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ABSTRAcr 

1 

The objective of the york 
1 

that compd1fes this thesis va.s to 

behaviour of 
1 

examine the position-dependent the human ankle joint 

dynamics. A series of exper i ments based \ on the use of system 
1,' 

identificat ion 'techniques loIere carried out; the experimental stimulus 

eonsisted of small-ampli tuoe, stochastic perturbations of the ankle. 

The response to this c, input \Jas modulated by tlio, 

• 
expe r imen t ally-con t roUed parame t ers: tonieally-mai nt ained mean j oin t 

t? 

angles and tonically-maintained triceps surae or tibialis anterior 

con tractions. This permitted the identification of the dynamic 

response of the torque (pass i ve and aeti ve meehanics) and agonist 

electromyogram (reflex dynamies) fo~ a functionally significant span 

of mean ankle angles and lev'els of tonie muscle contractions • 

. The major conclusi0!ls of this \Jork were that (1) the 

position-dependent changes in the passive joint mechanic!! .... ere large 

• and functionally significant; (2) the active joint mechanics depènded 

ent i rely on the magni tude of the ac tively-genera ted torque .... i th 

posi tion-dependent changes in the active. mechanics being relatively 

small and variable; and (3) the triceps surae stretch reflexes 

depended upon the posi t i on of the ankle .... hile t i bialis anterior' 

stretch reflexes did not. The functional implicatfons of these 

resul ts and" in particular, the relative " impor tance. 0 f the active and 
ri 

pass ive processes in the behaviour of the ankle joint have been 

cons idered in light of these findings. 
~ 
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L'objectif de cette thèse consiste à étuJier la dépen'dance des 

ptopriétés dynamiques "-
de la cheville chez les humains en fonction de 

or 

sa positIon. Une série d'expériences basées sur l'utilisation de 

techniques d'identification des systèmes dynamiques ont été réalisées. 

le stimulus ~xpérimental 'consistait en des perturbations stochastiques 

de faible amplitude de la cheville. La réponse à cette entrée était 

modulée par deux groupe de paramètres contrôlés expérimen talement: 

les angles du joint maintenu toniquement et les contractions ton~ques 

du muscle jambier antérieur et du triceps sural. Ceci a permis 

l'identification de la réponse dynamique du torque (des propriétés 
~ 

mécaniques actives et passives) et de l'électromyogramme agoniste 

(dynamique des réflexes) sur un domaine physiologiquement fonctionnel 

d'angles moyens de la cheville et de niveaux de'" contractions 

musculaires toniques. 

Les conclus ions maj eures de ce t ravai! furen t: (1) les 

,changements de la mécanique du joint passif en fonction de sa posi tion 

sont importants et fonctionnellement significatifs; (2) la mécaniRue 

du joint ;iactif depend entièrement de la valeur du torque généré 

activement et les effets de la position du joint sont relativement 

mineurs et variables; et (3) le réflexe myotatique du triceps sural 

dépend de la posi tian de, la cheville ceci' n'étant pas 'le cas du 
, -

réflexe myotatique du muscle jambier antérieur. A la lumière de ces 

résul tats, et en particulier l'importance relative des processus 

passi ts et ac t ifs dans le comportement de la 'cheville, les 
J 

conséquences ont été considérés plus profondiment. 
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50 
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CIIAPTER 1: lNTRODUCTIOti 

, 
The ankle is a remarkably versatile joint that appears to be 

well-adapted for both stability and mobility. These diverse, and 

potentially conflicting, capabilities have been achieved by a unique 

cpmbination of ha rd and soft tissues which include a distinctive 

articul~tion, an extensive network of ligaments and retinaculae, and 

muscles of diverse structure and function. Thus the ankle is capable 

of generating the small, sustained torques that are required to 

minimize joint motion during quiet stance and also of withstanding the 

large but transient torques at a wide variety of joint angles during 

movement. Horeover, the ankle joint is able to adapt to the unusual 

forces or motions necessitated by the performance of elite activities~ 

such as ballet or gymnastics or by the deficii~ resulting from , 

neuromuscular pa thology .such as pes eQuinus l, 

Although such functibnal abilities are recognized 'as important, 

very little quantitatiN~ data is available to support hypotheses of 

the underlying mechanisms. lndeed examinations of ankle function, and 

in particular its dependence on mean joint position, in intact buman 
"'4' 

subjects are rare although the number of anatomical, biomechanical and 
1> 

physiological studies has increased in recent years. These studies 

have included an examination of changes in ,the intra-articular 

pressure (Eyring & Murray, 1964), in the location of the joint axis of 

rotation (Sammarco et al., 1973), in the EMG and torque resp~nses ta 
, 

electrically-evoked or voluntary contractIons (Harèh et al.,\ 1981; 

,\ 

--, 

1 
J 

î 
~ 

i 
1 , 
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Sale et al., 1982) and in H-reflex (Mark et al., 1968; Burke et aL, 

1971) and microneurographic studies (llallbo, 1974; Bulliger et al." 

1982). Horeover, some progress has been made a t the development of 

models that are able to predict the behaviour of ce~tain 

characteristics such as joint structure (Procter & Paul, 1982~ and 

stiffness (Gottlieb [), Agarval, ~1978). 

The results of these and other studies indïeate that the position 

of the ankle can modify i ts behaviour. Bowever, the interpretation of 

these effec ts has been hampered by th~ stope' of the techniques and 1 
paradigms employed. Four important limitations may be identified: 

(1) Inadequate range of motion (ROH). 

In spite of measurements showing that man~ normal and abnormal 

functional movements entail large ankle joint excursions, Most 

examinations of posi tion-dependent behaviour have been restrictect. 

to a, relatively sma.ll, and often ill-defined, portion of the ROH. 

(2) -Inadequate range of tonie muséle activity. " 

Ankle function has - generally been studied either while the 

muscles were at 

~ . 
contractionS. Yet 

rest or,maintaining relatively small isometric .. 
kl of~ an e· torques large magnitude are. 

frequently eneountered in functional situations. 

(3)- Separate examination of Tibialis Anterior and Triceps Surae. 

AlthouglJ the number of anatomieal and 'physiologieal differences 

~etween these muscles suggest' that their position~dependent 

responses will not be similar, the tvo antagonists have rarely 

~ 

, , 

1 
1 

1--
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been studied concurrently. ) , 

. , 
(4) Lack of dynamic analyses. 

Vhile considerable progress "has been made to .... ard delineating ',the 

static effects of changes in mean ankle position, very litlle ls 

kno .... n about the dynamic effects of these changes. 

OBJECTIVBS 

The objective of the .... ork that comprises this thesis .... as to 

examine the position d~ndence of anKIe joint dynamic behaviour. 

This .... as accompli shed by: 

(1) delineating the effect of ~hanges in Mean ankle P9sitio~ on the 

passive joint mechanies, active joint mechanics and reflex 

dynamics; 

(2) comparing the relative Ilagnitudes i)f the position-dependent 

mecha:nical and reflex 'responses to those ,genera ted oy açtive 

torque-dependent responses; and 
.' 

(3) inteq'reting the results in the light of the functional 

requirements o~ the ankle. 

, , 

,Thus.- a se"ries of experiments using system identi fication 

. teèhniques .... as carried out. Experimental stimuli 'consisted of 

small~amplitude, stochastic perturbations of the ankle (the dynamié 

\. 

r 

, 

, . 
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j 
1 

1 
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position inp.ut). Resppnses to this input vere characterized as 

" functions of tvo paramete'rs: (1) rotation of the anlcle to a randomly 
\ 

seleeted ankle angle (tonie position parameter) and (2) generation of 

target levels of tonie muscle contractions (tonie voluntary 

parameter). This permitted, the identi'fication, of the dynamic t;'esponse 

of joint torque (passive and active mechanies) ana agonist EHG (reflex 

dynamies) as funetions of mean ankle posi tion and "torque. 

This present york represents a significant improvement over 

previously reported studi'es in' that: 

, 
(1~ nine or ,t~n angl~s, spanni~~ more than 85% of the ROH JOd 

measur~d relative th a pre~etermined absolu te reference angle, 

,'vere tested; 
. , 

, ~ 

(2) testing' was done in the 'abse'nee of muscle acti-vity and dur~ng 
~ 

t tonie contr'actions of functionally-significant magnitudes; 

(~) Tibialis anterior (:rAr ànd triceps surae (1S) were t~~ted 'by 
, " . 

i. 
s,imilar ~echniques 50 'that thèir behaviour could' be, directly 

l ' . 
cOlDpaied; and. 

\ " • 
(4) experimental and ariàfY,tie technj.ques _t~at perDiitt~d 

.-
i4entTfieation and subs~~u$!nt modelling of dYl)am~(: res~onses . at 

the ~iffe,rent, nîainta'in~ p~sÙions w~re e~ployed. 

" 
. , 

, - / 
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SÜIDWlY 

The ~1te~~e pertaining to position-dependent changes in the 

statie and dynamie behaviour of the ankle joint is presented in 
cl 

chapter 2. This reviev includes: a description of t~e notat~on 'used 

throughout the ~'.thesis; an evaluation of the magnLtude 'and intersl,tbjeet 
9 

variability of the ankle rOM; and reviews of mecbanieal and sensory 

correlates of changes in mean ankle position. 

,. 
The general experimental methods common to aIl the studies are 

presented in chapter 3. Th~se methods inciude: a summary of the 

experime~tal paradigm and details related to the subjeets and their 

attachment to the equipment; descriptions of the stimulus variables 
\-

and the equipment eontroiled by these ~timuli; an outline of the data 

acquisition pro~edures including detaiis about the transdueers and 

equipmen t 'used to sample these signaIs; and a review of t~e apalytic 
~ 

techniques. SpecÙie details pertaining to individual experiménts are 

provided as required in later chapters. / 

Chapter 4 presents the results of a study designed to examine the 

effect of. changes in me an posi tion on, the passive mechanieal behaviour 

"of the ankle. The ~ajor finding was that the position-dependent 

changes in the pas'sive joint mechanies ",ere mueh larger than·· 

----~--- .>' 

~ previously thought; the ankle beeame consideiably stiffer aS it was 

rotated from "mid-range positions toward either extreme of the ROH in 

the absence of volunfary muscle contraction. These changes in 

stiffness were '" found ,to be linearly, related to· the torque that vas 

generated as the passive joint tissues were elongated. ConseqU(!D t ly , 

, ' l' 

---

r 
l , 

1 

j 
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'1lt 
tbe passive ankle stiffness could be predicted from the passive joint 

torque. This work has been reported in abstract (Weiss et al., 1984b) 

and paper form (Weiss et al., 1985a). 

Chapter 5 describes the effect of changes in mean position on the 

active mechanical behaviour of the ankle. The major finding was that 

J t~e activerjoint mechanics dépended entirely on the magnitude of the 
Î 

act,ively-generated torque; position-dependent changes in the active 

mechanics were relatively small and quite variable. Consequently, the 

to~l joint stiffness generated by any combination of ankle position 

and agonist activity can be determined from the total (active plus , 

passive) joint torque. These tesul ts have been reported in abstract 

(Weiss et aL, 1984c) and paper (Weiss et al., 19B?b) form. 

Ch~pter 6 considers the effect of changes in me an position on the 

TS and TA stretch reflexes. 'The major finding was'that the magnitude . ' 
of Tj stre'tch r:flexes dep~n~ed upo,n the posi tion of the ankle while 

TA 'stretèh reflexes did not. Thus large increases in the TS stretch 

reflEX magnitude resulted when the ankle .was progressively 

'dorsiflexed. In contrast, ankle,mean position had only a minor effect 

on the TA stretch reflex magnitude. This work has been reported in 
, 

abstract (Weiss et al., lQ85t) and paper form (We)ss et'al., 1985d). 

The functional implication~ of these results and, in partic~lar, 

,the relat..fve importance of the active and-passive processes- in the 

behaviour of the ankle joint are presehted in chapter 7. This chapter 

.also includes a statement of opiginal contributions, limitations of 

the study, and recommendations for future work. 

". 

J 
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CIIAPTBlt 2: REVIIV OF TBB LITDATUU 

INTRODUCTION 

In this chapter the ~iterature pertaining to position-dependent 
, '" 

changés in the static and dynamic behavi9ur of the ankle joint will be 

examined. A brief desc~iption of the notation and terminology used 

throughout the thesis will be presented in the first section. The 

second section viII include an overview of ankle joint structures. 

This brief description of the major hard and soft tissues provides an 

anatomi~al framework fo~ the remaining' sections. Ankle ROH, i ts ' 

extent and variability, will be the ~o~ic of the third section. The , , 

issues examined in this section are particularly relevant to the 

formulation 'of the experimental paradigme In the next tt.io sectJons, 

the mechanical' and sensory correlatès of changes in mean ankle 

position in the human subject viII be reviewed. The results of th~se 

studies are use fuI to the i~terpretation of the findiggs obtained in 

this investigation. 

, 0 

ROTATION AND TBIUIDiOLOGY 

Nota,t!on for the ~_pecificati,on 'Of an"k.le joint kinematics and. 

kinetics has not been standardized; th.e nota!ion USi!d throllghout this 

thesis is defined i~ this section. Vhenever possible, r~sults from 

other laboratories will be 'given in this notation to ensure , 
1 

l ' 

/ 

f 
i 

1 
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d ' 

• consistency. 
/,' 

Ankle motion in the sagittal plane is measured vith respect to 

the reference-position shown in Fig. 2.1 (top graph). This position 

is defined by orientirtg the plantar surface of the foot at right ~ 

, angles t,o a line marked between the fibular bead and -the lateral' 

malleolus. (The .reference-position is also known as the 
f ',0 

\zero-pos~tion'.) 

" . 
The ankle ls dorsiflexed when the dprsum of the foot is rotated 

trom ,any i~itial position toward the leg. Maximum or extreme 
~ 

'dorsiflexio~ is reached when the ~nkle can be ràtat~d, no turther. 
, 1 

Dorsiflexor positions, denoted by positive values, comprise only thase' 

angles betweeri' the reference~posi tion and maximum (Jorsiflexion. The , . . 
is plantarflexed wh en the dorsa~ surfacè of the foot is rotated 

o 

trom any ini tial posi tion away from the leg. Maximum plantarflexiol'l" 
, 1 . 

.. (l ~ ../ 

is reâched when the ankle can be 'rotated no further. Plantarflexor 

positions, denoted b~ negative angles, , cqm{lrtse only those angles . 
betveen o the 

\ 

re'fere'nce-posi tion and maximum plantarflexion. These, 

:positions are, illus~~ted in'Pig. 2.1 (bottom graph). (AlI angles are, 

reported in radians.) 

Dorsiflexor torques, denoted by positive values, are generated by 

forces that tend to dorsifle7C the foot about th,e ankle joint. 

Plantarflexor torques, denotèd by negative' values, are g~nerated by 

forces that ten~ ~o plantarflex the foot'about the ankle joint. (AlI 

torque~ are reportèd in ~ewton-meters.) 
~ 

\ 

. \ 

• 
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DORS':' 
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9 

Pig. 2.1: Viey of the lover leg illustrating thé reference-position 
used for œeasuring ankle position (to~gr-aph) and the sagittal plane 
motions ('bottom graph). 
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Active dorsiflexor and plantarflexor torques are generated by the 

contraction of the respective ankle joint muscles. Rotation of the 

relaxed ankle (i.e. when the ankle muscles are not contracting) 

results in a change in the passive joint to~que. However, there 

exists one ankle angle, called the neutral-position (NP), at'which no 

'passive joint torque is generated. This position is located near the 

center' of the ROM ..... Vhen the ankle is passively plantarflexed beyond 

the NP a dorsiflexor torque is generated and when the ankle is 

passively dorsiflexed beyond the NP a plantarfl~~or torque ls 

generated.- The total joint torque ls the sum of the active and 

passive torques. 
/ 

~ , OVllVIBV OP AIlLI JOnrr ANATOIIJ 

o • 

\ 

\ 
The objective of this section is 

. , 
to provide an 'anato.ical 

fraaework for the studies reviewed iD the remainder of the chapter. 
" ~ 

It includes a brigf summary of the bo~y structures; the articulation, 

the ligaments and the plantarflexor and dorsiflexor muscles. SOft of 
, ,e 

these structures are shown in Fig. 2.2. 

Bony Structures 
'. 

1 

. The ankle jo~t, also known as the talocrural joint, 15 foraed by 

the articulation of, three bones: the tibia, fibula a~d talus. The 
" 

large, medial' tibia Is formed from a triangular-shaped Cshart that -

~idens proximally into Iaterai and mediai condyles and distally 'into ~ 
~' 

the .edial malleolus and a contoured articular surface knovn as the . , 

.. 1 
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Pig.2.2: Anterior view,of the right foot and ankle joint (top 
drawing) showing the tibia; fibuIa, ~edial and laterai malleoli,. 
talus, -calcaneus, naviiular, and medial .and ~n·termediate cuneiforlD.o 

Lateral view of the lower legs (bot tom drawing) showing thè laterai 
gastrocnemius~ soleus, Achilles tendon and tibialis anterior. 
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tibial plafond. 1_ The tibial condyles aiticulate vith their femoral 
~ 

counterparts to form the knee joint. 

The lateral-lying fibula has a long, slender shaft that expands 

proximally into a small head afld sIistally into the lateraI malleolus." .. 

A styloid process is located on the fibular head and it atticulates 

.vith the laterai condyle of the tibia to form the proxi~al 

tibiofibular joint. The distal,tibiofibular joint is located betveen 

the lover Medial surfaces of these two bones. The fibula does not 

articulate vith the femur. 

J • 

The foot is composed of seven tarsal bones (including the talus, 

calcaneum, navicular, cuboid, and medial, intermediate and lateral 

cuneiform bones), five metatarsal bones and 14 phalanges. Of these 

bones, only the talus is 

t!locrural'articulation. 

The talus, is a small, 

of ,direct interest vith respect tri the 

saddle-shaped bone consisting of an 
l', 

'" 

, , 

<", anterior head and a ppsterior body that are jo;l.h~d by a narroy' neck. 

~f) .; 

\ 
\ , 

The anterior'and inferior surfaces of the head articulate vith the 

navicular bone and the calcaneum. A se,cond taleocalcaneal 

articulation is fo~med between the inferior sur,fac~f the talar body 

and' the calcaneum. The' cuboid talar body has a superior surface, 

c.alled the trochlea, that .Js, convex 'in the anterior-prst'erior;: 

direction and sli~htIy concave in the Iaterai direction. Viewed from 

above, the trochlea is wedged-shaped, being wfder' anteriorly than 

poster,iorly. "The eKtent, of this asymmetry varies from about 5% (less 

than 2 Qlm) J ta about 25% of tr~èhlear vÎ'dth (about 6 mm) (Sarnett & 

J"~ 
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1 

Napiei'-; 1952; Inman, 1976). 

Art i cula tian 

The dis tal jUKtaposi tion of the tibia and fibula is such that the 

ho malleoli and the tibial.plafond form a rnortise or slot into .... hich 

the talar body fi ts. The mortise is a 5 table 5 tructure .... hose shape 

do es not change as the a~kle is rotated through its ROM (rnman, 1976): 
\ 

The distance bet .... een the inner edges of the two malleoli is larger 
'., 

anteriorly than posteriorly' (Close, 1956) thereby m~tching the 

~ asymmetry of the vedge-shaped talus. The talus is held tig~tly .... i thin, 

the mortise by ligaments and by bony proj ections trom the anterior and \ 

posterior margins of the tibial surface (Kapandj i, 1970). 

Al though the extent of the con tact area between the plafond and 

the trochlea May vary .... i th ankle angle (Gordon, 1970; \lynarslty & 

Green .... ald, 1983), its articular cartilage is much thinner than other 

joints of the lover limb (Simon,' 1971; Simon et al., 1973). The ankle 

is therefore considered to be a particularly congruent joint (Inrnan, 

1976) . 

Ligamen ts • 

The ankle joint ligaments have been dividedo into four functional 

groups: the lateral and medial co)..lateral ligàments and the anterior 

and posterior ligaments. The lateraI collateral ligamen t is ·formed" 
" 

from three bandî each originating from the la teral malleolus. T .... o of 

these, the anterior .and posterior talofibular ligaments insert on the 

.-

! • 
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talus wher~as the caleaneofibular ligament inserts on the lateral 

surface of the calcaneum. The fune t ion of the an terior talofi bular 

ligament is to \Hmi t inversion and plantarfl~xion whereas the 

posterior talofibular and calcaneofibular ligaments restrict inversion' 

and dorsiflexion. The second ~unctional grpup, th~ medial collateral 

ligament, is comprised of thé de~per anterior and posterior talotibial 
, 

ligamen ts and the more superficial deltoid ligament., These ligaments 

limit eversiott, pIan tarflexion and dorsi flexion.. Finally, the 

anterior and posterior ligaments are essentially localised thickenings 

of the capsule. Although not directly associated vi th the talocrual 

joint, the' tibiofibular syndesmosis, which links the inferior 

tibiofibular joint, is important fOL the stability i t ,provides to the 

mortise. 

Investigat~ons ,of ligament function have focussed primarily on 

geqmetric reconstructions, on mathematica4 models or. on a combination 

of the tvo approaches (e.g .. Zitzlsperger·, 1960; Simkin, 1982; Allard 

et al., 198-5). There is, hovever, still very li ttle known about the 

posi tion~dependent changes in length and" forces generated by these 

ligaÏnen t s . 
{I 

Plantarflexor·and Dorsiflexor Muscles 

Th~ muscles of the posterior and lateral compartments plantarflex 

the ankle. lncluded in the posteriôr comprutment are the tri..ceps 

surae (formed from the soleus ~nd. the medial and lateraI 

• 
gas trotnemii), tibialls posterior, flexo"r hallucis longus, flexor 

digi torum longus and plantaris. These muscles are innervated by 

.' 
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branches of the tibial nerve. P\roneus longus and brevis, the la teral 

,comp,artment plantarflexors that also evert the foot, are innervated 

'4 -

. 
via branches of the, superficial~ peroneal nerve. The an terior 

compartment muscles, including tibialis anterior, extensor hallucis 

longus, extensor digi torum longus and peroneus ~ertius dorsiflex ?the 

ankle. These muscles are innervated by branches of the deep peroneal 

nerve. 

50leus originates fri;)m the Middle third of the medial border of 

the tibia, from the pos~erior surface of the head and the upper third 

of- the shaft of the fibula and frQm a tendinous sheath a'rched between 

the upper portions of the tvo lover leg bones. Lateral gastrocnemius 

originates from the lateral aspect of the lateral femoral condyle. 

Medial gastrocnemius .. originates from the . ' popli teal surface of 'the 

femur above the medial condyle. The gastrocnemii thèrefore also act 
, 

as knee flexors. AlI three muscles are unipennate; the angle of 

pennation for soleus is âbout 0.35 rad, for medial gastrocnemius, 

about 0.3 rad and for laterai gastrocnemius about 0.15 rad (Alexander .. 
& Vernon, 1975). The more deeply lying soleus fibers join the 

, 
Achilles tendon from belo\{ vhereas the superficiai laterai and medial 

gastrocnemii . j oin i t from -a.bove; the Achilles tendon then attaches to 

the posterior border of the calcaneum. Together these thrèe muscles' 

comprise the triceps surae (T5). 

Tibialis anterior:. (TA) is a bipennate muscle vith an angle of 

pennation of about .15 rad. It originStes from the upper half of the 

lateral surface of the tibia and from the inteross~ous membrane. lots ) 

centrally located tendon passes beneath bath extensor retinaculi and, 

, 

j 
1 
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then attaches to t'he medial cuneiform bone and the adjoining base of 

the first metatarsal bone. THe location of this distal aHachment 
.. , 

vi th respect to the subtalar joint 'means that TA a1so acts as an ankl~ 

inverter. 

tarly determinations of muscle cross-sectional area (e.g. Fick, 

1910-1911) did not consider the muscles' angle of pennation. This 
~ 

error vas torrected by Haxton' (1944) who ca1culated th~ 

cross-sect~na1 area by summing the diame~ers of small strips of each 

mus'cle. In an 'effort to ob tain more realistic estima tes, Alexander & 

Vernon (1975) made their meas,uremel)ts on a younger, more robust 

cadaver and considered the muscle mass and thickness as vel.l. as the' 

angle of pennation. The T5 cross-sectional area VIas 102 cm 2 vhereas 

that of the only other plantarflexors studied, libialis posterior and 

peroneus l:ongus, was 28 cm 2 (Alexander & Vernon, 1975). The' 

cross-sectional area of TA vas 14 cm 2 whereas that of iis synergist, 

extensor digitorum longus, .... as 8 cm 2 (Alexanôer & Vernon, 1975). 

The TS moment arm is appr<>ximatelY 50 mm (Jergensen, 1951; 

Alexander & Vernon, ,1975), about tvice as, large as the o~her 

plantarf1exor muscle moment arms (Jergensen, 1951; Procter, 1980). 

Based on Fick's (1910-1911) estimates of cross-sectional are~, 

Haxton's (1944) value for absolute mus~c1e fo"r,ce and Jergensen' s (1951) 

measured moment arm lengths, Murray et al. (lQ76) estimated that the 

~ 
T5 accounted for about 80% of the total plantarflexor torque (Hurray 

etaI. , 1976 ) . However, the torque generated by a subject vhose TS 

had been completely excised was almost 40% of that ' exerted 
1 

by. the 
a 

.intact leg. Although this would appear to contradict the theoretical 

1 , 
" 
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• 
estima tes ?nd indicate that the contributions of the other 

p'lantarflexor,s are relatively important, it should be noted that these 
b 

l~tter muscles may have hypertrophied in the four month _period between 
-~ , 

the surgical excision and the experiment. 

, 

Considerably less information 15 available on changes in the 

magnitude of, the moment arm as a funct'ion of mean joint position. 

Prçcter, (1980) and Procter & Paul (1982) report, fur example, that the 

TS line of action shifted significantly, over a joint excursion of 

about .0~8 rad. Changes in TA and peroneus brevis action lines 

relative~ to the sole of the fo~t vere less than 0.1 rad over the same 

ROH (Procter, 1980). In another study, the magni~ude of the TS moment 

arm, 'determined from an articul{lted skeleton and from radiogtaphs 
~ 

obtained vhen the foot vas placed .at the extremes of range, estimated 

it ~o bé about 1.7 times larger vhen the ankle was plantarflexed than 

when it vas dors~flexed (Sale et al., 1982); the moment arm magnitudes 

were not, hovever, provided by these ~uthQrs . 

"./,' Conclusions 

The ankle joint is a complex structure that has not yet been 

fully characterized . Funda~ental issues related la the forces 
1 

generated by the individual soft tissues,. shifts in muscle and 

ligament action lines, and the changing axis of rotatiQn have not been 

resolved. It is therefore evident that sorne assumption,s will be 

required in any biomechanical analysis of this 'joint and that sorne 

important questions viII continue ta be unanswered. 

_:::"'1 
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One issue r~lated to the design of the experimenta1 paradigm ls 

reso1ved in view of the information ~resented in this section. Due to 

its re1atively la~ge cross-sectional a~ea_and mom~nt arm and- due to 

its superficial location, TS has ~en chosen ~o ~epresent thè ankle 
.. 

plant~rfle~ors. The rple,of TA as the dominant dorsiflexor· is 1ess 

evident; however,. in the 1ight of its superficial location, it has 

been chosen to represent the ankle dorsiflexors. Therefore, 
, ( 

electrodes p1aced over these muscles can be expected to provide~a good 

represe~tation of the contraction characteristics during' tonie 
, 

activity and to indicate the absence of activity in the passive state • 

. ANKLE JOINT RANGE OF HOTION !p 
\ 

f , 
. 

The e~tent and variabili ty of the ankle joint ROH is revi.e:wed in 

this section. ~ This information i~ used in the formulation of th, 

experimental paradigme 

Variability and Magnitude 

There is considerable variability in the magnitude of ankle ROH 
, ' 

reported' in the literature. This is due, ,in part, to different 

metHods of measurement, inconsistent use of anatomical landmarks and 
. 

the use of widèly varYing,paradigms. 
. . 

~or e~ample, go~iomet(J {Roaas &0 

Anderson, 1982) , radiograph:y (Weseley et aL, 
.' 

and 1969), 
, . 

" ~iner?diography (S~mmarço et al., 1973) are three very diffèrent 

methods' used ta record ROH. Results have been reported for ~ctive· 

(Glanville & Kreezer, 1937) and passive (Roaas & Ander~on, .19B2) 

'\1 
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non~weight bearing or during weight bearing (Yeseley et al., 1969). 

The ROH has.aIso been shown to chang~ with kn~e position (Sale et al:. 
\ . 

1982): 

Further variability in the ROM can be attributed to the 

anatomical and. physiologicai changes ,~hich resui t from, for exa~ple, 

pathology or. aging.- Traumatic ankle injuries affecting bony or 

ligamentous structurés can cause either decreased or inc~eased ROH 

(Sammarco et al., 1973). A small but significant decrease in ROH was 
~ . 

~ecorded for adu~t subjects (Boone & Azen, 1979). 

1ntersubject variability persisted even wh en the- above factors 

were strictly controlledi the ·ROM of -an homogenous group of 

middle-aged, male subjects varied between 0.5 to 1.5 rad (Segal, 1983; 

Roaas '0. Anderson, 1982). Thus, a priori estimates ô( a subject's ROH 

are not feasible. 

Axis, of Rotation" 

Although little research had been done to determine the .location 

Df the ankle axis of rotation and position-dependent variations in 

tha t loca t ion, i t was generally' though t . to run horizon tally (i. e 

parallel to the tibial plafond) and to behave as a simple hinge joint 

(e.g. CUQningham, 1943; 1nman, 1976). It Jas not until 1952 that 
1 

Barnett 0. Napier, based on examinations of talar shape and malleolar 

facet curvature, proposed the existence of an' oblique axis whos"e 

iocation d'epended on ",he ther the _ joint was do~siflexed or 
;tl-

plantarflexed. This resuit was ~upported by Hick's (195?) empiiicai 

.' 

r 

~ ., , 

1 
,l 

1 

. ~ 



20 

determination of the ankle:,axi's. Demps,ter'(195:;~ found that there vas 

an -erratic shift in the axis -over,'thè upper fhird 'of the troèhlea ud . , 
even larger fluçtuations have been shown in the cineroentgenograms 

taken of normal ankle,s (Sammarco et al., 1973). v 

There is, however, no consensus as to-whether the ankle "axis is 

multiple or ev~n double. The only study to examine a large number of 

specimens (Isman & Inman, 1969) used optical metho4s to locate the 

poinis of minimum motion. These researchers found that the axis could 

1 pe represented as a single location that passed just distal to the 

distal tiPi' of -the two malleoli . A rod that marked this location 

shifted by less~than 3 mm vhen the ankles vere rotated through the 

full ROH, demonstrating that this location provided a good estimate of 

the true axis. 

Hore specimens have since been examined (Inman, 1976) and these 

results confirmed the previous conclusiqn that the ankle axis of 

, rotation was single. A single axis of rotation was found in 80% of 

the specimens studied and the remaining 20% had axes that shifted by a 

relatively insignificant amount (Inman, 1976). The ankle axis of 

,~ rotation is therefore considerei, at least functionally, to be sjngle. 

It is obliquely oriented to the long axis of the tibia and directed 

'-iaterally and poste~rly vhen projected on a t~ansverse plane (Inman, 

1976) . 

• 
Functional Range of Hotion 

Thè ROH required for most daily activitiés is considerâbly lesa 
t' 
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than the maximum values reported abo~e. For example, locomotion at a 

'comfortable cadence requires no more than 0.5 rad ROH (e.g. Hurray ~t 

aL., 1964; Vinter et. aL, 1974; Stauffer_ et al., 1977). Ankle ROH 

decreased as the speed of valking increased (Stauffer et aL" 1977) 

but is considerably larger during running ~nd jogging (Caill~et,:. 

1983). Stair climbing requïres about 0.,5 rad ROH. In' contrast, 

. certain \ recreational activities require !i!xtremely large "sports and an 
\ 

~OH. For\examPle, the ~en pointe' position in classiçal blJ. 11 e,t 
\ 

requires ~hat the ankle' be plantarflexed to -1.5 rad; this eombined 

vith dorsiflexion means a tOtal ROM of more than 1.7 rad (Teitz, 

1982) . 

