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ABSTRACT 

The purpose of 1he pn~sent study was to Identify the musck' and "IIH.:matlc 

pararneters assocmted wlth the emergencc of a ski lied organi/,atlOn ot landlllg from a 

jump in boys Î years te 13 years of agI.' Jump" \Vere \'ideotapl'd (hOlI,) III tlll' nght 

sagittal plane. The digilized coordlnates of "ix landmad"s wen' IISl'd to calculate tlll' 

angular position, velueity, and accell'ratlOn paramcters for thl.' hlp. kTll't.'. and an"lc 

joints. Surface EMG signaIs were rl'cordcd for SIX muscles (Tlhlahs Anlt.'llol, Lateral 

Gastro.cnemius, Soleus, Vastus Lateralis, Rectus Fcmons, Blccp~ h~llloris) to obtain thl' 

pattern of muscle onsets m anticipation for landing and the modulatIon ot tlll' musc\!.' 

activity during the impact phase. 

Subjects could he c1assified into three distinct groups hascd on the pattern of 

muscle onsets: the Proxirr.al-distal group IPDS) , the Transitional group (TS), and thl' 

Adult group (AS) The classificatIOn retlected a progression trom a proxunal-distal (PI>S) 

to a distal-proximal (AS) orgal1lzation of bndmg. At the museular Il'vel, the progression 

was associated wlth: 1) an increased contribution of the ankle to the antlclpatory control 

of landing; and 2) the modulatton of muscle activity to rl'duCt: the Impact ground n.'actlon 

forces. The strongest kinem?tic correlates were assoclatl'd wlth the increascd ahllity 1) 

to manage and orgamze motion-dependcnt torques; 2) to cntlcally modulate the joint 

position in anticipation of landing; and 3) to utiliœ anticipatory mu~c1e acllvlty rathl'r 

than biomechanical joint Iimits to manage the impact ground reaction forces . 
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ABRÉGÉ 

L'objectif de l'étude est l'identifIcation de l'organisation des paramètres d'activité 

musculaire et de controle kinématique a~~oclés au dévelopement d'une stratégIe optimale 

lors de l'attén~~age d'un ~aut chez les garçons de sept à treize ans. Les mouvements du 

plan sagittal drOIt fUH'nt enregl'itrés sur vidéocassette et numénsés à une fréquence de 

60Hz, Ll':-' coordonilées de SIX marques anatomiques furent uttlisées pour calculer les 

posItIons, vélocItés et accélérations angulaires de la hanche, du genou et de la cheville. 

Le signal électromyographique de six muscles de la jambe droite (Jambier Anteriure, 

Jumeau Latéral, Soléaire, Vaste Externe, DrOIt Anténeur, Bic~ps) fut analysé pour 

obtemr le patron d'activation anticipatOire ainsi que la modulation de l'activité musculaire 

lors de l'attérissage . 

Les sujets sont classifiés en trois groupes selon le patron d'activation anticipatoire: 

le groupe Proximo-distal (PDS), le groupe Transitionel (TS) et le groupe Adulte (AS). 

La classification mdique une progression du contrôle d'une stratégie proximo-distale à 

une stratégie disto-proximale lors de l'atterissage. Au niveau musculaire, cette 

progression est associée aux points suivants: 1) une augmentation de la contribution de 

la cheville à )' organisation anticipatoire; et 2) une modulation de l'activité musculaire au 

moment de J'impact pour atténuer les forces réactives. Au niveau de la kinématique du 

mouvement, la progession est assocIée à' 1) une habIlité d'organiser les forces passives 

du mouvement; 2) une modulation des poSItions angulaires en anticipation de l'impact; 

3) J'utilisation d'actIvités musculaires anticipatoires au lieu des limites bioméchaniques 

articulaires pour contrôler les forces réactives de l'atterissage . 
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CHAPT~R ONE: INTRODUCTION 

1.1 Overview of the Area. 

1 

The organization of the motor system is designed to maximize the flexibility of 

mavement strategies, allowing a wide variety of complex movements within the cantext 

of a dynamic environment. This flexibility (or variability) is afforded by the principle of 

mator equivalence whereby the movement profile for an invariant motor end-goal can he 

subservcd by different sets of segmental angles. In turn, these joint angle positions can 

he controlled by different comhinations of muscles and different profiles of activation, 

force and stiffness (Evarts et al., 1984; Cole and Abbs, 1986; Lacquiniti and Soechting, 

1982; Marteniuk, 1990; Pedotti et al., 1978). Variability is therefore considered to he 

an integral component of the movement organization and is important for avoiding joint 

limits and eliminating internaI singularities during the movement execution (Hollerbach 

and Atkinson, 1985). The motor system appears to naturally simplify this organizational 

variability by using consistent and predictable patterns of muscle activation when 

possible. These simplifying strategies are based on heuristic hehaviours which, 

theoretically, limit the infinite number of degrees of freedom through the control of 

neuromuscular properties. Furthermore, the predictable and stable motor outcome of 

these strategies can he easily modified to meet a fini te set of environmental constraints 

(Green, 1969; Turvey, 1977; Nashner and Woollacott, 1979; Nashner et aL, 1982; 

Nashner and McCollum, 1985; Bernstein, 1967; Gibson, 1966; Kugler, Kelso and 

Turvey, 1980; Kelso, 1982; Gottlieb, 1990) . 
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An effective motor strategy must be adaptive to both intcrnal hiomcl'hanical 

constraints as weIl as to external constraints imposed by the cnvironrncnt in which the 

movement is perfonned. The internaI constraints primarily anse from the passive forCl's 

at the musculoskeletallevel induced by the movement of the linked segments, and includc 

inertial, centripetal, and coriolis forces (Bernstein, 1967; Thelen, 1990, and 1991, 

Hollerbach and Flash, 1982; HoIlerbach and Atkeson, 1987). The primary external 

constraints to he addressed are gravitational forces, the contact forces \Vith support 

surfaces, and the available sensory information (Nashner and McCollum, 19R5; 

Stoffregen and Riccio, 1988>' The mutuality between the indivldual's motor strategy and 

the environment requires that the motor control parameters bc spccif Icd ln rcal timc 

• across an environment-based coordinate system, thercby fulfilling the irnplicit goal of ail 

movement, "to get to the right place at the right time" (Kelso, 1982) 1t has been 

suggested that the control of spatio-temporal errors required to meet this movemcnt goal 

may he based on a series of sensorimotor transformations, or parallel mappings, of 

extrinsic cartesian coordinates onto intrinsic body space coordinates. Such parallel 

mappings would he evolved at the different levels of the movement specification. 

including muscle, joint, and endpoint levels (Bernstein, 1967; Begati. Gaglio, Morasso, 

Tagliaso, and Zaccaria, 1980; Soechting and Flanders, 1989a,b). 

1.2 Nature and Scope of the Problem. 

The development of a movement skill unfolds during the childhood years through 

• trial and error, and involves the graduaI modification of a gcneral mator bchaviar to a 
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more specifie motor behavior dictated by the spatio-temporal constraints of the movement 

goal (1nelcn, 1991). The changes in the movement profile during the period of skill 

acquisition for a specifie motor task allows a natural window of observation into the 

modifications in the motor organization associated with the emerging spatio-temporal 

accuracy of the motor behaviour. 

Traditionally, performance on standardized scales of motor development, such as 

the Bruininks-Oseretsky Test of Motor Proficiency, are used as an index of a child's 

motor capacity. However. the se tests are based on deterministic scales of success or 

failurc for a specifie motor task. and do not address the evolution and quality of the 

movement pattern as coordination increases (Robertson and Halverson, 1977). 

Consequently, rcsults from these tests may not he useful in elucidating the organizational 

principles involved in the acquisition of movement skill. Furthermore, as the motor 

assessment is based on a deterministic evaluation, c1inical intervention also tends toward 

similar determinism with emphasis heing placed on achieving a 'normal motor goal'. 

Treatment approaches such as the Neurodevelopmental Treatment (NDT) focus on 

facilitating the child through the motor milestones. However, such approaches fail to 

address a fundamental pre-requisite for motor control, that is that the state of the 

sensorimotor system must allow the use of such information in elaborating effective 

motor strategies Thus. it wou Id he important to first evaluate the range of responses that 

are available to a child and subsequently to facilitate problem-solving strategies within 

this particular framework. Problem-solving refers to the strategies that the child may use 

to reconcile internaI and external constraints to produce the sequence of joint and 
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associated muscle torques required to produce an effective evolution of limb positions. 

It has been suggested that a predictive model of motor control is implcmcntcd 

gradually, beginning at around six years of age (Zanone ct al.. 1 l)l)()). thl'rc hy 

paralleling the emergence of sensorimotor abil ities bctwecn 7 to 10 ycars of agl' 

(Forssberg and Nashner, 1982; Ottenbacher. 1983; Ornitz, 1983; Black ct al.. 1983; 

Woollacott, 1987). The implementation of this predictivt:· ability may dcpcnd on a 

sequential, irregular, and perhaps mutually interactive calibration hetween the visual, 

vestibular and proprioceptive loops (Assiante et al., 1988; Forssberg and Nashncr. 1(82). 

During this implementation perio<l, responses were observed to he slowcr and more 

variable. This movement variability may arise from a variety of factors: 1) a frcqucnt 

shift from one sensory input to another as the child l{!ams to adapt movement :,trategil's 

to changing contextual conditions (Shumway-Cook and Woollacott, 1986); 2) the child's 

exploration of available workspace; and 3) the l'valuation of tht' stability of the dtffercnt 

strategies at the limits of this worksp.ace (Nashner .md McCollum. 1(85) The present 

study addresses the changes in the movement profiles for landing from a jump in boys 

7 to 13 years of age, a time period when sensorimotor integ,ration is judged to be 

functional and the adult pattern of rnovement is emcrging. Recent motor control rescarch 

supports the idea that coordinated movement patterns reflect the summcd sequence of 

goal directed phases within the movemcnt (Fcldman, 1966 and 1980; Robertson and 

Winter, 1980). The resultant anguiar motions depend on the net muscle activity across 

the joints, the mechanical interactions between segments, as weil as the external loaas 

applied to the system (Thel en , 1991; Bizzi and Abend, 1983). Thes(~ are the aspects of 
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motor control that a child is attempting to solve during the childhood years. 

To address the emerging capacity of children to manage and organize the passive 

and active forces into meaningful movement strategies, the task of landing from a jump 

was selected. The present ~tudy focused on the emerging organization of the anticipatory 

control of landmg. Antlclpatory activity is initiated during flight in direct relation to the 

cxpcctcd ar.lplitude of impact ground reaction forces. Thus, the analysis focused on the 

organization of the lower limb movement during the flight phase of the jump. During the 

flight phase, the lower extremity can he modelled as an open kinematic system as there 

is no contact wlth external surbces. Therefore, only inertial and gravitational forces must 

he addrcsscd in the rnovemenl or~dnizat!on As the jurnp conditions were unchanged 

across ail trials, il is assumed that the kinematic profile during flight is a reflection of 

the individual's problem-solving strategy. The goal of the problem-solving strategy is to 

anticipate the impact ground reaction forces and to generate an appropriate configuration 

of joint and muscle propertles to effectively absorb these forces in order to prevent injury 

and maintam stabil ity. Consequently, the properties of the kinematic profile du ring flight 

would reflect the changes in the control parameters associated with the development of 

motor skill, and may he of value in understanding why sorne children emerge from this 

dcvelopmental period as ski lied individuals while others remain 'clumsy'. The adjective 

'clumsy' IS often used in reference to children demonstrating soft signs of motor 

abnonnallty that are generally attributable to integration difficulties (Johnson et al.. 

1(51). In the present study, it is proposed that variability profiles of joint positions and 

muscle activation patterns for the lower extremity may serve as sensitive indexes for the 
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evolution of the landing skill. Postlanding kinematic parameters were uSl'd to evaluilh.' 

the success of the different joint org.anization patterns in managing and adapting to the 

ground reaction forces. 

1.3 Statement of the Problem. 

The purpose of the present study was to estab1ish a classificatIon scheme of the 

modifications in the muscle' and joint parameters associatcd wlth inl'reasing skill in tlll' 

perfonnance of landing from a jump in boys 7 to 13 years of age The lise of tht.' 

variaDility profile for joint position as a basic inde:\ of the levcl of motor Pl'! formance 

was investigated (McKinley and Pelland. 1993; Pelland and McKinley. 19(1) and its 

relation to differences m the patterns of muscle activation and jOHlt ('()OnJlIlatlon 

strategies. The variability profile partitions the fltght phase of the jump mto distinct 

epochs defined either by high r::ollsistency in joint position across tnals or convcr~ely by 

high variability in joint position. Consequently, sklll development IS indcxcd as a change 

in the modulation profile of the jomt position variability . 
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1.4 Objectives of the Study. 

The general objective of this study was to define the parameters of dlotor 

performance which are sensit'lve to devf!1opmental effects and thus may be indicativl~ of 

the problem-solving strategies available during the developmental period of 7 to 13 years 

of age. for landing from a jump-down This analysis was restricted tf') the analysis of 

muscle activation patterns and the corresponding kinematic movement profiles. The 

kinetic domain of the movement were not addressed in the present study. 

The following objectives were addressed in this study: 

1) To define the emergenl EMG and kine'matic strategies involved in controlling landing 

from a jump in boys 7 to 13 years of age. 

2) To c1assi fy the control parameters which are associated with the emergence of a 

skillfullanding pattern. 

3) To formulate a probable framework of the optimal control parameters du ring the 

different stages of skill acquisition . 
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1.5 Rationale. 

The present study attempts to develop a classification of the qualitativc changes 

in the organization of the landmg pattern associated with motor dc"cloprncnt This may 

provide an insight into the fundamental organizational difficulties wtllch 'dumsy' chtldn'n 

may he experiencing. To date, much effort has been concentrated on the description nI 

the motor hehaviour of normal and clumsy children with little attempt at rncrging thesc 

observations into a framework of motor control which would inc\udc predictive 

behaviour. Yet, a c1umsy behaviour mherently suggests difficulty \J1 prcd\(~ting tlw 

environmental consequences of a given motor strategy Rehahihtation aims at optllnlZlng 

functional movement strategie~' to meet the requiremcnts of daily Itving. This chal1cng(~ 

is most evident in the pediatrie population in which growth spurts forcc the child 10 

continually update both internaI and externat references. Anatysis of the ~tructurc of the 

movement profile during these periods of transition may cnhancc our understandmg of 

the capacity ot the motor system to successfully approach novel and unpredictahle 

contexts, as weil as revealing problem solving strategies which may timlt the cmergencc 

of a predictive mode of motor control. 
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CHAPTER TWO: LITERA TURE REVIEW 

Three separate research areas are addressed in this literature review. The first 

section focuses on the control of landing from a jump and includes the following topics: 

1) the pattern of muscle activity in anticipation of landing as well as the multkl't\~rent 

origin and timing of this feedforward activity; 2) the joint angle configuration and range 

of motion profiles which function, together with the muscle activation patterns, as a 

biological damping unit; and 3) the biomechanical significance of these joint and muscle 

patterns in terms of the joint complex stiffness profiles which optimize the absorption of 

reactive forces at impact. The second section reviews the joint and muscle organizational 

principles which have been associated with a skilled execution of the landing task . 

Finally, the third section addresses the developmental issues associated with motor 

leaming and the transition from a proximal-distal to a distal-proximal control of 

movement. These topics are discussed in Iight of the emergence of a predictive model 

of motor control which generates the smooth velocity profiles characteristic of adult 

movement. The contribution of feedback and feedforward mechanisms to movement 

organization and the possible role of the vestibular system as a stable reference for the 

development of effective sensorimotor strategies are also discussed. 

2.1 Anticipatory Muscle Activity for Landing. 

Early research on the anticipatory muscular control of landing focused on the 

electromyographic activity (EMG) evoked during unexpected free-falls in humans 
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(Melvill-Jones and Watt, 1971). Two bursts of EMG activity were identitïed during the 

free-fall. The first burst of activity was timed to the initiation of the frec-fatl and \Vas 

identified as a non-specifie otolith-mediated startle reflex triggl'red by the transicnt tinear 

acceleration at the time of release. The absence of this feedforward rent.'x aeti\'ity in self­

released falls negates its involvement as an actively planned compone nt of the landing 

muscle strategy (Vidal et al., 1979). The second burst of aClIvity was speciflc to tht.' 

voluntary control of landing and was restricted to the lower extremity muscles dtn.'ctly 

involved in landing. The timing of the peak amplitude of this second burst of actlvity was 

set to time-to-contact, independent of the free-fall height. The timllîg rcfl'renct.' suggests 

a feedforward organization of the anticipatory activity during the desccnding phase of 

flight (Greenwood and Hopkins 1976; Lee and Lishman, 1982; McKinley el al , 19H3; 

Lee and Reddish, 1981; Lacquiniti and Maioli, 1987). Consistent anticipatory muscle 

activation patterns referenced to the time-to-contact were also reported III humans landing 

from jumps of various heights (Sidaway, 1989), from forward falls onto the hands (Dietz 

and Noth, ] 981), from a downward step (Craik et al., 1982; Frecdman et al.. 1976; 

Melvill-Jones and Watt, 1971 a), as weil as in monkeys landing from leaps (Dyhre­

Poulsen et al., 1980). 

2.1.2 Timing of the Anticipatory Activity: 

Classically, time-to-contact information is derived t'rom optic flow information 

which is impinged on the retina as the head moves relative to cnvironmcntal surfaces 

du ring the execution of the task. Optic flow information is therefore congruent with the 
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direction and velocity of the head movement (Gibson, 1966,and 1979; Lee and Aronson, 

1974; Lee and Lishman, 1975; Lee, 1980; Koenderink, 1986). However, movement 

velocity can also he perceived through other proprioceptive signaIs, inc1uding the linear 

and angular acceleration signaIs encoded by the vestibular system and the mechanical 

vclocity signal elicited by the stretching forces applied to the musculo-tendinous junction 

and joint capsule. Through this multi-afferent contribution, the prelanding activity can 

he organized in the absence of visual cues (Greenwood and Hopkins, 1976; Watts, 1976; 

Vidal and Lacour, 1979; Dyhre-Poulsen et al., 1980; Craik et al., 1982; McKinley and 

Smith, 1983). 

Independent of its deri vation, the accurate estimation of time-to-contact with 

external surfaces is the critical parameter for the effective organization of the landing 

strategy. Using a false landing platform, Dyhre-Poulsen and Laursen (1984) were able 

to 'trick' monkeys such that the on sets of the prelanding activity were timed to the false 

platform rather than to the actual surface of impact. Similar timing difficulties were 

reported for humans where visual/vestibular conflict conditions were used to disrupt the 

accu rate estimation of time-to-contact during stair descent (Craik et al., 1982' and with 

visual perturb~tions in adults landing from a jump-down (Thompson, 1991). The 

inaccurate estimation of time-to-contact was associated with a delay in the onset of the 

prelanding activity coupled with a decrease in the amplitude of the activity. This change 

in the pattern of activation resuIted in a decreased ability to absorb the reactive forces 

generated at impact. Interestingly, the timing and amplitude modifications of the 

anticipatory activity were not associated with changes in the temporal organization of the 
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intermuscle activation pattern. The re fore , the effects of the perturbation \Ven.' l'l'stnl'ted 

to the adaptive timing of the landing strategy to external task l'onstralllts wh Ill' thl' central 

construct of the landing strategy ",as unaffected. Howevcr, the central nrganiJ',alion nI 

the landing strategy wa~ also found to be a modIfIable parametcr whcn thl' l'stlmattOn of 

time-to-contact is disrupted over several trials (McKinley and SmIth, 19RJL ln 

blindfolded cats, as the non-visual estimate of tlme-to-contact dccaycd OVl'r the flrs! four 

trials of a series of jump-downs, a default strategy was adapted which was charactenl.l'd 

by a change fruIT! a two-burst pattern of anticipatory activity 10 the elbow c:\len:--or 10 an 

early continuous activity. This early continuous activity was as:--ol'Iatcd wlth an If1lTl'a:--t~ 

in body rotation at landing due to the inability of these cats to mamtain the proJl'ction of 

the center of mass behind the forelimbs. The authors proposcd that Ihl' ongm of thls 

default anticipatory pattern may lie ln the vestibular system, and would :".' ,nodifted to 

the typical two-burst pattern when accurate visual information IS avatlahle. 

2.2 The Biomechanical Signiticance of the Anticipatory Activity. 

The central goal in the organization of a landing stratcgy is the optimal absorption 

of the reactive forces generated at impact to prl'vent in jury and to maintam postlanding 

stability. A portion of the force transients at Impact arc naturally absorhed hy the 

inherent properties of structural damping components which mcludc subchondral bone, 

cartilage, and soft tissue. The remaining forces generated at impact mu,,! he absorbcd 

through the biomechanical organization of the lower extremity jOints The primary 

function of muscles during the landing phase of the jump is the absorption of the 

mechanical energy g~nerated at impact. The eccentric control of joint motion afforded 
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by the muscles lengthening under tension is the basic kinematic process associated with 

the attcnuation of impact forces (Alexander et al., 1974). 

