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ABSTRACT 

Thr' purposf' of th(~ work contained in this thesis was ta investigate 

whf'th0r pxper imental paradigms based on the system identification approach 

arr' iln ef!"i'ctive clinical assessment tool. This was accornplished by 

conducl ing two canpanion studies: a reliability study on a group of fifteen 

control subjects and a case study of an indi vidual who had sustained a 

uni lateral undi.3placed ankle fracture. The data collected in bath studies 

inr:luded ankle angular position, torque, and Tibialis Anterior and Triceps 

SuraE' electromyograms. From these data, measures of bclth static (e.g. range 

of motion) and dynamic (e.g. estimated elastic stiffness) joint function, 

w(>re obtainE'd. 

A nllmœr of clinically relevant variables (plantarflexion MVC, 

dorsiflexion MVe, range of motion, passivE' torque, K offset, low K region, 

and the intercept of the K-absolute torque relation) were shawn ta be 

reliable. In addition, the results of the case study demonst rated that it 

would he feasible to use these experjmental procedures and analytic methads 

on individuals who have sustained orthopedie trauma. Finally, certain 

variables (the K offset, the slope and intercept of the K-torque relation, 

and a low stiffness region) appeared to be sensitive to the clinical changes 

associated with orthopedie pathology. 
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RÉSUNÉ 

Le but de cel ouvrage étai t rie 1 cdl jc,('1 1I1lf' ptudp dt' 11.\111111 l' d,' 

mesures de dynamiquE's dE' lc\ chevi 11(' ('Il Lm! qu'ouI Il,, 1 IIIIIIIH'I l 'lill'" 

objectifs, fiables, et quantitrHits dan~ l'cVdllla!loll ('( Il' "11\,1,111"'1':' 

de la cheville suite à un tldulllati~lIle, 

expérimental ont été évaluée; a l'aide d'un gl()ujl(' ('11111111 ('( d'IIII .1 

pathologique, Des techniques d'identification d, ... <,y<.tlollll'" onl ',l'l, l " 

déterminer les paldlllètles qui 011 ( II:' rniE-'lIx d<::'( 1 i ( II' ('OlllpOIII'IIIl'111 dt, Id 

cheville, La collecte des dOlllléc~. 1l0UnatIVC<. fut ';lIivi pal 111\1' (·V.t1Ud!loll 

d,~ la fiabilité de certaine ... meSlIle!-> tp! quc' !'.lInpliIUd(· .tllifu!.III(·, LI 

contraction maximal vololltaire, If' mornellt pas·.i l, cl (,PI t,tillt"; 11\(".1111", 

dynamiques don t le tenne élas tique (1<.), N()lI~ .WOII''; pr ol'('d(' cl l' «! IIdf' dl! ( .... 

pathologique suivant le m~me plan, 

Ce travail démontre que l'approche c!'idcntili('i1tioll dt· !.y·,telll("., 1(· 

paradigme expérimental, et le traitement ries dI)Il110~<; (,()IlVi<'llItelll Ile'; hil'Il 

à une utilisation clinique. Les meSlIl-es mécanique ... !lw;<.;iv("> '~Ial iqu(": 1'1 

dynamiques sont très fiables et certaine~ d'cntle co lit". , tel q'\(' l'ail(' dl' 

la boucle de moment-position, l'ordonnée <1 1'01 igill<' 1-'1 lil 1)('111(' df> 1.1 

relation K-moment, et une n~Giotl ilrllcul.lll(' il (;Iiblro 1 igldil(" (01.1 

possiblement preuve d'une sensibilite'· illI;': (hallf~ell1(!III', dl\(' il 111\(> paiholol',I(' 

et sa guérison. 
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CHAPTER l 

INTRODUCTION 

The ankle is a weight bearing joint that plays a crucial role in 

bipcdal locomotion and is important in the maintenance of upright stance 

and equilibrium. It is subjected to a multitude of internaI and external 

forces that result in a distillctive pattern of behavior. For example, joint 

compression fotees of up to five times body weight oecur during the push 

off phase in the normal gait cycle and change in the presen~e of pathology 

(Stauffer et al., 1977). Since the ankle ts the focal point of total body 

weight transmission and poorly tolerates even small changes in its 

anatomical configuration (Frankel and Nordin, 1980), high demands are 

placed on the treatment and the return to normal function of ankle 

injuries. Injury, immobilization and therapeutic intervention will aIl 

induce structural and physiological changes at the cellular level which can 

mallifest themse]ves clinically as a decrease in range of motIon (ROM) or a 

decrease in muscle strength. Othet clinically observed phenomena :::."ch as 

the joint's increased resistance ta passive movement and the subjective 

impression of joint stiffness are poorly measured (Wright, 1973). The 

purpose of this study is to investigate the feasibility of using the system 

identification approach in the clinical asses~ment of joint function. The 

thesis ls divided into the following chapters: 

Ç_hapt~r II briefly revievs the background ma terial and the previous 

work in this field required to understand the problem formulation, 

sÎgnificance and Interpretation of the thesis results. 



Chapter III refers to the general methods involvcd in the Slllliv 

including the apparatus, experimental paradigms, description of <;t illlui i .1Ild 

general treatment of the data. The justification [or the choit<· 01 

parameters and methodology is given. 

Chapter IV consists of a paper descrlbing the constlllctioll of cl ClIst()llI 

made horeglass boot used in the fixation of the foot to the expcl inH>llt.d 

apparatus. 

Chapter V outlines the reliability study performed 011 val iOllS llleaStlleS 

of joint behavior in particular the dynamic joint mechanics and detai Ls tl\{' 

case study which was undertaken. 

Chapter VI jncludes a summary of the major Undings, Limitatjons and 

recommendations for future work. 

, 
, 



1 

Page 3 

Chapter II 

REVIEW OF TIIE LITERATURE 

The first section oi this review will deal ,vi th the notation and 

terminology that will be used throughout this thesis. A brief description 

of ankle joint anatomy and kinematics pertinent to this study will be 

presenterl in the next part of the review followed by an overview of the 

pffpC't of in jury on these structures at the celJular and functional level. 

The classicaJ clinical approaches of evaluation of joint function [or 

cxample, goniometry and the manual muscle test and their limitations will 

he discllssed. A new assessmellt tool, the measurement of active and passive 

élllkle mechanics will be introduced and the potential of this tool as a 

quantitative objective measure of ankle function will be addressed. A 

discussion leading ta the problem formulation and objective of this thesis 

will cOllclude the review. 

Definitions and notation 

The movement of the ankle about the tibiotalar transverse axis 18 one 

of rotation. Rotation of the joint towards the lower leg is called 

dorsitlexion and rotation oi the joint away trom the lover leg is 

plantarflexi.on. ln this study the motion was defined with respect to the 

mid position, a point which divided the subject's ROM in tvo. Any movement 

dwny (tom the mid position toward the leg was labeled dorsiflexion while 

JI10vernent awc1y from the mid[losition in the opposite direction vas labeled 

plantarnexion. The subject's available ROM vas defined subjectively, 

based on the subject's report of pain or extreme discomfort and/or the 
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occurrence of compensatory movements at the more proximal joints. 

Dorsiflexing torques were denoted by positive values and tende(~ to move 

the ankle into a more dorsiflexed position. In contrast, plantarflcxhl<J 

torques which were denoted by negati ve values tended to move thE' <lnk lE' i nto il 

more plantarflexed position. 

Ankle Joint Anatomy 

'l'he purpose of this section is to offer a br ief overview of ank le joi nt 

anatomy. Trauma, surgicai intervention, or repeated minor trauma can i nduce 

changes in ankle joint structures as well as in the muscles that funct ion 

about the joint. Changes in bone structure as a resuit of a fracture Ciln 

alter the physical orientation and relationships of articular surfaces. 

Bony configuration 

The ankle joint consists of the articulation between the tibia, fibula 

and the talus and is aiso known as the talocrural joint. The tibia and the 

fibula are the two long bones of the lower leg. The tibia lies medially, is 

thicker and ends distally as the medial rnalleolus. The fibula lies 

laterally, is more slender but has an estimated transfer of as much as on€> 

sixth of the forces (Lamœrt, 1971). Tt ends distally as the 1 ateral 

malleolus approximately 10 to 20 mm lower than the medial malleolus. The 

talus has a squarish body, a short neck and a head with an aval articular 

surface. The body lies between the malleoli of the tibia and f ibula which 
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IOIHl a <,or·kt~t élnd its upper surface articulates with the cartilRge cov€red 

infel iOI surface of the tibia. The ankle joint has an efficient mechanism 

nt load tlam,mission which is thought to be a factor in its relative 

1~'lic;tance ta primary osteoarthritis and cartilage fibrillation (Vynarsky 

.:lIld (:reenwald, 1983). 

Joint Capsule 

The ankle is a synovial joint possessing a potential cavity, 

lubricated articular cartilage, a capsule of fibrous tissue and a synovial 

membrane (Basmajian, 1979). The fibrous capsule sur rounds the joint and is 

rtttached to the margins of the tibia and fibula articular surfaces, passing 

below to the talus close to the articular areas on the upper, medial and 

lateral surfaces of its body. Synovial membrane, also known as synovium, is 

a condensation of connective tissue that lines the inner surface of the 

1 ibrous capsule. It does not caver the weight bearing surface of articular 

cartilage (Hettlnga, 1979a). 

I.igameotous structures 

The aokle joint capsule is weak anteriorly and posteriorly but is 

1 cinfol"Ced laterally by strong collateral ligaments. The anterior and 

postellar ligaments consist of localized thickenings of the capsule. On the 

medlal aspect lies the stout medial (deltoid) ligament which is triangular 

i Il shape and is a t tached by i ts apex to the medial malleolus and by i ts 

base to the navicular bone in flont and to the posterior part of the body 

of the talus bet .. ind. The latera] ligament". cOllsist of three separa te bands 

orip;inating frolll the lateral malleolus. The calcaneofibular ligament 

inserts onto the lateral surface of the calcaneus restricting inversion and 
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dorsiflexion. The anterior talofibulal- courses f()n~,lIrl i1nd IIlpdi;111v ln tht' 

neck of the talus limiting inversion and pldlltùl t lexioll .\Ill! tilt' po~tl'I illl 

talofibular ligament passes medially and sllghtly bad:w.\Ic\c, 10 11ll' 1.11pI.li 

tubercle of the talus limitjng invcr~i()ll and dOI::.iLle:dllll. 

Musculature 

The muscles acting about the alllde joillt .1Ie dividt..'d jlll(' III,', 

compartmen ts, the an tedor compartmcn t con ta i Il i ng the dOI~; i ( 1 Cl- () 1 111\1' ( l, '. 

the peroneal compar.rnent containillg the PE'tOIH:'cll 11111~cl('s rlll!1 the P(JClt'IIOI 

compartment containing the plantartlexor muscles. FOl" the rHII'pO':('~. 01 Ihl'. 

study attention will be drawn to two rnajoL Il1lwcle glOlIJl'>, Tihi.ll h 1\11(('1 iUI 

(TA), and the Gastrocnemius-Soleus (GS) complex wltich ,1Le loc,lled III th!, 

anterior and posterior compartments respectively. 

TA was chosen in this sludy as the tepresent,üive ol the dOl ~,i Ill'x il\g 

contractile element of the ankle joint. This muscle h <;l1ht'lltillll'OIl<' dlHI 

arises from the lateral condyle and the uppel- two thilds 01 Ihe leltel.1I 

aspect of the tibia, gaining additional origin hum the inleIO~">l'II', 

membrane and from deep fascia. The tendon becomcs i l'e~' j n the 10WPl l h i 1 ri 

of the leg and passes medially to insert onla the medi.d aspect of thp 

medial cuneiform and the base of the first metalarsal honp. 

The GS Complex is the main plantaI flf'ï.or of the anl<le joint (Der<;h01d 

and Brown, 1985). Gastrocnemius h~s Iwo bellies, tll(> l.iteral hl'ad 

originating from the upper, po~tr'l inl' pdrl flf tll(> lalel id ';UI facc of Iht> 

lateral femoral condyle and the media1 head, ollginat.ing front tll(- poplit(:i11 

surface of the femur abave its meùial condyle. The Iwo Ileshy brdlie', 
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in';p/-t into the po<;tE'riOl <;111 f"ce of a broatl rnernhnmous tpnnon of Solells 

mw;cle tr, form the calcanC'al tenclon which inserts onto tlte posterior 

',111 f ilce 01 llH:' calcaneum. 

The Soleus muscle ori~inates (tom the posterior surfaces of the head 

and the upper third body of l~e fibula, from the soleal line of the tibia 

and from a tendinOlls arch between tibia and fibllia. The plantarflexors are 

much more powedul than the dorsiflexors. Thi may be related ta the 

[UllcUollal lcquircmcnls of this muscle group. For example, the body's 

center of gravi ty falls antedor ta the ankle joint (Steindler, 1955) 

requiring a sporadic plantarflexing torque ta maintain an erect posture. In 

addition, the plantarflexors provide the propulsIve force in ambulation at 

push-off and absorb energy during early and mid stance as the leg rotates 

ovel the foot (\lin ter, 1987) . 

Axis of rotation 

Movement at the ankle joint takes place about an oblique transverse 

axis which can be approximated by a line joining a point 50 mm distal to 

the medial malleolus to a point 30 mm distal and 80 mm anterior ta the 

lalernl malleolus (lnman, 1976). 

Range of Hotion 

There is a Idck of consistency in the li terature tegarding the 

magnitude and the rnethod Dt measuring ankle ROM. Radiograghic methods 

(Sdrnmarco et al., 1973), measurements during weight bearing (Sammarco et 
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al., 1973), passi ve as opposed t 0 aet ive ROM meù'>ltl es ,md HOM 111(',1:';"1 ('1111'11 t'. 

tmder conditions of knee flexion (EkstLé\lld et dl., 1qH,l) ,\1(' 'Will!' 01 tht· 

factors affecting ROM measurement. TheLf.' is also ,1 Il'Illll'IH'Y Illi Hml III 

decrease with increasir'g age (Samrnan~o et al., Iq7J; 1300I1l' (lI dl .. 1<17')), 

In general, the reported ROM ranged [Lom O.H7 1 dO to about 1. \1 1 d'\ 

(Caillet, 1968; American Academy of 01 thopedic SlIlgeolls, 19()~). 'l'1Il'1,· 1 

little mention of the criteria lIscd to dctillC' th(' cndpoint'; 01 . li< h 

measurements and it would appeal that lIIost HOM 1II('aSUlell)(>lll~ and 1IIl-'ll!od'. 

have a subjective component. 

Functional considerations 

The range of ankle motion required (Ol functiollal tasks sudl M, 1I01lllal 

walking i8 in the order of o.n rad of dOlslllexioll élnd Il. \~ 01 

plantarflexion (Kotwick, 1982; Lindsjo, 1(85). Thcrc do Ilot <;(>CIII 10 be ,illY 

differences on the basis of sex altho\.lgh heel hdghl ('.l1\ con~ddelably allel 

joint angle'3 (Murray et al., 1964; Murray et al., 197(1). 

Intra-8ubject joint angles vary little flOIII stride to stl ide (Ies~ thall 

2% variability at a11 lowel extremity joints (\.Iintel, 1987). \.Iintcl (l'JA7) 

compared joint angles for slow, natural and [ast walking in 19 nOlmal 

individuals and noted that for the èlnkle and wi th 1 cspect ta the !]tl id" 

period, the joint angle profiles ale es~elllially the ',(lme. 

This author a1so studied angulal veloeilie'~ riming [{ait and thpll 

variation with the speed of walking in dgain FI ~\lbjc( t,_, (\.Iilltcl, l'JR7). /. 

natural cadence (l05 :r 6 steps/min) can develop maxilllal DF vpJ()(' i t i(", 01 

about 2.5 radis and maximal PF velocities of approximatf!ly LI) rad/';. At d 
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cad(~lIee (natural 20 steps/min) m~ximal OF velocities of 

apPloximately 3.n rad/~ and maximal PF veloeities of approximately 4.5 

lad/s werc recorded (Winter, 1987). 

The choice of variables that are measured in clinieal assessments of 

joint (unction and dysfunction is based on the understanding of the changes 

lha t occur as a resul t of in jury and immobilization. This forms the 

lationale tor the selection of parameters that best eharacterize these 

changes. The following section summarizes sorne of the cellular and 

r;tlllctural changes assodated with in jury. 

Joint Capsule 

Post traumatic synovitis can be considered as the synovium's simplest 

1 esponse ta minor nonhemorrhagic trauma (Hettinga, 1979a). It consists 

t\C;scntially of an inflammatory response. Minor trauma, not requiring 

mpdieal attention and with few symptoms, can set up this severe vasomotor 

IOdet ion with significant symptoms apparent only months latel (Soren et 

al., 1976). This phenomena is seen as fi brosis and thickening of the 

slIbsynovial connective tissue layer. If the trauma occurs only once, the 

ill! IrlnllllalolY t-esponse subsides qllickly. I[ rnechanical irritation continues 

dtH' ta secondai y laxi ty of ligaments, free joint bodies or recurrent 

Ilrlllnta, a prolifE'lative synovitis involvine a progt-essive sclel-osis of the 

<;ynovial membrane' [otlr to <;ix mOllths post tlatlma \,lith additional thi.ckening 

of the connective tissue layer (Hettinga, 1979a) can occur. There are also 

distinct changes in the composition of synovial fluid within the joint that 



-, 

can fllrthet- irritate and peqK'tuale tllC' syllovilis IC,H'!inll. III 'l'II" Id 

this, synovial tissue has a lernatkable !('gCIlC'I,llivc C,IP,lei!\' dUt· ln il' 

rich vascularizatioll dnd, if not (tnthet llillllll.lli:ed. \.\1\ ('{lmpll'Il'!" 

regenerate within a few months (Hettinga, 1979(1). Synovi.ll Ilulti IUIII 11<11: 

ta nourish the articular cartilage and lubtit'él\l' Ih\' )\\\1\1 

periarticular soft tissues (Dowson et al., 19(9). Il i', ('·"ll'lIh·l.,. "1',(,,\ 

at low velacities corresponding to ::.low IJ\OVemelll:, ,IJllI belOlllv', Il'',', ,., ,\ Il! 

more elastic at high velocities (fast movernent<,) (!JOW'''''l p! ,Ii .• I"' '1; 

Dowson, 1973). Synovial (luid fomls a flllid film thal PIO!I" l' rhl 

articular cartilage from erosion (Hettinga, 1979b). 

A nonhemorrhagic reaction of the synoviulIl C(\II ll"wlt ill dldllgl'" ilt 

synovial whi te blood cell, protein, and hya llll ona te COIlC('1l Il.1 t i 011 (Bo/d""It. 

1976). This can lead to a decrease in visco:::.ilY with po~:,ibl(' "Itl'latlnll of 

joint congruency and pressure distribution across the altinlLII ';\111,\1'1' 

(\lynarsky and Greenwald, 1983). Traumatic effusions that illvolve hll·(:dilll'. 

into the joint can occur with fractures and l~arill[{ of illticulal hlood 

vessels. The iron that is liberated as a resuJt of deF,LcHbtioll of h)oqr! i'. 

a strong irritant to the synovial membrane (Hettinga, 1911)\». 

The fibrous capsule reacts to trauma by way oE an inflammatolY rf"'Jlo!l',r' 

as weIl. There is il1creased vasculélrity and ptolilel,l! ion of fihlotl', ! 1',',111' 

(Hettinga, 1979b). A decrease in flexibility 0/ pel LlI!irlllrll ';IIlIrllllr" 

is due ta adhesion forma t ion or in t ermolCC'lIl al' (' 1 o!,·.1 i nk i IIg of (() Il ;IW'1l 

(\loo et aL, 1(75). This is also kn01.Il1 ,\!-. contla(tlllE:~ fOII1\:~ti()n. '1'11(, 

thickening of the synovium connective tissue layer and the fornmtion 0/ 

adhesions decrease the joint's compliance and can hilldf!r il~, rallF,c of flPC' 
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1I1r)Jf'fII('111 (\.Jou "1 ,!l., ]')7J). 

Ligaments and Tendons 

Thr· ((Jlli\genoll~, tis~uec.; which SUPPOl t the skeletal system are ligaments 

(lllllu(llnv, joint capsules) and tendons. These structures are passive in 

tltat tIH'Y rite mfiinly loaded by the tension produced by joint motion and 

IIHI',elf' ('ontl(1('lion. Ligaments and tendons will remodel in response to the 

mechilnicril demallds placed upon them. \.lhen subjected to increase stress 

1 igarnent<, becomc stlonger and stiffer (Kotwick, 1982). 