Conèlusions 

Several issues conee-rning the experinrental paradigm are resolved 

in, viev of the evidence presentéd in this'sectioQ. First, due to the 

~nability to prediet the subjects' expected ROH; a standard procedure 

must be used for the identification of maximum dorsiflexion and 

plantarflexion. Second, despite the relatively small ROH required for 

many functiohal activites, the ROM required for elite function or in 

'the case of pathology is often much largér. Horeover,' the ROH used in 

some movements, such as the maintenance of quiet stance, i8 small but 

~ocated near the extreme of the range. The effects of this parameter 

over the entire range viII therefore be studied. Third, in viey of 

the likelihood of large joint excu~sions, up to ten test positions are 

--required to adequ~tely characterize any position-dependent effects • 

• Fourth, because t,here appear to b~ relati vely smaH posi tion-dependent 

changes in the joi~t axts of ·rota~ion, the latt~r i5 assUmed ~o be 

" 
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.. " . 
fixed an.d locat~d ~n a\o~dance wi t~ Inman' s (1976) bony landmarks'. 

This information 15 ~s~d in the fabrication Qf the foot fixation cast 

aod in the placement of ~he cast in the ankle actuator . 

\ , 

KECBANICAL CORRELATBS OF ~ ANRLE POSITION' 
. , 

In this ~~ction the mechanical cor,relates of changes in mean 

ankle position are reviéwed. 'This information will 'aid "ln the 

i.nterpretation of the resul,ts p.resented in Chapters 4, "5 and 6. 

Muscle Length 

. . 
, 
There have been \ few 'tdirecr studies o~ the relation between 

,ch~ng~s in joint angle and changes in the length of the associated 

'., muscl-es. In' very early, vork,' Fick '(1892) attached strings between 

cadaver musçlè origins and the cut end of tendons. As the ankle was , . 
. r~tated, a veight suspended from the proximal end .of the string moved 

alorig a graduated scale, indicating thé magnitu~e of length change 

'" that would have occurred in the muscle had it ~been in si tu. 

Ambagtsheer '(1978) replicated this york with similar results for TA , . 

and soleus. 'Ilhen the ankle vaS 0 dorsiflexed by about 0.5 rad over 

mid-range, TA shortened by about 32 to '34 Mm vhereas soleus lengthened 

by 37 to 44 mm: A similar technique vas u&ed to estimate chang~s in 

f gastrocnemius length (Grieve et al., 1978). They founq'a 12% change 

- in length when the joint vas ·rotated by about 1 rad. 

--:----- ~ 
The magni tude ot changes in muscle and tendon length' in in~aét .. ' 

.' 
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subjec ts has' 'a1so been studied (Halar et al., 1978). $urgicai wir~ 

with a radiopaque marker was hooked into the gas t rocnemi us 

.muscle~tendon junction. Muscle and tendon lengths vere' th!n meas~red 

trom x-rays which had been taken at different angles. Changes in 

tendpn length ~ver the full ankle ROH vere less than 5 mm whereas the 

muscle lengthened by 42,mm, 24 mm from plantarflexion to neutrai and 
, -

18 mm from neutral to.extreme dorsiflexion. 

There hav~ been several attempts to calcula te theoretically the 

'c~rrespondënc'~ between j oin t angle and soleus muscle length a t the 

ankle in animaIs (Rack & Yestbury, 1969; Houk et al., 1971; Gosiow et 

• al., 197~) and i~lm&n (~ale et al., 1982). In these calculation~ the 

foot and lower leg have beefl rilOdelled 
\ 

as two arms of a lever. 

Assumptions related to 'the muscle origin ana insertion and the 

location of the axis of rotation have been made, the moment arm has 

~ . been'calculated, and, the relation betveen incremental ~hanges in joint 

angle and muscle length has been determined from a simple geometrlc 

equati'oFl .. 'In the cat, this relation is linear for angles within the 

~h~Si6Iogical RO~ (Houk et al., 1971). Comparable data were not 

'presented in the human stuày (Sale et al.~ 1982). 

, 
The significance of the' above results is questionable in .the '. 

light of t'Wo issues, the required assumptions and the correspôndence 
~ . 

between mus~le length and the length/tension relation. First, the 

experimental and theoretical approaches are relatively crude in that 
~ 

they invol~e assumptions that cannot be verified. For example, the 

sîmplification of soleus origin and insertion to discrete locations 

has not been experimentally verified. Second, knovledge 'of· whole 
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muscle length at different angles does not provide an estimate of 

sarcomere length." Since ft is the 'relation betveen the acd~ and 
'-

myosin fibril whieh . is the true indicator of the musele'S 

length/ ten.sion 

correspondence 

rela tion 

between 

(Gordon et "ai., 1966), it is the 

joint angle and 4oss-bridge overlap, rather 

than total muscle length, that is needed. 

Joint Torque 

~,.. . 
With the ankle loc~ted at the'extreme of its plantarflexor range 

the passive dorsiflexor torque ranged from about 5 to 10 Nm (Bogins, 

1969; Gottlieb- & Agarwal, 1.978; Tardieu et al., 1982). As the ankle 

vas dorsiflexed, the passive torque -decreased in a curvilinear fash~on 

and became very small near the middle of' th~ ROH. It then became, a 

progressively larger pla~tarflexor torque as ,the ankle was rotated to 

maximum dorsiflexion. 
• 

dorsiflexion vas about 

-The passive 

twfce as 

torque gene~ at 

-------
/' 

'maximum 
. 

large as the· torque generated at 

maximum ~lantarflexion (Tardieu et al." 1982) 

Gottlieb and Agarwal (1978r reported 1.5 to 2.5 fold incrëases in 

TS, twitch torque vfien it was evoked in 0.26 rad dorsiflexion as 

compared to 0.26 rad 
1 

Similar tvi tch . ' 1ncreases I?lantarfl~xion. in 

torque over the same ROH have been reported (Sale et al., J982). In 

this latter study, the magnitude. of twitch torque increased still 
wh' 

.further wh en the ankle vas rotated from about 0.5 rad plantarflexion 

resulting in a nearly 30 fold increase .. The magnitude of dorsiflexor 

torque evoked by a single TA tvitch also changes vith joint angle, 

decreasing from 4 to 1 Nm when the ankle vas dorsiflexéd from 0.5 rad 

o· 
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plantarflexion to 0.35 rad dorsifl~xion (Harsh et al., 1981). 

Active isometric plantar[lexor torque, generated at levels 

varying from 12.5 to WO% of the subject's maximum ~olùnta:ry 

contraction (MVC) increased ~onotonically as 
o 0 

the ankle \tas r'otated 
1 

trom 0.5 rad pfantarflexion to about 0.17 rad dorsiflexion. It then 

plateaued as the ankle vas rotated t? extreme dorsif~exion (Herman & 

"~Bragfn. 1967). Whep the a~kle vas ln ~id-pbsition. the torque 

developed during an MVC ~as 50% greater vhen the knee vas extended 
" 

than vhen it vas flexed (Sale'et al., 1982). Hovever, regardless of 

knee pOSl t ion, TS MVC' vas grea test ",hen the ankle vas near. extreme 

dorsiflexionj the mean maximum tOFque generated by' the 20 male' 

subjects 'in this study incr.eased f["om just under 40 Nm at about 

0.5 ~ad plantarflexion to greater than 175 Nm at 0.25 rad dorsiflexion 

(Sale et al., 1982). 

- The demonstration .of the posi tion-dependent c}langes in the 
o 

magni tude of the tor,que generated in response to single or tetanic 

stimuli vr by voluntary contractiops has been used to support the 

hypothesis that significant changes in muscle length result vhen the 

ankle joint angle is altered (Marsh et· al~, 1981; Sale et al., 1982). 

Hdwever, a number of alternate mechanisms could also account for this 

result. As indicated above, lhe tissues responsible for . the 

gene~ation of passive torque have not been id~ntified and' May be due 

to tendon, ligament, Joint capsule tissue in addition,to the passive 

component of muscle. Morèover, position-dependent changes i9 muscle 

moment arms and reflex activi"ty could account for posit,ion ~ensitive 

alterations in actively-generated torque. Therefdre,.this issue must 
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a1so remain unresolved. , \. 

\ 
Qynamic Stiffne~s ' 

, \ 

The posi tion depeQdence oJ aOfle joint qynamic stiffness has been 

investigated by Gottlieb & Agarwal (1978) ov~r a small range of me an 

angles when the ankle muscles were relaxed an~ for one low contraction 
, ' 

1evel in TA and ,in TS. Trey demonstrated an increase in both the 

, vis:ous a~d elastic paramet~s when the relaxed ankle vas rotated from 

about 0.2 rad dorsiflex;i'on to about 0.2 rad plantarfle~i~n. The 
co. , 

/ 

stiffness/ankle angle r~lation vas mOQelled as linear vith a slope 

that was indevender of' the level of tonie muscle activity. 

inertial parameter did not vary with joint angle. 

, , 
These re~ults are of limited use, however, for two Teaso~s, 

The 

both • . 
related to the study's scope. First, lonly a small percentage of ankle 

angles vas studied. While this ROM was reasonab!e for investigatirig 
, 

the effect of m~an dorsiflexor po~itions, it was inadequatedfor the 

exami!ation of (plantarflexor 'langles.' Second, the level of 

ton~ally-m~intained muscle activity was extremely low. Therefore, J 

any conclusions regarding e}t~er the passive or active pdsitfon 

dependence of the joint mechanics are pcemature. 
Q " 

Conclusions 

" , 
.' 

The only available kinematic variable is the joint position. It 

is evident th~ there ~s' slmply too little information to make any 

definitive concldsions about what i~ happening to the soft tissues 

, ( 
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wh"en the ankle is rotated. Thus we·canno~ know with"any cer,tfinty 

what are the changes in the whole muscle length and )certainly Bot what 

they would be at the sarcomere level. The only available kinetic 

variable is the net joint torque. This makes it impossible to know 1 

the forces generated by the individual hard and soft tissues. 

SENSORY CORRELATES OF HUKAN ANKLE POSITION 

\Then the ankle joint is rotated to and then maintained ln ~,a new 

position, changes will occur in the associated hard and soft tissues: 

the muscles and ligaments of one compartment will shorten wheryas 

their antagonists will lengthen, the skin will be distorted, and the 

'" tissues lining the joint capsule will be ei ther stretched or 

compressed. In this section the results of experiments designed to 

examine the afferen t responses ~o such changes in me an ankle posi tion , 
in man are presented. Regrettably,' the techniques JJJpre comm~nly used 

to investigate suth phenomena in animal ,studies, ~ example single 

uni t :ecordings !rom sPinal' cord, dorsal root.~g1ia .and peJipheral 

nerves, are evidently not amenable to investigations in a human 

subj ec t. Indeed, investigations in man have reliecl on only two 

techniques, H-reflex and micrdheurography. The Evidence 
~ 

provided by 

each of these r€ch~ques and an assessment of their limitations are 

presen ted below. 

H-reflex Studies 
1 

Position-dependent changes in the H-reflex nave been extensively 

'-1 

/ 

/ 

" 
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. examined. Stimulation of thé" tibial nerve resulted in responses that 

vere markedly reduced in ampli tude during or folloving passive 

dorsiflexion of the relaxed ahkle (Paillard, 1960; Mark et alf, 1968; 

Robinson ,et al., 1982). .These findings have" been corroborated by 

another, related paradigm in which 'the threshold'for the M'and H 

'responses vere measured aB functions of ankle angle (Davies & Lader,' 

1983) . The ratio of the ~hreshold of H to the threshold of H 

increased by a- small, but statistically significant amount as the' 

ankle was progressi vely dorsiflexed. In contrast, when " the 

passively-maintained ankle posi tion 'Jas c·oupled 
'.1. 

vith 

tonically-maintained contraction of the ankle plantarflexors, the 

5 t retch-rela ted inhibition of the H-reflex 'Jas eliminated and the 

response vas facilitated (Mark'> ~t al., 1968; Delvaide & Hugon, 1969). _ 

Identificatipn of which afferents mediate this response has been 

basad 
" ", 

" on number of indirect lines of investigation. First, 

decreases in the H-refle~ amplitude were observed in the absence of 

ankle movement vhen soleus was stretched by pressure applied to the 

Achilles tendon (Mark et al., 1968; Burke et aL, 1971; Delvaide, 

1973; RobInSOn et al., 1982). It ...,ould app'ear, therefore, that joint 

receptors vere not responsible for the inhibiti~n of the H-reflex. 

The role of the skin receptors also appeared to be negligible; the 

application of -local cutal1eous anesthesia -did not alter H-reflex 

response to position (Robinson et al., 1982) and pressure applied to 

the skin"adjacent ta the tendon and on the heel had no effect ,on the 

magnitude of the H-reflex ...,hen ankle posi!ion was not altered (Mark et 

,al., 1972; Robinson et al., 1982). 

,. 

, . 
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• 
The pos"i tion:dependent depression Qf the H-reflex May have been 

mediated by tendon organ receptors sinee ankle dorsiflexion results in 

a large passive plantarflexor torque (Gottlieb & Agarwal, 1978; 

Tataièu et al., 1981). Alth~gh tendon organ~ are considerablY'more~ 

sensitive to actively-generated tension, tendon organ inhibition of 

the a-motoneuron pool via disynaptie or polysynaptie pathvays remalns 
~ 

a possibility (Eccles et al., 19~; Alnaes, 1967; Stuart et al., 1970; 

Houk e~ al., 1971; Burke et al., 1971; Robinson et al., 1982). 

'" 
Finally, spindle afferents represent another means by vhich the 

.position-dependent response could be mediated. Diffuse infiltration 

of TS by procaine anesthesia resulted in a removal of the 

position-dependent depression of the H-reflex (Burke et al., 1971). 
" 

In contrast, 'Ischemie nerve 610ck did not alter the original response 

(Burke et al., '1971). Since anesthesia by the fomer technique acts 

primarily on the smaller dlameter fIbers (Ma~ews & Rushvorth, 1957ar; . . 
1957bj 1958) vhereas anesthesia by the latter technique acts primarily 

----
on the larger diameter fibers (Magladery et al., 1950), it May be that 

t9é sj>indle secondary,. inhibi tory afferent connections (Eccles & 

. 
Lundberg, 1959) are responsible for the observed H-reflex depression 

(Burke et al., 1971). Sueh a 

however, in the light of findings 

excitatory connections (Kirkwood 

possibilitl is open to argument, 

vhich indicate spindle secondary 

& Sears, 1974). Moreover, other 

possible mechanisms, including spindle prImary pre-synaptie inhibitory 

connections (Delwaide; 1973; Burke & Ashby, 1972; Robinson'et al., 

1982) and occlusion of the spindle primary excitatory drive by its 

static function (Burke et al., 1971), have not yet been adequately 

explored. 

,0 
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Hicroneurography 

HicràneuFography i5 a techniq~e tbat was first developed by 

Vallbo & Hag~arth (1967) to record trom s~ngle peripheral human netve 

fibers. Yhile lthis technique has been used to examine afferent . 
responses' to, for example, chan~es in load, small-amplitud~ 

pèrturbations of joint position, and vibration (Burke, 1~81), their 
.. 

response to tonically-maintained changes in joint position has been 

investigated in only a fev studies (Vallbo, 1974a; Vallbo èt alo, 

1981; Hulliger et al., 1982)." 

Spindle afferents located ip the finger extensor muscles were 

moni tored during and following passive rotation of the 

~etacarpo-phalangeal joint (Vallbo, 1974a) . The di~charge 
1 

rate of 

spindle afferents muscles near their resting 
\ 

low in length was very 

vith less than 10% of the spindle primaries discharging. However, the 

rate of steady state discharge in both spindle primaries and 

secondaries increased lihearly as the joint vas maintained at angles' 

associated vith longer muscle lengths (Vallbo, 1974a)A This study was 

restricted to only the functional ROH for the metacarpo-phalangeal 

joint; angles near either extreme of 'the ROH vere not tes~ed. 

Invèstigations of actively~maintained joint position indicated an 

"absence" 6f spihdle afferent response~"iit tasks involving voluntary 

position holding at different joint positions (Vallbo et al., 1981; 

Hulliger" et al., 1982). Again spindle recépto\s in the long flnger 

extensors were monitored during changes in metacarpo-phalangeal joint 

angle. Th~se authors concluded tqat, in contrast to' the evident 
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sensitivity of the spindle receptors' to passive .. muscle' stretch 
.. 

(Vallbo, 1974a; Hulliger et al., 1982), neither spindle primary n~r 

secondary endings provided an active position-dependent reSp,onse 

(Hulliger et al., 1982), at least for the relatively small amplitude 

and small load movements studied to date. lt was suggested the 

di Îferences in the spindle r.esponses to passive and active position 

maintenance may be related to 
, ' 

activity-related differences in the 

extent of fusimotor drive (Vallbo, 1974b; Hulliger et al, 1982.). 

There have been comparatively few microneurographic recordings 

from tendon organ afferents, a phenomenon whiéh reflects the procedure 

followed when searching for an appropr~ate retording sité (Prochazka & · 

Hulliger, '1983) rather than being indicative of a paucity of these 

a~ferents which are of a comparable quantity to the number of spindJe 

primary and secondary afferents (Houk ~t al., 1979). Thus, to datej 

no conclusions regarding the role of tendon organ receptors can bé 

drawn from microneurography. 

Conclusions 

The ~esults of H-reflex s~~dies should be viewed with caution. 

In this technique, a highly non~physiological stimulus is employed to 

\test for sub-threshold changes in motoneuron excitability (Hagl~dery, 

1951; Hugo/1, 1973). The positiQD-dependent response to electrical 

stimuli may differ conside~ably ·from. more functional stimuli ln which 

,the mus,cle is overtly ·stretched. This Qleans that the relation between 
, 

the H-reflex and. the stretch reflex is uneertain sinee. these two 

responses diffe~ tn the afferent fibers .activated by the stimuli, in ',' 
," 

\ 
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the" pattern of activi~y in the 'activated afferent fib~~s, in the 

dispersion , of the afferent volley, and in th~ motoneurons 

participating in the'refJex contraction (Burke, 1983b). In the light 

of'such differences, the results of H-teflex studies cannot be used 'to' 

further our understanding df the position-dependent behaviour of the 

str~tdl reflex. 

, " , 

In contrast, microneur~~raphy represents a 'significant 

~reakthrol\gh in 'the study of the afferènts me~iating movements in 

intact man although there remain three difficulties vith it~ fise. 

First, the classification of afferents, and in particular 
-

distinguishing betveen spindle primary, spindle secondary and Golgi 

téndon organ receptor~ can be ambiguous {Prochazka & Hulliger, ~983). 

". 
-" Second, there are problems associated the stabili ty of the 

recordings with the result that the amplitude; speed and force of the 

contraction are restricted to~ the lower 'end of the physiological 

spectrum «Hulliger êt al., 1981; Hulliger &,Vallbo, 1981; Pr9chazka & 

Hulliger, 1983). Third, this technique cannot be used vith equal 

facility on aIl nerves. Thus, for examp,le", the posi tion~dependent 

afferent responses of receptors in TA have been examined whereas those 

of T5 have not. Despite these limitations, microneurography remains a 

very promising technique for the.investigation of reflex funetion in 

intact man. 

.' 
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CIIAP'l'ER' 3: HETBODS 

INTRODUCl'ION 

This chapter describes the g~nerai experimentai methods common to 

a11 stud"ies presénted in this thesis. Specifie details pertain~ng to 

individuai experiments are provided as required .in Iater chapters .• 

, ' 

This cha~ter has been organised into five sections as indicated 

Fig. 3.1. These sections· inciude: details related ta th~ 

experimental paradig~; information concerning the computer control of 

the experiments and 'subsequent analyses; descriptions of ttte stimulus _ 

variablès and the éq~ipment controlled by these stimuli; an outline of 

the data acquisition procedures; and a reviev ~f the methods used for 

data analysis. . .. , 

EXPERIMENTAL PARAPIGM 

. 
Subjects 

Seven healthy men' and vomeh, aged 24 to 37 years, partic~pated'as' 

subjec ts' in these experiments. They included the principal 

investigators as weIl as other un~versity personne! vho vere paid. 

Subjects vere designated by numbers (e.g. SI, S2) which denoted the 

sequence in which they vere tested. 

_. 
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DATA ANAL YSIS 
EXPERIMENTAL 

'1--
STIMULUS VARIABLES .,.. l PARADIGM and EQUIPMENT 

COMPUTER 
• 

CONTROL 

1 
, 

, . PDP-l1123+ --. 

Û < l 
DATA ACQUISITION 

0 NEXUs 

Pig. 3.1: ,Block diagram showing the five sections presented in this 
chapter. 
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"'hole Body Fixation 

. 
Subjects 1ay supine on the experimental table as 'shown in 

Fig. 3.2. The head was turned ta the l~ft facing anl osci}loscope 

display of a. tracking stimulus and torque feedback. ',The,' arms were 

extended at the ~ides of the body, the hips ve're moderately abducted, 
- , 

and the knees vere fully e~tended. The right foot vas supported on \ a 

pedal and the left foot vas attàched to the ankle actuator, via'a 
" 

polyurethane- foam cast. This posture vas ~aint~ined by vide straps 

over the' pelvis, thighs, and the right foot., The Taboratory lignts 

vere dimmed'during the experiments. 

To ensure the subjects' comtort, the experimental table 'was 

covered wi th 5 mm closed cell sponge neoprene' (E. F,' Val ter, Hodel 

6327): This covering v~s no~-conduç~ive and 50 insulated the su~ject 
{ 

from potential current" leaks. Pillows vere placed beneath the head 
',-

and under the back at ,tHe level 'of the lumbar lordosis. 

Foot Fixation 

. 
The experiments çlescribed in this thesis entailed 'rapid, 

.,j, 

precise 

," changes of limb· position and 50 required that limb movement relative 

to the apparatus be minim~zed. Tradi~ional methods' of subject 

fix;tion" such as straps or clamps vere judgèd to be.unacceptable; 

th~se could cause local ischemia, pain, and skin injury or coulq 

directly" perturb the muscles being investigated, .hampering the study 
" , 

of their behaviour in response ta the applied joint perturbation. 
f 
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Fig. 3.2: Photograph of a 'subject positioned on the ~experimental 
table." The subject's left leg 1s attached,to the ankle actuator via 
the polyurethane foam cast. His head ls turned to face the 
oscilloscope'which is displaying th~ tracking stimulus. 
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These problems vere avoided in the present experiments by the use 

of custom-fitted: polyurethane foam, block casts vhich were strong, 
. 

rigid, and distributed the forces over a vide skin surface area. Thë 

moments of inertia of these casts vere of similar magnitude to those 

o()the subjects' feet. They neither restricted the dynamic response 

of the actuator nor introduced spurious elastic and viscous forces. 

An overviev of the method is presented here; the 

prevlously reported (Veiss et a~., 1984a). 
.r 

The casts vere made by a simple technique 

accurate neg'atives "of the subject's fo,bt. 

details 'have been 
. 

; 

, 1 

that resulted in 

Once cured, the 

polyurethane foam vtis non- toxic to the skin, ,a1d emi t ted no hazardous 

fumeS (Burrovs, 1983). The ~itting 'piocedure required little 

coo~eration from the subject, d1d not ca~se discomfort:" and ,could be . 
~comple!ed in less than 20 min. 

Construction of a cast consi~ted 0 three steps: (1) casting a 

plaster negative of the foot; (2~ cas ng a dental stone positive; and 

(3) casting the final polyurethane foam foot cast. A detachable 

aluminum mold vas used during aIl t ree steps, In the first step, the 

subjéct's foot vas covered with a thin layer of petroleum, jelly and 

positioned in the mold. The asting material (six parts plaster of 
." 

paris 'to one part sand) was com ined vith four parts water at 37° C. 

The fluid mixture ~s poured, 'nto the mold and set vithin 15 min. The 

sand served to veaken the pl ster çast 50 that it could be split in 

two for rapid release of he subject's foot. The temperature of the 

plaster/sand negative vas measured in order to ensure that it remained 
, 

vithin comfo'rtable limi S; it did not exceed 35° C for at least 5 min 

" 
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'after it was hard enough to ,be split. 

In the second step, the two pieces of plaster negatlve vere 

(eturned to' the mold and a fluid mixture of a very hard plaster 

"(dental stone) vas poured in. After setting (approximately one hour)~ 

the relatively soft plaster negative vas destructively removed from 

the hard plaster positivë. The axis of rotation of the ankle vas 

identilied on thë positive using anatomical iandmarks described by 

Isman & Inman (3 mm~istal and 8 mm anterior to the distal tip of the 

l.ateral malleolus and 5 mm distal to the distal tip of the medial 

malleolus; 1969) and a 6 mm hole was drilled through the ax~s. The 

dental stone posi tive vas then returned to the mold vhere i t -'vas fixed 

in the correct ~osition by a 6 mm diameter stainless steel rod driven ~ 

through the ankle axis of rotation. 

• 

Finally, the isocyanate and resin components vere mixed and 

poured in,to the -mold. The resulting polyurethane foam expanded, 

enveloped the po~itive, fille~ the mold, and ~ecame very' hard vithin 

two hours. The rigid po~yurethane cast vas then removed from the mold 

and eut in haIt long!tudinally. The positive vas removed and the 
"-

edges and inner surfaces were lightly sanded to remove sharp edges and 

rou,h !pots . 

.... 

Cast comfort and fi t vere check.ed prior tQ .experimentation; the 

halves of the cast were tightly secured about the subject's foot vith 
() 

velcro straps and bolted onto the'laboratory ankle actuator. If thé 

cast caused undue discomfort or allowed unacceptable movement of the 

foot it was discarded. Fig. 3.3 shows a typical finished cast and 
- \ 

, . 
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illustrates th~ good fit obtained. 

The typical overall density of the casts resulting from this 

procedure vas 280 kg/m 3 vith masses ranging from 0.8 to 0.9 kg. The 
., 

moment of inertia' of the laboratory ankle actuator vas 0.015 kgm 2 an'd 

that of the combined actuator and foot, cast was app~oximately. 

0.025 kgm 2 • The polyurethane foot casts thus had moments of inertia 

ih the range of 0.01 kgm 2 ,'values which are comparable to the moments 

~ of inertia of the subjects' feet (Dempster et at., 1955). 

Ankle Joint Range of Hotion 

The ROH was measured vhile. the foot vas attached to the actuator.< 

'~he NP was determined by locating the ankle angle at vhich no passive 

joint torque \Jas generated. The ankle vas then rotated from the NP 

toward maxialUm dorsiflexion and tovard maximum plantarflexion. 
..... . ., .. : 

Oisplacement in each direction continued until the subject could. 

,toler'ate no further nlovement 'or. until motion of the ipsilateral knee 
< 

or lower leg was discerned. Standardïzed methods for the' 

determination 'of t·he ROH are not available (Roaas & Anderson, 1982), . , 
hence this subjective, but repeatable procedure, vas use~. 

( 

The foot was tompletely encased in the cast, poiteriorly as high 

as the talar head and anteriorly as far as the navicular and cuboid 
'-- ' , 

bones (cf. Fig. 3.3). In arder to minimize loss of ROH and yet 

maintain ade~uat~ limb fixation, cast height posterior to the malleoli 

was decreased' by 15 mm. (Fig~ 3.3 i~ a photograph of the original 

cast and does not' show the reduced height.) In spi te of, this 
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Fig. 3.3:' Photograph of the ha Ives of a completed polyurethane foam 
cast. The subject's foot is in the.right half of th~ cast. The empty 
left side of the cast illustrates that the final cast i8 sm~~h, 
unif~rm negative that replicates the contours of the subject's foet. 
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modification, goniometer measurements on the freely-moving foot 

indicated that the cast reduced ROH by as much as 0.2 rad. A further 
-

0.1 rad res triction on the ROH resul ted from the ankle perturbation 

(see below) . Never theless, comparisons of the subjC~c ts' 'fixed' and 
. 

'freely-moving' ROH indicated that at least 85% of the total ROH was 
./ 

tested in thesl experiments. 

For five of the seven subjects, the ROH was divided iota ten 

equally-spaced mean posi tions. Only nine positions were tested in the , 

other two subjects since their ROM ,\as smaller. 

were sep~ra ted by about 0.1 rad. 

General Pr.o t ocol 

Adjacent positions 

The subject was posi t;ioned on the table and the left foot' rotated 

to one of the test posi tions. AfteJ; a 5 min pause, the ankle was 

~to<!.has tically displaced. The pause was imposed since the passive 
) 

joint torque took some time to stabilize. \lhen the ankle was rotated 

to the extremes of i ts range, the tor.que decreased by as much as 5 Nm '. 
1 

during the first 5 min; at mid-range positions this phenomenon vas .. 

negligible. 

,} 

During some trials subjects were requested ta exert no volunta l y 

muscle effor t while the ankle was being perturbed; otherwise' they were 

instructed to match -the torque feedback signal with the displayed 

tracking stimulus. This procedure was then repeated fO) the remaining 

me an joint positions. ' 

r 
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COMPUTD COM'l'ROL 

AlI experimental and analytic proced~res were controlled by a 

PDP-ll/23-Plus mini computer (Dig! tal Equipment Corporation) using 

Nexus,_ a language for the analysis of signals and systems (Hunter & 

Kearney, 1984). The programs written in Nexus (modules) a,re appended 

a t the end of the thesis. These include the modules used to operate 

the experiments (Appendix"I), generate the stimulus variables 

(Appendix II), run the data acquisi tion programs (Appendix III), and 

analyse the da ta (Appendix IV). The ankle aC,tuator servo system gains' 

and safety limi ts were controlled by a LSI-l1 microprocessor (Digital 

,Equipment Corporation). 

STIHULUS VARIABLES ~. EQUIPMENT 

;!.hema tic represen ta t ion 0 f the eQuipmen t used during the 

experiments is shown in Fig. 3.4. Details reiated to the stimulus 

variables and equipment are shown in the block labelled 'Stimulus 

Variables and Equipment~.· The bOKes within this block represent the 

equipmen t used to display and control the two stimulus variables: the 

signal used ta drive the ankle' actuator and the target tracking signal 

di splayed on the osei lloscope. 

Ankle Actuator 

The ankle joint 'was displated by a u rotary electro-hydraulic 

actuator (Rote.c Hodel RN-32-1V) (lÇearneyet al., 1983). Actuator flov 
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Fig. 3.4: A block diagram showing schematically the equipment used 
during the experiments. See text for details. 
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. 
vas controlled by a servo valve (Hoog Hodel 73-104). The actuator, 

operated in position-control mode, vàs able to produce.velociti~s 

exceeding 26 rad/s. 

The dynamic response of the anklé actuator was determined using 

stochastic system identification techniques. The gain was fIat until 
'\ . 

25 Hz but then decreased at about ,60 dB/decade. Nevertheless, the 

actuator cou Id apply dis'placements containing power adequate for 

syste~ identification at frequencies up to 50 Hz. 

The safety of actuator operation vas ensured by four independent 

mechanisms: mechanical stops, a hydrau},ic ~top, a 'panic' button, and 

the. LSI-ll, microprocessor. The mechanical stops consisted of two 

aluminull1 sleeves bolted to the pedal support at locations 

corresponding to the extremes'of the subject's ROH. The hydraulic 

stop was also adj us table and removed power from the actuator if the 

foot pedal was r9t~ted beyond the subject's ROH. The subj ec t coul1! ' 

haIt 
1 \ l\ 

actu~tor Q,peration at will by depressing the ,'panic' button that 

acted by stopping flow to the actuator. Finally, the LSI-ll 

microprocessor con trol sy~ tem limi ted 'displacements, velocHies, and 

torques to pre-determined va~~$~~ 

-~-----

The' ankle could be rotated to wi thÏn 0.001 rad o~ the desired 

angle ,when the leg remained strapped.to the table and when the foot 

remained attached to the actuator. However, alteration of left limb 

fixation could disturb the location of the NP by ~s much as 0.1 rad. 
r 

-~he leg straps and foot cast were therefore not removed until the enq 

of each experiment~ • 1 
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Actuator Input 

A 1000 point pseudo-random binary sequence (PRBS) was repeatedly 
~ 

displayed at 400 Hz by a 12 bit DIA cO,nverter (Digital Equipment 

Corporation, Hodel AAVII-A). The duration ~J each seq~ence was thus 

2.5 s. 

The PRBS vas applied as input to 

, 

." the servo amplifier thereby 

driving the actuator to stochastically displace the ankle joint. The 

frequency content of this displacement vas limited to 50 Hz by the 

low-pass characteristics of the actuator as described above. The gain 

was adjusted so that the peak-ta-peak amplitude of the displacement 

vas 0.09 rad. 