Anticlpatory muscle activity sets the muscular tensions required to control the 

initial postlanding angular velocity of the kinematic links and prevents the collapse of the 

lowcr extrcmlty at impact. Ecccntric muscle activity experienced at landing brings the 

body to a hait and optimizes the dissipation of excess mechanical energy as heat. The 

dissipation of mcchanical energy prevents landing forces From inducing oscillat:~ns, 

thcrcby assuring ground contact (Dyhre-Poulsen and Laursen, 1984). This capacity of 

muscles to absorb, store, and release the mechanical energy during landing is a function 

of the controlled stiffness of the involved musculature. 

Muscle stlffncss is defined as the responding force output of a muscle divided by 

the distributing change in length during a movement (Loeb, 1985). It is postulated that 

the muscle stiffness maintains a linear relationship to the movement through intrinsic 

muscle properties and proprioceptive feedback (Loeb, 1985) and is stabilized through 

spindle and negative tension feedback from Golgi tendon organs (Houk, 1979). The two 

basic components contributing to the measurable stiffness developed when a sudden 

stretching force is applied to an isometrically contracting muscle are short range stiffness 

(SRS) and slip. SRS is a lightly damped stiffness which is initially used by an actively 

contracting muscle to rcsist smalt, rapid ck.nges in muscle length (Morgan, 1977 and 

1978). SRS is primarily contributed by the mechanical application of the lengthening 

force at the tendon and by the ensuing deformation of cross-bridges at the muscle (Rack 

and Westbury. 1974; Flitney and Hirst. 1975). Higher levels of isometric tension would 
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yield greater SRS values by increasing the number of attached cross-bridges avatlable to 

release energy upon deformation /Morgan et al., 1978>' As the appltt'alton of thl' high 

velocity lengthening force is maintained, the phenornena of sltp wnuld oct'ur 1 )unng 

'slip', cross-bridges are broken and refonned in a lower numœr causmg " lkl'reasl' III 

the measurable stiffness of the muscle. Consequently, the stlffness ot a musclc wnult! lw 

less in its response to a lengthenmg force applied through a large range 01 mottoll (JOyt'l' 

and Rack, 1969). Therefore, biomechanically, the initial sharp fiSC ln wrltcal ground 

reaction force experienced at landing could effeC'tively be ab'\orlX'd by .In tntttai high 

muscle stiffness. However, as the high velocity of lengthcning would pcrsist through the 

phase of ground contact, muscle tension and stiffness would he lowcrcd dUl' 10 'slip' 

The stiffness profile for the anklc joint during landing from a JlIInp was 

extensively studied by Dyhre-Poulsen (1991). Il1Itial impact forces were lound 10 I){~ 

controlled by the inherent properties of the muscles, the dynamlc stlf 1 ness IIlcreasmg 

during the initial 10ms of ground impact due to a contmuous high Isomclrtc prelandmg 

activity in the tibialis anterior (TA) and the soleus (SOL) muscles l'hl' absorpllon of 

these impact forces was enhanced by a gradually decreasing muscle ,>lllIne:-,:-, m Ihe 

contracting ankle musculature whlch ultirnately reached negatlvc valu!.'<;. NegatIve 

stiffness implies the loss of mechanical energy, such that little or no :-.torage of elastic 

energy remains in the muscle apd tendon :-,tructure at the tcrminatlon of the landing 

phase. This energy dissipation assures postlanding stability. 

Negative stiffness arises from an mteraction bctwcen the pattern and levcl of 

postlanding activity and the modulation of the H and stretch refJexes prior to landing 
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During the postlanding phase, the continuous activity in the TA and SOL muscles was 

transfonned to an alternating pattern of low amplitude bursts (40% of Maximum 

Voluntary Contraction, MVC) and quiescence. This submaximal activation of motor units 

could produce the lower muscle stiffness required to control the spring-Iike properties of 

the muscle while still maintaining a high force output (Joyce et al., 1969). Several 

mechanisms have been proposed for the generation of this discontinuous post-Ianding 

activity: 1) the selective inhibition of alpha motoneurons for brief periods, creating a 

differential activation of motor units and yielding a segmented EMG with lower 

amplitudes th an elicited by a MVC (Bawa and Tatton, 1979); 2) a selective recruitment 

of high threshold motor units during the eccentric contractions experienced at landing, 

maintaining a low activation frequency of the smaller motor units despite the large forces 

produced (Nardone et al., 1989); and 3) the firing frequency of the alpha motoneuronal 

pool could be controlled through presynaptic inhibition of the afferents (Capaday and 

Stein, 1989). 

The modulation of the H-reflex patterns were found to contribute significantly to 

the mechanical damping characteristics of the ankle musculature (Hoffer and Andreassen, 

1981; Dyhre-Poulsen and Laursen, 1984). The H-reflex excitability was found to be low 

during the elicitation of the peaks of the discontinuous postlanding activity. This evidence 

suggests that the peaks of EMG activity were part of a planned control of landing rather 

than bcing reflexively elicited. The strong H-reflex inhibition was initiated more than 100 

mscc prior to impact, the response progressively decreasing and becoming nearly absent 

50 ms postlanding The reflex modulation would preserve the muscle compliance and 



• 

• 

• 

16 

avoid undesirable oscillations. In fact, this is the central goal of the lamiing stratcgy at 

the muscular level: to preserve the compliance through a low stiffness component of thl' 

joints directIy involved in absorbing the forces at impact and to rcduœ postlanding 

oscillations to a minimum. Negative stiffness would therefore he of dccislVC functlonal 

significance and may be one of the most important muscle propcrties to he regulated for 

landing. 

2.3 The Ankle a.~ a Biological Damping Unit: 

The control of the ankle position at landing is critical for optimizing the 

neuromuscular features of energy absorption described in the previous section. Two 

kinematic landing strategies at the ankle were examined ln tenm. of thcir efflcicncy in 

controlling the impact forces: the plantarflexion (PF) strategy and the dorsiflcxion (DF) 

strategy (Gross and Nelson, 1988). In the PF strategy, the initial impact phase IS isolated 

to the metatarsal region of the foot. There is an Initial peak vertical impact force 

associated with metatarsal contact followed by a rounded maximum vertical force which 

controls the cessation of the downward heel motion. Conversely, in the DF strategy, the 

initial impact forces are distributed over the metatarsal and heel regions of the foot. This 

strategy is associated with two peaks of vertical ground reaction force, the first at 

metatarsal contact, and the second during heel contact. The downward motion of the heel 

is controlled by a relatively undamped ankle system, thc deceleration of the downward 

motion of the shank being halted by ground contact. The required rigidity of the ankle 

system in this strategy is enhanced by the anticipatory dorsiflexion which causes a 
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cessation and consequent locking of the ankle joint motion prior to heel contact. 

Interestingly, the magnitude of the initial impact force was found to he comparable for 

the two ankle strategies. However. the maximum force experienced was reduced by 22% 

in the PF strategy where heel contact was prevented. The more controlled lowering of 

the heel resulted in a decrease in the peak vertical loads which was associated with a 

single peak acceleration curve with damped vibration. This effectively reduced the 

number of transients experienced by the lower extremity during the landing phase. 

Therefore, the ankle serves as an important role in the biological damping system (Gross 

and Nelson, 1988). 

Ankle dynamics form only the first link in disttibuting the impact forces at 

landing along the musculoskeletal chain. Recent research has indicated that an optimal 

distribution of forces in adult humans is achieved when the hip, knee. and ankle joints 

are f1exed prior to landing (McKinley and Pedotti, 1992). Failure to achieve an optimal 

joint configuration prior to landing disrupts the adequate distribution of impact forces and 

results in instability. For example, Cavanagh (1970) observed that a sustained contraction 

of the triceps surae muscles concomitant with knee extension at landing induced an 

oscillatory motion which decreased in amplitude exponentially with time, as in a damped 

hannonic motion (Cavanagh, 1970 and 197]). The force-Iength curve of the elastic 

structures producing this oscillatory motion were found to he similar to that of the series 

elastic elements in the isolated muscle. This would suggest that the postlanding 

oscillations were passively induced by excess energy stored within the muscle rather than 

through an active control of the muscle properties. Again, this underlines the importance 
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of the negative stiffness parameter at landing to assure JXlst-Ianding stability. 

2.4 Definition of a Skilled Landing Strategy: 

The primary riescriptor of a 'skilled' landing is the optimal absorption of fon'cs 

at impact which reduces the impact transients to a minimum and maximizc stability. The 

adaptive strategies for a skilled landing perfonnance have recently bcen investigatcd in 

adults by McKinley and Pedotti (1992). Results indicated that the absolutc anklc position 

at landing was critical in the ski lied landing pattern, the performance index rapidly 

degrading when wrong ankle positions were chosen for a particular surfacl- compl iance 

In fact, skilled individuals adapted to differing landing surface complianccs primarily 

through adjustments at the ankle joint. In contrast, the adaptive strategies for the 

unskilled individuals were characterized by a non-specifie 'default· stratcgy with 

adjustments occurring both at the ankle and knee joints. 

2.5 Developmental Issues: 

2.5.1 Motor Learning: 

The acquisition or leaming of a motor skill gradually unfolds on a lime scale 

through the childhood years. During this time, general motor bchavior~ arc gradually 

modified and adapted to yield stable and consistent movement patterns typical of normal 

adult behaviour (Kelso, 1982). Motor skill implies a spatio-temporal precision, with the 

ideal complement of actively-produced and passively-induced movcments opcrating under 

a wide variety of conditions (Berstein, 1967; Connolly, 1977; Turvey, 1977; Kelso, 
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1982). 

In learning a motor task, children initially experience difficulty in both the 

appropriate sequencing of participating limb segments as weil as in the regulation of the 

required muscle forces. Developmental studies have indicated that the initial formation 

of a movement pattern is characterized by a proximal-to-distal control of muscles and 

kinematic links (Horak and Nashner, 1986). This proximal-distal control is usually 

coupled with a coactivation of joint antagonists (Thelen, 1991). This antagonist 

coactivation is effective in reducing the velocity of the kinematic links as weIl as excess 

motion-dependent torques. This preliminary movement strategy is useful in providing the 

stability which is a prerequisite for purposeful movement patterns (Thelen. 1991). It is 

important to note that the controlled velocity afforded coactivation is also transiently 

observed in adult motor hehaviour either when faced with unfamiliar motof tasks as weil 

as in the generation of rapid movements (Hasan, 1990). The presence of coactivation in 

the lower extremity during stance and gait perturbation may he normal in small children, 

but is a sign of motor system impairment when present in older children (Marteniuk, 

1990). 

Biomechanically, antagonist coactivation reduces the velocity of the kinematic 

links. This resultant slowing (or stiffening) of the limb may he used to interrupt the 

natural oscillatory dynamics of the system during movem{'nt. For ex ample , Thelen (1991) 

observed that coactivation allowed infants to convert nonspecific flapping movements of 

the ann into a functional reaching movement toward a toy. The modulation of limb 

stiffness through coactivation represents the first strategy to he recruited for the voluntary 
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control of movement, combining a slow velocity and low complianl'c of the limb to 

provide steadiness and accuracy. Although it is an effective movemcnt strategy during 

early learning periods, coactivation produces high joint loads which prcdislx)ses the joints 

to injury and thus may he undesirable as the child grows. As the nced for coactivatton 

during movem.ent decreases, more distinct muscle activity patterns appear (Moore and 

Marteniuk, 1986). These more elaborate activity patterns usuatly mclude the inhihition 

of ongoing muscular activity known as pre-motor silence or PMS (Takanashi and 

Yoshiaki, 1980). In fact, the reciprocal activation of antagonist muscles characteristlc of 

adult movement patterns emerges in conjunction with the devetopment of PMS (Gatev. 

1972). Therefore, PMS is considered to be an important feature of devc10ping 

coordination strategies in early childhood . 

Functionally, PMS facilitates the initial acceleration of the kinematic segment with 

the duration of the silent period being directly re1ated to the magnitude of the accelrration 

(Walter, 1984; Hallett and Marsden, 1979). It has been suggested that PMS arises from 

inhibitory mechanisms at the spinal and supr,aspinal levels (Conrad ct al., 1 tJR3). 

However, this mechanism is unlikely sinec the alpha motoneuronal rcfractory periods are 

less than the shortest PMS duration (20 ms) . A more f unctlOna \1 y based 

neurophysiological view suggested that PMS could evolve directly from the muscle 

mechanics (Walter. 1984). The assumption is that thc joint is mittall y in a state of 

equilibrium. The onset of PMS causes a disequilibrium which yiclds a bricf initial 

movement reversai referred to as the stretch-shortcning cycle (Norman and Komi. 1979; 

Wilson et al., 1991). This initial movement reversai applies a Icngthening force to the 
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agcnist muscle which increases the force generated on the subsequent concentric buest 

of activity due to the length-tension properties of the muscle (Rack and Westbury, 1969). 

This increased agonist force output would in turn produce a greater torque at the joint 

and a greater initial acceleration of the limb segment in the direction of the planned 

movement. The relationship between PMS duration and peak acceleration is thus 

accounted for by the stretch-shortening cycle, longer periods of inhibition resulting in a 

greater debree of agonist lengthening and moment. PMS may be influenced by leaming, 

the frequency and discrete timing of the PMS having been shown to increase with 

practice (Walter, 1984) and training (Dyhre-Poulsen, 1984, 1991). 

2.5.2 Feedback and Feedforward Processes. 

Through the developmental years. the control of a movement is progressively 

altered through trial and error, the pattern gradually exhibiting the smoothnesl' and 

consistency which is characteristic of adult movement profiles (Cooke and Brown, 1990). 

This movement stability relies on feedback and feedforward processes. Feedback and 

feedforward control systems develop in parallel, using trial and error and the knowledge 

of past events and contingencies to learn, adapt, and achieve their effectiveness (Haas and 

Diener, 1988). The repeated multimodal correlation of an exploratory movement with the 

sensory changes that it engenders would therefore be a primary factor for the 

development of stable and functional movement strategies (Wollacott et aL, 1987; 

Thelen 1991; Bernstein, 1967). In this scheme, a movement plan would he based on 

sensory consequences and the movement patterns generating the desired feedback 
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infonnation would he gradually imposed upon the natural or intrinsic dynamics of the 

body during learning (Thelen, 1991). In support of this view, W(X)Uacott ct al. (llJS7) 

found that postural responses in children were not functional prior to the e~pcriencc of 

stabilizing the center of mass. Through this correlative learning process. the most stable 

and efficient movement pattern for a task is selected from a11 the eXlsting possibilities 

(Bernstein, 1967; Kugler and Turvey, 1987). 

Present views on motor development support the principle that control is ftrst 

estabtished through feedback a;,d later through feedforward control (Haas and Diener, 

1988). Studies examining the changes in the movement profile during vlsual pursuit tasks 

have revealed that during development, there occurs a decrease in the use of visual 

feedback mechanisms, the corrective saccades decreasing with the acquisition of smooth 

feedforward modulation. ft is postulated that this feedforward modulation allows a 

predictive model of outcome to he established and eliminates the discontinuities in the 

movement velocity profile introduced by feedback mediated corrections (Zanone ct al .. 

1990). In the predictive model of motor behaviour, a movement is initially cvolvcd from 

a general motor plan which is progressively updated through fccdforward and fcedhack 

mechanisms during the task execution to ca1culate the behavlOur rcquircd to mect the 

dynamic goal. The pattern of this anticipatory motor bchavior becomes more accu rate 

and stable with age. This spatio-temporal stability may he relatcd to the maturation of 

both sensory and motor systems such that various scnsory inputs cao he evaluated, 

integrated, and coordinated with motor information to allow a smooth interaction of 

feedback and feedforward behavior (Zanone ]990; Day and Marsden, 1982) . 
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2.5.3 Sensory Integration. 

The predictive model of behaviour proposes that to generate the smooth velocity 

profiles characteristic of adult movements, the motor system must have access to both 

accurate predictive feedforward and corre~ting feedback processes. It has been proposed 

that the stability of these processes is constrained by the developmental state of the 

vestibular system. (Ottenbacher, 1983) The vestibular system is thought to he critical for 

the integration of sensori motor information . In this capacity, the vestibular system would 

function as a stable orientation reference or estirnate of behavior to which afferent 

information may be evaluated for context-relevancy (MacKay, 1980; Shumway-Cook and 

Woollacott, 1986; Black et al., 1983; Horak et al., 1988; Nashner et al., 1982). 

Central vestibular function is modified throughout childhood and gradually 

reaches adult values around 9 years of age (Ottenbacher, 1983; Omitz ,1983). These 

developmental changes are characterized by an increase in the time constant of the 

vestibulo-ocular reflex (VOR) and a concomitant decrease in its gain. The time constant 

changes reflect the increased modulatory effect of central structures (such as the 

brainstem reticular formation) on the activity of the vestibular nucleus. The modifications 

in the gain of the VOR reflect direct modulatory changes in the vestibular nucleus itself. 

The putative site for tlle required integration of visual, vestibular, and proprioceptive 

information signaIs is the lateral vestibular nucleus, the resuItant input being transmitted 

to the motor system through the lateral vestibular spinal tract (Waespe and Henn, 1978; 

Wilson and Melvill-Jones, 1979). 

Prior to this development, children wou Id present difficuIty in the formation of 

--------------- ~--
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a context-relevant frame of reference. In support of this view, Forssbcrg and Nashncr 

(1982) noted that children 7 to 8 years of age \Vere un able to maintain posturnl stability 

under conditions of conflicting orientation infonnation. These children wcre relying on 

context-inaccurate visual cues and their perfonnance was comparable to that of 

vestibular-deficient patients (Black et al., 1983). Thus, prior to the full devdopment of 

vestibular function, children may predominantly rely on one orient.ltion signal rather than 

on an interactive 'set' of orientation information. In fact, toddlers \Vere observed to 

dominantly rely on visual information for postural control, even \Vhen visual eues were 

inappropriate (Butterworth and Hick, 1977; Lee and Lishman, 19R2) Conscquentl y, 

when presented \Vith destabilizing visual information, postural instability persisted and 

toddlers continued to fall with little or no habituation over repcated triaIs. This visual 

dominance inhibited the capacity of the postural system to accuratcly detl~ct external 

sensory conflict infonnation. As a result, the postural system \Vas unable to gcncralc an 

adaptive movement behaviour to meet the sensory conditions of the task 
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2.6 Summary. 

ln summary, the graduai emergence of stable and predictable movement patterns 

during the childhood years can he clearly associated with the development of the 

individual's integrative capacity. This integration must occur at distinct levels of the 

motor organization, from the musculoskeletal and neuromuscular levels at the periphery 

to the central mechanisms which generate and coordinate movement. The end result of 

this internai sensorimotor capacity must also be integrated with the dynamics of the 

environment in which the motor hehavior is perfonned. Learning and practice are 

essential at this level to correlate the behaviour with its sensory consequences. 
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CHAPTER THREE: METHOD AND PROCEDURES 

3.1 Experimental Methodology. 

Subject Population: The subject group consisted of ninc boys ranging III age from 7 

years l±.6mths) to 13 years l±.6 mthsL The subjects were scrccned 3cconling to the 

following exclusion criteria: no medical history of dcvelopmental or Ill'urologkal 

abnonnalities, no neuromuscular or orthopaedic dysfunction, and no known visual­

vestibular disorders. Subjects were within the 80th pcrcentill' for anthropomclric 

parameters of height and weight for their respective age group (from Deannc and Wilson, 

1988). 

Assessment of Motor Development: The subjects' motor developmental age was 

assessed using the Short-Form Bruininks-Oseretsky Test of Motor ProflCÎcncy This 

sensory-motor evaluation is valid for the assessmcnt of motor performance III chlldrcn 

ages 4 years 6 months to 14 years 6 months. Fourtecn items arc scored ln delcrmine the 

child's strength, speed, and dexterity abilities, with a single composite score provlding 

the estimate of general motor proficiency from which the developmental age IS 

approximated (Bruininks, 1978). The strength of this motor l'valuation IS that il has good 

reliability in the 6 to 13 year age brackl't for most subtests, and may he admmistered in 

15 to 20 minutes. However, the assessment fails to evaluate the quahty of the movcmcnt 

and the fine motor skill items have low content vahdity. Thc age and motor 

developmental scores for ail individuals are reported in Table (1) . 
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TABLE 1 

MOTOR OEVELOPMENTAL INDEX 

1 Subjects li Age yrs (mo) Il Motor Scores (B/O) 
1 

1 ve Il 12 ( 1 0 ) Il 66% 1 

LF 7 ( 2 ) 99% 

JV 7 ( 1 ) 99% 

MPC 6 ( 8 ) 99% 

ope 6 (8 ) 99% 

FS 7 ( 5 ) 72% 

JNO 7 ( 4 ) 88% 

œ 8 ( 6 ) 

If 
79% 

1 10 ( 1 ) 31% 

Subjects: Identi f ication of the nine indi viduals 
Age: Chronological Age 
Motor Developmenlal Scores: Percentile ranking on the 
Bruininks-Oseretsky Test of Molor Proficiency 
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3.2 Experimental Proto col. 

