measures of both static (e.g. range
of motion) and dynamic (e.g. estimated elastic stiffness) Joint function,

were obtained.

A  number of «clinically relevant wvariables (plantarflexion WMVC,
dorsiflexion MVC, range of motion, passive torque, K offset, low K region,
and the intercept of the K-absolute torque relation) were shown to be
reliable., In addition, the results of the case study demonstrated that it
would be feasible to use these exXperimental procedures and analytic methods
on individuals who have sustained orthopedic trauma. Finally, certain
variables (the K offset, the slope and intercept of the K-torque relation,
and a low stiffness region) appeared to be sensitive to the clinical changes

associated with orthopedic pathology.




RESUNE

Le but de cet ouvrage était de tealiscr une etude de frabilite oo
mesures de dynamiques de la cheville en tant quioutils chintmety rgue
objectifs, fiables, et quantitatits dans 1'evaluation ct e vy hinegu
de la cheville suite a un  traumatisme. Le  patadigme et le monta,
expérimental ont été évalués a l1'aide d’un groupe temon et d/un .
pathologique. Des techniques d’identification de syctémes ont oor.t o
déterminer les pataméeties qui  ont le mieux decrit le comportement de la
cheville. La collecte des données normatives fut suivi par une cvaluation
d: la fiabilité de certaines mesures tel que 1amplitude articulatie, la
contraction maximal volontaire, le moment passil, ct certaines mesues
dynamiques dont le terme élastique (K). Nous avons procedé a etuade du ocan

pathologique suivant le méme plan.

Ce travail démontre que 1fapproche d'identilication de systemes, le
paradigme expérimental, et le traitement des donndes conviennent tres bien
& une utilisation clinique. Les mesures mécaniques passives statiques el
dynamiques sont trés fiables et certaines d'entice clles, tel gue I'aire de
la boucle de moment-position, 1l'ordonnée a l’origine et la pente de la
relation K-moment, et une région articularte a faible aigiditdé font
possiblement preuve d’une sensibilité aux changements duc a wne pathologie

et sa guérison.
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CHAPTER I

INTRODUCTTION

The ankle is a weight bearing joint that plays a crucial role in
bipedal 1locomotion and is important in the maintenance of upright stance
and equilibrium. It is subjected to a multitude of internal and external
forces that result in a distinctive pattern of behavior. For example, joint
compression forces of wup to five times body weight occur during the push
off phase in the normal gait cycle and change in the presence of pathology
(Stauffer et al., 1977). Since the ankle is the focal point of total body
weight transmission and poorly tolerates even small changes in its
anatomical configuration (Frankel and Nordin, 1980), high demands are
placed on the treatment and the return to normal function of ankle
injuries. Injury, immobilization and therapeutic intervention will all
induce structural and physiological changes at the cellular level which can
manifest themselves clinically as a decrease in range of motion (ROM) or a
decrease in muscle strength. Other clinically observed phenomena svch as
the joint’s increased resistance to passive movement and the subjective
impression of joint stiffness are poorly measured (Wright, 1973). The
purpose of this study is to investigate the feasibility of using the system
identification approach in the clinical assescment of joint function. The

thesis is divided into the following chapters:

Chapter II briefly reviews the background material and the previous
work in this field required to understand the problem formulation,

significance and interpretation of the thesis results.
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Chapter III refers to the general methods involved in the study
including the apparatus, experimental paradigms, description of stimuli and
general treatment of the data. The justification for the choice of

parameters and methodology is given.

Chapter IV consists of a paper describing the construction of a custon
made fibreglass boot used in the fixation of the foot to the expet imental

apparatus.

Chapter V outlines the reliability study performed on various measuies
of joint behavior in particular the dynamic joint mechanics and details the

case study which was undertaken.

Chapter VI includes a summary of the major findings, Llimitations and

recommendations for future work.




-

Page 3
Chapter II

REVIEW OF THE LITERATURE

The first section of this review will deal with the notation and
terminology that will be used throughout this thesis. A brief description
of ankle joint anatomy and kinematics pertinent to this study will be
presented in the next part of the review followed by an overview of the
effect of injury on these structures at the cellular and functional level.
The classical clinical approaches of evaluation of joint function for
cxample, goniometry and the manual muscle test and their limitations will
be discussed. A new assessment tool, the measurement of active and passive
ankle mechanics will be introduced and the potential of this tool as a
quantitative objective measure of ankle function will be addressed. A
discussion leading to the problem formulation and objective of this thesis

will conclude the review.

Definitions and notation

The movement of the ankle about the tibiotalar transverse axis is one
of rotation. Rotation of the joint towards the lower leg is called
dorsiflexion and rotation of the joint away from the lower leg is
plantarflexion. In this study the motion was defined with respect to the
mid position, a point which divided the subject’s ROM in two. Any movement
avay fiom the mid position toward the leg was labeled dorsiflexion while
movement away from the midposition in the opposite direction vas labeled
plantarflexion. The subject’s available ROM vas defined subjectively,

based on the subject’s report of pain or extreme discomfort and/or the
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occurrence of compensatory movements at the more proximal joints,
Dorsiflexing torques were denoted by positive values and tended to move
the ankle into a more dorsiflexed position. In contrast, plantarflexing
torques which were denoted by negative values tended to move the ankle into a

more plantarflexed position.

Ankle Joint Anatomy

The purpose of this section is to offer a brief overview of ankle joint
anatomy. Trauma, surgical intervention, or repeated minor trauma can induce
changes in ankle Jjoint structures as well as in the muscles that function
about the joint. Changes in bone structure as a result of a fracture can

alter the physical orientation and relationships of articular surfaces.

Bony configuration

The ankle joint consists of the articulation between the tibia, fibula
and the talus and is also known as the talocrural joint. The tibia and the
fibula are the two long bones of the lower leg. The tibia lies medially, is
thicker and ends distally as the medial wmalleolus. The fibula lies
laterally, is more slender but has an estimated transfer of as much as one
sixth of the forces (Lambert, 1971). It ends distally as the lateral
malleolus approximately 10 to 20 mm lower than the medial malleolus. The
talus has a squarish body, a short neck and a head with an oval articular

surface. The body lies between the malleoli of the tibia and fibula which
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form a <ocket and its upper surface articulates with the cartilage covered
inferior surface of the tibia. The ankle joint has an efficient mechanism
of  load transmission which is thought to be a factor in its relative
reqigtance  to primary osteoarthritis and cartilage fibrillation (Wynarsky

and Greenwald, 1983).

Joint Capsule

The ankle is a synovial joint possessing a potential cavity,
lubricated articular cartilage, a capsule of fibrous tissue and a synovial
membrane (Basmajian, 1979). The fibrous capsule surtounds the joint and is
attached to the margins of the tibia and fibula articular surfaces, passing
below to the talus close to the articular areas on the upper, medial and
lateral surfaces of its body. Synovial membrane, also known as synovium, is
a condensation of connective tissue that lines the inner surface of the
fibrous capsule. It does not cover the weight bearing surface of articular

cartilage (Hettinga, 1979a).

l.igamentous structures

The ankle joint capsule 1is weak anteriorly and posteriorly but is
teinforced laterally by strong collateral ligaments. The anterior and
posterior ligaments consist of localized thickenings of the capsule. On the
medial aspect lies the stout medial (deltoid) ligament which is triangular
in shape and is attached by its apex to the medial malleolus and by its
base to the navicular bone in front and to the posterior part of the body
of the talus bebind. The lateral ligaments consist of three separate bands
originating from the lateral malleolus. The calcaneofibular ligament

inserts onto the lateral surface of the calcaneus restricting inversion and

T R
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dorsiflexion. The anterior talofibular courses forvard and medially to the
neck of the talus limiting inversion and plantaiflexion and the posterion
talofibular ligament passes medially and slightly backwards to the laterad

tubercle of the talus limiting inversion and dorsif{lexion.

Musculature

The muscles acting about the ankle joint are divided intoe thoo.
compartments, the anterior compartment containing the dorsifleror muccle o,
the peroneal compar.ment containing the peroneal nmnuscles and the pocterion
compartment containing the plantartlexor muscles. For the purpoucs of thy,
study attention will be drawn to two major muscle groups, Tibialis Anterim

(TA), and the Gastrocnemius-Soleus (GS) complex which ate located 1n the

anterior and posterior compartments respectively.

TA was chosen in this study as the i1epresentative of the dotsiflexing
contractile element of the ankle joint. This muscle is subcutancous and
arises from the lateral condyle and the upper two thirds of the lateral
aspect of the tibia, gaining additional origin firom the interosseuns,
membrane and from deep fascia. The tendon becomes free in the lower third
of the leg and passes medially to insert onto the medial aspect of the

medial cuneiform and the base of the first metatarsal bone.

The GS Complex is the main planta:rflezor of the ankle joint (Dersheid
and Brown, 1985). Gastrocnemius has two bellics, the lateral head
originating from the wupper, posterior part of the lateral swiface of the
lateral femoral condyle and the medial head, originating from the popliteal

surface of the femur above its medial condyle. The two fleshy bellies
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insert  into  the posterior suiface of a hroad membranous tendon of Soleus
muscle to form the calcancal tendon which inserts onto the posterior

surface of the calcaneum.

The Soleus muscle originates {iom the posterior surfaces of the head
and the upper third body of the fibula, from the soleal line of the tibia
and from a tendinous arch betveen tibia and fibula. The plantarflexors are
much more powerful than the dorsiflexors. Thi may be related to the
functional 1recquirements of this muscle group. For example, the body'’s
center of gravity falls anterior to the ankle joint (Steindler, 1955)
requiring a sporadic plantarflexing torque to maintain an erect posture. In
addition, the plantarflexors provide the propulsive force in ambulation at
push-off and absorb energy during early and mid stance as the leg rotates

over the foot (Vinter, 1987).

Ankle joint kinematics

Axis of rotation

Movement at the ankle joint takes place about an oblique transverse
axis which can be approximated by a line joining a point 50 mm distal to
the medial malleolus to a point 30 mm distal and 80 mm anterior to the

lateral malleolus (Inman, 1976).

Range of Motion
There 1is a lack of consistency in the literature 1egarding the
magnitude and the method of measuring ankle ROM. Radiograghic methods

(Sammarco et al., 1973), measurements during weight bearing (Sammarco et
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al., 1973), passive as opposed to active ROM measures and ROM meazurements
under conditions of knee flexion (Ekstiand et al., 198)) are <ome of the
factors affecting ROM measurement. There is also a teadency ftor ROM 1o
decrease with increasirg age (Sammarco et al., 1973; Boone et al., 1979y,
In general, the vreported ROM vranged fiom 0.87 1ad to about 1.311 1.0
(Caillet, 1968; American Academy of Oithopedic Surgeons, 1965). There

little mention of the criteria used to detine the endpoints of <uch
measurements and it would appear that most ROM measurements and method:

have a subjective component.

Functional considerations

The range of ankle motion required for functional tasks such as normal
walking is in the order of 0.17 rad of dorsiflexion and 0.1315 of
plantarflexion (Kotwick, 1982; Lindsjo, 1985). There do not seem to be any
differences on the basis of sex although heel height can considerably alten

joint angles (Murray et al., 1964; Murray et al., 1970).

Intra-subject joint angles vary little fiom stride to stiide (less than
2% variability at all lowelr extremity joints (Winter, 1987). Winter (1987)
compared joint angles for slow, mnatural and fast walking in 19 noimal
individuals and noted that for the ankle and with 1espect to the stride

period, the joint angle profiles airc essentially the sane.

This author also studied angular velocities during gait and then
variation with the speed of walking in apain 17 subjects (Minter, 1987). ¢
natural cadence (105 + 6 steps/min) can develop maximal DF velociticrn ol

about 2.5 rad/s and maximal PF velocities of approximately 3.5 rad/s. At o
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fast cadence {(natural + 20 steps/min) maximal DF velocities of
approximately 3.0 rad/s and maximal PF velocities of approximately 4.5

1ad/s were recorded (Winter, 1987).

Injury and Immobilization effects

The choice of wvariables that are measured in clinical assessments of
joint function and dysfunction is based on the understanding of the changes
that occur as a result of injury and immobilization. This forms the
tationale for the selection of parameters that best characterize these
changes. The following section summarizes some of the cellular and

structural changes associated with injury.

Joint Capsule

Post lraumatic synovitis can be considered as the synovium’s simplest
tesponse to minor nonhemorrhagic trauma (Hettinga, 1979a). It consists
essentially of an  inflammatory response. Minor trauma, not requiring
medical attention and with few symptoms, can set up this severe vasomotor
tcaction with significant symptoms apparent only months later (Soren et
al., 1976). This phenomena is seen as fibrosis and thickening of the
subsynovial connective tissue layer. If the trauma occurs only once, the
intlammatoty response subsides quickly. Tf mechanical irritation continues
due to secondary laxity of ligaments, free joint bodies or recurrent
trauma, a proliferative synovitis involving a progressive sclerosis of the
synovial membrane four to <ix months post trauma with additional thickening
of the conncctive tissue layer (Hettinga, 1979a) can occur. There are also

distinct changes in the composition of synovial fluid within the joint that
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can further idrritate and perpetuate the synovitis i1caction. In «prte of
this, synovial tissue has a rematkable regencrative capacity due to it
rich wvascularization and, if not f{uirther traumatised, can completels
regenerate within a few months (Hettinga, 1979a). Synovial tlurd ftundtron
to nourish the articular cartilage and lubiicate the joaint  aa
periarticular soft tissues (Dowson et al., 1969). It is estremely “avooa
at low velocities corresponding Lo slow movements and becomes less o wad
more elastic at high velocities (fast movements) (Dowson et at., jory;

Dowson, 1973). Synovial f{luid forms a fluid film that protecte th

articular cartilage from erosion (Hettinga, 1979h).

A nonhemorrhagic reaction of the synovium can result in changes in
synovial white blood cell, protein, and hyaluronate concentration (Bordech,
1976). This can lead to a decrease in viscosity with possible alteration ol
joint congruency and pressure distribution across the articular suiface
(Wynarsky and Greenwald, 1983). Traumatic effusions that involve bhleeding
into the joint can occur with fractures and c(:2aring of articular blood
vessels. The iron that is liberated as a resull of degiradation of blood i

a strong irritant to the synovial membrane (Hettinga, 19/9b).

The fibrous capsule reacts to trauma by way of an inflammatory ve.pon.e
as well, There is increased vascularity and proliferation of {ibhious rtinnne
(Hettinga, 1979b). A decreazse in tlexibility of periarticular structmer
is due to adhesion formation or intermolccular crosalinking of collagen
(Woo et al., 1975). This is alsgo known as contractute formation. The
thickening of the synovium conneclive tissue layer and the formation of

adhesions decrease the joint’s compliance and can hinder its range of tice
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mosenent (Moo ot al,, 1975).

LLigaments and Tendons

The collagenous tissues which support the skeletal system are ligaments
(including  joint  capsules) and tendons. These structures are passive in
that they are mainly loaded by the tension produced by joint motion and
muscle contraction. Ligaments and tendons will remodel in response to the
mechanical demands placed upon them. When subjected to increase stress

ligaments become stronger and stiffer (Kotwick, 1982).

Noyes (1977) found a decrease in stiffness which he defined in terms of
the «<lope of the tension to ligament failure curve, in primate anterior
cruciate  ligaments  following eight weeks of knee immobilization; the
ligaments were less capable of resisting load and elongation and failed at
much  lower tensile loads. Even after five months of resumed normal animal
activity there was only partial recovery of ligament strength although the
stiftness patameters had returned to normal. Investigations of canine
Pigament  properties demonstrated an increase in medial collateral knee
ligament stifiness as well as an increase in the diameter of collagen fibre
bundles when animals were extensively trained on the treadmill (Tipton et
al., 1970). 1mmobilized ligaments were weaker in terms of withstanding
tensile Joads than the normal knee ligaments and the normal knee ligaments
wote  weaker than  the trained knee ligaments. Similarly, studies on swine
tendon also showed an incirease in stiffness and strength with intensive
exercise training, suggesting that tendons remodel much the same way

lLigaments dan (Woo et al., 1975).
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Muscle
Muscles can also be subjccted to trauma, cither ditectly as tirom a blov
or fall or indirectly as from scretching a muscle beyond its notmal tanpe.
Moreover, joint immobilization and soft tissue trauma can tresult an

structural and physiological changes in muscle.