4nkle joint dyna~ics are modifie~ by the amplitu~e of the joint 

perturbation (Kearney & Hunter, 198,2). It vas, ttierefore, ne~essary 

ta ensure that the displacement amplitude did not vary consistently 

vith mean position. An examination of the ensemble average (Fig. 3.5, 

to~ graph) and standard deviation (SD) (Fig. 3.5, bottom graph) of the 

ankle displacement records sampled at ten diff~rent angles over a 

subject's ROM demonst~tes that the perturbation applied at aIl mean 

positions vas very similarj the magnitude of the ensemble SD:vas less 

than 0.015 rad. Moreover, the dynamic response of the actuator (not 

shown) vas similar at aIl mean,positions. It is therefore concluded 

that systema"tic variations of the perturbation amplitude vi th joint 

angle vere not a problem. 
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Fig. 3.5: The average (top graph) and standard deviation (bott6. 
graph) of posi tion records sampled at" ten di'fferent me an joint angles 
throughout the ROH. 
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Tracking Stimulus 

A second eomputer-generated stimulus vas used vhen the subject 

vas r~quired tri maintain tonie muscle contractions. This signal, 
... 

1 scaled to elici t th~ required level of ei ther dorsi flexor or 

~l~ntarjlexor tonie aetivity, appeared as a continuous line od th~ 

, oscilloscope (Tektronix, Hodel 2215). 

DATA ACQUISITION , 

the 

The four" sampled signaIs, shown sehematically in Fig. 3.4 vithin 

block labelled \Data Acquisi tion~, included ankle angular 

position, ankle torque, and TA and TS electromyograms (EHGs). The 

boxes vithin ·this bloek represent the equipment used to amplify, 

filter, and sample these signaIs. 

Angular Position and Torque Transducers 

l ,lr"W' 

A plastic film rotary position transducer (Beckman helipot, Hodel 

6263-R5K-L.50) vas used to measure ankle angular posiJi.on. Ankle 

torque vas measure,d vi th a very stiff '(50,000 Nm/ rad) torque 

transducer (Lebov, Hodel 2110-5k). A torque feedback signal vas 
" 

generated by filtering ~he torque'with a 2-pole lowpass filter 
1 

having 

a cu t-off /requeney of 1 Hz" This signal vas displayed to the subje~ t 

on· tite oscilloscope. , 

.' 
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RIec t romyograms 

1 

Disposable surface electrodes (Hevlett Packard, Hodel 14445A), 

oriented in a bipolar configuration, parallel to muscle fiber. 

direction, vere used to detect EHG from TA and TS. The skin vas 

shaved and rubbed briskly with ethanol prior to electrode attachment. 

TA electrodes vere placed just lateral to the tibial crest about 50 mm 

distal to the tibial 
. ,. 

tuberos] ty. TS electrodes were placed on the 

calf mid-line just distal to the heads of the gastrocnemii. A ground 

electrode vas placed over the patellar head. These elec t r6d~ 

locations vere chosen to obtain a good representation of the over~l 

aètivity of the' muscle group. 

Elec trodes vere connec ted to custom built differential 

preamplifiers incorporating an instrumentation amplifier (Burr-Brovn, 

Hodel 3620), svi tchable" gains, external offset control, and isolation 

switehes (Ohmie Instruments, Model IS-100). The latter devices vere 

in .set)ies vith the electrodes and ac~ed to ~imit cu,rrent flov to. the 

subject to less than 100 ~amp. The amplifier common mode rejecti~n , 

ratio vas 100 ,dB. 

The raw EHG signal,s vere then processe~ by fil ter ampli,fiers that 

were constructed from 2-Pole high-pass Bl,ltt~rvoJ;th. filters (Frequency' 

Deviees, Hodel 772BT-2) and 4-Pole lov-pass Bessel filters ~(Datel 
~ 

Sys tems, Hodel' FLT-LP4LSK). -The r.av EHGs vere high-pass fil tered 

(10 Hz) .. fuH-vave tectified, and then lov-pass filtered (1000 Hz). 

In order to maintain the,polarity conventions (dorsiflexor position 
. -and torque positive, plantarflexor position and torque nega t ive), 

/ 

\ 
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TA~ EH~s vere positively rectified and TS EMGs vere negatively 

Antl-aliasing Filters 

AlI experi~ental signaIs vere lovpass filtered· (S-pole lowpass 

Bessel filters; Frequeney Deviees, Hodel 902LPF) at 50 Hz prior ta 

being sampled at 400 Hz by a 12 bit analog-to-digital (A/D) convert~r 

(Digital Equipment Corporation, Hodel AXVI1-C) vith a dynamie range of 

±5 V. 
1 

! / 

DATA ANALYSIS .' 

The methods used to determine the passive and active joint 

mechanics, sta-ti.cs, and reflex dynamics are outlined in this section. 

Actuator/C~st Dynamics Correction 
~ 

A portion of the sampled torque signal ,vas due ta the dynamics of 

the ankle actuator and foot'cast. It Vas necessary to identify and 

remove l~is torque prior to further analysis. This vas accomplished 

by the fql,lowing p'rocedur~. First, the impulse l;'esporise fundion 

(IRF) between the actuator/cast position and ~ torque was determined 

trom data obtained in a pre-experiment calibration trial. Then each 

experi~ental position record was convolved with this IRF~ Finally, 

the resulting estimate of the actuator/cast torque vas subtraeted from 
. 

the sampled torque. The signal generated' by this procedure wiil 

\. 
, ' 

'. 
ç '.\. 

.. 

1 
1 

... ~ 

'. 
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'henceforth be referred to as the torque. , .. 

Initial Data Procéssing 

The initial analysis procedure had three phases: (1) the sampled 

signaIs were checked for sta'tionari ty; (2) the data were ensemble 
-
averaged and; (3) the statie behaviour of the signaIs vas de~rmined. 

These procedures are illustrated vith reference to the torque records 

tnown in Fig. 3.6; the position and EHG data were treated similarly. 

Torques' recorded during repetitions of the PRBS stimulus 

sequence, Xl' X2 ' ""XS arè shown in Fig. 3.6 (top graph). The time 

average of each record, the interval ~ean, ~i' is indicated in each 

graph. Interval means vere examined ta monitor stationarity over the 

five (and in some cases 25) stimulus repetitions. Significant 

departures from stationarity occurred occasionally, particularly when 

subjec t~ tracked the highe,r force levels. Since the ankle joint 

-dynamics change vith mean torque (Hunter & Kearnèy, 1982), data were 

discarded if the 5D of the torque interval means was larger than 

1.0 Nm. 

The ensemble average, X, vas then calculated (Fi, 3.6, bot tom 

graph) . Averaging was not strictly necessary for determination of 

joint mechanics, but was required for identification of the reflex 

dynamics (see Chapter 6 'for further details). The time average of the 

ensemble, the Mean value, ~, was used as a measure of the static 

values of each signal. 

" 
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Xl 

P,1 

,~-
~~ 

.----
P,2 

• 
• 
• 

Xs 

J15 

l' 
p 

X 

. ., 
Fig; 3.6: Diagram illustrating the procedure used for initial ~ata 
processing. Each torque record, Xl' X2 , .' •• IS,·vas sampled during one 
repetition of the stimulus sequence. The time average of each record, 
called the interval mean, vas calculated. The five records vere 
ensemble averaged and the time average of the ensemble, called the 
mean (~), vas calculated. 
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i 

For trials in whlch the subject remained at rest, the Mean torque 

vas used to identify the ,change in passive joint torque that resulted 

vhen joint position vas altered.· In thes~ cases, me an EHGs vere 

examined in· order to verify that there vas no muscle activity. For 

trials lin whieh the subject maintained a tonie contraction, mean 

torque and EHGs vere used to determine the static relation betveen 

tbese tvo variables. Finally, me an antagonist EHGs vere examined in 

order to monitor the extent of co-contraction since tbis is known t~ 

.odify ankle joint dynamics (Hunter et al., 1983). 

Ankle Joint Mechanics . 

Ankle joint dynamic stiffness, i.e. the dynamic relation betveen 

" angular\ posi tian and torque, was first. char.ac terized 

non-parametrically at each mean joint posi tion. Stiffness transfer 

function gain, phase, and coherence f~.lDctions vere obtained by 

,calculating the auto- and cross-correlation functions and Fourier 

transforming them (Box & Jenkins, 1976). 
~ 

The mechahical behaviour of tl}e ankle joint has been successfully 

.odelled by a second, arder, underdamped system having inertial, 

viscous, and elastic terms (e.g. Hun,ter fa Kearney,\ 1982; Gottlieb li! 

Agarwal, 1978). Furthermore, changes in the parameters of this model 

have been used to delineate the effect~ of varying me an torque' and 

displacem~nt amplitude (Hunter & Kearney, 1982; Kearney & Hunter, 

1982)., Non-1inear minimization teGhniques vere used to estimate the 

parameters of a second-order system, vhich bèst fit the compliance IRF 

(the non-parametric representation of ankle mechanics vhich 'relates 

) 

/ 
, . 
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Joint torqu~ and posi t,ion'). The model used was: 
". 

where TQ = Ankle Torque 

9 = Ankle An~iar Position 

é = Ankle Angular Veloc~ty 

G 

• 1 

ë ~ Ankle Angular Acceleration 
-_/ 
1.= Inertial Parameter 

B = Viscous Pàrameter 
t-=j;} 

K.= Elastic Parameter. 

"This parametric representation of the linear, dynamic relation 

between torque and posi tian. prQvided a coneise description of the 

ankle joint system. These fits accounted for at least 90% and us~ally" ~ 

more than 95% of the variance of the original compliance functions. 

Linearity of the identified system vas assessed in two ways. 

First, stiffness coherence functions, vhich provided a~ estimate of 

how much variance vas accounted for at each ftequency by the linear 
IJ 

dynamic relation between position and torque, vere calculated. Values 

c.lose to one signi fied tha t the relation vas linear. Values 
1 

considerably less than one signified that thè relation vas not linear, 

that system output vas noisy, o~ that there vere other<inputs ta the 

system (Bendat [, Pip.rsol, 1980). Lineari ty .... as also moni tored by 

determining the variance accounted for (VAF) by the compliance IRFs. 

This value, given as a percent, ;provided an indication of system 
/' 

linearity at aIl freque~cies. 

.•. 
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Reflex Dynamics 

~ The behaviour of TA and TS reflexes as functions of mean joint 
~ 

position was examined by calculating the linear dynamic relation 
, 

between ankle angular velocity and rectified, smoothed EHGs. The 

reflex impulse function between positively rectified ankle angular 
. . 

velocity and,TS ,EHG vas used to identfy TS reflexes (Kearney & Hunter, 

1983) and the RIRF getween\fnkle angular velocity and TA E~G,'was used 
\ 

to identify TA refl~xes (Kearney & Hunter, 1984). These reflex 

impulse response functions were calculated with an algorithm that vas 

based on the solution of a matrix equation involving the input 

auto-correlation function and the input/outpyt cross-correlation 

function (Hunter & Kearney, 1983b). 
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J. 

CUAPTBR 4: PASSIVE JOINT MBCBANICS 

SUHMARY 

~ 

System identification. techniques vere used to , , examine the 1 
p"Osi tion dependence of the passive ankle joint mechanics. The relaxv 

ankle vas stochastically perturbed about different angles ~n the range 

of motion. The linear dynamic relation bet1Jeen ankle posi tion and 

ù torque vas identified and modelled as a seconq-order, underdamped 

system, having inertial, viscous, and elastic parameters. Mean joint 

torque changed as the ankle vas rota ted th~ough the ROM; i t was small , ' 

at mid-range and became much larger to,"ard ei tlier extreme. l remained 

constant but B, and K changed as functions of ankle angle. .... 
, 0 

At the 

extremes of, the ROM, Kwas much larger than previously thought and the 

relation between st:i,..ffness and the passive torque generated. when the ~' , 

ankle was plac.ed at different me an posi tions Illas linear. These 

rE!sult~ show that large variations. in joint mechanics (1) vere ~ 

possible in tl}e absence of' voluntary muscle contraction and (2) 

appeared to be related" to the position-dependent changes in the 

passi ve torque. 

/ 
INTRODUCTION 

() 

Rotation of the relaxed ankle - through i ts ROM resul ts i,n a 
~~ 

characteristic change in the joint~ torque. Whereas the torque remains 

, . 

l , 
i 

'. t 
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SII811 and re1é!tively constant over a large span -of .iUle range 
." 

. apgles, i t becomes much larger as the ankle is rotated tov~rd ei tber 

maximum dorsiflexion or maximum plantarflexion (e.g. Bogins, 1969,) . 

The position dependence of cthe paSSIve torQu~ 15 signifieant beeause 

it represents a means Dy vhiè~ the JOInt torque can be changed vith nQ 

alteration of the muscle's active state. 

This issu~ has not been adequa tely exp,lored. In par tlcular, the 

study of position-dependent changes ln the dynam1c p~ssive Joint 

stiffness has been restrieted ta an ext;e~ely hm'lted portIon of the 

ROH. The specIfie ObjectIve of the \Oork presented ln thlS chapter vas 

to fully charac terize the eft~c. t of changes :0 mean ank1e p6S1 t l()n on 
D • 

the passive JOInt mechaolC:S ln order .ta determIne the magni turle of 

thest! effects and ti) ascer,taln thelr potenùal fun.c~lonal role. These' 

results lIIill the~. be compared and cpntrasted to tile .flndings of the 

next diapter to as~ess the rela',uve roles ,of the actlve, and passive 

proçesses. 

,. 

General m.ethods' were as described in Chapter 2. For this study, 

subjects lIIere reques ted ta remaln relaxed IIhlle thè anlde jOlDt vas 

displaced. TA and T5 EHGs lIIere moril t ored to venf)' that t~ere "'fS no 

muscular aetlvity. The ') t: 
S st ochas t l ( sequence vas repea ted 25 

times at each mea~ JOInt pOSltlon, The· duratlon,.o-'of each expe::iaent. 

(including test/ st 'èach mean JOlnt poSlt!on and the 5 IIlln rest period 

successive tests) 'Jas 60 mln. 

6 

0, 
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USULTS 

. ... 

Fig. 4,1 sho~s ankle angular position and torque records obtained 

... hen the ankle JOlint vas near extreme dorsiflexion (top graph), at the 

NP (mlddle graph), and close to maXlmum plantarflexlon (bot tom graph). 

l t 1S 

pl~~tarf \exed. 

also 1 nc reased . 

Rela t Ion be t .. een Mean 

he mean torque changed ~ith ankle angle; it ~as 

creased as the ankle vas dorsiflexed or 

t'he peak-to-peak amplitude of thé torque 

ue and Kean Pos i t lon 

.. 

. '" . 
The relatldn betveen meao J010' posltlon and mean~torque for aIl 

six subJeus _~ stloW'r, lrl.F~g .. ::. j~ll SIX plots are similar; Mean 

torqués veri': sma.:.l an(l ! elàl1 dol:; lon5~ant over a large r.egion of 

illld-range pOSJ' :on$ bUe .inc.reased rapldly as the ankle vas rotated 

toward el'ther extl'eme. The NP occurred at approximately mid-range for 

each subJ ec. t. 

• 
"tan pOSl Don and IDe an torque data 'obtained ~hen the 'ankle joint 

vas near eytrem€ plantarfleY-lon, at mId-range and close to &aXlaua 

dors~fleY::on aIE- presen·e-a ':n Taole ~ 1. InTersu~)ect vanabillty for 

total an .... ~. RO,., (m~ar. ~ unt:- SC. ~O:: 

r 
.H 

Boom:: <, Azen, Slttllar 

plan r arf lex l on 

aagnltudt- çJ 'nt:' pBSS:'.(: 'o:qUf:' genela!eO at tne extIemes of 

plantar f le>::oll r 1 .: :' ',. ~It) an Cl ct O! S l f l e y. ~ 0 n (. '''. 3 .: :'. 7 Nil!) 
• ('J 

(Boone 

• 
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Maximum Dorsif~exion 
w .28 j , (\.../1... 6~ r'I ~. " ,,_ ~ 
• .22 ~v~ V V 4~ "'WV\j V~ 
f .16 

Ê 

-~:J ~ A a* • ...... ~.,."'IIII. rf!! ~ 
c Vrf:1f't0 ....-~, " 0 
~ 

Neutral-Position 

! -.53 j ~ f\..." f\n~fî _ f\ "JO 
• -.59 ~<r'V"'\r I{vv '" VUïJ ev,...... 
0 -.65 '" 
Ê 

-~ j ~ ... i.,.Ni r' ... ,~,..,. ""~.~ "' c e 
~ 

Maximum Plantarflexion 

l -.77 j 
1 f\....f:::J "0. n _ 1\ 1\_ .::. 
t=J 0 WV V "VNS <;IV V uer ~c • -.83 

,2 -.89 
" 

i 9 
~ 2 
! -5 ~ 

.5. 

Fia. 4.1: Ense.bl~ averages of ankle lar positiGn and torque at 
ma.xiJauIl dorsiflexion (top graph), the neutral-position (Iliddle ~raph), 
and aiaxillUJII plant'arflexion (botto. g aph). The tille urker refees to: 
aIl plots. (SubJect SI) 
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Pige 4.2: The relation between Mean posltlon and Mean torque. Data 
from each subject is denoted by a different line type. 
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& Azen, 1979; Hogins, 1969). There vas no apparent relation betveen 

the extent of the ROH and the magnitude of- the torque genera ted. AU 
~ 

subjects generated more t~rque at the extreme of dorsiflexion than at 

maximum plantarflexion. 

Non-Parametric Analysis of Joint Dynamics" 

It is evident from Fig. 4.1 that the.joint dynamic stiffness vas 

also dependent on ankle mean position. Thus the torque records were 

more deeply modulated by the perturbation vhen the ankle joint vas 

near the, e~tremes of i ts range (top and bot tom torque traces, 

Fig. 4.1) tnan at the NP (middle torque trace, Fig. 4.1). These 

changes are reflected in the stlffness transfer function gain curves 

shown in Fig. 4.3. The stiffness gain increased as the ankle vas . , 

dorsiflexed (top graph) and p1antarflexed (bottom grapn) from the NP. 

A set of compliance impulse response functions, corresponding to 
, 

the stiffness transfer functlon gain curves plotted ln Fig. 4.3 (top 

graph), are- sho:.m in Fig. 4.4. In - this al ternate, non-parametric 

representation of ankle JOInt dynamics, the behavlour of the system 

natural fr.-equency and damp1ng as a' function of me an posi tion 1s 

apparent. The natural frequency. related to the locatIon of the first 

zero crossing (indicated in Fig. 4.4 by the da~hed line), increased as 

the ankle ~as dorslflexed from -.54 to .20 rad. In contrast, the 

system damping, telated to "l'he extent' of the oscillation, rellained 

relatively constan~. 

The VAF by the compliançe impulse response functlons vas alvays 

" 
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VARIABLE 

Range of Hotion (rad) 
Change in Torque (Nm) 

KlTREME PLAH'lARFLEXION 
Position (rad) 

\ Torque (Nm) 
IRF-VAF (%) 

Natural Frequency (Hz) 
Damping Parameter 

Hodel-VAF (%) 
l (kgm 2) 

B (Nms/rad) 
K (Nmlrad) 

NEl1I'RAL-POSITION 
Position (rad) 

Torque (Nm) 
IRF-VAF (%) 

Natural Frequency (Hz) 
Damping Parame ter 

Hodel-VAF (%) 
l (kgm 2 ) 

B (Nmslrad) 
K (Nm/rad) 

. RXTRBMK OORSIPLEXION 
Position (rad) 

Torque, (Nm) 
IRF-VAF (r.) 

Natural Frequency (Hz) 
Damping Parameter 

Hotlel-VAF C%) 
l (kgm 2 ) 

B (Nms/rad) 
K (Nm/rad) 

, ! 
" 

SUB.JECl'S 
SI 'S2 S3 S4 85 S6 

1.04 .79 1.14 1.07 .93 .98 
9.1 17.3 13.8 15.2 10.4 8.9 

-.828 -.705 ~.935 -.988 
2.1 2.7 4.2 6.2 

95.5 90.6 95.9 96.0 
18.2' 11.6 15.3 19.9 

.30 .27 .39 .59 
98.2 96.3 95.4 96.8 
.007 .011 .008 .007 

.44 .42 .57 1.07 
86 57 71 112 

-.591 -.503 
-.1 .0 

98.0 95.7 
8.9 7.4 
.27 .32 

97.5 96.2 
.005 .010 
.1ô .31 
16 22 

.215 
-7.0 
96.6 
19.6 

.48 
96.5 
.006 

.76 
97 

.082 
-14.6 
96.9 
20.8 

.17 
95.4 
.014 

.63 
236 

-.473 
-.3 

192.9 
8.0 
.38 

95.4 
.007 
.27 
18 

.202 
-9.6 
97.7 
19.9 

.28 
97.7 
.009 
.65 
144 

-.544 
-.7 

96.1 
8.0 
.27 

98.0 
.007 
~20 
18 

.084 
-9.0 
96.9 
17.2 

.33 
97.1 
.009 

.63 
102 

J 

-.840 -.758 
2.7 .4 

94.6 90.0 
14.7 8.7 

.33 .23 
96.4 97.8 
.008 .007 
.47 .18 
66 22 

-.588 
.0 

92.2 
7.2 
.24 

97.2 
.007 
.16 
15 

.085 
-7.7 
98.5 
22.4 

.41 
95.9 
.008 

.88 
152 

-.590 
-.4 

93.2 
6.1 
.20 

97.4 
.007 

.12 
11 

.225 
-8.5 
97.2 
19.9 

.26 
98.1 
.008 

.53 
126 

61 

Mean SD' 

.99 .12 
12.5 3.5 

-.842 
3.7 

93.8 
14.7 

.35 
96.8 
.008 

.52 
78 

-.537 
~.2 

94.7 
7.6 
.28 

97.0 
.007 

.20 
16 

.011 
2.9 
2.7 
4.1 
.13 

.0.9 
.002 

.30 
38.3 

.070 
.3 

2.3 
.94 

.063 
0.9 

.002 
.07 
3.7 

.149 ' .072 
-9.3 ·-1.~ 
97.3 .7 
20.0 1. 7 

.32 .11 
96.8 1.0 
.009 .003 
~6B .12 
145 50.9 

Table 4.1: Range of motlon and the change in passive torque throughout the 
range of motlon for each subject. Statie and dynamic data at three ankle 
angles (maximum plantarflexion, the NP and maximum dorsiflexion) are also 
presented. The statle parameters include mean position and mean passive 
torque. The dynamic parameters include the natural frequency, the damping 
parameter, I, Band K. The VAF by the compliance impulse response function 
(IRF-VAF) and by the fI t of a second-arder model to these functions 
(Hodel-VAF) are also listed. Group mean and standard deviations are provided. 
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Fig., 4.3: Stiffness transfer function gain curves càlculated when 
mean ankle position vas. progressively dorsiflexed (top graph) and 
plantarflexed (bottom graph) from the neutral-positi'on (botto.. trace 
in both graphs). (Subject 54) 
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J' A ~4rad 
C7" 

1 '. 

-.41 rad 

-.14 rad 

.13 rad 

.20 rad 

'1 

. , 
o .05 \ .1 .15 -.2 

Lag (5) 

Pi,. 4.4: Ankle joint compliance curves calculated vhen the ankle vas 
- rotated from the neutral-position (-.54 rad) to maximum dorsiflexion 

(.20 rad). The dashed Une ,indicates each functions first zero 
crossing. The amplitude marker and time scale refer to aIl plots. 
(Subject 54), 
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,greater thap." 80% and usuallfgreater than 90%.' The VAF vas typically 

about 5% gre~!~when calcul~ted at the more dorsiflexed positions 

than at the 'more plantarflexed positions. 

Parametric Analysis of Joint Dynamics 

</" 

Estimates of the inertial, viscous, and elastic parameters vere 

determined from the com~liance impulse response 

parametric representation of the dynamic relation betveen tor 

This 

and 

position provided a concise description of the ankle joi t system 

~ vhich consistently accounted/for more than 90% of the variàn e of the 

original compliance function. 

l, B, and,K are plotted as functions of Mean joint osition for 

one subject in Fig. 4.5. The inertial paramete.r.lfi~_ .5,' top trace) 

vas essentially constant throughout the ROH. The parameter 

(Fig. 4.5, middl~ tra~e) vas smallest at and shoved a 

three-fold increase as the ankle vas plantarflexed and a five-fold 

increase when it vas dorsiflexed. The. behavi ur of land B vas 

similar for aIl subjects. 

The elastic' parame ter (Fig. 4.5, 

throughout mid-range and increased by a 

vas either plantarflexed or dorsiflexed. As 

trace) vas small 

of eight as- the ankle 

in Fig. 4.6 and 

Table 4.1, K behaved similarly for the other subjects though the 

iricrease at the two extremes of the ROH was often considerably less 

symmetrical. 

1 
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Fig. 4.5: The inertial (1), viscous (8) and elastic (K) parameters as 
a function of ankle angle. ,(Subject 51) 
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Relation betveen the Elastic Paraaeter and Mean Torque 

De~pite obvious differences in pola ri ty (dorsiflexor 

66 

and 

plantarflexor torques hav~ ~~osite polarity whereas K is always 

positive), there was a striklng similarity in the behaviour of the 

K/angle curves shown in Fig. 4.6 and the mean torque/angle curves 

plotted in Fig.' 4.2. In both cases mid-range positions were 

associated wlth relàtively small, constant values whereas torque and K 

became much larger as the ankle was rotated toward the ROH extremes. 

Furthermore, similar asymmetries vere found in both curves. Thus, 

subjects IoIho generated less torque at extreme plantar'flexion than at 

maximum dorslflexlon also tended to have smaller values ofcK when the 

ankle was plantarflexed than when it vas dorsiflexed (see Jable 4.1 

and compare the same llne types in Figs. 4.2 and 4.6). This 

correspondence is eVldent IoIhen K is plotted as a function of mean 

joint torque, as in Fig. 4.7. There i5 a clear linear relation 

between the two parameters. 

ThlS relation vas quantified for aIl six subjects by least 

squares linear regresslon and ,the. results of these analyses, including_ 

the VAF by the model, slopes, and lntercepts, are presented in 

Table 4.2. The VAF 'rias alvays greater than 80X 'and usually grea,ter 

than 90%. The slopes varied from 9.0 to 15.9 Nmlrad/Nm. These slopes 

are simi1ar to those found prevlous1y for the linear relation between 

K and mean actlve torque at the mid-range position previously' exaained 

(Hunter & Kearney, 1982). 

.. 
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Fig. 4.6: The elastic parame ter as a function of ankle angle for all 
six subjects. The' two a,rrows indicate the range of angles tested b~~ 
Gottlieb & Agarwal (1978). l 
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calculateâ by least squares linear regression. (Subject S4) 
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Total. PLANTARFLEXION DORSIF1.RX.ION 
SUBJ N N slope Inter. %VU N slope Inter. %VU 

t:> ;1 

'It 

, 
Sl 1Q 3 ' '* * * 8 15.4 4.2 97 
S2 9 3 * * "* 7 15.4 2.7 99 
83 ~b 5 14;-3 7.0 99 6 15.6 5.7 99 
54 9 4 15.9 1{).8 99 6 9.0 13.1 97 
S5 10 4 15.9 26.5 87 7 9.8 5.6 99 
S6 ,10 2 '* * * 9 13.5 1.7 98 

" 

Table 4':'2: Parameters for the least squares linear regression 
analysis between K and passive torque. The total N indicates the 
llumb~r of angles tested over the ROH. The number of angles that \lere 
associated vi th plantarflexor torques and and \li th dorsiflexor torques 
are a150 provided. The values obtained when the ankle was at the NP 
(net joiht . torque = 0) have been included in both analyses. Ther~ 

• vere more plan tarflexor torques than dors! flexor torques because the 
NP" was closer t'O. ma~irnum plantarflexion than to maxirifHllt dorsiflexion. 
In sorne cases there nwèr'e'Ti'ïsuffi-c-rent -p1an.tarf~~Ç".r. ,torque data points 
tq van;ent the linear regression analysis; these cas'ës are î'n<!ica'teè~ ',.~._
by...asteriks. The slopes, intercepts ,and the percent VAF for by a 
lineqr - relation bet\leen,K and torque are listed. (The units for'the 

•. slopes aré' Nm/radlNm and for J11e intercepts are NI!).) 
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DISCUSSIOR 

TheSè expenments have shovn that the dynamic stiffness of the 

ankle joint lncreased.at the extremes of the ROM. L.àrge var.iations in 

j.,oint mechanlcs occurred Even ln thE absènce of \.'oluntary muscle 

contractIon. Moreover. lt 15 e',ldent ·Alii't the pOSItIon dependent 

changes ln' botn stIffnes~ ana / 
paSSIve torque ''''ere very slmilar; 

Indeed, there ",as a Ilnear relatIon betIJeen passn:e 'jol'nt torque and . 

elastlc stiffness. The changes Jn the paSSl ve~ mechamcal propert,ies 

,appeared to be related ta the Varlatlon ln passive Joint torque 

.. genera ted ... hen ankle pOSItion was al tered. 

Thé effect of Joint angle on K ... as mu ch la'rger than previous~y 

sho .... n (Gottlieb Er Agarval, 1978) , This discrepancy appears to be 

related to methodologlcal differences bet .... een the t ... o studies. \lhile 

the ROH tested by these au thors "'as reasonable for measuring the 

effect of mean dorsiflexor positions, it did not permit the study of 

position dependency from mId-range through to extçeme plantarflexion. 

Gottlieb & Agar ... al (1978) tested angles corresponding to those located 

between the t'lofO arro ... s in Fig. 4.5. Their observèd decrement in K 

vi th progressive plantarflexion simply corresponded" to th,!! present 
" 

decrease in K as the ankle 'lofas rotated from max!mum dorsiflexion to 

the NP. HOViever, K-did-not continue to decrease as the joint was 

plan tar flexed beyond mid-range; rather, for five of the six subjects, 

i t increased. o 

, 
,It 1S not certain how closely the ROH teste.d in this study 

/ . ) 

approached the subjects' actual ROM'since no objective criteria vere 

.. ' 

, 
"'. 

.. 
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used to ôellnea t e lt :ndeeC! : ru: lad' of such ultella lS partIy 

respon~ l ol,f: f 01 ~ ne lat ge ':Cu: aD 11 ~. y ~ een Hl the RO,", lu er a t ure (El. g. 

the 

" •• r:- : • eO ): ., lI:. "~ " (" -: • : ( 0:": _ !. ê' t 

.o .. _r: tla,{- : ~S~l':'~C .Il a 

f.,,(': ~aw{-

.", 

of a nor. ~'at!Onél!', an .... f: d>,:~ 

."", (GoUlieb c, J..gan:al. 

. 
appeal 'n bf' !E'_d'l:f'l. smal. .:nrnan. ~'./~I) 

~, 
eYlen \"" of 

1:"' :den(.e 'Jf 

shapè 

resul ts dembll~ ~ : a ted "* 'na' '~Jé pa: ~: '( IT'e':..nanl~a ... Deha ':UUI of the 

anl<.Ie eould Of' .dentlf;ea and rnod!.:lleÇ] 'J.el ::1(: .'1\0:E- ROM The ~'Af by 

both th~ '_omp':':éllll'f' :mpuls€ re<:prlrtse fun'_'JOI:~ and r~l( of a 

sec·ond-ordeI. underdall'ped model to thE-s.e tune tIans rema1l1ed hlgh a 1(' 

aIl me an posItIons. / 

The 'cause of the posItIon dependenc.e of K remalns, to be 

determlned. It cannat be due to aetl'Je muscl.e ptocesses Slnce sUrface 

EMG from TA and TS sho\Jed t ha t these mus c.les remalned HÎac t ive. 

Nelther can l t be due to r:-efley mechanlsms SInee the Experimental 

perturbatlon and analytic technlques \Jere such that reflex effects on 

the compliance impulse response functions vere inslgnificant (Hunter 

et al., 1984b). R~her the magni tude of K appeared to be related to 

the change in passive join t torque tha t resulted when mean ankle 

posi tion' 'Jas al tered . .. 

The ~ssive ankle torque could be altered by position related 

changes in the joint structu['e, in the forces generated by the ." . , 
ligaments, tendons, and muscles and in the size of the moment 

t'/ 
arm 
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associated .... ith th se forces. It IS not presentl)' possible, hOllever, 

~o ldentdy ... hlcÎ1 f these factors or combinatlon of factors are most 

significant Sln+ thett:: \\S I~ttle quantltat:ve l,nfor!:iatlon as to hOIl 
1 

thesE' hard and le'ft tl!:,sues a!(- aff('('ed by (hanges ::1 ankl€ posltlon. 