---------

., .... 
.. 1 

The jump-downs were perfonned from an adjustablc 40 X 60 cm 1 igid platforlll. 

secured to a metal frame bolted to the f100r and grounded. The position of tlH .. ' plattorm 

was controlled by a hydraulic system. eliminating both mechankal and l'k'ctnC.l1 1I00Sl' 

The height of the platfonn was adjusted to the hl'ight of the lat('raltlbial plateau for l'ach 

individual, thereby standardizing the height of the jump \VIth reSpt'ct tu indlvldual 

anthropometric profiles. Subjects were required to pcrfonn kncc height jullllH.loWII'>. 

leading with the left foot and landing with both fcet simultaneously onto a ligld :-'lIItaCt' 

This modifiedjump-down was selected based on rcsuIts ot a pilot :-.tudy wllIch n'waled 

that the younger children were more consi stcnt rn pertorm i ng t hl'> modlfl('l.f ta~l'-()I t 

strategy with a lead leg rather than a propul..,ive phase requlfIng a COOn.llll,lIl'd mOVl'llIl'nl 

of both lowerextremities (Pelland and McKinley, 1991). The subJcl't,,' hall(!:-. w('re I!l'Id 

lightly to standardize the contribution of the upper cxtremitie, to the O1owrnl'nl. as wei 1 

as providing security against faIls. 

3.3 Jump Protocol. 

A practice session allowed the individuals to bccome familrar wlth the cx('cutlon 

of the landing task. During the experimental session .... ubjcct~ were reqUired tn l'Xl'cule 

a series of ten (10) trials under '!ach of three visual conditions. normal vl..,lon (NV). 

occluded viSIOn (OV), and stabihzed viSion (SV). The present thcsis addrcs~es the re~ulh 

for the normal vision condition A bnef description of the three vi"ual condillon ... 1.., 

provided: 1) For the Normal Vision condition, a collar prcventcd the olrect vicwlrIg of 
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the landing surface thereby eliminating differences across the three visual conditions 

related to the perception of time-to-contact infonnation; 2) For Occluded Vision, 

sWlmming goggles filled with foam were worn to eliminate visual cues; and 3) For 

Stabilized Vi~ion, a visual confliet dome adapted from Shumway-Cook and Horak (1986) 

provided a constant visual field. For ail three visual conditions, visual infonnation update 

prior to task execution was permitted as often as cornfortably required by each 

individual. Blocked rather than random trials were selected as the control requirernents, 

for blocked trials confc,rmed more closely with the objectives of the study: to define the 

emergence of stable motor control landing strategies. Blocked trials involve a repetition 

of similar neuromotor synergies and cognitive processes on repeated trials, white random 

trials rcquire a different action plan and motor response on succeeding trials (Lee and 

Magtll, 1983>' 

3.4 Data Acquisition: 

Electromyographic Data (EMG): Raw EMG signais were obtained using bipolar 

disposable skin electrodes (Medi-Trace, silverlsilver-chloride). The skin overlying the 

motor point of each muscle was prepared and the electrodes placed at a 2 cm bipolar 

distancc. The EMG was recorded from six right lower extremity muscles: tibialis anterior 

(TA), lateral gastrocnemius (LG), soleus (SOU, vastus lateralis (VU, rectus femoris 

(RF), and biceps fernoris (BF). A ground electrode was placed over the head of the 

fibula . 
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EMG Recording: The signal was differentially amplified (x 10) at the pre-amplifier. and 

subsequently bandpass filtered 10-500 Hz and amplified (xlOO). The signal (rom the 

amplifier was stored on Beta video tape (Sony Super Beta System) using a Velter Pulse 

Code Modulator (PCM-Model 4000; 16 bit resolution). The EMG signaIs were 

monitored online on an oscilloscope (Hitachi. Model V -134) during the c'llCfHnental 

session. The signal was then acquired offline (AT computer. Evcrex 16()) for an<llog to 

digital conversion (A/D) using Computerscope Software (ISC-16; RC Electronics). A 

1KHz sampling rate was used for the A/D conversion over a ±5 volts dynamic range. 

EMG Analysis: The digital EMG signal was analyzcd us mg ANAPAC Signal Analysis 

Software (Run Tet:hnologies). The EMG signal was fullwavc rcctified and the De offset 

was adjusted for individual muscle channels. A resting baseline activlty was establishcd 

for individual muscles by averaging the activity for a 10 ms pcriod during qUict standing 

prior to movement initiation. The onset of signiflcant EMG activity was operationally 

defined as arise above the 95% confidence interval of re~ting baschne actlvity for a 

minimum duration of 10 ms. Cross-correlations (r=0.7S) of the EMG signais in the time 

and amplitude domains were used to identify trials m which signaI artifact was introduced 

during the high impact transients al landing. Trials with correlation values above the 

r= .75 Iimit were removed from further EMG analysis. The EMG signal was then low­

pass filtered at 10Hz (symmetric, non-recursive finite impulse response digital filter with 

Lanczos' smoothing function; 101 length) was efficient in climinating movement artifact 

during f1ight without altering the signal frequency of amplitude. 
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Temporal Event.~: The critical temporal events of the jump-down correspond to the 

takeoff and touchdown. These critical events were recorded using pressure-sensitive 

footswitches secured to the subjects' shoes at the base of the great toe, the ball of the 

foot, and at the heel. The footswitch signal was low-pass filtered and stored 

simultaneously with the EMG and kinematic signais allowing the coupling of the EMG 

and kinematic data. 

Kinematic Data: Subjects were dressed in black tights and T-shirt. Reflective markers 

were secured to the lateral border of acromion (shoulder marker), to the anterior superior 

i1iac crest (center of gravit y marker), to the greater trochanter (hip marker). to the lateral 

knee joint line (knee marker), to the lateral malleolus, heel, base of the fifth metatarsal 

(ankle marker), and to the top of the helmet (head marked. The body was therefore 

mode lied as a six-linked segment body with the following angles obtained for analysis: 

the head, the trunk, the hip, the knee, and the ankle angles (see Figure 1). 

Kinemati~ Recording: The jump-downs were vidl;?o-taped in the right sagittal plane Oag 

leg) with a Panasonic Digital WV-D5000 strobe camera at a 60Hz sampling frequency. 

This sampling frequency is adequate for the analysis of human movement (Cheetam and 

Scheirman, t 988). However, this sampling rate may not be sufficient to capture the high 

velocity landing phase. To address this sampling limitation, the recording camera was 

cquipped \Vith a strobe shutter system utilizing a 1 ms shutter speed to capture the marker 

image. This system yielded the greater resolution required during landing. A second 
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Figure 1. Positions of the landmarks defining the six-linked segment mode!. The figure 
defines the segments forming the angles used in the kinematic analysis: Anklc, Knee and 
Hip angles which are addressed in the present study. as weil as the trunk and head 
angles . 
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HE 
head 

eT shoulder 

iliac crest 
greater trochanter 

knee 

lateral malleoli 

• calcaneum metatarsal 

UNE OF GRAVITY 

-- --- ----------------r---------------j 

EMG COLlECTED FROM : ANGLES MEASURED : 
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camera (Panasonic WV-3170) recorded the footswitch signal displaycd on a storage 

oscilloscope (Hitachi, Model V-1J4). A system switcher (Panasonic WJ-350m was lIscd 

to synchronize and merge the kinematic and footswitch signais. The comhincd signal was 

stored on VHS tape. 

Kinematic Analysis: The kinematic data was analyzed off-line on an AT computer 

(Everex, 160) with Peak Performance Motion Measurement Systems (Peak 

Technologies). The data was filtered using a third order non-rccursivc BlIttcrworth filter. 

A 4Hz cutoff frequency was selected to filter the raw signal rathcr than the 711z 

frequency suggested by Winter (1979) for the analysis of human movement. In this 

study, the 7Hz cutoff frequency was associated with increascd oscillations in the signal 

trace, particularly for the angular velocity comJXment. Figure (2) tllustrates samplc traces 

for the verticallinear position component, angular position, and angular velocity signais 

at the knee joint. Comparison of the two signal traces revealed the following: 1) there 

was no phase-shi ft between the two frequencies; 2) the 4 Ill. cutof f frcquency was 

associated with a damping of the amplitude profile of the signal, particularly for angular 

velocity; and 3) the 7 Hz cutoff frequency was associated with oscillations of the signal, 

particularly for angular velocity. As the aim of this study was to idcntify the stable 

organizations of the landing pattern without addressing the kinetics of the movcment, it 

was feh that a smooth signal was of greater value despite the smoothing of the peak 

amplitude information. The decreased length and mass of the Iimb segments in childrcn 

are possibly the main contributors to the increased oscillations at the 7 J Iz, a small 
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f'igure 2. Contrast of the 4 Hz and 7 Hz cutoff frequency for the low pass filtering of 
the kinematic signal for the vertical position, the angular position, and the angular 
velocity parameters. The 4 Hz frequency (which is used in this study) is represented with 
the 'thick' trace and the 7 Hz frequency with the 'thin' trace. The X-axis corresponds 
to the time, each value representing 17 ms (the sampling frequency of the kinematic 
data). 
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change in the dynamics resulting in larger oscillatory motion at the limb endpoint as 

compared to adults. 

3.5 Data Normalization: 

For intertrial comparisons within and across subjects, the kinematic data was 

normalized to f1ight time duration using the following 'rubberbanding' fonnula (adapted 

from Winter: B. McFayden, personal communication). 

NO(i) = OD (IV AL) + «OD)(IV AL + 1) - (OD(lVAL)) *FV AL 

(where ND = new data; 00 = old data; IV AL = interval between data points; 
FV AL = time interval for normalization (number of points in file 1 number of points 
to normalize over). 

With this 'rubberbanding' nonnalization technique, the end points ofthe data string 

(the lake-off and touch-down points) are fixed and the intermediary data string is either 

lengthened or shortened to a standardized length. The shape of the function is preserved 

because the normalization procedure adjusts only for differences in the length of the 

flight lime duration to allow a statislical analysis across trials and subjects. The Nyquist 

theorem was observed in determining the length of the normalized data string. 

3.6 Statistical Analysis. 

The statistical measures in this study were used as tools to describe the emergent 

movement organization rather than to determine infert'ntial relationships. For the EMG 

data. statistical analysis was applied only to the onset of EMG activity. Intersubject 

comparisons of the range of on sets were based on 95% Confidence Intervals since 
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confidence intervals provide an indicator of the range within which population means arc 

expected to occur (Dunn and Clark, 1974). The other parameters of the EMG pattcOls, 

including the duration, amplitude and frequency values, are relatcd to the kmeti('s of the 

movement and will he addressed in further research. lndependent t-test analysis \Vas uscli 

for the intersubject comparison of discrete kinematic values: central .joint tendcIK'}' 

position and range of motion. A descriptive analysis, correlating kinemallc \VIth muscle 

activation profiles, was the main analytic tool used in this study. 

3.7 The Variability Profile. 

The variability profile IS a stochastic analysis addressing the mtcrtrial variatIon 

in joint position during the flight phase of the jump-do\Vn. 1'0 oblatn the variahllity 

profile, the joint position coordinates across ail trials for each individual were normalin'u 

to the standard flight time duration using the rubbcrbanding technique A mean jotnt 

position and corresponding 95% confidence interval \Vas then calculatcd for cach 1 ms 

time interval across the normalized flight time. A representative profile is illustrated in 

Figure (3). The profile of position modulation was defined by Iwo crilical Icvcls of 

intertria1 variability which corresponded to a variability mimmum and a variability 

maximum: 1) The minimum level corresponded to time regions during which the 

variability in joint angle position decreased to below 30% of the maximum withm-:·mbjcct 

variability intervals. These time regions represent epochs of ftight during which a strict 

control of joint position was achieved and are represented within the 'hatched' regions 

of the graph; and 2) The maximum level corresponded to time regions during which the 
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variability in joint angle position increased !0 ll"'ove 70% of the maximum within-subject 

variability interval. These time regions represent epochs of f1ight during which a loose 

control of joint position is required and are represented within the 'solid' lines on the 

graph . 
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Figure 3. The Variability Profile for the intra-subject analysis of joint position across the 
10 trials. The graph indicates the 95% Confidence Interval range for ('ach t % interval 
across the nonnalized f1ight duration (0% corresponds to takeoff and 100% to 
touchdown). Solid vertical tines and 'filled' intcrval values indicatl' the critlcal joint 
positioning regions: minimum variability intcrvals « 30% maxImum vairiahility) is 
ilIustrated within the 'hatched' regions of the graph while maximum vanahihty intcrvals 
(> 70% maximum intervaI) is illustrated within the 'open' rcglons The joint angle 
positions are plotted along the Y-axis . 
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Figure 4. Flow diagram of the equipment set-up utilizcd for the data acquisItloJl 

• 

• 



[~Q_~IPME_N_T SET-UP FOR DATA ACQUISITION 

COMPUTER AMP PA SUBJECT 

----------1 1 ~J 

D ;~ 
,.....-____ ~-I pcM1-+-fLPF} ~TI 

: 111111111 Etll! T ~----- _~~1 1 1 y 

1 ose r.::::> 1 T- l SS ' ~ 1 f==. 
i J- - /1\ 1 1 FS g b] ! 'vs' C1 \ C2\ L-----' 

1 _~_ 

L1 L2 ~ . VHS' 

---------------------

EMG KINEMATIC 
PA : PRE-AMPLIFIER X 10 C1 : STROBE CAMERA 

C2 : CAMERA #2 BFP : BANDPASS FILTER ; f1 = 10 HZ f2 = 500 HZ 
AMP: AMPLIFIER X 100 
OSC : STORAGE OSCILLOSCOPE 
PCM : PULSE CODE MODULATOR 
VB : VIDEO BETA TAPE 
L 1 : ANAPAC ANAYSIS 

• • 

SS : SYSTEM SWITCHER 
VHS : VHS VIDEO TAPE 
FS : FOOTSWITCH 
LPF : LOW PASS FILTER ; f1 = 10 HZ 
L 1 : PEAK PERFORMANCE 

• 



• 

• 

• 

3S 

CHAPTER FOUR: RESliLTS 

4.1 INTRODllCTION. 

The focus of this stud)' \Vas to identify dlfferenrcs in thl' nrgani/atlnn 01 the Im\'l'( 

extremity muscle and kinematic parameters controlhng landmg from a jump 11\ hoys Î 

to 13 years of age. A distinct progression from a proximal-distal tn a di~tal-pro\lll1al 

muscle activation pattern related to landing \Vas Idcntlfu.'d TIH.' cmcrgellcl' 01 thc dlstal­

proximal activatIon pattern \Vas a~~ociatcd \Vith an incrcasl'd abtltly 10 llJodulatl' the 

angular position and muscle activtty paramctcrs dunng the Imal pha~l' 01 Ihghl 'l'hl' 

increased modulation of control parameters during the fmal phase of 1 hght wa:-. a:-,<.;oclatl'(\ 

\Vith a more efficient anticipatory control of the Impact ground rcacllon lorcl''i incn'a~l'd 

effici<>ncy of anticlpatory control of landing IS reflcctcd as a dccreaM~ III the accl'lerallVl' 

forces experienced at the center of gravit y during the impact pha~c and consequently 10 

an increase in postlandmg ..,tability 

4.2 Muscle Onset Patterns for Landing. 

The pattern of muscle on sets associatcd with landing ~peciltcally refcrs 10 EM(i 

activity found within the following limits. a) the activlty 1'\ mttlatcd bctwccn lake-ott and 

the first 10 m~ postlanding; and b) the acttvtty IS tcrmmatcd eHller pmtlandmg or in the 

last 10 ms prior to landing (see Figure 5) The pattern of mu:-.dc activatIon for landmg 

was defined by the mean onset of activity (referenccd to landll1g) and Ihe corre'ipondmg 

95% confidence intervals of ail the trials for cach mdividual Three di\tinct muscle 
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Figure 5. This graph indicates the time Iimits for the definition of Landing Muscle 
Activity. Landing is indicated with a 'solid' verticalline and the time Iimits with 'dotted' 
vertical lines. Landing Muscle Activity is delimited as follows: on sets are initiated 
between take-off and the first 10 ms postlanding, with offsets within 10 ms of landing 
(prelanding phase to the left of landing) or in the postlanding phase (10 the right of 
landing) . 
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activation pattern ... were identified: the Adult Pattern (AS), the Transitional Pattern 

(TS) , and the Proximal-distal Pattern (PDS). The three muscle activation patterns are 

illustrated ln Figure (6); landing corresponds to To on the abscissa, \Vith pre-Ianding 

actlvlty (m~ets deslgnated hy negatlve time values and postlanding activity onsets by 

positive time values. 

Variability in the Onsets of Muscle Activity: The 95% confidence interval limits for 

the thrcc mu ... c\e activation patterns indicate a high vanability in the onsets of the muscle 

actlvity for landing acros~ tndi\'iduals. As the subjects dlsplayed a wide range of flight 

durations, thls vanabllity in on~et values was explored as a functlOn of the variability in 

f1ight duration. The correlation values between the onset of muscle activity for landing 

and the f1ight time duration are reported in Table (2) for ail individuals A significant 

correlation bctween these two parameters \Vas found only for one muscle, the VL, in one 

individual, VC of thc Adult Pattern group. The lack of significant correlations betwcen 

the timing of the landing muscle acti\'ity and the flight time duration would support the 

vicw that the onset variability is an inherent component of the landing strategy. 

()ctinitiol1 of the Muscle Ol1sct Patterns: The term Adult Pattern underlines the 

similarity of this pattern \Vith the distal-to-proximal sequence of muscle activation 

rcporh."d for adult subjects landing from a jump (Thompson, MSc Thesis, 1991; 

McKinley and Pl'dotti, 1992) Thc AS pattern was initiated distally with activity in the 

plantartle:\or muscle Lateral Gastrocnemius (LG), followed by acti\'Îty in the dorsiflexor 
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Figure 6. Muscle Onset Patterns for 3 individuals that adoptcd cithcr: A) the Adult. B) 
the Transitional, or C) the Proximal-to-distal pattern. Each graph reprcscnts the 1)5% 
Confidence Intervals (horizontal bars) and mean (vertical tick marks) onsct of the six 
muscles for the 10 trials of one representative individual. 

q 
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TA -.19 

LG -.36 

SOL -.70 

VL * .81 

RF .58 

BF -.17 

Legend: 

• 

• 

TABLE 2 

CORRELATION BETWEEN FLIGHT TIME DURA'I'rON 

AND ONSET OF LANDING ACTIVI'l'Y 

LF JV MPC DPe FS JND 

. 16 .39 -.30 -.56 -.06 .53 

-.12 -.17 .56 .66 0 -.63 

.48 .21 0 -.30 -.18 . 19 

-.23 -.10 0 .36 .47 - .56 

.23 -.30 -.36 -.67 .61 .61 

-.35 -.01 -.70 -.02 -.10 , 20 

Subjects: represented horizontally 
Muscles: represented vertLcally 

,,'8 MR 

-- . 1 1 - .10 

.25 -- . "2 

.07 · JO 

• OB · 07 

.23 .01 

-- .05 • ()B 

Correlation Values: Spearman Rho correlations 
(* significant p<.Ol) 
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muscle Tibialis Anterior (TA). Subsequent to this initial distal activity, a time region of 

mixed activation of bath proximal and distal muscles was noted: the plantarflexor Soleus 

(SOL), the knce extensor Va!>tus Lateralis (VL), and the knee extensor/hip f1exor Rectus 

Femoris (RF). Actlvlty in the knee flexor/hip extensor muscle Biceps Femoris (BF) was 

initiated either at landing or during the postlanding phase. 

The Transitional Pattern was characterized by a global shift of muscle onsets 

toward landlng couplcd with the loss of a clear distinction in the intermuscle activation 

pattern, as the on~ets tendcd to be similar. The TS pattern was initiated distally with 

activity in the LG muscle. As in the AS pattern, this distal activity was followed by a 

mixed activation of the distal and proximal muscles SOL, VL, and RF. The onset of 

these mu--clcs tcndcd to he coïncident as the mean onsets for all three muscles occurred 

withïn a 24 ms window. The remaining distal muscle TA \Vas activated together with the 

HF muscle during the final phase of flight. Intercstingly, in this pattern, the 95% 

confidence intcrval limlts for the onsets of ail muscles never extended into the 

postlanding phase of the jump. 