Noye<; (1f)77) found a rlccrease ln stiffness which he defined in terms of 

t hl' <;]ope ot lhe tension to ligament failure curve, in primate anterior 

( IIIClale 1 ig,lmcnls fullo\.Jlng eight weeks of knee immobilization; the 

ligamcnts wele less capable of resisting load and elongation and failed at 

fllllt'h IOWC'1 ten<,i le loads. Even after five months of resumed normal animal 

~clivity thCIC was on1y partial recovery of ligament strength although the 

~I itfnes~ pdtametels had returned ta normal. Investigations of canine 

lif'::iIlI€'111 properties demonstrated an increase in medial collateral knee 

ligrlmcnt stiffness as weIl as an increase in the diameter of collagen fibre 

bundlf''' when animals were extensively trained on the treadmill (Tipton et 

.11., 1970). lrnmobilized ligaments were weaker in terms of withstanding 

Ipn<,ilc load" [han the normal knee ligaments and the normal knee ligaments 

~01e wedker than the trained knee ligaments. Similarly, studies on swine 

tendon dlso showed an inclease in sti[fness and strength with intensive 

exercise tl<1ining, suggesting thdl tcndow, remodel mu ch the same way 

ligaments cl~ (Woo et al., 1975). 



Huscle 

Muscles can also be subjc.cted to llduma, ei ther dilE'ctly ,1" Ilom .\ "llll' 

or fall or indirectly as from srretching a muscle Iwyond its 11111111.\1 1.1111',1'. 

Moreover, joint immobilization and .soft LÏs.slle tt<llllll,1 C,1Il Il'',lIlt III 

structural and physiologieal changes in musclE'. 

Contractlle protein and connective tissue arc synthesjzed hy lIIyobl.l· 1 

and fibroblasts respectively in response to lIluscle tis~,lIe de~;tluctioll. 'l'hl' 

physiological conditions at the site of injmy are \Isually mOlc [avol,lldl' 

to fibroblast activi ty fi Il ing the blNèCh W1 th ('01 Llp;en()l1~ scat 1 i s'ail' 

(Allbrook, 1973). Rat studies involving lacelat iOIl dlld slIlgÎ('ctl Il'Ihdl hdV(' 

shown that the areas of muscle devoid of innClvat ion wi 1 l have clll illt'r('él.'a· 

in connective tissue laid clown between muscle Eibtcs (Céllell ct al., lf)!!I,). 

The extent of trauma may be mueh less and !Jlill clicit stluctllldl chang(·s. 

Muscle injury may be subtle and even dsymptolllatic. Gclstrocllclllill'; 

muscle biopsies flom marathon rllnners showed as mllch as 10% or cell~ 

injured. Chronic ove ruse (veteran runners) Cdll~(·d élll increase in 

intercellular collagen deposition suggestive o( a fiblotic respoll<;e 1o 10w 

level injury (Warhol et al., 1985). Howevel chl'onic OV(~I tls<, 'lias Ilot def ined 

quantitatively and the time frame for thesc ch:1I1ge'; W;JS not clalificd .. 

Thus the evidence seems ta indica te tha t mllsc 1(> 1 el>cl il and 1 (~spon';(! 10 

immobilization involves the increas(~d depositioll of C'ollilgell COIlIlf'(':iv{' 

tissue. Collagen itself has an rextreillely 10';1 compJLlIlce so Ihal ',n,lll 

increases in the quantity o( collagell in muscle il1(Teac,c~> lis';ue ',tilfIH~',', 

considerably {Alnaqeeb et al., 1984). 
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Joint immobilization l'an Je<lcl to s1mi1a1' strllC'tlll"<ll ch<lnges in muscle. 

lmmobilization of the cat ankle joint resulted in an alteration in Soleus 

JIlu<;cle extensibility and Rn increase or decrease in the number of 

~alcomereç <lrranged in series dependlng on the immobilization position 

((;old5pink et aL, 1974). Muscle shortening occurred when the limb was 

immobilized in a muscle shortened position. These changes occurred in as 

little as four weeks and were reversible. Tabary et al. (1972) demonstrated 

up to a 40% decrease in the number of sarromeres of cat Soleus muscle fixed 

in a shortened posi t ion. Muscles of immobilized mouse ankles showed 

reduced extensibility which was attrlbuted to deposition of collagenous 

connective tissue (Williams and Goldspink, 1981). Cardenas (1977) has 

shown a decrease in rat soleus cross-sectional area as a result of 

immobilization although muscle fibre counts remained relatively ullchanged. 

The loss of sarcome l'es i8 one method of evaluating the extent of muscle 

atrophy. Atrophy can also be characterized by a 103s of muscle cross 

sectional area or by a loss of muscle mass. Cross sectional area may be 

atfected by other factors such as connective and fatty tlSSIIC content. 

These tissue proportions may vary rendering a muscle's cross sectional area 

less representative of the contractile element content. Moreover muscle 

mass can be ar[ected by the watel content of muscle and hydration can be 

difficult to control in experimental muscle specimens. Su ch factors should 

be taken illto consideration and, if possible. corrected before meaningful 

interpretation o[ the experimental results. 

There Is evidence in the animal literature that certain slow postural 

muscles such as Soleus may atrophy to a greater extent than others 
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(Edgerton et al., 1975). Stuc\ies as to the plE'fPIf'lltial tltlophy of CPlt.lIl1 

muscle fibre types have generated controversial re~Hdts. Pl'l'f('l('lIll.d 

atrophy of type l (slow, low oxidative fibres) (Maier pl ,lI., 19/(1). '\'Il!' 

II (fast, high oxidative fibres) (Pachtet and Ebelstcin, 1984), ,mil .ltl()ph" 

of both types l and II (MacDougall et al., 1980) have been ohSNVPrl ill \.) 1 

contracting animal muscles which were immobil i zed in a IWU tra 1 po<; il llH\ 

Le. the muscle at resting length. The cross sectional élIea of Typ(' 1 

fibres in human Vastus Medialis muscle was shown to preferentially dCC1Ptl~l' 

in subjects with chronic knee dysfunction (Edstrom, lC)70). The comparisoll 

between differen t quadruped spedes and lIlàn should be appl"oached 

cautiously. 

l t is di fficult to assess muscle a t rophy in !lllll1an::; duc lo eth ica 1 

considerations and technical limitations as it iB an invasive procedlilc. 

The small samples of muscle that are biopsied are lIslIally Ihe slIrlac(' 

fibres which tend to be predominantly of type Il (HaLkjaf'l"-Kric.;tensen and 

Ingeman-Hansen, 1981), therefore the depth of biopsy is an impoltrllll 

determinant of fibre type concentration. The type ilnd cxtent of mllsc!p 

atrophy observed may alsa be dependent on the intensi ty ot the noxiolls 

stimulus and type of underlying pathology. Animal studie<; have showlI that 

a nociceptive stimulus is associated with more atrophy than eithpl 

denervation or immobilization (Hnik et al., 1917). \.f!ll'Il cornpaLÏnv, atlophy 

studies the influences of the underlying pathoLogy/intcncntioll should br· 

kept in mind. 

Anatomical Configuration 

The ankle joint has a relatively large weight bearing surface and 
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C'onsequently the load per unit SlIrface area is less than th:-:t of thE' hip 

Rnd knee joint (FrankIe and Nordin, 1980). A 1 mm lateral displacement of 

th~ talus ean reduLo the weight bearing surface by as much as 42% (Ramsey 

'tlld HamU ton, 1976). Such shi fts could occur following ligamen tous inj ury 

illld ft-ae tures and could possibly precipi tate early degenerative changes in 

the atticular surface. 

Summary 

In sUIl.mary, joint lnjury and immobilization can result in adaptive 

ehanges at the ce1lular and structural level. The literature demonstrates 

an overall increase in the concentration of connective tissue in muscle and 

adhesion formation in the joint capsule. Chronic inflammation and ove ruse 

also involve an increased deposition of collagen tissue in capsule, tendon, 

and ligament. Immobiljzed ligaments are more compliant and have less 

tcnsile stLength. Ligament la~ity and ankle joint mortise disruption can 

alter joint congruency which may possibly induce degenerative changes in 

c~rtilage (Frankel and Nordin, 1980). An orthopedie injury will have 

sequelae that can be characterized by sueh clinically observable entities 

as altered joint ROM, increased resistance to passive movement and a 

deerease in the contractile ability of the muscles acting on the joint 

(Derscheid and Brown, 1985). 

Pain 

These cellular changes can result in pain, swelling, decreased ROM, 
.( 

oeereased muscle strength, joint instability and possible loss of 
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proprioception. Pain and tenderllE'ss over the sitf' of lig.lIllPnl0\1'; injutv t" 

often the last abnormal physil'al sign to disappe.u in .1Ilkle iUjlll il", 

(Freeman, 1965) . These tissues, richly innervatt:'d willt thE:' {II't'lI\'I\\' 

endings that form part of the articular pain receptor systelll, .111' (';..tll'Ilil l, 

sensitive to the mechdnical deformalion (Wyke, 1967) which c(ln 1 e'-.III t Il '11\1 

excessive scar tissue, defective apposition of surgically sutured ligdmvnt· 

or unattended lIgament ends (Prins, 1978). 

Swelling 

Periarticular swelling can result (rom chronic joint inI lamllli1t ion 0\ 

the persistent joint irritation that occm-s with <lnlde instability 01 

excessive scar tissue formation (l'rins, 1978). Sondenaa et al. (19H6) 

reported in 95% of ankle [Iactures three llIonlhs post 

immobilization and cast removal. l'rins (1978) noted that in his sludy (,f 

ankle ligament injuries 30% of the tested ankles sU Il demonstrat(~d 

swelling six months following the completion of treatment. The swelling 

generally occurred after a period of prolonged wejght hearing. Excessive 

and persistent swelling of the soft tissues can lead to periarticulal 

adhesion formation (Salter, 1970) contributing to the clinicalJy still 

joint. 

ROH 

Injury and immobilization l'an L-esult in a dpcTeclhe ill joint range of 

motion. This rnay be due ta lirnitation~; in joinl capsule rnohility a:; wc]1 

as shortening of the soft tissues. Muscle shollelllllg (JC'UIl', ",hen rt limh h 

immobilized in a muscle shortened position (Goldspink el al., ]9/4; 

Williams and Goldspink, 1981). The ankle joint restriction in the posteriol 
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gIlde of talus during dorsiLlexion may be due to scarring and decreased 

('Ia • .;ticity o( the anterior capsule. Similarly, the anterior glide of the 

talus during plantarflexien is restricted by pesterier capsule tightning 

(Derscheid and Brown, 1985). Most ankle injuries have more involvement of 

the anterior capsule than posterior, and dorsiflexion is more limited and 

more difficult to regain than plantarflexion (Derscheid and Brown, 1985; 

Sondenaa et al., 1986). Periarticular and intraarticular adhesions 

resulting (rom chronic swelling, excessive scar tissue formation and 

hemarthrosis will also contribute ta the limitation of joint range (Salter, 

1970). Sondenaa et al. (1986) have demonstrated a me an difference 

Inltially 

0.31 rad. 

of 0.26 rad. with unaffected ankle in dorsiflexion and a me an of 

difference in plantarflexion. This ROM i9 quickly regained 

especially in the first six weeks post immobilization of an ankle fracture; 

the maximal gain occurs by 12 weeks in subjects receiving physiotherapy 

(Sondenaa et al., 1986). 

Huscle strength 

Muscles of immobilized animal limbs show a decrease in time to peak 

tension as weIl as a decrease in maximum twitch tension (Maler et al., 

1976). This decrease in tension or force production presumably reflects a 

smaller con trac tile 

paradoxically shawn 

protein mass since 

that tension pel' gram 

sorne investigators have 

of wet muscle weight had 

increased (Mann and Salafsky, 1970). Ankle injury is associated with 

muscle weakness presumably due ta djsuse atrophy. Pain and swelling will 

alter the level of muscle activity (Derschejd and Brown, 1985) and promote 

atlophy. 



Neurological function 

Mechano-receptors and/or muscle receptol's can be 10sl 01 oamaged nll(' ln 

in jury. Ligamentous and capsulat trauma may lcao lo p<11 t Lll jpjllt 

de-afferentiation since nerve fibres in the ligaments and (',lp";ull' !J,\\'l' 1 

lower tensile strength than collagenous fibres (FrE'eman f't <11.,1%"). 'II.,· 

ability ta replicate joint angles with the unaffcctcd cxtrclIlity h.l', Ih'('11 

shown to be deficient in post injlllY ankles as long a~, cight lIlonth'. \"",1 

trauma (Glencross and Thornton, 1981). However the OlOlgnitlldf' of rlt\' 

deficiency was less than the en-Ol- limi ts of goniomett ie 010,\',111 ('m.'nl', 

(Boone et al., 1978). There is as yel insuffident evidence lhat 1 l "f'tlll ".1 

joints and their surrounding tissues are neurologically impdil0d. 

Increased resistance to movement 

The resistance ta passive joint movement is often encountered ill ,1 

clinical orthopedie and neurological conditions (Wright, 197'3) llnd ha'> il 

varied nomenclature including: spasticity, rigidity, hypoextensibilily, 

stiffness, compliance, hyper/hypo tonicity, flexibility, hYPCITC'f1cxla, alld 

muscle tightness. These terms have been lIsed in terch,lIlgeahl y and IIIl1clI 

confusion reigns due ta Imprecise definition, the subjective natule of Ihi'; 

complaint and the inadequate tool with which Y1e measme snch phl'HOmen<l 

(Weigner and Watts, 1986). 

Summary 

Joint jnjury and immobilization have becn 8ho"l11 to altel the rnolpho!ogy 

of bath passive (tendon, ligament, OlllsC' le , hOIll' and c.apsule) and <i('! j'Jf> 

structures (contractile proteins) as well as the contractile abi li ty of t h(· 

muscle. Clinically, these changes manifest themselves a~ a decreased ROM, 



Page 19 

an inCleased resistance to passive joint movement, and a oPC'rease in 

mlJscle strength. These macroscopic manifestations of the injury induced 

c:.dnges are the foeus of a clinician' s assessment to determine the extent 

of in jury, effect of rehabilitative interventions, and progression/ 

leglession of dysfunetion. Clinical measurement tools and techniques are 

e~scntia] in objectively monitoring these variables. 

~~.il~ical assesslllent of joint function 

The post illllllobilization course of a fractured ankle joint with soft 

tissue injury oEten includes joint swelling, pain, tenderness, possible 

anatomie instability, a decrease in ROM, and a decrease in muscle strength. 

These entities are like]y to affect the functional ability of the joint 

and, as such, (orm the basis and foeus of therapeutic intervention and 

assessment. Aceording ta Feinsteln (1983) the collection, measl'rement, and 

analysis ùE clinical data should satisEy certain criteria. The measurement 

should be preservable or recordable, the observations should be objective 

and the expressions should be dimensional. Qualitative and quantitative 

nccuracy should be demonstrated in terms of validity and reliability. 

The eurrent, clinically accepted assessment tools are limited as they 

do not satisfy aIl of the above. For example, the manual muscle test is 

the most commonly used clinical method for assessing muscle strength 

(Nicholas et al., 1978; Pedneaul t , 1985). In this test, weaker muscles are 

graded by their ability ta overcome the resistanee of gravit y throughout 

their available ROM (Daniels and Williams, 1946; Janda, 1983; Kendall and 

Kendall, 1949; Lovett and Martin, 1916). This is a highly subjective, and 

qualitative method of muscle grading that uses an ordinal seale (Michels, 
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1983). It lacks the ability 10 discriminate small hllt clinic.t1lv impol Lml 

changes in muscle strength. Moreover, the pertormance ot 1,0'(. 01 thl' 

extremi ty muscles such as the foot) hand (md l'oLltot must' le'; c\l t' nol 

significantly affected by gravit y and hence, these llIethods. ,,,hich .1Ie h,I"l'd 

on gravit y, lose validity (Wakim et al., 1950). 

Limb girth or circumterence has been lI<;ed to .1<;',(:'<;<; tht· .I1ll0UIlt 01 

muscle atrophy and/or the amollllt of swelling ill a 1imb (lIopW·IIIl'ld. Iq,'H). 

Such measurements are taken at standardized locations slIch Cl<; th(· f,1l'all",t 

circumference of the limb. This technique does not diflell'1I1 i.lt(· 1H'lwl'l'll 

the relative contributions of intracellular illliri accumulat iOIl, "IIIH'llllal 

changes in the muscle fibres or subcutancous fat, aIl o[ which cOll]d .Illl'I 

limb girth. Limb girth measurements do not different Îclte betwl'('11 111(· 

relative amounts of atrophy of muscles agonists or antdgoni,Sts. MlIf.f'!(· 

cross sectional area poorly accounts for the diffel-enees in ahi 1 i ty 10 

produce tension. Muscle areas calculated from lirnb ciL-curnference cOllelatp 

to a fair degree with muscle strength in elderly people (Peat!'>oll E::'t cll., 

1985a) but there ls a large variabili ty in the strength pel uni l ,11 C,I. 

Maughan et al. (1983) have suggested that sorne of the val iabillty ln 

strength per area could be attributed to the proportion ot fibre typc~. 

Pearson et al. (1985b) have suggested that contlactile e]elll(~l1ts ('ail 

hypertrophy and atrophy at the expense of "tlch non-contractile eJement·; il': 

fat. Simple measurement of limb girth is a poor prcdictor ot stlcl1gth sinr0 

fibre type and content can vary and pLOduce changes ill contracti le abi li Iy 

of the muscle without apparent changes ill limb girth. 

Goniometry is defined as the measurement of joint range of motion with 
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il protractor like instrument. Although this technique is qW'II1titfttlve, it 

is subjeet ta measurement error (Stratford et al., 1984) with the examiner, 

the instrumentation and the subject aIl contributing to this error. The 

('xaminer must strictly adhere to a standardized technique based on the 

placement of the instrument over anatomieal landmarks (Trombly, 1983). 

These are obviJUS in lean subjects but ühesity, scars and bony deformlties 

can lead to inaceuracies in landmark location. Moreover goniometry involves 

a statie as opposed to a dynamic measurement and may not be representative 

of joint range during ~ovement. The choiee of goniometers is important 

sinee smal] goniometers intended Eor finger measurements are Inadequate Eor 

larger lower extremity measurements. The sealing is not uniform on aIl 

goniometers and some can be read only to the nearest .09 rad or .04 rad. 

Reading of the seale also provides potential for error. Law (1976) 

dcmonstrated an end digit preference for numerical values ending in zero. 

The expectation of a value based on a previous measurement will intloduce 

measurement error (Stratford et al., 1984). The reliability of goniometry 

has been the subjeet of much controversy and Boone et al. (1978) concluded 

that when male than one observer is responsible for ROM evaluation, changes 

of 0.09 rad for the upper limb and 0.1 rad for the lower limb should be 

Laken into account before one can deelare improvement or significant 

change. When it is considered that 0.17 rad dorsiflexion Is the required 

functional range fOl sedentary people (Lindsjo et al., 1985) it is obvious 

tha t clinically important changes could occlIr and not be detec ted by this 

assessment technique. 

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

account of functional ability, pain and stability are often critical to the 



Pc1(JE' 22 

joint function. Language and cOlT111unication clinician's dssessment of 

barriers can make this information inaccessihle or it 

misinterpretation of both questions and answers. The credihi.l i ty ot Bucll 

staternents has to be taken into account and little can he donc t-o 

quantitati vely verify these claims. Other methods of aSSE'ssmenl includi nq 

dynamometry, isokinetic testing, gait analysis, roentogenic (X-rùy) 

examination and electromyographic studies are used less fregw'nt ly, sinC'p 

they are less readily available and also have their limitations. 'l'hf're i!; 

varied consensus as ta how the results of these measurements correlùte wi th 

ankle function. This can be exemplified by the fact that sorne authon-; strNj1~ 

the radiographie evidence of anatanical reduction of the fracture ~)i te af; tllp 

important determinant of normal ankle function (Mitchell et al., ]979; 

Tunturi et al., 1983) while others do not support this notion (BauN f}t al., 

1985) . 

There are few available clinical assessment tools that satisfy the> 

criteria of being quantitative, objective, reliab1e, and valid measures of 

joint function. Moreover there is a problem legitimizj ng and quant if Y Iny 

sorne of the subjective comp1ajnts which are 50 often an essential component 

in the evaluation of joint behavior. It is clear that improved methods anr'l 

tools are needed. 