'For er.arrpll'. ,. 
pressure :nu~a~f::~ by 'Jp cO ':> fuld ('·.~t tht:· R0H (E:.rlhg (, Hurray, 

seen ln ri the]' are r:ln::r.al at ~ld-Iange Dut then lncreaSe rapldly at 

max lrr.um d01Sl!2E:'X10n and ? l an t a r fI€- r. 1 0 r •. Such alteratlons ln 

Intra-ar'lCulal pressurE:- mal' bE- related to cnanges ln JOInt congruency 

& Gr eenllald • 1983) but any subsequent effect on ankle 

momen t· 1 S unkno· .. ·n. 

Slmllar dlfflçulties are encountered with regard ta the other 

jo'nt tIssues. If l'lther TA or TS ... ~re slgniflcantly stretched bey and 

t eir restlng length then large changes ln Joint tar"que .... ould be 

xpeç t'ed . There is, ho .... ever, no established technique for converting 

ankle angle to muscle length al though such measurements have been 

! 
attempted experlmenté!lly (Fick, 1910; Halar et al., 1978; Grieve et 

1 

aL, 1978) and theoretically (Houk et al., 1971). It is not yet 

possible to veri fy ho ... correct these approxima t ions ~re. 

, 
The ",agni tudes of posi tion related tendon and ligament forces are 

also· uncertain. There is sorne evidence suggesting that the TS moment 

arm increases by about t\lo-thirds as the foot is moved' from full 

dorsiflexion ta maxil.mum plantarflexion (Sale et al., 1982) \lhich could 

account for the larger plantarflexor torques genera ted ",hen the ankle 

was dorsiflexed • However, the TA tendon is bound by i ts retinaéulae 

, ..... 
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and its aoaent an does nOl appear to vary signlflcantly over the ROH 

(Procter 1) Paul, 1982). Thus, the source of the position dependent 

changes in torque remaln unceltaln. These Issues viIi be addressed 

further ln Chapter S . 
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CIIAP'!'BIl 5: ACI'IVI JODn' IIICIWIICS 

-SlIIIüT 

System identification -techniques vere used to exaaine the 

position dependence of active ankle joint mechanics. Subjects vere 

required to malntaln tonie contractions ln ei ther the tibialis 

anterior or trIceps surae muscles .,hile the ankle vas stochastically 

displaeed aboùt dlfferent mean positions. The dynamic relation 

betveen ankle poSitlO~' and torque vas determined for each me an 
1 

position/tonie torque combinatlon; a non-linear minimitation technique 

vas used to estlmate the three parameters (inertial, viscous, and 
1 

elastic) of a second-order, underdamped system. Vhereas the inertial 

parameter remained essentially invariant across aIl test conditions, 
o 

the viscous and elastic parameters became larger as the level of tonie 

activity increased and as the joint vas rotated tovard the extremes of 

the range ~f motion. The relation betveen K and torque vas linear at 

aIl' ankle angles. The slope of this relation remained constant at aIl 

me an positions during plantarflexor contractions; during dorsiflexor 

contractions the slope increased as the ankle vas rotated from maximum 
o 

plantarflexion to maximum dorsiflexion. These findings are discussed 

in terms of (1) the physiological correlates of ankle mean position, 

(2) the relative significance of passive and active joint mechanics 

and, (3) contrasts in joint behaviour during active dorsiflexor and 

~ plantarflexor contractions . 
. . \ 
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DITIlODUCTION 

The relation betveen ankle joint elastic stiffness and torque has 

b'een establlshed for torques generated by predominantly active 

processes, 1. e. due to '.'oluntary muscle contractions (Hunter 6. 

Kearney. 1982) , 
o 

K increased linearly \litn ankle torque ;dtn a slope 

of about 9 Nm/lad/Nm (fol dOlsiflexor contractIons) and of about 

12 Nml rad/Nm (for plantaI' f lexol contractlO,ns) . Chapter 4 has 

/-dêiiîÔnstrated that tne relatIon betlleen K and torque remained linear 

for torques generated by PlIrely passive processes, Le. due ta 

changes ln the mean jOlnt angle, Horeovet. the magnitude of these 

changes ~ere remarkably/similar to the active torque dependent changes 

in joint mechaOlcs ... ith the K/passive torque slope in the range of 9 

ta 16 Nm/rad/Nm. 

In the hrst study (Hunter & Kearney, 1982), contributions ta the 

torque by passive tissues vere negligible since the ankle was tested 

about mid-range angles only. In 'the study described in Chapter 4, 

contributions to the torque by active processes were negligible since 

the ankle muscles remained at rest. This separation of active and 

passi ve processes is not typ'ical of naturally-occurring ankle 

movementSj man y functional activities entail excursions over much of 

,the range of motion (ROH) and require voluntary contractions. For 

example, ~ery large plantarflexor torques are exerted by ballet 

" " dancers to attain' and hold the 'en pointe' posi tion and by runners to 

propel themselves forward (Teitz, 1982). 

\ l t is thus of in teres t ta examine the ankl~ mechanics under 

g 

q) 
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èxperiraen tal conditions tha t are more representat ive of the 'torques" 

and angles encountered in functional situations. In the present 

study, five levels of active torque up to 50% of the maximum voluntary 

cdntràction and mean posi tions covering more than 85% of the ROH vere 

examined. This greatly extends the only previous study of the 

position dependence of ankle mechanics (Gottlieb & Agar ... al, 1978) in 

vhich less than a third of the ankle ROH and only tl.'O, very 10 ... active 

torqu~~levels (5 to 10% of the HVC} 'Jere examined. 

The specifie objective of the vork presented in this chapter vas 

to characterize the effect of changes in mean ankle position on the 

active joint mechanics in order to determine the magnitude 0{ these 

effects and to compare the relative contributions of passive and 

active joint processes. 

KETBODS 

The general methods have been described in Chapter 2. In this 

chapter, details pertinent to experiments designed to investigate 

active joint mechanics are presented. 

Maximum Voluntary Contractions 

TA ari~""TS MVCs vere obtained prior to ('preMVC) and following 

(postMVC) the experimental trials. The ankle vas rotated to the NP 
-' 

and the subjec t Vias ~equired to respond to a step change in the 

tracking command trace by generating a maximum dorsiflexor torque for 
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period of 5 s. Af'ter a 5 mIn res t this procedure .... as repeated for a 

maXlmum plantarflexor tO,rque. The S s maximum contraction period .. as 

divided Into flve 1 s inter'lais and the mean of each segment \Jas 

calculated. The largest Inter '.'al mean torque vas designated the 

maXImum torque and the rnean of the .t:MG tecotded OVet the same lnterval 

vas deslgnated the maXImum EHL, 

Although muscle fatIgue does not alter the paSSIve or active 

JOInt mechanlcs pronded that talque remalns constant (Hunter Es 

Kearney, 1983a), lt does attect the statle relation bet''''een torque ândt'! 

EMG (e.g, de Vnes, 1968), These experlments · ... ere therefore designed 

to avold the development of muscle fatlgue: TA and TS trIals vere 

alternated, each tonlc level ';.s malntalned tOI only 15 s, and 

suojects loIere instructed to Immediately dlscontinue tracking target 

torques IoIhich <fj.uld not be comfor'tably malntalned. Furthermore, rest 

periods ..,ere provlded bet..,een succeSSIve trials (S min) and tonie 

~ 
levels (S s). PostHVCs, recorded ln the manner descrl bed above, ..,ere 

used to de termine V/hether subJec ts had become fatigued' during the 

experiment. 

/ , 
Traeking Stimulus Eor Tonie Contractions 

A tracking stimulus V/as displayed on the oscilloscope. This 

stimulus, shown in Fig. 5.1, comprised six 'levels that ranged from 0 

ta 50%' (in increments of 10%) of the torque generated during the 

preMVCs. The order oE these levels was r~mized except that th; 50%' 

and 0% levels were always tested last. 
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Stimulus Sequence (number) 

A schematic drawing of the tracking s,timulus illustrating 
omly-ordered target torque Ievels. Each of the five active 

levels was he Id for six tepetitions" 'of th~ stochastic ankle 
bation sequence (Le. 15 s)j only data sam~led during the last 

repeti tians (shaded portion of each bar) were analysed. Tonie 
s were separated by a 5 s rest period. The passive condition was 

ed last. 
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Torque feedback, torque transducer output filtered at 1 Hz, vas 

a1so disp1ayed on the OSëilloscope. SubJects vere required to follow 

the trackIng stimulus loIith the torque f.eedback signal. Each tonic 

level .... as maintalned for 15 s correspondlhg to SIX repe.titions of the 

\

• ankl~ perturbation sequence. The first 2.5 s sequence (the clear " 

portIon of each of the histograms sho .... n in Fig. 5.1) .... as used to 
. 

enable the subject ta achieve the appropnate contract ion level and 

only data from the las t fi ve repe t l t ions yere analysed. 

The paSSIve Joint torque, IJhlCh varied by as mu ch as 16 Nm over 

the ROH, vas subtr\,cted from the feedback signa~. This eliminated 

contrIbutions from passive joint structures so that sub]ects generated 

identlcal levels of actIve torque at aIl mean joint positions. 

Subjects .... ere instructed ta relax immediately .... hen a particular 
~' 

contraction level could no~e comfortably maintained. 

Experimental Paradigm 

_<oThe t,racking stimulus, adjusted to elicit tonie TS contractions, 

vas displayed ta the subject while the ankle was' stochastically 

displaced about a given mean ankle position. This stimulus lasted for 

110 s. After a 5 min rest period, the stimulus was adjusted to elicit 

tonie TA con tractions and the ankle vas again displaced. The ankle 

vas then rotated ta the next mean posi tian and, following a 5 min 

" 
rest, the experimental sequence 'Jas repeated. Ankle me an posi tions 

~ 

vere tested in random ordèr. 

. 
Experiments cortsisted of up to 24 trials and lasted' for about 

1 

i 

1 
1 
1 , 
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150 lIiD. Subject prepara t ion, includilli, electrode placellent, 

fixation, and amplifier gain and offset adjl.lstments, required an 

addi tional 30 min. There .. as a 15 min rest period at the half-vay 

point; body straps \lere released at thls t1me and the subject vas 

allowed to si t up. However, in arder ta avoid disturbing the ankle 

reference-pasi t ion, the fO~J rem~ined finnly encased vi thin its cast 

\ 

and a,t tached to the ac tuator. , 
IlBSULTS , 

Haximum Torques and EHGs ( 
\ 

\ 

Despite the precautions autlined above. the possibility remained 

that muscle fa tigue did develop during the course of the Experimente 

An estimate of fatigue vas obtained by comparing the pre- and postHVC 

torques and EMGs. These data are presented in Table 5.1. Also lis'ed 

in this table are the percen t changes between the t\% values vhere, 

Percent Change preHVC Value - pas tHVC Value * 100 
, preHVC Value 

i 

The percen t change is posi t i ve vhen preHVC > pos tMVC and i s nega t ive " 

when preHVC < pos tMVC. 

The preHVC dorsiflexor torque varied fram 30 to 55 Nm whereas the, 

preHVC plantarflexor torque VIas cansiderably larger, varying from 54 

ta 85 Nm. PreMVC TA EMGs varied fram 377 ta 598}.1V whereas preHVC 

EHGs recarded from TS elec trodes varied' from -136 to -281 }.IV. The 

• 
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---------=-=------~---......"...---_\ TA T5 

5UBJBCT 51 52 S3 55' S7 S1 S2 53 '.> 5S S7 

MAXIMUM TORQUE 

Pre-Experimen t 30.4 50.0 39.9 37.1 54.7 -68.4 -69.6 -54.1 :-71.8 -85.4 

Post-Experiment 2815 48.7 40. 7 38. 9 48. 9 -66.2 -71. 0 -52.4 -69.2 -75.9 

Percen t Change 6.2 2.6 -2.0 -4.8 10.6 3.2 -210 9.1 3.6 11.1· 

KAXIMUM EMG 

Pre-Experimen t 590 598 534 377 479 -136 -199 -f4 -281 - 277 

Pos t - Exper i men t 537 528 507 39Q 360 -153 -141 - 89 -256 -293 

Percen t Change 9.011.7 5.1 -3.4 2-4-• .8- -12.5 29.1 38.2 8.9 -5.8 

~ 

, 
~ 

Table 5.1: Dorsiflexor and plan tarflexor torques and EHGs obtained 
during maximum volun tary con trac tians immediàt'ely prior to' and following 
the experiment. The preHVCs and postMVCs are listed for each of the 
five sllbje~ts. Also listed are the preHVC/postMVC precent changes in 
the toJ\i(ues and EHG. The uni ts of torque are Nm and the uni ts of EHG 
aré' lJV. . 

• 

,. 

1 ... 

o 
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preHVC torque values vere used to obtain the active torque tracking -, 

levels. 

For four of the five subjects, maximum dorsiflexor torque changed 

by less than 2 Nm (less than 6% of tha t genera ted during the preHVC). 

For thÉ?Se same subjec ts, maximum plan tarflexor torque change'd by less 

than 3 Nm (less than 4% of the preMVC value). The pere en t change in 

maxim~m torque recorded for Subjects SI, S2, S3, and S5 was similar to 

that observed during repeated Hve measures at a single ankle angle in 

thi-s laboratory avd elsewhere (e.g. 

experimental conditiDns that precluded the onset of muscle fàtigu~;. 

The resul ts for Subject 87 were less clear-,cut. This ,subj ec t' s 

dorsiflexor maximum torque decreased by 5.8 Nm (10.6% of preHVC). a.nd 

plantarflexor maximum to'tque decreased by 9.5 Nm (11.1% - of preHVC).? 

Gi ven the magni tude of the percent decrease in t~rq\Je values (al?out 

10%), th~ development of muscle fatigue prior to complet ion of this· 

experimen t could no t be excluded. However:, since the or.der of 
, 

presentation of tested pos,itions was ran,domized, fatigue, if' present, 

vould be independent of anklè angle and 'would theretore .contribute to 

variabili ty in the data rather than cause systematiç modifications. 

Horeover, 

differ in 

the general experime1'ltal resui ts fo~ this 

any subs far'it ive way from 'those of theJ oth~t 
'~oblem of fatigue was thus not considered further. 

\i 

subj ect did not 
, " 

subjects. THe 

The postHVè TA EHG varied from -3.4 to 24.8% of the preHVC value; 

for ' maximum TS EMG this varia\ion ranged from -12.5 to 38.2%. The-

di fference be tween pre- and pos tHVC EHGs for Subj ec t 87 'lias comparable 0 

. (~" ' .. , 

• 

g 
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• 
to the values recorded for the other subj.ects. The variation betveen 

pre- and postMVC EHGs vas generally greater than that seen for aaxillulII 

torques, a result that is vell documented in the literature (e.g. 

Viitasalo et aL, 1980). Again, the' variability seen here vas no 

greater than that observed during re'peated measures obtained in this 

labo ra tory vhen muscle fatigue' vas avoided. 

Static Analysis 

~ 

Hean Dorsiflexor Torque and TA EHG 

In order to demonstrate that subjects vere able to maintain the 

appropria te torque over mos t of the ROH and to de termine the effect of 

ankle posi tion on the EHG, me an values for the torque, TA EHG, and 

TS EMG signaIs vere examined. lni tially, these values were calculated 

during intervals correspond ing to each repeti tion of the s,tochastic 

perturbation. An example of the interval means obtained during 

dorsiflexor contractions at 0 rad (the reference-position) are plotted 

vith respect to stimulus sequence number in Fig. 5.2. 

, 
No te tha t the subj ec t a t tained the required tonie level vithin 

one repeti t ion of the ankle perturbation sequence and that the' torque 

droppèd t6 near zero during the 5 s interval between adj acent tracking 

levels. The agonis t EHG domina ted the respons~ while the an tagonis t 

EHG ac t i vit y vas rela t i vely small and may have been due to either 

cross-tillk trom the dorsiflexor muscles or co-contraction. 5iaUar 

resul ts. vere ~btained for torque and EHG interval means dut:ing T5 

• 
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.. 
Pig. 5.2: Torque and EHG interval means during tonie dorsiflexor 
contractions at 0 rad. The agonist (TA') and antagonist (TS) EMGs hllve 
been normalized to their respective maximum EHGs obtained yi th . the 
ankle' at the NP. This subject has maintained a series of tonie 
contraètions at 30%7 40%, 10%, 20%, 50% and 0% of the NP TA HVC. 
Torque and EMG levels ~eturned to 0 follo,",ing each tonie contraction. 
The interval mean EHGs have been normalized vi th respect to the 
maximum EHG generated during the NP MVes. (5ubject 52) 
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contractions. 

The magni tuite of the mean total torque at any given contraction 

level varied as a funétion of ankle. pos~tion since it included bot~ . 

passive ~~d active components~ Mean total dorsiflexor torques for one 
, 

subject' are shown in Fig. 5.3. Each square represents the Mean torque 

during each test condition. Hean torques obtained a t the sue 

contraction level are joined by ,solid lines. The passive joint 

torque, the lovest trace in Fig. 5.3 (drcles), shovs the 
" 

charae teristie pattern of· the torque/angle rela t~on in the relaxed 

ankle joint presented' in Chapter 4. 

Active dorsiflexor torques, shown in Fig. 5.4, vere obtained by 

subtracting the passive torque from the total torque. Vertical bars 

reptesent the SC of the interval means for . . -' ~ach . ankle . posi tion a~d 
.. K -,*", .. , 0 ..... '''"' -, ,11, ... ~. 

contraction level.. It is evident 
~ ~ - .-". 

tha t the .subjec t ' maintained 

relatively constant levels of active torque .,' 
H6wever, suJj e",s vere no table t.o track 

over Most of the ROH • 
1'<' 

aU target torques at the 

extremes of the ROH. For example, . this subj ect vas unable to m,intain 

50% NP TA MVe at the Most dors)flexed pos! tion (note the missing point 

in thé top trace of Figs. 5.3 and 5.4). Tvo other subjec ts vere not 
,- -

able to track the 30% and 40% levéls at this extreme angle and, in one 

case, the 50% level could not be maintained at el ther of the tvo .ost . ., 
extreme dQrsiflexor positio~s)' 

r 

Interval mean TA EMGs corresponding t'a the torque data ·presented 

in Fig. 5., are plotted in' Fig. 5.5. These data .were obtained during, 

tonie TA contractions that ranged from 10% (bottom trac~) to 50% {top 

---. 
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Pig. 5.3: Mean total dorsiflexor torque as a funetion of ~le. Each 
square represent,s_ the l!.Iean joint torque of live repeti ti~ of the 
stimulus sequence at a particular active torque level and ankle angle. 
The passive conddtion-is indicated by circles. Solid lines connecting 
individual points r~present iso-active torque con~ours over the ROH. 
(5ubject 55) - , 
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Fig. 5.4: Hean acÙve dorslflexor. to;que as\ function of angle. The 
passive torque at each angle shown in Fig. 5.3 has been subtracted 
~om the total torque at the same angle. The verticâl bars repr~sent 

. the ~D of the Mean torque generateq during ,the fiveorepetitions of' tbef 
stimulus sequence., (5ubject 55) , : 
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tracé) NP MYe. The values have been normaliz..ed to th" IIl8.xiau. EHG 

obtain.ed dudng the NP MYe. The vertical bars rèpresent the SD of the 

.ean over the five stimulus repetitions at each test condition. 

t, , 

A co.parison of Figs. 5.4 and 5.5 indicates t~at .ean TA BHG vas 

• Ilore variable than lIean torque. This variability vas comparable to 

that seen during sub-maximal, isometric contractions of triceps 

,brachU lIC!asured vith surface electrodes (Yang & Vinter, 1983). 
( 

Despite t'his variab,.ty, TA EHG values \at a _ pat;ticular tpnle level 
v' , 

1 

vere usually distinct from values at other level~. 
'" 

Mean Plantarflexor Torque and T5 EMG 

.. 
Hean active torques, recorded dudng plantarflexor 'contractions, 

are plotted in Fig. 5.6. As vas the case dudng dorsiflexor 

contractions, thesé curves vere obtained by subtracting the passive 

torque from the totàl plantarflexor torque. The subjec t hel» the 

level of' 'active plantarflexor torque quite constant over the ROH. 
~ 

However, note tbat this subject' vas unable to track the highest 

contraction level vhen the ankle vas placed in extreme plantarflexion. 

Irean TS EHGs corresponding t 0 ihe t orque da ta Shol in" 0 Fig 0 5 06 

are plot ted in Fig. 5.7. Hean T5 EHGs vere generally sma11er than , . 
, TA EHGs for comparable contractions. 'This may reflect differences in 

JI 

electrodè location w'i th respect to the underlying muscle fibers. 

However, TS EHG SDs were larger than those fo~nd for TA EHG 

particularly at the, higher contraction leveis and in the more 

plantarflexed positions. Sincé both soleus and the gastrocnemii would 
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Fig. 5.5: Hean TA EKG as a function of angle. The vertical bars 
rel>resent t'he SO of the mean EHG gen'erated during each of the five 
repetitions of the stimulus sequence. The data hflve been normalized 
to the maximum EHG generated during the NP TA HVC. (Subject 55) 
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Pige 5.6: Hean active plantarflel!:or torque as a functlon of angle. 
These points have been obtained as outlined for Fig. 5.4 except tnat 
in this case the total torque vas generated during tonIe plantarflexor 
contracti{,>os. Again, the vertical bars represent the <f:iD of the Mean 
tor,que calculated at ecrch of the five repeti tions of the stimulus 
sequence. (Subjecc 55) 
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contribute to the surface EHG, this variabili ty may have been due to 
fi, ' 

alterations in the relat'ive contribution of the 1hree muscles: This 

has been shown to vary vi th ankle posi tion (Herman & Bragin, 1969) and 

~ level of contraction (Hof & van den Burg, 1977). 

Relation between Torque and EHG 

The effec t of me an ankle posi tion on EHG was 
.. 

inves tiga ted by 

examining the static relation between me an torque and EHG at aIl ankle 

angles. Sinae active torque vas maintained constant over the ~OH, 

changes in the parameters of the torque/EHG relation would reflect 

position-related changes in EHG. A multiple linear regression model 

vas fitte~ betveen active torque and TA and TS EHG. This is referred 

to as the EHG model. Torques and EHGs generated oiC!Iuring both 

dorsiflexor aria plantarflexor contractions were included to provide a 

lIore robust data ~et and to account for possible co-contraction of 

~,; 
both agonist anp" antagonist muscles. 

The results'of this ~nalysis are 'presented in Table 5.2 vith the 
\ 

VAr by tliis model, the TA EHG and TS EHG eoefficents and the 

intercepts listed for each subject. The variation in active torque 

accounted for by TA EHG and T5 EHG langed frOID 72 to 93%. Thus, 

lIoderate to good predictions of ankle torque could be m~de from the 

agonist and antagonist EHGs vithout considering 'ankle position. 

TA EHG coefficents varied from .12 to .17 Nm/J.lV whereas the magnitude 
. 

of TS EHG coefficients ranged from .21 to .45 Nm/~V. Theedifferenees 

in coefficient'size is probab~y related to electrode placement. 
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Fig. 5.7: Hean T5 EMG as a function of angle. The vertical bars 
repre~ent the 50 of the mean EHG generated during the five repetitions 
of the stimulus sequence. The data have been normalized ta thé 
maximum EMG generated during thê NP T5 HVC. (5ubject 55) 
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50IiJitf MiiëiH fi lifG 'tS1iIG liIG iIODIL __ DCLI lICdL 

""" Coeff. Coeff. VAF VAF "-'-----/{ (.) (lIIl/IIV) (1kII1V) (1) (1) 
D -~ ...... ___ , 

~ 

"-, 
S1 ,r,; \ 0.17 0.45 72.2 75.5 \2.3 

1 ~ 
S2 -3.1 0.13 0.24 84.2 88.7 

S3 -2.0 0.14 0.21 82.1 82.1 

S5 -2.2 0.16 0.31 93.0 93.0 

S7 1.5 0.12 0.33 92.2 94.1 , 
" 

Table 5.2: Results",-of a I8Ultiple linear regression analysis between 
,agonist and antS.onist BKG and torque. The VAY by the BMG aodel, the 

TA BMG and TS BHG coefficients and the intercepts are listed fdr aIl, 
subjects. The VAP by the EIfG-anglè .odel, whic:h included lIUJl &taltl. 
posl lion as a thircl :lndependent varia~le, is atso Hated. 
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The Jlul tiple linear regression analysis 'vas ,,:epeated including 

ankle angle as a third independent variable. If the influence of mean 
. 

posi tion on the torque/EHG relation- ~as linear then the IJAF by this 

ne9ÏÏlodel, re'ferred to as the EMG-angle model, should be significantly 
• 

,. 

greater than that accounted for by the" EHG model. Hovever, as shown ~ . 

il} Table 5" 2, this vas not the case. The EMG-angl,e IIOdel accounted 

for 75 to 94% of thè variation in torque, an increase of less than 5% 

of the VAF by the EHG model. 

The fll'Ure of the EHG-angle model to account ,for more variation 

in 
o ' torque than accounted for by the EHG model could resul t if the , 

«\ffect of Mean posi t-ion vas not linear. This possibili ty vas tested 

. by fi tting multiple linear regression models between torque and TA EHG 

and TS EHG at each ankle angle. The results of this analysis are 

presented in Table~5.3. The VAF by the EMG models, the coefficents 

and the intercepts are listed fQr each subject at all angles in an 
li" 

order ranging from maxi,mum plantarflexion to maximum dorsiflexioJ}..') 

The VAF by the EHG models at each étnkle ang~e vas usually greate~ 

than 90% and vas, in general, 
r . 

larger than the VAF in the previous. twô 

analyses. The variation in the magnitude of the VAF vas small and 

non-systema tic. In contrast", changes in the magni tudes of the EHG 

coefficents wer;-;;'~~;' pronounced. TA EHG coefficients vàried from .09 

to .31 Nm!J.IV and TS EMG coefficients varied from .10 to 1. 23 Nm/JJV. 

The percent change in magni tude for a particular sUbJect varied from 

170 to 330% for TA EMG coefficients and from 170 to 560% for TS EHG 

coefficients. The changes in coefficient magnitude vere not, howeyer, 

sys teilla tic. 'l'hus, al though i t can be concluded tha t ankle positi~n , 
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SUBJBCT ANGLE IHTERCEPT TA MG T8 ïUiG VAF 
(rad) (NIl) , " (pV/Na) ().IV/Na) , (~) . 

sI -0.828 1.1 0.20 .0.36 186.6 
-0.710 -1·.1 0.21 0.,36 B7~3 
-0.591 -0.4 0.26 0.62 93.5 
-0.474 2.0 0.29 0.89 95.2 
-0.358 1.1' 0.31 1.18 96.7, 
~O. 239 3.5 0.27 1.23 96.9 
-0.121 1.3 0.15 , 0.77 93.0 

0.001 3.1 0.15 0.70 93.9 
0.115 2.5 0.11 0.60 89.2 
0.215 1.6· 0.10 0'.41 86.8 

S2 -0.756 1.5'~ 0.12 0:.26 95.2 
-0.639 1.9 0.14 \ 0.25· 96.8 
-0.520 0.9 .0.14 0.23 '95.3 
-0.404 1.13 0.14 0.30 . 98.1 
-0.302 3.1 OA 18 0,51 • 94.7 
-,0.202 4.8 0.18 0.64 93.9 . 
-0.101 4.6 0.16~ 0.64 . 9"2.1 
0.000 6.5 0.13 0.70 92.2 , 0 .. 083 0-1.2 0:-20 , 0.52 .88.8 

S3 -O. 944 0.1 ) 6.09 0.1.2 99.3 " -0.823 -0.9 0.11 0.17 99.2 
-O~ 709 -1.5 0.14 . 0.22 99.0 
-0.590 -2.7 0.2i 0.38 ~ 98.4 
-(}.473 -2.9 0.30 0.67 

0 
96'.8 

-0.234, . -3.8 0.22 ·0.42 .80.6 
;-0; 119 -2~1 0.17 0.17 76.8 

0.000 1.8 0·12 0.23 92.2 
0.084 1.1 0.12 

0 

0.26 ~.a 
0.165 1.2 0:11 0.24 91.3 • 1;5 .:!o. 775 -;.5 0.19 0.27 

i 

'98.4 
-0.708 -4.3 .. 0.17 0.29 99.4 

,-;-0. sn -4.8 . 0.25 0.46 97.5 
-0.472 -3.4 0.19 '().23 98.9 . -~, -0.359 . 1.1 0.17 0.32 97.0 
-0.238 0.1 . 0.18 0.4'1 9,?8 
-0.122 -0.5 0.16 '0.32 " 93.7 
O.OO~. 0.9 '0.13 0.3'5 .. 96.2 
0.081 0.8 0.12 O. 3-~ 91.8 

... 0.181 -1.1 0.08 0.1D- 99.5 
s1 . -o. 509 0.4 0.14 0.24 98.5" t) -0.424 . ", 0.2" 0.15 0.32' ' 99.7 

..,h , 
-0.341 1.5,' 0.14 0.29 n >~ 98.1 .-.-
-0.256 0.8 0.15 0,,34 {'g 94.0 ". . 
-0.171 1.5 0.14 0.29 ' 96.1 ,. ,0 

-0.087 1.0 0.14 0.36 96.0() 
0.002 2:1 0.12 0.37 9";.Q , 
0.095 1.2 0 • .10 0.41 '096.05 ' 
2. 197 2.7 ........ 0.04 0.40 95.3 .. 

Table 5.3: Results of a multiple linear ~ regression models between 
torque and Jagoni~t and antagonist EMG data at each ankle anfle. The 
VAF by these models, the TA EHG and TS EMG coefficients and the 
interc~Pts are presented for a11 sUbjects,/ : 1. 
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has somé effect on the agonil?t and antagonist EHG this effect cannot 

be characterized from the present resu1ts. 

Dynamic Analysis 

-Non-Parametric Analysis of Mechanies 

A partial set of stiffness transfer function gain curves obtained 
. 

during plantarflexor contractions is plotted in Fig. 5.8. 

are shown for the passive case (solid Hnes) " and for 

Gain ~urves 
'\ 

10% ~do't-ted 

lines~ and 50% (dashed Hnes) tonie contractions. For clarity, only ., 

gain curves obtained at ankle angles ranging from the NP (lo",ermost 

solid, dot ted, and dashed lines) to maximum dorsi flexion (uppermost 

solid, do t ted, and dashed lines) have been plo t ted. 

It is evidel1t that both the 10'" frequency'" gain and the 
III' 

resonant-dip frequency increased as the ankle vas dQrsiflexed. This 

was true at aIl levels of tonie activity. It is also evident that the 

10'" frequency gain and .resonant frequency increased as the level of 

t?nic aetivity increased. This has already been demonstrated for 

mid-range ankle positions (Hunter , & Kearney, 
. 

1982). bu t is no", 

~ eonfirmed for other mean ankle posi tions. The increase in' ~gain that 

resul ted when the passive ankle- loœ.S rota ted from the NP to maximum 
.;~ 

dorsiflexion (Fi·g. 5.8,' lowest to highest sol id Hnes) ",as of similar 

magni tud~ to" that observed when the level' of tonie aeti vi ty in the 

ankle ai- the NP changed from 0 to 10% (Fig. 5.8, lovest so110 to' 

lowest dotted Unes). 
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Fig. <5.S": Stiffness transfer functiQn gain curves calculated vhen the 
ankle joint muscles liere at rest (solid Unes) 'or actively contracting 
at- 10% (dotted lines) or 50% (dashed lines) of the NP TA HVC. The _ 

• da ta in this figure correspond to aiikle angles ranging from the NP 

\ 

(lovest soUd, dotted and dashed Unes) to QXimum dorsiflexion " 
(highest solid, dotted and dashed !ines). (Subject 91;) , ' 
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Compliance impulse response functions vere also calculated for 

each test condition. The VAF by these functions, tho~gh always larger 

than 85%, vas about S% lover than '''those obtained . wh en the' ankle 

muscles were a t res t . This decrease vas likely due to small 

fluctuations in the tonically maintained active torque (i.e. minor 

tracking errors). 

parametric Analysis of Hechanics 

The c,ompliance impulse response fune tions were modelled as 

second-order, underda~ped systems having inertial, vis~ous, and 

elastic terms. The VAF by these models vas alvays larger than SO% and 

usually greater than 90%. It did not appear to vary systematically 
~ 

vith mean position. 

." 

The~e three parameters, obtained for one subject during the 
1 

various mean torque and mean angle test,conditions, are plotted as 

functions of mean joint position in Fig. 5.9. Each square represents 

1 (Fig. 5.9, top graph), B (Fig. 5.9, middle g,;aph) or K (Fig. 5.9, 
. .-

bot tom graph) calculated during tonie dorsiflexor contractions. 

Circles represEmt the parame fers calculated vhen the ankle joint 

• muscles v&e at rest. AlI points obtained a:t the same tonie level are 

joined, thereby generating three sets of six iso-active-~rque curves. 