Contractile protein and connective tissue are synthesized by myoblact
and fibroblasts respectively in response to muscle tissue destiuction. The
physiological conditions at the site of injuiry are usually more favorable
to fibroblast activitvy filling the breech with collagenous scar tissue
(Allbrook, 1973). Ratl studies involving lacetation and surgical 1epait have
shown that the areas of muscle devoid of innetvation will have an increase
in connective tissue laid down between muscle fibies (Garett ot al., 1084).

The extent of trauma may be much less and still clicit stiuctural changes.

Muscle injury may be subtle and even asymptomatic. Gastrocnemiug
muscle biopsies firom marathon runners showed as much as 107 of cells
injured. Chronic overuse (veteran runners) caused an  increase in
intercellular colilagen deposition suggestive of a fibiotic response to low
level injury (Warhol et al., 1985). However chronic oveiluse was not defined
quantitatively and the time frame for these changes was not clarified..
Thus the evidence seems to indicate that muscle repair and 1esponse to
immobilization involves the increased deposition of collagen connec:ive
tissue. Collagen itself has an extremely lov compliance so that apall
increases in the quantity of collageu in muscle increases tissue stiffne:

SAEEN

considerably (Alnageeb et al., 1984).




Page 13

Joint immobilization ran lead to similar structural changes in muscle.
Immobilization of the cat ankle joint resulted in an alteration in Soleus
muscle extensibility and an increase or decrease in the number of
«arcomeres arranged in series depending on the immobilization position
(Goldspink et al., 1974). Muscle shortening occurred when the limb was
immobilized in a muscle shortened position. These changes occurred in as
little as four weeks and were reversible. Tabary et al. (1972) demonstrated
up to a 407% decrease in the number of sarcomeres of cat Soleus muscle fixed
in a shortened position. Muscles of immobilized mouse ankles showed
reduced extensibility which was attributed to deposition of collagenous
connective tissue (Williams and Goldspink, 1981). Cardenas (1977) has
shown a decrease in rat soleus cross-sectional area as a result of

immobilization although muscle fibre counts remained relatively unchanged.

The loss of sarcomeres is one method of evaluating the extent of muscle
atrophy. Atrophy can also be characterized by a lozs of muscle cross
sectional area or by a loss of muscle mass. Cross sectional area may be
atfected by other factors such as connective and fatty tissue content,
These tissue proportions may vary rendering a muscle’s cross sectional area
less representative of the contractile element content. Moreover muscle
mass can be arfected by the water content of muscle and hydration can be
difficult to control in experimental muscle specimens. Such factors should
be taken into consideration and, if possible, corrected before meaningful

interpretation of the experimental results.

There is evidence in the animal literature that certain slow postural

muscles such as Soleus may atrophy to a greater extent than others
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(Edgerton et al., 1975). Studies as to the preferential atiophy of certan
muscle fibre types have generated controversial vresults. Preferential
atrophy of type I (slow, low oxidative fibres) (Maier et al., 19/6), type
II (fast, high oxidative fibres) (Pachter and Eberstein, 1984), and atirophy
of both types I and TI (MacDougall et al., 1980) have been obsewved in {a 1
contracting animal muscles which were immobilized in a neutral position
i.e. the muscle at resting length. The cross sectional area of Type |
fibres in human Vastus Medialis muscle was shown to preferentially decrease
in subjects with chronic knee dysfunction (Edstrom, 1970). The comparison
between different quadruped species and man should be approached

cautiously.

It is difficult to assess muscle atrophy in humans due to ethical
considerations and technical 1limitations as it is an invasive procedurc.
The small samples of muscle that arve biopsied are usually the surface
fibres which tend to be predominantly of type 11 (Halkjaer-Kristensen and
Ingeman-Hansen, 1981), therefore the depth of biopsy 1is an important
determinant of fibre type concentration. The type and cxtent of muscle
atrophy observed may also be dependent on the intensity of the noxious
stimulus and type of underlying pathology. Animal studies have shown that
a nociceptive stimulus 1is associated with more atrophy than eithe
denervation or immobilization (Hnik et al., 1977). When comparing atiophy
studies the influences of the underlying pathology/intervention should he

kept in mind.

Anatomical Configuration

The ankle joint has a relatively large weight bearing surface and
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consequently the load per urit surface area is less than that of rhe hip
and knee joint (Frankle and Nordin, 1980). A 1 mm lateral displacement of
the talus can reduce the weight bearing surface by as much as 42% (Ramsey
and Hamilton, 1976). Such shifts could occur following ligamentous injury
and fractures and could possibly precipitate early degenerative changes in

the articular surface.

Summary

In summary, Jjoint injury and immobilization can result in adaptive
changes at the cellular and structural level. The literature demonstrates
an overall increase in the concentration of connective tissue in muscle and
adhesion formation in the joint capsule. Chronic inflammation and overuse
also involve an increased deposition of collagen tissue in capsule, tendon,
and ligament. TImmobilized ligaments are more compliant and have less
tensile stiength, Ligament laxity and ankle joint mortise disruption can
alter joint congruency which may possibly induce degenerative changes in
crrtilage (Frankel and Nordin, 1980). An orthopedic injury will have
sequelae that can be characterized by such clinically observable entities
as altered joint ROM, increased resistance to passive movement and a
decrease in the contractile ability of the muscles acting on the joint

(Derscheid and Brown, 1985).

Signs and symptoms of joint trauma

Pain
These cellular changes can vresult in pain, swelling, decreased ROM,

decreased muscle  strength, joint instability and possible loss of
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proprioception. Pain and tenderness over the site of ligamentous injury 1.
often the last abnormal physical sign to disappear in ankle injurie-
(Freeman, 1965). These tissues, richly innervated with the fice netve
endings that form part of the articular pain receptor system, are extieme
sensitive to the mechanical deformation (Wyke, 1967) which can r1esult from
excessive scar tissue, defective apposition of surgically sutured ligament:

or unattended ligament ends (Prins, 1978).

Swelling

Periarticular swelling can vresult from chronic joint inflammation ot
the persistent joint irritation that occurs with ankle instability o
excessive scar tissue formation (Prins, 1978). Sondenaa et al. (1986)
reported swelling in 95% of ankle firactures three months post
immobilization and cast removal. Prins (1978) noted that in his study of
ankle 1ligament injuries 30%Z of the tested ankles still demonstrated
swvelling six months following the completion of treatment. The swelling
generally occurred after a period of prolonged weight bearing. Excessive
and persistent swelling of the soft tissues can lead 1o periarticulm
adhesion formation (Salter, 1970) contributing to the clinically stiff

joint.

ROM

Injury and immobilization «can result in a decrease in joint range of
motion. This may be due to limitations in joint capsule mobility as well
as shortening of the soft tissues. Muscle shottening occurs vhen a limb is
immobilized in a muscle shortened position (Goldspink et al., 1974;

Williams and Goldspink, 1981). The ankle joint restriction in the posterio
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glide of talus during dorsiflexion may be due to scarring and decreased
clasticity of the anterior capsule. Similarly, the anterior glide of the
talus during plantarflexion is restricted by posterior capsule tightning
(Derscheid and Brown, 1985). Most ankle injuries have more involvement of
the anterior capsule than posterior, and dorsiflexion is more limited and
more difficult to regain than plantarflexion (Derscheid and Brown, 1985;
Sondenaa et al., 1986). Periarticular and intraarticular adhesions
resulting from chronic swelling, excessive scar tissue formation and
hemarthrosis will also contribute 1o the limitation of joint range (Salter,
1970). Sondenaa et al. (1986) have demonstrated a mean difference
initially of 0.26 rad. with unaffected ankle in dorsiflexion and a mean of
0.31 rad. difference in plantarflexion. This ROM is quickly regained
especially in the first six weeks post immobilization of an ankle fracture;
the maximal gain occurs by 12 weeks in subjects receiving physiotherapy

(Sondenaa et al., 1986).

Muscle strength

Muscles of immobilized animal 1limbs show a decrease in time to peak
tension as well as a decrease in maximum twitch tension (Maier et al.,
1976). This decrease in tension or force production presumably reflects a
smaller contractile protein mass since some investigators have
paradoxically shown that tension per gram of wet muscle weight had
increased (Mann and Salafsky, 1970). Ankle injury is associated with
muscle weakness presumably due to disuse atvophy. Pain and swelling will
alter the level of muscle activity (Devscheid and Brown, 1985) and promote

atiophy.
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Neurological function

Mechano-receptors and/or muscle receptors can be lost ot damapged duce to
injury. Ligamentous and capsular trauma may lcad to partial joint
de-afferentiation since nerve f{ibres in the ligaments and capsule have
lover tensile strength than collagenous fibres (Freeman et al., 196%). 1he
ability to replicate joint angles with the unaffected extremity ha. boen
shown to be deficient in post injury ankles as long as eipht months poot
trauma (Glencross and Thornton, 1981). However the magnitude of th
deficiency was 1less than the error limits of goniomettic measuiem nt.

(Boone et al., 1978). There is as yet insufficient evidence that fraectured

joints and their surrounding tissues are neurologically impaired.

Increased resistance to movement

The resistance to passive joint movement is often encountered in a
clinical orthopedic and neurological conditions (Wright, 1973) and has a
varied nomenclature including: spasticity, rigidity, hypoextensibility,
stiffness, compliance, hyper/hypo tonicity, flexibility, hyperreflexia, and
muscle tightness. These terms have been used interchangeably and much
confusion reigns due to imprecise definition, the subjective nature of this«
complaint and the inadequate tool with which we measure such phenomena

(Weigner and Watts, 1986).

Summary

Joint injury and immobilization have been shown to alter the morphology
of both passive (tendon, ligament, muscle, hone and capsule) and active
structures (contractile proteins) as well as the contractile ability of the

muscle. Clinically, these changes manifest themselves as a decreased ROM,
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an incieased resistance to passive joint movement, and a decrease in
muscle strength, These macroscopic manifestations of the injury induced
ci.anges are the focus of a clinician’s assessment to determine the extent
of injury, effect of rehabilitative interventions, and progression/
regression of dysfunction., Clinical measurement toals and techniques are

essential in objectively monitoring these variables.

Clinical assessment of joint function

The post immobilization course of a fractured ankle joint with soft
tissue injury often includes joint swelling, pain, tenderness, possible
anatomic instability, a decrease in ROM, and a decrease in muscle strength.
These entities are 1likely to affect the functional ability of the joint
and, as such, form the basis and focus of therapeutic intervention and
assessment. According to Feinstein (1983) the collection, measvrement, and
analysis of clinical data should satisfy certain criteria. The measurement
should be preservable or recordable, the observations should be objective
and the expressions should be dimensional. Qualitative and quantitative

accuracy should be demonstrated in terms of validity and reliability.

The  current, clinically accepted assessment tools are limited as they
do not satisfy all of the above. For example, the manual muscle test is
the most commonly wused clinical method for assessing muscle strength
(Nicholas et al., 1978; Pedneault, 1985). 1In this test, weaker muscles are
graded by their ability to overcome the resistance of gravity throughout
their available ROM (Daniels and Williams, 1946; Janda, 1983; Kendall and
Kendall, 1949; Lovett and Martin, 1916). This is a highly subjective, and

qualitative method of muscle grading that uses an ordinal scale (Michels,
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1983). It lacks the ability to discriminate small but clinically important
changes in muscle strength. Moreover, the pertormance of 40% ol the
extremity muscles such as the foot, hand and rotator muscles are not
significantly affected by gravity and hence, these methods, which are baued

on gravity, lose validity (Wakim et al., 1950).

Limb girth or circumference has been used to assess the amount ot
muscle atrophy and/or the amount of swelling in a limb (Hoppenteld, 194y,
Such measurements are taken at standardized locations such as the greatet
circumference of the limb. This technique does not differentiate between
the relative contributions of intracellular fluid accumulation, struectural
changes in the muscle fibres or subcutancous fat, all of which could alro
limb girth. Limb girth measurements do not differentiate between the
relative amounts of atrophy of muscles agonists or antagonists. Muscle
cross sectional area poorly accounts for the differences in ability to
produce tension. Muscle areas calculated from limb circumference correlate
to a fair degree with muscle strength in elderly people (Peairson el al.,
1985a) but there 1is a large variability in the strength per unit area.
Maughan et al. (1983) have suggested that some of the variability in
strength per area could be attributed to the proportion ot fibre types.
Pearson et al. (1985b) have suggested that contractile elements can
hypertrophy and atrophy at the expense of such non-contractile elements a«
fat. Simple measurement of limb girth is a poor predictor of stiength since
fibre type and content can vary and produce changes in contractile ability

of the muscle without apparenl changes iu limb girth.

Goniometry is defined as the measurement of joint range of motion with
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a protractor like instrument. Although this technique is quantitative, it
is subject to measurement error (Stratford et al., 1984) with the examiner,
the instrumentation and the subject all contributing to this error. The
cxaminer must strictly adhere to a standardized technique based on the
placement of the instrument over anatomical landmarks (Trombly, 1983).
These are obvious in lean subjects but cohesity, scars and bony deformities
can lead to inaccuracies in landmark location. Moreover goniometry involves
a static as opposed to a dynamic measurement and may not be representative
of joint range during movement. The choice of goniometers is important
since »mall goniometers intended for finger measurements are inadeguate for
larger lower extremity measurements. The scaling is not uniform on all
goniometers and some can be read only to the nearest .09 rad or .04 rad.
Reading of the scale also provides potential for error. Low (1976)
demonstrated an end digit preference for numerical values ending in zero.
The expectation of a value based on a previous measurement will intioduce
measurement error (Stratford et al., 1984). The reliability of goniometry
has been the subject of much controversy and Boone et al. (1978) concluded
that when more than one observer is responsible for ROM evaluation, changes
of 0.09 rad for the upper limb and 0.1 rad for the lower limb should be
taken into account before one can declare improvement or significant
change. When it 1is considered that 0.17 rad dorsiflexion is the required
functional range for sedentary people (Lindsjo et al., 1985) it is obvious
that clinically important changes could occur and not be detected by this

assessment technique.

In addition to the techniques outlined above, the patient’s subjective

account of functional ability, pain and stability are often critical to the
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clinician's assessment of Jjoint function. Language and communication
barriers can make this information inaccessible or it can lead to
misinterpretation of both questions and answers. The credibility of such
statements has to be taken into account and 1little can be done to
quantitatively verify these claims. Other methods of assessment including
dynamometry, isokinetic testing, gait analysis, roentogenic (X-ray)
examination and electromyographic studies are used less frequently, since
they are less readily available and also have their limitations. There is
varied consensus as to how the results of these measurements correlate with
ankle function. This can be exemplified by the fact that some authors stress
the radiographic evidence of anatomical reduction of the fracture site as the
important determinant of normal ankle function (Mitchell et al., 1979;
Tunturi et al., 1983) while others do not support this notion (Bauer et al.,

1985).

There are few available clinical assessment tools that satisfy the
criteria of being quantitative, obJjective, reliable, and valid measures of
joint function. Moreover there is a problem legitimizing and quantifying
some of the subjective complaints which are so often an essential component
in the evaluation of joint behavior. It is clear that improved methods and

tools are needed.

Quantitative assessment of joint function

Resistance to passive movement
To date the quantitative assessment of Joint resistance to passive

movement has been studied primarily in patients with neurological
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conditions displaying alterations in muscle ‘tone’. This increase in
resistance to passive motion has been largely attributed to hyperexcitable
yeflexes with its central and peripheral influences (Burke, 1983). There
i, however, increasing evidence that the resistance to joint displacement
may be, in part, attributed to non-neuronal physical changes such as
possible inactivity-related muscle shortening (Gossman et al., 1982) or
altered mechanical properties of muscle fibres or the connective tissues
within these muscles (Dietz et al. 1981; Dietz and Berger, 1983). Changes
in resting muscle length would also affect the torque-angle relation at the

joint acted upon by the shortened muscle.