Quantitative assessment of joint function 

Resistance to passive movement 

To date the quantitative assessment of joint resistance to passive 

movement has been studied primarily in patients with neurological 

1 
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ronditions displaying alterations in muscle 'tone'. This increase in 

resistance to passive motion has been largely attributed ta hyperexcitable 

,cllexes with its central and peripheral influences (Burke, 1983). There 

i~, however, increasing evidence that the resistance to joint displacement 

may he, in part, attributed ta non-neuronal physical changes such as 

possible inactivity-related muscle shortening (Gossman et al., 1982) or 

altered mechanical properties of muscle fibres or the connective tissues 

within these muscles (Dietz et al. 1981; Dietz and Berger, 1983). Changes 

in resting muscle length would also affect the torque-angle relation at the 

joint acted upon by the shortened muscle. 

Watts et al. (1986) measured resting 'tone' or stiffness at the elbow 

joint ta study Parkinsonian rigidity. Compliance values, defined by these 

authors as the slope of the linear relation between torque and position 

were found to be moderately correlated with upper arm volume in the control 

subjects but less so in Parkinsonian subjects. The authors conclude that 

the observcd changes in joint stiffness result from alterations in the 

passive mechanical properties of the upper limb, however, the authaIs did 

not correct for differences in subcutaneous fat and bone volume whell making 

their volume calculations. 

Tardieu et al. (1982) termed the resistance ta passive movements as 

'hypoextensibility' . In the investigation of ankle plantarflexor and 

dorsiElexor torques in cerebral paIsy (CP) children, the authors stressed 

the importance of controlling for muscle activity in order to isolate the 

torque produced by the clastic properties of the passive tissues. In their 

, 
'. study the ankle joint was passively moved to various joint positions 0.09 
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rad apart. One minute betwecn successive test po~itiolls w,l'~ allllwl'd Ill! 

the visco-·elastic events to stabilize dncl then thp 100q\lt' W(\'~ 1II(','''\IIl'<I .11 

tha t posi tion. \lhere complete elcctlÎcal ~ilcllc(, W,l'; not nbLIIl\l't! UP"II 

voluntary relaxation, an ischemia techniq\le wa" uscd to 1 <,dUll' tlt.' .I1i1, L 

reflexes and suppress voluntary r,:.ontraction. The lc",dts ot Ihi', ',I\lcl\ 111,1 t 

be viewed ' .... ith caution since there wele no lIolm,d l'ontlol~, tOI Iht' 11111"1,.1 

ischemia condition. Moreover, the ROM tc"tcc! W,IS Iimllf'ri j" 

predetermined ceiling torque of 5.2~ 

cases, to extremely limited values. 

7.0 Nm whidl COlIl",pol\ck'd. III ""1' 

Dynamic passive torques 

Dynamic passive torf\ues were investigated in cl inie,l! Iy ',pel',1 ie' .1Ild 

Parldnsonian subjects at varying angular velocities (T3101llIH'11', ,lIld (;1 illlbv, 

1983). The slope of the passive t01"CIUe-position CIIIV("; dl'IJIClI\·;II.lII,r! 

velocity dependence in the spastic subjects but HO! in tllO'a' witll 

Parkinsonian rigidity. These slopes a1so changee! wi th medic,11 iOIl ;lIId 

therapy. This study demonstrated that passive torquc recordillW'; (ould hl' 

used as an objective eva1uatioYj of hypertonia and as an ev,llll.ll iOIl 01 

treatment effects. However, EMG were not recordcd and tlWll,fol(' Ihr' 

influence of contraction and leflex activity, and lealned V01\lll1.1lj 

tesponses on their resu1ts could not be determined. 

Dynamic Joint Hechanics 

Ankle dynamic stiffness has beell studied in llOllllcl] r,lIbj(·(t·, by ',1"/('1.11 

investigators. Agarwal and Gottlieb (lfJ77) uscd <,inllc;olr!;1! PP) t\lIb.ll1011· 

of torque to characterize stiffness in relaxcd ûnd tonically active éllllrlr .... 

Stochastic band limited Gaussian torques were latel used by the sam0 
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illlthors to eliminate evoked arlaptive changes in the system dynamics dlle to 

PPl iodic inputs (Gottlieb and Agarwal, 1978). Perturbations of torque 

ilbout mean Joint positions demonstrated the dependence of joint compliance 

011 joint angle. Hunter and Kearney (1982) applied stoehastic ankle 

pel turbations of position instead of torque and demonstrated the ankle 

~tiffness' variation with me an ankle torque. They demonstrated that the 

dynamic behaviou[ of a joint was independent of the use of either torque or 

position perturbations. Joint stiffness has been modeled as a second arder 

linear system, having inertial (1), viscous (B), and elastic (K) terms 

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

Dynamic st if fness studies using perturbations of position have 

investigated the dependence of joint mechanics on various physiologie and 

kinesiologlc variables. Dynamie stiffness varies systematically as a 

[ullctioll of mean displacement amplitude (Kearney and Hunter, 1982). The 

elastic altd viscous terms decrease as the displacement amplitude increases. 

Thc magnitude of tonie muscle contraction also has considerable effect on 

clllkle stiffness (Hunter and Kearney, 1982; Weiss et aL, 1988). The elastie 

parameter (K) increased in proportion to the level of contraction (torque) 

while the viscous parameter changed in su ch a way as to keep the damping 

factor constant (Hunter et al., 1983). 

Muscle fatigue, provided that torque levels are maintained, does not 

seem to affect ankle mechanics (Hunter and Kearney, 1983) whereas the mean 

joint position al \~hich the pelturbations dle applied does, even in the 

absellce of muscle conlraction (Weiss et al. 1986a). The mean torque and 

stittness alc small at mid-range hut thereafler increase greatly as the 
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joint rf~aches its extremes of ROM. Under active conditions of ffillScll.' 

contraclion joint stiffness does not demonstrate this position sensitivity . 

.. 1oint stiffness has been shown to rise very steeply without an incn.'.1~() 

in nt:t joint torque under conditions of muscle co-contraction (lluntcr 0t al., 

1983), therefore torque recordings with En.; recordings are essential ln 

determine the contribution of active components to the final (l'sults. 

A few investigators have also used these techniques ta investi(Jate 

abnormal joint mechanics primarily in neurologicalJy impaired inéliviélua]s. 

Gottlieb et al. (1978) applied sinusoidal perturbations of torque in 

clinically spastic patients and measured the effective joint compi iance anrl 

the evoked Et1J activity. Tonically active muscles even with canplete subjec:t 

relaxation precluded a purely mechanical explanation of stiEfness. Work if: 

currently under way in this laboratory to characterize ankle mechanics in Et 

Parkinsonian popluation under conditions of varying activation tasks 

(Dannenbaum et al., 1988). 

l'he investigations of dynamic stiffness (or i ts inverse campI iance) an" 

insufficient in number and have been limited to neurologically impaired 

individuals where reflex as well as mechanical changes have occurred and 

possible confound the measurement results. Moreover these studies havp 

severe limitations that preclude generalizations to a larger popu] ation. 

Problem formulation 

The current clinical literature attests to the lack of objective, 

quantitative, and reliable approaches to the evaluation of joint 
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flHl( 1 ion/dysfunction and the effects of therapeutic or remedial 

illtervention. Previous studies of joint resistance to passive movement, a 

f r ('quent charactel istic in abnormal joint function, have focused on the 

dltterence between normal and neurologically impaired individuals having 

pO'-;<;lble physiologic.1] and structural changes in muscle as weIl as 

altelations in motDr and reflex responses. The results of these studies 

~trongly support the occurrence of physiological, non-neuronal changes in 

muscle and joint structures. The orthopedic literature also provides 

E'virlence that orthopedie events indllce these changes, e.g. an inerease in 

tissue collagen content following immobilization or in jury , yet 

quantitative assessment of these possible meehanical changes has received 

litt]e attention. 

The past investigations of stiffness in pathological conditions have 

had methodological weaknesses such as the use of limited joint ranges, 

limited contraction levels, and statie conditions. There has been little 

quantitative measurement of the overall joint mechanies in any subject 

population. 

Fast quantitative methods are available but to date, have been used ta 

study normal joint mechanics. There have been no reliability studies to 

ds~ess the stability to these measures over time in a normal population nor 

\~hich of the dependent variables are most sensitive ta changes in joint 

[unction. The investigation ot stiffness in a case study of a funetionally 

deaffelented patient (Weiss et al., 1984b) hac; indicated that the procedure 

would be toletated by persons with physical dysfunction. These methods can 

provide valuablp information on the contribution of passive and active 
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structures to joint behaviour and may possibly monitol changes th.lt ln liaIt' 

are subjectively evaluated. It is therefole appropdate to investigate IH':-'\ 

joint stiffness in individllals \dth orthopedie (ldtholo/',v in Ollkl III 

evaluate its potential as a clinically significant 11Il'<1~;tII(, 01 j(\illf 

function. 

Objective 

The objective of this stlldy was to meaSlire dynûmic ûnkh"! mecll,lllic ': 

(stiffness) in a group of normal subjects to investigatc the {cdsibil i tv oj 

using this measure ta monitor joint dys(unction and rccuvcly 10 nOIIl1<1\ 

function in a subject who had suslaincd a uni -Jatel,,1 ollhopedie "nlde 

in jury. This was accomplished by: 

1. establishing the feasibility of the syst.ems idenliUcatloll apPlodch 

and experimental protocol for clinical evalllBtion; 

2. determining the reliability of the variolls measurcs ol anlde joint 

behavior; 

3. examining measures of joint function that may be sensitive 

ta changes in joint function in an orthopedie C,lse ~ltlldy. 
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CUAPTER III 

GENERAL HETHODS 

'J'his chapter wj]l outline some of the general experimental methods, 

daln proce~sing and analysis used in the study. The justification for the 

pLeScllt experimental paladigm will be presented. Sorne of the methods are 

brie! 01 omi tted sinee these sections are addressed in more detail in 

chapten; fOUL and five. 

A1l experiments tock take place in Dr. Robert Kearney's laboratory 

locatcd in the McGill Biomedical Engineering Unit. The study plan was 

approved by the eombined MeCi11 and Royal Victoria Hospital ethies 

committee. 

Fifleen voJunteer control subjects (me<ln age of 27.5 years), referred 

to by number and initiaIs throughout the thesis, with no known orthopedie 

or ne\lrological dysfunct ion, part icipated in the reliabili ty study. One 26 

year oid male individual in the post immobilization period following an 

undisplaced maileolar fracture took part in the case study. None of the 

subjects were highly trained athletes or particjpated in competitive sports 

on a lcgulAI basis. 
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1 
Experimental equipment and variables 

Experimental instrumentation 

Fig. 3.1 shows the experimental apparatu'3 which consisted of a table 

upon which the subject lay supine. Straps over the pelvis and thighs werc 

• used to stabilize the trunk, restrict movement and maintain body position 

relati ve to the foot. The subject 1 s r ight foot was supported on a cush ioncd 

aluminurn plate and the left foot was attached ta the electrohydraulic 

actuator pedal by means of an individually constructed fibreglass cast. A 

torque transducer and a rotary position transducer were mounted coaxially 

with the actuator. A dual channel oscilloscope providing visual ankle torque 

feedback was positioned above the subject. 

Four mechanisms, including a mechanical stop, a hydraulic stop, servo 

control parameters, and a panic but ton within the subject 's reach, E'nsured 

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

Ankle Angular Position and Torque 

Ankle angular position was recorded with a Beckman potentiometer (Model 

6263-R5K-1.50) having a conductive plastic resistance element with a total 

resistance range of (O-5k). Ankle angles were measured using a reference 

position determined by a line parallel to the first metatarsal of the foot 

oriented perpendicularly to a line joj ning the medial tibial plateau to the 

medial malleolus. Ankle torques were recorded with a Lebow torque transàucer 

(Model 2110-5k). This transducer consisted of a 4 arm bonded straj n gage 

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

A 1024 point pseudo-random binary sequence (PRBS) repeatedlv disp1.\yl'd 

at 500 Hz was generated by the computer (Micl'oVax II) and waR usee! to dl 1\'., 

the ankle actuator. The perturbation sequence had a lWdk-to (le"k .101plillldl' 

of 0.05 rad and contained power adequate for system identil ication put pO',\", 

up to 50 Hz (Kearney et al., 1983). A sample of torque and ..lllklt, po',il t\1l1 

records and the impulse response tune t ion (see be low) re) cl 1 i nr, t tH' 1 wn ,\ 1 (' 

shown in Fig. 3.2. 

Experimental paradigms 

Orientation and training session 

Prior to the coUection of experimental data each subject was leClUesll'd 

to attend an orientation session tü become familial' with 1)\(1 

instrumentation and experimental procedures. Subjects were asked to 'Jigll 

an informed consent statement. A fibreglass cast was individually 

constructed during the initial orientation session, a technique which will 

be described in chapter four. 

Three experimental paradigms were carried out dudng each experl 1Ilf!1l ta 1 

session. These included: 

1 - Maximum Voluntary Contraction (MVe) 

2 - Position ramp without perturbation (Passive st(ltic paradigm) 

3 - Position Ramp with perturbation (Pa~~ive dYllamic paradigm) 

HVC Paradigm 

Subjects were required ta respond to a step change in the tracking 
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stimulus as displayed on the oscilloscope. A maximal dorsiflexor torque was 

generated and subjects were instructed to main tain this maximal muscle 

contraction for 5 s after which they were allowed to rest. The trial was 

accepted provided the coefficient of variation of the last three seconds 

did not exceed .10. If a coefficient of variation of greater than this 

value occurred the attainment of an MVC was questionable (Kroemer and 

Marras, 1980) and the subject was requested to repeat the procedure. The 5 

s maximal contraction was then repeated for the plantarflexor muscles to 

obtain the maximal plantarflexor torque. Maximal EMG amplitudes were aIs a 

recorded. Typical recordings of dorsiflexing and plantarflexing MVC's are 

shawn in Fig. 3.3. The arrows denote the portion of the record used in the 

maximal torque and EMG calculations. As expected, the MVC torque was quite 

stable throughout the 3 s interval. 

Passive statie paradigm 

The joint was rotated twice through its available ROM at 0.05 rad/sec. 

This angular velocity was chosen to avoid evoking reflex responses to the 

muscle stretch or shortening which cou Id alter the passive joint torque 

profile. The subject was instructed to relax during the trial and the 

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

Passive dynamic Stiffness 

This paradigm was essentially the same as the position ramp paradigm 

except that a random perturbation (0.05 rad peak-to-peak) was 

superimposed on the ramp displacement. 
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Torque Compliance IRF Posltion 

Fig. 3.2. Sample of torque and posi tian lecords and the impul.se le~p()II'.t! 
function (IRF) relating the two. 
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Fig. 3.3. Dorsiflexor (upper signal) and plantarflexor (lower signal) 
torque records for one individual (RM) sampled during the MVe paradigm. The 
limits ot the record length used in the MVe calculations are indicated by 
the arrows. 
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• Experimental SChedule 

The control sUbjects were assessed twice on separate days (mean interva1 

16 days). The patient was assessed six times over a period of 5 months 

throughout the post immobilization recovery periode 

Clinical evaluation 

Anthropometrie measures were collected and a clinical eva1uation WLlS 

performed on each individual to determine whether any unreported disorders of 

the foot and ankle were present. In the case study these measures served to 

monitor the patient's status using standard c1inical tests. 

These procedures are outlined in Appendix I. 

General data analysis and statistical treatment 

This section will deal in a more expdlilp.d fashion with some of the 

anlytical te.:lmiques briefly rr.entioned in chapters four and five. 'T'hose 

topics not covêred here are to be dealt with in the abovE' mentioned 

chapters. AlI data analysis modules are listed in Appendix II. 

Actuator and Boot lnertial Corrections 

Part of the sampled torque signal was due to the dynamics of the ank] e 

actuator and the fibreglass cast and had to be removed. The impulse response 

function (IRF) between boot angular disp1acement and torque was determi ned 

and convo1ved with each combined ank1e/boot experimenta1 record to generate 

an estimate of the boot's contribution to the samp1ed torque. This estimate 

was then subtracted from Ll-}e samp1ed torque to yie1d the portion of the 

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

DynaIIic Measurements 

System identification techniques were used to analyze data frOOl the 

passive dynamic paradigme These techniques produce optimum results when the 

data signaIs are stationary or free from linear trends. Linear trends were 

removed from each 2.05 s section of the position and torque records 

corresponding to each PRBS sequence. This improved the variance accounted 

for by the compliance IRFs relating torque and angular position. Ankle 

stiffness was then modeled parametrically using non-linear minimization 

techniques on the non-parametric IRF to estimate values of the inertial (I), 

viscous (8), and elastic (K) parameters of a second-order, differential 

,{ equation of the Eorm: . .. 
T(t) = K9(t) + ae(t) + I9(t), 

where: t = time (s), 

T = ankle torque (Nm), 

l = inertial te"m (Kgml), 

8 = viscous term (Nms/rad), 

K = elastic term (Nm/rad), 

Reliability 

Repeated measures of the MYe, passive static mechanics and passive 
" 

dynamic mechanics were obtained. The reliability of the various measures was 

estimated using Pearson 1 s product moment correlation. For purposes of this 

study a variable with a coefficient greater than 0.80 was considered 

zr reliable. These results are discussed further in chapter five • 
... 
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Choice of subject parameters 

Since the purpose of this study was ta investi')ate the fea:,ibi lit y of 

using a system identifü.:atian approach in the clinical asm~ssment of joi nt 

function, a joint, clinical population or pathology, and a subjpct ljrùup munI 

be selecteà. The rationale for the various choices is out li nerl in t- he 

fol10wing sections. 

Selection of joint 

The ankle joint was investigated because of its hi gh incidpllce of 

fractures relative to other joint::; (Buhr and cooke, 1959; Fifp <me] Barancik, 

1985), its importance to locomotion, and its raIe i.n many occupational tanks. 

Selection of pathology 

Previous investigations of joint st iffness (or i ts inverse compli.ancl~) 

under paths::'ùgical conditions have focused mainly on suhjecls w it-Il 

neurological disorders. 

changes contribute to 

There is evidence that physiological and fltructllral 

the stiffness seen in these individual 'J. The 

literature also suggests the occurrence of these same changes in orthopedie 

injuries with limb ilT\lOObilization "l.nd yet there are few quantitativ~ studi~c; 

addressing joint stiffness measures in this group. The inw~stigat ion of 

joint mechanics in a situation of mechanical orthopedie dysfunct ion i:"-) 

therefore appropriate. 
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l Selection of subjects 

The results are ta be inferred on a population consisting of adults ages 

23-40 years. This age group was selected in the light of epidemiological and 

practical considerations. Ankle fractures are more common in this age group 

which corresponds ta the second increase in incidence in the bimodal 

distributIon of ankle fractures (Landin and Danielsson, 1983; Nilsson, 

1969), and is associated with the working age [X.lpulation. The availability 

of subjects in a university setting for both experimental and control groups 

also favars this age gr0up. 

[on approximate 15 year age span was used in the study ta limit the 

variability ùue ta age since ROM, muscle strength, and contractile praperties 

are knawn ta change with age (Davies and White, 1983; Pearson et al., 

1985b; S~mmarco et al., 1973). We also excluded elite athletes or 

individuals who may have incurred unusual adptations of musculoskeletal 

structure by virtue of their 'X:r:upation or recreational activities. An 

example of this wou ld he a ballet dancer where the joint is subjected ta 

larqa forces at thp extremes of the ROM and muscles and ligaments are trained 

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

Justification of experirnental paradigrns 

The purpose of the first two paradigms (MVC and passive static 

paradigms) is ta collect data comparable ta the accepted clinically 

significant measures of ankle function; ROM and muscle strength as 

characterized by the MVe, and passive torque which corresponds ta the 

resistance ta passive joint displacement. These paradigrns serve as a link 

bet\./c<?n the clinically accepted measures of ankle function and the more 
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novel parameters of passive statlc and passive dynannc nnkle mechanics f01 

example, the passive torque-position curve loop area and the slupc' dnc1 

intercept of the relation between elastic stiffness and torque that WIll h(' 

explained further in chapter five . 

• rr 
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J CIlAPTER IV 

LOW INRRTIA, RLGID LIHB FIXATION USING FIBREGLASS CASTING BANDAGE 

Jntloductlon 

Tlle development of clinical and experimental measurement devices to 

assess joillt function, the effects of pathology and remedial intervention 

constitute an important goal in research. An accurate and objective method 

of assessing joint behavior using stochastic analysis, large frequencies, 

and large torques is being investigated in this laboratory. This required 

thp deveJopment of an improved method of 1imb fixation to the experimental 

apparatlls. 