The curves in the top graph of Fig .• 5.9 arè~ indistingui~hable and 

i t i~ evident that 1 varied vi th ,nei ther level of contraction nor mean . 

position. In eontrast', Band K var'ted vi th' both mean ,tor~J.e and .mean. 

angle. For the subject vhose data is presented in' Fig. 5.9~ Band K , 
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Fig. 5.9: The inertial (l, top graph), viseotis '(B, .iddle graph) and 
elasde (K, bottom graph) parametèl"S as" funetions' of ankle angle for

othe six ac t i ve dors iflexor torque levels. Ci rcles repres'en t valuE!s of 
l, B '. and ft determined while the ankle muséles l'ere a t res t • SquareS 
represent values of l, B and,K for ~ontractions varying froa 10 to'50: 

,',of the NP TA HVe. Lines connect points 'obtained at identical active 
torque levels. (Subject S2} , 
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) . 
increased as the reIaxed ankle vas progressively dorsiflexed 

, 
., the level of .,tonie activity increased. However, the shape of the 

-
'B/rnean angle and K/méan angle' curves rernained rernarkably similar ta, .. 

"their passive counterparts vith the result that a set of· six paraI leI 
• 

iso-active-torqu~ curves vere generated for torques varying f~o. 0 to 

50% NP TA HVC. 

. ' 
Comparable sets of paraliei iso-active-torque curves vere 

o~tained for dorsiflexor contractions by other subjects and for 

plantarflexor contractions by a11 su'bjects~ However, as vas the case 

for passive joint, rnechanics, Band K during active contractions 

usually in'creased wh en the "ankle vas placed At both extremes of the 

~OH. Th~s particularly asyrnmetric data set is presented to simplify' 

subsequent presentation of' resul ts (see Fig. 5.10 Iièlov). 

Relation between the Elastic Parameter-and Active Torque 

The data in the lovest graph of ~ig. 5.9 have been re-plotted in 

Fig. 5.10 ta shov the relation betveen K and active to~que as a 

function Of JOInt position. Ea~h point represents K determined during 

one of the test conditions; circles indicate an absénce of. tonie 

activity and squares indicate tonic contractions. Bovev~r, now aIl 
fi. 

p~ints obtained at the same mean ~osition are joined, vith each 

iso-angle curve representing ,the K/active torque relation . for angl~s 

ranging from maximum plant~rflexion (bot tom 
1 

trac~) t 0 aaaxi lRlIIl 

... 
dorsi'flexfon (top trace). 

Three observations,follov trom t~e iso-angle curves presented in 
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to maxi~um 9darsi~lexio()ll' (top trà.ce). Inè::lf.vidud point~, rep,J;esenting 
active, torque levèls varying fram' 0% to 50% of the NP TA MYe, are 
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Fig. '5.-10. First, th~ relation betveen K and active dorsiflexo~ 

tô~que ~ppears to be linear at aIl ~nkle angles. Second, the 

iso-angle èurv,es do not appear to be strictly paraUel but rather s~em" 
"-

to become steeper as tàe ankle is more dorsiflexed. Th! rd, these 

curves interseet the K-axis at suecessively higher values as tne ankle . 
is more dorsiflexed. This strietly monotonie inerement in iso-angle 

curve offsets was relatEM to this subjec.t's asynuÎletrical r~sponse at 

the two ROH extremes. 

These observations were quantified by fitting s~raight lines ta 

the K/activ~ torque data at each angle. The results of a least 

squares Hnear regression analysis are shôwn in Table 5.4 vith VAFs, 

slopes, and intercepts listed for each subjeet in an ~rde~ ranging 

from maximum pla~tarflexion to maximum dorsiflexion. ,The VAF vas 

~ generally greater than 85% and ,usually greater than 95% and it is 

evid~ent that the relation between K and active dorsiflex'or torque vas 

linear at aIl mean positions. 

The magnitude of the K/active dorsiflexor torque slopes vas 

.oderately affeeted by mean ankle position. Whereas NP slopes varied 

trom 7.2 to 8.9 Nm/rad/Nm, the slope deereased to as little as 

2.9 Nm/rad/Nm near maximum plantarflexion (8ubject S3 at -.82 rad) and 

increased to as mu ch as 18.2 Nm/rad/Nm near maximum dorsiflexion • 
('Subject 82 at .08 rad)'. Individual subjeets showed a percent change 

in slope magnitude that varied from 140 to 460% over the ROH vith the 

slope becoming steeper as the ankle vas dorsiflexed. This trend va~ 
'" 

not, however, systematic: Although two of the five subjects showed a 

.onotonic increase in slope as the ankle was dorsiflexéd, the slDpes 

1 
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for the remainin~ three subjects increased initially but then either , 

decreased or remained relatively constant. 
" 

The K/active torque in'tercepts, also shown in Table 5.4, provided 

an indicatioQ of the magnitude of K at each angle when the ankle 

muscles were at rest (0 active torque). As expected frôm the 
. " 

characterization of the passive ankle joint mechanies, the intercept 

generally became larger wpen the ankle was placed at eithe~ end of the 

ROH. Note, however, that this incr,ease was usual1y asymmetric with 

much larger values "for K at maximum dorsiflexion. 

1 

. The values of K obtaine~ during pla~tarflexor contractions "at' 

different me an positions are plotted~with respect to active torque in ... ~ 

As in Pig. 5.10, a ser'ies 'of- iso-angle . , 

. 
curves, varying 

from" maximum plantarpexion (bottom- trace) to, mjlximum dorsiflexion 

(top trace), illustrate the relation ,between C K and 

plantarflexor torque as a function of ankle angle. 

, 

active 

" The rela'tion between K and active plal\tarflexo; torque als-o 

. , 

~ ~ Q ~ 0 

appe8:,rs to be linear a t "a11 me an positions. , There is no" apparen t . 
position dependent ~hange ,in slope magnitude but the çurvés do~ cross 

, , 
, 0 

the' K;.axis' at succ~ssively' higher values" T?e~e observati~ns vere 

a~so 'quanÜUed by linear ~regress'ion analysis and ~he results are 

presented in Table 5.5. 
, . 

1 
1 
1 

The VAF by a iinear relation 'between K and' active p'lanta.rflexor: 10 

torque vas never less than 90;. Again the intercepts reflect the 0 

mag~ituae of K when active torque was O. These values also ~orrespond 

-

, 
1 f , 
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si 

S2 

, 

S3 

S5 

, -

S7 

, . . . 

ANGLE 
1 (rad) 

-0.828 
-0.710 
-0.591 
-0.474 
-0.358 
-0.239 ' 
-0.121 
0.001 

" 0.115 
0.215 

-0.756 
-0.639 
-0.520 
-0.404 
-0.302 
-0'.202 
-0.101 
0.000 
0.083 

-0.944 
-G.a23 
-0.709 
-0.59jp 
-0.473 
-0.234 
-0.119 
0.000 
0.084 
0.165 

-o. 7754 
-0.708 
-0~592 
-0.472 
-0.359 
'-0.238 
-0.122 
0.001 
0,;081 

-0:509 
-0.424 
-0.341 
':"0.256 

, -0.171 
-0.087 
0.002 , 
0.095--
0.197 

SLOPE DlTDëlPf 
(N./rad/Ha) (Na/rad) 

-17 .3 
-11.2 
- 7.8 
- 8.5 
-10.6 
-.9.1 
-\0.9 

. - 9.8 ' 
-10'.1 
- 9.9 
-11.8 
-10.5 

f -10.3 
-11.8 
-13.9 
-14.4 
-14.5 
~13.7 

-13.3 
-13.1 
- 9'.0 
- 9.6 
-10'.3 
- 9·7 
- 9.4 
-la :-9 

. - 9,'8 
-' 8.e 
- a.o 
-" 9.1 

- ~ 8.7 
- 7.9 
- 7.6 
- 7.8 

k - 7.9 
:.. 8.7 
.: 8.1 
- 7.7 
~-13. 7 
-n.6 
-10.7 • 
-11.1 
-:-1Z.7 
-13.5 
-15.7 
-14.1 
-14.3 

94.4 
45.2 
j7.5 
27.2 

'40.6 
49.5 

, 58.4 
72.2 -
84.4 

113.5 
40.9 
28.6 
39.5 
55.9 
61.8 
88.3 

, 127.5 
-187.4 
236.6 
-80.9 

. -35.9 -
41.0 
32.7 
45.0 
58.0 
87.3 

103.6' 
l1Ô.6 
-149.4 

34.3 
, 27.1 

3t.2 
" 44.5 

53:6 
74.9 
85.5 

101.9 
,,~ 120.5 

52.2 
47.6 
63.2 
53.2 

,,45'.9 \ 
71.3 
75.2 

145.5 
221.4 

vli' 
(%)' 

99.4 
98.2 
96.9 

'98.6 
96.8 
95.S. 
94.2 
~2.3 
95.1 
95.1 
99.2 
99-.6 
99.0 
97,.8 
98.7 
98.1 
99.0 
97.6 
96;0 
-97.1 ' 
99.3 
95.5 
98.6 
96.5 
91.8 
n.8 
93.3' 
98.5 
95.4 
99.0 

·99 .. 0 
98.7 
95·,9 
93.9 
90.3 
94.4, 
92.8 
93~8 
98.4 
99.4 
98.7 
98'.2 
99.7 
98.6 
99.8 
98.'8 
98.3 
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Table 5.5:' The slopes, intercepts and VAFs by a lin~ar. regression 
-"mQdel between K and active plantarfleKor torque at each Mean position • 

. 'The panmeters are listed in an 'order ranging. from maximum 
~, plantarflexion to maXimum dorsiflexion. ' 
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to the passive conditi~n and are simil~r to the ,interçepts listed in 

Table 5:5. 

There vas very little change in the magnitude of ~he K/active 

plantarflexor slopes as ankle me an position changed. NP slopes varied 

between'7.8 and II.8 Nm/rad/Nm; the smallest slope was 7.~ Nm/rad/Nm 

" (5ubject 55 at -.47 rad) vhereas the largest ,slope vas 17.3°Nm/rad/Nm 
" 

(Subject SI at -.83 rad). Individual subjec~s showed a percent chang~ 

in slope magni tude that varied trom 120 to 220% over' the RO". There 

was, however, ,no systematic position-r~latèd change in these slopes. 

! 
There vere several interesting ditferences between the behaviour 

of'R dtlring'act~ve plantarflexor and dorsiflexor contractions. First, 

the VAF by a liuear relation betveen K and active torque vas general1y 

larger. during plantarflexor contractions. 

generally larger tha~ those obtained at 

Seçond" NP slopes vere 

the same angle during ., 

dorsiflexor contractions. ~inal~y; there was dPnsiderably l~ss Mean 
~ 

position-related'variation in ~he magoitude of th~ K/active torque 

slopes Jduring plantarflexor contractions than during dorsiffexo'r \:l, 

, 
contractions~ The later tvo points are illustrated in Fig. 5.12 vhich 

shows the mean K/active torque slope ±1 5D 'for each of the five -
subJec ts. The K/dorsiflexor slope means, shown in '. Fig. 5.12 (top 

graph), are smaller than the K/plantarflexor slope means, shown in 

Fig. 5;,12 (bot tom graph). In contrast, the K/dorsiflexor $lope SOs 

are la~ger tha~ th~ K/plantarflexor slope SDs . 

.. 

~'l ,. .~' 

Q " 

{ 
l 
i 

.. i 



\ 

.. 

" 

~ " 

1 . ,. 

-. 
" 

j 
...... 
"0 
<0 .. -....: 
E z -G) 
Cl. 
0 -en 

-E" z " 
...... 
'a -cu .. ...... 
E z -
G)' 
Cl. 

-0 -0· 

-
'-~ 

3) 

10 

0 

~o 

Il> 

10, 
0 

0 

, (1 

108 

TA 

.. 
'\.., 

·f 
~ 

1 ·1 ~ 

""" 

TS 

f l 
1 '·1 

. 
t-

,.. 
; 

'0 

51 52 ,53 $5 57" . 

S~bject 

r . 

Pige 5.12: _ The mean ± 1 SD of the K/torque 'siopes over the tested 
ankle angl~s for each of the fjve subjects. These data aré for 
dorsiflexor (top graph) ~d plantarflexor (bottom.graph} contractions . 

. (Subjects are identified by a number'vhich denoted the sequence in 
·which they vere tested; Subject~ S4;and"S6 did not par~c1pate hi 'this 
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DISCUSSION 

o These experiments were de~igned to examine the static and dynamic 

behaviour of ankle joint mechanics in the presence of simultaneous 
" . . ~ 

chang~s in meân position and in actively generated torques: The major 
~ ~. 

results relate to the position dependence of the static torque/EHG and 

K/active torque relations. 

It was first demonstrated that the static torque/EHG relation was 

~inear at aIl ankle angles .. Although ankle Mean position appeared to 

alter lhis relation, the effect was neither !arge nor systematic. 
l 

It 

was ,then dentèmstrated that the iUact~ve. torque relation was also 
'n 

Iinear at aIl ankle angles. Th~re was very little change in the 

K/active pl~ntarflexor torque gain ov~r the ROH. The posi't,ton , 
~ . 

cl{anges ,in the K/ac·t.ive "darsifle>Çor torque' gain "wer~ 

somewhat larger; the ankl~joint 'tendèd to bé stiffer during 

dorsiflexor cont7action~.rthe mor'e dor::;i.flexed angles although this 

effect was not entfrely cons!st~nt. ,Thus, cont~ary'-~o the results . -
from C'hap~er 4 where 'i t was dl'!monstra:ted 'fhat ankl"ê Mean, posi tion . had 

a '-l-arge and predictable effect on the pas~ive mechanics, the present 

.,, 

U:ndings indicate that the posii~o~ dependen~e' of th~ 'active mechanics 

'- ~ . =-=~=-~-" 
iS. r~~ativ~ly small and variable. .. 

" . 
The first result ~~dicate~ \hat 'good ,esdmates of active' joi~t 

L' • 

torque can be dbtained if ,the'agon~~! and antago~rst EH~s are kn_oyn • 

. , The' second result suggests that . very' -good estimatès of K can be 
- , " obtained if~ the 

o 
Thus knowledg~ of 

total 

ankle 

('passiv.e plus active) joint torq~e' 1s ~own. 

Mean . posftiOfl--- i5_ not 

o " 

essential 
~-

for'. the 

l , 

, , 

• o· < 

,.' 

,,, 
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\, 
characterization - of the static relation between torque and EHG. Nor 

is it required for" the identification of the joint mechanics p'rovided 

that the total joint torque is known. Finally a number of the key 

differences which distinguis!'t, the behaviour of the anltle joint during 
" , ' 

dorsiflexor and plantarflexor contracUons have been delineated. The 
" , 

functional implications of thèse resul ts are discussed below. 

The~ Cons tant-Torque Paftradigm 

A eonstânt-torque paraqigm vas employed in these exper~ments, 

i.e. this study vas designed to ensure that the subjects maintained 

the same level of ae ti ve torque throughout the ROM. Since the 

magni tude of the TA MVC has been shown to inerease' (Marsh et al, 1981) 

and, the magni tude of the TS HVC has been shown to decrease (Sale et 
.§' 

- al., 1982) as the anltle is plantarflexed, the use of this paradigm 

implied th~t each torque represented a different percent of the HVC • 

For example, 
. 

a given dorsiflexor 
. 

torque represènted a much larg~r 

percent~ge of the TA HVC at extreme dorsiflexion than i t ~id at 

extreme plantarflexion. 

An alternate exerimental paradigm, one in which Jhe subject would 

have been r:quired to tr-ack torques that comprised the same percentage 

of the HVC at a11 me an positions, was also conside~ed. This paradigm 

has the advantage -that the subjeèts' -effort would have remained 

relatively constant' over the ,ROH. This approach ~as y however, 

'" rejected for two reasons. First, repeated determinations of the l'ive 

wi thin the same ex'perimental session would have been required sin:ce i t 

(>' -

.. .-

-
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was not pdssible to accurately replieate the ankle refere~'ée-posi ti~n 

once the .subject was released from th~ foot cast. This would have 

been a 
- \ 

fatiguing, and therefore una~ceptable, procedure given the 

• duration of the already 1engthy experiment. 

Second, although t'he MVC May be ·reliabiy measured' on _ successive 

occasions if eare is taken to follov certain guiCilelines (Kroemer & . 
Marras, 1980), this variable. is neither well-defined dor eompletely 

objective. Horeover, there is sorne indièation that comple"te motor 

unit activation,is not aelffivéd in ,sorne muscles,,(Belanger & McComas, 

1981). \. For these reasons the. eonS't.an t-XHVC paradigm was not used. 

Physiologieal Correla'tes of Ankle Mean Position 

-. 
Voluntary and Electrically Evoked Torque 

The magnitude of the voluntarily generated or electrically evokE!d 

ankle torque has been found to change as à function of the joint angle" 
, , '> 

in 'previous studies.' r:Since a eonstant-=torque .paradlp was' employed in 
o 

th.e' present study., position-rel~,ted ch,anges _Ïn the torque have 

relevance to the in terpre ta tion of our ~esul ts. , 

TS' twi tc~ torques wer~ largèr when the ankle was dorsiflexed than 

when it vas ',plantarflexed (Gottlieb & Aga;wal, 1978; Sale et ai., 

1982) as were to~ques generated by 1'0 Hz' tetanies and -by 'HVCs (Sale et 
" 

al., 1'982) '. Tbese increases vere not sÙictly monotonie but appeared 

to plateau near 0.15 rad. In contrast, the magni tude 
\ 

" . 

" of TA torques-.. 

\ . 

.-- ----

" .. 
\ 

j 
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generated by twi tehe,s, tetani'':"s of varying frequencies and HVCs 

] in.cieased as the anUe was plan tarflexed (Harsb et al. , 1981). For 

MVCs and a t the higher stimula t ing' freq~encies ,. the torque appeared to 

be maximal at 'about' -.1 rad, l(hereas. for the, tvi tche.$ andv lover' 

frequency '. levels, the increase in torque vas monotonie (Harsh et al., 

1.981) . 

In the present study, th~ magnitude of the active torque at eâCh 

of the t61rget levels vas maintainéd constant over the ROK. Th~s 

resulted in values of K that remained relati vely constant at aIl ankle 
.. , 

t· angles. The question now arises as to whetber tais r~sult contradicts 

the above 'findings whieh appear to demonstrate tha' TA and TS 

contractile properties, are jIIodifie~, by snkle "mean position. There are 

two responses to this question. 
. . 

First, as sugg~sted by Gottlieb & Agarwal (1978),' vho also 

employed the constant-torque paradigm,. the invariance of K vith; 

respeèt to ankle angle does not denote a lack of change in the 

contractile propertie\. Rather, for 

the pumber of a ttached/cr-oss-br i~ges a t 

examl?le, possi.ble decreases in 

the e.xtremeS of thè ROH. may 

have been compensa ted for by concomi tan t incréases in the recrui tmen t 

, /or firing rate of the relevant motoneurones. 

Second, al though ,the evidenoe 'to da te ,sugges ts tha t there are . 

some changes in the contractile properties of the ankle dord-and 
, ,1 

plaRtarflexors, these studies are by 'no means exhaustive and any 
l , 

conclusions regarding the extent and ~signif~cance of ~he pr~sumed. ) 

Ou~ sou-t:ces of' the~e changes (e.g. muscle length) are premature. 

".: 
, '-

'. 
, ; 

o 
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kn~wledge of other possib~e sources 'of thè observed changes in torque ~ 

is rudimentary and theoretical considerations suggest that changes in , . , 
" ' 

lIluscle length are not large enough ta account for -the experi.e~tally • 

_ observed changes. 

~ 

Nevertheless, the present inability ta resolve this issue does 

not detract from the major result of this study. Hamel}", provided 

that the total joint torque i8 known 'the stiffness of the ankle joint, 

can be reliébly and accurately predicted.regardless of whether it is 

genera ted 'by passive, or 'ac t ive pro cesses . 

. BHG 

" 

Position-related changes in ttte EHG are al$o of int-er-est since 

the effect of mean ankle angle on the statie t~rque/E"G relation wàs 6 

also examined. There is some indication that thé surface' EHG changes 

when' a joint is rotated al though this issue is complicated by the ùse 

of a wide, variety of, diff,erent Methodologies. The most' direct studies 

have endeavored to' determine wheth~r 
. 

these changes result from 

alterations' of musc1e length. _ lIhen froi. sciatic nerve was 

supramaximally stimulated vith single shocks,. the muscle action ',' 
{-

potential (HAP) amplitude was smaller vhen the muscle wa~ shorte~ than 

res.t length than vhen it is str~tched' beyond its resting length 

(Ralsten & Libet, 1953). This effect is seen o~ly vhen the nervet is 

stimulated " and not when the muscle ls stimulated directly. These 

changes in HAP ampiitude appeared to be caused oy'differences in the 

extent of muscle
w 

fiber recrui tment. That is; a ~upr.ynaxim~l sti,mulus 
11 

,via the nèrve of an unstretched I!luscle did not appear, to activate aIl 

.. 

, " 

... 

, 1 

-' ..... 

" 

J 
f 
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, 
fibers; ho~ever aIl fibers vere' activated vhen the 'lIIu$cle vas" 

. , 

stretched (Ralsten & Libet.; 1953)., llith bivolar ele~trodl!s sevn to 

thé surface of a muscle belly, Lewis et al. (1972) recorded an 

inc~ea~~ in,EHG with lengthening for six motor uni~s and a decrease 

for one uni t • In contrast, Stephe,ns et al. (1975) reported a 

decrease in ~HG with lengthening. In both exp~iments great care was 

taken to 'minimiae experimental artifact by preventing electrode 

slippage~ Thus the results trom isolated muscle experiment~ provide 

"no consensus. 

. . 
41 

Previous studies have shown ve~ little change in the surface EHG 
, ,<, 

ôver mUS,cle lengths that wer~ assoc.iated 'vith a jOf change in ~he 

force generated by the adductor ~ollicts (Caferelli & ~igland-Ritchie, 
~ 

1979) and biceps brachii maximal EKGs showed li ttle systema~fc change 

vith large a1tera.tiqns of the elbow angle (Komi &~ Buskirk, 1972). 

TA EHG - rec-orded trom, surface ele<trod~s "\as' been" sho,.,!) to 
, • • 1 • 

dec:rease as the muscle vas strefchep (Inman et aL,' 195.,2, Harsh et 
, l', ... 

J , ,., ., 

al., 1981).' 'Both soleus and'gastrocne~ius EHGs recorded tram vire', 

electrodés decreased as the ankle was dorsiflexed though at differen~ 

rates (~erman & Bragin, 1'967). In 'contrast, t~e TS EHG recorded 
, , 

dUI"irig JIlaxtmal'~ cQntraëtiohs increased as' the ankle was dorsiflexed 
!, 

(Sale et al., 1982). Hovever, t,his r.e'sul~ may be explained by the 
'. 

,. concomitant j.ncre~~e in the· H-wave sirice the EHGtH' rat'to' ac tual+y 
• , 

decreased. Presumably, ~t least som~ of the EHG changes were related 
, . 

to 'sJtin movement (Sale et al-.,' 1982) .. 
, 1 

".' The results from the pr'esent study' indiçate' th8;t such' ~ffeC!ts ue 

." 

, , 
, 'l' J . 

l, 

" 

'1. .: 

•• > 

, . 
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indeed yariable. Since the magoiçude of- the joint torque remained' 

constant at all'ankle ~gles_and the relation between EHG and torque 
, 

vas lineat regardless of me an position, changes in the slopes of ~hese .. 
. curves vou Id indicate alterations in the EHG/joint positi~n relation: 

:The results '~f the multi'ple' linea~ regression analysis .showed that the 

effect of joint position was re'latively smaH and qui te variable. It' 

is highly likely that these effects were artifactual and related to 
1 alterations of electrode properties or location as the ankle joi~t was 

rotated over -its ROH. Since it is virtually impos~ible to eliminate , 

such artifacts the issue of the position dependence of s8rface EHG 

'must remain open. 

èomparison of the Ankle Dorsiflexors and Plantarflexors 

There is evidence from this study that TA and TS behave 

differently. First, the VAF by a linear relation between K and active 
f 

torque was generally larger during plan tarflexor eontractions. 

Second, the NP and other-ankle angle KITS torque slopes were generally_ 

larger than those measured at the same angles during dorsiflexor 

contractions. Finally, there was considerably less' mean 

position-related variation in the magnitude of the K/active torque' 
, 

t slopes during .planta~flexor contraçtions than during dor~iflex9r' 

contractions. -Differences in ~A and TS 'réflex behaviour" have also 

been ·oDserved (Kearney & Hunter, 1983; 1984) but ~hese will be 

discussed in Chapter 6. 

-Differences· in the mechanical and reflex behaviour of the' dorsi-
.. -
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. 
and plantarflexors" are not surprising given ·the differences in their 

The T5 are 

pnYSiological extensors that have a primatily static role. in posture;, 

TA is 'a phasic muscle that is qUi,et during normal standing (Soames &. 

Atlia, 1981,). Moreover tnere ~re ~ifferences in the morphologieal 

(C~ose; 1956), histqchemical (Johnson èt aL" 1973) 

-
and 

5, 
contractile 

(~elang~r ét al., 1983) properties of these tvo antagonist muscles. 

Ror example, _ in comp,arison 'to the ankle plantarflexors, the 

~orsiflex~r tvitches and HV~s vere smaller and vere more susceptiblé 

to fatigue during isometric contractions (Belanger et al., 1983). 

,Although the' KVC generated by bath muscles changed'vith'joint angle, 

t.he change in the TS HVC magni tude vas considerably larger than ' that 

Qf the, TA MVC (Sa1e et "àl,. , 1982; Harsh e't aL, 1981). 
f 

The Relative Contribution of Passive and Active Mechanics 

Stiffness çan be increased by co~traction of the agonist muscle 

(Bunter & Kearney, 1982) and a certain energy cost viII be associated 

with this active muscle process. Still more costly is the increase in 

stiffness that arises when both the ago~ist and antagonist muscles 

contract simultaneously (Hunter et al., 1983). ,In contrast, th~ large 

lncreases in stiffness which result when the joint angle is passively 
~' 

"'1. 
al'tered require li ttle, energy. 

Passi ve,ly-induced incredes in joint stiffness are 't~erefore 'more 

ert.ficient. Moreovev~ they are not insignificant in comparison to the . . " 

etfects of an active cOhtr.acÙon. Thls is demonst'rated by an 
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, -
examination of the magni tude of th*7 stiffness that can be achieved by 

! 

'p~-sive .and ~ctïve processes. 'The results of this comparison -~are 
" 

présented in Table 5.6. The total increases -i1\ K that vere generated 

vhen the relaxed ankle vas 't'ota ted from. t,he NP. to extreme dorsiflexion 
1 , 

, i . 
,(ôPK) are listed for each .subject. the value of the passive' 

/". ' 

plantarflexor torque (6PTOR) that vas associated vith these, changes !n 

'j,oint posi tion are also listed. 

The data from active contractions maintained at tlie NP vi:!re th(!n 

examined to determine co'inparable increases in active plantarflexor K 
/ 

, (MK). These,. values and the corresponding active plantarflexor. 

(âATOR) torques are listed in Table 5.6. Also listed are the percents 

of the NP HVC vhich corresponded to these torqu~s, 

- The torques generated during passive rotation to maximum 

dorsiflexion varied from -6 to -12.4 Nm. These torques vere 

associated vith values.of K that varied from 72.5 to 207.3 Nm/rad. 

Comparable values of K (84.2 to 207 Nm/rad), generated during--active 

plantarflexor contraétions vere associated vith active plantarflexor 

torqu.es. that varied between -5.7 and -14.4 Nm. These torques. 
1:> 

corresponded to contraction levels that ranged from 10 to 20% of the 

MVC. A,l though( contractions of this magni tude can be maintained for 

;Long periods vi thout apparent fatigue, the generation of comparable 

levels o,f joint stiffness by passive processes vould result in a 

m'od~rate energy saving. 

The importance of the passive structures is appa~etlt vhen the 

behaviour of the ankle joint during postural svay is. consid~red. The 
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P1SSIVB 
~' 6PtOR-

72.5 ,-6',.0 

148.5 ,':12~4 

p~.7 - 9.9 

114.8 -10.1 

" 207.3' -10.5 

ha 

- ' 

~TOli, mINe .. 

84~2 -5.7 10 

177.7 ,...14.4' 20 

iS1.0. -11.5 20 

143.0 -14.1 '20 

207.0 -9.6 10 

'l'able 5.6: A comp~rison of the passive and active torques generated 
to achieve similar values of K for the fi ve ~ubj ec ts. âPK and M'TOR 
represent the increase in s tiffness and torque associated vith changes 
in Ilean posi tion from the NP to maximum dorsiflexion. MK l'epresents 
èomparable '.Încreases in aèUve plantarUexor K and, MTOR represents 
the corresponding active plantarflexor tOJ;:q~e. The %NP HVC denotes 
the tonie level corresponding to the active torques. 
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cen,ter ~f gravi tt : f~l1t "'abQut, 5 lIIIIl anterior to ,the ankle joint 

(Bellebrand t, 1938) ereating, ~ ~ordf1exor torque of approxi-.tely 

50 Nm (Boussennà'et al., 1982) which must-he balanced by an equivalent 
• \. v ., , 

pla.ntarflexor moment: this moment is 'generated either ~ contraction ... , 

of TS, by stretch of 'the non-cont'ractile joint . ... '. tissues or by .so.e 
• 

pro~esses (Smi t~, 19~7).".'· 
~ 

Al tho\lgh the an~le osci)la tes by less t'han .1 rad during quiet stance 

this motion occurs about th~ 0 rad position (HurraY et al., 1975). At 
~ • • G t , . 

thisnangle the joint is 'qui,te stiff _ (as great as 200 Nm/rad) and 

further anteri~~ svay is' retarded. Furthermore, the lar,e passive 

to.rqu:e: (às' high as '12 Nm) serves to plant~rflex the 11mb about t~e 
," \ N • 

fixed. foot vi th the'· resuI,t that only sma11 , periodic bursts of TS are , 
.' . 

required' t6 maiii.t#n a stable, p'osture. 
, ' 
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The purpose of this study vas to exa.ine the effect of c~es in 

" 

mean ankle pos! tion on the' human ankle stretch reflexes during 

tonical1y~m~intained contractions held over Most of the range of 

1B0tion. The ankle vas placed at randomly selected Mean positions, 
r/ 

target leveis 'of TS or TA ~onic· CQntractions were generated .and the 
", l . 

ankle was displaced by small amplitude, $tochastic perturbations. 

System fdentification.techniquès ve~e used t~ identify the stretch 

refl-ex ", dynamlcs at each .tonie Ievell~nkle angle <!ombination. The TS, 

'stretch reflex, vas charac terized as a uni.4,i rec t ional, 

response func'tion vheràs the TA stretch 

" '. reflex 'vas characterized 'by a linear impulse rf!sponse function betveen," ", 

, ... 

" " 

anÜe .... e'lod ty arid TA" EKG', . ' 

TS stretch ieflexes shoved a strong dependence on ankle positiôn . 
" vhile TA stretch 'reflexes d!d not. Thus, Ni~ 'TS stretch reflex' 

1 
, . 

·magnitude increased greatIy as the ankle vas progress'i vely 

~dor~ifl~xed. In contrast, mean ankle position had o~ly a minor eft'ect 

on the TA stretch reflex magnitude. The resul ts sugges t tha t the 

position-dependent ,facili ta,tion of the T5 stretch reflex is not ~ue to 

changes in the levei of skeietai motoneuron excitability. Rathe~, it 

May be accounted for by mechanisms that modula te the e~ficacy'of the 
1 
1 : 

stochàstic ankle perturbation., - 'Such mechanisms could include 

.' 
f' 

• .b 

, 
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, ' 

position-induce~: modulation, 
, 'b. 

< 'iz: > 

of __ ' aPDosynaptic and· polysynaptic 

affer'ent i~PUtl, to skeletal Jlotoneuro~s; alterations in the exten~ of 
, 

fusimot~r drive; and clianges in the transmission of the joint 

perturbation to spindle receptors. Such me~hanisas are discussed in 
. 4 l' 

te.rms 'of the different behaviour of TS and TA stretch reflexes. 
: ' 

Finally, t~e func-ti~nal', significance Qf posi tion-dependent reflex 

responses are considered. ' 

,. 
, , 

Al though 'the ankle joint angle, varies sub'stantially during 

funé'tional activ'i ties f 

stretch r~flexes at 

,techniques haye ~een 

li~tle' i's known about' the :eftect this has 'on 
, o' 

the ankle. H-reflex • and mic~oneurographi~ 

used extensively tO'm~asure reflex function in 
o • ' 

.intaet man (e.g. Paillard, 1960; Bagbarth & Vallho, 1968) and to 
t 

del1neate ~ effect. of changes in the ;tonica~ly.-maintained ankle 

posi tion on' mOllosynapt1è ,(e.g. Hark et -aL,' 1~68) :·"and' polysynaptic' . , 
, , , 

(e.g. Delwaide, 1973) refÎexes ~ôd the '~fferents that' .ediate tbese 
.r-- • , 

responses (e.gç Vallbb, 1974). However, the B-reflex techniquè tests 
) 

<. 