Watts et al. (1986) measured resting ’'tone’ or stiffness at the elbow
joint to study Parkinsonian rigidity. Compliance values, defined by these
authors as the slope of the linear relation between torque and position
vere found to bz moderately correlated with upper arm volume in the control
subjects but less so in Parkinsonian subjects. The authors conclude that
the observed changes in joint stiffness result from alterations in the
passive mechanical properties of the upper limb, however, the authors did
not correct for differences in subcutaneous fat and bone volume when making

theivr volume calculations.

Tardieu et al. (1982) termed the resistance to passive movements as
'hypoextensibility’. In the investigation of ankle plantarflexor and
dorsiflexor torques 1in cerebral palsy (CP) children, the authors stressed
the importance of controlling for muscle activity in order to isolate the
torque produced by the elastic properties of the passive tissues. In their

study the ankle joint was passively moved to various joint positions 0.09
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rad apart. One minute between successive test positions was allowed tor
the visco-elastic events to stabilize and then the torque was measuied at
that position. Where complete electiical silence was not obtained upon
voluntary relaxation, an ischemia technique was used to 1educe the ankl.
reflexes and suppress voluntary contraction. The r1esults ot thiv <tudy mu ¢
be viewed with caution since there wete no normal contiols tor the impn i
ischemia condition. Moreover, the ROM tested was bimited o
predetermined ceiling torque of 5.25 7.0 Nm which corresponded, 1u ra

cases, to extremely limited values.

Dynamic passive torques

Dynamic passive torques were investigated in clinically wpastic and
Parkinsonian subjects at varying angular velocities (Biromberg and Giimby,
1983). The slope of the passive torque-position cwmves demonstiatoed
velocity dependence in the spastic subjects but not  in those with
Parkinsonian rigidity. These slopes also changed with medication and
therapy. This study demonstrated that passive torque recordings could be
used as an objective evaluation of hypertonia and as an evaluation ot
treatment effects. However, EMG were not vrecorded and theirefore the
influence of contraction and 1i1eflex activity, and leained volumtary

responses on their results could not be determined.

Dynamic Joint Mechanics

Ankle dynamic stiffness has been studied in normal subjects by weveral
investigators. Agarval and Gottlieb (1977) uscd sinusoirdal perturbation:
of torque to characterize stiffness in relaxed and tonically active ankle.

Stochastic band limited Gaussian torques were later used by the same
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authors to eliminate evoked adaprive changes in the system dynamics due to
periodic  inputs (Gottlieb and Agarwal, 1978). Perturbations of torque
about mean joint positions demonstrated the dependence of joint compliance
on  joint angle. Hunter and Kearney (1982) applied stochastic ankle
pet turbations of position instead of torque and demonstrated the ankle
stiffness’ variation with mean ankle torque. They demonstrated that the
dynamic behaviour of a joint was independent of the use of either torque or
position perturbations. Joint stiffness has been modeled as a second order
linear system, having inertial (I), viscous (B), and elastic (K) terms

(Gottlieb and Agarwal, 1978; Hunter and Kearney, 1982).

Dynamic stiffness studies wusing perturbations of position have
investigated the dependence of joint mechanics on various physiologic and
kinesiologic variables. Dynamic stiffness varies systematically as a
function of mean displacement amplitude (Kearney and Hunter, 1982). The
elastic and viscous terms decrease as the displacement amplitude increases.
The magnitude of tonic muscle contraction also has considerable effect on
ankle stiffness (Hunter and Kearney, 1982; VWeiss et al., 1988). The elastic
parameter (K) increased in proportion to the level of contraction (torque)
while the viscous parameter changed in such a way as to keep the damping

factor constant (Hunter et al., 1983).

Muscle fatigue, provided that torque levels are maintained, does not
seem to affect ankle mechanics (Hunter and Kearney, 1983) whereas the mean
joint position at which the perturbations aire applied does, even in the
absence of muscle contraction (Weiss et al. 1986a). The mean torque and

stittness aic small at mid-range bhut thereafter increase greatly as the
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joint reaches its extremes of ROM. Under active conditions of muscle

contract.ion joint stiffness does not demonstrate this position sensitivity,

Joint stiffness has been shown to rise very steeply without an increase
in net Jjoint torque under conditions of muscle co-contraction (lunter et al.,
1983), therefore torque recordings with EMG recordings are essential to

determine the contribution of active components to the final results,

A few investigators have also used these technigues to investigate
abnormal joint mechanics primarily in neurologically impaired individuals.
Gottlieb et al. (1978) applied sinusoidal perturbations of torque in
clinically spastic patients and measured the effective joint compliance and
the evoked EMG activity. Tonically active muscles even with complete subiect
relaxation precluded a purely mechanical explanation of stiffness. Work is
currently under way in this laboratory to characterize ankle mechanics in a
Parkinsonian popluation under conditions of varying activation tasks

(Dannenbaum et al., 1988).

The investigations of dynamic stiffness (or its inverse compliance) are
insufficient in number and have been limited to neurologically impaired
individuals where reflex as well as mechanical changes have occurred and
possible confound the measurement results, Moreover these studies have

severe limitations that preclude generalizations to a larger population,

Problem formulation

The current clinical literature attests to the lack of objective,

quantitative, and reliable approaches to the evaluation of Jjoint
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function/dysfunction and the effects of therapeutic or remedial
intervention, Previous studies of joint resistance to passive movement, a
frequent characteristic in abnormal joint function, have focused on the
ditterence between normal and neurologically impaired individuals having
possible physiological and structural changes in muscle as well as
alterations in motor and reflex responses. The results of these studies
strongly support the occurrence of physiological, non-neuronal changes in
muscle and joint structures. The orthopedic literature also provides
evidence that orthopedic events induce these changes, e.g. an increase in
tissue collagen content following  immobilization or injury, vyet
quantitative assessment of these possible mechanical changes has received

little attention.

The past investigations of stiffness in pathological conditions have
had methodological weaknesses such as the use of limited joint ranges,
limited contraction levels, and static conditions. There has been little
quantitative measurement of the overall joint mechanics in any subject

population.

Fast quantitative methods are available but to date, have been used to
study normal joint mechanics. There have been no reliability studies to
assess the stability to these measures over time in a normal population nor
which of the dependent variables are most sensitive to changes in joint
function., The investigation ot stiffness in a case study of a functionally
deaffertented patient (Weiss et al., 1984b) has indicated that the procedure
would be tolerated by persons with physical dysfunction. These methods can

provide valuable information on the contribution of passive and active
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structures to joint behaviour and may possibly monitot changes that to date
are subjectively evaluated. It is therefore appropriate to investigate neat
joint stiffness in individuals with orthopedic patholopy in otder to
evaluate its potential as a clinically significant measuie of joint

function.

Objective

The objective of this study was to measure dynamic ankle mechanicw
(stiffness) in a group of normal subjects to investigate the f{ecasibility of
using this measure to monitor joint dysfunction and recovery to notmal
function in a subject who had sustained a uni-lateral orthopedic ankle
injury. This was accomplished by:

1. establishing the feasibility of the systems identlilication approdch

and experimental protocol for clinical evaluation;

2, determining the reliability of the various measuves ol ankle joint

behavior;

3. examining measures of joint function that may be sensitive

to changes in joint function in an orthopedic case study.
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CHAPTER ITI

GENERAL METHODS

This chapter will outline some of the general experimental methods,
data processing and analysis used in the study. The justification for the
present experimental paradigm vwill be presented. Some of the methods are
hrief ot omitted since these sections are addressed in more detail in

chapters four and five.

All experiments tock take place in Dr. Robert Kearney'’s laboratory
located in the McGill Biomedical Engineering Unit. The study plan was
approved by the combined McGill and Royal Victoria Hospital ethics

commi ttee.

Subject profile

Fifteen volunteer control subjects (mean age of 27.5 years), referred
to by number and initials throughout the thesis, with no known orthopedic
or neurological dysfunction, participated in the reliability study. One 26
year old male individual 1in the post immobilization period following an
undisplaced malleolar fracture took part in the case study. None of the
subjects were highly trained athletes or participated in competitive sports

on a r1egular basis.
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Experimental equipment and variables

Experimental instrumentation

Fig. 3.1 shows the experimental apparatus which consisted of a table
upon which the subject lay supine. Straps over the pelvis and thighs were
used to stabilize the tfunk, restrict movement and maintain body position
relative to the foot. The subject's right foot was supported on a cushioned
aluminum plate and the left foot was attached to the electrohydraulic
actuator pedal by means of an individually constructed fibreglass cast. A
torque transducer and a rotary position transducer were mounted coaxially
with the actuator., A dual channel oscilloscope providing visual ankle torque

feedback was positioned above the subject.

Four mechanisms, including a mechanical stop, a hydraulic stop, servo
control parameters, and a panic button within the subject's reach, ensured

the subject's safety (Kearney et al., 1983).

Ankle Anqular Position and Torque

Ankle angular position was recorded with a Beckman potentiometer (Model
6263-R5K-1.50) having a conductive plastic resistance element with a total
resistance range of (0-5k). Ankle angles were measured using a reference
position determined by a line parallel to the first metatarsal of the foot
oriented perpendicularly to a line joining the medial tibial plateau to the
medial malleolus. Ankle torques were recorded with a Lebow torque transducer
(Model 2110-5k). This transducer consisted of a 4 arm bonded strain gage

bridge with a rated capacity of 5,000 in-1b,
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Fig. 3.1, General experimental apparatus. The ankle actuator is mounted on
the experimental table which is equipped with straps to stabilize thighs
and hips. The fibreglass cast limb fixation device is attached to the
actuator pedal.
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Actuator input

A 1024 point pseudo-random binary sequence (PRBS) vepeatedly displayed
at 500 Hz was generated by the computer (MicroVax IT) and was used to diive
the ankle actuator. The perturbation sequence had a peak- to peak amplitude
of 0.05 rad and contained power adequate for system identiiication puiposcs
up to 50 Hz (Kearney et al., 1983). A sample of torque and ankle position
records and the impulse response function (see below) relating the two nie

shown in Fig. 3.2.

Experimental paradigms

Orientation and training session

Prior to the collection of experimental data each subject was tequested
to attend an orientation session to  become familiar with the
instrumentation and experimental procedures. Subjects were asked to sign
an informed consent statement. A fibreglass cast was individually
constructed during the initial orientation session, a technique which will

be described in chapter four.

Three experimental paradigms were carried out during each experimental
session. These included:

1 - Maximum Voluntary Contraction (MVC)

2 - Position ramp without perturbation (Passive static paradigm)

3 - Position Ramp with perturbation (Passive dynamic paradigm)

MVC Paradigm

Subjects were required to respond to a step change in the tracking
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stimulus as displayed on the oscilloscope. A maximal dorsiflexor torque was
generated and subjects were instructed to maintain this maximal muscle
contraction for 5 s after which they were allowed to rest. The trial was
accepted provided the coefficient of variation of the last three seconds
did not exceed .10. If a coefficient of variation of greater than this
value occurred the attainment of an MVC was questionable (Kroemer and
Marras, 1980) and the subject was requested to repeat the procedure. The 5
s maximal contraction was then repeated for the plantarflexor muscles to
obtain the maximal plantarflexor torque. Maximal EMG amplitudes were also
recorded. Typical recordings of dorsiflexing and plantarflexing MVC's are
shown in Fig. 3.3. The arrows denote the portion of the record used in the
maximal torque and EMG calculations. As expected, the MVC torque was quite

stable throughout the 3 s interval.

Passive static paradigm

The joint was rotated twice through its available ROM at 0.05 rad/sec.
This angular velocity was chosen to avoid evoking reflex responses to the
muscle stretch or shortening which could alter the passive joint torque
profile. The subject was instructed to relax during the trial and the

absence of reflex activity was verified by monitoring the EMG signals.

Passive dynamic Stiffness
This paradigm was essentially the same as the position ramp paradigm
except that a random perturbation (0.05 rad peak-to-peak) was

superimposed on the ramp displacement.
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Fig. 3.2. Sample of torque and position records and the impulsc responoe
function (IRF) relating the two.
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Experimental Schedule
The control subjects were assessed twice on separate days (mean interval
16 days). The patient was assessed six times over a period of 5 months

throughout the post immobilization recovery perioed,

Clinical evaluation

Anthropometric measures were collected and a clinical evaluation was
performed on each individual to determine whether any unreported disorders of
the foot and ankle were present. In the case study these measures served to
monitor the patient's status using standard clinical tests.

These procedures are outlined in Appendix I.

General data analysis and statistical treatment

This section wiil deal in a more expanded fashion with some of the
anlytical tehniques briefly nmentioned in chapters four and five. Those
topics not covered here are to be dealt with in the above mentioned

chapters, All data analysis modules are listed in Appendix II.

Actuator and Boot Inertial Corrections

Part of the sampled torque signal was due to the dynamics of the ankle
actuator and the fibreglass cast and had to be removed. The impulse response
function (IRF) between boot angular displacement and torque was determined
and convolved with each combined ankle/boot experimental record to generate
an estimate of the boot's contribution to the sampled torque. This estimate
was then subtracted from the sampled torque to yield the portion of the

torque due to the subject. This inertial correction was
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performed on every set of dynamic data.

Dynamic Measurements

System identification techniques were used to analyze data from the
passive dynamic paradigm. These techniques produce optimum results when the
data signals are stationary or free from linear trends. Linear trends were
removed from each 2.05 s section of the position and torque records
corresponding to each PRBS sequence. This improved the variance accounted
for by the compliance IRFs relating torque and angular position. Ankle
stiffness was then modeled parametrically using non-linear minimization
techniques on the non-parametric IRF to estimate values of the inertial (I),
viscous (B), and elastic (K) parameters of a second-order, differential
equation of the form:

T(t) = K8(t) + BE(t) + I8(t),

where: t = time (s),
T = ankle torque (Nm),
I = inertial te-m (Kgm?),
B = viscous term ‘Nms/rad),
K = elastic term (Nm/rad),
Reliability

Repeated measures of the MVC, passive static mechanics and passive
dynamic mechanics were obtained. The reliability of the various measures was
estimated using Pearson's product moment correlation. For purposes of this
study a variable with a coefficient greater than 0.80 was considered

reliable. These results are discussed further in chapter five.

- N P S
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Choice of subject parameters

Since the purpose of this study was to investiqate the feasibility of
using a system identification approach in the clinical assessment of joint
function, a joint, clinical population or pathology, and a subject group must
be selected. The rationale for the various choices is outlined in the

following scctions.,

Selection of joint
The ankle Jjoint was investigated because of its high incidence of
fractures relative to other joints (Buhr and Cooke, 1959; Fife and Barancik,

1985), its importance to locomotion, and its role in many occupational tasks.

Selection of pathology

Previous investigations of joint stiffness (or its inverse compliance)
under pathclogical conditions have focused mainly on  subjects  with
neurological disorders. There is evidence that physinlagical and structural
changes c¢ontribute to the stiffness seen in these individuals. The
literature also suggests the occurrence of these same changes in orthopedic
injuries with limb immobilization =and yet there are few guantitative studies
addressing joint stiffness measures in this group. The investigation of
joint mechanics in a situation of mechanical orthopedic dysfunction is

therefore appropriate.
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Selection of subjects

The results are to be inferred on a population consisting of adults ages
23-40 years. This age group was selected in the light of epidemiological and
practical considerations. Ankle fractures are more common in this age group
which corresponds to the second increase in incidence in the bimodal
distribution of ankle fractures (Landin and Danielsson, 1983; Nilsson,
1969), and is associated with the working age population. The availability
of subjects in a university setting for both experimental and control groups

also favors this age group.

An approximate 15 year age span was used in the study to limit the
variability Jdue to age since ROM, muscle strength, and contractile properties
are known to change with age (Davies and White, 1983; Pearson et al.,
1985b; Sammarco et al., 1973). We also excluded elite athletes or
individuals who may have incurred unusual adptations of musculoskeletal
structure by virtue of their »ccupation or recreational activities., An
example of this would be a ballet dancer where the Jjoint is subjected to
larce forces at the extremes of the ROM and muscles and ligaments are trained

for joint flexibility and muscle extensibility (Teitz, 1982).