The l'rn'\imal-distal Pattern \Vas primarily defined by a reversaI in the muscle 

activation sequence from that of the AS pattern thereby yielding a proximal-to-distal 

sequelK'c of muscle onsct referenced ta landing. The PDS pattern was mitiated 

proxilllally \VIth activlty in the VL muscle. Subsequent to this proximal activity, two 

regions of mixcd proximal and distal activity \Vere noted; the first involved activity in 

the TA and RF muscles, while the second involved activation of the SOL and BF muscles 

during the tinal phase of tlight. In contrast to both the AS and TS patterns, activity in 
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the distal muscle LG was typically initiated during the postlanding phasl' 01 thl' jump ln 

fact, the 95% confidence Iimits for all three distal muscles e\.tl'IKil'd mtn the IX)stlanding 

phase, a feature that was ne\'er obsen'cd in either the AS or TS patll'ms 

Frequency Distribution for the Muscle Onset Patterns: The frl'quency dlstrihutlon lor 

the three muscle onset patterns across ail individuals is tllustratt'd in Tahle (n HaSl'd on 

the dominance of one pattern of muscle activation across tnals. IlIdlVlduals weil' 

c1assified into one of three correspondmg classIficatIon groups tlH.' Adult Patll'rIJ group. 

the Transitional Pattern group, and the Proximal-distal Pattern group For l'xillllpie. onl' 

child (VC) was assigned to the Adult Pattern group sincc the Adult muscle onsl'l pattl'nI 

was observed on 88% of trials, Similarly, the subject LF was clas<;llll'd lIIto Ihl' 

Transitional Pattern group since the Transltional muscle onsel paltern was adopll'd on 

86% of the trials. In this manner, one subject (VC) was c1assifll'd mto thl' Adult Pattern 

group, while three subjects (LF. JV, and MPC) were assiglll'd IIlto the Transillonal 

Pattern group and the remaining five subjects (DPC, FS. JND, FH, and MIU Wl'fe placed 

into the Proximal-distal Pattern group. The trial sequence for each landtrlg paltem acro:-.s 

ail individuals is indicated in Table (3). The tnal distnbutlon revealed il tendeney for 

individuals to aIternate between muscle onset pattern:-. on uillerent tnab Ilowever, a 

systematic correlation between the trial sequence and the type of mu:-.clc on:-.ct pattern 

was not observed. In none of the individuals wa~ one type of mu:-.clc onsct pattern 

expressed more consistently in earlier trials and another pattern in later trials For 
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TABLE 3 

prcqucncy Distribution for the Landing (EMG) Patterns 

Subjccls Distribution of % Trials Group 
landing patterns 

VC AS: 1,3,6,7,8,10 88% AS 
'rs: 9 12% 

LF 1'S: 1,3,5,6,8,9 86% TS 
POS: 10 14% 

av TS: 4,6,8,9,10 55% TS 
pos : 1 , 3 , 5 , 7 45% 

MPC TS: 1,2,5,6,7,10 60% TS 
PDS:3,4,8,9 40% 

DPC TS: 1 0 14% 
POS: 1,2,3,5,8,9 86% 

FS POS: 1 ... 10 100% PDS 

JND TS:3,10 25% POS 
POS : 1 , 2 , 7 , 8 , 9 75% 

FB TS:7,8,9 30% POS 
POS: 1 ... 6,10 70% 

MR AS:1 10% POS 
TS:7,8,9 20% 
POS : 1 , 3, 5, ... 9 70% 

l.cgend: Subjccts: Identification of the individuals 
Distribution: The trial sequence for lhe 3 EMG landing 
palterns: AS, TS, and POS. 
% Trials: The percent number of trials for each of the 
3 EMG landing patterns. 
Group: Identification of the individuals in each of the 
3 classification groups. 

-----------------------~ ~- ----
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example, for the Transitional group indivldual MPC', tlH' TS path.'m was OhSl'r\'l'd 11\ hOlh 

early (1 and 2) and later tnals (7 and 10), with the PDS pattl'fTl sltl1llarly tWill!:', nhserwd 

in bath early (3 and 4) and later (8 and 9) trials. Thcrefon.', an l'tfl'l'I ut In.II sl'qul'nn' 

on the type of muscle onset pattern adoptcd for landing \Vas nnt dISl'l'rtll'd. 

The pattern of muscle activatIOn for land mg therefore appean'd 10 IX' li u:-.l'Iul tool 

for classifying individuals mto speclflc groups ln order to c:\ploll' Ihl' valtdlly 01 tl11s 

EMG-based classificatip!1, the J...mematlc profile!'> assoctatcd Witli l'ach 01 tlw thll'l' 

classification groups \Vere mvestlgated The kll1ernatlc analysls toclIsl'd 011 dtl tl'll'IIn'S III 

the organization of the joint and muscle parametcrs durlllg fltght and the Il'sultant 

postlanding stability profiles . 

4.3 Variability Protile Analysis. 

The vanability profile was established to examlllc the orgalll/atl\H1 01 tlH.' 

movement in the joint position domain during f1ight across tnals. The vanahlllty pmI 11(':-. 

for the hip, knee, and ankle jomts are illustratcd trl Figure (7) for 01 Il' reprc:-.cntatlvl' 

individual in the AS, TS, and POS c1assiflcatlol1 groups. In Ihls graph, Imle regJ(H1~ of 

decreased variability ( < 3W;r, of maximum variahJllly mterval) arc mdlCated Ily 'hatched' 

time areas while regions of mcreased variability ( > 70% of m;lXImum vanahJllly Interval) 

are indicated by 'open' time regions A summary of the vanabJllty profJle:-. for ail 

individuals is represented in Figure (HL 'filled' bars corre~pond to time region-; of critlcal 

decrease in position variability and 'open' bars to Ume region .... of critlcally increa-;cd 

position variability . 
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For the AS indlvidual, the variability profile at the hip joint presented three time 

regions of increascd joint position variability: at the initiation of flight (0% to 10% 

f1ight), during mldflight 07% to 67%), and during the final phase of flight ta landing 

(li V}f, to 100% fhght). A similar variability profile for the hip joint was noted for one TS 

group mdivldual (MPC). In contrast, the profile for the remaining two individuals in this 

group (LF and JV) was dcfined by only two regions of increased variabiltty: at the 

mltlatlOn of f1ight (0% ta 27% flight) and during midflight (33% to 83% flight). No 

entleal modulation of the hip position vanability was evident during the fmal phase of 

f1lght ta lanumg A ~Imilar absence of vanabliity modulation dunng the final phase of 

f1ight was noled for the thrcc younger PDS individuals, DPe, FS, and JND. The PDS 

profile m these childrcn was dlffcrentiated by a general increase in variability which 

typically extcnded through portions of the initial and midflight phases and ending during 

the fmal phase of flight 10 landing (0% ta 95% f11ght for the representative individual). 

The hip variability profile for the two older PDS individuals (FB and MR) presented a 

region of inercased variabllity whtch extended from midfllght to landing. 

A more cvolved pattern of variability modulation was observed at the knee joint. 

The profile for Ihe AS tndividual was characterized by a region of increased variability 

durmg midtlight (JO% 10 57lJr, tlight) and a bi-directional modulation of joint position 

\ .. Inabllity durmg the tillai phase of flight. The bl-directional phase included a region of 

dccrcascd vanabthty (ï 3~t(, to 80% flight) followed by a region of increased variability 

L',tending to landing (90% to 100% flight). In the TS group. the profile typically 

in<.'orporatcd a rcgion of increased variability during the midflight phase 00% to 57% 
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flight for the representati\'c tndi\'iduaD. In contrast to the AS profile, a uni-dtll'et iOllal 

modulation of the position \'ariablhty \Vas obser\'l.'d during thl' flllai phase ot fi ight 

However. the dIrection of the variabiht) modulation m'l',- thls regioll \\ as not l'lHlSlstl'llt 

across the indi;iduals in this c1as~itlcation group ln 1\\'0 Indlviduab (1 V and .IV), ,1 

decrease in position variability was noted during the tinal phasl', c",tl'Ildlllg (olallding tor 

the indivldual LF. Conversely for MPC. an tncœa~e III variahility \Vas ()h~l'I \'l'd m'l"- thls 

region that extended untillanding In contrast to hoth the AS alld TS prollll's, tl!l'n' \Vas 

an absence of vanability modulation dunng the Imal pha~l' of IIIght aClm~ hoth thl' 

younger and older individuals in the PDS group. Typically, the PDS l'roi dl' \Vas dl'f lI\l'li 

by a single region of increascd variability during the miJfltght pha~l' (.~()'/(, tll hi';', for 

the representative tndi vidua\) . 

The AS prof tic at the ankle joint was also defined hya hi-dlll'ctlonallIIodulatioJ\ 

during the fi nal phase of t1lgh t· a region of dccreased val tahlilt y (70'Ïr, tu HO'/'r, f Itghtl 

followed by a region of increa~cd variabrlity e;\tendlllg to landlllg ()O'Ïr, t() 100% fi ighll 

An absence of critical variability modulation dunng the i nlttal and mldf IIght pha~l''' wa~ 

also noted. The 1'S profile wa~ defincd bya region of rncrea~l'd vanabtl ity through thl' 

initial and midflight phases (3% to 57(',.r, fltght for the n!prl'"entatlVl' ,ndlvrdual) A., 

observed for the knee joint, the final pha.,e of f1rght \Va" dl'fUH .. 'd hy a U/II dlf('ctlollal 

modulation of the positron variabilrty_ Again, the direction of Üm rTIodulatlCH! \Va ... Ilot 

consistent across the indrvlduals in thi" group' a decrease in pO~ltr{)n varrabllity wa,> notl'd 

for LF, while JV and MPC presentcd an increasc in po,>ltlOn vanahtlrty The region 01 

modulation ended prior to impact for aIl indivrduals, ln the ('DS group. mdrvidual ralher 
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Figure 7. The Variability Profiles for the Hip, Knee, and Ankle joints are shown for 
the representative individual in each of the 3 EMG classification groups: AS, TS, and 
PDS groups. Takeoff corresponds to 1 % on the abscissa and landing to 100%. The 
minimum variability intervals « 30%) are indicated in the 'hatched' time regions and 
maximum variability intervals (> 70%) in 'open' time regions. Joint angle positions are 
plotted along the Y-axis. 
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Figure 8. The graph summarizes the time profile of the variability profiles at the Hip 
(A), Knee (B), and Ankle (C) joints across the three EMG classification groups: AS, TS, 
PDS(y) and PDS(o). The X-axis represents the % of flight from takeoff (0%) to landing 
000%). Maximum variability regions are indicated by 'open' bars and minimum 
variability regions by 'filled' bars. The length of the bars indicates the duration over 
which the modulation in joint position variability is applied. The dotted vertical line 
delimits the operational range which is strongly associated with the 3 EMG classification 
groups. 
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th an group diffcrcncc:-, wcre obscrved for the ankle vanabihty profile. Two mdividuals 

(DPC and FS) prc~ented a rcglon of increased variability during the initial and midflight 

pha~cs, coupled with an ab~cncc of modulation during the final phase of f1ight. The 

rcmaimng youngcr PDS mdlvldual (FS) pre~ented only a region of increased variability 

dunng the final pha\e of fllght /\. slmilar Isolated region of increased variability during 

the final pha\c of fllght c'\tcndmg to landmg was observed in the oldest PDS individual 

MR. Thc remaining oldcr PDS mdividual, FB, revealed a more elaborate variability 

profilc' a region of dccrcased vanability during the Initiai phase of f1ight, followed by 

a rcgion ot mcreased variabillty during midfllght and finally a decrease in variability 

during the fmal phase e:\tcndmg to landmg 

The three EMG classificatIon groups could therefore be distinguished by the 

modulation of vanabllity in joint position, particularly on the approach to landing. This 

operational range (dehmited by the vertical 'dotted' Imes in FIgure (8) W.3S more strongly 

associatcd \Vith the EMG da~slflcation scheme for the knee and ankle joints. The AS 

profilc dcplctcd a bi-dJn~ct\Onal vanability modulation, whilc a ul11-directlonal modulation 

was obser\'l'd for the TS group mdividuals The PDS profile presented an absence of 

variahIlity modulation at the knee while a consistent variabllity could \1ot be Identified 

at tht.' anl...!e j01l1t As tht.'se \'anabIlity profiles appearcd to he an important kinematic 

fl.'aturl.' in tlll' l.'haractl.'rt/.atlOn of the three classification groups, differences in other 

"uwmatÎC variable:- \\ cre l':\plored to determine their contribution to the \-ariability profile 

and also 10 the organization of the three defined categories of jump-downs. 
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4.4 Pattern of Joint Reversai for Landing: 

Joint preparation for landing was considered as the tnne at wludl tlll' la~t j01ll1 

reversai occurred prior 10 touC'hdown The temporal orgalll/.alion of Ihl'Sl' j0ll11 n'\ l'l'sais 

was considered in relation to the previously descri\x>d EMG-h,ISl'd c1a\~lIlc.ltloll 'l'Ill' 

pattern of joint reversaI for ail mdivlduals is llluslrated 111 Flgull.' (l)) Rl':-.ull~ IIHltcall'd 

that bath the sequence of joinl reversaIs and the vanability III thl' ttrning. nt thl' rl'\'l'ISals 

were loosely correlated to the three EMG classification groups 

For the AS group subject (V('), the mean joint reversaI pattent occurr ed III a 

distal to proximal sequence, The sequence was mitlated al Ihe (Illide ( X 1 ms), Wllh 

subsequent joint reversaI at the knee (-RO m~) and hl)) (-76 nt!'» JOlllt!'> 1I0\Vl'\'l'r, ~1Jll'l' 

ail three joints reversed wilhm a 5 ms delay of each otlll'r and 111l' ()I)% l'< 1Il1ldl'Ill'l' 

interval limits for the liming variability overlappcd, the joint rever<;als \Verl' C()JlSldl'rl'd 

ta he coincidental in the AS pattern, The largest tIming vanahillty was rlotl'd for the hlp 

joint (95%CI= 55 ms), the last joint ta reverse motion JrJ Ihl!'> pattern, whtll' the Itrlllllg 

variability was comparable al the knce (95%('1 = 38 ms) and anl .. .Ie «)5'/r,('1 -= ~ 1 lm) 

joints, Another salient feature of the profile was the laIe Ilmmg 01 the jOlllt rl'wf\ab, the 

mean reversai occurring within SO ms of landing al ail Ihrcc joinb 

For bath the TS and youngcr PDS c1a"~lfled mUlvlduab, Ihl' "cquellce of jomt 

reversai was typically mttiateu in one of the two more proximal jotrll" ('arly III IlIgh!, the 

range of the timing for the initial joint rever"al rangtng from (-3 {Cl m,,' to ( 101 fll',) lor 

the TS mdividuals and (-364 ms) ta (-159 m,,) in the younger PDS mdlvlduals Typrcally, 

significant timing diffcrenccs \Vere noted for the joint reversaI pattern as follow<; 1) ln 
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the TS group, significant diffcrences were noted between the joint reversais at the hip, 

and at the knee (p < 05) and ankle (p < .01) for LF, and at the hip, knee (p < .05) and 

ankle (p < .(5) joints for MPC; and 2) In the PDS group, significant differences were 

notcd at ail three joints (p < .01) for DPC, at the knee and ankle (p < .05) for FS. and 

bctwecn the hip, the knce (p < 01) and ankle (p < .01) joints for JND. Furthermore, the 

hlghcst timing vanability was noted for the first joint to reverse. Thus, while sorne TS 

subjects had in common with the AS subject large variability in the timing of hip 

reversai, the scqucnlial order of the hip reversai was inverted. Typically, the pattern of 

joint reversais was such that there was either a difference between the first joint reversai 

and the othcr Iwo jomt reversaIs (sec MPC) or a significant difference at ail three joints 

(sec DPC). Thcse tirmng dlffcrences were seen equally among both the TS and younger 

PDS groups and thus did not distinguish clearly between the two groups. 

The two older PDS individuals presented final joint reversaI patterns which 

differed From Ihe younger PDS group One individual (FB) presented a profile similar 

10 the AS indlvidual, Ihe ankle imtiating the joint reversai pattern with subsequent 

reversaIs at thl' knee and hlp joints. The timing of the pattern ranged From (-153 ms) for 

reversaI at the ankle 10 (-119 ms) at the knee, with the highest variability being noted for 

Ihe hlp joint, the last jomt to reverse in the pattern. Again, the confidence interval timits 

o\"crIappt.'d such that no signittcant differences were noted across the three joints. The 

othcr individual in !lus group (MR) presented a distinct profIle: the jomt reversai pattern 

\\ as miltatcd at the "'ncc jomt (-159 ms) followed by joint reversaI at the hip (-121 ms), 

whilt., reversai at the anklc \Vas delayed close to landing (-28 ms). The timing differences 
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Figure 9. This series of nine (9) graphs represents the means and 95% Confidence 
Intervals for the time of final joint reversaI during flight at the hip. kncc, and anklc joints 
across the 10 trials for each individual. Subjects are categorized by the EMG-based 
classification: AS, TS. PDS(y), PDS(o). 
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for the reversais were sigmficant (p < .01) between ail three joints. 

4.5 Dynamic Range of Motion: 

Dynamlc range of motion specifically refers to the absolute joint excursion used 

at the hip, knee, and ankle joints to organize the movement pattern during flight rather 

than to the physiological range of motion. Two facets of the dynamic range of motion 

were addrcssed: the central tendency position and the operating range. The central 

tcndcncy position was defined as the position in the flexion/extension plane around which 

the joint opcrated dunng tlight. The central tendency positions for ail individuals are 

iIlustrated in Figure (I 0). This position value was approximated by iteration: the mean 

jomt position \Vas established for each 1 % interval across the normalized flight and the 

grand mean of these iterations \Vas used to obtain the overall central position for each 

individual. The operating range refers to the joint excursion around the central tendency 

position as weil as the vanability in the flexion and extension limit positions. Individual 

operating ranges are illustrated in Fi;ure (11). 

For the central tendency position profile, the most extended hip position was 

observcd for the AS tndlvidual (VC) at 144° (p < .01) and was associated with the 

narrow('st hip operating range 10" (p< .01). The maximum hip extension position was 

cou pied with intermediate central positions at the knee (137)) and ankle joints (129°). 

Intcrmcdiate operating range values were also noted for the knee (47°) and ankle (28°) 

joints in thls profile. 

The central tendency position and operating range profile for the TS individuals 
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contrasted the AS profile. A more tlexed central hip position was noted in thl' TS group. 

reaching maximum tlexion values in two mdividuals. JV (lORO) and MPC (\ 1 lU). This 

hip flexion position was associated with interrnediate operating range values for LF and 

JV, and maximum range for MPC (32"). Maximum extension values \\'l'Il' ohsl'rved loI' 

the central position at the knee (1550 to 158"; p< .00. wh\h.' thl' ankh.- prl'sl'ntl'd 

intennediate ankle plantarflexion central positions (12411 to LUII). The 01)('1(11 ing rangl' 

tended to the maximum at both the knee (37° to 4JO) and ankle (25" to 41") Il)llltS 

For the three younger PDS individuals (Ope. FS. and JND). thl' central tl'lldl'JH.'y 

position profile was defined by an interrnediate fleXion position al the hlp (II H" ln 127°). 

greater knee extension than the AS indivldual (136" to 15()") and lor 11ll' l'l'JuraI pOSltlOJl 

of the ankle maximum plantartlexlOn values (133" to 142") 'l'hl' 0pl'rating rangl' valtu.'s 

tended to a maximum for the hip joint (20° to 26"). whlle the range tended 10 a ntlJlimum 

for the knee (330 to 38°) ~nd ankle (21" to 26°). 

The two older individuals in thls group (FB and MR) were uniqul' HI Ihal Ihey 

displayed the most dorsiflexed central ankle position: Il RI) for FU and 120" for MR. This 

dorsiflexed position was associated with a large opcratmg range for FB (Fi") and a 

minimum range for MR (13°). The knee joint wa~ in a pOSltHH! of rna\lInurn Ilcx\(>n 

position for MR (106"; p < .(1) and intermediate extensIOn position for FB (141"). The 

operating range values \Vas a maxImum for bath mdlvlduals. 43" for FB and '12" lor MR 

The hip was in a moderately f1exed position for both indivldual~. 12(1' for H~ and II()" 

for MR. The operating range at the hip tcnded to a minimum ln U • .: ' !. 'IIvlduals, 1 Z' 

(FB) and 23° (MR) . 
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Figure 10. Mean joint placement during the f1ight phase: joint positions are denoted in 
degrees along the vertical axis. 1800 representing full extension. (Conventions as in 
legend for the hip. knee. and ankle joints). 
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Another differentiating feature of the operating range across the three EMG 

da ..... lfication group" wa.., the control of the flexion and extension Iimit positions across 

tnab Thi... c~>ntrol of limlt IX) ... ltlons are represented with error bars in Figure (11). The 

con:-'Istf'ncy of th<':-.c hmlt l'mitions was defined by the standard deviation of the 

maximum flexion and c\ten:-.ion hmlb for ail tnals and therefore represent the maximum 

jOint positions observcd on any one trial. 

ln the AS individual, the narrow operating range al the hip joint was associated 

wlth a highcr variabllity ln the position of the flexion limit (sd = 10°) as compared to the 

extension hmll pO:-'ltlon (sd = 3"). The extension limit positton was at 1490 and therefore 

wm, not constnllned b) the blomechanical li:~1it of the hlp joint. At the knee joint, 

con"istcnt posItions wcre noted for the flexion (sd = 3°) and extension (sd = 5°) Iimits. For 

the anklc jotnt, the planlarflcxtOn limit demonstrated a minimum of variability (sd =2°), 

as pcrhaps the PF Itmit position (139") cou Id biomechanically constrain this position. In 

the TS group, Innlt pŒillon \'anability at the hip joint was comparable to the AS profile, 

ranging frorn J" 1o Î" for Ille exten<;lOn Itmit and 4° to 5° for the flexIOn limit Conversely 

at the knee, a hlgh COI1!'lISlency ln the extension limit positIOn was noted, particularly for 

two indi\'lduals LF (2") and MPC (3"). 1I0wever, the shift in tlle operating range toward 

the biomechanical limit position would constrain the ~ fPnsion limit position. Interestingly 

at the ankle, bolh the DF and PF hmit pm.itlons \\' ,-onsi,tent across trials despite the 

op<..'ratil1g ra Il gt' I~ing dose 10 Ihl' PF biomechClII al limit. The DF limit position 

\'ariabllit~ rangld from 2" to 5". Thc ~ounger PDS individuals presented a simllar profile 

for thc kncl' joint. the consistency in the extension limit position increasing as the 
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biomechanical limit of this joint was approached. For ,'xampk. \'ali<lhlllty in the hnut 

position was a minimum (6°) when the lirnit IX)sttion \Vas at 177" UND) and a nW'\IIllUIlI 

(37°) when the extension limit positton was at 143" (DPC') The \'ariabllit~ lf1 tlll' t1l.'XIOII 

limit position \Vas relatively 11Igh regardless of the lin1lt pOStllllll. ranglllg trolll (r' (.IND) 

to 14° (DPC). A moderate \'anability at the ankh~, simllar to the hlp \omt. \\ a:-. notl'd tOI 

both the flexion and extension lirntts, values rangmg from 5" to (l" fOI the fl,-''\ion lillltt 

and 6° to 13° for the exten:-.ion 110111. 