, for' sub-threshold" changes in motoneurone, excitability 'using a hig!tly 

non-physiologi~al stimulus (Hugon, 1973) and its relevance to 

physiologieal stimuli remains uncertain (Burke, ,1983) •• On -the other 

~and, microneurography is . d'" currentl,y.,&. restrl,cte to the study of 

. relati,vely' sma:ll eontracti'an levels and joint di;9placellents ,(Procbazka 

& Hulliger, 1983). 

f, 

,The range' of motion of the anklé cah b~ as brge as 1.5 rad 

• 

( 
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(Boone & Azen, 1979) and the results ofi-hapter 4 indieate that the 

behaviour of the joint (e.g. the passt ve torque and passive 

lIecllanic'S:} at· mid-range angles is qui te different than i t is' &t- th~ 

extrelles of the ROM. Horeover, changes in ankle posi tion" , are often 
o 0 1 

accollpanied by tonie contractions and such, contr,ctions' app~ar to 

significantly mo~if:t the posi tion-dependent reflex et'fects (Mark et 

aL,- !968; Delvaide & 'Hugon, 1969): 'llhus it seems ,important to study 
,,~ • ,,' l ~ 

stretch reflex resp'onses -to physiologieal sUmuli over a ,functionally . . 

significant range of posi tions éj.n~ torques. 

Tne specifie objèctivé of the york presented in this ~hapter vas 

to use, quantitative t!!chniques to 'charàeterize triceps surae a~d 

tibialis anterior stretch reflexes as functions of joint angle. This 

Y~s .. accomplished by determining th.e dynamic mbd~.la"tion of TS and 

TA E'MGs in response ta small stochastic perturbations of the ankle 

abo~t, _diffeJ:.~nt me an, ankle. angl~s. and dùring different lev\ls of tonic . , 
act! vi ty.· This ,e~tend's the resul ts of 

which the effects of tonie a~tivity 

previous invest~ations iri 
\ 

and stretch ampl-iltude were 
1 

determined (Kearney'& Hunter, 1983; 1984)' and is the first ~ime . 
system "identification methods have beep used to 

. d~p~ndence of the human stretch reflex function. 

examine tr 

~,/ 

position 

/ . 

METBODS .. 

" 
T~e general methods and sp~cifie procedur~ related ta, ~he ,se~ond 

series of .experiments have been de~cribed in Cpap~er,s 2 
-

and '5 

rèspectively. Details pertinent to .the analysis of the~ sHetch reflex 

" 
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dynamics are provided below. 

"Identification of Reflex Dynamics 

", 
In accordance with previ~u~ results fr6m this labo~atory (Kearney 

& Hunter, 198~; 1984), the TS a~d TA stretch)reflexes were determined 
.. 

by identifying the linear dynamic relation between ankle angl}.lar 

ve'loci ty, 
, , 

and rectÜied, slnoothed EHGs. , ' 
These reflex impulse response 

functions (RtRFs) were calculated w.iih qn algorithm that was,based on 

the solution of a ,matl"Ïx equa,tion involving the input auto-'correlation 
1 

function and the input/ou~put cross-correlation function (Hunter & 

Kearnëy, 1983b). 

TS str~tch reflexes charae terized bi t'he RIRF determined were , 
• 

between ~olitively rectified ankle angulat veloeity ~nd TS EHG. Â 
" \ 

typical TS RIRf is shown ' . Fig. 6, • .1 (top graph) . It had ln a .. 
charaeteristiç: bi'Phasic pat,ter.n in,which 'a large negative (excftato:r;y) 

peak was foÙoved by a .§maller positive (irihibi tory) peak (}(ea~ney & 
" 

Hunter, 1983). The negative peak, which dua to the sign conventions, 
, 

corresponded to an ineTease in EHG ae t i '(i ty. in response to muscle 

stretch, occurred at a 'latency of' about, 40 ms. The peak-to-peak 
1 

re~sponse lS labelled'in' FJg. 6.1 (-top g,raph) as TSP. 

TA strl'!tcfi re~lexes 'wer.e represented, by the RI~F identified , . 
, between ankle ang,ular' vé.lo'ei,ty and TA EHG. A$ shawn in Fig. 6.1 

1 
.' (bottom graph), this fu~ction had a characteristic triphasic response . , 

. '. 
w~th' two negaHve (excitatory) .,peaks . " l , ~ 

separated by a positive 

" (inhibi tory) peak (KearnElY & HUn ter l ,1984). As above, a negative peak 

" 
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Fig. 6.1: Reflex impulse response functions (RiRFs) identified 
betveen positively re~tified angular velocity and TS EMG (top graph) 
and betweeh angular velocity and.TA EMG (bottom graph). Each RIRF was 

- detérmined during a 30%KVC tonic contraction vi th the ankle at the NP 
(-.47 rad). The peak-ta-peak amplitudes used to describe. the RIRF 
magn~ tudes are labelled, TSP, TAPI and TAP2. (Subjec t 85) 
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- in the TA ~IRF'eorresponded to an inerease in- EHG aetivi ty in respo.nse 
'\ 

to muscle stretch. The fi rs t neg!lH ve peak had a latency of abaut 

40 ms and the, second negative peak' at, about 70 ms. 'The two 

peak-'to.lpeak r,esponses are labelled ,in Fig. 6.1 (bottom graph) as TAP1 
, ) . 

and TAE2. ' 

RESULTS 

, " Reflex Impulse Response Funetions 

The VAF by TA RIRFs and TS RIR~s ranged from 40 to ~O% and ~id 

not vary with ankle position. ~hese VAFs w~re 10 to 20% lower than 

those obt~ined in pre~ious studies (Kearney & Hunter, 1983; 1984). 

This is undoubtedly 
~, 

due to the fact that in the present experiments 

fi Vii}; , stimulus ,sequences were 
" 

average,d, w~ereas previously 25' . 
, 1 

repeti tions 'w~re used;, ,the' magnitude of ,the VAF is dependent upon the 

number of responses in the ensemble aveIage (cf. Kearney & Hunter, 

1984, . Fig. 3b). ,The preseqt Uv'e-fold reduction in the number of 
, . 

stimulus repeti tions vas requir~d in: order, to avoid ~ubject fatigue; 

the use of 25 stimulus séquences at each tèst condition would have , . 
lengthened the experiment beyond the s.ubjects' endurance. 

Conse~ently,-the'TA and ~s RI~~ identiffeù in the present study vere 

somewhat noisier than.those obtained previously. Note, however, that 
f 

'the maximum likelihood estima~ion technique provided good estimates of 

the RIRF sh,ape even when th,e signàl to pçiise ratio vas lov (cf. 

Kearney & Hur:tt.er, 1984~ Pig. 4) •. ' In the present study, 
t ' -

the 

characteristic triphasic and biphasic patterns vere clearly 

, " 
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identi'fiable during' tonic dQrsif~exor or' plantarflexor contractions. 

Thi~ vas not the casé during the passive condition. ,The RI RF 

amplitude i5 proportional to the level of tonie activity and hence was 

ve~Y'~ll when the muscles are at rest (Kearney & Hunter, 1983'; 

1984). It was therefor~ not possible to char~~terize the peak-to-peak 
"~" te' 

responses of the RIRFs in the absence of muséle activity . 
... 

~elation'between Ankle Angle and TS Reflexes 

A sample'set ~f TS RIRF~, determined vith the ankle at differ~nt 

Mean positions but vhile the same level of active torque vas 

maintained (30% ~p TS HVC), is 'shown in Fig. 6.2. The effe.ef of Mean. 

ankle position en the TS RIRF is evident. The reflex magnitude became 
. 

progressively l~rger as the ankle vas dorsiflexed from -.36 rad' (near 

the NP, bottom trace) to .21 rad (near maximum dorsiflexion, top 

." 

trace): In contrast, the TS RIRF shape and latency remained the same. '( 

the----efféc t of mean ankle 'posi t ion on the TS~RF magri'i ~ude for 

aIl' tonie -levèls is shown in Fig. 6.3. Each sq~are represents the TSf 

/leasured at à par t i c,ular ankle angle and contraction level; TSPs 

obtained at the same active torque level 
o • 

hav.e be'n joi~ed to form 

iso-active-torque contours .. It is apparent that- the 

position-de~endent change in reflex magnitude, wa~ si~ilar for al~ 

'contraction levels. Vhen the ankle vas plan tarfleiKe'd , the -TSP 

remained relatively constant. Hovever, jt beeame progressively làrger 

as the ankle vas dorsiflexed beyond the NP reaching. a maxim~m at the 

extreme of dorsiflexion. For the data shown in Fig. 6.3, the TSP ~t 

aaxl~um dorsiflexion during t~ 30% NP TSHVC torque leve~ vas 17 ~imes 

-

l 
i 1 

1 
f 
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fig~ 6.2:, TS'RIRFs deterutined during a 30% NP TS HVCat ankle. angles 
ranging from -.36 rad (bottom trace) to .21 rad (t9P trace). The 
amplitude scalé i5 'the'same for aIl six'traces •. (5ubject 51) ,~ 

l' \ 
'l 

i 
1 

, , 



, 

, 

.; 

. ' 

.\ 

... , 

,; 

, ,. 

, . 128 

1 
1 

larger than its NP value. For other subjects the inc'rea~e varied from .. 
a factor of· 4 to .~ factor. of 23.' I.t is: also app,art;n ~ tbat- TSP 

increas~d with increasing EHG although 

~maller than'that due to ahkle angle. 

this 
.. 

effect ,is evidehtly 

Althou~h th~ shapes of thè iso-active~tor~ue' curves shown' in 

Fig. 6.3 were similar, their offsets increased witQ mean act'ive 

torque. This' indicated' that the TSP was· also modïfied 'by the levei of 

t,onic activi ty-. The cambined effects af mean ankle posi'tion and level 

of contrae,tion on .the TS RIRF magn;i tudë were therefore inves.tigated. 

·Tne TSP data were fitted to a multiple linear regression model having 

T$ EMG ~nd ank~e ,angle as independent variables (qenoted as the 

~HG-angle ·model). Since ,the TSPs were minimally modified by ankle 

plantarflexion, only'valués obtained at Mean positions beyond the NP 
.-

.thresho~d angle were fitted to the model: 
'1 

The resuI,ts of this ,analysis, 1 listed in Table 6.1 for the ffve , 

'subJects, demonstrated that ~etwe~~ 62 and 94% of the variance in the 
1 

,T5 reflex magni tude was accoun'ted for by these two parameters. The 

results of a linear regression aoalysis .between the pooled TSP and 

. TS EMG data are also listed in Table 6. L The VAF by this model 
, 

(denoted as the BMG-model) ranged from l to 36% which w~~ considerably 

~~ess than the VAF by the EHG-angle môdel . 

• 
This' does not, however,' indicate that the effect of TS EHG on the 

. /', Ts·.réfl'~~ ,~gnitude 'vjJs' .u~importa,nt.' {\s ·demonstrated in prevlous 
1 ~ 

experiments, tnè relation betveen ~SP and TS ~G was highly linear 

. ,when ,thè Mean -a~l~ ,~osi tion was' fixed 'néar. the NP (Kèar~ey ,. Hunter, 
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StJIJICT BHG-ANGLE MODEL 
TS BHG ANGLB VAl 
Coeff. Cqeff. (X) 

i 
SI 92.8 5486 92.3. 

S2 28.4 , , 5122 62.3 

. , , 

lkG IIODBL-
VAl 
(X) 

24.4 

1.0 

36.4 

'13Q 

.. 
" , 

\h,' 
.~' 

" ' 

53 78.5 1231 9'3.9 
, ' 11 

55 '78.3 21139 . 8,9.,2 ,~2.g 
" 

57, 61.9 10902 a's.l '21.4 , ' 

. 

, , 

f . 
Table 6.1: Results of a multiple linear regression analysis 'bètween 
T5 EHG, ankle angle and TSP (the EHG-angle model). The TS EHG 

-coefficients, the angle ,coefficients, the lnterc~pts and the VAFs by 
this 'model are, listed for aIl subjects. 'The VAF by a linear' 
regression analysis between TS EMG and TSP (the EHG model) is 81so 
listed. • 
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1983). A series of linear ,regression analyseS'· between the TSP Bnd 

" . t5 EHG data were theréfore carried out to determine whether this 
, 

relation persisted at àll ankle angles. As demonstrated by the VAFs 

Ijstèd in Table 6.2, the ~elation between TSP and TS EHG was linear at 

most mean positions. The variance in. TSP accounted for by the TS ,EHG 

was generally greater than .80% although it did occasionally decline· tô 

mucb lower values. 
_ A 

the'se analyses 
1 

The results of reveàled a _ second important 

finding. ~amely, the gâin of tQ~ TSP/TS EHG relat:j.on was dependen~ 
( 

upon'ankle me an posj. t ion; the TSP/TS EHG'slopes became larger as the 
.-

ank,le was dorsiflexed. Values ranging from 15 to 42,pVs/rad/pV were 

generated at the NP. These small slopes contr~st to values ranging 

from 137 to 255 ~Vs/rad/~V at extreme dorsiflexion. 

These effects are illùstrated in Fig. 6.4. The data plotted in 

Fig. 6.3 have been redrawn to show the relation between TSP and TS EHG 

for me an positions ranging from maximu~ plantarflexion to maximum 

dorsiflexion. For clarity, data from only ~even of the nine ankle 

angles ~re shown and the regressfon lines have been included in the 

figure.. It· is evident that the relation between TSP and 'rS EHG was 

·Iinear and that the slope of this relation became steeper as the ankl~ 

, was dorsiflexed. 

, To summarize, th'e TS stretch reflex magni tude was altered by both 

ankle angLe and agonist EHG. Yhereas thç position-dependent effects 

we~e independent of the level of tonie activity, the EHG-d~pendent 

effects weFe modulated by me an ankle position. 
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.' stDQBëT ANGLE SLOPB vii , . 

(rad) (l1Vs/rad/l1Vj (X) , 

" sI -o. 710 23,.4 91+.1 • 1 .Ii> 

• -0.591",' 21.8 96.9 " 

.. -0.474 15.1 ' 76.3' 
:,' i -0·358 3.4· . 34.4 . , 

-0,.239 24.9 o i9,0 
, , , -0.121 45 .. 9, iO.1 ' " ' 

- 0.001 " 152.1 . 9,6.3 
0.115 207.6, o "99.9 

, O. Zl'5, 172 • .1 97.4 
S2 ' -0 • .756 25.0 ' 89.5 '. :"'0.639 ' 20.3 79~8 

-0.520 10'.8" 20.9 
-0.404 50.6 81.7 
-0.302 85.1 ,98.5 
-;0.202 ,91.1 - 89.0 • 

, -0.101 71.4· ,83.0 
, , '0:000 l12.0 '90.2 .. 

0~083 144,'3 90.1 
~ 

S3 -0.823 7.5 95.0 
..:.Q.709 ' 7.~, 91.3 
-0.590 ' " 7.6 50:.5 

r' 
":0.47-3 :16.2 9l~2 , ' 

II' .-0.2j4 223.4 ' 56'.6 , 

'-0.119 306.2 98.4 
, " .0..000 270.,7 89.4 

' , t>.084 ' 384':1 79.8 , 
0.165 , 254.9 97.6' , 

~S5 ~o" 775 4'2. 7 96.1 
-0.708 45.8 . 98.4 
-0.592 25.6 96·.9 
-0'.472 72.7 88.1 
-0.359 40.9 68.3 

J. 
' . ~0.238 54.3 2.5 , ' 

-0.122 65.8 29.7 '" 
; 

• 
.- ' , , , 0.001 93.4 73.6 \ 

" 0.081 137.2 96.3 , S, -0.509 34'. 6 ,99.3 
-0.424 46.3 98.0 
-0.341 42.2. 93.5 .. -0.256 62'.1 72.9 . 
-0.'171 105.7 9@.1 ' , 

, " -0.087 127.7 91;8 
0.002 128.9 92.7 
0.095' 178.6 97.6 

< ' 0.197 220.8 99.0 
> 

~ble 6.2: Linear regression analysis of the relation betw~en TSP and' 
, ,TS EHG for' aIl subject~. The parameters are ordered ranging f~om 
. 'maximum plantarflexion, to maximum dors-iflexion., " 
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Pig. 6.4: . Data from Fig. 6.3 replotted to (illust~ate the relation 
between TSP and TS EMG. Lines,represent the bèst least squares fit 
b~tweén TSP and ~S EMG at each angle rangl~g trom aaxi.um 
plantarflexion (bottom' trace)' to ,maximum dorsif1exi~n (top trace)'-

, (Subjèct S7) 
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Relation betveen Ankle Angle and TA Reflexes 

The effect of mean ankle position and level of tonic contracti.on 

on~the TA stretch reflex magnitude vere also investigated. A.sampie 

set of reflex responses, deterlDi~ed at one active torque lev,el ~ (30% 
, \ 

NP TA MYe), are shown in Fig. 6.5. These TA RIRFs vere- obtairied at, 

six different ankle angles ranging from .21 rad (nea't: _ màxinium 
f • 

dorsiflexion, top trace) to -.36 rad (near the NP, bo't,tom trace). The 

shape and latency of t~ese functions did not change vith ankle angle. 

Horeover, in ~ontrast to TS, changes in the TA'ref,lex magnitude ver!,! 

re1atively small,and variable. 

The comparative uniformlty of the TA.RIRF magnltude vith respect , 

to ankle angle ~s illustrated in Fig. 6.6. 
. '\ 

Each square represents the 

JAP2 ùie,asured at one angle and tonie 'level; the TAP2s obtained at the 

same active torque level have been joined to form five 

, i'so-active-t~rque conto~rs. Two important observations folloy from 

thése curves.' First, although there appeared to be a small increase 

in T,AP2 as the ankle was dorsiflexed, ,this trend vas smàll relativ~ to 

the gen~r~! variability. Second, the TAP2 contours became more' 
. . 

distibct as the level of tonie activi~y increas~d.' 

These observations vere considered further by examining the 
') 

combined effects of mean ankle positio~ and level of contraction on 

the TA RIRF magnitude. The TAP2 data vere fi tted to a multiple linea~ 
1 

regression model having TA EMG ~nd ankle angle as independent 
" 

variables (denpted as the EMG-angle model). As there did not appear 

to be a threshold angle (compare Figs. 6.2 and 6.5) the. entire dâta' 
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Pig. 6.5: TA RIRFs d~termined du~ing "a 30% NP TA 'HVC at anlc.le - angles" 
ra~ging trom -.36 rad, (bottom .. tJ;ace) 'ta .21 rad, (top trace). The 
ampli tude sCelle refers ta aIl six traces. (Subject 51) 0 , ' 
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Pige 6.6: 'TAP2 plotte~ ~s a funetion of 'ankle~ngle. Eaeh square 
represents the- TAP2 determined a't one of the tonie l~vel/ank.le angle 
combinations. The TAP2s determined at the same tonie level are 
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se t was included i'n the analysis, .. 

The results of this-analys-is, loisted in Table 6.3 for t,he five 

subjeds, demonstrated that most of the variadce, in the TA reflex ~ 

magnitude was accounted for by these two parameters; the VAF by the 

'EMG-angle model ranged from 79 fo 86% ... Howeyer, in con t ras t to :r5, 
.;;? 

the VAF by a linear regression model that included only TA EHG (the 
o ' 

EMG model) decreased by léss than 2.5% fram that accounted for by the:/ . 
Q' 

EMG-'angle model (see Table 6.3). 

" 
" 

Thelle findings suggested' that the effec-t of mean posi tion on 

,TA stretch . reflexes wa,s considerably less important than that found 

for T5. Horeover, as demonstrated by the results of a series of 

linear regression ana11ses, the relation between TA reflex magnitude 
, -, , 

and tonie activity was'relatively i~dependent of ankle ,angle. Indeed . 
the ,ratio between the largest and smallest slopes for,', given subject 

did not exceed 2.4 an~~ systematic patt~~ to these chal).ge's in slope 
~ ~ 

could be discerned'. As shown 1;>y the VAFs presented ~n Table 6.4, the 

TAP2ITA EHG relations were highly linear a't aIl mean positions. 

The results ~f the TAP2/TA'EMG linear regression analyses for one , . 
, . 

subject are shown, i11 Fig: 6.7. The data from only, six of the nine 

ankle angles aré shown in this figure and the regression lin~s have 

been included. It is abundant,ly evidenf that the relation betften, . . -

1 

, .' 

, ~ 

TA reflex magni tude and TA Ef1G has not béen significantly affected by. ~ 
<. q • 

me an ankle posit~on. 

'}:'he ,presentation -of results for the TA'stretch" reflex has been 
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SUBJECT EKG-ANGLB HODEL BMG MODEL 
TA EHG ANGLE " VAl VU 
Coeff. Coeff • (%) (%) 

51 11.2 143 . 79.9 79.3 

52 18.7 891 86.5 
J' 

83.8 

53 20.1 430 86.7 85.1 

55 19.0 i 626 .- 79.7 7..7.0 

57 11.5 45 79.5 79.1 
~ 

o. 

, 
Table 6.3: The slqpes, intercepts and VAFs by a linear regression • 
model between TAPI .and TA EMG and between TAP2 and TA EMG. Note that 
TAPl vas not identified for, Subject S2. . '. 
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fAr! ,- TAPI 
StJB.JEcr ARGLE SLOPB VAl S,l.oPB VAF~ 

sI -0.828 13. 9 9g.8 ' 8.3 98.4 
-0.710 - --12.9' "92.-0 7.3 87.7 

" -0.591 17.5 95.8 11.5 99.0 
-0.474 15 .. 7 97.9 .- 13.3 92.0 ... 
-0.358 6.'3 76.2 15.2 96.5 
-0.239 , ' 7.4 67.2 13.0 96.9 
-0.121" 5.8 ' "'5'4.5 17,.1 98.2 

0.001 17.5 97.9 ' 15.5 , 98.8 
0.115 14.4 88.6 10.5 79.6 
0.215 5.9 84.3 7.7 88.1 

. S~ ~o. 756 ij 21.0 97. 7 
-0.639 .. 20.1 99.0 
-0.520 24.5 96.6# 
-0.404 23.8 95.2 
-0.30~ 22.0 99.3 
-0.202 22.3 97.1 
-0.101 20.5 95.7 
0.000 16.5 89.9 
0.083 19.9 89.4 

S3 -O. 944" 6.6 24.9 23.0 9~.3 
-Q.823 10.9 59:4 26.7 91.2 
-0.709 9.2 66.0 26.1 96.5 
-0.590 14.4 86.3 31.5 96_0 
..:..0.473 21.0 94.6 29.3 97.9 , '0 

-0.234 26.3 '~3.2 34.2 93.7 

'" ? -0.119 
~ 

'.20.8 ' 85.7. 33.,8 99.·0' 
0.000 16.2 71.6 29.9 94.7 
0.084 '13.8 : .72.'8 26~3 94.3' 

" '0.165 1Q.6 ' 82'.·2 24.9 ·~3.8 
S5 -O. 77S 3L·7 98.6 45.4' . 95.4 

\~-
-0.708 25.3 99.6 38.8 95' •. 0. 
-0.592 17.0 91.6 24.9 96.7 
-0.472 25.2, , 91.3 34.3 92.8 
-0.359, '1 11'.2 95.8 23.2 94.6 
~o. 238 19.1 91.8 19.8 90.2, 

, 

-0.122 14.5 81.9 24.4 95.8 
0.001 19.8 94.8 18.,7 81t .1 
0.081 '17.9- 82.3 23.9 96.2, 
0.181 18.2 85.)" 22.4 84.2 .. 

S7 -O. 509 ,9. 2 89.1 . 12.5 91.2 
-0.424 1" 18.9 96~7 16.5 98.4 
-0.341' 23.2 93.8 18.2 93.6 
-0.256. 19.'2· 93.7 12.1 81. 7 
-0.171 17 :4 97.5 17.6 95.4 

, - -0.087 ,r 
: 23. 3' 98.8 17.4 99.4 

, 0.602 -, 14.0 ' • .97.3 13.4 93.4 
0.095 14.8 , 86.6, 20.2 94 • .7 
0.197 10.7 42.2 14.3 96.2 ~ .-

Table 6.4: Resul ts of 'a multiple l,inear regression. analysis ' between 
, , ,- TA .EHG, anklè angle and TAP2· (th~ ~HG-angle .. odel). The TA BHG 

coefficients, the ~ngl~ eoeffieierits, . the intercepts and ,the VAls' by this 
model are list:e~ for. aH 'subjetts. ,The VAF. by a linear r,egresslon 
analysi~ betveen TA EHG and TAP2 (the EHG model) ia also U,sted. '~Unlts" 
are as inc\icated' ,in Table 2,.) ..-
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Fig.' 6.1: Data fiom Fig. 6.6 replotted to illustrate the relation 
between, TAP2 and TA EMG. Lines represenv the best least squares fi t 
between "TAP2 and, TA !HG at each anglè-" t:anging ~ro~ lIélxillUll 
planta~fleXion (bottom trace') to maximum dorsiflexion'(top trace). 
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" the effect· restricted to TAP2 since'no fur,ther information reliited ta 

of mean posi tion and' lIIean EH~ on TA reflexes 'wa$ re~ealed" by 
, , 

sillilar 

analyses çf TAPI. Al though these t'wo dependent. variables did ,not ' 
J '_ 

necessadly covary (the VAF by a linea,r relation between TAPl ~nd ,TAP2 " 

ranged from 56 ta 87%), TAPi and TAP2 behav~d simHarly as function~ 

.. o,f ànkle 'angle and TA EHG. This similari ty is demqnstrated in . . . 

rable 6.4 which shows the resul ts of linear regression analyses 

bètween TAPl and TA EHG for ~our ~f the fi ve subjec~s.. The VAF. vas 

gen~raUy high~ the slopes were of similar magnitude ta the 

TAP2/TA EKG slopes and also ~howed'little change with ankle angle . 

Note that TAPl could not be reliably identified for S'ubject S2. 
d, ,~ 

• To summarize, the eftect of ankle angle on the 'TA's~re~ch r~flex 

magnitude was relaqvely smaH and non-systematic. In c~ntra:1lt, it 

'vas sùbstan-tially alt~red by the level of tonie activity. Thus it·, 

appears dia t the, TA reflex magni tude, can be ~eteF,mined from. the TA JHG. 
without a need'to consid~r the Mean position of the ankle. 

DISCUSSIoN 

,.~ ~ \ 
.l 

This study r~presents the first atte~pt to examine the effect of 

-changes in Mean . ankle pos i tian o~ the human ankle 's t re t ch reflexes 

during t~~ically-maintained contractions held over more than ~5% of 

the ROK. The 'principal find!ng was that TS stretch reUexe~ depended 

'strongly upon. fhe posi tion' o~ the ankle while TA stretch reflexes did 

nota Th'us v~ry large increases i~ the ,T5 stretch reflex magnitude 
, , rUUl:;S the ankle progressively maintained àt 
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dorsi f!exed angles. In ·contrast,. Mean ankle positiG~ had a .inor 

effeet- on the TA stretch reflex magnitude vhich exhibited relatively 

small and non-systematic' variations over the RSM. Such disparate 

behaviour is consistent vith previous results vhere differ~nces in the 
<fit 

shape, linearity, and gain of the TS ana TA RIRFs vere demonstrated 

(Kearney & Hunter, 1983; 1984). Horeover, it is not unexpeeted given 

the number of anatomieal, physiologieal, and biomechanical di·fferences 

betveen thesè tvo alltagonis'ts (e.g. Belanger' et al., 1983; Kearney '& 

Chan, 1982). 

Il . 
The experiment~l stimuli eonsisted of small-amplitude, stoehastic 

pe'rtur9ations' of the ànkle. ~,);he re~l>ol,1se to this input vas modulated' 
~ . ' 

by two parameters.' The ankle ~as first rotated to a randomly-seleeted 

ankle angle ,and then TS or TA tonie contractions vere gènérated. In 

pr~vious experiments, reflex impulse 'response functions vere 

determined ~etween the first derivative of the' dynamie position input, 

and the measured output (agonist E'MG) 'for different levels of the 

tonie voluntary activity but while the Mean joint position vas fixed 

at on~ angle (near the NP). These veloeity-sensitive responses'had a 

uniform latency but a magni ~4de, that increased .li,nearly. vi th the 'leyel 
t 1 ' 

of agonist contractidn (~éarney & Hunter, 1983; .1984). On the basi';,· 
JI' 16 

of these findings, the impulse response functions ~ere co~siQered to' 

repre!ient stretch re:P'èxes mediated- primarily via spindle afferent 

pathways vi th'.a 'gai.V' that wa's dependent~upon 'the' extent of supr~p,inal 

drive' t,o skeletal motoneurons (Hatthevs &, Stein, 1969.; Gottlieb & 

Agarwal, 1979; Kearney ~ Hunte~, 1983). " 

The present addition of \ the toriie ~posi tion par~ete~', and 
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subsequent demonstratioD, that the strètch reflex dynamics could'be 

sat!sfaetorily identified at all,tested ankle aDgle~ and tonie lev~ls, 
, 

permitted an exàminatioD of these responses for a functionally 

,significant span of ankIe action. Furthermore, the fact that t~e 

stretch reflex responses retained their eharacteristic sh~~e ~nd 

latency throughout the' range of tested condi tions enabled the' effects 

of ankle angle, and agonist EHG to be characterized,slmply'in ~erms of 

change,s in the' reflex magni tude. " 

Orig1n of the Position Dependent Effeet " 

The present exper,iments vere not designed to identify vhich 
, ' -afferent ,pathvay(s) con'l!=!Y the statie position of the ankle 't9 the 

c;enùal structures. Indeed" attempts 'ta do" sa, in i!ltaet human 
), , 

suujects over a '~ange of funetionally significant torques and angles 
.' .i.'" 

, ' are fraught vith t,echnieai difficulties (e.g. Prochazk.a & Hulliger,' . 
1983). Nevertheless, , some discussion of the possible ~echanisms ~s 

.\ ' 

~arranted bath, in terms ~f hov the poS1tion~dependent TS stFetch 

reUex r~sponse is media ted as vell as poss,i ble reasons vhy t,he 

TA stretch reflex vas'not affected. 
, ' 

, , . " 

Firstf it 1s ce~ta~n.that the position~dependent resp~nses vere 

not due ·to rot~tion of the ankle,to the nev mean position since the 
1 • () • 

five minute pause prior to' the onset of the dynamic position input vas 

s~fUcently long ta preclude any enduring centr~l effect hom this 

source.' Ra ther, the observed chang~s in the, TS stretch reflex 

magnitude vere the result of the maintenance of this position and the 

ensuirg eentral input along pathvays that may have included the muscle ,"-

'. , -
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. 
sp'1nélle f' tendon ~rgan, artitular, and eutaneous afferents. 

One possibili ty is that the maintenance of different ankle 

, posi tions was associated "With changes' in TS ot-motoneuron pool 
fil' 

excitability mediated by excitatory post-synaptie potentialS (EPSPs) • 

. , It ii, ho;rever, unlikeIy' that t,he observed position-related chang~s-'in 

thè refièx response were the resul t of flue tuations in cx-motoneuron 
, 

pool exe! tabi"l~ ty sinee signifieant variatiQns in the Mean 'TS EMG were 
-~ 

, not, eviden,t; for a ~lven levei of~ toni~ activity, changes in meal} 

agonist EMG were small and not s'ystematicaily related to either ankle . ' , 

angle, (Chapter 5) or the magnitude of the TS reflex response. 
J 

This éonclusion would appear to eontradiet the view that 

position-dependent ehang~s in - the H-:reflex were mediated via 
~ 

autogenetic post-syniiptic effects from ~pindle seeondaries acting to 

decrease the T5 Ot-motoneuron exc'i tability (Burke et al" 19~1). 