Traditionally, limbs have been attached to clinical and laboratory 

meGSlIrement devices using straps, cuffs and slings (Muwanga and Dove, 1985; 

"olmes and Alderink, 1984; Hof and Van Den Berg, 1977). There are a number 

o( problems with these methods which may affect the reliability and 

validity of measurements. First, the attachment linle must be tight to 

transmit forces accurately. As a result large forces will be concentrated 

over a small surface ~rea, which may result in subject discomfort, 

circulatory di&turbances, and soft tissue in jury. Second, simple straps 

dnd cutEs, even when tightly secured, cannot totally eliminate movement 

between the limb and aetuator. Finally, il is difficult to replicate 

,H'curalely limb position (e.g. the joint a>:is of rotation) relative to the 

appiHéltus when t-eproducible IIICflsure5 of fotee and displacement are needed. 

Previously we developed a technique using expanded polyurethane foam 

hlock casts to obtain rigid, low inertia, and comfortable fixation of the 
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foot to an electrohydréll\lic é'lctuIltor (\JE"i~s et ,,1.. ltlR1Iil). f{PC'f.'l\t Iy WP 

have improved this method significantly throllgh the lise nt the DY",H',1<;t XI{ 

Fiberglas bandage. This material ig used cli.nically tOI tl1€' illllllohili~ili iOIl 

of fractures; its high strength with early 10ad healing, llloisllIll' 

permeability and low mass make il a substantidl implOV01lleilt ovel plastel 01 

Paris bandages for 11mb immobilization. These chdractetistics ale .. Iso 

ideal for the construction of a low inertia 1imb fixatioll dev/cc. ln thi''; 

paper we describe the new fixation device, the methncl nt ('onst 11Il'l iOll, and 

discuss i ts advan tages in a clinical and experimclI ta l c:olIl t'X t • 

DeSCllption of fixation 

Fig. 4.1 shows a fibreglass cast mounted in oltr 3t'tualol. The (',]sl j,; 

fixed to the actuator by two small aluminulII sleevcs that ale dttdchccl I() 

the sides of the cast wi th epoxy and secured la the il('tuator (led,t! Vii th Iwo 

bolts. 

Comparison to previous technique 

This new method of limb fixation has sevclal advillltagcs oV(![ Oltl 

previous technique. First, the filn-eglass rnaterial is 1 jp,id enough ln 

provide adequate structural rigidity. The cast is attached 10 the actualol 

with small aluminum sleeves rather than with an aluminum suppoll plate a~ 

before. As a result the inertia of the devic'C' i'J gleally t-edllccd. 

Secondly, the method of construction h rnOIf_' ('fi iciellt Hnd the f jltal 

product more comfortable than the previol/" jJolyun'th<lIlQ fomn C<lSI methorl. 

Finally the fibreglass matetial b Cd','! 10 'dollr l,Ii th ,IIH) Ihe ca!,\ c .111 br· 

built in a single stage. 
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Fig. 4.1: Finished fibreglass cast attached ta the actuator pedal by means 
o[ aluminum sleeves bolted ta the pedalo 
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Cast Construction 

Fibreglass casting material 

Casting bandage consists of a knitteù iibrE'glass sllustI,ltc iOlpl"l.!glldll·d 

with a water activated polyurethane rcsin. Ll produces cl light, tigid ('asl 

that sets wi thin several minutes and is load bearing wi thin 30 minutes. TI\(' 

actual setting time may be increased by stOLdgC al lower than recommended 

temperatures (i.e. 17°C instead of 22°Ci or can be decreased by immersing 

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

The material can be gently strelched in ail directions allowing ease of 

wrapping and molding to the contours of the foot. Once cured the cast can 

be cut and trinuned using shears or a plaster saw and rough edges can be 

filed easily or sandec1 smooth. The finished cast 1S aesthetically pleasing 

d t · 1 an non- OXl.C although car€' must be taken to avoid ch rect skin contùct 

with the polyurethane resin during wrapping. In such case, small amounts of 

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

Preparation 

Fragile skin or open sores, if present, were lightly dressed to avoid 

unnecessary pressure. The subjects sat comfortably and wore a nylon 

knee-high (to facili tate cast removal) and a cotton stockinette over the 

foot and lower leg (to protect the skin). The stockinette then adherecl to 

the fibreglass forming the lining of the finlshed cast. Rubber gloves wer~ 

worn to prevent the resin from adhering to thf! techmcian's skin. 

1. The manufacturer reports that approxirnately 5% of the population appFu 
te be allergie to direct contact with the cured product when exposed for 
prolonged periods. 
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Wrapping Technique 

One or two raIls of 7.5 cm by 3.6 metre of Smith & Nephew Dynacast XR 

olthopaedic Casting Bandage were used. It has been our experience that any 

foot larger than a woman's size 9 or men's 7 requires from one and a half 

to two ro11s. 'l'wo reinforcement strips of the casting bandage were applied 

betore wrapping. The first strip was placed along the plantar surface from 

the tcndino achilles-calcaneal junction to the metatarsal phalangeal joi~t. 

The second strip covered the calcaneal fat pad spanning the distance 

between the superior tips of the malleoli. The malleoli must he covered to 

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

The foot and rejnforcement strips were then wrapped under slight 

tension uswg a rnodified figure of eight pattern, similar ta the standard 

plaster of Paris wrapping technique (Lewis, 1977). The limb was wrapped 50 

as to provide the most material in areas of highest stress. Wrinkles in the 

material were avoided since these can cause painful areas of localized 

pressure. This is particularly important over the malleoli and calcaneal 

tendon. 

The fibreglass rolls are not immersed in water prior to wrapping as in 

the standard cast room procedure. This slowed the setting time and 

provided 

completed 

lubncant 

the additional time required ta rnold the cast. Once wrapping was 

the cast foot was rubbed briskly for 4-5 minutes using a 

(not oil or petroleum jelly). OUr experience was that this 

improved contouring, accelerated setting, ùnd promoted a good lamination 

which was desirable for overall cast strength. This strength is dependent 

ln part on the speed of wrapping, the amount of contact between the layers 
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and alignment of the fibreglass threads. Care must be taken to eflsure praper 

foot and tee positioning as tees tend to adopt a position of flexion and tht:' 

foot one of inversion-plantarflexion. 

The cast instep was cut and widened (with bandage shears) ju~,t beforl' 

setting was complete ta faci litate its removal. The malleol i were the'n 

palpated and marked on the cast. The cast was removed only when set in ordf'r 

to preserve the molded shape and was then washed ta remave any lubricélnt 

residue. It was left to dry overnight. 

Finishing the fibreglass cast 

Once set, the cast must be attached to the actuator in such a way as ta 

align the ankle axis of rotation with that of the ankle actuator. This wafi 

done llsing a jig, shown in Fig. 4.2, which was an exact replica of tht> 

actuator pedal. Two 75 mm aluminum sleeves were suspended in the mold by 

means of a 2.5 mm diameter stainless steel pin dri ven through hole!; 

previously drilled in the cast at the ankle axis. The location of th~ ankle 

axis of rotation was estimated from the malleolar markings as described by 

Inman (1976). The new method reduced considerably the error in ankle axis 

estimation which allowed an anatamlcally truer and n~re camfortahle range of 

ankle movement. 

An industrial strength steel-filled epoxy putt Y (Devcon Plastic Steel 

Putt y) was used to fasten the aluminurn sleeves to the cast such that the axiB 

of rotation was coaxial to the actuator and the foot horizontal to the foot 

pedal. The Ume and amount of adhesive required to glue the sleeves to thf' 

cast depended on the obliquity of the ankle axis of rotation since the 
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Fig. 4.2: Fibreglass cast suspended in jig by means of stainless steel pin 
inserted at approximated joint axis of rotation. 
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space between cast and sleevps had ta be fillpd. The suhjpct popullltl\în 

and experimental objective must also be considered when gluing the sleev('s 

since a highly trained subject will generate maximal torques that ale much 

larger than an lmtrained indiVldual. Ta withstand these lalger torques thp 

adhesive bond must be strengthened with further applications of glue. 

Once cured and dried the cast was trirnrned of excess material 

particularly over the tuberosity of the cuboid on the lateral aspect of the 

foot ta facilitate foot insertion. Note, however, that it was important la 

maintain the "cup" shape of the heel and the malleoll ln oldel ta keep the 

cast on the foot. Thç cut edges of the cast were sdnded and thp stockinette 

lining secured ta the exterior using porous skin tape. The cast fit like ù 

tight, rigid shoe and subjects were advised ta gently "case" the foot into 

the cast; in sorne cases a shoe horn had ta be used. Fig. 4.2 shows il 

completed cast bolted ta the actuator-dn ven foot plate by means of the 

aluminum sleeves. A velcro band was fastened over the foot instep ta 

compensa te for the weakness induced by the removal of fibreglass material 

ove~ the dorsum of the foot. 

Discussion 

Little subject preparation was required and the technique was sa slmple 

that we were able ta construct these casts jn the subject's home. The 

finished product was light (mass ranglng from 300 ta 400 gm) and had a 

small moment of inertia. The moment of inertia of the comblned fibreglas5 

cast and foot pedal was in the arder of 0.007 kgm). This compares favorably 

with previous fixation devices which resulted in inertias as large as 0.025 

kgm2 (Weiss et al., 1984a). Moreover it was durable, rigid, and tolcratcd 
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weIl by both our control and clinical subjects. Casts con~tr.uctcd according 

to this method can tolerate large forces without breakdown and have 

withstood ankle torques of over 130 Nm. 

The reduction of inertia is important since large fixation device 

lnertias will slow the dynamic response of the actuator. They will also 

produce large forces during rapid limb displacement which may rnask the 

smaller elastic and viscous forces that are of central interest. This is 

particularly lmportant when experimental inputs spanning a broad range of 

frequencies are used (as in our own studies of dynamic ankle joint 

mechanics) since at higher freq1lencies inertial forces dominate. 

Indeed, reducing the cast inertia can effectively increase the 

resolution of the torque measurement. Thus, for a n bit A/D converter, the 

smallest torque that can be resolved will be, 

2n 
- 1 

where T 
md" 

is the maximum torque signal ta be recorded. Inertial effects 

dominate Joint dynamics sa that at high frequencies and ta a go ad 

approximation, 

T cc l '" l 
ma" (a't font 

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

l 
t 

2n _1 
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where l is e~lal to the total inertia of the cast anrl foot. using typical 
t 

values it can be se en that by reducing the moment of ineLtia of the 

fixation device we have effectively doubled the resolution of our tOI CJue 

measurements. 

Even the small inertia associated with the light casts is of sorne 

concern and has to be removed by analytic methods. The reduction of 

cast/footplate inertia is achieved using analytical techniques based on 

system identification and i5 similar to that used wi lh the polyurethane 

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

We believe that these fibreglass casts provlde excellent, rigirl 

fixation of the foot and that they minimize relative movement between foot 

and the actuator. Quantitative mea5ures of how weIl this is achieved lHe 

difficuJ' to obtain. Indirect eVldence 15, however, available hyexamining 

our estimate of joint compliance obtained with the cast. Llnear impulse 

response functions accounted for almost aIl of the ohserved torque 

variance, and these IRFs were, in turn, described very weIl by a second 

order model having parameters corresponding to those expected for the 

ankle. Bending of the cast or relative rnovement of the foot relative la 

the actuator would be expected to give rise ta more complex high frequency 

dynarnics (e.g. Ma and zahalik, 1985) and/or tn roduC'c the variance 

accounted for. Consequently the h1gh VAFs nf our linear IRFs and the 

excellent second order fits to them indicate that the cast provided 

excellent fixation over the range of frequenu1!s studied. 
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CONCLUSIONS 

We have developed a technique for the construction of a fibreglass cast 

used in the fixation of the foot and ankle to an experimental apparatus. 

The technique is simple and requires very little subject cooperation and 

time. The cast is light, comfortable and conforms well ta the subject's 

foot. Mator control studies and the more classical joint functional 

assessments have been performed with this device and the results ta date 

have been excellent. 



Chapter V 

DYNAHIC ANKLE HECHANICS AS A RELIABI.E HEASURI~ OF ANKl.E JOINT i"UNCTlON 

INTRODUCTION 

Both neurological disonlets dnd orthopedie injmy c.lII dltf'l tlll' Il.\, 

and soft tissues surrounding a joint and "hange its lllC'eh.lIIic,ll !lc'h,lVIIlIII 

For example, the examindtiol1 of EMG and JOÎnt tOlquP profilc", ill "l'd'.II( 

individuals by Dietz and Berger (1983) demonstlatC'd an illueaSI' III .If ri"" 

joint torque despite reduced EMG activity. The duthor::. <'lIggc''-.l,·d tlt.l! 1 Ill' 

increase in joint torque was due to alteled mechaniccll Pl()pl'I!i~,,, of thl' 

muscle. Passive ankle joint torques wetc also Înclcased in ',ubjpr'I' wIIIJ 

chronic cerebral les ions following joint illll1looi tizatioll (T<ltdieu el .11., 

1982), possibly as a result of muscle shorteninC". ThplP i<; ('vidc'/Hf' in tlll' 

orthopedie literature that lilllb imlllobili7dtioll cllHl ollhOlH'dir' Ill)ll/y, 

either é,lone or in combination, lead 10 an illcrcasc ill thslIP coll.lge'll 

content (Noyes, 1977; Warhol et al., 1985). Thesc CVClltS Cdll "ho le'dtl 10 

an increased resistance ta passive joint movelllcllt in excp<;<; of 1(,1l t ilO(", 

that of the unaffected contralateral limb (lIeclkcll<; ct al., 1987). 

It is evident frolll the above that in injury ilnd disea!:)e olle C,1Il e,.qWI t 

changes in joint mechanical beltélviot whir'li l,Ill Iw o!J<;('lv('d ('lllIlr<lll'l 

(Saller, 1970) by means of eValll<ltioll'. ba',cr! 1.1lg('ly 011 ·,jgw; ,tllel ·,yrnptolfl'. 

such as pain, swelling, ~/eakllc",s, dllrl Jo',<, o{ I.I/Ige 01 mol iOIl ([WH). 'III!' 

dilemma is that despite i1 plelhol.J nf .1',',1"',111('111 lo(J!<" Cr'w ql\é1l1tll~ltl'/r 

and objective lechniques ate available (DClc,Il(~id and Brown, ]f)B~). 
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1 Plevio\l~, inv('(,tir,<ll ion~ of p"tholor;ic<ll joint mech"nlcs hrlvE> hrld 

rnethodological weaknesses including the use of limited joint ranges 

('l'iudieu et il!., 1987; \.Ieigner and \Jatts, 1986) and qualitative observation 

of joint bchdviour (Slomberg and Grimby, 1983). Quantitative methods based 

(HI system ideIltHication techniques are available but to date, have been 

applied 10 il small numbers of normal subjects in basic research paradigms 

(Agarwal dllel Gottlieb, 1977; Gottlieb and Agarwal, 1978; Hllnter and 

Kearney, 1987; Kearney and Hunter, 1982; Weiss et al., 1986a, 1986b). 

These methods have the potential ta provide an objective measure of 

hch;lViolll thélt to date has been only subjectively evaluated. 

The objective of this study was to determine whether experimental 

parndigms ba~ed on the systems identification approach are an appropria te 

" t clinical <ls<;essment tool. This was accomplished by conducting two 

companion stlldies: a reliability study on a group of fifteen control 

sllbjects and a case study of an individual who had sustained a unilateral 

undisplaced ankle fracture. The objective of the first study was to 

cstablish whether seleeted measures of statie and dynamic ankle joint 

fUl1ction were reliable. The objective of the case study was ta dete1'mine 

whethel- these IHoeedures could be tole1'ated by clinical subjects, (2) their 

d~tA could he analyzed using simila1' algo1'ithms, and (3) the experimental 

Vdllnblcs wcte sensitive ta changes ill clinical signs and symptoms • 

.. 



METHODS 

Subjects 

Fifteen volunteer subjects between the ages of 23 ,me! 39 y(',lLS (IIIP,ll\ 

27.5 SD = 4.5), with no symptoms of ncurological 01" orthopedie dystUllctiol1 

were examined. 

Experimental instrumentation 

The apparatus has been described in detail elsewhelc (Kpnlney ct al., 

1983). Briefly, the subject lay supine on a table wilh StL"P8 ~;t.lhi tizing 

the pelvis and the thighs. The 10ft toot W<1~ clltaclj(ld ln the pc(1.l1 01 an 

actuator by means 0 f an i nd i v i clua lly COIlS l lll<': t ('(\ electrohydraulic 

fibreglass cast (Morier et al., 1988) and the L"ight foot was SUpPOI ted on 

an aluminum plate. 

A computer generated 1024 point pscudo-random bin~ly ~equ011ce (PROS) 

displayed at 500 Hz was used to drive the ankle actuatol. The lesultillg 

position perturbation had a peak-to-peak amplitude of ().(J~ l,HI (.rHI 

contained power adequate for system identification PUIPOS!!S ur> 10 ~() IIi' 

(Kearney et al., 1983). 

Ankle Angular Position and Torque 

Ankle angular position ~las l."ccoLded with .1 Ikf'klllilfl potclitlollictel (Modp\ 

6263-R5K-L.50) while ankle ton(ue wa~, mr:;t'wrcd 'ilitlt il L(>/JO~I IOlClIIC' 

transducer (Madel 2110-5k). By fOIl'/("'lltjOIi c!fll',illt':Wl ,1lIgIE:') alld 101'111(", 

were denoted as positive whereas plalltarf 1(;:-:01 illlgl(~<, and torque<, Io/C'/ {' 

denoted as negative. Angles were lIleasured with respect ln <l rpfQIC'II(( 
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PO', il ion (;(.'If-'I mi lied by il ] i IH' pill allcl to tlw pl rllltar surface of the foot 

01 ientcd perpenrlieuJarly to a line joining the head of the fibula to the 

lalelal mallcolus. 

The ranee of motion (ROM) of eoell subjeet's ankle was determined prior 

to the lirst cxpetimental trial. The foot was attached to the actuator and 

the ankle lotated passively From a neutral position toward maximum 

dOlsiilexion and then toward maximum plantarflexion. Displacement in eaeh 

dilertion was continued until the subjeet could tolerate no further 

rnovement (i.e. the onset of pain) or until motion of the knee or lower leg 

WdG observed. This procedure was repeated three times and the mean value 

u~.ed lo def ll'c the end poin ts of the ROM. 

All anklc displacements induced by the actuator were initiated at the 

lIIid-po.~lioll which was defined dS the position equidistant flom the extremes 

ot the HOM. The potentiometer output was then scaled with respect to this 

posi tion (as measured wi th a goniometer) sa that all reported ankle 

positions cortesponded to actual anatomical joint angles. 

Electromyogtams 

SUI face clcctromyograms (EMG) were recorded from Triceps Surae (TS) and 

Tihialis Allteriar (TA). ThE:' subj ec t' s sk j Il WilS prepared by shavinr. and 

hl iskly lubbing with ethanol. Di~posdble Ag/Agel surface electrodes 

(lIl'wll,tt -Péll'kélUi, 10 111111 didllletPl. Hndpl 14/~4~A) were placed in a bipolar 

configuLltiol1 palilllci tu tlle lIl11'-t}C lih1(' l\il('(liol1. The TA electrodes 

Wt'Il' plclt'l'd latetal ta the tibic11 crest about 50 mm distal to the tibial 

tu!lelo..;ity. Th(' TS electroclt's were placed on the lateral head of the 
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Gastrocnemius just supE'rior tn ite; infrlin'" honif'l. Il 1 ('1f'1 1'111'1' f'IP('tlodl' 

was placed over the patella. EMG signaIs wen~ high IMSS filtC'lcd dt 10 Il.' 

(second arder Butterworth), full-wave leetjf il'd .wel IllPll low p.lSS fi Ilpll'c1 

a t 1000 Hz (four th ol"del Besc;e 1 fi 1 t ct). EMG<; ilS wc II d'; the' tOI «1IC' .Ind 

position signaIs wete then anri·"alias tillcled (100 IIz) with eight poIl' 

Bessel filters and sampled at 500 Hz by cl 16 bi t /\ID COllvertel. 

Clinical assessment 

Standard goniometric ROM measllre~ (Amel iU111 A~socidtioll 01 01 tllO!>edic 

Surgeons, 1965) were made, manual 11l1l<;c]e tests (Daniel" alld Worthillgh.llIl, 

1972) performed. and antht"opometric ml'é1SlIlC'. ('ollpcten on aIl ·;lIhj!'l't~. 

after each experiment. A samplE' of 11H' a<.,<;pc;';!WIlI !Ollll i·~ inclllc!pr! ill 

Appendix I. 

Experimental paradigm 

Subjeets were examined twice al a medll illtelval 01 16 dclY" (SD }) 

days). Three expelimental triols were cali i('c! out dUI illg (',Idl f'Xpf'1 imf!IlLd 

session. These ineluded: 

MVC paradigm 

Subjects were required to generatc il maximum Joluntary r:olltlactioll 

(MVC) in response to a step change in" tl.HI'llll', ',Iimlllll'; di"iplay(!c! 011 ail 

osd lloscope. Five second lccntd', \/('Ir I"hll t'lI botlt r!ol';iflf>xing ,lIId 

plantarflexing MVCs. 