Interestmgly, in the older PDS indi\'idual MR, the opclatlllg rangl.' \Vas hiasl'd 

toward greater knee fle:\lon and yet both Imllt positIon .... \wrt.' rclatlvt.'ly stahle aCloss 

trials (sd = Il Il for both the fleXIon and e'\tension Itmlts) ln contrast for FB. thl' 

operating range \Vas shifted into extension and \Vas associated wlth il decreasl' III thl' 

extension limit positIon variabiltty, 4" for the extension Itmlt and HU lor thl' flexion limlt 

At the hlp joint, Ilmlt position variability was comparahle lor hoth the f1exHHl and 

extension limit positions in both individual. AI ... o, despttl' the more dorslflexed pO .... ltlon 

at the ankJe, the variability in limit positions wa:.. comparable to the youlIgcr PI>S 

individuals. 

4.6 Movemcnt Organization during Flight: 

Joint Coordination Pattern~: Joint coordtnatlon pattern ... refer 10 the Wnl' varying 

organization of joint angle po-;ition during f1ight Into meanlngful ~Iralegleo.; for landtng 

Two distinct orgamzatlOn patterns were identifled for the Ihrec c1a ....... lflcaIIOTl group'; and 

were operationally defined as the In-pha'ic coordination pattern and the Out-uf-phase 
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Figure Il. Average Range of Motion (horizontal bars) and limit position (error bars) 
for the: A) hip, B) knee, and C) ankle joints of individual subjects across 10 trials during 
flight. Error bars at the left represent the maximum flexion position reached on an 
individual trial while error bars to the right represent the maximum extension on one of 
the ten trials. 
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coordination pattern (Figure 12) This definition was based on the direction of movement 

at the two join .... of a ~egment In these diagra.ms (Figure 12, 1-8), f1igh t time durations 

have hccn normalized lrom take-off to landtng. and motion at the knee joint is 

rcpresentcd along the 3hsci~"a whtle motion at the hip and ankle joints is represented 

along the onhnate. Th<.' rate of change in angle position at the hip and ankle joints is 

Ihcrefore cxpre!'.sed a!'. a function of the rate of change in knee angle position. Reference 

Imcs mdical(' the midposltion of the dynamic flexion and extension range at the knee joint 

(horizontal rclerencc) and at the tllp and ankle joint!'. (vertical reference). The intersection 

of these relcrcnce lincs was used to define four dlsttnct movement coordination 

quadrants. For the hip/knce segment, the four quadmnts indicated the following 

movcment coordination' 1) In the first quadrant, both joints are tn extension above the 

flexion/extension rTiidrange; 2) In the second quadrant, the hip is in extension above 

midrange while the knee is in fleXion below midrange; 3) In the thlrd quadrant, both 

joints arc in fle'\ion below the midrange reference; and 4) In the fourth quadrant. the hip 

IS in flexion below midrange while the knee is in extension dbove the midrange. For the 

ankle/knec segment, the mo\'crnent quadrants tndicated the following: 1) In the first 

quadrant. the anklt~ IS in plantarOcxlon and the knee in extension above rnidrange: 2) In 

the second quadrant, the ankle is in plantartlexion and the knee in flexion below the 

midrange: 3) In the third quadrant, the ankle is in dorsiflexion and the knee in flexion 

bl'lo\\' midrange; and -1) In the lourth quadrant. the ankle is in dorsiflexion and the knee 

IS in e\tl'flsioll abo\'C the midrangc 

The /1I-l'lwsc coordination pattern was defined by a coincident increase or 
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decrease in intersegmental JOInt angles such that the two joints nt a sl'gnll'1I1 l'It Ill'r fll''\l'd 

or extended in concen. From this dl'finition. knl'l' flexion wnuld 11l' .1SMll'lall'd \\ Ilh lHp 

flexion and ankle OF. while e.\.tenslon at the "'nec would lit., <1~SOl'latl'd \\'Ith Illp l'\.tl'IlSIl)(l 

and ankle PF. In contra~t. the OUf-of-phase coOr-dlll.ltlon pattl'rn \\'a" ch,lIal·tl'll/l'd hy 

a dichotomous increase or decrease in II1tC'rsegmental jOl1lt angles ..... uch that 1 Il'\. Ion and 

extension movernents occurrcd in opposition at the two joints of a segmt.'nt ln Ihls 

coordination pattern. knce extension is a~sociatcd wlth f1e\.loll al the hlp and Ill-' at the 

ankle, while knce flexion is assoc\atcd \VIth hlp e'\ten~lcn and ankll' PF III l'Ithl'\ tlll' 

ln-phase or the Out-of-phase coordination pattern, a thsplacl'lIIt.'llt (lI tlll' tl'sultant 

movement Itne along the hOrizontal or vcnical axis Indicates a mownll'nt Isolall'd 10 mil' 

joint of the segment, the position at the second joint rl'matrltng constant 

Movement Organization at the IIip/Kncc Segmcnt: The rnovcmcllt orgallizat Il ,Il 

incorporating the ln-phase pattern al the proximal scgmcint (FIgure 12, 1-,1) was dl'fuwd 

by three movement phases: 1) Thc first movement phase was Illitiatl'd lrom il position 

of extension greater than midposition at hoth the hip and knec jOints (flr<;l quadrant) ami 

proceeded with comcident flexion to a point of maximum flexion at botl! ,()mts 1}('low 

midrangc (third quadrant); 2) COJncldcnt joint rcversal~ into extcn:-'Hln tntllatcd the '>('('(J'HI 

movement phase, wlth thc subsequcnt movemcnt procccding mtn exten'>lon tn a potnt <lI 

maximum extension for the kncc but not the hl P «Irst quadrant), and H The thJr(J anu 

final movement phase was initiatcd with a simultancous jOlnt revcr,>al followcd by 

coincident flexion directed to the third quadrant for landmg An intcrcsting fcature of thls 
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ln-phase movcment organizatlon was the slower rate of angular displacement at the hip 

Joint relative tn the knee joint 

Furthcr timing dlffercnce.; between the motion at hip and knee joints could 

effectlvely 'decouplc' the Ill-phase organization over specifie epochs of the movement 

therehy altering the form of the execution pattern. Two stable forms of the 'decoupled' 

organization were noted 1) In the first movement organization, the Phase-lag pattern 

(Figure 12, 2), the knee reached a point of maximum flexion and joint reversaI into 

extension prior to the hlp. such that JOlOt reversai at the hip occurred as the knee was 

alrcady extcmling into the ~econd phase of the movement Similarly, at the end of the 

second movcment phase. peak knee extension and joint reversaI again occurred prior to 

the hip, such that the fmal phase of hip extension and joint reversaI occurred as the knee 

was alrcady f1exing in anticipatIOn of the landing; and 2) The second movement 

organil.at ion, the 'Prec:ing' pattern, was typified by the cessation of motion at the hip 

joint carly in the movcmcnt profile, the hip subsequently maintaining a stable position 

as the flexion movement at knee joint proceeded in anticipation of landing. As illustrated 

for a rcprescntatlvc trial in Figure (J 2, 3), a coincident flexion \Vas initially established 

at the hip and knec joints to a point of maximum flexion. From this point of maximum 

f1c:\ion, a 'frcczing' of thc hlp position was noted such that a stable hip position \Vas 

maintamcd dunng thc subsequent t\\'o knee reversaIs, mdudmg the final flexion 

lllO\'l'ment lf1 anticipation of the landing. 

The second distmct mo\'ement pattern at the proximal segment \Vas the Out-of­

l'hase organization w}lIch was characterized by the presence of the dichotomous 
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coordination pattern during at least one phase of the mO\'l'mt.'nt (Figure 12 ... 1) Typk'ally 

this movement organization was defined by two mowment phasl's 1) l'th.' lllon'Illt.'llt 

originated from a position of tlc~l()n at the hlp and knee JOInts and PIl)l'l'l'lkd IIItl) hlp 

flexion and extension at the knee ThIs dichotornous prm.unal t1e~ion and dISlall.'\Il'llsioll 

continued to a point of ma:\lmum hip tle:\ion position. 2) A jomt rC\'l'rs,11 al Iltl.' km'I.' 

mitiated the second movement phase, the tlexlon position at ttw hlp IWIII!!, lltalllt,lirll'd 

within 2° untillanding in the representative graph. Consequently, Hw j01ll1 n'\'l'Isal al IllI.' 

knee and the subsequent tle:\ion to landing wert.' assoclatl'd wlth III 1111 ilia 1 adjustllll.'llls 11\ 

hip position. This 'freezmg' of the hip position \Vas refleclcd as a horl/olllai dlSplal.'l'ntl'lIt 

of the resultant movement Ime to the left dunng the sccond 1ll0Vl'IlH'1l1 pha~l' to landing 

Movement Organization at the Ankle/Knee Segment: The cl aso,; Il ieat iOIl of thl.' 

movement organization into distinct Ill-phase and Ollf-o/-phasc pattl'rll~ at the distal 

segment was complicated by the presence of an initial penot! of dichotolllous 1ll0W Hl 1..' nt , 

the ankle plantarflexing as the knee contmued ItS flexion to peaJ... trajectory of Ihe center 

of mass. As this dichotomous phase was consistent across ail mdlvldual" and tnals, the 

classification of the movement organization was based on the type of coordin(Jtloll pattl'rn 

during the remainmg phases of the movcmcnt 

The ln-phase movcment organization at tht., ankle/knce 'icgrnt.'nt J1lustrated in 

Figure (12, 5) was defined by four movement pha,>cs 1) The movement orrgmaled Wllh 

the ankle in a plantarflexed position and the knee in extensl<Jn. I:rom thi~ positIon, the 

knee proceeded into flexion as the ankle continued to plantarflcx, thcreby ylclding a brier 
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period of dichotomotJ" coordination pattern (10%, to 20% flight for the representative 

tnal); 2) The second movement phase was initiated by a joint reversai at the ankle. 

Suh:-.equcnt to thl"> point of anklc rcvcr~al, an ln-phase coordmatlon pattern \Vas observed, 

wlth comcldent knce f1c\lon and ankle dorsiflexion movement to midrange for the ankle; 

H The thinJ phase W,IS inttiated through a coincident joint reversai and subsequent 

coincldent extension at the knee and plantarflexion at the ankle to a point of maximum 

extension In the first quadrant; and 4) From this maximum extensIon position, a 

comcidcnt Joint revcr!-.al wa" ob~crved followed by a flexion motion at the knee and 

dorsiflexlon at the ankk m antIcipation for landing. 

A Phasc-Iag organization \Vas also observed for the In-phase movement at the 

dIstal segment. ln thi:-, movement organization, the phase-Iag was introduced at the point 

of the flrst joint reversai inttiating the second phase of the movement. The phase-Iag 

movcment orgalll/,ation IS i1lustrated in Figure 02, 6). Typically in this phase-Iag 

organization, the knee rcached its position of maximum flexion as the ankle was 

continumg tn dorsitlex The maxImum knee flexion position was maintained as motion 

at the ankle procccded to the point of maximum dorsiflexion. In the representative 

diagram, the joint reversai at the ank.le was lagging the knee by 21% of f1ight, the knee 

position rcmainmg stable dunng this period. ThIS phase-Iag was retlected in the 

displaccl1I('nt of the resultant movement line along the vertical axis from the second ta 

the thinl quadrant. Subsequently, the coincident movement to the first quadrant was 

rl'sumed for landing. Ilowe\'cr, the delay in the movement execution introduced by the 

phasc-Iag rcsultcd In the k.nec bemg more extended and the ankle more plantarflexed at 
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landing as compared to the other ln-l'hase.: orgamzations. 

The second morement organization obscrrcd at the ankll'/\..Ill'l' ~l'gll1l'nt \Vas thl.' 

Out-of-phase pattern. This strategy \Vas chara('tcl1l.l'd by thl' prcsl'tll'l' 01 ,II Il'ast 0I1l' 

dichotomous movement pha~e, c"\c1udmg the consistent dll'hotolllous pha~l' po.;I-lakcoll 

Typically, this morement pattern was organiLcd around a dOlll1l1ant dm'l'IIOII 01 .\IIkll' 

motion through flight. The dominant ankle motion, ellher into Pt: or IW, Il'sultl'd III a 

relatively independent motion of Ihe knee and ankll' jomb 'l'hl' PI-' 1110\· l'II Il' Il 1 

organization is illustrated in Figure (12, i) and \Vas ul'fnwd by thll'l' 1Il0"l'lIIl'lIt phases 

1) The movement originatcd in the lourth quadrant wllh IIIl' km'l' 111 nll'nSIOIl alld Ihl' 

ankle in dorsitlexion The mitlal movcment pha~e presl'nted a dll'hololllOIlS 1ll0Vl'IlIl'nl 

as the knee flexcd and the ankle plantarflexed; 2) The second mowllIl'l\l pha,,\.' \Va~ 

initiated by an independent jOlllt reversai and subsequent cxtcn~lon al Ihl' klll'l' as 1 hl' 

ankle continued to plantarflex; and 3) The thinJ and fmal movemcllt pha"l' Irlcorporall'd 

a coincident joint reversai followed by a kncc flexion and anldl' dOl~rf le'dOIl III 

anticipation of landing. Thus, thls strategy was typified by a progrl''''~lvl' plantarlll.'xioll 

at the ankle associated with the mitial flexion and sub..,cquent cxtcn<;IOI\ 1rI0WIlll'IIt al Ihe 

knee, followed by a dorsiflexlon at the anklc whlle the knee was Ilcxrng lor landing 

Conversely, the DF movemcnt organllallon wa.., charactcnleu hy a progrc~~IVl' 

dorsiflexion of the ankle, indepcndcnt of the UI'>Iinct movement pha:-.c" oh:-.crved al the 

knee. This movement organizatlon was agam defrncd by threc moverm'nl pha..,es and I~ 

illustrated in Figure (12, 8). 1) The movcmcnt onglnatcd III il po<,lIlol\ of anklc 

plantarflexion and knee flexion in the second quadrant. The Initial movcment procccucd 
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mlo ankle dor:-'lflcxlOn and I(nee flexion; 2) An independent joint reversaI al the knee 

tnttiated the <;econd movement, while still in the second quadrant. Subsequent to this joint 

rever:-.al, the kncc cxtended as the progres:-.i ve dorsiflexion at the ankle \Vas maintained. 

ThIs dlchotomous rnovement pattern continued to a point of maximum extension at the 

knce in the flr:-.t quadrant, and 3) An tndependent joint reversai at the knee also initiated 

the thlrd movcmcnt pha:-.e This fmal phase was defined by a coincident motion at the 

two joints of the di"tal segment, the ankle continuing to dorsifle\ while the knee was 

IlexUlg trl anticipation for landing 

The landing phase of the jump-down would primarily he affected by the direction 

of the Joint motion and the accompanied mu:-.cle activity dunng the final phase of the 

mowment orgaTllLatlOn patterns m anticipation of landing Intere~tingly, the dtfferent 

movcment organlzations Identlhed al the proximal segment did not yield different 

movcment directtons dunng the fmal phase to landing. In the four distinct organization 

patterns, the hip and knee jomts were flexing during the final movement phase in 

anticipation for landmg J lo\Vever, different joint direction movements \Vere associated 

\Vith the lour dist1l1ct organiLation patterns at the dIstal segment. The In-phase and Out­

o/-phast! (DI'J patterns resulted 10 a flexion movement at the knee and dorslflexlon at the 

anklc dunng the fmal phase of tlight. In contrast, a knee extension movement coupled 

\VIth dorsiflexion at the anklc during the final phase of flight \Vas associated \Vith the In­

l'hase (1'IwsL'-lagJ and the Out-4-phase (PFJ organization patterns. 
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Figure 12. This series of eight (8) graphs represents the movemcnt orgallllatlon at the 
hip/knee (graphs 1-4) and ankle/knee (graphs 5-8) segments. Flight time durations have 
been normalized from takeoff to landing and motion at the knce is reprcsl'ntcd along ttH.' 
abscissa white motion at the hip (1-4) and at the anklc (5-H) IS rcprl'sl'l1lcd along the 
ordinate. Horizontal reference lines indicate the midJX)Slhol1 01 111l' dynanuc ROM al ttll' 
knee, white vertical referencc tines indicate the mid dynamic rangt.' pOSltltHl f()/ Ihl' tllp 
and ankle. The four movement quadrants are labclled from 1 (e:\tenSlOI1 at hoth jOllllS 01 
a segment) through 4 (extension at the knec and flexion at the olher joinl) Hl il coulller 
c10ckwise direction. Each graph illustrates one repre~entalive trial for cach of Ihe 
identified joint coordination patterns . 
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TABLE 4 

FREQUENCY DISTRIBUTION FOR THE JOINT COORDINATION PAT'rERNS 

1 

Ive 
LF 

JV 

MPC 

DPC 

FS 

JND 

FB 

MR 

ANKLE/KNEE IIIP/KNIŒ~ 

1 In phase lout of Phase Il In phase lout of Phase 1 

1
0

% 1
100

% 
PF I ' IO ~ ig: 1 pl..l-1O 

1
0

% 
1 PL2 

100% IP 0% 60% Fr~lo 40% 1-4 

90% ppl.2.4-IO 10% PL2 20% 1.7 

10% Ip3 70% Fr3-6·R-lo 

90% ppl-5.7.1O 20% Ip2•4 80% 1. 1:;-10 

10% Ip6 

40% Ip4-7 50% PFI.2.8-IO 60% Fr l-4.Q.lo 

10% DF3 40% PL~8 0% 

10% Ips 20% PF2.4 90% PLI-S.7-IO 10% 5 

70% PL I.3.6-IO 10% Fr6 

20% PFS•7 90% PLI-S.7-1O 0% 
80% PLl.4.56.8.IO 10% Fr6 

0% 80% PF I.2.5-10 70% F r I.2.4-7.Q.lO 30% 1.8.10 

20% DF3.4 

40% Ip1.3.4•6 60% PF2.5.7-10 100% IP 1-10 

0% 

Legend: % : The percent number of trials for each pattern 
IP: In-Phase Coordination Pattern 
PL: Phase-lag Coordination Pattern 
Fr: Freez~ng Coordination Pattern 
PF: Out-Of-Phase (PF) 
OF: Out-of-Phase (OF) 

Superscript numbers indicate the trial sequence 

) 
( 
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Frequcncy Distribution for the Movemcnt Organization Patterns: The frequency 

dlstnhutlon and trial sequence for the ln-phase and Out-oj-phase movement organization 

al hoth the prc>XImal and dl~tal segments was established for the three EMG classification 

groups and IS J1lustrated ln Table (4). 

For the AS indivldual. the ln-phase organization was exc,l!sively observed at the 

proximal segment. wlth one trial being of the pha.';;c-lag type. This proximal ln-phase 

orgamzalion was excluslvely a~~ociated with the Out-o.f-phase (PF) pattern at the distal 

segment 

The Ill-Phase organization at the proximal segment was also dominant for the 

younger PD~ group indlviduals. However, there was an increased frequency of the 

Phasc-lag and P'ree::ÎlIg patterns of the In-pha.<.,'c organization in these individuals. For 

example. two individuals (DPC and JND) adopted either the Phm..-e-Iag (40% and 90% 

respecttvely) or the Frec::ill,~ (60 Cff, and 10% respectively) patterns at the proximal 

segment. Stmilarly, in PS, the Ill-phase (90%) or Frcc:in,-lJ 00%) patterns were 

observed. A consistent movement organization pattern was not observed for these three 

indlviduals at the distal segment as they tended to use either the ln-phase, Phase-Iag, or 

Olif-(~l-pha.\',: (PF) p~ttcms. Therefore. for DPC, the ln-phase pattern was observed on 

4000 of trials. the OUf-of-phase (PF) on 50% trials, and the Out-r?f-phasc (DF) pattern 

on 10% of trials ln l'ontra~t. FS dominantly adopted the Phase-Iag patterns (70%) with 

1000 of trials being of the ln-phase pattern, while JND adopted the Phasc-Iag on 80% 

of trials and the OUI-({p!wse (PF) pattern on the remaining 20% of trials. 

