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Abstract 

The effect of physi~al growth in determinhg the onset of infant motor behaviours is 

Iargely unknown. In accordance with the intersegmentai moment equation (Hof, 1992), 

changes in segment inertias could affect the various passive and active moments acting about 

the joints during infant movements. In the present investigation, the effects of changes in 

segment inertial parameters and hip anguiar impulses during the swing phase in the nrSt thm 

months of independent walking were examined. It was hypothesized that there would be 

differences between segments and between the rates of change of angular impulse terms 

contributing to the rate of change of the hip angular impulse. A mathematical mode1 of the 

human body, consisting of thirteen segments, was used to estirnate the infant segment inertial 

parameters (Jensen, 1978; Sun & Jensen, 1994). The hip angular impulse was determined 

by surnmatioa, using the radii from the hip joint transverse axis to the center of mass of the 

segments. Ten infants were tested biweekly for three months. Based on the mean dopes 

of the anguiar impulse t e m ,  gravitational impulse had the greatest influence on the overall 

prediction of hip angular impulse. Signincant dBerences baween biweekly measures of 

axial segment masses suggested that changes in segment inertial parameters across 

developmental time were responsible for the rates of change of the gravitational impulse. 

However, the rate of change of the lower tnink was the only segment which contributed 

significantly to the rate of change of the gravitational impulse. Although the rate of change 

of the Iowa trunk mass was greater than the other axial segments, the rates of change of the 

gravitational impulse and hip angular impulse were d e r .  The relationship baween the 
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rates of change of gravitational and hip anguiar impulses facilitate upright posture. 

Therefore, these changes in lower ûunk mass and gravitational impulse are seen as potential 

control parameters for the attainment of independent locomotion. 
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Segment hertias and Hip Anguiar Impulses 1 

Chapter 1 
INTRODUrnON 

During the first year of life, infmts undergo dramatic changes in physical growth, 

which affect the size and shape of the body segments. These changes in segment proportion 

correspond to changes in segment mass and distribution of mass (moments of inertia). 

Changes in body segment inertias affect the Vanous active and passive moments acting about 

the joints and could be crucial to locomotion development. Very few studies have 

investigated infant body segment inertial parameters within a movement context. Therefore, 

we presently know very little about the biomechanical relationship between changes in 

segment inertias and infant motor development. 

Several &dies provide evidence that physical growth has an effect on infant motor 

development. Thelen, Fisher, and Ridley-Johnson (1984) examined the infant stepping 

reflex which tends to "disappear" at approximately two months of age. Neuromaturational 

theory attributes this disappearance to the hierarchical development of the nervous system, 

however, Thelen et al., (1984) offered an alternate explanation. Infants experience rapid 

weight gain, particularly in adipose tissue, during the developmentai period when stepping 

seems to disappear. Thelen et al., (1 984) suggested that the disproportionate gain in adipose 

tissue is respomible for the decreased stepping, as the legs become too heavy for the 

relatively mal1 muscle mass to lift. Indeed, the addition of 163 grams to the thigh and shank 

of a four-week old infant, equivaient to the estimated Ieg mass increase between weeks four 

and six of infancy, redted in a signîfîcant demase in the fkquency of steps. The muscle 

strength of the infant was unable to accommodate for the added limb mass. Furthemore, 
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when four-week old infants were submerged in water to chest-level to effectively reduce 

infaat leg weight, stepping movements were found to increase substantially in rate and 

amplitude. From a dynamic systems perspective, the stepping reflex was not king 

suppressed by higher cortical centres, but was constrained by the changed environmental 

context which altered the gravitationai effect on the lower limb. It was concluded that rapid 

weight gain acts as a control parameter. That is, the locomotor system is sensitive to changes 

in lower limb weight such once reaching particular threshold levels, the system stabiiity 

may be dimipted and shift into a new qualitative mode of behaviour. Therefore, control 

parameters constrain the system, thereby determinhg the emergence of new and 

progressively more stable motor patterns (Thelen & Ulrich, 199 1 ; Thelen, 1995). 