Passive Statie Paradigm 

The ankle joint was rota\.(~d at (J.I)) larl/', Ilorn thr! mid· pO'd 1 10)) 1 rI 
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1 rIIil/ilTlllJlJ rlol<,iflexjoll, back to maximum plantarflexion, and finrtlly ta the 

Initial rnid-po<;ition. The c,lIbJect V/ae.; instructed to relax and to neither 

Iwlp nOI hindcl- the movement of the ankle. EMG signaIs were monitor-ed to 

cOllfilm that the '-iubjed lemained relaxed. 

Pn<;siv(> Dyn3miC' PilliHlir,m 

This (l<llcHl1gm V/dS ~imilal- to the pas5ive static paradigm except that a 

<; t Odlél <; t i (' pel' t lIrbd tian of pas i t ion (O.OS rad peak-ta-peak) was 

'>IIJH_'lirnpo<;C'd on thC' lamp displacement. The subject was again instructed to 

1 (Jlax and the EMG of both TA and TS V/as moni tared 10 detect the pl-esence of 

fIIl1SCUlal ,H t i v i ly. 

nala analysis 

lJald al1,dysb V/dS done lIs1ng NEXUS, a cornputel- language for signal and 

<,ystC'm allaly<,is (Hulliel and Kearney, 1984). 

MVC Tonll1e~. 

Thp medll tOlqllE:' generated during the last three seconds of the five 

<,pcolHI ('Olltlclction as V/l'lI as the coefficient of vadation (torque SO/mean 

tOlque) V/,I', calculdtecl. This mean torque was designated to be the Mve 

plovidl'd the (oefficient 01 vatiatioll V/a~ less than 0.10. If the 

«(wIll< il'Ilt 01 V ,Il Lltlon e:-:c('cded thi<, valut.' tl\(' attainment of a true Mve 

V/"', qup<,\ inn,tllIe (Kloolilel dllel Mal tel."', lfJBO) ,md tire procedure Y/as repeated. 

l',l<;~l\'(' Joint tnlques \o/Cle lE'COlded as the ankle \ŒS rotated through ., 
i t': ROM ,Ind thC' \yolk lequired ta displ<'\cc the joint Y/as calculated by 



-
integrating along the path. 

Inert ial Corree t i on 

Part Dt the sampled tonluc Siglhd W,l~ dlll' tn the' dYllamics 01 the ,\!IUt' 

actuatot- and the fibreg]ilsc; boot. Th i '. \hl', ll'mOVNI pl i 01 1 () t III t 111'1 

analyses by (1) ealeulating the impulse ll'SpOI1<.,e fUl1ctioll (IJŒ) hetwl'l'II ,11(' 

actuatol-/cast position and torquE' l('('orne; ('ollpcl('d dlll il1g i1 l'al lhl.11 jOli 

trial; (2) convolving the actuator/ccl~,t 1 lU' witlt tlH' p()';itioll Il'('(lid 

recorded during the expelimclltal llle11 dlHI (3) 'alhll,lCliI11~ the' II"atltilli', 

pl-edicted torque from the sampled tOlqUC. The lc':idual IOlqU(' 1 ('Pl (",l.'111 illg 

the contribution From the é'll1kle Wé'I" thelf'rtl 'PI IPII'11 ['cl 'n .1<; ,IH' 'nlll"P. 

Dynamic Analysis 

Linear trends ln the délt,) segment·, rf",uIIÎ'IJ', ftoru 11t(' (HI',ilioll /.1111(1 

paradigm were removen from (,,'lth position ,l/HI 'olIlIH' ';('l',lIIl'1I1. ~)Iilllll",', 

impulse response funetions relating position and torque W<'Il' tlH'n ('(JIllP""'!! 

for successive 2.05 s intelvals lIsinp; tlte algOl itltm dp',cl ilwc! ill Ihlll'(~1 .lIld 

Kearney (1983). Non-linear IIdnimi.l.é1lion If>chniqll("; WPI(' lI',cr! 'n rll"C'llIIilll' 

the values of the inenial (1), vi~(,oll<., (B), and ('J.I~,f j(' (l')Pd'.tlll('f('/', 

which provided the best-fit betwepn IIH' IHF" ,111(\ thal 01 d <,('(OIHI oldPI, 

differential equation of Ihe [olm: 
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1 
.. 

T(I) K81t) ~ Belt) + raIt), 

whcrc: t time (s) , 

T ankle torque (Nm), 

e ankle angular displacement (lad) , 
l 

r = inertial term (Kgm' ), 

B VISCOUS term (Nms/rad) , 

K clastic term (Nm/rad) , 

Estlmate of measurement reliability 

The feliablli ty of the repeated measures from aIl paradigms was 

estimoted uSIng Pearson's coefficIent of correlation (Carmines, 1979). For 

l the purposes of this study, a vanable wi th a coefficient (r) of greater 

than 0.80 was eonsidered reliable. From the MVC and passive statie 

paradigm measures of the dorsiflexing MVC, plantarflexing MVC, and ROM 

(analogous to clinieally aceepted measures of joint function) and two 

mcasures of joint behavlOr, the passlVe torque associated with the ramp 

ct i spLlcement and the positlOn-passive torque loop area (work) were 

examIned. 'l'he variables assessed for reliabi lit y in the passive dynamic 

p~ladlgm included: a predicted minimal K value (K offset), a low stiffness 

rcqlOn (defined as the RO~1 for which K _< 30 Nm/rad) and the slope and 

Intcrcppt of linear relation between K and torque. 

Results 

ThE' maXImum torque generated during both PF and DF MVes are summarized 

in Table 1. Note that the PF MVC values were consistently much larger than 

1 

J 
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MVe Paradigm Passive Static Paradigm 

Subject Qxle OF MVC (Nn) PF MVC (l'in) RŒ1 (rad) Passive m (l'in) York (J) 
No. fl:l.y 1 Illy 2 Illy 1 Illy 2 lliy 1 Illy 2 lliy 1 lliy 2 lliy 1 lliy 2 

1 AS 54.5 42.7 89.1 91.5 1.28 1.37 36.7 44.5 2.81 4.20 
2 &\ 40.0 38.1 126.0 146.0 1.59 1.69 47.0 58.1 5.18 6.10 
3 HM 25.9 22.2 28.4 34.7 1.24 1.29 23.3 28.9 3.95 4.71 
4 JF 15.6 17.5 31.6 33.3 1.29 1.36 23.9 25.7 1.87 2.47 
5 LB 28.8 26.6 54.6 65.4 1.42 1.27 51. 7 41.7 3.02 3.32 
6 ID 32.6 33.8 109.3 112.6 1.32 1.14 51.5 33.9 4.17 2.66 
7 MS .30.8 31. 7 :il. 8 48.4 1.44 1.47 38.4 40.1 4.03 5.41 
8 MP 46.8 43.1 85.1 83.8 1.56 1.56 65.1 71.8 6.09 6.62 
9 MR 28.0 32.3 87.5 91.8 1.52 1.26 40.6 26.4 4.45 3.01 

10 MV 24.2 26.4 31.5 41.7 1.23 1.15 28.3 22.6 1.91 1.56 
11 PIJ 27.7 29.6 56.9 63.1 1.10 1.07 22.4 17.1 2.01 1.39 
12 RI< 55.8 49.Q 125.0 117.5 0.87 0.85 37.1 34.4 2.95 2.54 
13 RM 34.4 35.9 112.9 113.9 1.23 1.23 40.9 38.6 4.40 3.40 
14 SB 23.3 24.5 1;8.:' 51.2 1.67 1.j9 71. 7 61.1 9.54 ~.15 
15 TG 31.9 32.3 56.9 55.6 1.29 1.39 38.7 42.7 3.17 3.47 

Mean 32.8 74.8 1. )~ .:.n.2 3.85 
sn 10.0 34.2 Il.2<1 1 .... 2 1.62 

1- Cl.t){) 0.98 1 \. s.:. _57 ,F)3 

Table 1: '-~10\.lp rœans. standard dE':1ations (SD). and FE:arc.on's coeffloE:nt (1) alE: fIl0-1r!t'(j fo: d,,: 

e:'1'€llf>k:l1tal {XU--:;lE'ters fOl the 15 cOIlttol subJects. n'le pala:-Eteu.- fOl thE: '13xl'ral .olL'lltiU~. '_')l1trAc~lr~. 
(M','C) paradlg'l' include the repeated mea..C1.U-es ([R:.- 1 and Ù3.:, :') fm- bn'h dor<;:f~elOr: l,:r (DF ·'.'C, ;:>..;.~ 
r':.'ll1~.lit1e.xlOn !>!VC (PF WC). TIle pas51'-e statlc pal-adlg"'" pa_:.-a~tE.Js ln:::ltvle .t')", 'E'rJE:él'.:'?!1 -f-~Jr<'-, r)f >[jo-­

n'1l1gE' of r"Ot1011 (R(lM,). the passl-_'e torque and the loop arE."!. 0f :ht: )XGs:,E: :r':':p':--;:J-:-:--:r :-cj:;·~-,,-, 
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Fig. S.l: Passive torque-position curves for two individuols, one, PW 
(upper panel) wi th a srnaller than ùverage ROM and another ME (lower panel) 
Wl th a latger than average RO~1. 
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the DF MVes (means = 74.8 and 32.8 respectively). Furthermore, both ~1V(,s 

provide a reliable measure of muscle function since their r val ues ùre hi')h 

(0.96 and 0.98). 

static Paradigm 

The relations between passive joint torque and position for two SUbjl\CU; 

(PW and MS) are shawn in Fig. 5.1. The curves are sigmoidal in ::hapc; 

passive torques were small and relatively insensitive to change al joint 

angles near the mid-range but increased sharply at the extremes of dnk 11' 

position. 'l'orques at extreme dorsiflexion are always greater than at cxtreml' 

plantarflexion. Subject PW, shown in the upper panel, han a smalh:r t-hlln 

average ROM (1.10 rad) and a small rélnge of passive torgue (22.4 Nm). rn 

contrast, subject MS, shown in the lower panel han a a relatively largp HOM 

(1.47 rad) and a larger range of passive torque (40.1 Nm). A]so shown in 

Table l are the ROM and the passive torque va lues ar; we 11 afi t- h(' i r 

rel iabi l i ty estimates. Both ROM (r = 0.87) and pass ive torgue (r = 0 . 84 ) 

reliability coefficients were 1ess than the MVe r values hut neverthplp~;;; 

very high. These three measures were very consistent indices of anklp 

behaviour. 

It can also be seen from Fig. 5.1 (bath panels) that the pac;>Îve lorquI' 

curve followed different pathways when the <mkle waf" rotated [rom 

plantarflexion to dorsiflexion (lower curves) then fran dor'3iflexion t () 

plantarflexion (upper curves). The area between these two curves 1:: n 

measure of the work required to displace the joint. The pas~3i ve work valup;; 

for subject PWand MS are 2.01 J and 4.03 J respective1y. This measu[o hœJ 

been used to assess joint mechanics quantitatively (BrornrRrg ann 
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(;rimby, 1982) and quantative1y (Mortimer and vlebster, 1978). As shown in 

'l'able l, work for the fifteen control subjects varied trom 1.56 to 6.62 J 

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

Passive dynamic paradigm 

'l'hf' dynamjc relation between torque and position can be represented 

nonpararnetrically by the comp] iance IRF. Separate IRFs, ca1culated for each 

[(]pP.t i t ion of the perturbation sequence accounted for more than 90% of the 

oh::>ervf>d var iance. A set of compliance IRF 1 s obtained during a typica1 

dynamic displacement (Paradigm 3) is shown in fig. 5.2. IRFs were 

det ermined over 0.1 rad interva1s as the ankle was rotated from maximum 

don; if lexion to maximum plantarflexion. Al though the shapes of these IRFs 

were very simiJ ar, the gain and natura1 frequency varied systematically with 

joint position. Thus the ank1e became more comp1iant (less stiff) as it was 

rotated ftom maximum dorsiflexion to mid-position and less compliant (more 

sti ff) as i t was rotated from mid-position to maximum plantarflexion. As 

d('lTIOnst r ated in Fig. S .2, the compliance IRF gain was h ighest at 

mid-positioll. 
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Fig 5.2: plot of an 
(subject MR) as the 
dorsiflexion through 
plantarflexion. 

1 m' Ill' 

l' I, 

\ ---. 

------
position (raü) 

ensemble of 12 ankle ]Olnt compliancf' IHf r.urves 
ankle joint was loL':ltpr) [[f)m ël positlO[1 of rnaximll:n 

the mld-[1C1s1tlfln tn d J!œJltlnn nf maxunum 



rNf~nA (kg_rn2 * 10- 3 
) J:W1P.IN:; FK'ICR srrF'FN!SS P.AtŒ 

1lF..ilI1 S) nean S) (NrVrcrl) ~.~ l:Ey1 D:ly2 Œly 1 rEy 2 Il3y 1 ray2 Il3y 1 r:ey 2 D3y 1 D:ly2 
1 fIS 9.4 8.6 1.9 1.8 0.40 0.42 0.10 0.10 '2J37 291 2 PA. 8.9 9.9 2.0 1.9 0.35 0.33 0.09 0.10 204 301 3 If1 4.8 5.0 0.8 0.7 0.32 0.33 0.06 0.06 97 111 4 JF 3.5 3.5 0.4 0.3 0.34 0.38 0.09 0.10 l12 97 5 œ 6.4 4.9 2.0 0.5 0.36 0.38 0.07 0.08 267 238 6 [D 5.4 5.2 0.6 0.4 0.44 0.51 0.12 0.14 '2J32 176 7 K3 5.8 5.7 0.7 0.5 0.35 0.37 0.10 0.12 225 196 0 MP 9.3 8.6 1.6 1.2 0.33 0.37 0.08 0.10 410 112 9 m 5.5 4.9 0.7 0.3 0.31 0.35 0.08 0.09 128 102 10 Ml 5.4 5.3 0.6 0.8 0.34 0.34 0.08 0.08 181 103 11 IW 4.1 4.5 0.5 0.4 0.61 0.36 0.11 0.09 84 61 12 ~ 8.8 8.5 0.5 0.6 0.25 0.28 0.05 0.05 184 191 13 R>1 6.3 6.2 0.9 0.9 0.29 0.30 0.06 0.07 293 205 14 ffi 5.9 5.5 0.9 0.9 0.29 0.31 0.07 0.05 265 359 15 '1G 12.3 14.6 4.0 6.5 0.31 0.31 0.07 0.08 203 208 

'Iable lIa: \JalleS are ftan t.rc [XISSive dyn;mic p:lrcdign. 'lŒ rep=at (Il3y 1 am D3y 2) antrol 
rreans arrl st:an:hrd cEviatirns (EV) for t:h; m::mnt of iœrtia am CÈltpirg factor, am stiffress 
ran~ ale giVB1. 
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K OFFSEt lD\J K REr.lCN K vs 'In SI OPE K v'; TO INJ1.lU:I'J' 
(Mn/rad) (rud) (NIV tadll ,\d) (Nnl! ,\cI) 

Ihy 1 lliy 2 lliy 1 fuy 2 11W 1 nW :' nW 1 I\W :' 

30 31 n.66 n.79 7.':J H.~ ;, \ 1'.1 
18 20 0.95 0.98 6.7 7.1 \ \ 1/. 
16 12 0.84 0.82 7.3 1. ~ lB 1:' 
14 12 0.83 O.H5 1.1 / ,1. 1 \ Il 
21 17 0.81 0.87 1':J.() 10. \ )0 f, 
20 18 0.75 0.71 8.1 0.':J lC, 10 
16 14 0.77 0.7'\ 6.7 h.l J') JI. 
31 25 0.88 O.M 8.<) fJ. \ :1/, (1 
14 16 0.84 0.82 ':J.B (1.:' ;J() 1) 
11 14 0.80 n.8! 10.7 B. \ 1 / 
21 18 0.75 0.85 8. Cl 7. ') ;11 l') 

À 54 46 0.51 0.45 fl.J B. \ ') \ Ml 
16 16 0.66 U.66 lL7 B.b (1 \'.> 
23 21 0.78 a.82 1).2 1I.n 'II 

• ..J /ï 
27 33 0.83 (J.93 6.<1 6. \ )1) 'II . ) 

mean 21.5 0.78 B.t, 1 / 
SD 9.8 0.l1 1.B Hl 
r 0.94 0.89 (J.7IJ (J.B \ 

Table IIb: Measures tor the passive dyndl111e IHI<:1(lle11l. 'nK' J( olt ·,pt. ,\ PO';111011 
range where K < 30 l'in/rad (low K legion), the ~IOIJf' of Ihl' t< dh',olul(' lotqllt· 
relation (1Z vs TQ-SWPE), the intelcept lot the K ab.',olutC' lOI qU(' 1 (,Idl jOli (V V' 

'lU INI'ERCEPT ) are gi ven tor the lS COli t ro ls. Metlfl<" ',I,l1I(bl cl df"II,,1 ÎOIL'. e,))) 
and Pearson's coefficient (r) are given. 

1 
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1 A second order model having inertial (T), ViSN~lS (B), anrl plRstic (K) 

terms was fltted to each compliance IRF. This model accounted for over 95% 

of the vanance of the original IRF. The medns and SO of l and the damping 

faclor (() and the range of K are presented in Table lIa. The damping 

parameter ( which i5 related to the l, B, and K (Weiss et al., 1988) by the 

telation 

B 
( :;; 

2ffK 
was also detcrmined. 

These variables ale also plotted against joint position and are shown 

ln FIg. 5.3. It i5 apparent on examlnation of both Fig. 5.3 and Table 

lIa that the sensitivity of K to changes in joint position is greater 

than that of the other pararaeters. This parameter was therefore 

scIected fOL further analysis. 

The K-position curves obtawed on days 1 and 2 for subject BA are 

shown Fig. 5.4 (upper panel). These curves are cup shaped with a 

flattened central reglon. It can be se en that K is sensitive to changes 

in JOInt position at both extremes of the available range and 

lplatively Insensitive at mid-range as has been previously reported 

(Weiss et al., 1986a). The BAI (obtalned on day 1) curve shows as much 

ëlS é'l 15 fold Increase of K over the minimal value. While the shape of 

the curves are quit~ simil.::ll, th~lC rioes appear ta ~e a position offset 

of ,JpplOXlmatcly O. OS idll. 
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0,01 r--------------- 1 0 ------ -

[ B 

o ______ , ______ 1 __ 
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0-12" -0"~9 -d',6'-0 .,' ·3'0 " o 3 

Position (['ad) 

Fig. 5.3: The parameters of the sec0nd orde: model; l (kgm)), B (Nms/rad), 
and K (Nm/raC:) and a damping panmeter C. plotted as functions of ankle 
position for one subject (MR). 
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Position (rad) 

r lq. 5. ~: 
l'dlùmeter 
(Bh) . 

Upper panel: The repeated measures (BAl,BA2} of the elastic 
(K) plotted as Cl functinn (Jf ankle position for one individual 

Lowe l pane l : The 
0!igindl dala and corrected 
l cpea ted measUl es (Bl\l, BA2 ) . 

prelhctccl Chebychev polynromial fitted ta the 
fOL posi tian offset [or the same set of 
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Althougr. the joint Vias perturbed continuously as i t WctS rotalt>cj t hfl)llql! 

the ROr-i, each estimate 0: r: was obtained over a small range of jOl nt ëlnglt'!, 

(approximately 0.1 rad). The calculated mld-rùnC]E' an,) hl~llce thf>S0 "mc1l1 

ranges were not the same on the two test days si nce thl">i r location;; ciq)('nd('d 

upon the values of maximum plantarflexior. and dorsiflexion dl'l0rrninen ('ad) 

day. Thin presented a problem for the reliability study ~'lnr(' K WcI:. 

sensitive to variations in joint positions, particularly at the extrE'mes of 

the ROM. An alternate representation of the K-position rclat10rJ wa!. 

requireà to enabJe a canparison. Chebyshev lOth order polynornJ J h' Wf'[t' 

therefore fitted to lhe ankle K-position curves which accounterl for, j n rno'.l 

instances, over 98% of the vanan,e in the original curves. 'T'hl' posi t ion 

offset between these two (Day l and Day 2) predicted K-ro~it lOf! Wd;J th('fl 

determined and used to correct difference in the initial mirl-ro;:itlOn. On! 

curve was shifted with respect to the other by the determjned offset whidl 

permitted us to assess the reliability of the K-position data without 

altering its basic characteristics. 