Diffl'rent organizational trends were observed for the two oldest individuab in this 
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group. FB and ~R. At the proximal :-;egment for FR, the Frcc::in.!; p'lltl'Ill was 

dominantly observed (700H \\'lth the rcmaining thrcc tnals lX'lIlg of tlll' OUl-o/-phase 

type. These two proximal patterns were assocIatcd cxclusive\y \\ Ith the OUl-o/phase 

pattern at the distal segment. RO% of the PF pattern and 2000 01 Ihe DF p.llIl'rtl For tlll' 

subject MR, the bl-I'hasc organization was e:\clusively obscr\'ed al the pI()\.llllal segllll'I\t 

a~ for the AS individual whlle at the distal segment, cithcr the 11l-l'lra.\'l' (·IWi,,) or OUI-ol­

phase (PFJ patterns (601JH \Vere observed \Vith comparahle frl'queney 

The proximal movement organization wa..; unique for Ihe TS group in Ihat the 

Out-of-phasc movement organization was expressed more frequently than in l'ilher thl' 

AS or PDS groups For example, LF adopted either the Fice::lIl.~ «)0',Ït,) or thl' OUI-ol­

phase (40%) patterns, whtle MPC adopted the OUf-of-phase pattern on HO% of tnab, Iht' 

remaining two trials being of the ln-phase type, For the remallltrlg TS IIIdlvidual (JV). 

the Freezing pattern dominated (70%). with l()% of the Pllll,";e-lag tYPl' and the 20'Yr, 01 

the Out-of-phase type, Interestingly. the TS individuals were highly cOI\<;lsh.'nt in Iht' type 

of movement organization adopted at the distal segment' LF excluslvel)' adopted the 111-

phase organization. while the out-o/-pha .... ·c dominated for JV (90%) and MPC ()or~,) 

As for the EMG patterns previously descnbed. an a!'>~()ciatl()n hclwt'l'II Ihe tnal 

sequence and the type of movement orgal1lzatLm was not ob~crV('d (sec Ta hIe 4) Thc 

trial sequence also failed to indicate an (j:,sociation hetween the type of movemcnt 

organization at the proximal and distal segment!'>, sugge:-.ting that the movcment al the 1wo 

segments could be independently organized, 
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4.7 Functional Consequence of the Distinct Movement Organizational 
Patterns 

The joint motion and mu~c\e activity during the final phase of flight in 

anticipation of landing will dlrectly influence the initial absorption of thE' impact ground 

reaclion forces. Therefore, a more detailed analysis of the movement profile from the 

pomt of final joint reversai to landmg was carried out and is presented m the following 

sections. 

l'ower-Time Profile for the Final Pha.cte of Flight: Pcwer-time profiles were used as 

a first approximation of the muscle contribution (concentric or eccentric work) to the 

control of the final phase of flight in anticipation for landing. The power-time profiles 

were adapted From Enoka (1988), A representative profile is illustratec. in Figure (13) for 

the AS indivldual. Represented at the bottom right of each series of graphs are the 

angular positions at the hip, knee, and ankle joints during the final phase of flight, from 

the time of last joint reversaI (t = 0) to landing. (As these graphs were not normalized to 

flight time, the time from joint reversaI to landing is variable). The corresponding 

angu lar vclodty and angular acceleration profiles and power-time profiles are represented 

in the left column. 

'1'0 establish the power-time profiles, the scalar quantity of power is approximated 

by multiplying the two vcctor quantities during the limb movement: angular velocity and 

angular acceleration, whlch is proportional to the force. By convention, flexion 

movcmcnts are assoclated with negative angular "elocity values imd extension movements 

with positive angular velocity values. The mass is factored into the resultant power value. 
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Positive power values represent time regions wherr the limb movemrnt IS conl\'ntricallv 

controlled (power production phase) while negatlvc power values rl'pll'~l'Ilt tlllll' fl'glOlIS 

where the limb movement 1 .... ecccntrically controlled (powcr ,lhsoq)tlon phase) Thus. 

during power production, the muscles apply work ln thl' system and rom l'r~eh. during 

power absorption, the system applics wor).. to the muscles due to IIwrtla 

The power-tlme profIles for ail indivlduals arc Illustratl'd 111 FtglHl' (1·1, Â-J) ln 

these representative graphs, a single trial \Vas illustrated for l'41ch ll11h\'ldual To allo", 

intersubject comparison, only trials with slmilar joint movelllent organl/,ltlon:-- \\'l'Il' 

selected. Therefore, for ail ind~viduals, the hip and knee jomts an.' fk'\lIlg towald landlllg 

while the ankle is dorsiflexing. Results focuscd on the mterac:ion 01 power pmductloll 

and power absorption phases at the three joints, whIle th( quantltll'S of Illuscle pO\wr 

associated with the movement productIon IS the topic of future 1JlVl'-;tlgat lom. 

In the AS indlvidual (Figure 14a), power productIon at the hlr W<l'i assocwtl'd 

with minimal power production at the knee and ankle joints. The power productIon pha~(' 

at these two distal joints occurred during the phase of power ahsorptlon proxlIlwlly at the 

hip joint. At landing, the power ahsorption phase at the hlr wa~ termtnall'd, the power 

retuming to neutral values at impact. Conver~cly, at the knec and ankle ,OInts, power 

production decreases gradually during the approach to landmg Ulto a phase of power 

absorption during impact. 

The power-time profiles for the TS group contrasted the AS profile in two 

aspects: 1) In two individuals, LF and JV (Figure 14h,c), a ~ing!e pha~e 01 power 

production was observed proximally at the hip JOInt l'hl'> wa" a!->~oclated with power 
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Figure 13. This series of 3 sets of graphs represent the Power-Time Profile for: A) the 
hip, B) the knee, and C) the ankle Final joint reversaIs correspond to (t = 0) on the 
abscissa The graphs indicate the multiplicative contributions of the Angular Velocity 
(top) and Angular Acceleration (middle) to the Power-Tirne curve (bottorn). Flexion 
movcrnents correspond 10 negative (-ve) angular velocities. Positive (+ ve) power values 
rcprcscnt power production phases (concentric muscle work) and negative (-ve) power 
values rcpresent power absorption phases (eccentric work). The joint angle positions 
corresponding to the Power-Ti me profile are iIIustrated to the bottom right. 
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productIon pha<.,e<; at both the kncc and ankle joints. Therefore, following jomt reversaI, 

ail jomt!-l are in a power productIon pha!-le A transition mtl) power absorption for impact 

IS ob"crved al the knec and anklC' JOints, ~Imilar to the AS indlvidual. However 

proximally, Impact wa .... a" .... ocla\,cJ wlth elther constant or increasing power production 

at the hlp; and 2) Anuther power-tlme profile was noted for MPC (Figure 14d). For this 

mdlvldual, the power producllon al the hlp !-IteadIly decreased through the movement into 

power ah!-lorption at impact Tlm was associated with minimal power production phase 

at the knee At landing, ail three jOtnts are III a power absorption phase. 

In the younger PDS group, the power-time graphs were ulllque in two individuals, 

FS and JND (FIgure 14e,O, m that ail three joints were in a phase of increasing power 

productIon lor the Impact phase of landmg. For DPe (FIgure 14g), the power production 

phase was decrea~ll1g for impact, \VIth a transitIon into power absorptIon proximally at 

the hlp lor impact Abo, lor the Ihrce mdlviduals, the power curvc'i al the three joints 

mlrrored (lal'h other dunng the mO\'ement phase, such that power absorptIon and power 

production phases \Vere coupled througho·1t the entlre fmal phase of fllght. 

The Iwo older POS Imhyiduals (PB and MR) pre!-lented dlfferent power-time 

profiles. The profile for MR (FIgure 14h) was slmilar to the AS mdivldual at the hip and 

!..nec jOlIIts during the illltlai phase of the movement, with an initial power production 

pha~c at the hip and knee jOtnb In contrast, the ankle presented a phase of power 

absorptIon lollo\\'lTlg the joint reversaI. However, in contrast to the AS profile, ail three 

joints were in a phase of power absorption during the impact phase of landing. The 

indi\'idual FB (Figure l··h) was similar to the younger PDS individuals in that aIl three 
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joints \Vere in a phase of power production at impact, the transltll1n flnll\ pn\H'1 

production to power absorption occurring .iu~t pnor to landlTlg 

Joint Angle Position at Landing: The end-rl'sult of the control paran1l'tl'rs pll'sl'ntl'd III 

the previous sections is the specIfication of the joint configuratIon .It landlllg The l.Jnthng 

joint angle positions are critical as they dictate the application of tlll' rcactm,' l' 01 el' \'l'l'tOI 

which the system must oppose to maintain '\tahility, The mcan <..J-_sd) IUlIlt allgk pnslll()l1~ 

at landing are listed for a\1 mdividuals III Tabll' (5) Distinct landlllg jotrll posllion 

configurations were Identlfied which cou Id he relatrd to the pn'vlo\lsly l'~lahllshl'd FM(i 

classification groups. 

The most extended hip position at landrng was found III the AS IlIdlVt(lual (1·1 ~") 

This hip extension posItion was coupled wlth a moderate flc.'\ion posItion a' tht' J..lll'l' 

051°) and PF position at the ankle (131") III comparrson tu 111(' AS lalldtrlg IOIIlI 

configuration, the TS group IIldlvlduals adopted a more flt.'M'd pOSitIon al Ihe hlp (II).!" 

to 130°). The knec tended to the c'\tcn:-'Ion IImit (l(v-1-" to 175") Moder.ltt' PI" pOSlllOI\S 

comparable to the AS individual were observed in two individuab. LI-' and .IV, whtlt' 

MPC used a position of maxImum pp at the ankle (147"), Again, rn the PDS group. tlrl' 

two older indlvidual-; (MR and rB) could be diffcrentiated from thelr youngcr cohorls 

(OPC, FS, and JND) based on the joint position configuratIon adopted at landtrlg hlr 

the younger PDS group. the hlp tcnded toward the maximum fleXIon pO:-'llion ln Iwo 

individuals, OPC (] 18") and JND (J 19"), whcrcas FS adoptcd a rnodcratcly flcxcd hlp 

position comparable to the AS individual at 132". Similarly at the knee. the landtng 
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Figure 14. Representative Power-Ti me Profile for the hip. knee, and ankle joints for 
ail individuab (;\-1) categonzed according to the EMG classification. Ali Power-Ti me 
curves arc associated with the same movement: flexion at the knee and hip joints, and 
DF at the anlde Real time From final joint rev(~rsal (t =0) to landing is shown on the X­
axis and power values along the Y -axIs. 
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• TABLE 5 

A. JOINT POSITIONS POST-LANDING 

ANKLE KNEE HIP 

landing MAX landing MAX landing MAX 
posjLion Flexion position Flexion position Flexion 

VC 1 ~ 1 ( 1 ) 89 (11 ) 1 51 ( 4 ) 82 ( d ) 143 ( 2 ) .,J 135 ( 4 ) 
1 

LI<' 1 32 ( 2) 94 ( 7 ) 170 ( 3 ) 126 ( 1 1 ) '130 (4 ) 125 ( 7 ) -
,IV 136 ( 5 ) 94 ( 5 ) 164 ( 1 2 ) 104 ( 1 2 ) 104 ( 4 ) 80 ( 1 3 ) 

MPC 117 ( 5 ) 103 ( 3 ) 175 ( 5 ) 1 21 ( 6 ) 108 ( 7 ) 87 ( 9 ) 

DPC 139 ( 4 ) 94 ( 6 ) 160 ( 5 ) 103 (9 ) 118 ( 5 ) 107 ( 7 ) 

FS 1'16 ( 5 ) 107 (8 ) 173 (8) 1 19 ( 1 1 ) 132 (9 ) 113 ( 1 4 ) 

,IND H7 ( 4 ) 99 ( 4 ) 174 ( 4 ) 129 (8 ) 119 ( 7 ) 108 ( 9 ) 

MH 124 ( 8 ) 91 ( 5 ) 138 ( 1 0 ) 89 ( 6 ) 124 ( 6 ) 111 ( 1 2 ) 

• FB 127 ( 1 3 ) 93 ( 3 ) 160 ( 4 ) 1 21 ( 7 ) 120 (9 ) 11 5 (9 ) .. 

B. RANGE OF MOTION TO MAXIMUM FLEXION 

ANKLE KNEE HIP 

VC 43 70 8 

LF 38 44 5 

JV 42 60 24 

MPC 44 51 21 

DPC 45 57 1 1 

FS 39 54 1 9 

JND 48 45 1 1 

MR 33 49 13 

• FB 34 39 5 
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position tended to the maximum extension limit in two individuals, FS (173") and JND 

(174°), while DPe adopted a more tlexed knee position for land1l1g (1MY') Intercstingly, 

at the ankle joint, a position of ma:\lmum PF was observcd loI' ail thn'l' IIldl\'lduals, 

position values ranging from 1390 (DPe) to 14Î" (JNOL The landlllg j0111t posItIons \\'l'rl' 

distinctively different in the t",o older PDS II1dl\'lduals, particularly at tlll' an\..It.' 'l'Iii.' fllp 

position was comparable tl) the younger POS group with a mode rait.' 1)' f1l"<.'d positIon 

(120° for FB and 124" for MR) coupled with a moderatl' f1<,'\ion posItIon at thl' \..nl'<" 

(1380 MR and 160" FB). Howevcr, the ankle placement \Vas at a tlllllllllUIlI 01 

plantarflexion with a posItion of 127" for FB and 124" for MR 

The angle positions at 1anding across the threc EMG classificatIon groups l'an Il(' 

summarized as follows: 1) The AS individual adopted a po!'>ition 01 <.'xt<.'IlSI0n at the hlP, 

coupled with slight tlexion at the knee and PF at the ankle; 2) The TS group typlcally 

adopted a position of tlexton at the hlP, coupled \VIth cxtcn!'>lon tClldlflg to thc 

biomechanicallimit at the knee and PF at the ankle; 3) The youngcr PI>S group adopt<.'d 

a flexed position at the hip, associated with extension to thc hiomcchanlcal hmit at the 

knee, as weil as a limit PF position; and 4) The older PDS group éHjopted a flexpd 

position at the hip, with shght flexion at the knce, and a pmltion of PI; al the ankle 

The standard devlatlon values for landing position (Table 5a) mdlcatc a high 

consistency in the joint p{)sitions at landing acro!'><; trials for ail indlvldual .. Typlcally, 

the variation in angle position was below 1(1' for ail jOlllb, the hlghco.;t !'>tandard devlatiorl 

values noted for one individual (FB) in the older PDS group, wlth vanahlltty values of 

13° for the ankle and 9° for the hip. Also, the classification of the trial" according to the 
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pattern of movemcnt organlzation dunng fhght failed to reveal a significant association 

hctween the movement organization during flight and the joint position at landing. 

4.8 Landing: 

The functlonal consequences of the distinct movement organization patterns 

identltïed on the landing phase were defined in terms of the following parameters: 1) the 

modulation of the muscle activlty during the impact phase; 2) the postlanding range of 

motion and angular vclocity profiles of the hip, knee, and ankle joints; 3) the peak 

vertical acccleration expenenced at the center of gravit y at impact; and 4) the lime ta 

stability. 

Modulation of the Landing Muscle Activity: Two distinct patterns of EMG activity 

were identified during the initiai landing phase centering on impact: 1) a continuous 

EMG pattern which was characterized by uninterrupted muscle activity through the 

impact phase of landing; and 2) a discolltinuous EMG pattern which was characterized 

by the presence of a period of qUlescence in muscle actlvity during the Impact phase of 

landmg. These two patterns of landing activity for ail muscles are iIlustrated in Figure 

(15) for one rcpresentatl ve jump for each subject. Prelanding activity is iIIustrated to the 

left of the time-zero line (touchdown), and postlanding activity is placed ta the right of 

this line The pt~riod of prelandmg muscle activity is demarcated by the solid black bars, 

quicsœnce by the light diamond shading and postlanding activity by the darker grey 

diamond shading. In cases where activity is continuous From pre ta postlanding, activity 
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Figure 15. The EMG pattern during impact of the 6 muscles is Illustratcd for ail 
individuals according to the EMG-based classification. 1'=0 indicates touchdown. The 
pattern of muscle activity is represented for the time penod extending 50 ms prelandmg 
and 50 ms postlanding. Prelanding activity (teft of t = 0) is indlcated with solid black lines 
and postlanding activity (right of t = 0) is indicated with darker grcy diamond shading. 
Quiescence corresponds to the light diamond shading region. Continuous activity is 
designated by a solid black line throughout the interval. 
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is rcprcscntcd by a ~olJd black bar throughout the interval. In some cases, muscle 

qUlc~ccncc occurrcd for a pcnod both pre and postlandmg (VC. the BF muscle). In 

other ca~es, If occurrcd el1her during the prelandmg <FB, the RF muscle) or postlanding 

pCrJex.! (DPC. the TA and RF mu..,c1c~) excluslvely. Regardless of when the pattern of 

quicsccncc was observed, howcver, It was al'Ways centered about landing. 

The pattern of muscle activity observed during the impact phase of the jump 

lurthcr diffcrentiatcd the three EMG classification groups.The discontinuous pattern was 

dominant m the three youngcr PDS mdlvlduals, while It was virtually absent in the TS 

group mdlviduals and ob~erved In only two muscles for the AS mdlvidual. The frequency 

(hstnbutlon for the two muscle activity patterns at impact is illustrated across the three 

EMG classifIcation groups in Figure (16). 

In the AS mdividual, the contlnuous pattern was dominant except in the TA and 

BF muscles where the discontinuous pattern was observed on 63% and 75% of trials 

respectively In the TS group, the discontinuous muscle activity pattern was of 

slgnificance in only one indlvldual (LF) for one muscle, the RF (57% of trials). Wlth the 

exception of this mu~c1e in this one individual, the contlnuous pattern of muscle activity 

dominated, particularly ln the distal muscles where it was excluslvely observed as 

follows: ln the SOL for LF, ln the TA, LG, and SOL for JV, and in the LG for MPC. 

In contrast. the dl~c()ntmuous pattern of muscle activlty was predominant in the younger 

PDS indi\'iduals. For the individual DPC, the discontinuous pattern \Vas exclusively 

observed in the proximal muscles VL and RF, as weil as being of signiflcance in the 

distal muscles TA (507(1 of trials) and LG (75% of trials). and in the proximal muscle 
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BF (50% of trials), Similarly. for the mdl\'idual JND. tht' discontmuous pattern agalll 

dominated in flve of the Sl'\ muscles TA (hO\;(,). LG (t Oorr,L SOI. (ï()!;,,), VL (~()f'('), 

and RF (907(1). For the remammg mch\'ldualm Ihls group (FS). thl' lhscontlllllllUS p.1It\'111 

was significant in only three muscles. the tG (ï(Yi(,). the SOL (hOrlr,). and tlll' VI. (ïW;(') 

Again, the two older PDS IOdi\'iduals. FB and MR, dltfercd 1 rom thl'Ir) OIlIIgl'l' l'ohmls 

1) MR tended to adopt the dl6ontinuous and contmuous pattl'ms l'quall)' lor Ihl' 1 (j 

(56%) and VL (56%) muscles, wh Ile the contmuous palh.'rtl dorHlnaled lor 11ll' otlH'1 

muscles; and 2) H~ adopted the discontinuous and continuous palll'Ills \VIth applO'IIlI.lll' 

frequency for the SOL (55%), VL (55%), RF (55%), and ln: (55(ïr,) musclt's, wlth tlH' 

continuous pattern domlOating distally in the TA and LG muscles 'l'hl' tr lai ~l'qlll'nn' 

again indicates that the type of muscle activation pattern dur II1g Impact was not assoclatt'd 

with the movement organlzatlOn pattern dunng IlIght for ail tndlvldual" 

It is probable Ihat the two patterns of mu~cle activlty would <lIlll'rPlltlally 

influence the stiffness charactcristics of the lowcr cxtrcmlly jOlOb dunng the landlllg 

phase. The compliance of the jOll1t complex I~ responsiblc for countcractlllg the pa~slV(' 

and reactive forces incluccd dunng Impact to prcvcnt collap\c 1 ndl'l'd, <III lerl'nt 

postlanding strategies for achievlng stabillty were observcd and arc pn'sentl'<I ln the 

following sections. 

Range of Postlanding Flexion: The postlanding range of flexion was measured f rom 

the position at initial impact to the po.~ition of maxImum flexIon at ca ch of the thrce 

lower extremity joints (Table Sb). The position of maximum flexIon rcflects the point at 
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Figure 16. In these frequency distributions, the 6 muscles are represented horizontally 
and the percent number of tnals for each EMG pattern vertically. Solid bars represent 
the frequency (% of trials) for the continuous EMG pattern and 'hatched' bars the 
frequency of the discontinuous EMG pattern. Subjects are categorized according to the 
EMG classifIcation. 
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which the impact forces (including gravit y) have been cffccti\'cly countcnll'Ied and the 

extension motion to regain upright posture can be initiated. 

For the AS indlvidual, the postlanding flexion motion was primarily ahsorhcd al 

the knee (70°, p < .00 and anlde joints (43°), with only a small arnounl of tlexion 

experienced at the hip joint (8°). This sequence of joint flexion absorptIOn was alsn 

observed for the individuals in the TS and PDS groups, such that the major" flcxlon ROM 

was \ocated at the knee and the hip experienced the least amount of fle,ion 1I0wl'vl'r. 

a different partitioning of the total flexion motion among the lower e'\lrcmtly joints \Vas 

observed across the three classification groups to yleld distinct postlanding proflh.'s The 

TS individuals manifested a decrease in flexion nll1ge at Ihe knee such thal ROM at thl' 

two distal joints was more equal' 44" to 60" for the knee and JR" to .I.?" at the anldt.' 101111. 

The amount of hip flexion motion was individually specifled, flexion values rangtng l'rom 

a minimum 5° for LF to a maximum 24" for JV. In the younger PDS iruJividuals, 

comparable flexion ranges are experienccd at the knee (45" 10 57") and anklc joints eN" 

to 48°). Again, a minimum amount of flexion was observed at the hlp (] 1" to Pl') 'l'hl' 

older PDS subjects, MR and FB presenled a profile closer 10 that 01 the TS suhjccIs 111 

that hip and knee flexion wa~ mooerate and evenly dlstributcd IIlp motion lor MJ~ was 

within the range of the other PDS subjects 03") whi le for FB, range of motion \Vas 

similar to that of the AS subject (5"). 