Justification of experimental paradigms

The purpose of the first two paradigms (MVC and passive static
paradigms) is to collect data comparable to the accepted clinically
significant measures of ankle function; ROM and muscle strength as
characterized by the MVC, and passive torque which corresponds to the
resistance to passive joint displacement. These paradigms serve as a link

between the clinically accepted measures of ankle function and the more
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novel parameters of passive static and passive dynamic ankle mechanics foi
example, the passive torque-position curve loop area and the slope and
intercept of the relation between elastic stiffness and torque that will be

explained further in chapter five.
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CHAPTER TV

LOW INERTIA, RIGID LIMB FIXATION USING FIBREGLASS CASTING BANDAGE

Introduction

The development of clinical and experimental measurement devices to
assess joint function, the effects of pathology and remedial intervention
constitute an important goal in research. An accurate and objective method
of assessing joint behavior using stochastic analysis, large frequencies,
and large torques is being investigated in this laboratory. This required
the development of an improved method of limb fixation to the experimental

apparatus.

Traditionally, limbs have been attached to clinical and laboratory
measurement devices using straps, cuffs and slings (Muwanga and Dove, 1985;
Holmes and Alderink, 1984; Hof and Van Den Berg, 1977). There are a number
of problems with these methods which may affect the reliability and
validity of measurements. First, the attachment link must be tight to
transmit forces accurately. As a result large forces will be concentrated
over a small surface area, which may result in subject discomfort,
circulatory disturbances, and soft tissue injury. Second, simple straps
and cutfs, even when tightly secured, cannot totally eliminate movement
between the 1limb and actuator. Finally, it is difficult to replicate
accurately limb position (e.g. the joint axis of rotation) relative to the

apparatus when reproducible weasures of force and displacement are needed.

Previously we developed a technique using expanded polyurethane foam

block casts to obtain rigid, low inertia, and comfortable fixation of the
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foot to an electrohydranlic actuator (Weiss et al., 1984a). Recently we
have improved this method significantly through the use ot the Dynacast XR
Fiberglas bandage. This material is used clinically tor the immobilization
of fractures; 1its high strength with early load bearing, moisture
permeability and low mass make it a substantial imptovement over plaster of
Paris bandages for 1limb immobilization. These characteristics are also
ideal for the construction of a low inertia limb fixation device. In this
paper vwe describe the new fixation device, the method ot constiuction, and

discuss its advantages in a clinical and experimental context.

Desciiption of fixation

Fig. 4.1 shows a fibreglass cast mounted in our actuator. The cast i«
fixed to the actuator by two small aluminum sleeves that are attached to
the sides of the cast with epoxy and secured to the actuator pedal with two

bolts.

Comparison to previous technique

This new method of limb fixation has several advantages over ow
previous technique. First, the fibreglass material is rigid enough to
provide adequate structural rigidity. The cast is attached to the actuatm
with small aluminum sleeves rather than with an aluminum suppoirt plate as
before. As a result the inertia of the device iv greatly reduced.
Secondly, the method of construction i< more efficient and the final
product more comfortable than the previous polyurcethane foam cast method,
Finally the fibreglass material is casy to woirk with and the cast can be

built in a single stage.
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Fig. 4.1: Finished fibreglass cast attached to the actuator pedal by means
of aluminum sleeves bolted to the pedal.
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Cast Construction

Fibreglass casting material

Casting Dbandage consists of a knitted {ibreglass substrate impregnated
with a water activated polyurethane vesin. LU produces a light, 1igid cast
that sets within several minutes and is load bearing within 30 minutes. The
actual setting time may be increased by storage at lower than recommended
temperatures (i.e. 17°C instead of 22°C) or can be decreased by immersing

the bandage roll in tepid water and squeezing prior to wrapping.

The material can be gently stretched in all directions allowing ease of
wrapping and molding to the contours of the foot. Once cured the cast can
be cut and trimmed using shears or a plaster saw and rough edges can be
filed easily or sanded smooth. The finished cast 1s aesthetically pleasiny
and non-toxic' although care must be taken to avoid direct skin contact
with the polyurethane resin during wrapping. In such case, small amounts of

the resin can be easily removed from the skin with acetone.

Preparation

Fragile skin or open sores, if present, were lightly dressed to avoid
unnecessary pressure. The subjects sat comfortably and wore a nylon
knee-high (to facilitate cast removal) and a cotton stockinette over the
foot and lower leg (to protect the skin). The stockinette then adhered to
the fibreglass forming the lining of the finished cast. Rubber gloves were
worn to prevent the resin from adhering to the techmician’s skin.

1. The manufacturer reports that approximately 5% of the population appeu

to be allergic to direct contact with the cured product when exposed for
prolonged periods.
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Wrapping Technique

One or two rolls of 7.5 cm by 3.6 metre of Smith & Nephew Dynacast XR
Otthopaedic Casting Bandage were used. It has been our experience that any
foot larger than a woman’s size 9 or men’s 7 requires from one and a half
to two rolls. Two reinforcement strips of the casting bandage were applied
before wrapping. The first strip was placed along the plantar surface from
the tendino achilles-calcaneal junction to the metatarsal phalangeal joint.
The second strip covered the calcaneal fat pad spanning the distance
between the superior tips of the malleoli. The mallecli must be covered to

ensure that the ankle axis of rotation could be identified on the cast.

The foot and reinforcement strips were then wrapped under slight
tension using a modified figure of eight pattern, similar to the standard
plaster of Paris wrapping technique (Lewis, 1977). The limb was wrapped so
as to provide the most material in areas of highest stress. Wrinkles in the
material were avoided since these can cause painful areas of localized
pressure. This is particularly important over the malleoli and calcaneal

tendon.

The fibreglass rolls are not immersed in water prior to wrapping as in
the standard cast room procedure. This slowed the setting time and
provided the additional time required to mold the cast. Once wrapping was
completed the cast foot was rubbed briskly for 4-5 minutes using a
lubricant (not o0il or petroleum jelly). Our experience was that this
improved contouring, accelerated setting, and promoted a good lamination
which was desirable for overall cast strength. This strength is dependent

in part on the speed of wrapping, the amount of contact between the layers
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and alignment of the fibreglass threads. Care must be taken to ensure proper
foot and toe positioning as toes tend to adopt a position of flexion and the
foot one of inversion-plantarflexion.

The cast instep was cut and widened (with bandage shears) just before
setting was complete to facilitate its removal. The malleoli were then
palpated and marked on the cast. The cast was removed only when set in order
to preserve the molded shape and was then washed to remove any lubricant

residue. It was left to dry overnight.

Finishing the fibreglass cast

Once set, the cast must be attached to the actuator in such a way as to
align the ankle axis of rotation with that of the ankle actuator. This was
done using a jig, shown in Fig. 4.2, which was an exact replica of the
actuator pedal. Two 75 mm aluminum sleeves were suspended in the mold by
means of a 2.5 mm diameter stainless steel pin driven through holes
previously drilled in the cast at the ankle axis. The location of the ankle
axis of rotation was estimated from the malleolar markings as described by
Inman (1976). The new method reduced considerably the error in ankle axis
estimation which allowed an anatomically truer and more comfortable range of
ankle movement,

An industrial strength steel-filled epoxy putty (Devcon Plastic Steel
Putty) was used to fasten the aluminum sleeves to the cast such that the axis
of rotation was coaxial to the actuator and the foot horizontal to the foot
pedal. The time and amount of adhesive required to qlue the sleeves to the

cast depended on the obliquity of the ankle axis of rotation since the
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Fig. 4.2: Fibreglass cast suspended in jig by means of stainless steel pin
inserted at approximated joint axis of rotation.
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space between cast and sleeves had to be filled. The subject population
and experimental objective must also be considered when gluing the sleeves
since a highly trained subject will generate maximal torques that aire much
larger than an untrained individual. To withstand these latger torques the

adhesive bond must be strengthened with further applications of glue,

Once cured and dried the cast was trimmed of excess material
particularly over the tuberosity of the cuboid on the lateral aspect of the
foot to facilitate foot insertion. Note, however, that it was important to
maintain the "cup" shape of the heel and the malleoli 1in otder to keep the
cast on the foot. The cut edges of the cast were sanded and the stockinette
lining secured to the exterior using porous skin tape. The cast fit like a
tight, rigid shoe and subjects were advised to gently "ease" the foot into
the cast; in some cases a shoe horn had to be used. Fig. 4.2 shows a
completed cast bolted to the actuator-driven foot plate by means of the
aluminum sleeves. A velcro band was fastened over the foot instep to
compensate for the weakness induced by the removal of fibreglass material

over the dorsum of the foot.

Discussion

Little subject preparation was required and the technique was so simple
that we were able to construct these casts in the subject’s home. The
finished product was 1light (mass ranging from 300 to 400 gm) and had a
small moment of inertia. The moment of inertia of the combined fibreglass
cast and foot pedal was in the order of 0.007 kgm . This compares favorably
with previous fixation devices which resulted in inertias as large as 0.025

kgm2 (Weiss et al., 1984a). Moreover it was durable, rigid, and tolerated
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well by both our control and clinical subjects. Casts constructed according
to this method can tolerate large forces without breakdown and have

withstood ankle torques of over 130 Nm.

The reduction of inertia is important since large fixation device
inertias will slow the dynamic response of the actuator. They will also
produce large forces during rapid limb displacement which may mask the
smaller elastic and viscous forces that are of central interest. This is
particularly 1mportant when experimental inputs spanning a broad range of
frequencies are used (as in our own studies of dynamic ankle joint

mechanics) since at higher frequencies inertial forces dominate.

Indeed, reducing the cast inertia can effectively increase the
resolution of the torque measurement. Thus, for a n bit A/D converter, the

smallest torgue that can be resolved will be,

T
ma:»
2" -1
where T . is the maximum torque signal to be recorded. 1Inertial effects

dominate joint dynamics so that at high frequencies and to a good

approximation,

max carc t foot

Thus the resolution of the torque measurement will be proportional to,

2"-1
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where I is equal to the total inertia of the cast and foot. Using typical
values it can be seen that by reducing the moment of ineitia of the
fixation device we have effectively doubled the resolution of our toique

measurements.

Even the small inertia associated with the light casts is of some
concern and has to be removed by analytic methods, The reduction of
cast/footplate inertia is achieved wusing analytical techniques based on
system identification and is similar to that used with the polyurethanc

foam cast blocks (Weiss et al., 1986a).

We believe that these fibreglass casts provide excellent, rigid
fixation of the foot and that they minimize relative movement between foot
and the actuator. Quantitative measures of how well this is achieved are
difficul® to obtain. Indirect evidence 1s, however, available hy examining
our estimate of joint compliance obtained with the cast. Linear impulse
response functions accounted for almost all of the observed torque
variance, and these IRFs were, in turn, described very well by a second
order model having parameters corresponding to those expected for the
ankle, Bending of the cast or relative movement of the foot relative to
the actuator would be expected to give rise to more complex high frequency
dynamics (e.g. Ma and Zzahalik, 1985) and/or to reduce the variance
accounted for. Consequently the high VAFs of our linear IRFs and the
excellent second order fits to them indicate that the cast provided

excellent fixation over the range of frequencies studied.
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We have developed a technique for the construction of a fibreglass cast
used in the fixation of the foot and ankle to an experimental apparatus.
The technique is simple and requires very little subject cooperation and
time. The cast 1is light, comfortable and conforms well to the subject’s
foot. Motor control studies and the more classical joint functional
assessments have been performed with this device and the results to date

have been excellent.
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Chapter V

DYNAMIC ANKLE MECHANICS AS A RELIABLE MEASURE OF ANKLE JOINT FUNCTION

INTRODUCT1ON

Both neurological disorders and orthopedic injury can alter the ha
and soft tissues surrounding a joint and change its mechanical behaviow
For example, the examination of EMG and joint torque profiles in «paati
individuals by Dietz and Berger (1983) demonstiated an increase in actpee
joint torque despite reduced EMG activity. The authors suggested that the
increase in joint torque was due to altered mechanical properties of the
muscle. Passive ankle joint torques were also incteased in subjects with
chronic cerebral lesions following joint immobilization (Tardieu et al.,
1982), possibly as a result of muscle shortening. Thete is evidence in the
orthopedic literature that limb immobilization and orthopedic njury,
either =&lone or in combination, lead to an increase in tissue collagen
content (Noyes, 1977; Warhol et al., 1985). Thesc cvents can also lead to
an increased vresistance to passive joint movement in excess of ten times

that of the unaffected contralateral limb (Hecikens et al., 1987).

It 1is evident from the above that in injury and disease one can espect
changes in joint mechanical behavior which can be observed chimically
(Sal.eer, 1970) by means of evaluation« bascd largely on signs and symptome.
such as pain, svelling, veakness, and loos of rtange of motion (ROM). The
dilemma 1is that despite a plethora of ascerment tools, few gquantitatye

and objective techniques aie available (Dcisheid and Brown, 1985).
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Previous investigations of pathological joint mechanics have had
methodological weaknesses including the use of 1limited joint ranges
(Tardieu et al., 1982; Weigner and Watts, 1986) and qualitative observation
of joint behaviour (Biromberg and Grimby, 1983). Quantitative methods based
on system identification techniques are available but to date, have been
applied to a small numbers of normal subjects in basic research paradigms
(Agarval and Gottlieb, 1977; Gottlieb and Agarwal, 1978; Hunter and
Kearney, 1987; Kearney and Hunter, 1982; Weiss et al., 1986a, 1986b).
These methods have the potential to provide an objective measure of

behaviowr that to date has been only subjectively evaluated.

The objective of this study was to determine whether experimental
paradigms based on the systems identification approach are an appropriate
clinical assessment tool. This was accomplished by conducting two
companion studies: a reliability study on a group of fifteen control
subjects and a case study of an individual who had sustained a unilateral
undisplaced ankle fracture. The objective of the first study was to
cstablish  whether selected mecasures of static and dynamic ankle joint
function were vreliable. The objective of the case study was to determine
wvhether these ptocedures could be tolerated by clinical subjects, (2) their
data could Dbe analyzed using similar algorithms, and (3) the experimental

variables were sensitive to changes in <linical signs and symptoms.
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METHODS

Subjects
Fifteen volunteer subjects between the ages of 23 and 39 years (mean
27.5 SD = 4.5), with no symptoms of necurological or orthopedic dystunction

were examined.

Experimental instrumentation

The apparatus has been described in detail eclsewheire (Kearney et al.,
1983). Briefly, the subject lay supine on a table with straps stabilizing
the pelvis and the thighs. The left foot was attached to the pedal of an
electrohydraulic actuator by means of an individually constiucted
fibreglass cast (Morier et al., 1988) and the right foot was suppoited on

an aluminum plate.

A computer generated 1024 point pscudo-random bina:y sequence (PRBS)
displayed at 500 Hz was used to drive the ankle actuator. The resulting
position perturbation had a peak-to-peak amplitude of 0.05 rad and
contained power adequate for system identification puiposes up to 50 Hy

(Kearney et al., 1983).

Ankle Angular Position and Torque

Ankle angular position was recorded with a Beckman potentiometer (Model
6263-R5K-L,50) while ankle torque was measured with a  Lebow  torque
transducer (Model 2110-5k). By convention dorsiflezor angles and torques
were denoted as positive whereas plantarflezor angles and torques vere

denoted as negative. Angles were measured with respect to a referonce




Page 55
position determined by a line parallel to the plantar surface of the foot
o1iented perpendicularly to a line joining the head of the fibula to the

lateral malleolus.

The range of motion (ROM) of each subject’s ankle was determined prior
to the f{irst cxperimental trial. The foot was attached to the actuator and
the ankle 1otated passively from a neutral position toward maximum
dorsitlexion and then toward maximum plantarflexion. Displacement in each
ditection was continued until the subject could tolerate no further
movement  (i.e. the onset of pain) or until motioh of the knee or lowver leg

was observed. This procedure was vepeated three times and the mean value

ueed to defire the end points of the ROM.