Fig. 5.4 (lower panel) shows the fi tted and srifted curves cor re"pOndHl(J 

to the original data presented in Fig. 5.4 (upper panpl). Su k;('guf>n 1 

analysis of Kwas carried out using the corrected curVE-,";. VisuaJ in.::-~r)f:ctiOf! 

of the two polynomial curVE:S demonstrates the remarkablf:' s:mi lar i ty and trIP 

repeatability of the two trials. 
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1~o vallables were used to assess the rellRhtJjty nf thp stiffness 

dala, lhe mwimal K associated wi th each K-pOSl tion curve (K offset) and 

t1w ROM nvpr whlch Kwas less than 30 Nmjrad (low stiffness region). The 

'/a1 \l('~, of lhe K offsets, listcd in Table lIb, varied from 11 Nm/rad to 54 

Nm/rad and had a reliabllity coefficient equal ta 0.94. The low stiffness 

Logion, used to delineate the flattened, plateau-like portion of the curve 

If.. shown iIl Flg. 5.5 as the region located between the two arrows. This 

region rangrrl trom O.~5 rad ta 0.98 rad. The low stiffness region results 

llstcel Ul Table IIb also demonstlate lt is consistent within the individual 

(r = 0.89). 

In alelol tü characteLize further the properties of the elastic 

sti[fncss, the linoaL lelation between K and the absolute value of the 

[lêlSSlVP lOlfjllP was lnvestlgnted uSlng llnear regression techniques. The 

valupc, f()r the sJopes ;lI1d intercepts arc shown in Table lIb. A linear 

LelùllOn hC'tW0('J) K ûnd the absolute value of torque described more than 90% 

ut tht' VLll 1':H1('('. 1'1115 15]] lustrated ln Flg. 5.6 by the straight line 

apploXlllldtll1Q thp absolule lorque data points for one individual. 

The n-,11LlI:)1 Il ty of the ~:.lope of the relation between K and the absolute 

lOIC]lll> lf. lnWPl (t = 0.70) although a panec1 'l'-test did not demonstrate a 

signlflcant dlffcLcncp betwoen the repcated measures (p > .90). The two 

sets of !UCêlsurps could therefolC' not be consldered significantly different. 

In conLlllst the Lelwbllity of thp C'stimated K value when torque is equal 

to ;œtCl llllll'icepl value) i<_. 'lU lt (' ilCU')1t,lhl,' dL J = 0.83). 
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Il 

Fig. 5.6: 1h0 cl~stlr pnrametcr (K) plotted as a funetien ef the absolute 
tOlque fOL one Indivlùual (BA) cInc1 the u'grcsSlOn line (K = 6.7 * Tq + 13) 
[i t ted. ta the relntlOn betweclî K ':1I1r1 the> ':lh~,o] ute value of torque. 

j 
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Case stu~ 

The system IdentificatlOn applOc1ch to the ev.:llu.:\lwll of WlIlt fUllcll\li\ 

was used to assess an indivldual recovcllllg tlom Olthoppdlt' dyf.lllI\\'tl\1I\ t\! 

gain sorne insight as to the feasiblllty of thf-'se wlrlùbles (nt C'X.lll\\I\\tl'l 

the effects of pathology. 

Methods 

The case study involved a 26 yeùr old m,\le> indlvHill,11 who h'ld ',Uc:,lollllt',1 

a le ft undisplaced fractme thùt WtlS tLeùlecl !)y SiX W('f·k llrunolllll/tlt 1'<11 III 

a plaster cast. There was no tllstary ot ollhof'0du' n(JI 110\lIOl\Illl' li 

dysfunction prior ta lhe recent ftùctULf',!l() US(' \J[ 11\1'dll.lt IlJfl f," t III 

condition, and the subject was not followll1Cj ë1l1y lC'ljUl.:1l lt'lldhLllt,ttllJII 

program. 

'l'he patient was initially asscsspd 8 dayr.J post Cùst lPl1lflV,t1 ,lTld 

re-evaluated at appLoximately 2 week IntelvùlrJ with lh(~ sùrnl' [l'"LIIIIIJIll" ,l', 

in the reliabillty study. The tl11\P UJlllSe rJt dur, InVfH,tlCFlt l'JlI 'Nol', 

determined from the expectcd COUlSC of po~t llruno}Hllz,Ülon rr.!I·U'll'll' ,r 

function. 

Since irrunobilizatlon edema 105 cl cnmmon '1<'11111"11('" dffiIJnfJ êlnrlr.! ft.lf'tlll' , 

(Sondenaù et al., 1986), an attempt WtY" m;y}" rfl r:(Jflt 1 ()l 1 t hy stlUPI Y1ll'j 'l," 

patient with e1astic SUppOlt sl"'.klll'I' •. Il"',!,)I" ll\J::>, fout '/{)]1H1\(' (br! 

change over the 19 week period requi ring recastlng of the foot. Tht {O(: f)U r h 

Fiberglass boots were made (at 8, 16 and 34 days post immobih7.ation). [-'fJdlTl 
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and rubbPt inGerts WPlO not used tn correct for dr>rrE>nSPt1 fnot vnl\1m~ sinre 

thesp mlght have Introduced unwanted viscous and elastic forces into our 

dync.lJnlC_ mCêlSULements. The same analysis procedures were used as for the 

IP]li1ln]Jty study. 

Case Study Results 

Thp Vi1[lé)nce accounted tor by the compliance IRFs was consistently 

(Jll'dLr'J t han 92'". The palametric representation of joint behaviour in the 

f()Jm of tht: second order cquation with inertial (I), Viscous (B), and 

.. lar,t u- (1< 1 parameteLs accounted for over 80';, of the variance in the 

(illl]l!),ll IRF. ThCSf> values are simllar to those obtained from the control 

!\'. ',hnwn In Table III, the plantarflexlng mc, dorsiflexing mc, joint 

ROM ,mrl pêlC,SlVP talque values increased over the first five weeks (up to 

ddy H) oi the post-lmmobillzation recovery period and then tended to 

Fot example, thete was an approximate 2 fold increase in 

Pd!,SlVP tOlqUP ovet the flrst S weeks post-immobillzatian then an increase 

t'tf about 30';, over the last 16 weeks post-immobllization. 

when lhe C.:lse stucly measures of bath passive statlc and passive dynamic 

pë\lachC)ms èttP compë\rrrl ta the contlo1 grnup meélnS and SD, it is evident 

th.Jt thcre wcrc Gome l.:HCJC di ffcrcnccs. Fig. 5.7 shows the predicted 

pnlynomlé:tls corrected for pOS1 t Ion offset for three experimental 

eVc11uùtlons (days 8, 24, and 135). 'l'Il(' ·J1ÙPI"J of the curves are similar to 

the control curves (Fig 5.4) with the higher K values in extreme 

dOtsifloxion as compared to extreme plantarflexion. The K values were also 
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sensitive ta extremE'S nf rnsitlnn hl1t \vprr> ln '1P11(')(,l, ml1rh 1i1l111"1 th.ln tIlt' 

K values for our contraIs. 

The case study K offsets (minimal K values) were gLC.:.1tl't thi.1n tht' 

control mean value (mean 21.5, SD 9.8 Nm'fùd) plus twu st,md':lld 

deviations for every session. When the low K rctJion was invC'stigated lt 

was apparent that this reglon changed, inCLeaSll1g at fllst Lhen stalJUl::lIlLj 

by about day 34. In contrast with the conttol values (meùn = 0.78 lilÙ, SD 

= 0.11 rad), the case study had a low K region value of 0.311 on the illltléd 

assessment which is cons idcrùbl y SIl\.lllo l (él t 10a5 t [ou l r, L:mcl':-!l cl 

deviaUons) than the contlol values. IIl1WeVél, the' lIlo:-,L lt'Illatkable lt'tlLult' 

of the case study data was the large (11 tfPLPI1,f> ln the pathways of tlw 

three curves shawn in Fig. 5.7 are comp.:lled Lu thl; two neéHly supcLllnpll~~f'd 

repeated measures shawn in the lowcr pùnel of rH] S.t! wltile conclUf.jl(Jm, 

based on the results of a case study lIIusL lJp cautlUus, WP well' pncouldyl'd 

to note that our measures appeëll lo letlect tl)!' lP('OVP1Y tLnm rIyf~tundJon. 
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HVC P,uadigm Plt~,sjve Statie Paradigm Passive Qynamic Paradigm 

V,II iahlc Pl-' MVC UF MVC RCM PLO W KO low K R K vs 1'0 'roJp.y 
{.bd t (f\ill) (Nil) (1 éU 1) (Nn) (J) m b 

nw H 1 \.I~ ~Cj. () O. Il) 43.4 2.~~ 96 0.34 14.6 84 63 
"w Hl 1/).':> I..lJ.(1 (I.Hl Ill.~ 3.9/+ 65 0.29 19.3 77 92 
[hy ï \ H'),() I,~L(J (I,H6 1,7.n 3.52 58 0.36 22.3 40 94 
illY V, 1 J (l. 1 )1.!l 1. 17 8~.6 8.05 67 0.43 12.8 87 91 
[hy n lm,,) Ii?!. ':> 1. :>1 fV.8 9.9!l 88 0.43 12.0 113 84 
D'IV 1 3:) 'l;),!) )1.7 LB 110.1 14.31 92 0.45 8.9 152 66 

'l'.1hl(' III: (:1<," <,ttldy 111(',\.'.111[><' of joillt fUlwtion fOI the six experimelltal session.s. TIle HVC 
1~II"dip,1I\ 1 111'\ 1\lIl". pl.mti\l f \(,YIOI1 MVC ({'F' MVC) and don:;iflexion MVl' (OF MVe). 'I11e passive 
'.Lllie P"I.1c1II'.lII Illllllde, v,llul:'.s fOi Lange uf notion (ROM), pil!.;sive torque (ITQ), an<"l work (1,1). 
'[he' IH<><,iv<' rlVll,1l1l1( pa[ddif~n illclude!-. the K offset (KO) , 10'." K n'IngE' (Low KR), the slope of 
thl' 1\ dh'oltlt(' 101qllE:.' Il'lillioll (III), the il1ter~epl of the K-absolute lOlque telation (b) and the 
\',11 LlIlI (' dC'C'lllllllnl 101 lJy tho linwr fil (%VAF). 
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DISCUSSION 

V~lld, tellable, and sensltive outcome measures are essential for the 

rJeveJ opment of good cl1111cal assessment tools (Feinstein, 1983). Such 

tools would help the physician detelmine the effectiveness of the 

phalmdr:eutlr::al or surgicai Intervention and help the therapist assess the 

lJencflts of different treatment modalities. In most clinical settings, 

huwpver, clIsorùels of motoI performance are r':lagnosed and evaluated by 

OIethor!s wlllC'h do not satisfy these criteria. For example, hypertonici ty is 

rlssfc'sSPcl by obselvation of a patient's response to tendon taps and the 

r,CnS<:lllOl1 of a limb as it 15 passively movcd through its range of motion. 

[n the caSf> of 

iH th LOI) rétms a t (' 

tral.llna, 

Ilsed to 

x-Lays. arthroscopy, and positive contrast 

Ident1fy mechanlcaJ obstructions. Such methods 

gencttllly ptov1dc informatlOn regarding stùtic anatomical and physiological 

functlOn lather than a quantitatIve and dynamic assessment of the problem. 

'l'he ob]ecl1ve of the present study was ta assess the ability of 

lechnll)UPS basecl on system identIflcation ta evaluate abnormal joint 

tund 1011 élnc1 the lecovery from dysfunction. Tlus 15 a natural extension of 

OUI ptPV loue; v.Jork wluch focused on studi es nf the neuromuscular system 

C'ontrolllng the IntaC'l human anklc. In this approach, descriptions of 

system behavior are deteunineJ hom the ana]ys1s of the relation between 

inputs .:md 

cnginccl1ng 

problcms. 

outputs. 'l'hesc techmrl1Jp;, 

but only rcccntly hùve 

The suitabill ty of this 

havf> heen used successfully in 

the y been applied to biological 

approach in terms of !ts validity, 
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reliability, and sensitl' èty is discuss0d. 

validity 

We have estabhshed experimental ill1d êlnalyt JC' mcthocls fln del 1'1 ml 11 \ nq 

quasi-linear models of joint mechanics ùnd stu"tch u:flex dyn~lmlch undt'l 

stationary or slowly varylng concl1tlons .. Jolnl mechanlcs, chaldctPll:'t'd III 

terms of dynamic st i ffness (the dynùmic tr:lat Ion het W('f'1l pOSl t llll) .111<1 

torque) were found ta be weIl deSCl ibl]d by t11l' p.Htill1('lcL h of. il <,el und llldl'i 

model having 1nertia] (1), VlSCOUS (il), ,llid ('L.stH' (K) trrms (p.(], lIuntel 

and Kearney, 1982). 'l'hese moclels lepresent only ,.1 P<ILt of JOllil b('I1c\Vllll 

since they change with the f'Xpellmentèd COl1rhtlnns ,% (, lP:,Ult nI 

underlying nonlineari ties. NevC:'rthelchs, 

description of behavior fOL a givcn sel of l'o[1ciltlllm" Il 1S l'lpdt [tO/tl tlH' 

extremely good fits obtalned by OUt models undcl cl vallet y of (I! Elf'lf'nt 

operatlng conditions that this method results ln Ll 10pl~!",ent(tt1()n of nllimeli 

joint behavior that is more accmatc thêln thosr: rJbtêl1J1L'd by puu.'Jy fJt.-lt]l' 

studies (weigner and Watts, 1986). 

previously we have used thcse CjUë\llt 1 ta t l ve ml".: thrJd'J le) dor:umcnt dl,Îlltjr'!, 

in joint stiffness with level of motr)t èlct1Vlty (I!untr>r é.1nd K(larnpy, 19H21, 

perturbation amplitude (Kearnry <md lIunt!'!, l'JB7), ,lIld fat lCjIJ(l (lluntC't alld 

Kearney, 1983). We have aIse chêllêwtr·tJ .-('r! Lhr' f'ffr:r:t'. nf anklp pn:Jl tll)ll 

on joint stiffness (Weiss ct ùl., 1986d 1. l'h, PlI "plll sUlrJy Lf..?fJl e~,(:nt:J (JIll 

first attempt at developlnr] Plll,lr\l'Im' f,·, Ih .. dPI.Jlr'clllQn r)f r,y'Jtp!ll 

identification techniques to the study ut the ~hêln(y!S ln Joint rm'chanl (':J 

resul ting from neuromuscular dysfunction and ttauma. Although a formai 
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t p~,t f)[ lLll H]l ty VIii'; not pet En! merl VIP. were pnrnnrngpr] tn nnte that the same 

,JI'J()! ItlllTi', w,(:d ta analyl'(: (JIlt control data wOLked weIl on the results of 

t Il,. pdt l(·nt' s rlynamlc pf'rtul bat Ion paradigm. The variance accounted for by 

thr' Ilnp,H dynilmic Tr>latlon between JOInt torque ùnd positlon (the 

(Oml)llan(_'~ Impulse lCSpOnGe Eunctions) was consistently greater than 90%. 

11,)[pI)'/f'I, thf' thlee parametct second older model accounted for more than 

fJC,' fit t hr> V<:ItlclJlC'P ln lhese Eunctlons. Such values are comparable to 

tllm,!' [JUtclllll·t! [lom OUi contlol subJects. 

'J'est- Retest Rellablll ty 

IIl!_ lt'llalnllty of cliOlcal measures have been investigated in many 

'IJ,1Y'. (St lLit Lotd et al., 1984). F'actors WhlCh appear to affect the outcome 

"t ',lwh tf';,t <J Include the time Interval over which the test-retest data are 

L,dlllldt:d ((~tlJdosik ,md Bohnon, 198,), whether the data are subjective or 

()hlf~ct 1 vc (peat and Campbell, 1979) , and the index used to evaluate 

!pltdbllJty (stratford et al., 1984). 

Il 15 tately possIble to dp.sign a test-retest study which conforms to 

Ideal conch tions Since the selectIon of experimental variables and time 

COlit sc LUC lISlIètlly constrtllned by factors related to the research question. 

IInwcvet wc tc1t It Important to adclress the most maJor concerns in the 

desIgn of this lcliability stucly. 

ln sOlUe CtlSPS, previous In\'c~_.tlCJll tlow-, nf clinical measures have 

toclisecl thclt attention on the reliabillty of the instrumentation as 

opposed tn the reliablli ty of the variable i tself. For example, the 
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reliabili ty of torque measurements on a Cybex dynamoll1C'tC'[ 1 s nft('fl quoh'd 

as very high with r values greater than 0.9 (ALffisllong ct al., 198~; 

Mawdsley and Knapic, 1982). 'l'lus result lS mislcùd11lg, howevcl, [anc:C' t1w 

test-retest variables were sampled wi th the use of calibléltion weiqhts. 

Although such measures have the saml' umts as those obtalncc1 whpn thL' 

experimental subject generates a volunti1ry conlract!ofl, the SOUtC(':' ot 

measurement error are qui te distinct. In contrllst OUt !.l'sul tr. WI'tt' obt,llllf'(\ 

while the subjects performed expenmental tasks which COI t E'SpOllclrxl ln 

clinically relevant assessment procedures. 

Another approach has been to assess lelialnlity on the h(1S1S ot PdllPt! 

t-tests (Mawdsley and Knapic, 1982) where the absence nt ',lc]rll f }(',\I11 

difference between the test-retest measures i::. taken to be ôn llldic L1l1011 III 

reliability. This can also be rnisleading since repeated meëlS\I[f'S th(H hdVf' 

relalively low r values (e.g. the test-retest work values fOl thù, f.l Il ri Y , 1 

= 0.68) may show no significant differcnce when a pal rcd t-tf'[.>t 15 u5(!d ln 

compare the two trials. For this rcason wc rccommcnd lhilt only ml'c:J~)Ull.'f, 

which had high coefficients of variabihty (Fr and OF rwc, Ror1, p,1~,:;IV(> 

torque, K offset, low K region, and the intercept of the K-absollllf' torque 

relation) be used to assess clinical change. 

Although it is recommended that the test-lplf",l llltetvù] \1r> kf'pt ~,Illrlll, 

the interval used in tlus study warj lntentulf1,-tJly kr'pl lillrJf' (ml'i)n lnt"I'/dl 

:;: 16 days) in order to abide by the timf' UJllIse (J'I('!' wInch [,Odl W:d;,lll' r. 

are normally obtained ln Ù clin;c',J\ 'pl-llJl'!. 'l'Ill;, rn,lY br! ir,;,', lh;:111 lr]r'dl 

statistically but important clinically for ù;,[JcsslnrJ the :,-,tablllty ot Il)(· 

rneasure. 
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Finally, it is important to note that sorne of our measurcs in 

particular, the ROM determination, had a subjective component winch wos 

beyond our experimel1tal control. 'l'he reliability of this meùSlILC (L = 

0.87), similar to that found by other investlqatols (Boonl:' el al., 1978; 

Miller, 1985) is due, in part, to the method by which il was obtùinecl (1.C'. 

the subject's report of discomfort 01 pain. A more consistent method of 

determining true 1:Irailable ROM using obJective critena is ncedecl rcduer! 

the variabili ty in this parameter and 111 Lhose senSl tlve ta JOlnt- pOSl t 1On, 

for exarnple K and its denved meùsures. In addltIon, the Pearson's pronuct 

moment coefficient, r, Rlily not have sufficient power to demonstrùtc 

reliabiEty if the intrasubject and inten;ub]cl't va riabil it y are of the 

same magnitude (Le. the slope of the K-torque relation). A largcr sample 

size or a reduced intrasubject variability would allcviate this problcrn. 

Sensi ti vi ty 

The case study values for the low K region and K offset wcrc 

considerably c1ifferent than the mean values obtained for our controls. For 

example, the K offset range (58-92 Nm/rad) wùs more than 2 SO greater than 

the control mean (mean = 21.5, SO = 9.8 Nm/rad). The 10w K range (0.29 -

0.45 rad) was at least 3 SD less than the control mcan (mean = 0.78, SD = 

0.11 rads). Although these differences ale inlportant and the results 

encouraging, caution must be exercisecl with respect ta conclusions obtained 

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

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

attractive because this approach has the following valuable attributes: 

1) The characterlzation of the mechanics and reflex dynamics can be done 

very rapldlYi the mechanics can be determined from as little as 2.5 s of 

cxperimental data while the rAflex dynamics require 10 s of data. 

2) It permits the use of random inputs which prevent subjects from 

anticipatwg the stimulus waveform and generating "preprogramnled" or 

"voluntary" responses. This climinates the confounding effects of voluntaty 

activily maklng it possible to focus on more automatic mechanisms (e.g. 

stretch reflexes, muscle contractile mechanics). 