The postlanding fleXion profi les could also he diffcrcntiated by the variahility in 

the maximum flexion positions across trials. This position variahility 1.., rcpresentcd by 

the standard deviation limits in Table (5) . 
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For the AS indlvidual, the maximum flexion positions were consistent for the 

ankle and hip joints bd = 4"), whlle the position variability was slightly higher at the knee 

joint (sd = R"). A similar proportIOn of position variability was observed for the TS group 

individual LF: sd = 7" for the ankle and hip, and 11° for, .. Knee. In contrast to these two 

mdividuals, the remaining 1'S and PDS individuals showed higher variability in end 

flexion position at both the knee and hip joints, the variability remaining low at the 

ankle This may indicate an increased contribution of the hip joint in the absorption of 

the landing forces in these individuals. 

Sequence of Postlanding Joint Flexion: The time period over which the postlanding 

flexion phase was distributed across the three joints is illustrated in Figure (7). The 

graphs represent the rnean movement duration from impact to the point of maximum 

flexion for the rcpresentallve individuals in each of the three EMG classification groups. 

The salient contrasting points across the three groups are as follows: 1) For the AS 

profile, the duration of the flexion movement was significantly longer at the ankle joint 

(p < .00. The flexion duration at the hip and knee joints were comparable, typically 

terminaling \Vithin the flrs! 200 ms post1anding; 2) A similar profile was observed for the 

TS group, the duration of the flexion movement being significantly longer at the ankle 

joint (p < .0)), with comparable duration values noted for the hip and knee; 3) In the 

younger PDS group. the duration was comparable at all three joints. Also. the maximum 

flexion position \Vas reached within 200 ms postlanding at ail three joints; and 4) The two 

older PDS individuals presented different flexion profiles. For FB, the flexion duration 
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Figure 17. The time distribution of the postlanding flexion range is iIlustrated for one 
representative individual in the AS, TS, and PDS(y) groups, and for the two individuals 
in the PDS(o) group. T = 0 indicates landing, and the postlanding pcriod (ms) to 
maximum flexion at the hip, knee, and ankle joints is represented along the abscissa. The 
joint positions are represented along the ordinate. 
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was longer at the ankle and knee joints (p < .01), \Vith a rapid application of thl' flexion 

movement at the hip joint. Again, the maximum flexion position was auaitH.'d wilhin 200 

ms at ail three joints. Conversely for MR, sllghtly longer durations were noted al the hip 

and ankle joints as compared to the knee (p < .05). 

4.9 Postlanding Stability Profiles: 

Due to the absence of force data at landing, postlanding slability was dl'filH.'d in 

the kinematic domain ralher than III the dynamic domain. Postlandmg stahility \Vas 

defined as the point at which the reactive forces generated at Impact arc cquihbrated and 

consequently, the induced oscillations at the center of gravit y arc reduecd to a tnmimurn. 

Using kinematic variables, this point of stability was dcfincd as the lime al which Ihl' 

vertical and horizontal linear velocity componcnls at the Ihae crest oSl'llIate around a 

minimum displacement line Three distinct patterns of postlandmg ~Iabtlity were ohM'rvcd 

and could he related to the type of muscle activation pattern ccnlercd around landlllg. 

These profiles are iIlustrated in Figure (J 8) wlth the associated vertical accclcrallon 

impulse at the iliac crest experienced during the imtlal pha:-.c of landtng for the 

representative subjects. 

In the AS individual, the discontinuous EMG pattern in the TA and BF muscles 

would limit coactivation at ail three joints during Impact The associatcd stablhty profile 

was characterized by a uniform decrease in both the vertical and hOflzontal vclocity 

components from the time of landing to the point of stabilizatlon A peak Ix)stlanding 

vertical acceleration value of 0866 cm/sec/sec) was notcd with this stabilJty pattern . 
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Proximal and distal coactivation were similarly limited in the younger PDS individuals 

(DPC, FS, and JND) In the representative trial ilIustrated in Figure (15), EMG 

quicscence dunng impact wall present in two distal muscles (TA and LG) and three 

proximal muscles (VI,. RF, and BF). The associated stabihzation profile was 

characterized by an initial overshoot in the compensation of the vertical velocity 

component wlth a subsequent uniform decrease in the amplitude of both linear velocity 

components 10 stabllity A peak vertical acceleration value of (3361 cm/sec/sec) was 

noted with this profile, and was similar to the acceleration value for the AS inJividual. 

ln contrast to the AS and PDS groups, the continuous EMG pattern was dominant in aH 

muscles during impact for the TS group individuals. Consequently, a coactivation at aH 

three joints was present during the Impact phase. This coactivation pattern was associated 

with an initial sharp decrease in the vertical linear velocity, as weil as with a significant 

overshoot in the initial \'ertlcal compensation and a series of oscillation to stability. A 

highcr peak vertical acceleration value of 6128 cm/sec/sec was observed with this 

stability profile. 

Again, distinct differences in the stabilization profiles were noted for the two 

older PDS individuals. FB and MR For the subject FB, the period of quiescence was 

early in the SOL such that a contmuous activity was found for this muscle through 

landing. Conversely, the qUlescent period was initiated only postlanding in the LG 

muscle, while a ct)Otinuous activity was observed in the TA. Consequent to this distal 

pattern of activation at landing, there was coactivation at the ankle during impact. 

Proximatly, the period of quiescence in the VL terrninated prior to landing while being 
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present in the RF and BF muscles at landing, eliminating coativation at tlu.' proxlIllal 

joints. The distal coactivation pattern in this individual \Vas associated \Vith a slahiliz<1tiol1 

profile which was similar to that of the TS group: an initial o\'ersh(x)t in Ihl' vertical 

compensation, followed by an oscillatory damptng of the vertical hncar H'kx'ity 10 

landing. The peak acccleration value at landing was similar to the AS vahll' at ... 27 ... 

cm/sec/sec. However, the second reactive peak in vcrtical accclcratlOn \Vas 1t.'Ss dampcd. 

with a value of 1208 cm/sec/sec. For the subject MR, the qUll'scent l'l'nolis Wl'rt.' 

appropriately timed in the ankle muscle LG and the kncc mw"c1e VI. lIowl'vl'r. as a 

continuous pattern was observed for the remaining muscles, coacllvatlon \Vas prest.'nt at 

aIl three joints during the impact phase. The stability profile was simllar 10 that 01 thc 

AS individual: a uniform decrease in the horizontal and vl,rtical linl'ar vl'Io('\ly 

components to stability. However, the initial deccleration phase \Vas prolongcd. a longer 

pel iod being required to compensate for the vertical impact forces al landtng The peak 

acceleration value at the iliac crest of 6178 cmlsec/sec was comparahle to the TS group. 

Time to Stability: The last feature of thejump-down to he tnvestlgatcd in this study was 

the time to stability associated with the distinct movemcnt organilatlons acros,> the thrcc 

classification groups. Time to stability refers to the time at whlch the hOrizontal and 

vertical linear velocity signaIs begin to oscillate about a minimum value The lime to 

stability for ail individuals is iIIustrated in Table (6). The two oldcst childrcn, VC ami 

MR, displayed the longest time to stability with values of 213 ms and 327 ms 

respectively. Interestingly, these same individuals displayed the smoothcst stahility 
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profiles, with an absence of overshoot of the initial peak vertical acceleration impulse. 

Ifowever, the time to stability was significantly more variable for MR, with a standard 

dcviation value of 70 ms as compared to 35 ms for Vc. The minimum time to stability 

was noted for the remaining older PDS individual FB, with a mean value of 134 ms and 

variability of 17 ms. The time to stability and variability values were comparable for the 

TS and younger PDS individuals, mean values ranging from 145 ms (JND) to 184 ms 

(JV) and variability values ranging from 18rns (MPC) to 47 ms (JV). 
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Figure 18. The stability profiles and peak vertical acceleration (jliac crest) at impact are 
illustrated for the representative individual in the 3 classification groups (AS. 'l'S. and 
PDS(y» and the PDS(o) individuals. T = 0 indicates touchdown. The vertical Oight grey) 
and horizontal (dark grey) linear velocity component at the iliac crest are represcntcd 
from T=O to the point of stability (minimum oscillations). The corrcsponding peak 
vertical acceleration profiles are ilIustrated to the right of each stability profile. 
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• TABLE 6 

TIME TO STABILITY (ms) 

DPC 154.87 (128.39) 
PDS (young) FS 180.71 (135.39) 

JND 144.5 (15.81) 

PDS (0 id) FB 134.3 (16.8) 
MR 326.74 (70.06) 

LF 155.74 (22.44) 
'l'S JV 183.94 (46.75) 

MPC 153 (17.85) 

AS VC 233.26 (34.85) 

• 

• 



• CHAPTER FIVE: DISCUSSION 

Research in human development (Forssbcrg and Nashncr, 19R~, Wool1acolt, 

1988) has suggested that the sensorimotor capacity required for the genel atloll of adult 

movement profiles evolves dunng the critical ages of 7 to 1) ycars The locus 01 tills 

study was to define an analysis approach which would idcntify the jOlllt and musc1l' 

parameters c10sely related to the emergencc of the adult capaclty for th ... , task nf landing 

from a jump-down. The tenn 'strategy' is used in Ihis study 10 dcnnte <.ilsllllct IllUSc\l\ 

and joint landing patterns. This definition does not Imply the followlflg. 1) tlll l''\. ÎstCIIl'l' 

of a finite number of landing patterns; 2) a '[i\ed' and unrnodifiahll' nature for" tlll'se 

• landing patterns; or 3) a cognitive aspect in the selectl<m olonC" pattent owr Ihl' ',Illiers 

Strategy simply refers to the stable complement of muscle onset and inlerfl'rcnc(\ pattNlls, 

and the associated joint coordination patterns which individuals adopt to (',(l'cutl' the 

landing task. 

Landing from a jump-down was ~c1ectcd 10 rnvesllgatc the~c cml'rging control 

principles as it is an unconstrained motor bchavlOur found wlthin Ihl' natural ri.'lwltolll' 

of a child's play pattern. The study of natural movcmcnts av()\(b JrItl'rprl'latl{)n~ thal 

could he confounded by differences in a child' s abllily to Icarn a ncw t,,~k or 10 adapl 10 

unnatural constraints and expcctations. The only con~traint ln our paratllgm was Ihe 

contribution of the upper extremity to the control of landing. A .... the maximum 

variability was mamtained, any consistent trend" ln the movcment profi le ('ould he more 

• c10sely attributed to developmcntal diffcrcnccs . 
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5.1 EMG Cla.~~itication. 

The central core of this study was the definition of a classification scheme 

repre~enting the progression from a proximal-distal to a distal-proximal muscle 

organization of the landing pattern. The progression was defined by three distinct muscle 

activation patterns: the PDS, the TS, and the AS patterns. The progression was also 

correlated to an increasing capacity to simultaneously modulate activity in both anterior 

and posterior muscle compartments. For example. in the PDS group, activity was 

initiated in the proximal and distal anterior compartment muscles, with activity in the 

posterior compartment muscles restricted to the final and postlanding phases. In contrast, 

a coincident activation in both muscle compartments was observed in the TS and AS 

patterns. Another differentiating feature was the lack of consistency in the TS group to 

adopt one domInant muscle pattern as compared to the AS and PDS groups. The lack of 

consistency in the pattern of muscle landing activity could reflect, as the name suggests, 

a 'transitional' stage in which there is difficuIty in establishing the reli ability of a muscle 

pattern to meet both external and internai conditions. This variability may represent an 

'exploration' of the reliability of control parameters as the child moves from one stable 

pattern (PDS) 10 the next (AS). The three EMG landing patterns may therefore represent 

the organtzation of the muscle activity which preferentially optimizes the child's stability 

rcquirements during a particular stage of growth and development, rather than suggesting 

thal one muscle activation is more 'developmentally' advanced than another. 

Validity of CIa.~lIiitication: The question then arises as to whether the classification 
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scheme based on EMG activation patterns is a valid descriptor of landing skill acquisition 

across the developmental period investigated in this study. The perfomlance of cach 

group of individuals demonstrated distinctly identifiable charactcristics in the kincmatic 

profiles that could he matched to the predominant EMG activation pattern The strongest 

kinematic correlate to the EMG classification scheme was found to he the variahility 

profile, specifically during the final phase of flight. for which dIstinct profiles 

idiosyncratic to each classification group were noted 

5.2 Functional Consequences of the Landing Muscle Patterns ilild Rclated 
Kinematic Parameters to the Control of Landing: 

The following discussion attempts to provide a framework in whlch the emerging 

organizational principles identified in the study would he accommodatcd. The focus is 

on the contribution of the distinct movement organization for the thrce EMU 

classification groups to the impact phase of the jump. 

Movement organization during tlight: Kinematically. movement at one joint of a 

segment will induce an equal but opposite torque at the other joint of a segment. In an 

optimal system. an extensor torque at the hip would inducc an extensor torque at the knee 

and a plantarflexion torque at the ankle, while hip flexion would inducc a fleXIon torque 

at the knee and a dorsiflexion torque at the ankle. The ln-phase and the Out-lij-phase 

joint coordination patterns and their organization into a movement pattern of the limb 

during flight could reflect different adaptations of the transfer of passive forces in 

anticipation of landing. The coupling of the movement direction in the ln-phase pattern 
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would he optimal for the proximal-distal transfer of passive forces while the dichotomous 

motion of the Out-oJ-phase pattern would mechanically limit such a transfer of passive 

forces. 

In the AS profile, the proximal ln-phase pattern would support the transfer of 

passive forces from the hip to the knee. The coupling of the direction of motion at the 

two joints would also maintain consistent length-tension properties of the RF and BF 

muscles which may contribute to the transfer of passive energy. The dichotomous 

organization at the distal segment would limit the further transfer of passive forces to the 

anklc joint. This is important, as ankle position is critical for the adaptive behavior of 

the landing pattern (McKinley and Pedotti, 1992). The early distal muscle coactivation 

would further contribute to limit the influence of the motion-dependent torques on the 

anklc to a minimum. The tonie activity in the plantarflexor muscles through both the PF 

and OF phases of ankle motion would support the contribution of this activity to 

stabilizing the ankle position. The lengthening force applied to the LG and SOL muscles 

could also contribute to the modulation of the stiffness properties at the ankle joint which 

would optimize the absorption of impact forces (Alexander and Vernon, 1975). 

The biomechanical outcome of the movement organization in the TS and younger 

POS individuals is in clear contrast to the AS profile. At the proximal segment, the 

Phase-Iag and Freezing patterns were often introduced. In the Phase-Iag pattern, the joint 

reversai at the knee always preceded reversai at the hip joint and could arise from 

anthropometric differences. The length and weight of the thigh segment in the younger 

individuals were less than in the AS individual, such that a given muscular force applied 
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at the hip joint would generate a comparatively greater angular \'clocity at thc thigh 

segment. If this anthropometric parameter factors into the movement organi7ation. then 

the knee would reach end-range positions more rapidly than the hlp. yielding the 

observed pattern of the leading joint reversai al the knee. Early proXimal musde 

coactivation may be required as a 'braking' mechanism against the indlK'l'd motion­

dependent torques at the thigh segment. In corroboration with this hYIX)thcsis was tt\l.' 

finding that the oldest PDS individual (MR) did not display the Phas(.'-I(/<~ or Fn.'t.':illg 

patterns. In fact, this individual, whose height and weight parameters were simllar to the 

AS individual, manifested a similar coincident proximal In-phase stratcgy. The Freezing 

pattern can therefore be considered as a 'Iimit' strategy used to constrain the passive 

forces at the knee induced by hip motion. Applied muscle work would hmit the passive 

forces by preventing hip motion. Thelen (1991) has reported the utilizallon of proXimal 

stabilization techniques by young children to generate goal-directed rcaching movemenls 

which display \ittle variability in the hand trajectory. The positive work required 10 

stabilize the hip joint would significantly contribute to the positive power-limc..' hip profile 

noted during the final phase of flight. 

The movement organization was also different at the distal segment. Both Ihe In­

phase and the Out-nf-phase patterns were associated with coactivation in the TS 

individuals, white for the PDS(y) group, anticipatory activity wa~ nolcd in the TA and 

SOL muscles, LG activity being restricted to the postlanding phase. Thesc activity 

patterns were associated with PF positions at landing, tending to the biomechanlcal limit 

in both groups. Interestingly, the anticipatory activity in the LG was associated with 
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negative power-time profiles at the ankle in the TS, while the absence of LG activity in 

the PDS(y) was associated to power production rather than absorption at impact. 

Thcrefore, despitc the more plantarflexed position and the selection of either the ln-phase 

or Out-of-phase coordination pattern across the TS group when compared to the AS 

profile, the distal absorption profile was heginning to emerge in these individuals. 

Thus, il would appear that the movement patterns in the younger individuals are 

organizcd to constrain the influence of motion-dependent torques to assure stability while 

the movement organization adopted by the AS individual would seem to optimize these 

forces. This optimization of passive forces could he used to optimize a performance 

index, such as the total amount of work (Pedotti et al; 1989). 

The central tendency positions, the operation range, and the limit position of the 

operational range were found to he sensitive indexes of the EMG classification groups. 

The significancc of these operating range features may be hetter evaluated in relation to 

management of entire limb workspace in generating a movement. This aspect will he 

addressed in further research. 

Freezing of Degrees of Motion: To 'set' the joint configuration for landing, the position 

degrces of freedom must he progressively constrained during flight. The laws of 

mcchanics are such that the lost freedoms of position will he converted into freedoms of 

force and torque (Hollerbach, 1985). Therefore, the sequence and timing of the final 

joint reversais will dictate the adaptive capacity of the landing pattern. In the AS profile, 

joint reversaIs at ail three joints occurred during the final phase of flight. This late timing 
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would allow a possible re-evaluation of ail preconditions prior to 'sctting' the anticipah.ll)' 

behaviour . Although the joint reversaIs were considered to he coincident, due to 

overlapping variance, the distal-proximal sequence is preserved in the ml'an joint rc\'crsal 

pattern which would aHow the 'freed' freedoms of force and torque to be applied 10 thl' 

trunk, Also, as the hip was the last joint to reverse, the multiple degrcl's of f"l'l'dom at 

the trunk could he accessed for landing adaptability. This adaptive role of the hip joint 

could explain the increased variability in the timing of reversai at this joint 

In contrast, in the TS and younger PDS movement orgal1lzation. flllal landing 

positions at the proximal joints were initiated early during tlight. particularly for the hip 

joint where a 'freezing' was often observed. The freezing of the hip would create a ngid 

coupling between the trunk and lower extrernity. This functionaJ linking could hmit the 

movement of the body around the center of gravIt y , thercby stabilizing the Ix)sltlOn of 

the center of gravit y in relation to the anticipated base of support. Similar function,ll 

couplings of the trunk have been reported in the initial learning of whole body tasks, 

su ch as leaming to use a ski slide (Vereijken et al., 19(2). J[owever, certain 

consequences of this proximal stabilization should he noted: 1) The degrees of frccdom 

at the trunk could not contribute to landing adaptations; 2) Freezing of the hip IX)sitlon 

would automatically reduce the av ail able workspace at the lirnh, whlch in turn would 

Iimit the cartesian area in which the foot can land. Again, this wou Id rcduce the adaplive 

potential to address unanticipated conditions at landing; and 3) The numhcr of degrecs 

of position freedom are progressively transfered distally and arc finally constramed hy 

the biomechanical limits of the ankle. The maximum PF position may assure this 
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biomechanical constraint, but may also he a predisposition to in jury due to the limited 

degrees of position freedom (~) available at the ankle joint proper. Interestingly, the 

variability in joint reversai time was largest at the first joint to reverse, suggesting that 

the proximal freezing of joint position may be adaptive. 

Movement organizations centering on Freezing patterns have previously been 

associated with the learning stages of a task (Bernstein, 1967; Vereijken et al.. 1992). 

Initial coordination solutions aim at freezing out and thereby reducing the number of 

degrees of freedom to a manageable numher for the task to he performed. These degrees 

of freedom are released progressively through learning to he incorporatf,d into a dynamic 

and controllable system. 

Landing: Two movement organizations interact during the landing phase of the jump­

down: 1) An anticipatory phase which is organized during flight in relation to the 

magnitude of the impact ground reaction force (Mizrahi and Susak, 1982; Stacoff et al. • 

1988). Anticipatory muscle tensiuns are organized to reduce the amount of stretch applied 

during the initial impact phase and thereby optimize energy absorption by the passive 

structure of the joints (Farley et al .• 1991). This anticipatory property is important when 

considering that sorne externat impact forces occur within 30-50 ms of landing and 

therefore are applied too quickly to he appropriately addressed by a neuromuscular 

reaction response (Lees. 1981; Devita and Skelly, 1992); and 2) A reactive phase 

addresses the stabilization of posture and includes stretch-mediated reflex activity. The 

joint position configuration at impact will dictate the application of the reactive moment, 
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which must he addressed to prevent collapse. The postlanding flexion profile, which 

determines the transfer of these forces along the musculoskeletal chain, contributes to the 

absorption of impact forces. The contribution of this reactive phase will he addrl'ssed in 

further research. 

The three classification groups tend to optimize diffcrent postlanding paramctl'I"S. 