All ankle displacements induced by the actuator were initiated at the
mid- postion vhich was defined as the position equidistant fiom the extremes
ot the ROM. The potentiometer output was then scaled with respect to this
position (as measured with a goniometer) so that all reported ankle

yositions cortesponded to actual anatomical joint angles.
]

Flectromyograms

Sui face clectromyograms (EMG) were recorded from Triceps Surae (TS) and
Tibialis Anterior (TA). The subject’s skin vas prepared by shaving and
briskly 1ubbing with ethanol. Disposable Ag/AgCl surface electrodes
(Hewlett -Packard, 10 mm diameter, Model 14445A) were placed in a bipolar
contiguration parallel to  the muscle fibre direction. The TA electrodes
vere  placed lateral to the tibial crest about 50 mm distal to the tibial

tubetosity. The TS electrodes were placed on the 1lateral head of the
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Gastrocnemius just superior to its inferior horder. A rvelerence rlocttode
was placed over the patella. EMG signals were high pass filtered at 10 Ho
(second order Butterworth), full-wave 1ectificd and then low pass filtered
at 1000 Hz (fourth order Bessel filter). EMGs as well as the torque and
position signals weire then anti-alias Liltered (100 Hz) with eight pole

Bessel filters and sampled at 500 Hz by a 16 bit A/D converter.

Clinical assessment

Standard goniometric ROM measures (American Association of 01 thopedic
Surgeons, 1965) were made, manual muscle tests (Daniels and Worthingham,
1972) performed, and anthropometric measuies collected on all subjects
after each experiment. A sample of the assessment form i« included in

Appendix I.

Experimental paradigm
Subjects were examined twice at a mean interval of 16 days (sSD 32
days). Three experimental trials weve cattied out during cach experimental

session. These included:

MVC Paradigm

Subjects were required to generate a maximum voluntary contraction
(MVC) in response to a step changc in a tyacking ~timolus displayed on an
oscilloscope. Five second tecorde were taban for both dorsiflexing and

plantarflexing MVCs.

Passive Static Paradignm

The ankle joint was rotated at 0.0> rad/« from the mid-position to
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masimum  dorsiflexion, back to maximum plantaiflexion, and finally to the
initial mid-position. The <ubject was instructed to relax and to neither
help nor  hinder the movement of the ankle. EMG signals were monitored to

confitm that the subject 1emained relaxed.

Passive Dynamic Paradigm

This paradigm was similar to the passive static paradigm except that a
stochastic perturbation of position (0.05 rad peak-to-peak) was
superimposed on the ramp displacement. The subject was again instructed to
relax and the EMG of both TA and TS was monitored to detect the presence of

muscular activity.

Data analysis
Data analysis was done using NEXUS, a computer language for signal and

system analysis (Hunter and Kearney, 1984).

MVC Torques

The mean torque generated during the last three seconds of the five
second  contraction as well as the coefficient of variation (torque SD/mean
torgque)  was  calculated. This mean torque was designated to be the MVC
provided the covefficient of variation was less than 0.10. If the
cocffrcient of  variation exceeded this value the attainment of a true MVC

was questionable (Kioemer and Mariras, 1980) and the procedure was repeated.

Static Analysais
Passive  jJoint  torques wete recotded as the ankle was rotated through

its ROM and the wvork 1equired to displace the joint was calculated by
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integrating along the path.

Inertial Correction

Part of the sampled torque signal was due to the dynamics of the ank le
actuator and the fibreglass boot. Thi« was temoved priot to further
analyses by (1) calculating the impulse response function (IRF) between the
actuator/cast position and torque records callected duting a catibvation
trial; (2) convolving the actuator/cast IRF with the position tecord
recorded during the experimental trial and (3) subtracting the tesul ting
predicted torgue from the sampled toique. The residual totque 1epresenting

the contribution from the ankle was thereatter teterved to as the torque.

Dynamic Analysis

Linear trends in the data segments resulting from the position tamp
paradigm were removed {rom cach position and torque sepment.  Stitfneos
impulse response functions relating position and torque were then computed
for successive 2.05 s intervals using the algorithm described in Hunter and
Kearney (1983). Non-linear minimization techniques wore used to determine
the values of the inertial (T), viscous (B), and clastic (V)parametoer:,
vhich provided the best-fit between the IRFs and that ol a second ovder,

differential equation of the form:
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T(ty ¥e(t) « BO(t) + I6(t),

where: t = time (s),
T = ankle torgque (Nm),
6 = ankle angular displacement (irad),
1 = inertial term (Kgm)),
B = viscous term {Nms/rad),

K = clastic term (Nm/rad),

Estimate of measurement reliability

The vreliability of the repeated measures from all paradigms was
estimated using Pearson’s coefficient of correlation (Carmines, 1979). For
the purposes of this study, a variable with a coefficient (r}) of greater
than 0.80 was considered reliable. From the MVC and passive static
paradigm measures of the dorsiflexing MVC, plantarflexing MVC, and ROM
(analogous to clinically accepted measures of joint function) and two
measures of joint behavior, the passive torque associated with the ramp
displacement and the position-passive torque loop area (work) were
examined. The variables assessed for reliability in the passive dynamic
patadigm included: a predicted minimal K value (K offset), a low stiffness
reqion (defined as the ROM for which K < 30 Nm/rad) and the slope and

intercept of linear relation between K and torque.

Results

The maximum torque generated during both PF and DF MVCs are summarized

in Table I. Note that the PF MVC values were consistently much larger than




MVC Paradigm Passive Static Paradigm
Subject Code DF MVC (Nm) PF MVC (Nm) ROM (rad) Passive TQ (Nm) Work (J)

No. Day 1 Day 2 Day 1 Day 2 Day 1 Day?2 Day 1 Day 2 Day 1 Day 2
1 AS 54.5 42.7 89.1 91.5 1.28 1.37 36.7 44.5 2.81 4.20
2 BA 40.0 38.1 126.0 146.0 1.59 1.69 47.0 58.1 5.18 6.10
3 M 25.9 22.2 28.4 347 1.2 1.29 23.3  28.9 3.95 4.71
4 JF 15.6 17.5 3.6 33.3 1.29  1.36 23.9  25.7 1.87  2.47
5 B 28.8 26.6 54.6  65.4 1.42 1.27 51.7  41.7 3.02 3.32
6 LD 32.6  33.8 109.3  112.6 1.32 1.14 51.5  33.9 4.17  2.66
7 MB 30.8 31.7 50.8 4B.4 1.44  1.47 3.4 40.1 4.03  5.41
8 MP 46.8  43.1 85.1 83.8 1.5%6  1.56 65.1 71.8 6.09  6.62
9 MR 28.0 32.3 87.5 91.8 1.52  1.26 4.6 26.4 4,45 3.01
10 W 24.2  26.4 31.5  41.7 1.23  1.15 28.3  22.6 1.9 1.56
11 P 27.7 29.6 56.9 63.1 1.10 1.07 22.4 17.1 2.01 1.39
12 RK 55.8  49.9 125.0 117.5 0.87  0.85 37.1  34.4 2.95 2.54
13 RM .4 359 112.9 113.9 1.2 1.23 4.9 38.6 4,40 3.40
14 SB 23.3 2.5 48.5 51,2 1.67 1.59 71.7  el.1 9.5 5,15
15 TG 3.9 32.3 56.9  55.6 1.29 1.39 38.7  42.7 3.17 3,47

Mean 32.8 74.8 1.37 an.2 3.85

D 10.0 .2 020 1a.2 1.62

r 0.9% .98 .84 .87 .68

Table 1: Gioup means, standard deviations (SD). and FPear<on’s coefficient (1) ate proaaed for the
expet imental par~weters for the 15 control subjects. The parareters for the raxamal .cluntary, <ontractaos
(MCY paradigr include the repeated measures (Dav 1 and Day 2) for both dors:flerion M (DF M0, a-
rlatarflexion MIC (PF MUC). The passie static paradig™ parareters inclhive “nz epeatea —eaurer of *he

.ange of motion (RM), the passive torque and the loop area of the passi.e Tmigue-mr =i+ relasin

0y ubeg
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the DF MVCs (means = 74.8 and 32.8 respectively). Furthermore, both MVCs
provide a reliable measure of muscle function since their r values are high

(0.96 and 0.98).

Static Paradigm

The relations between passive Jjoint torque and position for two subijects
(PWw and MB) are shown in Fig, 5.1. The curves are sigmoidal in shape;
passive torques were small and relatively insensitive to change at Jjoint
angles near the mid-range but increased sharply at the extremes of ankle
position. Torques at extreme dorsiflexion are always greater than at cxtreme
plantarflexion, Subject PW, shown in the upper panel, had a smaller than
average ROM (1,10 rad) and a small range of passive torque (22.4 Nm). In
contrast, subject MB, shown in the lower panel had a a relatively large ROM
(1.47 rad) and a larger range of passive torque (40.1 Nm). Also shown in
Table I are the ROM and the passive torque values as well as their
reliability estimates, Both ROM (r = 0.87) and passive torque (r = 0.84)
reliability coefficients were less than the MVC r values bhut neverthelesos
very high. These three measures were very consistent indices of ankle
behaviour,

It can also be seen from Fig. 5.1 (both panels) that the passive torque
curve followed different pathways when the ankle was rotated from
plantarflexion to dorsiflexion (lower curves) then from dorsiflexion to
plantarflexion (upper curves). The area between these two curves in a
measure of the work required to displace the joint, The passive work valuen
for subject PW and MB are 2.0l J and 4.03 J respectively. This measure haw

been used to assess Jjoint mechanics quantitatively (Bromberg and
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Grimby, 1982) and quantatively (Mortimer and Webster, 1978). As shown in
Table 1, work for the fifteen control subjects varied from 1,56 to 6.62 J

(mean = 3.85 J, SD = 1.62 J).

Passive dynamic paradigm

The dynamic relation between torque and position can be represented
nonparametrically by the compliance IRF, Separate IRFs, calculated for each
repetition of the perturbation sequence accounted for more than 90% of the
ohserved variance, A set of compliance IRF's obtained during a typical
dynamic displacement  (Paradigm 3) 1is shown in fig. 5.2. IRFs were
determined over 0.1 rad intervals as the ankle was rotated from maximum
dorsiflexion to maximum plantarflexion. Although the shapes of these IRFs
were very similar, the gain and natural frequency varied systematically with
joint position. Thus the ankle became more compliant (less stiff) as it was
rotated from maximum dorsiflexion to mid-position and less compliant (more
stiff) as it was rotated from mid-position to maximum plantarflexion. As
demonstrated  in  Fig. 5.2, the compliance IRF gain was highest at

mid-position.
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Fig 5.2: Plot of an ensemble of 12 ankle joint compliance IRF curves
(subject MR) as the ankle joint was itotated from a position nf maximum
dorsiflexion through the mud-position to o position of  maximum
plantarflexion.
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K OFFSET LOW K REGLON K vs 10 SIDOPE K ve "0 INTFRCEPT
(Nw/vad) (rad) (N rad/vad) (N/1ad)
Day 1 Day 2 Day 1 Day 2 Dy 1 Iy 2 My Ity ?

30 31 0.66 0.79 7.5 8.5 2 15
18 20 0.95  0.98 6.7 7. 13 14
16 12 0.84 0.82 7.3 1.3 18 12
14 12 0.8 0.8 7.1 1.4 13 11
21 17 0.81 0.8 15.0 10, 10 0
20 18 0.75 0.7 8.1 9.5 1G 10
16 14 0.77 0.7 6.7 6./ 1h 14
31 25 0.88 0.84 8.9 9.3 24 O
14 16 0.84 0.82 5.8 6.2 20 15
11 14 0.80 0.8 10.7 8.3 / /
21 18 0.7  0.85 8.9 7.5 21 (b}
54 46 0.51 (0.45 8.3 4. 53 46
16 16 0.66 0.06 13.7 8.6 O 1%
23 21 0.78 .82 9.2 9.8 ) 2
27 33 0.83  0.93 6.9 6.3 19 Uo)

mean  21.5 0.78 8.4 1/

SD 9.8 0.1 1.8 10}

r 0.94 0.89 0.70 (.43

Table IIb: Measures tor the passive dynamic pradigm. ‘The K offoor, a position
range where K < 30 Nn/rad (low K 1egion), the slope of the ¥ abrolute torque
relation (K vs TQ SLOPE), the intercept for the K absolute torque 1clation (¢ v
TQ INTERCEPT) are given tor the 15 controls. Means, standmrd deviatjon. (5h)
and Pearson’s coefficient (r) are given.
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A second order model having inertial (1), viserus (B), and elastic (K)
terms was fitted to each compliance IRF. This model accounted for over 95%
of the variance of the original IRF. The means and SD of I and the damping
factor (¢) and the range of K are presented in Table IIa. The damping
parameter { which is related to the I, B, and K (Weiss et al., 1988) by the

telation

~
]

2T K
was also determined.
These variables ate also plotted against joint position and are shown
in Fig. 5.3. It is apparent on examination of both Fig. 5.3 and Table
IIa that the sensitivity of K to changes in joint position is greater
than that of the other parameters. This parameter was therefore

sclected for further analysis.

The K-position curves obtained on days 1 and 2 for subject BA are
shown Fig. 5.4 (upper panel). These curves are cup shaped with a
flattened central region. It can be seen that K is sensitive to changes
in joint position at both extremes of the available range and
telatively 1insensitive at mid-range as has been previously reported
(Weiss et al., 1986a). The BAl (obtained on day 1) curve shows as much
as a 15 fold increase of K over the minimal value. While the shape of
the curves are quite similai, theire does appear to be a position offset

of approximately 0.05 1ad.
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original  data and corrected for position offset for the same set of
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Although the joint was perturbed continuously as it was rotated through
the ROM, each estimate of K was obtained over a small range of joint angles
(approximately 0.1 rad). The calculated mid-range and hence these small
ranges were not the same on the two test days since their locations depended
upon the values of maximum plantarflexion and dorsiflexion determined each
day. This presented a problem for the reliability study since ¥ wan
sensitive to variations in joint positions, particularly at the extremes of
the ROM. An alternate representation of the K-position relation wa:
required to enable a comparison. Chebyshev 10th order polynomials were
therefore fitted to the ankle K-position curves which accounted for, in moot
instances, over 98% of the variance in the original curves, The position
offset between these two (Day 1 and Day 2) predicted K-position was then
determined and used to correct difference in the initial mid-pozition, On
curve was shifted with respect to the other by the determined offset whicl
permitted us to assess the reliability of the K-position data without

altering its basic characteristics.

Fig. 5.4 (lower panel) shows the fitted and shifted curves correcponding
to the original data presented in Fig. 5.4 (upper panel). Subsequent
analysis of K was carried out using the corrected curves. Visual inspection
of the two polynomial curves demonstrates the remarkehble similarity and tre

repeatability of the two trials.
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Two variables were used to assess the reliability of the stiffness
data, the minimal K associated with each K-position curve (K offset) and
the ROM over which K was less than 30 Nm/rad (low stiffness region). The
values, of the K offsets, listed in Table IIb, varied from 11 Nm/rad to 54
Nm/rad and had a reliability coefficient equal to 0.94. The low stiffness
tegion, used to delineate the flattened, plateau-like portion of the curve
15 shown in Fig. 5.5 as the region located between the two arrows. This
region ranged from 0.45 rad to 0.98 rad. The low stiffness region results
listed 1n Table IIb also demonstiate 1t is consistent within the individual

(r = 0.89}.

In otdet to characteitize further the properties of the elastic
stiffness, the linear relation between K and the absolute value of the
passive lotque was 1nvestigated using linear regression techniques. The
values for the slopes and intercepts are shown in Table IIb. A linear
telation between K and the absolute value of torque described more than 90%
of the wvariance. This 1s 1llustrated in Fig. 5.6 by the straight line

approximating the absolute torque data points for one individual.