3) It can correct for artifacts arising from the properties of the 

stimulus waveform and experimental apparatus. The responses observed under 

any experimental condition will de pend upon the underlying physiological 

mechanisms, the characteristics of the stimulus waveform, and the 

experimental apparatus. The quantitative inputjoucput analysis carried out 

in system identification generates models of the overall system which are 

lJ1dependent of the stimulus waveform. Furthermore, the effects of the 

apparatus can bi> determined independently and then removed from the overall 

lcsponse to reveal the physiologieùl system of interest. 

~) The quantitative models ~esulting from system identification studies 
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have predictive capùbiUtiE"Si they ('<'In np l1<";pn tn pc;timi"ltE" thp rpsrnnc;p rn 

inputs othp.r than those used in the otiginal experiments. ConseCj\.\E'ntly, 

they can be used as components of more global models. 

5) The systems descriptions of neuromuscular behëwior genf'tated in OUl 

experiments are completely objective; the experimental plotL1col 15 

predetermined and under computer control, data Cju.:üiflcatio(1 is donC' usmg 

rigorous quantitative tests, and the analysis procedures ale st<:mcllltdli:cd. 

6) The analytic models resulting from our work can be remat k<1.hl y 

parsjmonious. Thus, for example, fOL a 'Jiven set of conditions, dynrlOlic 

ankle stiffness can be described by just three parameters. 

The out come of this study has demonstrated that the systpm 

identification approach can indeed be used to assess the chanycs in joint 

mechanics resulting from trauma of orthopedie 00g1l1. In par tlcular, the 

results of the case study have enabled us to establish that the use of thlS 

approach is feasible [or the study of joint pathology. The palwnL 

tolerated aU experimental procedures and was able to pelform aH re4uitccl 

tasks. The subject reported only minor discomfort when the foot was pl ar;(~rl 

near the extremes of the range of motion and did not appear ta be disturbcd 

by the equipment. Moreover, the time rcquj rec1 ta cxecuLe t.dl pêlr é)(jJfjmr, 

including attachment of the boot to the actuator and fixation ot U1r' bnrJy 

to the experimental table was well wi thin the time often al Lut tF:d fOI 

clinical tests. 
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Conclusion 

ln summary, the system identification approach provided measures of 

joint mechanics which are reliable and well tolerated. The case study 

results are encouraging and, although preliminary, demonstrate potential as 

valid cllnical measures. 
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Chapter VI 

SUMMARY AND RECOHMENDATIONS 

Summaly 

The objective of this thesis was to investigatc the lcasibility nt 

using measures of dynamic ankle mechanics (sti 1 fne!';s) ilS élll ohjC'ct ive' ,ml! 

quantitative tool in the assessment ot joint functioll. 'l'hi,; elltoiled the' 

developm~nt of a low inertia, rigid fixation techniqlle fOI tlw attachl!l('ltl 

of the foot ta the asscssment devlcc, the lcc;ting of 1) conttol mlbj('ct~; 

using pal-adigms designed tü idelllify statie <lIHI dYllclmic <lllk.le mechanics, 

and seriaI examinations of an individudl \vho had slIstained a ullilatpl,l] 

ankle fracture during the post immobilh:dt1on pel i011. 

Major Filldings 

This work has made four significant contri butions to the dcvdoprncllt of 

a reliable and clinically feasible assessmcnt too]. These indllc\e: 

1) The development of an improved method of Jimb fixation tn the 

experimental apparatus. The use of fibreRLass rastinB bandage 

material provides an extremely rigid (ixalion that cali be simply 

and quickly constructed. Jls low ine'IILI 1(",111 ter! in a r,il'.nlficélllt 

impravement in the re~,allJlion of tlw ~,y';t(:1II dynamic~,. 

2) The collection of normatjve dat<1 [01 ;;Iali(' and r1yn,lIuÎc <lllklr' 

mechanics. The numbf'rc.. of '.llbj(("', (' .trnillf'd in prcviolls stllrlic'> 

has been limited. As a result of this wark, clinical data can be 

compared ta age-matched contrals. 
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1 3) The lpliahility of mPHsures of joint function ha~ been established. 

This represents an important first step in the development of a 

clinical a'3seS~fIIent tool. 

4) The clinical feasibility of bath experimental protocol and analysis 

pt-ocedurec; has b(:'(:'n establlshed. The Plocedures .Iere fast, required 

minimal cooperation and were weIl tolerated by al~ subjects. 

There is ample evidence in the clinical literature suggesting that 

currently available, clinically accepted measures of ankle fu~ction such as 

goniometry, the manllal muscle test and the assessment of mllscle tone by 

passive movement lack objectivity, reliahility, validity, an~ dimension. 

l FlIrthenuore they do not t-ef]ect the technical advancements made in the past 

several ycars in binmedical engineering. Clinically the development of an 

improved, objective, quantitative and reliable assessment tool is needed 

ln: 

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

supports; 

2) the assessment of degree of joint dysfunction (to facilitate 

c1inieal management), the monitoring oE disease progression or 

regression and the dctection of dvsfunction or diseasE in its 

initial stage \o/here early intervention lias a tremendolls impact on 

outcome results; 

3) the va lida t ion of tl ecl tmen t moclcl] i t iC'<, and the development of new 

ones; 

4) the appraisal of residual ability for adjudicating compensation 
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daims; 

5) the design of limb prostheses and joint implants that slmulatC' fll(ll (' 

normal joint beh3vioul; 

6) the development of adaptive equipment ln le..,sen db.lhilily 01 

improve perfounance. 

Recommendations 

The present study had certain limitations in methodology, ('qUiplll(,llt, 

and scope. The pm'pose of the tollowing .'::ection i~; lo expand upon th(",(' 

and suggest improvements in cach areas. 

Experimental methodology 

The results of this study are limited by the subjective natut<· 01 lIlt' 

ROM assessment, the method liser! ta record clbsoll1le ankle pn<;ilioll, ,1lIe1 Ih(' 

numbers and types of subjects c.xamined. First, il 18 nece<;sary 10 dC'vl')()\l 

an objective test of the true passive ROM. AJthough the ROM lllea',lIl(", WPlt' 

shawn ta be reliable it is not known whcthel Ihese leplesenled tlH: ,1( 111,11 

extremes 

slIbjec t' s 

of dorsiflexor and plantarflexol 

reports of ROM limits (based 

ranv,e. Il may IH.' t Il.11 

on pain and/r)\ di<,comfol 1) 

IIH' 

dl (. 

reliable but, nevertheless, inacculate. It b lccornmendcd th,ll tilt· W.(· of 

an objective method, possibly llsing the ·dop(· of the al1kl(' J!c)':ition/tolfjlll< 

curve, be explored. 

Second, belter methods oL If;f,o)"rlillg !ovlCl 11mh dlH) ah:;olutE~ ,lIlld(· 

position are reqllired. Since the gonÎometlÏc meaSUlement of thf! ah<;oÎulf' 

ankle angle 'Jas difficult to aC'hjevp. (due to the location of tllP foot in 
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the rlppi1latu") dwngp<; in the subjects' initial anlde position c0111rl not be 

leliahly Il'coldee!. Moreover, minor changes in body fixation (e.g. the 

pxlf'nt 01 hip abdunion) rni1y have resulted in alterations of ankle position 

and foot f i>:at iOIl cornfoll. This in tlltll may have redllced the reliability 

of l he ·mb·,<,qIlPIl t 1 e'-.u 1 t '-.. 

Thini, il is possible rhat the manipulation of the joint dllring the 

l!xpetilllcntai ptcpiHation (chccking boot fit, subject positloning and ROM 

detelminillion) rnay havE' had il. conditioning (~ffcct on the soft tissues that 

cOllld CIIOJl('O\lC;]Y infJrltC 01 deUate our ROM values on repeated trials 

(Mo 1 1 f'r (' t <lI., 19H:'). 

Fin,dly {UI tlwl !-.tudies aIE' needed ta incl-ease the size of the data 

hase. fllthol/Rh differencec; due ta limb domlnance were not anticipated the 

possible e(fecl cannat b~ totally disrnissed. Subjects representing other 

clge group.s amI activity or occupational levels should also be examined. 

Rxperimental apparatus 

The fibteglass casts used in this study were of sufficient stiffness 

,wd :>tlcllgth. Othet stlldy designs, particularly where parameters sllch as 

diftercnt population age, or occupation might result in the generation of 

/JIl1ch lalgel tOlqUC'C;, may neC'essitatc:' FI stiffPI (',1St. The stiffness of the 

casts u'-.cc\ ill 11mb fixation could be incleat:;ec\ easily by incorporating 

t idge~, o[ fiblCgL1SS mate! laI (lI éllurnil1urI! irnplallt~ ùlang the sole of the 

foot. Il le, also recommclld(-rI th,l! o!lH't IYpes of the adhesive compound 

lIsed 10 attach the aillminum sleeves be tested for the strength of bond. 
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This feasihility r:tlHiy is the first ot m;my <;tPp" in tlw (h'vp]opmrol1l 01 

an asseSSJ'.èllt taol. In the futlJt"e the ankle dC!Uatùl and L\hle ",i 11 h.I\'I' 

ta be r.oclifiecl be(ole ,\ ~;iI11Pdl :-.y,;telll h u"'L'd ill cl l'lillil'.tl ... t'tliIlK. II 

is apparent that the expel im~nl<tl app,II,ltU<, <,lInllld .dlow lOI \'"llIIil1<11 iOIl ,,1 

eithel' ankle and s!tould be lclcltively 1II0I>il('. TI\(, dpsign ... I\O\lld inr!udt, ,III 

improvement in élccessibility, i.e. a Imler tallit' and an implov('d mplhod fOI 

subject stabilization which wO\lld lad Il Lite dupl je,lt ion 01 tl'·,t \lo~,i 1 iOIl. 

An ankle actuatot' \Vith il highel pertolrtl;111Cf' l('vI,1 (<Ir!P'IlIilll' PO"'l' 1 ICl I(HI 

Hz) would irnprove the cstimate of thc..' <;ecnncl oldcl lllode! and 1('~.;o!lItioll III 

the l, B, and K paldmeters. 

Scope of study 

The results tram the casE' study dl'rnnll',ll,lll~d 11t0 pot(>\I! iitl 01 111(, 

assessment pLocedurc but one ~ho\lld télke l<lll' Ilot 10 dldW' 1'1 <.'m<lluI(· 

conclusions from these resldt". lndecd many mOlf' '-,lIbjf..'C't·; with ollltnp('i!t(' 

joint pathology as well as othcl joint ('()lJditioll'> «('.g. 1 !teuIII,ltoid 

arthritis, joint implants) shollld be inv0stigalerl tollo\Jll1f~ Ill!' pn";(' 1 il>('(/ 

paradigm before any decisions dU.! made l(Jg.:11rlill~'. lllt' pal.llllc..'tl'lf, Ih.ll Iw',1 

characterize joint function/dyc.:tllI\{'tiolJ and Il!o<;(' ;01111 lOI1r1itioll'-, 1fIfl',1 

suited to the assessment technique. 
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APPF.NDIX 1 CLINICAL EVALUATION FORH 

IISSESSMI-.NT OF DYNAM IC JI) 1 NT MECIIANICS IN AN ORTHOPEDIC PATIENT POPULATION 

NAME 
flDlJlŒSS 
l'lIflNE 
~;ESS 1 ON 
IIIHTIIDATF 
CI III i ( al Di agllo<; i <i 
!lal(' o{ plohlelll ()n~~et 

M(·tl!oc! of fi ",lI iOIl 

fi E T (;111' 

---- ------
CLINICAL ASSESSMENT 
- -

DATE: 
REFERRTNG PHYSICIAN 

TRF.ATING TIIERAPIST-----
STATUS --------------

-- --- - ----
i.JEIGIIT SEX - - ------------- -- ------ --_. 

Ddte ai lil~t lemoval 
- -- - - -----------

1. LeveJ uf ae t i vi ty ____________________________________ _ 

walking tolelélnce 

wcighl beallng slùtllb (aids) 

ï. ~ of {(Jlmal Rx <;e<;<;ioll" sincE' la<:t experimentlcast removal 

J. PlE'sent level o( pain or discom(orl on walking 

4. Merlication 

~). Any llnu!:>llùl symptorns (swelling, excess pain) 

R L 

6. Ankle ROM -active dorsi 

-active plantaI:" ---------------
--passive dorsi 

rI anl art 1 e:w r s --------------------
H. ('.111 (' i t l'lllll {('I ('11('(' (1.11 g('C, 1 ) 

9.Leg length (Med Til> Plat to Med Mall) --------._-------------
CommelllS 
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APPPNDIX Il 

NEXUS MODUI.ES POI{ DATA ANAI.YS 1 S 

Module Aninit. To initiale ,lIlalysi" p,llal1l('lpu,. 

Module Recall. Ta L"ecalt déltd ,1IId illltLllt' <lll,llysh .li'COI d Ill}: ln 

paradigm. 

Module Loopcooe. To calcuL1tc work value' tOI r,lssive SLIIIC l'al,uligm. 

Molule Sweepir[b. Ta calculatc IRFs dUtillg Passive DYllillllic 1'.11 dd iglll. 

Module Sweepfitb. Ta estimate the values o[ l, Band K lOI l'.l','.JVI' IlVlldl1ll' 

Paradigm. 

Module Lag. 

Module Compare. 

Module LKrange. 

To fit a po!ynomicl1 to Pa .... sivc Dynélll1ic l'al.IIIIJ~1Il cld!.l 

pLior to detctndllf{ pa',itiolJ offset. 

Ta detelmine the pO~,ili()n o(fset of tlll' 1/ jln',illlJlI '\Ilj,· 

To detelllline t1H' po . ..,itioll lclllge whell' 1\ < \Il NIII/I.\d. 
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ij RI1 l\nllut INITIALIZE l\Nl\LYSIS PARAMETERS 

l\t,ISWER = , 'i' 
INPUT 'INITIALIZE ANl\LYSIS PARANETERS ["y"]? ' ,ANSWER 
IF ANSWER <> 'y' THEN GOTO [STARTl 
INPUT 'FILE NAME, IN OUOTES? ' ,FNAME 
INPUT 'FILE STORAGE NAME, IN QUOTES? [FILE.DAN]', DANFILE 
# 
#RECALL SCALE FACTORS, ZERO LEVELS (OFFSETS), AND 
#CALIBRATION IRF 
# 
CASE =J 
INPU1' 'CASE NUMBER FOR SCALE FACTORS [' STR(CASE) , li' ,CASE 
SCL=RCL ( i FNM'IE, CASE, ,1, ! ) 
CASE"'CASEtl 
INPUT 'CASE NUMBER FOR ZERO LEVELS [' STR(CASE) ']?' ,CASE 
ZER=RCL( iFNM1E,CASE,,1,!) 

[r>tuLn 

CASE=CASE+l 
INPUT 'CASE NUNBER FOR CALIBRATION IRF ['_STR(CASE)_' ]?' ,CASE 
CALIRF=RCL(iFNANE,CASE, ,l,!) 
P LG K S ( CA LI RF i ' N' , ' Y' , , N' , ' Y' , ? ) 
CASE=CASE+l 

1 NEXT YOU SHOULD RUN RECALL 
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# RM 
# RECALL VOl-Dl April 27 

# Recall data from FILELB (fname) flle 
# 
# INPUTS: CASE, FNAME, SCL, ZER, CALIRF 

. PURGE: 
SET QUIET ON 
SET LOG OFF 
INPUT 'Filename 1', FNAME 
INPUT 'Case 1', CASE 
# 

EXECUTE "POS" STR(CASE) " = RCL (iFNAME,CASE"l,l"SCL(ll,zn.[ Ill" 
TQR = RCL (;F~AME,CASE,~2,1"SCL[2],ZER[2]) 
EXECUTE "TAI' STR( CASE)" RCL (; FNAME, CASE" 3,1, , SCL! 31, ~r.R[ Il)" 
EXECUTE "GS"-STR( CASE )--" == RCL (; r "ME, CASE, , 4,1, , SeL! iJ l, Zl::HI'lj )" 

# - --

PARADIGM = 'SWP' 
INPUT 'WIIAT PARADIGM ,MVC,SWP,PRB,TOR 1', PARADIGM 
IF (UPCAS(PARADIGM) == 'MVC') 1 (UPCAS(PARADIGM) 'SI.o,JP'); 

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

POS"-STR(CASE)-";'Y' )" 
GOTO [CHOICE) -

[TQCASE] 
EXECUTE "TQI! STR(CASE) Il == TQR" 
# 
# This is a good time ta look at extracts of raw rl~t~ tn 
ft make sure it looks O.K. 
# 
ANSWER= 'y' 
INPUT 'DO YOU WISH ~O LOOK AT DATA [Y] 1', ANSWER 
IF (ANSWER <> 'Y') & (ANSWER <> 'y') ~HEN GOTO [CLEAN UPI 

[CHOICE] 
C= STR(CASE) 
IF (UPCAS(PARADIGM) 'MVC' ) 'l'BEN GO '1'0 [f1VC] 
IF (UPCAS(PARADIGM) , SWP' ) TIIEN GO TO [SWEEP] 
IF (UPCAS(PARADIGM) -- ' PRB' ) 'rHEN GO '1'0 [ SvlEEPPRBS J 
IF (UPCAS(PARADIGM) -- 'TOR' ) 'l'BEN GO '1'0 [TORSWEEP) 
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[MVCl 
EXECUTE "MVCTQ=CDET(ALT(" 'TQ' C "i'D',20,1)i'C',FNAME'i 

f1VC DEC TQ CASE='-C,)" -
EXECUTE "MVCTA=CDET(ALT("-'TA' C "i'D',20,l)i'C',FNAME 'i 

r1 V C DE C TAC A SE = ' -- C, ) " -
EXECUTE "rWCGS=CDET(ALT("-'GS' C n i 'D',20,1)i'C',FNAME_'i 

MVC DEC GS CASE=' , ) " 
PLGKS(MVCTQ,MVCTA,MVCGS;'N' ,?,'N','Y',) 
PAUSE 
EXECUTE "TA=EXT(TA" C "i1500,1000)" 
EX ECU TE" G S = EX T ( G S " --C -" ; 1 5 0 0 , 1 ° 0 0 ) " 
EXECUTE "TQ::::EXT( TQ"--C- II

; 1500,1000)" 
MTQ=MEAN(TQ) 
MTA=MEAN(TA) 
MGS=MEAN(GS) 
CROSS= (MTAj-MGS) 
PRINT "MTQ :::: ", MTQ, " 
PRINT " MGS = ", MGS, " 

GOTO [CLEAN UP] 

[SWEEP] 

MTA = ", MTA 
CROSS = ", CROSS 

EXECUTE "SWPTQ=CDET(ALT(" 'TQ' C ";'D' ,20,1);'C',FNAME '; 
Sv.1p DEC TQ CASE==" C,) Tt - -

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

EXECUTE "SWP1'A=CDET(ALT(" 'TA' C "i'D',20,1)i'C',FNAME'i 
SWP DEC 'l'A CASE=-'- C,) Tt - -

EXECUTE "SWPGS=CD8T(ALT(" -;GS' C "i 'D' ,20,1); 'c' ,FNAME '; 
SWP DEC GS CASE:::: -, C,) Tt - -

PLGKS (SWPPOS SWP'l'Q SWPTA SWPGS· "Nil ") liN Il "y" ) 1 , , , ,-, , , 

PAUSE 
PRINT "Evaluating EMG means 
EXECUTE "t-1TA=MEAN(TA" Cil)" 
EXECU'rE "MGS=MEAN(GS"-C-")" 
PRI N'I' 

" 

PRINT "MTA = ", MTA, " MGS =" MGS 
PAUSE 
GOTO [LOOP] 
EXECUTE 'LENGTH = LEN(TA' C ' l' 
PRI N'l' " Comput ing means of pos i ti on ex tracts. " 
PRINT "This is gaing ta go for ",nint( (lengthjl024) + 0.5),; 

" loops" 
SWEEP = 0 
SWEEP2 -1023 
MEANTA = " 
MEANGS =- " 
Si'i :::: " 
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[START] 
SWEEP = SWEEP + 1 
PRINT SWEEP 
SWEEP2 = SWEEP2 + 1024 
IF SWEEP2 => LENGTH THEN GOTO [STORE] 
EXECUTE 'TA =EXT(TA' C ' ;SWEEP2,1024)' 
MEANTA = MEANTA MEAN(TA) 
EXECUTE 'GS = EXT(GS' C ' ;SWEEP2,1024)' 
MEANGS = MEANGS MEAN(GS) 
GO TO [START] -