One way to investigate physical growth as a potential control parameter is to examine 

the effects of changes in segment inertias on the various passive and active moments acting 

about the joints during infant movements. In accordance with Hof s (1992) intersegmental 

moment equation, the joint or intersegmental moment (Md, due primarily to muscular action 

between the adjacent segments k and 1 for the subset of segments 1, ...A can be expressed as 

the following @Id represents vector terms): 

term 1 tenn 2 tenn 3 tenn 4 
HAI FI GI AXI, AYI AI (ab&) 

Term 1 e q d s  the moment of the reaction force(s), F, and term 2 is the moment of the 

gravitational forces. Tem 1 and term 2 are collectively referred to as the quasistatic 

approximation. If movement is to occur, the intersegmental moment must exceed the 
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magnitude of the first two terms. Term 3 and term 4 equal the moments of the acceleration 

forces, and are dependent upon the segment masses (a, their radii h m  the reference joint 

(ri - r,J, and the moments of inertia (13 of the segments. The average contribution of each 

intersegmental moment term over biomechanid time, or anguiar impulse, can be determined 

by calculating the integrai of each moment-tirne curve (Figure 1). In doing sa, term 1 is 

referred to as the force impulse (FI), tenn 2 is the gravitational impulse (GI), term 3 is the 

linear X acceleration impulse (AX)  and linear Y acceleration impulse (Am), term 4 is the 

angular acceleration impulse (AI), and the intersegmental moment (or Md is referred to as 

the hip angular impulse (HAI). In order to represent intraindividual changes, individual 

Iinear regressions can be fitted to the angdar impulses for each term of equation 1 (see 

Figure 2). The partitioning of the hip angular impulse into its component t a s  and the 

examination of their rate of change over developmental time enables researchers to 

investigate mechanisms by which changes in segment inertias may act as potential control 

parameters of infant motor behaviour. 

Sun and Je- (1994) investigated physical gmwth and changes in segment inertias 

as potential control parameters by e x a d g  the diffetences in the rate of growth of segment 

mass and principal moments of inertia duriag the period of infancy. The results of a 6 month 

longitudinal study of 27 infants showed that most of the relationships between chronological 

age and segment mass and principal moments of inertia were signincant and hear  (Sun & 

Jensen, 1994). DBerences between segments in growth velocity of the upper and lower 

extremity were signincant and consistent with the principd of distal to proximal growth. 
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Shan k Gravitational Moment 

Time (seconds) 

Figure 1. Gravitational moment-tirne graph for the shank segmnt from toe-off to 
heelstrike 

- - - -  

Shank Gravitational Impulse 

Figure 2. Gravitational angular impulse-tim graph for the shanL segment of 5 infanis 
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lntraindividual growth patterns within the axial and lower limb body regions revealed slower 

developing moments of inertia for the lower trunk and shank segments. Therefore, as the 

Uifant ages, limb inertias develop partially according to growth principles, but these may be 

modified by growth irregularities in segment inertial parameters. 

These Merences in growth velocity between segments cm be related to growth and 

maturation principles. Sun and Jensen (1994) hypothesized that for the upper and lower 

extremities, the proximodistai neuromuscular development (Gesell, 1 954) coincides with the 

distal to proximal segment inertia development (cf Tanner, 1962). In accordance with the 

intersegmental moment equation (Hot l992), proximal joint moments are a fiuiction of the 

related segment masses, moments of inertia, radii to the reference joint, and limb position. 

As joint moments develop in a proximal to distal fashion, segment inertias would develop 

distal to proximal. Distal joint moments, which are more dacult to accommodate than 

proximal joint moments, are developing simul~aneously with proximal neuromuscdar 

changes which must accommodate the increased joint moments. Collectively, these changes 

substantiate segment inertias as potentiai cootrol parametea. Growth irregularities such as 

slower developing shank inertia moments, may be advantageous driring movements, 

spccincdy the swing phase of infiillt walking. 

Jensen, Sun, Trie&, and Parker (1997) are among the few researchers who have 

examineci the potentiai effects of changes in infant segment inertias withia a movement 

context. They investigated the efféct of physical growth through the influence of gravity on 

axial joint moments of 27 infants aged between 9 and 36 weeks during prone and supine 

postures. Resuits rwded  that changes in mas had a signincant effect on the gravitationai 
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moments between joints. The mean dopes of the regressions for the gravitational moments 

for the neck and Md-trunk joints were significantiy smaller than the hip joint. And with 

increasing age, the gravitational slope was signiricantly smaller. The pattern of change in 

the dopes of the gravitationai moments were consistent with cephalocaudal sequence of 

neurornuscular development. According to this principle, extensor muscle moments, 

increasing progressively distally, would coincide with decreasing gravitationai moments, 

thereby faciiitating movement Jensen et al., (1997) hypothesized that these changes in the 

gravitational moments during infancy are potential control parameters. 