The reliability of the clope of the relation between K and the absolute
Lotque 15 lower (1 = 0.70) although a paired T-test did not demonstrate a
significant difference between the repeated measures (p > .90). The two
sets of measures could therefore not be considered significantly different.
In contirast the reliability of the estimated K value when torque is equal

to zerto (intercept value) i< quite acceptable ot 1 = 0.83).
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Case study

The system identification approach to the evaluation of jownt function
was used to assess an individual recovering fiom otthopedic dysfunction to
gain some insight as to the feasibility of these variables for examining

the effects of pathology.

Methods

The case study involved a 26 year old male indivaidual who had custained
a left undisplaced fractute that was tieated by six week mmobilicsation in
a plaster cast. There was no history of orthopedie notr neurologre 1
dysfunction prior to the vrecent fracture, no use of medicatron fon tie
condition, and the subject was not following any teqgulatr tetabielotat oo

program.

The patient was initially assessed 8 days post cast temoval and
re—evaluated at approximately 2 weck intetvals with the same paradigm, o
in the reliability study. The time course of thie 1nvestigat ton wa
determined from the expected course of post immob:ilization recowsry o

function.

Since immobilization edema 15 a common ocourience among ankle fractor
(Sondenaa et al., 1986), an attempt was madr to contiol 1t by supplying e
patient with elastic suppott stocking., Doogpyte thays, foot volume did
change over the 19 week period requiring recasting of the foot. Thiee surh

Fiberglass boots were made (at 8, 16 and 34 days post immobilization). PFoam
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and rubber inserts were not used to correct for decreased foot volume since
these might have 1ntroduced unwanted viscous and elastic forces into our
dynemic measurements, The same analysis procedures were used as for the

1eliability study.

Case Study Results

The variance accounted for by the compliance IRFs was consistently
qreater than 92%.. The parametric representation of joint behaviour in the
form of the second order equation with inertial (I), Viscous (B), and
plastic  (K) parameters accounted for over 80% of the variance in the
orvyimal  IRF.  These values are similar to those obtained from the control

subjec’

A= hown 1n Table IITI, the plantarflexing MVC, dorsiflexing MVC, joint
ROM and  passive toique values increased over the first five weeks (up to
day 34) of the post-immobilization recovery period and then tended to
Stabilize, For example, there was an approximate 2 fold increase in
passive  torque over the first 5 weeks post-immobilization then an increase

of about 30" over the last 16 weeks post-immobilization.

When the case study measures of both passive static and passive dynamic
patadigms are compared to the contiol group means and SD, it is evident
that there were some large differences. Fig. 5.7 shows the predicted
polynomials corrected for position offset for three experimental
evaluations (days 8, 24, and 135). The <hapes of the curves are similar to
the control curves (Fig 5.4) with the higher K wvalues in extreme

doisiflexion as compared to extreme plantarflexion. The K values were also




Page 7o
sensitive to extremes of pnsition hut were in aenetal, much lTarger than the

K values for our controls.

The case study K offsets (minimal K values) were greater than the
control mean value (mean = 21.5, SD = 9.8 Nm-rad) plus two standard
deviations for every session. When the low K region was investigated 1t
was apparent that this region changed, incteasing at fii1st Lthen stabilizing
by about day 34. 1In contrast with the control values (mean = 0.78 iad, 5D
= 0.11 rad), the case study had a low K region value of 0.34 on the imtial
assessment  which is considerably smallet (at least fou standatd
deviations) than the contiol values. However, the most temarkable feature
of the case study data was the large diffeience 1n the pathways of the
three curves shown in Fig. 5.7 are compated to the two neatly supel wmposed
repeated measures shown in the lower panel of Fig 5.4 While conclusions
based on the results of a case study must be cautious, we were encoutayed

to note that our measures appeat to reflect the recovery from dysfunction.
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MVC Paradigm Passive Static Paradigm Passive Dynamic Paradigm
Variable  PF MVC  DF MVC R(M Pl W KO low KR KvsTO TVAF
it (Nm) (Nmn) (rad) (Nm) (@))] m b
iy 8 13.4 19.0 0.0 43,4 2.54 9% 0.34  14.6 B4 63
Moy 16 MY H0.0 0.87 49.9 3.94 6 0,29  19.3 77 92
Iy 23 85.0 48.0 0.86 47.0 31,52 58 0.36 22.3 40 94
ihy 34 116.1 51.0 1.17 83.6 8.05 62 0.4 12.8 87 9N
thy /3 0. 48,5 1.21 82.8 9.90 88 0.43 12,0 113 84
Iy 135 2.0 51.7 1.33 110.1 14.31 92 0.45 8.9 152 66

Table 111: Case study meastnes of joint function tor the six experimental sessions., The MVC
paradigm  meludes plantan fleion MVC (PF MVC)  and dorsiflexion MVC (DF MVC). ‘The passive
tatic  paradim cludes values for range of motion (ROM), passive torque (PTQ), anxd work (W).
e passive  dynamic paradigm includes the K offset (K0, low K range (Low K R), the slope of
the K abcolute torgue telation (), the intercept of the K-absolute toique relation (b) and the
var tance acceounted for by the linear fFit (AVAF).
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DISCUSSION

valid, teliable, and sensitive outcome measures are essential for the
development of good clinical assessment tools (Feinstein, 1983). Such
tools would help the physician determine the effectiveness of the
pharmarcutical or surgical intervention and help the therapist assess the
benefits of different treatment modalities. In most clinical settings,
however, disorders of motor performance are ciragnosed and evaluated by
methods which do not satisfy these criteria. For example, hypertonicity is
assessed by obseivation of a patient’s response to tendon taps and the
sensation of a limb as it 1s passively moved through its range of motion.
In the case of trauma, x-tays. arthroscopy, and positive contrast
arthiograms ate used to 1dentify mechanical obstructions. Such methods
genetally provide information regarding static anatomical and physiological

function tather than a quantitative and dynamic assessment of the problem.

The objective of the present study was to assess the ability of
Ltechniques based on system identification to evaluate abnormal joint
functhion and the recovery from dysfunction. This 1s a natural extension of
out previous work which focused on studies of the neuromuscular system
controlling the 1intact human ankle. In this approach, descriptions of
system behavior are detetmined from the analysis of the relation between
inputs and outputs. These technirques have heen used successfully in
engincering but only recently have they been applied to biological

problems. The suitability of this approach in terms of its validity,
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reliability, and sensitivity is discussed.
validity

Wwe have established experimental and analytic methods for determining
quasi-linear models of joint mechanics and stretch teflex dynamics undet
stationary or slowly varying conditions. Joinl mechanics, charactetired n
terms of dynamic stiffness (the dynamic 1ielation between postition and
torque) were found to be well desciibed by the patameters of a second order

model having inertial (I), viscous (B), and elastic (K) terms (e.g. Hunte

and Kearney, 1982). These models represent only a patt of joint behavion
since they change with the expetimental conchtions as a rosult nf
underlying nonlinearities. Nevertheless, they provide an excellent
description of behavior for a given set of conditions., 1L 1e clear from the
extremely good fits obtained by out models under o variety of difterent
operating conditions that this method results in a representation of noimal
joint behavior that is more accurate than those obtained by purely statie

studies (Weigner and Watts, 1986).

Previously we have used these quantitative methods Lo document changes
in joint stiffness with level of motor activity (Hunter and Kearney, 1982},
perturbation amplitude (Kearnecy and Hunter, 1982), ond fatigue (Hunter and
Kearney, 1983). We have alse charactevs e the offects of ankle position
on joint stiffness (Weiss ct al., 1986d). Lhe present otudy represents oul
first attempt at developing parachgm feo the application of oysten
identification techniques to the study of the changes in joint mechanies

resulting from neuromuscular dysfunction and trauma. Although a formal
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toot of salidity was not performed we were encouraged to note that the same
algotithm,  used  to analyze our control data worked well on the results of
the patient’s dynamic perturbation paradigm. The variance accounted for by
the linear dynamic relation between joint torque and position (the
compliance 1mpulse tresponse functions) was consistently greater than 90%.
Moteaver,  the  three parameter second otder model accounted for more than
B85 ot the wvarrtance 1n  these functions. Such values are comparable to

those obtarned from our contiol subjects.

Test - Retest Reliabilaty

the teliability of clinical measures have been investigated in many
ways (Stratford et al., 1984). Factors which appear to affect the outcome
ot such tests include the time interval over which the test-retest data are
sampled  {(Gajdosik and Bohnon, 1987), whether the data are subjective or
objective (Peat and Campbell, 1979), and the index used to evaluate

teliabilaty (Stratford et al., 1984).

Tt 1s 1arely possible to design a test-retest study which conforms to
1deal conditions since the selection of experimental variables and time
coutse ate usually constrained by factors related to the research question.
However we  felt 1t 1mportant to address the most major concerns in the

design of this reliability study.

In some cases, previous investigationt of  clinical measures have
tocused their attention on the reliability of the instrumentation as

opposed to the reliability of the variable itself. For example, the
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reliability of torque measurements on a Cybex dynamometer 1s often quoted
as very high with r wvalues greater than 0.9 (Atmstiong ct al., 1983;
Mawdsley and Knapic, 1982). This result 1is misleading, however, since the
test-retest wvariables were sampled with the use of calibtation weights.
Although such measures have the same umts as those obtained when the
experimental subject generates a voluntary contraction, the sources of
measurement error are quite distinct. In contrast our results were obtained
while the subjects performed experimental tasks which cortesponded to

clinically relevant assessment procedures.

Another approach has been to assess reliability on the basis of parted
t-tests (Mawdsley and Knapic, 1982) where the absence of significant
difference between the test-retest measures is taken to be an indication of
reliability. This can also be misleading since repeated measures that have
relatively low r values {e.g. the test-retest work values for thin study,
= 0.68) may show no significant difference when a paired t-test 15 used to
compare the two trials. For this reason we recommend thal only measuroes
which had high coefficients of variability (PF and DF MVC, ROM, pausive
torque, K offset, low K region, and the intercept of the K-absolute torque

relation) be used to assess clinical change.

Although it is recommended that the test-teteol interval be kept small,
the interval used in this study was intentinnally Feptl large (mean antesyal
= 16 days } in order to abide by the time course over which such meanur:s
are normally obtained in a clinical oetling.  Thin may be Leso than rdeal
statistically but important clinically for assessing the stability of the

measure.
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Finally, it 1is important to note that some of our measures in
particular, the ROM determination, had a subjective component which was
beyond our experimental control. The reliability of this measure (1 =
0.87), similar to that found by other investigators {(Boone el al., 1978;
Miller, 1985) is due, in part, to the method by which it was obtained (1.c.
the subject’s report of discomfort ot pain. A more consistent method of
determining true available ROM using objective criteria is needed reduce
the variability in this parameter and in (hose sensitive to joint position,
for example K and its derived measures. In addition, the Pearson’s product
moment coefficient, r, may not have sufficient power to demonstrate
reliability if the intrasubject and intersubject variability are of the
same magnitude (i.e. the slope of the K-torque relation). A larger sample

size or a reduced intrasubject variability would allcviate this problem.

Sensitivity

The case study values for the low K region and K offset were
considerably different than the mean values obtained for our controls. For
example, the K offset range (58-92 Nm/rad) was more than 2 SD greater than
the control mean (mean = 21.5, SD = 9.8 Nm/rad). The low K range (0.29 -
0.45 rad) was at least 3 SD less than the control mean (mean = 0.78, SD =
0.11 rads). Although these differences aie important and the results
encouraging, caution must be exercised with respect to conclusions obtained

from a single case study.
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Feasibility of the System Identification Approach

In theory, the use of these techniques for clinical assessment is

attractive hecause this approach has the following valuable attributes:

1) The characterization of the mechanics and reflex dynamics can be done
very rapidly; the mechanics can be determined from as little as 2.5 s of

experimental data while the reflex dynamics require 10 s of data.

2) It permits the use of random inputs which prevent subjects from
anticipating the stimulus waveform and generating "preprogrammed" or
"voluntary" responses. This eliminates the confounding effects of voluntary
activity making it possible to focus on more automatic mechanisms (e.g.

stretch reflexes, muscle contractile mechanics).

3) It can correct for artifacts arising from the properties of the
stimulus waveform and experimental apparatus. The responses observed under
any experimental condition will depend upon the underlying physiological
mechanisms, the characteristics of the stimulus waveform, and the
experimental apparatus. The guantitative input/oucput analysis carried out
in system identification generates models of the overall system which are
independent of the stimulus waveform. Furthermore, the effects of the
apparatus can be determined independently and then removed from the overall

tesponse to reveal the physiological system of interest.

1) The quantitative models resulting from system identification studies
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have predictive capabilities; they can he naed tn estimate the vesponse tn
inputs other than those used in the otiginal experiments. Consequently,

they can be used as components of more global models.

5) The systems descriptions of neuromuscular behavior geneirated in om
experiments are completely objective; the experimental piotocol s
predetermined and under computer control, data qualificaticn is done using

rigorous quantitative tests, and the analysis procedures are standardized.

6) The analytic models resulting from our work can be remarkably
parsimonious. Thus, for example, for a qgiven set of conditions, dynamic

ankle stiffness can be described by just three parameters.

The outcome of this study has demonstrated that the system
identification approach can indeed be used to assess the changes in joint
mechanics resulting from trauma of orthopedic origin. 1In patrticular, the
results of the case study have enabled us to establish that the use of this
approach is feasible for the study of joint pathology. The patient
tolerated all experimental procedures and was able to perform all required
tasks. The subject reported only minor discomfort when the foot was placed
near the extremes of the range of motion and did not appear to be disturbod
by the equipment. Moreover, the time required to execute all paradigms
including attachment of the boot to the actuator and fixation of the bhaody
to the experimental table was well within the time often allotted fou

clinical tests.
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Conclusion

in summary, the system identification approach provided measures of
joint mechanics which are reliable and well tolerated. The case study
results are encouraging and, although preliminary, demonstrate potential as

valid clinical measures.
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Chapter VI

SUMMARY AND RECOMMENDATIONS

Summary

The objective of this thesis was to investigate the feasibility ot
using measures of dynamic ankle mechanics (stiffness) as an objective and
quantitative tool in the assessment ot joint function. This entailed the
development of a low inertia, rigid fixation technique for the attachment
of the foot to the asscssment device, the testing of 15 contiol subjects
using paradigms designed to identify static and dynamic ankle mechanics,
and serial examinations of an individual who had sustained a unitateiral

ankle fracture during the post immobilization period.

Major Findings

This work has made four significant contributions to the development of
a reliable and clinically feasible assessment tool. These include:

1) The development of an improved method of limb fixation to the
experimental apparatus. The use of fibreglase casting bandage
material provides an extremely rigid fixation that can be simply
and quickly constructed., Tts low incitia rtesulted in a significam
improvement in the resolution of the system dynamics.

2) The collection of normative data for atatic and dynamic ankle
mechanics. The numbers of ~ubjcete o amined in previous studies
has been limited. As a result of this work, clinical data can be

compared to age-matched controls.
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3) The teliability of measures of joint function has been established.
This represents an important first step in the development of a
clinical assessment tool.
4) The clinical feasibility of both experimental protocol and analysis
procedures has been established. The ptrocedures .ere fast, required

minimal cooperation and were well tolerated by alil subjects.

Significance of study

There is ample evidence in the clinical literature suggesting that
currently available, clinically accepted measures of ankle fumction such as
goniometry, the manual muscle test and the assessment of miscle tone by
passive movement lack objectivity, reliability, validity, and dimension.
Furthermore they do not reflect the technical advancements made in the past
several years in biomedical engineering. Clinically the development of an
improved, objective, quantitative and reliable assessment tool is needed
in:

1) the development of safer and more efficient work surfaces and

supports;

2) the assessment of degree of joint dysfunction (to facilitate
clinical management), the monitoring of disease progression or
regression and the detection of dysfunction or disease in its
initial stage where early intervention has a tremendous impact on
outcome results;

3) the validation of tireatment modalitics and the development of new
ones;

4) the appraisal of residual ability for adjudicating compensation
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claims;
5) the design of limb prostheses and joint implants that simulate mote
normal joint behaviour;
6) the development of adaptive equipment to lessen disability ot

improve perfoimance.