However, there ls li,~ tle similarity between the. H-reflex and present 

paradigms, First, 'the two inputs gi ve rise to dissimilar patter~s of - ~ 

afferent elCc~tation,j(ef; Burké, 1983b). Second, the stretch-induced 

8-reflex inhibiti,on was, only -observeâ ln the relaxed TS; the 

inhibition wasreversed when the tOllically-contracting TS was 

dorsiflexed (Mark et al:, 1968). Koreover, a comparison of the 

position-dependept responses of the H-re.U.ex and a po~ysynaptie reflex 

(elicHed by tibial nerve stitnulatlon near ,the Medial malleolus) 

suggests that the stretch-i,l1duced H-reflex inhibi tion vas not mediated 
, 

via. changes in TS cx-motorneuton gain, 'Alihough the "-reflex vas 

depressed .. hen the ankle vas dorsiflexed (e.g", Paillàrd, 1960;" 

Delwaide &. _H,~gon, 1969.>, the. polysynaptic reflex was facilitated 'at 
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the same angles (Delwaide, 1973). The polysynaptic r·eflèx would have 

been simi larly reduced had the H-reflex inhi bi t ion been the- resul t . o'f 

'decreased TS «-motoneuron excitability, (Delwaide, 1973). 

Efficacy of Dynamic Posi tion Perturbations 

.' 

A more tenable explanation ls that changes-in the static position 

. pa,rame ter acted by ~o1ulating the efficacy of the dynamic position 

input. This could be accompli shed in several' ways. First, 

transmission of the afferents mediating the stretch r4i!flex could be 

·al tered by posi tion-induced discharge of spinal interneurons. Second, . . 
the sensi tivi ty of the muscle spindle endings ta, the dynamic 

,perturbation 'mày have been alterated by changes in the extent of 

~usimotor drive. Third, transmission' of the dynamic position 

perturbations to the spi~dle, and hence the magni tude of the spindle 

receptor discharge, could be altered by changes in the mechanical 

properties of ei ther the extrafusal or intrafusal muscle fibers. Each 

of thesl pos~ibili ties is considered bel.ow. 

Modulation of the 'Honosynaptic and Polysynaptic Primary Afferent Input 

Presynaptic inhibition, a diminution of the mon.osynàptic 

transmission between the spindle primary afferent and the skeletal 

motoneuron as a result of primary afferent depolarization (Eccles, 

1964) represent.s one mechanism for the position-dependent modification 

of the ef{ectiveness of ~he dynamic posi tion. Presynaptic inhibition 

" 
rèsulting from the statie ankle position has been demonstrated in the 

acutely-spinalized catj stretch of the ankle flexors generated a 
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~epress~on of ankle extensor mon~synaptic EPSPs which'was demonstrat~d 

to have been the result of presynapt~c inhibition (Devanandan et àl:, 

1965); Altho~gh this, finding is compatible with the results of the' 

present s tudy in' tha t the TS RI RF ... a,s fadJi tated upon an~le 

", dor~if'lexion and the concomitant decrease in TA stretch, the 'evidence 

th~t this mechanism plays an important role in the- mediation of 

maintained human .joint position is indirèct only. For example,· 

pre-synaptic i"nhibi tion, via homonymous ta innervation of inhibi tory 

interneurons, has been suggested as a,poss~ble explanation of the 

stretch-induced inhibition of the H-reflex ih the relaxed, TS 

(Delwaide, 1973). The importance of presynaptic inhibi tion in· the 

posi tion dependence of the stretch reflexes, cannot yet be deterlllined. 
... / .. 

It is noteworthy that there does not appear to be much difference 

in the- n~ ture of presysnaptic inhibi tian to flexor an-d extensor 

spindle primary affer~nts (Eccles et 'al., 1962) although the data are 

far' from, complete (Baldissera et. al., 1981). Thus, on the basis' .of 
, 

th~ limited evidence'available. this me~hani,sm does ,not. appear to 

.account for the disparate responses of the TS and TA stretch reflexes. 

Pinally, in view of the demonstration of polysynaptic spindle 

primary pathways to homonymous skeletal motoneurons in cat (e.g. Vatt 

et al., ~976; Jankovska et al., 1981) and the more recent , inferenées 

regarding the existence of polysynaptic pathways for the fl-reflex and 
, .. 

tendon jerk in man (Burke et al., 1984), it ls certainly possible that 

the position-dependent changes in TS reflex magnitude were mediated 

via a net ... ork of in terneuronal connec t ions. Hovever, the feasilHli ty , 

of this mechanism must await more direct measures of the extent of thé 

... 
.~. ' 

-
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polysynapt.ic' 'Contribution ta the stretch ref,lex. 

Altered Fusimotor Drive 

Alth<?ugh there appears tq be li ttie fusillOtor drive to ...... 
/ 

qon-contracting human muscles (Burke et aL, 1979), tbi~ drive 

increases' as the level of skeletal motor activity increases " (Vallbo, 

1974; Hulliger & Vallbo, 1979). Any position-dependent alterations in 

the extent of the fusimotor drive represent a mech~ism by vhich the 

spindle receptor responsiveness and hence the efficacy'of the,dynaaic 

position input could be. altered~ The question is vhetber this 

lIIechanism is operational, during voluntary, ,isometrie contractions 
, 1 

silllliar to those maintained during the present experiments. 

Recent studies have r,evealed that cat static and dynaaic 

fusiaotor neurons are innervated by ,a'vide range of group II and III 

.usele, joint, and cutaneous affer~nts as weIl as, ~omonymou~ 
, 

spindle 

~ secondary afferents (Appelberg', et. 'al., 1981; 198,3) • Sucb 
1 

auitisensoriai input i5 certainly compatible vith the soft tissue 
1 

changes produced by the tonically-maintained positions. It is, 

,therefore, possible that' any afferent infonation !ro. tbése tissues 

feeding back to thè' fusil!!<ltor. naurons co~!d have affected the dynaaic ' 

spindle response by altering the'magnitude of the fusi.o~or drive and 
, 

-tb~ relative proportion ~f static and ~ynamic drive. 
o 

'Hovever, such p~thva~s have not been delllonsttated in aan and 

thère does not appear,to be·a significant position-dependent chance 'in . , 

fusiaotor drive, at least not for the muscles (TA, Burke et al •• 1980 
" 

, 

, 0 
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an~ fingèr extensor muscles, Vallbo e't al., 1981; Hulliger' et al., 

'198,2) studied to date. Although ihese ,findings suggest that 
t 

'this 

mechanism is not ~esponsible for the P9sition-dependent 9hanges in the 

stretch reflex" there are t'JO reasons why the question as to whetner 

m~iritained changes in ankle positio~ affect the responsiveness of TS 

muscle spindle to dynamic perturbations must remain unanswered. 

First,- for technical reasons, the position-dependent response of TS 

afferents have not been examine~; the lack of a demonstrated cha~ge in 

the discbarge characteristics of TA afferents as ~ tunction of joint 

angle simply confi,rms ~he present resuit for the Tk stretch reflex. 

Seco~d; the levels 01 tonie activity and ç-ange of po~itions testéd in 

, the above studies were extremely limi ted and' may have been Inadequate 

to eYictt a position-dependent response. 
IJ 

In viey of the above diScusk,on it is of interest to c.onsider .the 
~ - ,..----

possibility of fusimotor activation as ~ result of an artifactual, 

ankle-perturbation-induced soft tissue vibration. Burke et _ .aL ' 

(1980) have demonstrated that TA spindle endings vere activated at 

lover for.ce levels when the dorsum 0 f the foo t vas vi bra ted; In 

contrast, higher --fo,rée Ievels were required to activate the sue 

spindle ending vhen the plantar surface vas vibrated. Assuming that 

such changes' in spin'die ending threshold rèflect alt.erations in the 

extent of fusimotor drive (Burke et al., 1980), the observed 

pOs! t i on-dep~nden t' changes in reflex magnitude could have been 

mediated, in part, by unintended but concomitant 'vibration-induced 

aiterations in cutaneous mechanoreceptor act~vation. Although this 

possibility cannot be entirely discounte~, it vould appear to be 

unlikely given the polyurethane foam.cast fixation and the resulting 

( 
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.. ,. 
uniform contact between it and the skin surface of the- foot at aIl 

'. mean positions. Mo~eover, vibration related artifacts vould be 

expected to have a similar effect on the TA reflex response, yet none 

were observ'ed. 

,1 

Periphera~ Transmiss,ion of the Dynamic Posi tion; Input 

P-osi tion-dependent changes i~ the extrafusal (,Burk.e', 1981; Rack, 

et al., 1983) or intrafusal (Poppele & Quick, 1982) muscle mechanieal 

properties could alter the transmission of the ankle perturbation and 
1 

,~ence the responsi veness of lIIuscl.e spindle affeients:o to the dynuic 

, . 

.-
posi tion input.. Based on the relative magnÙudè of the spindle 

afferen t response' to sudden j oin t disp.lacemen ts in relaxed and, 

contracting muscle (Burke ~t 'âl., .1978), Burk:e (198~) bas suggested 

that contraction of 't~e extrafusa~ fibers may "dampen" the 

transmission .of a dynamic joint perturbai,ion vith the result that the 

spindles are exposed to st imul,i of smaller in tensi ty.' Rack et al ... 

'(1983, !984) have suggested that' 5uch sr>indle stimuli May ,vary as a 

func.tion of the level, of tonié contraction vi t'h, the extent of the 

an~le joint 

progressively 

displacement transm! t ted to. the 
, 

sma~ler as the stiffness of the muscle relative to the , 
tendon increases. As indicated in Chapter' 5, ,the lI\ean EMG and the 

mean active torque generated by the subject in the present study did , , 

not vary vith ankle angle nor did.the active joint ,mechanics change. 
" \ 

In ,the light of such, invariance the pr~se~t flndings cannot be 

interpreted to result from active stiffness-induced changes in joint 

perturba t,ion transmission. 

, . 

.1 
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. 
8oweveja, as demonstrated 1:n Chapter 4, there were sigttificant 

posi tion-dependent· changes in the passive joint mechanics. .This is 
C;4 

relevant to the present study in view of the Unding that the , . 
magni tude of both the T5 stretch reflex and the passive joint 

. s t[iftness b~came substantially' làrger as the ankl,é was dorsi flexed. 

Indeed 
1 

the behaviour of these variables· for angles between the NP and 

maximum dor~iflexion was.v~ry similar (cf: Fig. 4.6 and Fig. 6.3)., 

Although it was not po~"to'-/ascertain th~. source of the 

position-dependent passive joint stiffness, s~ increases in ei ther . . 
TS tendon or muscle could enhéftlce, transmission of the joint 

perturbation.. 

The contrasting behaviour of the TS and TA stretch reflexes is 

'now cO,nsidered in view of the observati.oh tttat the passLve t'orque and 

~tiffness were generally asymmetrical; both were smaller wh en the 

ankle was plantarflexed than when it vas dorsiflexed .. It would appear 
;" ~'. 

tha t plantarflexion is associa ted vi th fewer changes in.., TA muscle 
~ 

and/or. tendon properties wi th the resul t' that transmission of the" 

. joint perturbation to the TA spindle receptors may remain qui te 

" uniform. 

E(fect of the Chang,ing HVC 
1 

.;: 
.As indicated in Chapter 5,. plan,tarflexor and dorsiflèxor HVCs 

magni tudes are al tered by the post tion of the ankle joint with the 
1 

resul't thai: varying' pefcentages of the motoneuron 1>,001 may "have been 
l' 

recruited for idenUcal açtiye torques l~vels' generated .at' dÙfecent 

ank~e angles. The observed posi tion-dependent changes in reflex 

r 



'. 

magnitude may, 

'cons tan t - torque 

sxci tabili ty. 

reflexes. 

. 
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therefOl;-e, , have been, -- a consequence of the 

paraqigm and the resulting changes, in motoneuron pool . . 
This -possibility vas conside+ed for~oth TS and TA 

, 

The TS Mve increases as the ankie is dorsiflexe~ (Sale et'- al., 

1982). For~ example, a plantarflexor torque that corresponded to 30% 
. \ .. ) 

o( th~ NP MVC would ~omprise a larg~r percentage of the MVe." w)(en the 
• 

ankle was near maximum plantarflexion. H~wever, the present results 

showed that the T5 reflex response, increased vhen the ankle was 

dorsiflexed, a position associated vith torques that comprised a 
o " 

relatively smaH percentagè of the Mve. "Rather than accoun,ting fot .,0 

the changes in TS r~f1~x magnitude, 'the use of the constant-torque 
, 

paradigm May hav~ resulted, in th~ unqerestimation of the ~effect of 

ankle angle on the the TS réflex magnitude. 
'.' . ~ 

; . 
In contrast~ TA MVe d~c~eases âs the ankle~is dorsiflexed 

. 
(Marsh 

et al., 1981). Thus silnilar, torques genetated at' the 'more dorsiflexed 
of ." 

'angles corresponded ta a greater peréeniage< o~ the M\C, than tho~e 

exerted when the ankle vas JJJ~r,e p).anta;rflexed. Indee~ this effect 
, " 

May have accounted fpr the small inc~éase. iP, the TA reflex magnitude 

tha t vas' observed vhen the ankJ,e vas' ro ta ted from plan tarflexion to 

-do.rsiflexian. \ 
o , 

, , o 

Functional Impiications 

~, t 

, . 

~ 
~. ' 

-,A question ta be addressed is whethè); the pos-rrton-dependent 
• • 1 

modula t fon 
) 11(,'1 • 

of the TS stretch refle}!: 'lS- of .any' funetional slgnificance 
, . 

'. 
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to man. First, is the p96i tio~-induced facili tation of significant , . , 
magn'l tude relative to that generated by other manoe-uvers? Second, 

oeeur at aniles where' a facili tated response would "be 
, • " {J, 

R.egreNably, the ultimate question" concetning the rofe 
, G " the stretch reflex.in t'he'functional regulation of mo'!ement oremains . , 

to be clarified. 

The first quest'ion is answered by comparing the relative c~ 
dt in thé magnitude of the TS stretch reflex as funçtions of ankle 

:>' 

posi tion and toni/activi ty. The results of' this comparison are .. 
presen'ted in Table 6.5 whic~ lists the TSP magni'tudès Qbtained at two 

i' 

me an posi tions (NP' and maximum dorsiflexion) and at two tonic' l,evels 

(10 and 50% NP HVC). The t .... o "EHG-dependent changes in reflex 
'l: .. 

magnitude are listeQ in the first (ratio of" the, 50% and' lot values at 

the NP) ànd second (ra tio of the 50~' ~nd 10% "val~;s a t maximum, 

dOI"siflexion) columns.~ In contrast, 'the two posi tion-depE:lndent 

changes in reflex magnitude are listed in the thir~ (ratio 6f-the 1,,0% 
, 

maximum dorsiflexion and NP values) and fouqh' (ratio of the 50%' 

maximum dorsiflexion and ;NP values) colurnns. 

. , 

~ It is eviden t tha t the pqs i t ion-dependen t irçreases in TS 're!lex' 
, 

magni tude are as lat;ge as or larger tban---thôse obtaine<t~~ increase,s 
-~- --------.. ,.,' 

in tonie activity: 
/ 

IIhereas the TSF lias 1: 2 ,to' 3.3 times Iarger. f6r a 

50% tonie contraction than for the 10% tohic con~raetion at ,the same 
o 

angle, i.t increased by up to 25.2 times ",hen the ankle was dorsiflexed 

~ 

from thê' NP . at' the' same tonic level. In contrast to TS, changes in '-y 

, ankle angle had a .etlnside'~ably ~malle,~ effe~t on the TAP2 - than did 

changes in joint torque (also shown in Table 6.5). Thus i t can be 

" 

l ' 

; 
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NElI'tllAL POSITION JIAX DORSliîJtï 
SUBJ 10% ' 50% 10% 50! 

J' , 

<,--1----><-------4--~-----> 
<--~---~-3-------><---2--~-> 

, 
'i'sP si 590 1840 7070' 10650 

S2 1335 28-70 4940 ' 6090 
S3 860 1580 t1715 26385 
S5 2020 3'6.80 1:>850 23340 
S], 1820 '5510 lOR40 17500 

TÀP2 SI 890 3420 .1320 2440 . 
. S2 1390 6070- . 1920 6420 

S3 I520 "58,50 2145 5630 
55 lOlO 4180 2490' 5350 
S7 648 ' , 42'2'0 '-1850 8070 

, , 

.c 

. 
fôiOdi 

DBPBImIIIr 

RATIO 
1 2 .. 

3.1. 1.5 
2.1 . 1.2 
1.8 1.2 
1.8 1.5 
~3.3 1.6 

3.8 1.8 
4.4 "3.3 
3.8, ..... 2.6 
4.1 2.1 

. '6.5 ' '4.'4 

15~ 

'1 

POsitlôi 
DBfDiiDi 

RATIO 
3 4 

12.0 5.8 
3~7 2.1 . 

25.2 16.7 
,:] . ~ 6.3 
6.a. 3 .. 2 

~ 1.5 0.7 
1.4 1.1 
1.4 1.0 
2.5 1.3 
2.8 1.9 

' \ 

, .. 

. ... 

• ~ 1 • 

Tabl~ 5: A cQmparison of the ,relative eff~çt df'changes in the lev~l ,of 
tonic 'acüv'i ty and ChlilJig~s in mean position on 'the magnitudi! of the TS 
and TA reflèx response. ' Valu,:!s for TSP and t'AP2' are lil!ilted for a11 
subjQ,Cts during four tes t • 'condi tions ,(10 and 50% NP 'and 10 ~and '50% 

.. maximum dorsif~exion). The ~increase in' reflex magni tude thât h 
associated vith changes in torque level at a given·angle (column$ l,and 
2) is compared to the thàt vhich 'is 8'$sociated vi th chaJ)ges' ,in ankle 
angle at a given tqrque level (coiumns ·3 and' 4). 

; 

. " .. > .' 
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-concluded that .'the effect of mean ankle posi tion, on the 15 stretch 

reflex wa~ significant relative to bath the EHG-dependent facilitatio~ . ... 
of TSP and the position-dependent facilitation of TAP2. 

Is th,e. TS stretch reflex faeUi tated vhen a larger résponse would 

be Lunctionally advantage6u~? • The response to changes in ankle 

position aTe 'ofte~ consistent vith the requirements of a movement as, 

~ for ex~le, in the regulation of upright starce. Thu~ as the 

individual ,sways forward, the center of gravit y shifts anteriorly and 
'-. 

a larger plantarflexor moment' is required to prev~nt the body trom 

failing. It was argued in Chapter 5 that tbe passiv& plantarflexor 

torque and 

contractions 

oceur wnen 

resulting stiffness would augment· the periodic C 'D'S 

to prevent su~h oecurenCeS[heSe bursts ot'TS activity 

the center of gravit y is m st anterior (Smith, 1957) i.e. 

when the ankle is most ~orsiflexed and would be reinforced by 

positiun-dependent of the TS ~tretch reflex. In 

contrast, the TA quiet sta~cej position-dependent 

facilitation of would, therefore, serve no 

pur'pose. 

. . 
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CIIAPTBI 7: CORCWSION 

1 

The objective of the work that comprises this thesis was to 

characterize the posÙion-dependent dynamics of the human' ankle joint. 

Experiments, us'ing systems iden~ifi.cation techniques" determined ankle 

mechanics (position-to-torque dynamics) and stretch reflex d~namics 

(position to EHG dynamics) over most of the range 'of ankle movement 

, and' over a functionally signifieant range of tonie cont~action le~els. 

The experimental siimuli consisted of small-amplitude, stochastic 

perturbations imposed by an actua~or on the ankle joint. Responses to. 

these stimuli were mo~lated by . two, experimentally-controlled 

parêl/lleters; mean joint 

tonieally-maintained 'TS or 

p~sition (eontrolled by the actuator) a~d 

TA contractions (achieved by voluntary 

tr~cking ~f disp~ayed target levels). Ankle joint torque and agonist' 

EMG were the output variables measured. 

t 

Tvo systems vere identified in these stuqies; the joint 

mechanics and the stretch reflex dynamics. Although there are two. 
1 

components to the joint mechanics,. passive and active, the paradigm 

was arranged 50 that these could be investigJted independentl~. Thus, 

the passive component was identified with the ankle muscles at rest 

i and the active component was determined for identical levels of tonic 
\ 

, ~. \ 
contraction at aIl mean positions after the 'passive contribution was 

removed. The T5 and TA s~retch reflex dynamics were identified by 
'-

determirting the dynamic relation between ankle a~gular velocity .and 

, ' 

" 

" 

r~ \ 

, , 
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ajonist,EHG. . ' 

SUIOWlt: OF MAJOR OlUGINAL FINDIRGS 

These studies were designed to provide a quantitative and 

function~lly relevant examinat~9n of the, p~sition depepdence of the 

human ankle joint dynam'ic:s. The principal original contributions are: 

1. The, pos'ition-dependent changes in the passive joint mechanics were 

Q large and funct'ionally signiflcant. -
" 

/ ~~' Iv \ ,,1 \ 

f ~~I 

2. The active joint mechanics were not' modified by Mean ankle position 

but depended primarily on the magnitude of the àctively-generated 

torque. 

3. The TS stretch reflexès ,depended strongly ~pon the posi tion of the 

'ankle. 

t 
4. The TA stretch reflexes did not vary systematically with ankle'mean 

position. ~ 

Each of these results, as wëll as their significance vi th res~ect to 

normal and" abnormal hu~ motor ;function, 'will be discùs-sed in more 

detail, bdo,-". 

Experimental and Analytical Techniques 
1 

.. 

Techniques based on the methods of system 'identification vere 
-- . 

, . 

, 

f '. 

." 

. ! 
J, 

, . 
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emplDye~. These techn~ques are particularly use fuI because tpey ar, 

rapid, requiring less than a minute of ,data collection to get good (), 
1 

impulse response estimates; non-invasive; and 'amenabI~ to modell!ng. 
" 

These methods have been used previ~usly both in this laboratory (e.g. 

'" Hunter & Kearney, 1982; Kearney & Hunter, 1983) and elsewhere (e.g. 

Agarwal & G~ttlieb, 1977). However, 
\. 

this is
v 

the first time that 

quantitative methods have been used to model the effect of changes in 

me an joint position over most of the ankIe ROH, over a 

funetionally-signifieant span of tonie activity, and ,in, both tha~nkle 

dorsifl~xors and plantarflexors. 
, . 

This, stud~ greatly ex tends .the results of Gottli,eb
f 

& Agarwa! 

(1978)', who studied the effeet of mean ankle p~sition on the ank!e 

joint mechanics over a very small range' of ankle angles and tonie 

'contraction levels and represents, therefore, the most comprehensive 

exantination of the position dependence of human ankIe joint fu'nçtions 

to date. The fact that the mechanical and reflex behaviour of the 

abkle could be identified and modelled over the whole ROH without a 
'\1 

sigriificant reduction in the VAF by either the non-parametric or 

pal'ametric represenJations of the systems demonstrated th~t ,the 

p'articular system identification techniques used were appropriate. 

Furtàermore, the fact that the identified parameters were sensitive to 
,. 
changes in meéJ.n position indicated that these techniques .were 

appropriate for the present problem. 
li> 

Import~nce, of the Passive Hechanics • 

The first ,study pro'Vided the opportunity to examine the pos~ tion 

'l, . 
1 ',: 

,* 

, 
~ 
; 
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dependence of the joint mechanics when the ankle muscles vere a~ rest. 

,The results of this 'investigation demonstrated that the passive 

elastic stiffness attained much larger magnitudes than previously 

assumed. Vbereas mid-range posi tio,ns were associated vi th relatively 

", small, constant valuès, ,the, elastic stiffness becare considerably 
" ," 

larger as tbe ankle was totated towards' the extremes of the ROM. 
\ 

Linear Relation' between Passive Stiffness and Passivè Torque 

Both the passive joint torque and the stiffness vere shown 
\ 

to 

behave comparat>ly vith respli!,ct to, 
~ 

me an posi tion; similarly rapid 

curves. was i'ncreases and asymme t ri es were found in bath It not the . ' 

objectiv4f! pf the present ' study ta inves tiga t~ the origin of th'b 

, pa~sive, position-dependent changes in stiffness. However, based on 

the ,demonstratJon of the linear relation between these two variables 

it was proposed that the position-dependent changes in 'the pas~ive, ,- t 
.t .T • 

joint mechanics vere related to the change in pa;sive joint torque 
.; 

that resu1ted when mean ankle position was altered. 

tLinear Relation between Active Stiffne'ss and' Active' Torque 

" 

The active stiffness 'w~s l1~early dependent upon the active'. 
" 

t~rque at alÎ ankle anglès. This h~d ,alrea4y :-been d~monstrate~ for' 

mid-range ankle, posi tions (Hunter & Kear:ey,:!1982) but was ~o"fi,rmed 

for aIl ankle' angles for bath dorsifi~xO'r and p'lantarflexor tonic, 

contractions. 

, ' 

r 
1 

l, 
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of Active Joint Mechanies vith Joint Position 

Contrary to, the pàssive mechaniçst the position-dependent ehanges 

in the active meehaniès vere relatively slIall and variable,: Thus; 

provided the level of aétive torque remained constant at aIl ,_ean 

jol'nt posi tions (the' constant-'torque paradip), there 'vas no, 

; additi9nal effect of changes in joint positions on the joint 

mechanics'. Thu~ 'knovledge of ankle mean post tion is n~,t e~sential f~i 

the characterization of the' jo~nt mechanics provided that the, total 

j01n; torque ~s h~. 

. l " ' Independence of Activ~ and Passive Processes 
... ' 

Posit~on7dependent changes in' the passive tissues vere not 

"mo~ified ,by the pre~ence of tonically-maintained muscle contractions. 

Horeover, there vas li ttle system~ t~ic change in the gain, ,of the 
> 

stiffness/activ~ torqu~ relation as the ankle vas rotated from maximum 

plantarflex!on to maximuOl dors,iflel:Cion. It vas therefore proposed' 

that t~e active and' passive ~roce~ses vere independent. 

fl 

Relative Contribut'i~n of Active arid Passive Processes to 

Joint Stiffness , 

/. 

A comparison of the relative ' c.ontributions of torq ue-dependen t 

and position-dépendent effects on the total 'joint lIÉ!chànics has 

revealed that the position-dependent effect on the passive joint. 
, 

mechanics can be used ta more efficiently achieve joint stabili~y. 

Indeed, the stiffness ,genera,ted by' purely passive processes vas 

" 

" 

f 

~' 
,f 
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de.oo·s trated· to be co.parable to that produced by a 10 to 20%KVC 

contraction. . It vas therefore proposed that there vas a real 

pfosSibil~ ty of achiev-ing the 'required joint stability by a pro cess 

that vould represent' a considerable energy saving. 
'. 

Po'si tion Dependence of 1'S Stretch Reflexes 

Tbe TS stretch reflexes vere strongly dependent on changes iu 

~kle pO'sition, l,ncreasing substantially as the ailkle vas 

progressively dorsiflexed. was proposed tbat the 
, . 

pos1 tion-dependent faeili tation vas a reBul t of mechanisms that 

modulated the efficacy of the stochastic ankle perturbation. 
; 

Suggested meehanisms included position-induced changes in (i).the 

i~ùerneùro~al tran~mission of the aff~rents mediating the" str:etch 

reflex, .,(ii) t,he extent of fusimotar drive, and (iii) the transmission 

~f the dyn~mic position perturbations to the spindle. 

Invariance of TA Stretch Reflexes vith Joint Position 

In contrast, me an ankle position had only a minor effec't on the 

TA stretch reflex magnitude. It appeared that the remarkably 

different behaviour of these two antagonists vas related to their 

disp~r,ate anatomieal, mech~nical and functional attributes. 

Functional Relevance of Position-Dependent Effacts 

Bath the passi've stiffness and the TS stretch reflex magnitude 

vere augmented at joint angles vhere a facilitated response vas 

" 

! . 
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.,. 

functionally- useful., This was demonstrated with respec,t . to tbe" 

exaaple of the ,maintenance cif equilibrium during upright stanëe~' " 

LIMITATIONS OP TUB STUDY AND RBCOHlŒHDATIONS POR PUTURB VOK ' . 

There vere a number of limitations associated vith this study . 
.. ~..,. . 

These are outlined below along with a series of reco~endations for 

further study. 

, , ,~ 

Variables that ~annot be measured 

One of the major limitations of exper~mental work on intact human . , 

subjects 'is related to the fact that c~anges in the soft tissue 
, 

properties cannot be directly measured. Technical limitations and 

ethical considerations preclude direct mea~urement of Many of the 

anatomical and physiolo~ical changes which May be associated vith 
, 

variations of ankle joint position in man. Furthermore, results from 

animal 'studies" have only limited relevance since non-human ankle 

structure and function differ "cons~derably from their human· 

counterpart (Alexander, 1973). Thus it vas not possible to ascertai~ 

changes in the 'length of mhscle and the other soft tissues from the 

observable Iëinema'tic variable, joint angle. No.as it possible to 

determine the forces generated by these tissues from the observable 

kinetic variable, measured joint torque. Finally, the sensory 
. 

pathways could not be identified directly from the estimate of neural 
1 

motor" activity, the measured EHG. 

!, 

-
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the inability to translate trom the experimentally measur~d 
.. 

inputs and outputs to the function of the individual tis~ues vas a 

ser~ous limitation and, one that makes the interpretation of the· data 

more obscure. For' example, the determination of the relative 

contribudons of the soft tissues ta the passive joint torq~e is one, 

'i~portant questipn'~hat must remain un~nsvered. 

\ 
It is therefore necessar'y to use and develop te~hniq'ues for 

~ 

measuring variables that are more directly related to function of the 

tissues of interest. For example, microneurography represents a vay 

"" to monitor afferent funct}on in intact humans (Vallbo & Hagbarth, 

1967). Hovever, considerable improvements are required before this 

technique wbuld be feasible in the present paradigm because stochastic 
'p . 

perturbation could result in" very uns table recoraings. j X-rays or 

Qther imaging techniques (e.g. nucle~r magnetic resonance) may 

provide vays to measure 'on-lin~' static and dynamic changes in muscle 

. length during ankle rotation. Finally,' clip transducers hâve been. 

'used in animal studies ~o provide a more direct estimate of the force 

generated by the muscle (Gregor et'al., 1983). A mopified version of 

thi& transducer may be feasible for.human experiments. 

-.' 

Another related issue involves the tact the joint mechanics vere 

identified betveen ankle angu~ar position and torque, variables thet 

can be measured directly. ~ngular position va~ modified by the limb 

kinematics and the torque reflec(ed the forces generated by the 

"passive and active tis..sues after these latter had been modified ,by the . 
mechanical linkage at the joint (for example, the moment arm). It vas 

therefore assumed that the system dynamics vere not altered by any of. 

, 
1 

L , 

1 
1 
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. ) 

these transformations. Tb~ fa~t that this assuaption has not been 

verified in human subjects represents a limitation of the study. 

\' , 

Functional requirements dur,ing testing 

The importance of assessing the~ effect of functionally 

significant spans, -of ankle positions and tonic levels has been 

strèssed throughout this thesi~. Hovever, another potentially 

important elément related to functional requirements has not been 

addr~ssed, namely the subjects' posture. The support arrangement used , 

in the present study (subjects sUpine) enabled the study to be 

performed in a rigorously controlled.environment. The head and limbs 
j' 

remained stationary and the cutaneous input vas constant throughout 

the experiment. 

The York of. for example, Nashner (1 ~76, 1977) on. standing 

sùbjects and Rossignol et àl. (1982, 1983) on treadmill-valking cats 

suggests -that'the nature of the response to a particular stimulus may 

be dependent on vhether that respônse vould be funttionally 

appropria.te. , Al though the occurrence of the positiQn-dependent 

effects of passive stiffness and T5 stretch reflexes appeared to be 

appropriate ~9r functional activities such as the maintenance of a 

balanced standing posture, it is not knovn vhether these are the 

responses tbat would have been measured during this activity. 

There are, hoveverf considerable problems associated vith 

adequately securing' a human sU,bject. during standing or valking. 

Experimental artifact from, for example vestibular input, vould be 
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unavaidable unless subject fixation vas so extensive as ta render 

insignificant the functional aspect of the paradigm . 
• 

An apparatus is needed that would permit both functionalJ 

movements and the required experimental control. One posstbility is 

------the bicycle ergometer. The seating arrang~t is such that head and 

upper bddy immobility eould be readily achieved. The pedals cou Id be 

modified to enable powerful and vell-eontrolled inputs tb the .ankle. 

Finally, the subject could be required to pedal, a bilateral 

functionally~relevant task that would alleviate this limitation •. 

Applications of techniques to pathology 

In addi tion to the preseht sludy' of motor cQntrol oin norma.l 'human 

subjects, the potenti~ '~se of system identification techniques for 

the objective as.!?~ssment of ab?ormal funetior i,s of great c~nsequen.ee. 
. . . 