[STORE] 
MEANTA = CDET(MEANTA;'C' ,'MEANTA CASE=' C,) 
MEANGS = CDET(MEANGS;'C' ,'MEANGS CASE='~C,) 
STO(MEANTA,MEANGSiDANFILE,'C' ) 

EXECUTE 'STl(EXT(ABS(TQ' C ' );2500" );"Y")' 
EXECUTE 'TNP=POS' C '[DMÏNï' 
EXECUTE "STl(TQ"_C_"; 'Y')" 
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# l'UN TQ, MAX TQ, TOTP.L PASSIVE TQ, TRUE NEURAL POSITION 
SET PRECISION 2 
PRINT "MAX PLANTAR TQ= ", MIN, " 
PRINT "TOTAL PASSIVE TORQUE =" RANGE," 
SET PRECISION 5 
PAUSE 

EXECUTE "STl(POS" C ";'Y')" 
# MIN POS, MAX POS,-TESTED ROM 

MAX DORSI TQ "; MJ\X 
TNP", Il '{'NP 

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

PLGKS ( SWPTQ, SWPPOS; , X' , , N' , ? , , N' , , Y' , ) 

run loopcode. 
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[SWEEPPRBS] 
EXECU'I'E I1pLGKS(ALT(POS Ii C l1 i 'D',lO,l),ALT(TQ" C "i'D',10,1); 

'N' ? 'N' 'y' )" - - -, . , , , 
EXECUTE "LENGTH = LEN(POS" C ")" 
PRINT IIWatch out! Expectinij", nint(length/1024 + 0.5),; 

" loops" 
RUN [RITA.MOD]SWEEPIRF. 
RUN [RITA.MOD)SWEEPIRFB. 
MEANP 7 CDET (MEANP;'C',fname ' MEANP PRB CASE=' C" 
MEANT = cnET (MEANT;'C',fname ' MEANT PRB CASE='-C,) 
VAFTOT CDET (VAFTOT;'C' ,FNAME ' VAF':(OT PRB CASE=' C,) 
MTATOT ~ CDET (MTATOT;'C' ,FNAME-' MTATOT PRB CASE='-C,) 
MGSTO'l' =0 CDE'J' (MGSTOTi'C' .FNAME-' MGS'rOT PRB CASE='=:C" 
set quiet off 
STO(MEANP,MEANT,VAFTOT,MTATOT,MGSTOT;DANFILE,'A' ) 
set qUIet on 
PLGKS(MEANP,MEANT,VAFTOTi 'M', 'Y', 'N', 'y', 'n', 'y',) 
.pIt plot.tf:k 
PLGKS(MTATOT,MGSTOTi 'M', 'Y', 'N', 'y', 'N', 'Y',' 
.pJt pIal.tek 
sw==dom(meanp) 
set error off 
.DEL TITLE.DATi* 
.DEL CHART.DATi* 
set error on 

prlnt @chart 'Filename: FNAME, Case = CASE, PRB' 
PRINT @CHART ' 
PRINT @TITLE' SWEEP MEANP MEANT VAFTOT MTATOTi 

MGSTOT' 
PRT(SW,MEANP,MEANT,VAFTOT,MTATOT,MGSTOT;'dat.txt','6g10.3') 
.APPEND TITLE.DAT,DAT.TXT CHART.DAT 
.PRINT CHART.DAT 
PAUSE 
.DEL TITLE.DAT;* 
.DEL DAT.TXTi* 
.DEL CHART.DATi* 

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

RUN [RITA.MOD]SWEEPFIT. 
RUN [RITA.MOD]SWEEPFITB. 
KTOT=CDET(KTOT;fC' ,FNAME ' KTOT PRB',) 
SET QUIET OFF 
PLGKS ( RTOT i ' A' , , Y' , , f-1' , , Y' , , N' ) 
PAUSE 
PLGKS ( KTOT, MEANP ; , H' , , Y' , , X' , , A' , , Y' , , N' ) 
PAUSE 
PLGKS ( KTOT, MEANT; , M' , ' Y' , , X' , , A', ' Y', , N') 
PAUSE 
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SET QUIET ON 
SET ERROR OFF 
.DEL TITLE.DATi* 
.DEL CHART.DAT;* 
SET ERROR ON 
PRINT @CHART 'FILENAME: " FNAME, , 
PRINT @CHART ' 
DUMMY = 'SWEEP 
DUMMY = DUMMY , 
PRINT @TITLF. DUMMY 
sw=dom(meant) 

GAIN 
KTOT 

FREQ 
ITOT 
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CASE = " CASE, , PRB' 

DAMPTOT' 
BTOT VAHTOT' 

PRT (SW,GAINTOT,FREQTOT,DAMPTOT,KTOT,ITOT,BTOT,VAIITOTi'DAT i 
. TX'l" , ! ) 

.APPEND TITLE.DAT,DAT.TXT CHART.DAT 

.PRINT CHART.DAT 
PAUSE 
.DEL TITLE.DATi* 
. DEL DAT. 'rX'l'; * 
.DEL CHART.DAT;* 
.DEL DUMMY.NXCi* 
STO(GAINTOT,FREQTOT,DAMPTOT,KTOT,ITOT,BTOT,VAHTOT;DANFILE,'A') 
GOTO [CLEAN UF) 

[TORSWEEP] 
EXECUTE "TORTQ=CDET(ALT(" 'TQ' C "j'D' ,10,1)i'C',FNAME ' 
DEC TQ TOR CASE=' C,)" 
SET QUIET OFF 
PLGKS ( TORTQ; , A' , , Y' , , N' ) 
PAUSE 
SET QUIET ON 
EXECUTE "TORTA=CDET(ALT(" 'TA' C "i'D' ,10,1);'C' ,FNAME ' DEC; 

TA TOR CASE=' C,)" 
EXECUTE "TORGS=CDET(ALT(" 'GS' C ";'D' ,10,1)i'C' ,FNAME ' DECi 

GS TOR CASE=' c,T" -
PLGKS(TORTA,TORGSi'N' ,?,'N', 'Y',) 
PAUSE 
execute 'length = len(pos' c ')' 
print "You are about to ru~ ~WEEPIRF, expect ",nint; 

(lengthjl024 + 0.5)," loops" 
RUN [RITA.MOD]SWEEPIRF. 
MEANT = CDET (MEANTi'C' ,fname ' MEANT TOR CASE=' C,) 
VAFTOT = CD ET (VAFTOT;' C' , FNAME ' VAFTOT TOR CASE=' C,) 
PLGKS(MEANT,VAFTOTi'M', 'y' ,'N' ,i,'N', 'Y',) 
PAUSE 
MTATOT = CD ET (MTATOTi'C',FNAME ' MTATOT TOR CASE=' C,) 
MGSTOT = CDET (MGSTOTi'C' ,FNAME.' MGSTOT TOR CASE=' C,) 
PLGKS(MTATOT,MGSTOT;'M', 'Y', 'N' ,~,'N', 'Y',) 
PAUSE 
set error off 
.DEL TITLE.DATi* 
.DEL CHART.DATi* 
set error on 
pause 
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[Hint @chart 'Filename: FNAME, Case = CASE,' TOR' 
PRI NT €lCHART ' , 
PRINT @TITLE' SWEEP MEANP MEANT VAFTOT 

MTATOT rilGSTOT' 
PRT (SW, MEANP, r1El\NT, VAFTOT, MTATOT, MGSTOT i ' dat. txt' , , 6g10. 3' ) 
.l\PPEND TITLE.DAT,DAT.TXT CHART.DAT 
. PRHlT CHART. DAT 
PAUSE 
.DEL 'l'ITLE.DA'l'i* 
.DEL DAT.TXTi* 
.DEL CHART.DAT;* 
STO(MEANP,MEANT,VAFTOT,MTATOT,MGSTOTiDANFILE,'A' ) 
PRINT Il ABOUT '1'0 RUN SWEEPFIT, 50 LOOPS" 
RUN [RITA.MOD]SWEEPFIT. 
KTOT=CDET(KTOTi'C' ,FNAME_' KTOT TOR CASE=' C,) 
SET QUIET OFF 
PLGRS(KTOT,VAHTOTi'M' ,'Y', 'A' ,'Y' ,'N') 
PAUSE 
PLGKS( KTOT,MiANTi 'X', 'M', 'Y', 'A', 'Y', 'N') 
PAUSE 
SE'!' QUIET ON 
SET ERROR OFF 
.DEL TI'rLE.DATi* 
.DEL CHART.DATi* 
SET ERROR ON 
PRINT @CHART 'FILENAME: " FNAME, CASE = " CASE, , TOR' 
PRI NT @CHAR'I' , , 
DUMMY = 'SNEEP 
DUMMY = DUMMY , 
PRINT @TITLE BUMMY 

GAIN 
RTOT 

FREQ 
ITOT 

DAMPTOT' 
BTOT VAHTOT' 

PRT (SW,GAINTOT,FREQTOT,DAMPTOT,KTOT,ITOT,BTOT,VAHTOTi'DAT i 
. TXT' , ! ) 

.APPEND TITLE.DAT,DAT.TXT CHART.DAT 

.PRINT CHART.DAT 
PAUSE 
.DEL TITLE.DAT;* 
.DEL DAT.Tx'r;* 
.DEL CHART.DAT;* 
.DEL DUMMY.NXC;* 
STO(GAIN'l'OT,FREQTOT,DAMPTOT,KTOT,ITOT,STOT,VAHTOTiDANFILE,'A') 

[CLEAN UP] 
PRINT "Cleaning up ... 11 

set error off 
set error on 
.purge 
set log on 
set quiet off 
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1 Rita M Loopcode a module ta calculate loop area 
# of the passive Tq-pos curve 
# Index ta find out what case numbers 1 need for swp 

run [rita.mod]index. 

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

run [rita.mod]aninit. 

INPUT 'Case ?', CASE 
EXECUTE "POS" STR(CASE) " = RCL (iFNAME,CASE"l,l, ,SCLll]; 

,ZER[I])" 
TQR = RCL (;FNAME,CASE"2,1,,SCL[2],ZER[2]) 
EXECUTE "TA" STR(CASE) " = RCL (;FNAME,CASE, ,3,1, ,SCL(3); 

,ZERT3])" 
EXECUTE "GS" STR(CASE) " = RCL (;FNAME,CASE"4,1,,SCLl4]; 

,ZERT4])" 

execute "pos=pos" str(case) 

vel=dif (pas) 
pow=vel*tqr 
work=int(pow) 
start(work) 
loop= work[end(work) ]-work[start(work)] 
print " The loop area for ",fname," is ",loop 
.purge 
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# RM Module SWEEPIRFB: 
# Input details 

To calculate IRFs during ankle sweep. 

VAFTOT = " 
CONSET (;'SEGLEN',1024) 
# INPUT "Case? ", CASE 
C = S'l'R(CASE) 
EXECUTE 'LENGTH = LEN(POS' C ')' 
CONSET (;'SWEEP' ,0) 
CONSET(; 'SWEEP2' ,-1023) 
MEANP = " 
MEANT = " 
MTATOT= " 
MGSTOT= " 
TPIRFB = " 
SW = " 
(STAR'1'] 
CONSET( ;'SWEEP', SWEEP + 1) 
PRINT SWEEP 
S = STR(SWEEP) 
CONSET( ;'SWEEP2' ,SWEEP2 + SEGLEN) 
IF SWEEP2 => LENGTH THEN GOTO (STORE] 
EXECUTE 'POS = EXT(POS' C ' ;SWEEP2,SEGLEN)' 
MEANP = MEANP MEAN(POS) 
POS = POS - SLOPE(POS)*OOM(POS) 
EXECUTE 'TQ = EXT(TQ' C ' ;SWEEP2,SEGLEN)' 
MEANT = MEANT MEAN(TQT -
TQ = TQ - SLO~E(TQ)*DOM(TQ) 
EXECUTE 'TA=EXT(TA' C ' ;SWEEP2,SEGLEN)' 
EXECUTE 'GS=EXT(GS'-C-' ;SWEEP2,SEGLEN)' 
MTA=MEAN(TA) 
MGS=MEAN(GS) 
MTATOT=MTATOT MTA 
MGSTOT=MGSTOT MGS 
IRF = FIL(TQ,POS;201,"yll) 
VAFTOT=VAFTOT VAF 
TPIRF= -EXT(SMO(IRF;2);100,100) 
TPIRFB=TPIRFB TPIRF 
SW=SW SWEEP 

GO TO [START] 
(STORE] 
# 
# This would be a good time to plgks MEANP,MEANT,VAFTOT to look 
# problems 
MEANP=CDET(MEANP;'C', 'MEANP CASE=' Ct) 
MEANT=COET(MEANT;'C', 'MEANT CASE='- C,) 
VAFTOT=COET(VAFTOT;'C', 'VAFTOT CAsi=' C,) 
LENSWEEP = LEN(MEANP) 

# Return to recall module 



1 

1 

l 
! 

Page 103 

# RM March 88 
# Module SWEEPFITb: Ta calculate IRFs fits during ankle swvcp. 

# Input details 

# INPUT "Case? ", CASE 
C == STR(CASE) 
CONSET( i'SWEEP', 0 ) 
CONSET( i'IRFLEN' ,100) 
CONASK(;'IRFLEN','Length of IRF',l,lOOO,?) 
VAHTOT == " 
GAINTOT ' , 
FREQTOT == " 
DAMPTOT == " 
KTOT = " 
BTOT == ' , 
ITOT = ' , 
SW ' , 
Pl .01 
p2 100 
p3 .5 

TPFIT == FIRF2(TPIRFBiIRFLEN,Pl,P2,P3) 
KTOT = ABS(l/Pl) 
ITOT = (ABS(1/Pl)/(P2~2)) 
BTOT == (2*P3*ABS(1/Pl)/P2) 
VAHTO'I' = VAF 
GAINTOT=pl 
FREQTOT == p2 
DAMPTOT=p3 

GAINTOT=CDET(GAINTOT;'C', FNAME 'GAINTOT CASE==' C,) 
FREQTOT~CDET(FREQTOT;'C', FNAME 'FREQTOT CASE='-C,) 
DAMPTOT=CDET(DAMPTOT;'C', FNAME 'DAMPTOT CASE='-C,) 
KTOT=CDET(KTOT;'C', FNAME 'KTOT CASE=' C,) 
ITOT==CDET(ITOT;'C', FNAME 'ITOT CASE~'-C,) 
BTOT=CDET(BTOTi'C', FNAME-'BTOT CASE~' C,) 
VAH~OT=CDET(VAHTOT;'C', FNAME 'VAHTOT CASE=' C,) 
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# RM module lag - Ta determine offset between two K-position 
# CUlves 

INPUT 'SUBJECT code' ,CODE 
set quiet on 

fnamel=code 'l.dan' 
tname2=r.ode '2.dan' 
ex(>cutp , p' - code' 1 =rcl (; fname1,!)' 
execute 'p' code- 'l=ext(p'_code 'l;2,len(p' code '1)-2)' 

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

CXPCùtc 'p' code '2 =rcl(;fname2,!)' 
cxecuLe 'p' code~-'2=ext(p'_code '2;2,len(p' code '2)-2)' 

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

execute ' kl=k' code ' l' 
execute 'k2=k'-code-'2' 

execute 'posl=p' code '1' 
execute 'pos2=t?' -code- '2' 

K .: KI K2 
( r p 5 ta -r t ) 

offmin=-.4 
offmax=l.O 
offincr=.Ol 

fi CONASK(; 'OFFMIN', 'Minimum offset' ,-1.,1.,,) 
# CONASK( ;'OFFMAX' ,'Maximum offset' ,OrFMIN,l.,,) 
# CONASK( ;'OFFINCR','Off~et increment',-l.,l.,?) 
CONSET( ;'OFFSET',OF~MIN) 
XOFF= 
XVAF= 
[LOOP] 
p=POSl (POS2-0FFSET) 
F=POLYFIT(P,K;lO,lO) 
XOFF=XOFF OFFSET 
XVl\F-=XVl\F VAF 
CONSET( ;'6FFSET',OFFSET+OFFINCR) 
IF (OFFSET < OFFMAX) THEN GOTO [LOOP) 
STl(XVAF) 
CONSET( ;'OFFSET' ,XOFF[DMAX1) 
run [rlta.mod)compate. 
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# RM COMPARE A module that compares two K-Positinn CUI\'t'!; 

# by fitting a polynomial then detelmining the posltion ,)ft',l't 
# Inputs POS1,K1 
# POS2,K2 
# OFFSET 

CONASK(; 'OFFSET', 'Offset' ,-1.,1.,,) 
P2 = POS2-0FFSET 
Fl= polyfit (posl,kl;lO,lO) 
f2=polyfit (p2,k2;10,lO) 
# 
CONSET( ;'XMIN' ,MAX(MIN(POS1) MIN(P2))) 
CONSET( ;'XMAX' ,MIN(MAX(POS1)-MAX(P2))) 
ttCONASK(i'XMIN','Minimum X '~-2.,2.,,) 
#CONASK( ;'XMAX', 'MaximumX',XMIN,2,,) 
X = (ramp(i101)-1)*(XMAX-XMIN)/lOO 
X = X + XMIN 
KPl=polyval(f1,xi M1N (POS1),MAX(POS1) ) 
KP2=polyval(f2,xi M1N (P2),MAX(P2)) 
PLGKS (kpl,x,kp2,Xi'X', 's',) 
set quiet off 
F=MREG(kp1,kp 2 i) 

# INPUT 'store ?',ANSWER 
# IF (UPCAS(ANSWER)=='Y') THEN GOTO [STORE] 

EXECUTE 'pp' CODE '1=kp1' 
EXECUTE 'pp' CODE '2=KP2' 
EXECUTE 'LAGT COD~ '=OFFSET' 
print " the code 15 ", code 
print " lag = ",offset 
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# RM Lkrange A module that determines a low stiffnes 
# posItion range 

# Extracting the posItion range that is <= 30 Nm after the 
ft offset 15 removed. 
ft The prcrllcted polynomial with actual ROM corrected for 

INPUT 'What IR the fout letter subject code (in quotes)',CODE 
INPUT 'What 1G tne two letter code, initiaIs (in quotes)',CODEB 
INPUT 'WHl\T r.-11\S LAG?', LAG 

FNl\MEl=COD~ '1.DAN' 
FNAME2=CODE '2.DAN' 
# RECALLING POS CHANNELS, CORRECTING THEM AND EXPANDING 
Il THEr'l '1'0 1001 PNTS 
EXECUTE 'POS' CODEB 'l=RCL( ;FNAME1,!)' 
EXECUTE 'POS' CODEB 'l=EXT(POS' CODEB_'1;2,L~N(POS' CODEB '1) 

- -2) , 

EXECUTE 'P' CODEB '2=RCL( ;FNAME2,!)' 
EXECUTE 'P' CODES '2=EXT(P' CODES '2;2,LEN(P' CODEB '2)-2)' 
EXECUTE 'POS' COD~B '2=p' CÔDEB '~-LAG' 

- --

EXECUTE ' ST1 (POS' CODES ' 1; "Y") , 
P1=(Rl\MPI ;1001)-lT/1000--­
P1=pl*RANGE+MIN 

EXECUTE ' ST1 (paS' CODES ' 2; "y" ) , 
P2=(RAMP( ;1001)-1)/1000 
P2=p2*RANGE+flIN 
EXECUTE 'PPOS' CODES '1=P1 
EXECUTE ' PPOS' CODES-' 2=P2 

ft DETERMINING THE K OFFSET AS THE MINIMUM OF THE PREDICTED K 
EXECUTE 'STl(APP' CODE '1)' 
MIN1~MIN --
EXECUTE 'OFF' CODE 'l=APP' CODE 'l-MIN' -- --

EXECUTE 'ST1(APP' CODE '2)' 
MIN2=MIN --
EXECUTE 'PRINT "THE MINIMUM OF APP' CODE 'lIS ", MINl' 
EXECUTE 'PRINT "THE ~lINIMUH OF APP'-CODE '2 IS ",MIN2' 
EXECUTE 'OFF' CODE '2=APP' CODE '2-MIN' 
PAUSE 

EXECUTE 'CX'_CODE __ 'l=CEXT«(OFF' CODE'l <= 30),Pl)' 
EXECUTE 'CX' CODE '2=CEXT( (OFF' CODE -'2 <= 30) ,P2)' 
EXECUTE 'ST1[CX' ~ODE '1) 
EXECUTE 'LSb' CODE 'I=RANGE 
pause 

EXECUTE 'STl(CX' CODE '2) 
EXECUTE 'LSb' C05E '2~RANGE 
EXECUTE 'PRINT "LSb' CODE 'lIS " 
EXECUTE 'PRINT "LSb'-CODE-'2 IS = " 

Lsb' CODE '1' 
LSb'-CODE-'2' 
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