Recommendations

The present study had certain limitations in methodology, equipment,
and scope. The purposc of the following section is to expand upon thewce

and suggest improvements in cach areas.

Experimental methodology

The vresults of this study are limited by the subjective natute of the
ROM assessment, the method userd to record absolute ankle position, and the
numbers and types of subjects examined. First, il is necessary to develop
an objective test of the true passive ROM. Although the ROM measures wore
shown to be reliable it is not known whether these represented the actual
extremes of dorsiflexor and plantarflexot raunge. It may be that the
subject’s reports of ROM limits (based on pain and/ot discomfort) are
reliable but, nevertheless, inaccutate. It is rccommended that the use of
an objective method, possibly using the slope of the ankle position/torqgue

curve, be explored.

Second, becter methods of 1ccording Jlover  Limb and absolute ankle
position are vrequired. Since the goniometric measurement of the absojute

ankle angle was difficult to achieve (due to the location of the foot in
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the apparatus) changes in the subjects’ initial ankle position could not be
reliably recorded. Moreover, minor changes in body fixation (e.g. the
extent of hip abduction) may have resulted in alterations of ankle position
and foot fixation comfort. This in tuin may have reduced the reliability

of the subsequent results,

Thivd, it 1is possible that the manipulation of the joint during the
expet imental  picparation (checking boot fit, subject positioning and ROM
determination) may have had a conditioning effect on the soft tissues that
conld erroncously inflate or deflate our ROM values on repeated trials

(Moller et al., 1985).

Finally futther studies are needed to increase the size of the data
hase. Although differences due to limb dominance were not anticipated the
possible ceffect cannot be totally dismissed. Subjects representing other

age groups and activity or occupational levels should also be examined.

Experimental apparatus

The fibreglass casts used in this study were of sufficient stiffness
and  strength, Other study designs, particularly where parameters such as
ditterent population age, or occupation might result in the generation of
mach  larger torques, may necessitate a stiffer cast. The stiffness of the
casts used in  limb fixation could be incieased easily by incorporating
tidges of fibreglass material ot aluminum implants along the sole of the
foot. It is also recommended that other types of the adhesive compound

used to attach the aluminum sleeves be tested for the strength of bond.




Fage al

This feasibiliry study is the first of many steps in the development of

an assessrment toel. In the future the ankle actuator and table will have
to be rodified before a similar system is used in a clinical setting. 1t
is appavent that the experimental apparatus should allow tor esamination of
either ankle and should be 1eclatively mobile. The design should include an
improvement in accessibility, i.e. a lower table and an improved method fo
subject stabilization which would lacilitate duplication ol test position.
An ankle actuator with a higher performance level (adequate power to 100
Hz) would improve the estimate of the second order model and r1esolution of

the I, B, and K parameters.

Scope of study

The results from the case study demonastiated the potential of the
assessment procedure but one should take cate not to diaw premature
conclusions from these results. Indecd many more subjects with orthopedice
joint pathology as well as other joint conditions (e.p. 1heumatoid
arthritis, joint implants) should be investigated tollowing the pre<eribed
paradigm before any decisions are made rtegarding the parameters that bea
characterize joint function/dyefunction and those joint conditions moel

suited to the assessment technique.
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APPENDIX 1 CLINICAL EVALUATION FORM

ASSESSMENT OF DYNAMIC JOINT MECHANICS IN AN ORTHOPEDIC PATIENT POPULATION

CLINICAL ASSESSMENT

NAME ] DATE: L
ADDRESS S REFERRING PHYSICTAN

PHONE, T T TREATING THERAPIST

SESSTON o - STATUS

BIRTHDATE ~HEToHT  YFRIGHT SEX
Clinical Diagnosis

Date of problem onset

Method of fization ) ~ Date ot cast removal

1. Level of activity

walking tolerance

veight beating status (aids)

7. # of formal Rx <essions since la<t experiment/cast removal

3. Present level of pain or discomfort on walking

o

Medication

5. Any unusual symptoms (swelling, excess pain)

o~

». Ankle ROM -~active dorsi

-active plantar

~passive dorsi

-passive plantai

7.Mggyglﬂmgscle_iggi_nggg dorsiflesors

plantarvtlexors

8.Calt citcumlerence (largest)

o

.leg length (Med Tib Plat to Med Mall)

Comments
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Module

Aninit.

Recall.

Loopcode.
Sweepirfb.

Sweepfith.

Lag.

Compare.

LKrange.
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APPFNDIX I1

NEXUS MODULES FOR DATA ANALYSIS

To initiate analysis parameters.

To recall data and initiate analysis accordiug to
paradigm.

To calculate work value for Passive Static Paradigm,
To calculate IRFs during Passive Dynamic Paradigm.

To estimate the values of I, B and K for Passive Dynamn.
Paradigm.

To fit a polynomial to Passive Dynamic Paradigm datn
ptior to determing position offset.

To determine the position offset of the ¥ podsition cur e

To deteimine the position range whete K < 30 Nm/vad,
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oy
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# RM Aninait INITIALIZE ANALYSIS PARAMETERS

ANSWER = "Y'
INPUT ’'INITIALIZE ANALYSIS PARAMETERS ["Y"]? ',ANSWER

IF ANSWER <> ‘Y’ THEN GOTO [START]

INPUT 'FiLE NAME, IN QUOTES? ',FNAME

INPUT 'FILE STORAGE NAME, IN QUOTES? [FILE.DAN]’, DANFILE

#

H#RECALL SCALE FACTORS, ZERO LEVELS (OFFSETS), AND
#CALIBRATION IRF

4

CASE =]

INPUT 'CASE NUMBER FOR SCALE FACTORS [’ STR(CASE) ']?',CASE
SCL=RCL( ; FNAME,CASE,,1,!) - -
CASE=CASE+1

ITNPUT 'CASE NUMBER FOR ZERO LEVELS [’ STR(CASE) ’}?',CASE
ZER=RCL( ; FNAME, CASE, ,1,!) N B

teturn

CASE=CASE+]

INPUT ’'CASE NUMBER FOR CALIBRATION IRF [’ STR(CASE) ’]?’,CASE

CALIRF=RCL(; FNAME,CASE,,1,!)
PLGKS(CALIRF;‘N’, Y’,'N’,'Y",?)
CASE=CASE+1

# NEXT YOU SHOULD RUN RECALL
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¥ RM

# RECALL V01-01 april 27

# Recall data from FILELB (fname) file
#

# INPUTS: CASE, FNAME, SCL, ZER, CALIRF
. PURGE

SET QUIET ON

SET LOG OFF

INPUT ’'Filename ?', FNAME

INPUT 'Case ?', CASE

#
EXECUTE "POS" STR(CASE) " = RCL (;FNAME,CASE,,l,1,,SCL{1],2FR{1])"
TQR = RCL (;FNAME,CASE,,2,1,,SCL[2],ZER[2])
EXECUTE "TA" STR(CASE) " = RCL {;FNAME,CASE,,

B ~ 3,1,,SCLI3],0RR[ $1)"
EXECUTE "GS" STR(CASE) " = RCL (;T “ME,CASE,,4,1,,SCL{4],2ER[4])"
#
PARADIGM = 'SWP'
INPUT 'WHAT PARADIGM ,MVC,SWP,PRB,TOR ?', PARADIGM
IF (UPCAS{PARADIGM) == 'MVC’) | (UPCAS(PARADIGM) == 'SWP’});

THEN GO TO [TQCASE]
PRINT "Correcting ineirtial effect."
EXECUTE "TQ" STR(CASE) " = TQR - FLT (CALIRF,;

POS" STR(CASE) ";'Y’)"
GOTO [CHOICE]
[ TQCASE]
EXECUTE "TQ" STR(CASE) " = TQR"
#

$# This is a good time to look at extracts of raw data to
# make sure it looks O.K.

#

ANSWER= 'Y’

INPUT 'DO YOU WISH 70 LOOK AT DATA [Y] ?', ANSWER

IF (ANSWER <> 'Y') & (ANSWER <> 'y') THEN GOTO [CLEAN UP]

[CHOICE]

C= STR(CASE)

IF (UPCAS(PARADIGM)
IF (UPCAS(PARADIGM)
IF (UPCAS(PARADIGM)
IF (UPCAS{PARADIGM)

1l
i

'MVC’) THEN GO TO {MVC]
'SWP') THEN GO TO [SWEEP]
"PRB’) THEN GO TO [SWEEPPRBS]
*TOR’) THEN GO TO [TORSWEEP]

it
il

Il
1]

1]
il
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[MVC]

EXECUTE "MVCTQ=CDET(ALT(" 'TQ’ C ";'D’,20,1);’C’,FNAME_';
MVC DEC TQ CASE='_C,)" B

EXECUTE "MVCTA=CDET(ALT(" 'TA' C ";'D',20,1);'C’',FNAME_';
MVC DEC TA CASE=' C,)" -

EXECUTE "MVCGS=CDET(ALT(" 'GS’ C ";'D’',20,1);'C’',FNAME ';
MVC DEC GS CASE='_,)"

PLCKS (MVCTQ,MVCTA,MVCGS; "N’ , 2, 'N’,"'Y’,)

PAUSE

EXECUTE "TA=EXT(TA" C ";1500,1000)"

EXECUTE "GS=EXT(GS" C ";1500,1000)"

EXECUTE "TQ=EXT(TQ" C ";1500,1000)"

MTQ=MEAN (TQ)

MTA=MEAN(TA)

MGS=MEAN (GS)

CROSS= (MTA/-MGS)

PRINT "MTQ = ", MTQ, " MTA = ", MTA

PRINT " MGS = ", MGS, " CROSS = ", CROSS

GOTO [CLEAN UP]

[ SWEEP]

EXECUTE "SWPTQ=CDET(ALT(" 'TQ’ C ";'D’',20,1);'C’,FNAME ';
SWP DEC TQ CASE=' C,)"

EXECUTE "SWPPOS=CDET(ALT(" 'POS’ C ";'D',20,1);'C’,FNAME ';
SWP DEC POS CASE=' C,)" B

EXECUTE "SWPTA=CDET(ALT(" 'TA’' C ";'D',20,1);'C',FNAME ';
SWP DEC TA CASE=' C,)" B

EXECUTE "SWPGS=CDET(ALT(" 'GS’ C ";'D’,20,1);'C',FNAME ';
SWP DEC GS CASE=' C,)" -

PLGKS ( SWPPOS , SWPTQ, SWPTA, SWPGS; "N",?,"N","Y",)

PAUSE

PRINT "Evaluating EMG means ..."

EXECUTE "MTA=MEAN(TA" C ")"

EXECUTE "MGS=MEAN(GS" C_")"

PRINT

PRINT "MTA = ", MTa, " MGS = ", MGS

PAUSE

GOTO [LOOP]

EXECUTE 'LENGTH = LEN(TA’' C ')’

FRINT " Computing means of position extracts.”

PRINT "This is going to go for ",nint((length/1024) + 0.5),;
ty loops"

SWEEP = 0

SWEEP2 = -~1023

MEANTA = !

MEANGS =~ '?

SW = 7!
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[ START]

SWEEP = SWEEP + 1

PRINT SWEEP

SWEEP2 = SWEEP2 + 1024

IF SWEEP2 => LENGTH THEN GOTO [STORE]
EXECUTE 'TA =EXT(TA’ C ';SWEEP2,1024)’
MEANTA = MEANTA MEAN(TA)

EXECUTE 'GS = EXT(GS’ C_';SWEEP2,1024)’
MEANGS = MEANGS MEAN(GS)

GO TO [START]

[ STORE ]

MEANTA = CDET(MEANTA;'C’,'MEANTA CASE=' C,)
MEANGS = CDET(MEANGS;'C’,'MEANGS CASE=' C,)
STO(MEANTA, MEANGS; DANFILE,'C’)

EXECUTE 'ST1(EXT(ABS(TQ’'_C_');2500,,);"y")’

EXECUTE 'TNP=POS’ C '[DMIN]’

EXECUTE "ST1(TQ" C ";'y’)"

# MIN TQ, MAX TQ, TOTAL PASSIVE TQ, TRUE NEURAL POSITION
SET PRECISION 2

PRINT "MAX PLANTAR TQ= ", MIN, " MAX DORSI TQ =
PRINT "TOTAL PASSIVE TORQUE = ", RANGE, " TNP =
SET PRECISION 5

PAUSE

EXECUTE "ST1(POS" C ";'y")"
# MIN POS, MAX POS, TESTED ROM

PRINT "MAX PLANTAR POS = ", MIN, " MAX DORSI POS = ", MAX
PRINT "TESTED RANGE OF MOTION = ", RANGE
PAUSE

PLGKS(SWPTQ, SWPPOS;'X','N’',2,'N','Y",)

run loopcode.

" MAX
" , ’[‘NP
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[ SWEEPPRBS ]

EXECUTE "PLGKS(ALT(POS" C ";'D’,10,1),ALT(TQ" C ";'D',10,1);
INI’?”NI'!YI,)"

EXECUTE "LENGTH = LEN(POS"_Cw")"

PRINT "Watch out! Expecting ", nint(length/1024 + 0.5),;
" 1oopsll

RUN |RITA.MOD]SWEEPIRF.

RUN {RITA.MOD]}SWEEPIRFB.

MEANP = CDET (MEANP;'C’,fname“’ MEANP PRB CASE=’_C,)

MEANT = CNDET (MEANT;’C’,fnamE_’ MEANT PRB CASE=' C(C,)

VAFTOT CDET (VAFTOT;’C',FNAMEﬁ' VAFTOT PRB CASE=' C,)

MTATOT CDET (MTATOT;'C’' ,FNAME ' MTATOT PRB CASE='_C,)

MGSTOT = CDET (MGSTOT;'C’.FNAME:' MGSTOT PRB CASE=':C,)

set quiet off

STO(MEANP, MEANT,VAFTOT,MTATOT, MGSTOT; DANFILE,'A’)

set quiet on

PLGKS(MEANP ,MEANT, VAFTOT; 'M','Y' ,'N','y’,'n’ , 'y’,)

.plt plot.tek

PLGKS (MTATOT,MGSTOT; ‘M’ , 'Y’ ,'N’,’y’ ,'N’,'Y",)

.plt plot.tek

sw=dom(meanp)

set error off

.DEL TITLE.DAT;*

.DEL CHART.DAT;*

set error on

it

i

print @chart 'Filename: ', FNAME, ' Case = ', CASE, ' PRBE'

PRINT @CHART ' '

PRINT @TITLE '’ SWEEP MEANP MEANT VAFTOT MTATOT;
MGSTOT'

PRT(SW,MEANP, MEANT, VAFTOT, MTATOT, MGSTOT; 'dat.txt’,’6g910.3")
.APPEND TITLE.DAT,DAT.TXT CHART.DAT

.PRINT CHART.DAT

PAUSE

.DEL TITLE.DAT;*

.DEL DAT.TXT;*

.DEL CHART.DAT;*

PRINT " You about to run SWEEPFIT, with about, ",nint
(lengths/1024 +0.5)," loops"

RUN [RITA.MOD]SWEEPFIT,

RUN [RITA.MOD]SWEEPFITB.