In Most cllnical settings ~i~orders of.motor~performance are diagnosed 

and evaluated quali tatively. For example, . hypertonici ty is' assessed 

by observation of a patient's response to tendon taps and the 

sensation of a limb as ift ls rotated through it.s rang~ of motion. In 

the case of trauma, x-rays, , arth~oscopy, a~d 'posi ti ve contrast 

arthograms are used to identify mech~~ical obst~uctions. Such 
, 

~ethods, however, generallyprovide information regarding the statie 

anatomieal and physiologieal funetion 'rather than provid~ng a ~ 

quantitative and dynamic assessment of the problem. 

Disorders of Many different-sources lead to alteTa~ions in the 

, abi:j.i ty to tise the joints of the body. . The ankle' joint ls' 

, 

, . 
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i 

i 
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particularly sus c:ep t fl>le to in jury and" pa thology sfnce it is subjectoed 

~o very large forces over a very large range of positions. The MOSt 

~ tommon injuries a~e of two 'types, reduced mobility and, hypermobility. 

In the first case, the!e is a significant decrease in the ROM often to 
,,- , 

the point of a fixation at one extreme or the other; the ,joint is 

relativ~l~stable but mobility is limited. Causes olt. this problem 

include osteoarthritis, impingement syndromes a.t}d'· hyPer~~icity. In' 

the second case, there is a gener~l increase in the ROM where mobi1ity 

is enhaneed but stability is gre,atly redüeed. Ca~ses of such 
" 

dysfunction inelude ligam~nt tears, tendon ruptures a~d hypotonicity. 

, Su ch problems can arise iront- a number of different disorders 

ranging,from pathology of the periphera1 ~nd central nervous system to 

orthopedie condi t.ions. An: addi tiona1 source of problems is related to 

the functio.oal adaptatjons thç.tresult from the training for elite 

pe,rformance' such as ballet '9.0E1 gymnastics. These adaptations 

genera:l)y invo1ve,~ the. peed> to aehîeve both inereased mobili ty and 

. s'trertgth' as in the case.,of' the bal'let dancer w,ho maintains the 'en 

pointe' p.osition.for'extended periods.' However, the bOQY's ability ot 

adapt .is, limi ted and the participants in sueh activi ties ptten d'E!velop 

capsuli ti"5, • impingement 
-'" o., 

syndromes, osteophyte formation, stress 

(rac tU,res and tendiniiis'(Brodelius, -_ .... 
. --

1961; Parkes, 1980). 

To. date aIl assessments of the ankle's position-dependent 

behaviour rrave beèn performed 0n' subjeets vith no evidence of 

neuromuscular 
.!. 

" 
employed to 

p.~thology. It Is antlcipated that the techniques 

, JI" 
mak~ these measutements will be useful in the evaluation 

.' ' 

~f patiènts vith orthopedie and, neurologie disb~ders. Preliminary , 
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resul ts from the of a deafferented subject indicated that -study 

\ 
patients can tolerate the ~ experimental environment and techniques 

(Veiss et al., 1984d). These methods can undoubtedly provide 
" 

quan'tHatiye data th~ t càn be used for evalua t ive a,nd diagnostic 
, . 

c 

purposes bu t the general \ 
clinical feasibili ty of these techniques 

remains ta be de'!1onstrate~., 
f 

ft , 

,Although the scope o'f ,tMs thesis did not include the 

invès ti gati on, of ankle ROH .â~, posi t1 on-dependen t ef fee ts in such .. 
pa~ologies, it,is evident that the issues resu'lting fro'm the results 

of normal subje,cts have ."" potent1al clinical relevance. 

resul ts demolls tra-te the' i~por tans~ 0 f join t posi t ion -on 

The present 

th~ passive 

.mechahoical Çtnd reflex behaviour of the heal thy ankle. If one 

"con~'idèrs the e>ttent of -anatomical, biochemical 'and physiological 
'- , ' 

'al~erations that appear, secondary to the original 'trauma or pathology 

ot joint JjJ.9bili_ty, (e.g. (Tarbary et al., 1972; ~liams & Goldspink, 
'''0 

19-1t; GG:ldspink, 1977; Odeen, 1981), it is clear that severe deficits 

in fu'g~tioqal disabiÙ:y. It is anticipated that the present paradigm 
, 

wfh', pJ;ove 

defi..cHs. 

to be ~l)fficiently sen'si tive to eviüuate these_ functional 

. .. .. 
- ......... _-" ... - '. 

'Hulti-joibt position ,dependen~,~ 
't • . 

, ' .. 
cnang~s in th.~ orienta,tion of. othet joints will ~lso affect these 

tissues'. 
.. ~ l' 

For 1 example, 'knee posi tian. wU,l a'ff~ct the 'two"::joint 
, ~. , .. 

gastrochemii (Herman & Bragin, 1967) whèreas TA' will be ,altered by the' 
• __ .-: 1 '.. • " ' _ 1 

P, ' 

relati ve po-si tian 'of the subtalar, tarsal and' metatarsal joints. 

..... Moreover, in" many fune t ional situa t ions, the':ankl~, and sub talar j oln ts 
", , 

. , , ' 
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work together as a uni t "(Inman,' 1976')·./'fhe, present 'results' reprësent, 
• 

therefore, the flrst step t()war~ jd.::ntifying ,the effect that > changes 

in' joint 
, . 

posi tiQn have on the ankle and its associated soft tissues.' 
\ 

'Futqre studies should include manipulation of the knee and -. -
~ 
subtalar join ts. 

, \ 

The effect of lDean ankle ,eosi tion on other variables 
,'il , , 

, t', ' 
Finally, only,certain aspetts of the posi tion-dependent 'dynaaies 

vere investisatèd. A more ~omplete craracterization of 
". 

mean position on dynamie ankle funetion lo'ould incl~de, 

the ,dynuic relation between' torque and EHG: 
, , 

'. 

- . 

, ) 
, . 
. ',---

" 

, " 

.' 

, ' 
f, 

the affect of 

for exa.ple; 
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NBlUS tIODULES FOR BXPERIJŒRTAL COlI'I'llOL 
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Module CONTROL1~ TQ' r-un. the first experimerit (passive mechanics) 

Module ,CONTROLZ: T-o run the second·experiment (active mechanics 
1 and ~~flex dynamics). , t, 

, ' 

-, . . 
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lIoclule CORftOLl 

1 Module to run the first experiment' ('passive mechanï"cs). 
, ' , 

1 In ttlese experiments, °subjects remain relaxed while the ac'tuator 
1 perturbs the anUe about different, randomly-selected Mean ankle 
'f posi t ions. .-

• Generate stimulus variables for the "actuator (STIH1) and for the 
• oscilloscope (STIM2). (See Module strHC~l ln Appendix II.) 

RUN STIIIGBNl 

• Define general experi~ental details. 

SUBJECT '" 1 Subject Name' 
NEVPOS .= lni tial AÏikle Posi tion ( 

: NP =: Subject Neutral Positipn 
PS .. PotentioDleter_Calib~ation. ' 
TS -, Torque Transducer Calïbration 
TAS = TA EHG Cali bra t ion -
TSS = TS-EHG-Calibration 
CA~ = (3~14159/180) * la 

. EXEClITE 'AVGFILE", "PAS" SUBJECT ".AVG"' 

1 Randomize test ankle positions. 
, 

POS = SCR(ANG1_ANG2 _ANG3_ANG4)l~5 _ ANG6_ANG7 _ANGB_ANG9 _ANG10; 10000) 
~ 

• Run experfment until each angle tested ·once. 

ANGLENUH = 0 
(NEXTPOSJ 

ANGLENUH = ANGLENUH + 1 

• • , . Rotate anUe t~ next angle. (See Module ROTiTE i'n Âppendix III.) 
OLDPOS and NE~POS are the curre~t "and nev actuator positions, 
respec t i vely. . 

OLDPOS = NEI/POS 
NEWPOS = POS{ANGLENUH} 
RUN ROTATE . 

1 

. , 

Sample data. 
success~ul. 

Average and ~tore da~a if, exper~ment vas, 
(See Module E}{PT1 in Appen~ix III.). 

RON EXPTI 
~i 

# Loop through for next trial.' 

"IF ANGLENUfot < ~EN(P~HE.N ~O~O [N~~lOS] 
#' j:nd of Module CONTROL1. ..... "' 

.. . , 

, ' 

\' 
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'. 

'. 
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·1Iodule CCIftROL2 

1 Hodul.e to' run the second experillent (active .echanic.s, stades 
t and reflex dynamics). 

t~n·these experi~ent~, subjects maintain tonie contractions vhile 
t -~e actuator perturbs the anUe about different" rando.ly-seletted 
1 .ean ankle positions. 

Ir l" Generate still~lus variables 
•• osei lloscope (STI.M2). (5ee 

for the actuator (5T,lM1) and for the 
Module' STIMGEN2 in Appendix II.) , 
'r 

RUN STI11G1M2 

t Define general experimental details. 

SUBJECT ~ 'Subject Hame' 
'NEVPOS = Ini tial IÜÏkle Posi tion 
NP = SUbject Heutdl Posî tion 
PS • Potentiometer Calibration 
~S = Torque Transducer Calibration 
TAS = TA EHG Calibration 
T5S I = TS-EHG-Calibration 
CAL = (3:-14,159/180) * 10 
TONIC = 1 -1 ' 
ÈXECUTE 'A:VGFILE = npAs"'SUBJEê't ".AVG"' 

• Rotate ankle ~o Neutral,Posi t'~on: and ob tain Pre-experi"'ent T~ and 
• TS-~Cs. (See Modules ROTATE and MVC, Appendix III.) , 
1 ,()LDPQS and NEVPOS are. the' cunen t and nev ae tua tor posit ions, 
1 respeetively. • 

OLDPOS = NEIlPOS 
NEVPOS = NP 
RUN ROTATE 
RUN MYe 

• R~pdoml~e test ankle position~. 

, . 

, "\ 

1 

'. 

, 
POS = SCR(ANGI ANG2 ANGl ANG4 ANGS ANG6 ANG7 ANGB AfiG9 ANG10; 10000) - - - - -,-'- - - j. 

, 1 R~n,exper~ment until ,aeh ang~e tested once. 
1 

" ANGLENUH = 0 ' ","' 

[NEXTPOS] ~ 
~ .' 

ANGLENOH = ANGLENUH + 1 

1 Rotate ank~e to next angfe., (See Hodule ROTATE in Appendi; III.)' 

.. 
\ 

OLDPOS 1 = NEWPOS . 
NEWPOS =.POS{AN~LENU~} 
RUN ROTATE 

. , 

" l' 

, , .. 

.'1" ~ ... , 
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• Run both TA 'and TS" trials at the sue angle. 

TONlèNuM '- 0' 
(NEXTTOR) 

TONICNUH. TONICNUH,+ 1 

171 

Saaple data. Average and store data if experl .. nt'vas 
suceessful. (See Module BXPT2~n Appendix Ill.) 

BUN DPT2 , Loop through for. next tonie type. 
" . 

IF TONICNUM < LEN(TONIC) THEN GOTO fNEXTTORJ .' 

• Loop, through fot next trial. 
. , 

IF ANGl.ENUM < LBN(POS) THBN GOTO (NEXTPOSj 
, " f ' . , 

., ' RDtate ankle to Neu tral-Posi,t ion, and obta~n Post-experiaent TA and 
• TS' HVCs. ' ' . 

OLDPOS .. MEYPOS 
MEVPOS .. NP 
RUN ROTATI 
RONMVe 

• ~ End of Module COIIftOL2 • . , 
1 • 
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APPINDU II 

lŒIUS IIODULBS TG GJI:RBIATB STIJlULUS VARIAIL&S 

.. 
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1 

Module STIHGEN1: 1p generate the stimulus variables requir-ed /for .,. 
the first experiment. 

'. 

-Module STIHGEN2: To generate the stimulus variables r'equited for 
the second experiment. 

'd't,.j 
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'. ' 
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-IIocIÛle S'lÙIGBW1 

t Module to generate sti.ùll.ls variables required for ffr$t 
t experi.ent. 

t 'Actuator Stimulus 

173 

f A 1000 length PRBS 15 generated. It contains 499 values at 0.8 V, 49& 
t values at -0.8 V and and the first and last points are 0 V. ' 
• The DIA and actuator calibrations are such that ±0.8 V generates an 
t ank,le perturbation of 0.09 rad peak-to-peak. 

PRBS :: 0_(1.6 * EXT(PRBS(; 10)1 1, 998) - .8>".:..0 

• Traeking Stimulus f, 

t- Sinee subjects are not required to maintain during these experi.ents 
-. the' magni tude of this stimulus is set to zero. The length of the 

• stilllulus (25) deterlDines the nuÎàber of repetitions of the PRQS sequence • 

STIH2 "" 0 *_RAHP(;25) 

RETURN 

• End of Hodule STIJlGBlfl , t 
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l'Module to generate sti.ulus variables. re~ited fot. second 
1· experi.en t., 

t Actuator Stimulus' 
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1 • A 1000 'length PRBS i~ generated. It cont8t:s 499 values at 0.'8 V, 499 
J values at -0.8 V and and the first and las points are 0 V. , 
J Tlle DIA and actuator calibrations are such hat ±0'.8 V generates an 
J- ankle>~rturbatiQh of 0.09 rad peak-ta-peak. . 

PRBS = 0_(1.6 * EXT(PRBS(; 10); 1,998) - .8) 0 

1 Tracking Stimulus 

J This stimulus con tains six points at each ~6tthe five tonie levels. In 
1 addi tian, there are a total of 16 zero values. The arder of the f.,pur 
1 lover tonie levels was randomized but the highest tonie level was always 
• last. The length of this stimulus (46) determines the number of 
• repeti tians of the PRBS sequence. 

Tl .1.1.1.1.1.1 - - - - -T2 = .2 .2 .2 .2 .2 • 2 
T3 .3-.3-.3-.3-.3-.3 
T4 .4-.4-.4-.4-.4-.4 
T5 = .5-.5-.5-.5-.5-.5 

- ~ - - - . 
TRACK = D_O_T3_0_0_T4_0~0_Tl_0_0_T2 ° ° TS_O_O_O_O_O_O 

RETURN 

• 'End of Module STIHGBN2 
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", 

.r 

Module ROTATE: Ta r~tate the ank1e to the desired lIean position: 

Module HVC: To sample maximu~ voluntary cont~actions. 

, Module E;XPT1: Ta sample data' during the first expert.ent. 

Module EXPT2: Ta sample data du~lng the second experi*ent. 
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lIoéI~le ROTATE 

• Hodule to rotate ankle to desired me an position. 

• Generate a ramp (Channel R) for input to actuator and adjust it 
• to reflect the current and desired angles and the nentral-position. 

R = RAHP(;100)/100 
ST!Hl = (-2 * NP) + ( (OLOrOS - «OLOPOS - NEWPOS) * R» * -1 *- CAL ) 

• Set ~ampling rate and rotate actuator. 

SAMRATE .. 20 
SET ERROR OFF 
S92(ST1H1, 0; 'TÈHP. SAH' ,COMHENT ~0,8, SAH~TE',O,,) 
SET ERROR ON 
.SD2 
.DELETE TEHP. SAH; * 

RETURN 

• End of Hodule ROTA~ 
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lIodu1e lIVe 

'. Hodule to sample maximum volu'ntary contractions. 

• Gener~te HVC sÜmulus. TA HVC is 0 volts fo'r 5 s tben 1 volt for 5 s 
• during which time the subject should contract T~ maximally. The 
• stimulus then returns to 0 volts for 5 s. T5 HVC is the negative * of the stl"mulus' for TA HVC. 

" 

STIHHVC = 0 0 0 0 0 1h. 1 1 1 0 0 0 ° 0 
------~--~.----

• A dummy stimulus 1s generated for display to the actuator while 
• the HVCs are b~1ng sampled. This is a '100 length channel vi th 
.• all values set t"O" Q. ft 1s adjusted so that acJtuator will rell8in 
• at the Nel,ltral-Pos:Lpon during the HVC. 

ST!H1 = ( 0 * RAMP(j100) ) "+ (-2 * N,l»J ' 

". Def ine local experim~ntalo détails for TA HVC 

5TIM2 = STIHHVC 
SAKRATE = 100 (1 
COMMENT ='TA HVC; , SUBJECT 'j Neutral-posi.\on; ',_TIHE(';"S") 

• Run experiment 

SET ERROR OFF 
SD2(STIHl,STIH2j'HVC.SAH' ,COHHENT,O,4,SAHRATE;0,?) 
SET ERROR ON 
.502 

• Type CONTINUE if TA HVC trial successful~ Data will then be " 
• .sorted and stored. 

PAUSE . 
SRT(jAVGFILE,'A','HVC.SAM', , ,'POS';'TOR','TA','TS', ,) . 

. • DELETE HVC. SAM; -1 
i 

• Tor'que interval means calculated and printed on screen. 
• Largest value selected as HVC. 

. 
TOR = RCL(jAVGFILE,1,'Y' ,2,1,1500, • .00244) 
TORMEANS'= DSU(TORj'M',lOO) 
TYP (TORHEANS) 
MveTA = HAX(TORHEANS) - HIN(TORMEANS) 

# . Define local experimental details for TS HVÇ. 

STIM2 = -STIMMVC 
SAliRATE = 100 ' ." , 
COMMENT ",'TS MVC; '_SUBJECT_'; Neutral'-Positioni '_r'rME(;,IIS"j-, 

',' 
.. ' .. , " '~ i 

". 
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• Run expet1imen t 

SET ERROR OFF. 
.. SD2(STIH1,STIH2j'HVC.SAH' ,COHHENT,O,4,SAHRATE,O,?) 

SET ERROR ON 
.S02 

( 
i Type CONTINUE if TA M\TC trial successful,.. Data will then ,be 
• sorted and stored. 

PAUSE 
SRT(;AVGFILE,'A','HVC.SAH', , ,/POS','TOR','TA','T~', ,) 
.DELETE HVC. SAM j -1. 

.. Torque interval means calculated and printed on screen. 
i Largest value selected' as HVC. . , 

'" 
TOR = RCL( ; AVGFILE , 2,' Y' ,2,1,1500, .00244) 
TORKEANS = DSU(TORj' M' ~100) 
TYP (TORMEANS) 
MVCTS = HIN(TOIUŒANS) HAX(TORMEANS) 

RETURN 

i End of Module MYC. 
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Module EXPTl 

• Module to sample data during first experiment. 

• Oefine local experimental details. 

COMMENT =' 'Exptl; , SUBJECT '; Ankle Angle = STR(NEWPOS)_' Deg •. ; , 
COMMENT = COMMENT' Tl'HE(;"S") 
S,"RA TE = 400 -

• Generate STIMl by adjusting PRBS to reflect the desirèd ankle position ~ 
• (Channel NEVPOS) and the subject's neutral position, (Channel NP). 
• Calibrate NEVPOS (degrees to volts). 0 

STIM1 = PRaS + ( (~2 * NP) + (-NEYPOS * CAL) ) 

• Run trial. 

SET ERROR OFF 
S02(STIM1,STIM2; 'PAS.SAM' ,COHMENT,O,4,SAMRATE,0,?) 
SET E~OR ON ' • 
. S02 

# Type CONTINUE if data successfully colle~ed; data will then he 
• averaged and stored. 

PAUSE ,_" 
SRA( ; AVGFILE, , A' ,S, l , 1000,25, , 'POS' ,PS, 'TOR' ,'TS, 'TA' ,TAS, 'T5' , TSS, 0, ) 
.DEL PAS.SAH;* t • .., 

RETURN 
, 

# End of Module RIFT1. . ' 
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Module KXPT2 

• Module to sample dàta during second experiment. 

• Adjust STIM1 for appropria te tOonic contraction. 

IF TONIC (TONICNUH} == 1 THEN TYPE = ' TA' . 
ELSE TYPE = ' TS' 

IF TONI C [TONI CNUH} = = 1 TH EN MVC = T AHVC 
ELSE HVC = TSHVC 

• Define local experimen tal de tails. 

COMMENT 'Expt2 j , SUBJECT ' j Ankle Angle = STR{~VPOS) , Deg.; 1 

COMMENT = COMMENT 'Tonic ' TYPE' j ,. TIME(; "S") 
SAMMTE = 400 - - - -

• Adjust STIH1 by altering PRBS (generated in Module STIHGENII) to 
• ref!ect the desired ankle position (Channel NEt/POS) and the subject's 
• neutral position (Channel NP). Calibrate NEVPOS (degrees to volts). 

STIH1 = PRBS + ( (-2 * NP) + (-NEVPOS * CAL) ) 

• Generate 5TIM2 byadjusting the tracking stimulus (Channel TRACK) 
• to the appropriate direction and magnitude (Channel MVe). 

STIM2 = TRACK * HVC 

• Run trial. 

SET ERROR OFF 
S02(ST1M1, STIM2 j'ACT. SAK' ,COMMENT, 0,4, SAMRATE,O, 7-) 
SET ERROR ON 
• S02 

• Type CONTINUE if da ta suceessfully collee ted; da ta will then be 
ft averaged and s tored. 

PAU§E 
S = ' ACT. SAM' , 
SRA( jA:VGFILE, ' A' ,S, 3001,1000,5,,' POS' , p~ .. TOR' ,TS, ' TA' , TAS, 'TS' , T5$,.) 
SRA( ; AVGFILE , ' A' ,5,11001,1000,5,,' POS' , PS, , TOR' ,TS, 'TA', TAS, 'TS' , TSS,,) 
SRA( jAVFFILE, 'A' ,S, 19001,1000,5" 'POS' ,PS, ' TOR' ,TS, 'TA', TAS, 'TS' ,TSS,,) 
SRA( jAVGFILE, ' A' ,S, 27001,1000,5,,' POS' ,PS, ' TOR' ,TS, 'TA' ,TAS, 'TS' , TSS,,) 
SRA{ ; AVGFILE, ' A' ,S,35001, 1000,5,,' POS' ,PS, ' TOR', T5, 'TA', TAS, 'TS' , T55,,) 
SRA( jAVGFILE, ' A' ,S,41001, 1000,5,,' POS' ,PS, ' TOR' ,T5, 'TA', TAS, 'TS' , TSS,,) 
• DEL ACT. SAM j * 

RETURN 

• End of Module EXPT2. 
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APPENDIX pl 

NUUS NODULES FOR DATA ANALTSIS 

Module NONPARAH: To calculate the non-parametric passive and active 
mechanics, 

Module PARAH: To calculate the stiffness parameters from the 
compliance inpulse response functions, 

Hodule REFLEX: To identify the TA and TS stretch reflex dynamics. 
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Module NONPAlWI 

• Ho~ule to calcula te non-parametric passive or active /echanic.s., 

• Define analysis details. 

POSRANGE '" ' Pos rad' 
TORRANGE = 'Tor Nm' 
TARANGE 'TA, EMG uV' 
TSRANGE = ' TS EMG uV' 

. START = 1 
LEN = 1000 
AVGFILE = ' Subj ec t File Name' 
INDEX = Dat8_Storage_Cases i' 

'. lni tialize an~lysis variables. 
p 

, 

HEANPOS = " 
HEANTOR = " 
MEANTA = " 
HEANTS"= " 
POSRAN = " 
VAFTP = " 
POSOFF = Posi tion Offset 
TOROFF = Torque Orfset 
TAOFF = TA EHG Offset 
TSOFF = TS-EHG-Offset I~ 
CAtCASE"= Data=Storage_Case for Actuator/Cast Calibration 

• ldentify actuator/cast dynamics 

POS = RCL(; AVGFILE,CALCASE,'Y' ,l,START,LEN,l) 
TOR = RCL(; AVGFILE, CALCASE, ' Y' ,2, START, LEN, 1) 
POS = POS - HEAN(POS) 
TOR = TOR - HEAN (TOR) 
CALIHP = FIL(POS,TORj200,"Yll) 
• DEL POS. NXCj * 
• DEL TOR. NXCj * 

• Analyze next case. Each case y,oMtains' data for one tonie level 
• at one ankle angle for one subject. 

COUNT = 0 
[NEXTCASE] 

COUNT := COUNT + 1 
CASE = INDEX (COUNT] 

• Recall data and determine ensemble means. 

POS = RCL(; AVGFILE,CASE,'Y',l,START,LEN,l) 
POS = POS - POSOFF 
STl(POSj'Y' ) 

1 
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HEANPOS '" HEANPOS HEAN 
POSRAN '" POSRAN (MAX - HIN) 
POS = POS ~ MEAN (POS) 
POS = CDET(POSi'R',POSRANGE,) 

TOR ~ RCL(i AVGFILE,CASE,'Y',2,START,LEN,1) 
TOR = TOR ,- TOROFF . 
HEANTOR = HEANTOR MEAN (TOR) 
TOR = TOR - MEAN (TOR) 
TOR = CDEt.(TORj'R',TORRANGE,) 

- . 
TA = RCL(i AVGFILE,CASE,'Y' ,3,START,LEN,1) 
TA = TA - TAOFF 

.HEANTA = MEANTA_MEAN(TA) 
'. . 1 r 

.TS = RCL(j AVGFILE,CASE,'Y',4,START,LEN,1) 
TS = TS - TSOFF 
HEANTS = MEANTS_MEAN(TS") 

Remoye actuator/cast dynàmics 

PREDTQ = EXT(FLT(CALIMP, POSj "Y"); START+I00,800) 
TOR = EXT(TORiSTART+I00,800) - PREDTQ 
EXECUTE ' TOR' STR (CA SE) .' = TOR' 
POS = EXT(POS; START+I0Q,800) 

183 

• Calculate compliance impulse response function. 

• 

1 End 

~ 

EXECUTE 'ITP' STR(CASE)' = FIL(TOR,POSi 201,"Y",)' 
VAFTP = VAFTP-VAF 

Calculate stiffness transfer function gain, phase and coherence. (' 

EXECUTE 'GAIN' STR(CASE) '= TS2(POS,TORi "G", 200, 200)' 
EXECUTE ' PHASE' STR(CASE) , = TS2(POS, TORi "P", 200, 200) 1 

EXECUTE 'COH'_STR(CASE)_'~ TS2(POS,TORj "C", 200, 200)' 

Delete Redundant files 
""," 

.DEL POS.NXCj* 

. DEL TOR. NXC ; * 

.DEL PREDTO.NXCi* 

.DEL TA.NXCi* 

.DEL TS.NXCj* 

. DEL NEX* .Nic; * >(> 

Loop through for next case. 

IF COUNT < LEN(INDEX) THEN GOTO IrXTCASEl 

of Module NONPARAH. 
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.~Module PARAM 

t Module to calculate stiffness parameters (1, B and K) fro. 
t compliance impulse responsa function. 

t Define analysis details. , . 

t Ini tialize analysis variables •. 

l :: .... , 1 

B '" ' , 
K = ' , 
VAFF1T - ' , 

~' 
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t Analyze next 
t at one ankle 

case. 
angle 

Eachocase cont~ins data for one tonic level 
for one subject. 

• 4 

èOUNT = 0 
INEXTCASE) 

COUNT '" COUNT + 1 
CASE '" INDEX {COUNT} 

) 

Initialize parameters (Pl, P2, P3) and tolerance values 
(BI, B2, B3). 

Pl '" .01 
P2 = -100 " 
P3 .5 
BI .01 
82 100 
B3 .3 If 

t Smooth compliance impulse response function identified in Module 
~ t NONPARAM and determine l, Band K by fitting this function to 

t second-order equation where Pl '" gain, PZ '" natural frequency and 
t P3 = damping factor for P3<1. 

H '" -EXT(SHO(ITP' STR(CASE) ';2);100,100) 
FÎT = NLF(H; ,Pl,Bl,P2,B2,P3,B3,'N', ,40, , ,.00001,) 
VAFFIT '" VAFFIT VAF 
l = l (1 / (Pl * P22» 
B = B-(2*P3 / (Pl * P2» 
K = K=(1 / Pl) 

. ~ .. \ 
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1 Delete redundant channels 

.DEL VAF.NXC;* 
• DEL Pl'. NXC ; * 
· DEL PZ. NXC ; * 
.DEL P3.NXC;* 
· DEL B1.NXC; * 
.DEL B2.NXC;* 
.DEL B3.t'!~C;* 
• DEL H.NXC; * 
· DEL FIT. NXC ; * 
· DEL NEX*. NXC; * .. 
Loop through to next case 

IF COUNT < LEN(INDEX) THEN GOTO [NEXTCAS~] 

1 End, of Module PARAH 
) .. l', 
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Module REFLEX 

# Module to identify TA and TS stretch reflex dynam:i.cs 

li Define' analysis details. 

VELRANGE = 'Vel rad/s' 
TARANGE = 'TA EMG uV' 
TSRANGE = ' T5 EMG uV' 
START = 1 
LEN = 1000 
AVGFILE = ' 5ubject File Name' 
INDEX = Data Storage Cases 
TONICTYP = C tt (if TA contraction, otherwise = -lf 
STAl Start Index TA RefleK First Negative Peak 
LTAl = Length TA Reflex First Negat"i ve Peak
STA2 = Start Index TA Refle; Posi ti ve Peak 
LTA2 = Length TA Reflex Posi t ive Peak-
STA3 = Start Index TA Reflex Second Negative Peak 
LTA3 = Length TA Reflex Second Negative \Peak-
STS1 Start Ïndex TS Reflex Negative Peak 
LTS1 Length TS ReÜex Nega t ive Peak-
ST82 Start ÏndeK TS Reflex (PosIti ve Peak 
LTS2 Length TS Reflex Positive Peak-. - - - . -

\ 

li Ini tialize analysis variables. r:. 

VAFVTA = " 
VAFVTS = " 
PEAKTAl = " 
PEAKTA2 = Il 

PEAKTS = Il 

, . 
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\. 

# Analyze nèxç case. Each case contains data for one tonie level 
# at one an~le angle for one subject. 

COUNT = 0 
[NEXTCASE] 

COUNT = COUNT + 1 
CASE = INDEX {COtINT} 

" 

li Analysis di ffers for TA or TS reflexes. 

IF TONICTYP == 1 THEN GOTO (TA] 
ELSE GOTO (TS) 

{TA] 
li R,ecall data, differentiate position and remove means. 

POS RCL(; AVGFILE, CASE, 'Y' ,1, START, LEN, 1) 
VEL DIF( POS) 
VEL VEL - MEAN (VEL) 
VEL CDET(VEL;' ~' ,VELRANGE,) 

\ 



/ 

... -

.. 

, e 

• 

'il 
li • \~ \ 7 

TA =' ReL(; AVGFILE,CASE, ,--y' ,3,START,LEN, 1) 
TA = TA - MEAN (TA) 

Identify TA reflexes. :, 
1\ 

EXECUTE ' IVT A' STR ( CASE) , 
VAFVTA = VAFVTA VAF \ 

\, 

FIL(VEL,TAil00,"N",)' 

/Determine Peak-to-Peak Magnitudes. 

EXECUTE IMP = SMO(IVTA' 5TR(CASE) , ;3)' 
PEAK = -MIN(EXT(IMPiSTAI,LTAl» +-HAX(EXT(IHPiSTA2,LTA2» 
PEAKTAI' = PEAKTAI PEAK 
PEAK = -MIN(EXT(IMPjSTA3,LTA3» + HAX(EXT(IHP;STA2,LTA2» 
PEAKTA2 :: PEAK A2 PEAK 

.DEL POS.NXC· * 

.DEL VEL.NXC; * 

.DEL TA.NXC * 

.DEL PEAjCNXC;* 

GOTO ( CASEEND ) 

(TS'J 

Files 

Recall data. rectify velocity and remove .. eans. 

PVEL :: THR (VELj!) 
PVEL :: PVEL - HEAN( PVEL) 
TS = RCL(; AVGFILE,CASE,'Y' ,4,START,LEN,1) 
TS = T5 ~ HEAN(TS) 

• Iden t if Y T5 reflexes, 

EXECUTE 'IVTS' STR(CASE) , 
VAFVTS ~ VAFVTS VAF 

FIL(PVEL,TS;100,-N",)' 

• Determine Peak-tü-Peak Hagnl tudes. 

EXECUTE lMP -=- SMO(IVTS' STR(CASE) , ;3)' 

187 

PEAK:: -HIN(EXT(IHP:STSÏ,LTSl» + -HAX(EXT(IHPiSTS2,LTS2» 
PEAKTS ~ PEAKTS PEAK 

• Delete Redundant Fi les 

.DEL POS.NXC;* 

. DEL PVEL. NXC; * 

.DEL TS .NXe; * 

.DEL PEAK.rlXC: 1< 

[CASEEND J ".. 
IF coum < LEN( INDEX) TUEN GOTd [NEXTCASEJ 

• End of Hodule REFLEX 
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