The above studies establish that rnotor skill acquisition is affecteci by multiple wntrol 

and contexnial factors, including neummuscular maturation, physicd growth, and the relative 

changes in joint moments. Due to the emergence of new theoretical frameworks in the area 

of motor control which address the importance of both neural and nonneural changes, there 

is a need to refocus our attention on i d b t  rnotor develo pment (Thelen, 1 985). Therefore, 

the present study examineci changes in segment inertias and hip anguiar impulses during the 

fm three months of independent walking. 
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Chapter [I 
REVIEW OF LiTERGTUliE 

For decades, our views of locomotor development have been mainly influenced by 

neuromaturational theones. From this perspective, the development of independent 

locomotion is primarily the result of hietarchical neufornuscular maturation. As ontogenetic 

encephalization progresses, increaed cortical control of subcortical and reflexive processes 

enables the development of srnooth, adult-like gait (McGraw, 1945; Forssberg, 1985; 

Leonard, Hkchfield, & Forssberg, 1988). Unquestionably, the central nervous system 

(CNS) is an essential component in our quest to undentand the patterns, organizations, and 

ongins of complexity within developing biologicai systems. However, the major limitation 

of the neuromaturationd approach lies within its assignment of tinal causality to CNS 

maturation (Theien & Ulrich, 199 1 ). 

Bernstein (1967) was an important pioneer of biomechanical and motor control 

research. He was arnong the first to examine the concept of movement coordination as the 

d t  of the interaction of active muscular forces under neural control, and passive e x t e d  

(e.g. gravity) and inertial forces. In doing so, Bernstein (1 967) recognued f'undamentai 

deficiencies in the traditional views of motor developmenk namely, the "degrees of needom" 

problem. Bernstein questioned how, in the constantly changing patterns and context of 

rnovement, the CNS could possibly coordinaîe and control smooth and efficient movement, 

given that the locomotor system is wmprised of so many cells, neme fibres, muscIes, bones, 

segments, and infinite segment trajectories Bemstein and later theorists recognkd that the 

solution to this problem lies in the "soft-assemblyn of the available and task-specific 
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subsystems and components (Turvey, 1977; Kugler and Twey,  1987). Such an organi7atiion 

reduces the degrees of freedom of the system by grouping fiinctionally related elements into 

larger collectives or "coordinative structures" (Twey, 19771, which in  ni greatly ceduces 

the detaii of the overall motor plan (Thelen, Kelso, & Fogel, 1987). As Thelen states: "This 

type of organi7ation r'lows the system great flexibility to meet the demands of the ta& 

within a continually changing environment, while maintainhg a movement category suited 

to the goal in mind (1995; p.8 1). Thenfore, the ability to perform smooth and efficient 

movement is not the result of a predetermined master plan existing within the brain, but 

involves the collective action of individual elements into a self-organizing, coordinative 

structure. 

The nature of nich an anmbly is cornmonly demo~l~trated by utiliPng a spring with 

mass mode1 (Kelso. Holt, Rubin, & Kugler, 198 1; Kelso, Bateson, Saltzman, & Kay, 1985). 

A physical spring, when stretched and released, wili oscillate on a periodic trajectory and 

eventuaily equilibme at a particular point while maintaining its original resting length. The 

trajectory and nnat resting position of the spring are a function of the physical pmperties of 

the spring - the attacheci m a s  and spring tension (Thelen, Kelso, & Fogel, 1987). Therefore, 

once the initial parameters of the spruig have been set which enable the spring to reach the 

f d  resthg position, the pathway self-organizes as a r d t  of the properties of the 

wmponents melen, 1995). Similarly, human h b s  display spring-like properties and can 

be modelled in t&e same manner. For exemple, during the swing phase of waiking, Little 

muscuiar activity occurs and the lower limb progresses forward as a jointed pendulm The 

resuiting limb trajectory is detennined by physid constraints such as segment mass, moment 



Segment Inertias and Hip Angular Impuises 9 

of inertia, stiffiiess, composition and proportion. The walker need only be concemed with 

the initial parameters prior to the foot leaving the ground (e.g. initiai limb position, muscular 

contractions), and the con~buting elements will assemble cooperatively within an 

appropriate context to perform the swing phase. 