KTOT=CDET (KTOT;C’ ,FNAME ' KTOT PRB’,)

SET QUIET OFF )

PLGKS(KTOT;'A’,'Y’,'M','Y’ ,'N")

PAUSE

PLGKS(KTOT,MEANP; "M’ ,'Y' ,'X",'A","'Y",'N")

PAUSE

PLGKS(KTOT,MEANT;'M’, 'Y’ ,'X’,’A’,'Y’,'N’")

PAUSE
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SET QUIET ON
SET ERROR OFF
.DEL TITLE.DAT;*
.DEL CHART.DAT;*
SET ERROR ON

PRINT @CHART ’'FILENAME: ', FNAME, ' CASE = ', CASE, ' PRB’
PRINT @CHART ' '

DUMMY = 'SWEEP GAIN FREQ DAMPTOT'

DUMMY = DUMMY ' KTOT ITOT BTOT VAHTOT'

PRINT @TITLE DUMMY

sw=dom( meant)

PRT (SW,GAINTOT,FREQTOT,DAMPTOT,KTOT,ITOT,BTOT,VAHTOT; 'DAT;
LTXT? L )

LAPPEND TITLE.DAT,DAT.TXT CHART.DAT

.PRINT CHART.DAT

PAUSE

.DEL TITLE.DAT;*

.DEL DAT.TXT;*

.DEL CHART.DAT; *

.DEL DUMMY.NXC; *

STO(GAINTOT, FREQTOT, DAMPTOT, KTOT, ITOT,BTOT, VAHTOT ; DANFILE,'A')

GOTO [CLEAN UP]

[ TORSWEEP]

EXECUTE "TORTQ=CDET(ALT(" 'TQ‘’ C ";’'D",10,1);'C’,FNAME '
DEC TQ TOR CASE=' C,)"

SET QUIET OFF

PLGKS(TORTQ;'A’,'Y’','N’)

.
I

PAUSE

SET QUIET ON

EXECUTE "TORTA=CDET(ALT(" 'TA’ C ";'D',10,1);'C',FNAME ' DEC;
TA TOR CASE='_C,)"

EXECUTE "TORGS=CDET(ALT(" 'GS’ C ";'D’,10,1);'C’',FNAME ' DEC;

GS TOR CASE=' C,)"
PLGKS (TORTA,TORGS;'N’,?,'N’,"'Y’,)
PAUSE
execute ’'length = len(pos’ c ')’
print "You are about to run SWEEPIRF, expect ",nint;
(length/1024 + 0.5)," loops"
RUN [RITA.MOD|SWEEPIRF.
MEANT = CDET (MEANT;'C’,fname ' MEANT TOR CASE=' C,)
VAFTOT = CDET (VAFTOT;'C’',FNAME ' VAFTOT TOR CASE="' c,)
PLGKS (MEANT ,VAFTOT; "M’ , 'Y’ ,'N',2,'N’','Y",) )
PAUSE

MTATOT = CDET (MTATOT;’C’,FNAME ' MTATOT TOR CASE=' C,)
MGSTOT = CDET (MGSTOT;'C',FNAME ' MGSTOT TOR CASE=' C,)
PLGKS(MTATOT,MGSTOT; "M’ ,"Y' ,'N'",2,'N","Y",) B
PAUSE

set error off
.DEL TITLE.DAT;*
.DEL CHART.DAT;*
set error on
pause




sty
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print @chart 'Filename: ', FNAME, ' Case = ', CASE, ' TOR'
PRINT @CHART ' !
PRINT @TITLE ' SWEEP MEANP MEANT VAFTQT H

MTATOT  MGSTOT’
PRT (SW,MEANP,MEANT,VAFTOT, MTATOT,MGSTOT; 'dat.txt’,’6gl0.3")
.APPEND TITLE.DAT,DAT.TXT CHART.DAT
.PRINT CHART.DAT
PAUSE
.DEL TITLE.DAT;*
.DEL DAT.TXT;*
.DEL CHART.DAT; *
STO(MEANP, MEANT, VAFTOT, MTATOT , MGSTOT ; DANFILE, 'A’ )
PRINT " ABOUT TO RUN SWEEPFIT, 50 LOOPS"
RUN [RITA.MOD]SWEEPFIT.
KTOT=CDET(KTOT;’C’ ,FNAME ' KTOT TOR CASE='_C,)
SET QUIET OFF
PLGKS (KTOT, VAHTOT; "M’ , 'Y’ ,'A’,'Y','N")
PAUSE
PLGKS(KTOT, MyANT; "X’ , "M’ , "Y', 'A’ , 'Y’ ,'N")
PAUSE
SET QUIET ON
SET ERROR OFF
.DEL. TITLE.DAT;*
.DEL CHART.DAT;*
SET ERROR ON
PRINT @CHART 'FILENAME: ', FNAME, ' CASE = ', CASE, ' TOR'
PRINT @CHART ' '
DUMMY = 'SWEEP GAIN FREQ DAMPTOT'
DUMMY = DUMMY ' KTOT ITOT BTOT VAHTOT'
PRINT @TITLE DUMMY
PRT (SW,GAINTOT,FREQTOT,DAMPTOT,KTOT,ITOT,BTOT, VAHTOT; ' DAT;
LTXT!, 1)
.APPEND TITLE.DAT,DAT.TXT CHART.DAT
.PRINT CHART.DAT
PAUSE
.DEL TITLE.DAT; *
.DEL DAT.TXT;*
.DEL CHART.DAT;*
.DEL DUMMY.NXC;*
STO(GAINTOT, FREQTOT , DAMPTOT,KTOT, ITOT, BTOT , VAHTOT ; DANFILE, 'A’ )

[CLEAN UP]

PRINT "Cleaning up..."
set error off

set error on

.purge

set log on

set quiet off
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# Rita M Loopcode a module to calculate loop area
# of the passive Tg-pos curve

# Index to find out what case numbers I need for swp
run [rita.modl}index.

$ Aninit for initializing analysis by rcl scaling and
# zero levels

run [rita.modlaninit.

INPUT 'Case ?2', CASE

EXECUTE "POS"*STR(CASE)_" = RCL {(;FNAME,CASE,,l,1,,SCL(l];
,ZER[1])"

TOR = RCL (;FNAME,CASE,,2,1,,SCL[2],ZER[2])

EXECUTE "TA"_STR(CASE) " = RCL (;FNAME,CASE,,3,1,,S8CL[3];
,ZER[3])" N

EXECUTE "GS" STR(CASE) " = RCL (;FNAME,CASE,,4,1,,SCL(4]1;
yZER[4])" -

execute "pos=pos" str(case)

vel=dif (pos)

pow=vel*tqr

work=int(pow)

start(work)

loop= work{end(work)]l-work[start(work)]

print " The loop area for ",fname," is ",loop
.purge
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# RM Module SWEEPIRFB:
# Input details

VAFTOT = "'
CONSET (;’SEGLEN’,1024)
# INPUT "Casc? ", CASE

C = STR(CASE)

EXECUTE 'LENGTH = LEN(POS' C ')’
CONSET (;'SWEEP',0)

CONSET( ; ' SWEEP2',-1023)

MEANP
MEANT
MTATOT=
MGSTOT=
TPIRFB = "'

Sw = v’

[ START]

CONSEY( ;' SWEEP’, SWEEP + 1)

PRINT SWEEP

S = STR(SWEEP)
CONSET( ; ' SWEEP2' ,SWEEP2 + SEGLEN)

- wm e e e

r
r
4
4
r
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To calculate IRFs during ankle sweep.

IF SWEEP2 => LENGTH THEN GOTO [STORE]
EXECUTE 'POS = EXT(POS’ C ';SWEEPZ2,SEGLEN)’

MEANP = MEANP_ MEAN(POS)
POS = POS - SLOPE(POS)*DOM(POS)

EXECUTE 'TQ = EXT(TQ' C ';SWEEPZ2,SEGLEN)’

MEANT = MEANT MEAN(TQ)
TQ = TQ -~ SLOPE(TQ)*DOM(TQ)

EXECUTE 'TA=EXT(TA' C ' ;SWEEP2,SEGLEN)’
EXECUTE ’'GS=EXT(GS' C ' ;SWEEPZ2,SEGLEN)’

MTA=MEAN(TA)

MGS=MEAN(GS)

MTATOT=MTATOT MTA
MGSTOT=MGSTOT MGS

IRF = FIL(TQ,P0S;201,"¥Y")
VAFTOT=VAFTOT VAF

TPIRF= —-EXT(SMO(IRF;2);100,100)
TPIRFB=TPIRFB TPIRF

SW=SW SWEEP

GO TO [START)]
[ STORE]
#

# This would be a good time to plgks MEANP,MEANT,VAFTOT to look

# problems
MEANP=CDET(MEANP;'C’, 'MEANP CASEC=
MEANT=CDET(MEANT;'C', 'MEANT CASE=
VAFTOT=CDET(VAFTOT;'C','VAFTOT CA
LENSWEEP = LEN(MEANP)

# Return to recall module

'
-
SE

C,)
C,)
=’_Cr)
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RM March 88
Module SWEEPFITb: To calculate IRFs fits during ankle swcep.

= 3

# Input details

# INPUT "Case? ", CASE

C = STR(CASE)

CONSET( ;'SWEEP', 0 )

CONSET(;"IRFLEN’,100)
CONASK( ;" IRFLEN', 'Length of IRF'’,1,1000,?)
VAHTOT = '’

GAINTOT = '

FREQTOT re

DAMPTOT
KTOT = '/
BTOT '
ITOT
SW = "7’
Pl = .01
P2 = 100
P3 = .5

]

rt

~ o~ o~

r

~ i1

TPFIT = FIRF2(TPIRFB;IRFLEN,Pl,P2,P3)

KTOT = ABS(1/P1)

ITOT = (ABS(1/P1)/(P2°2))
BTOT = (2*P3*ABS(1/Pl)/P2)
VAHTOT = VAF

GAINTOT=pl

FREQTOT = p2

DAMPTOT=p3

GAINTOT=CDET(GAINTOT; 'C’, FNAME ’'GAINTOT CASE='
FREQTOT=CDET( FREQTOT; 'C’', FNAME 'FREQTOT CASE='
DAMPTOT=CDET(DAMPTOT; 'C’, FNAME 'DAMPTOT CASE='
KTOT=CDET(KTOT;'C’, FNAME 'KTOT CASE=' C,)
ITOT=CDET(ITOT;'C’, FNAME 'ITOT CASE=' C,)
BTOT=CDET(BTOT;’'C’, FNAME ’'BTOT CASE-' C,)

VAHTOT=CDET(VAHTOT; 'C’, FNAME 'VAHTOT CASE=' C,)

c,)
cC,)
c,)
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# RM module lag - To determine offset between two K-position
¥ curves

INPUT 'SUBJECT code’,CODE
set quiet on

fnamel=code ’'1.dan’

fname2=code '2.dan’

exncute 'p'>code"l =rcl(;fnamel,!)’

execute 'p’ code 'l=ext{p’ code '1l;2,len(p’ code '1l)-2)'

execute 'k’ code 'l =rcl(;fnamel,9,!)’
execute 'k' code 'l=ext(k’ code ’'1;2,len(k’ code '1)-2)’

cxecute 'p’ code '2 =rcl(;fname2,!)’
execule 'p’ code ’'2=ext(p' code '2;2,len(p’' code '2)-2)'

execute 'k’ code '2 =rcl(;fname2,9,!)’
execute 'k’ code ’2=ext(k’ code '2;2,len(k’_code_'2)-2)’

execute 'kl=k’ code '1’
execute 'k2=k’ code '2'

execute ‘posl=p’ code '1‘
execute 'pos2=p’ code '2'

4
1
K = K1 K2
{restart]
offmin=-.4
offmax=1.0
offincr=.01
#f CONASK(;'OFFMIN','Minimum offset’,-1.,1.,,)
4 CONASK(;'OFFMAX',’'Maximum offset’,OFFMIN,1.,,)
§ CONASK(;'OFFINCR’,’'Offset increment’,-1.,1.,7?)
CONSET( ; "OFFSET' ,OFFMIN)
XOFF=
XVAF=
[ LOOP]
P=P0OS1 (POS2-OFFSET)
F=POLYFIT(P,K;10,10)
XOFF=XOFF OFFSET
XVAF=XVAF_VAF
CONSET(;'OFFSET',OFFSET+OFFINCR)
IF (OFFSET < OFFMAX) THEN GOTO [LOOP]
ST1(XVAF)
CONSET( ; 'OFFSET' ,XOFF[DMAX])
run [ri1ta.mod]compate.
f
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# RM COMPARE A module that compares two K-Position cuives

# by fitting a polynomial then determining the positiron oftqet
# TInputs POS1,Kl

# POS2,K2

# OFFSET

CONASK( ; 'OFFSET' ,'Offset ’,-1.,1.,,)

P2 = POS2-OFFSET
Fl= polyfit (po
f2=polyfit (p2,k2;10,10)

#

sl,kl;lO,lO)

CONSET( ; "XMIN' ,MAX(MIN(POS1l) MIN(P2

CONSET( ; ' XMAX'

)))

, MIN(MAX (POS1)_ MAX(P )))
v
)

#CONASK( ;' XMIN’ , 'Minimum X ' —2 .
#CONASK( ; ' XMAX'’, 'MaximumX'’, XMIN 2,,
X = (ramp(;101)—1)*(XMAX—XMIN)/100

X =X 4+ XMIN
KPl=polyval(fl,x;MIN(POS1),MAX(POS1l))
KP2=polyval(£f2,x;MIN(P2),MAX(P2))
PLGKS (kpl,x,kp2,x;'x’','s"',)

set quiet off
F=MREG(kpl, kp2;)

§ INPUT

"Store ?',ANSWER

$ IF (UPCAS(ANSWER)=='Y') THEN GOTO [STORE]

EXECUTE
EXECUTE
EXECUTE
print "
print "

' LAG’

"pp’' CODE '1=kpl’
'pp’ CODE '2=KP2’

7 CODE ’'=OFFSET’
the code is ", code
lag =

",0ffset
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# RM Lkrange A module that determines a low stiffnes
# position range

Extracting the position range that is <= 30 Nm after the
offset 15 removed.
The predicted polynomial with actual ROM corrected for

o= 3= I

INPUT 'What 15 the four letter subject code (in quotes)’,CODE
INPUT 'What 15 tne two letter code, initials (in quotes)’,CODEB
INPUT 'WHAT WAS LAG?', LAG

FNAME]=CODE '1.DAN’

FNAME2=CODE '2.DAN’

# RECALLTNG POS CHANNELS, CORRECTING THEM AND EXPANDING

# THEM TO 1001 PNTS

EXECUTE ‘POS' CODEB '1=RCL(;FNAMEl,!)’

EXECUTE ‘POS’ CODEB '1=EXT(POS’ CODEB '1;2,LEN(POS’ CODEB '1l)
_2)'

EXECUTE 'P’' CODEB '2=RCL(;FNAME2,!)’
EXECUTE ’P’ CODEB '2=EXT(P’ CODEB '2;2,LEN(P’ CODEB '2)-2)'
EXECUTE ‘POS’' CODEB '2=P’ CODEB_'2-LAG’

EXECUTE ’'ST1(POS’ CODEB '1;"y")’

P1=(RAMP(;1001)-1),1000
P1=P1*RANGE+MIN

EXECUTE *ST1(POS’ CODEB '2;"Yy")’
P2=(RAMP(;1001)-1),1000
P2=P2*RANGE+MIN

EXECUTE 'PPOS’' CODEB '1=Fl
EXECUTE ’'PPOS’ CODEB '2=P2

# DETERMINING THE K OFFSET AS THE MINIMUM OF THE PREDICTED K
EXECUTE ’ST1(APP’ CODE '1)’

MINI=MIN

EXECUTE 'OFF’ CODE '1=APP’ CODE ’1-MIN’

EXECUTE 'ST1(APP’ CODE ’'2)'

MIN2=MIN B -

EXECUTE ‘PRINT "THE MINIMUM OF APP’ CODE ’'1 IS ", MINl’
EXECUTE 'PRINT "THE MINIMUM OF APP' CODE ’2 IS ",MIN2'
EXECUTE ‘OFF' CODE '2=APP’ CODE '2-MIN’'

PAUSE
EXECUTE 'CX’ CODE '1=CEXT((OFF' CODE 'l <= 30),Pl)’
EXECUTE ’'CX' CODE '2=CEXT((OFF’ CODE ’'2 <= 30),P2)’
EXECUTE *ST1(CX' CODE 1) )

EXECUTE ’LSb’ CODE '1=RANGE

pause

EXECUTE ’ST1(CX’ CODE ’2)

EXECUTE 'LSb’ CODE '2=RANGE

EXECUTE ’PRINT "LSb’ CODE 'l IS = ", LSb’' CODE '1’
EXECUTE *PRINT "LSb’ CODE '2 IS = ", LSb’ CODE '2’
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