In the AS individual, the slight PF at the ankle coupled with flexion at the kncc .111<.1 

extension at the hip would situate the reactive moment vector anterior to the ankll' joint 

(inducing a DF moment), posterior to the knee joint (inducing a flexion moment) and 

approaching the center of gravit y at the hip jotnt. The reactive moments would thercforc 

tend to a minimum at the center of gravit y . This landing joint configuration was 

associated with a discontinuous EMG pattern in the TA and BF muscles The pattern 01 

quiescence is thought to he adaptive in nature as activity in the TA and BF would 

enhance the collapsing forces of gravit y by contributing to the application of the flexion 

moment at the knee. The eccentric activity in the knee extensor and anklc plantarflcxor 

muscles at impact would contribute to energy absorptIon, slowing of the angular 

displacement of the segments, thereby providing a 'brakmg' mechanism. Devita and 

Skelly (1992) found that eccentric work in the ankle plantarflexors provided the major 

energy absorption funclion, followed by the knee and the hip extensors The mechanical 

energy would subsequently he degraded inta heat through relaxation of the muscle 

(Cavanagh, 1977). In the postlanding phase, maximum flexion is cxpenenced at the knee 

with a significant contribution at the ankle joint. However, the application of the flexion 

movement was significantly longer at the ankle. The slightly higher variability in the 
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position of maximum flexion at the knee may reflect the adaptive role of the knee in 

energy absorption (Cincera and McKinley, 1993). The consistent position patterns 

suggests that this is a standardized landing organization. The pattern was efficient in 

anticipating the ground reaction forces (as indicated by the lower peak vertical 

acceleration values experienced at the iliac crest during impact) and in assuring 

postlanding stability (as indicated the smooth stabilization profiles). 

In contrast, the joint positions at landing in the TS and younger PDS groups were 

organized to reduce the reactive forces experienced at the ankle and knee joints. This was 

afforded by adopting a flexed position at the hip, associated with knee extension and 

ankle plantarflexion posItions which tended to the biomechanicallimit. The reactive force 

vector at impact would he applied near the center of rotation for both the knee and ankle 

joints. Limit positions and the position of the reactive force vector near the axis of 

rotation were effective in limiting the impact forces experienced at the elbow in cats 

landing from a jump. regardless of jump height (McKinley et al.. 1983). Reducing the 

reactive moments at the knee joint may he an adaptive strategy for a system having 

difficulty in accurately predicting the impact of the ground reaction force, as the reactive 

moment at the knee is the major contributor to the mechanical moments that muscle 

moments must oppose (Alexander and Vernon, 1975; McKinley and Pedotti, 1992; 

Cincera and McKinley, 1993). The timit position and coactivation at the distal segment 

in the TS group may increase the stiffness properties of the distal joints as weil as 

facilitating postlanding stretch-mediated reflexes. These two parameters may he important 

in this landing organization as the flexed hip position would project the center of gravit y 



• 

• 

• 

82 

anterior to the base of support. Consequently, any miscalculations at impact would re~mlt 

in a forward fall if not properly compensated. This increased stiffncss is rctlcctcd in thl' 

high peak vertical acceleration at impact, the oscillations in the postlanding stability 

profiles possibly being induced by the mixed interaction of antlclpatory and rcftc, 

activity. The pattern of quiescence in the PDS(y) group may he adapti Vl' m dccrcasing 

sorne of the compressive forces contributed by coactivation The muscle quicsccncc could 

therefore reduce the joint stiffness at impact. The incrcase in resulting joint compliancc 

is associated with peak vertical acceleration values and stahiltzation profiles comparahle 

to the AS individual. 

Interestingly, from the limit positions at both the knee and ankle, comparahle 

ranges of postlanding flexion were experienced at both joints However, the carly LG 

activity in the TS group was associated with a significantly longer application of th(~ 

flexion range at the ankle joint while durations were comparable for the knec and ankle 

joints for the younger PDS indivlduals. This again indicates the cmergenc.x' of cnergy 

absorption capacity in the TS group (negative power-time graphs at the ankle). 

The Period of Muscle Quiescence: In this study, the significance of the quiesccnt 

period at landing in the AS and younger PDS indlviduals could only he infcrrcd from the 

postlanding mechanics and therefore were addressed from a perspective of force 

production and force absorption. Several possible contributions of the muscle qUlesccnce 

on the generation of a movement are proposed in the Iiterature and are briefly discussed 

in relation to the landing task . 
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First, at the level of movement production, it has been suggested that muscle 

quiescence or pre-movement silence (PMS) facilitates the acceleration of the limb 

segment (Mortimer and Elsenberg, 1982; Conrad et al, 1983). The increased accelerative 

force must he consldered in relation to the stretch-shortening cycle (Komi, 1984; Norman 

and Komi; 1979). However, this functional outcome of quiescence may he 

counterproductive for landing. The quiescence is centered around landing, a time when 

the foot is fixed to the ground thereby forming a closed kinetic chain system. In the AS 

profile, the increased acceleration subsequent to the period of quiescence in the TA and 

BF would increase the ankle dorsiflexion and knee flexion movements and thus enhance 

the collapsing forces of gravit y . The younger PDS individuals further present quiescence 

in the extensor muscles LG and VL. Significant muscle power values would be required 

from thcsc muscles to overcome the flexion forces and produce a significant extension 

movement at the ankle (which would further destabilize the center of gravit y) and knee 

joints. making this function an unlikely option to he incorporated in the control of 

landing. 

Secondly. at the joint level. the muscle quiescence would influence the compliance 

properties of the joint complex involved in the absorption of the impact forces. The joint 

stiffness parameters are provided by the inherent stiffness of the joints as well as by the 

intcnsity of muscle tonus around the joints (Takanashi, 1980). The attenuation profiles 

for the vertical acceleration at the center of gravit y indicate that the discontinuous pattern 

in the AS and younger PDS individuals may contribute to reducing the initial vertical 

impulse in reactive force e"perienced at landing through a differential modulation of the 
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Iimb stiffness. Thus, the results of this study would support a more favourablc 

contribution of quiescence to the energy absorption phase of landing rather than in encrgy 

production. 

At the muscular level, the period of quiescence could also he 1f1\'olVl'd III the fine 

tuning of the mechanical properties of the muscles, particularly the vlscoclastic 

component. Viscoelasticity is important as it acts instantaneously to resist Ix'rturhations. 

thereby circumventing the speed limitations of active feedback loops Olollerbach. 19R5h) 

Quiescence may also prevent the initIai steep rise m tension due to short-rang(' stlffness 

which would develop during lengthening of actively contracling rnusclt.' al landing (Rack 

and Westbury, 1974; Flitney and Hirst, 1975; Morgan ct al.; 197H). which would he 

destabilizing . 

Variability Profile: The variability profile was established in the joint position domalO 

Limitations imposed by the normalization formula used in the data analysis preventcd the 

variability in the angular velocity and acceleration domains, The normah:tatlon pnx.'edure 

was inaccurate in preserving the function of the movernent equation dunng the hlgh 

transient values at landing for the higher order position derivatives Despite these 

limitations, the position variability profIle was informative ir. lending sorne msight into 

the organization of the landing movernent across the three EMG classification groups 

The bi-directional variability modulation during the fmal phase of flJght in the AS 

individual was created by the formulation of a region of consistent positioning at the 

point of maximum extension for both the knee and ankle jomts. This lirnit positioning 
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was considered to he an actively controlled parameter as the extension limit did not 

correspond to the biomcchanical limit at either joint. The insertion of a region of 

consistent joint po~ittoning pnor to landing was associated with a Iinearization of the 

stiffness at the knee and ankle joints during the final phase of flight. In contrast, the uni­

dtrectional modulation of position variability in the TS individuals was coupled with an 

absence of a Itncar stiffness profIle and consistent positioning for the final movement 

phase Howevcr, in the younger PDS individuals, joint biomechanical Iimit positions 

were used to generate the hnear stiffness. These li mit positions therefore appeared to 

cffcctively substitute the nodal region of variability modulation. However, in these 

younger PDS individuals. consistent features of the final movement phase required an 

increase in muscle work as represented by the positive power curves at ail three joints 

and possibly incrcased compressive forces due to extension positions at landing. 

The region of critical joint posItion in the AS profile may represent the minimum 

of active control which is required to yield a successful landing position. The nodal 

region may allow sorne preconditions to he achieved once a set of parameter for landing 

can he assumed to he valid. This definition of movement hehaviour would tend toward 

the predictive model of motor control proposed by Zanone (1990). The time regions of 

critically decreascd variability would represent epochs of kinematic stability that are used 

as absolute reference points from which the next phase of the motor strategy can he 

accuratcly cstimated and evolved Functionally. the nodal region may maximize the 

adaptability of the movement output by allowing a specifie reference from whieh a 

window of stability can he evaluated. while maintaining the computational requirements 
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to a minimum. The variability interval subsequent to the node is considl'rl'd as the lImlt 

of 'noise' of the position parameter that the system can address and rnaintall1 the accuraey 

and stability of the output. Based on the variabihty imrrval. the hr1l1ts .Itter \\ hldl pOlllt 

failure occurs and another strategy must he evolved l'an œ rdcnlltïl'li (l'vkKlIlll')' and 

Pelland, 1993), The existence of these confidenct.' llmits would SUggl'~t Ihl' nl~ll'nCt.' ot 

a method of control of the variabiltty itself. This would limll tl1l' nOl'>l' 111 Ihl' mulor 

system and allow a stable range of effector strategies tn œ c\pn'~sl'd (Pl'lland and 

McKinley, 1991). 

If the variability profile is considered as an mdex of inl'n'astng l'lllcll'rHo'y \TI tlH' 

organization of the landing strategy, skill would he deI ined as tht.' eml'rglllg .. hlllly 10 

control joint position during di!'lcrete epochs of flight. ThIs ma)' rcflt.'ct th\' IlllllllllUIll 

amount of infomlatlon that is reqwred to evolve dn efllclPnt mot or ~()IUtl()1I and thl' tlllll' 

period in whlch it is cntical for its sllccessful adaptation The vanablllty prol rie II1dlcatt.'s 

the importance of integratmg both the temlx)ral and the spatial aspect ... 01 the motor 

strategy. Thus, not only IS the jOlllt configuration durrng certarn pha~l'''' 01 IIlght 

meaningful, but also the uming of îhese joint positions IS l'ruerai for the cmer gcncc 01 

landing skill. The variability profile therefore provides an rndlrcct view of the 

organizational capacity of the sy!-.tem which is not avaJlahle l'rom simply a dl~crl'I(' 

evaluation of the movement. Vpon refinement, the variahllrty profile may serve a<.; a 

functional tool for evaluating skill in chtldren, approximatlng the orgamzatlonal :-.trategJes 

which are available to the child to cope with different sets of external and mtcrnal 

conditions on different trials of the jump-down . 
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5.3 Model for Generating Critical Values: 

A peculiarity of movement is that it is initially sketched as a general motor plan 

in three-dlmensional kinematic language and yet, the output is usually precise in 

displacement, speed, and time Gelfand et al. (1971) suggested a time varying 

computation of the movement profile to allow a space/time precision of the output, 

details of the movement emerging at the various levels of computation. At each level of 

processing, the action plan could relate its dynamics both adjacently and successively as 

the seriaI nature of the movement arises from the differentiation of a general motor plan 

(Bernstein, 1967; Evarts et al, 1971). Consequently, the time varying computation would 

he adaptive in nature, allowing motor organizations to he modified on an ongoing basis 

to meet the dynamic external and internaI conditions without compromising the specificity 

of the movement. In reality, a continuous computational scheme for ail movements would 

he cumhersome, requiring that a large number of degrees of freedom he addressed to 

assure rnovement specificity. Simplifying strategies have been proposed to reduce the 

computational requirements (Bernstein, 1967; Gibson, 1966; Turvey and Greene, 1972; 

Nashnerand McCollum, 1985; Kugleretal., 1980; Kelso, 1982; Gottlieb, 1990). These 

are heuristic behaviour which rely on critical values for the organization of a specifie 

movement profile. Boden (1987) has suggested that criticality lev~~ls are provided in the 

data base rather than being actively estimated by the program itself. Therefore, an object 

of developmental learning may he the definition of these critical values for frequently 

perfonned movement organizations and may evolve through the graduai correlation of 

a movement to its sensory consequences (Thelen, 1990 and 1991). 
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A developmental model for the organization of movement is presented in Figure 

(198). The model is based on the variability profile analysis. specifically on the 

fonnulation of the region of critical positioning in the final phase of flJght. The model 

is sehematie and therefore does not address realistic feedback delays or IIlten\al stahility 

problems. It is put forth as to posslbly eontribute to the understanding of the difflcultit.'s 

encountered by sorne children in effectively organizing appropriate movefllcnt profiles. 

Aceording to this model, the system would he required to specify critical movement 

parameters only over eritieal time regions. The eritical time regions arc identified as the 

'comparative node'. The comparative node represents a rcgion during the movement 

differentiation where preeonditions, both environmental and biomechanical. arc élsscssed 

and eompared to the efferent copy. The comparative node would thercforc function ,1S 

an evaluation/decision base, providing predictive information for prospective plannmg 

of the subsequent movement phase. The comparative capacity of the node requircs an 

integration of available internai and external conditions (feedbaek control) as weil as of 

the predicted behaviour (anticipatory control). 

From the comparative node, a predictive coding envelopc for the subsequent 

movement phase is established. The Iimits of the predictive envelopc could he ealculated 

through extrapolation along the tines of the variability profile. Thereforc, the end rcsult 

of the processing at the comparative node would 'set' the bandwidth of the predictive 

envelope, and define the range of internai and external condItions that could succcssfully 

be aeeommodated by the musculoskeletal parameters without evolving a ncw movcment 

organizaticn. If the hehaviour is predicted to he either at or beyond the available 
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biomechanical Iimit, a new movement organization would he evolved. Feedback may 

therefore he particularly valuable a)ong the limits of the predictive coding envelope, such 

that predictive behavior does not prec1ude the ongoing influence of feedback control 

during a1l phases of the movement execution. For the landing task, the predictive coding 

envelope would he important to control the impact ground reaction forces. This is 

important as the passive forces at landing would typically occur within 50 ms and 

therefore he applied too rapidly to be effectively addressed by pure reflex activity (Lees, 

1981; Devita and Skelly, 1992). 

The sensitivity of the nodal regions to anticipatory and feedback information 

underlines the increasing efficiency in generating a predictive coding envelope as the 

capacity for sensorimotor integration increases. The predictive capacity of the 

comparative node and the subsequent predictive coding enve)ope would therefore evolve 

in parallel to the increasing capacity for sensorimotor integration during development. 

This is hypothesized from results of persistent difficulties in timing muscular activity fOf 

postural control in young children (Lee and Aronson, 1974; Butterworth and Hicks, 

1977; Forssberg and Nashner,1982) and in children with vestibular deficits (Horack; 

Black;). Through developmentallearning, the comparative node would gradually generate 

wider confidence intervals of the predictive coding envelope for which a given movement 

organization will provide stability. As the confidence intervals decrease, there arises a 

need to evolve new movement organizations for smaU changes in internai and extema) 

conditions, representing an increased computation for movement specificity. When the 

actual movement outcome is beyond the limits of the predicted envelope, feedback 
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mediated stretch reflexes may he invoked to provide stability. Thcrefort.' , a narro\\' 

predictive coding envelope should theoretically be associated with a default movement 

strategy which wou Id bias stretch-mediated reflexes as there would bt~ a high probahility 

that the actual movement output will be outside the timits of the prcdictive cm'clope. A 

default strategy could represent a functional compromise bctween the stahility 

requirements and the adaptability requirements of a movement organization, <lS 

'adaptabi lit y without stability is of tittle use' (Patla, 1990). 

From a developmental perspective, the development of controlling parameters 

would determine the interaction between the general motor plan and the predictive 

behaviour. The controlling parameters include development at both the sensorimotor and 

biomechanieal level and wOI.ld be reflected in the movement profile at thc muscle 

(EMG), kinematic, and kinetie levels of the organization. These thrce Illovcment 

parameters are schematically represented in Figure (19A). The illustrations suggcsts a 

scalar progression of the muscle, kinematic, and kinetic parameters during development. 

As represented on different seales, the development of the three paramcters could he 

independently specified. Therefore, there exists the possibility of either a cocval 

development du ring ehildhood or that one comp<ment may 'Iead' or 'Iag' the others 

during certain periods of development. The motor 'c1umsiness' observed in certain 

children may arise from a disassociation of the three movement components such that an 

equivocal sealar position is not observed for ail thrce paramcters. Sccfelt and 

Haubenstrieker (1982) support the idea that the progression from one stage of 

development to the subsequent stage would oceur on a continuum of dcvelopmcnt, wlth 
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consolidation among characteristics around a point on the continuum. Thus, aIl of the 

subroutines within a stage would not develop as an indivisible unit or in lock-step 

fashion. 

From this model, skill would he related to an increase in the predictive coding 

capacity, allowing a greater adaptability of the effector strategy. This hypothesis can he 

prohed through experimental perturbations, thereby establishing the limits that can he 

accurately predicted and thus serviced by a specifie motor organization. The motor 

hehaviour at the limits also reflect the problem-solving capacity of the system. This raises 

the possibility that in rehabilitation, there may he a need to increase sensory infonnation 

prior to the comparative node, with the aim of increasing the predictive envelope rather 

than decreasing it (making the output stereotypie). 

5.4 Relevance of the Motor Solution: 

There appears to he a limit to the functionality of the PDS and TS strategies for 

older subjects. For the two older subjects in the PDS group, FB and MR, the PDS 

strategy was not effective in controlling the impact ground reaction forces. This poor 

perfonnance of the landing skill was associated with a low performance index on the 

Bruininks-Oseretsky motor developmental scale (31st percentile). The complete 

assessment of the parameters contributing to the poor motor perfonnance of the se 

children is the focus of another paper . 
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Figure 19A. Continuum between childhood and teen years represcntcd for: A) 
kinematics, B) EMG, and C) kinetics. 

Figure 198. Proposed Mode) for the contribution of predictive bchavior to the 
development of motor strategies . 
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CHAPTER SIX: SUMMARY AND CONCLUSIONS 

Perfonnance index on developmental test batteries, such as the Bruininks­

Oseretsky Test of Motor Proficiency, are often used as indepcndcnt indicators of 

sensorimotor development. However, the se developmental test do not address the quality 

of a movement (EMG and Kinematics) nor the evolution of the movernrnt organization 

as coordination increases. The purpose of this study was to define an analysis of the 

muscle and kinematic parameters which are sensitive indicators of the cmcrging 

movement organization for the landinf task. The focus was on the organi7.alion of the 

movement of the lower extremity during f1ight in terms of thcir efficicney in anticipating 

the impact ground reaction forces. Efficiency was evaluated from the peak vertical 

acceleration forces at the iliac crest experienced at impact and from the postlanding 

stability profiles. 

The central finding of the study was the classification of nine boys 7 years to 1 J 

years of age into three distinct groups based on the profile of muscle onsets in 

anticipation for landing: the PDS group, the TS group, and the AS group. Accompanying 

kinematic parameters a1so were found that were useful descriptors of the group into 

which a subject was c1assified. In particular, joint operating range, joint coordination 

patterns, and the use of Iimit positions were found to he simple, yet valid correlates of 

the EMG classifications. Ali of these parameters are incorporated in the joint position 

variability profile of the ongoing movement. The variability profile summarizcs the time 

varying computation of ail the kinematic parameters as they relate to the control of joint 
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position. Therefore, movement analysis using a variability profile may serve as a basis 

for developing a clinically based measurement tool which addresses both the quantitative 

and qualitative nature of the movement organization. Consequently, the profile may serve 

to define those aspects of a movement which contribute to poor motor performance. 

6.1 Limitations: 

The following limitations should he considered in the interpretation of the results 

of this study: 

1) First, the emerging properties of the landing skill were evaluated in only nine subjects. 

However, consistent organizational patterns could he identified across this limited subject 

pool, underlining the stability of the measurement parameters selected for the analysis. 

2) The movement was analyzed for only one leg and thereby does not address interlimb 

coordination strategies. It is recognized that the ability to manage and organize the active 

and passive forces simultaneously in the two limbs will further contribute to the 

developmental differences in the computation of movement profiles. 

3) The emerging strategies were defined in terms of a static model relating muscle 

activity and kinematic parameters. A dynamic model would he useful to address the 

kinetic profiles associated with the distinct movement organizations to determine the 

interaction of the active and passive (motion-dependent) forces during the different stages 

of growth and development. 
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6.2 Recommendations for Further Research: 

Further research projects should address the following issues: 

1) The role of age versus experience (or training) should he investigatcd on a larger 

cohort of healthy children to ascertain with confidence the nonnal dcvclopmcntal 

progression of the landing task and thereby validating the classification schcmc prcscntcd 

in this thesis. 

2) The identified indexes of motor organization across the thrcc classification groups 

should be correlated more specifically to the Developmental Test Scores to dctcrminc the 

parameters which would he more closely associated with a poor or incfficient motor 

performance . 

3) The analysis approach should also he addressed in the dynamic domain to detcrminc 

with more validity the self-organizing qualities of the movement. This would particularly 

he informative when considering that the difficulty of youngcr childrcn to deal with 

motion-dependent forces could be identified at the statie kincmatic Icvcl. The time­

varying interplay of active and passive (motion-dependent) forces during the movcmcnt 

execution across the three classification groups using quantitative tools such as Power 

Flow Analysis (Winter 1 1990) and Energy Absorption Analysis (Cinccrra and McKinley. 

1993) . 
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