Continueci research on Bernstein's (1 967) insights has led to the increasing prevalence 

of research which addresses the relation between the CNS and the nonneufal components of 

the locomotor syaem. Current views of motor development consider movement to be the 

result of the collective influence of the CNS, biomechanical and energetic properties of the 

body, and the environmental and task contexts (nielen, 1995). A principled account of 

motor development fiom this perspective can be found in dynamic systems theory. 

D ynamic s ystems are essential1 y corn plex, non-linear sy stems which change over 

the .  Human locomotion. h m  this perspective, is only possible through the collective and 

cwperative behaviour of the contributhg subsystems within specinc environmentai and task 

contexts (Thelen & Ulrich, 199 1 ). In accordance with Bernstein ( l967), eiicited movements 

are not the result of a one-twne relationship with CNS commands, but are due to the 

compiex intefactions between active and passive forces in ail of the conûibuting subsystems 

and components (Thelen, 1985). As Thelen States: "Inherent in this fimctional linkege of 

components is a dynamic organkition, that is, form emerges as a result of the linkages but 

is not contained or represented in any of the other components. in such dyaamic 

orgmhtion, believed to be characteristic of ail biologicai systems, higher level emages 

h m  the relationships of the subunits, but camot be predicted fiom them" (1985; p.3). 

Therefore, waiking is the exnagent property of mmy intaacting ontogenetic pnnxsss,  each 
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of which is necessary, but not independentiy sunicient to determine the skiii (Thelen, Ulrich, 

& Jensen, 1989). 

Given the multiple components which detemine movement outcome, development 

of the various subsystems and components proceeds in a non-linear and asynchronous 

m u e r  (Thelen, 1995). Each component therefore, matures at a differential rate, es 

exemplified by significant between-segment differences in the individual rates of change of 

mass and moments of inertia (Sun & Jensen, 1994). Despite this individualization during 

development, the systern elements are mutually interdependent, changes in one subsystem 

are reflected in othea and the system as a whole (Bernstein, 1967; Thelen, 1995). For 

example, many of the components of locomotor ski11 are fiinctiond prior to the cnset of 

independent walkkig. However, the slowest developing component or "rate-limiter" rnay 

inhibit the cooperative self-organization of the components which must assemble for a given 

motor outcome. Only once al1 the components, within an appropriate conte* have 

surpassed specific threshold levels, will the system assemble a behaviourial outcome 

(Theien, i995). 

Small changes in the rate-limiter can act as a controf parameter, which, as previously 

mmtioned, may constrain the system and determine the emergence of new and pmgressively 

more stable behaviourial patterns (Thelen & Ulrich, 1991). It is possible for diffèrent 

suùsystems to act as control parameters at different developmentai periods. It is likely that 

biomechmical fktors are the control parameters of motor sk î i i  during the first year of Me, 

whereas experience and practice may be the coatml parameters later in development meien, 

1995). For example, several researchers have dernonstrateci the critical role of postural 
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control in infant motor development. Providing infants with postural support has been 

shown to produce mature-like stepping pattern before the developmentai onset of 

independent wallcing (Okamoto, TNtswni, Goto, Kazai & Kumamoto, 1985; Thelen, 1986b, 

Ulrich et al., 1994). The ability to produce and recover fiom disequilibrium due to the 

shifling center of mass requires dynamic postural control and is essential to attaining 

independent gait (Bd  & Breniere, 1988). While balance is important, infants must also 

possess nifncient extensor muscle strength to support the weight of the body during single 

stance gait (Thelen, 1986). Thelen, Ulrich, and Jensen (1 989) suggested that extensor muscle 

strength and poshinil control are rate-limiting factors of independent walkllig. Once m g t h  

and balance have matured sufficiently, they cooperatively assemble with other fiuictional 

elements to allow for a qualitatively new behaviouial mode to appear - independent waiking 

(Thelen, 1989). 

New coordinative structures therefore, arise as a result of changes in the controi 

parameter beyond critical levels which disrupts the system stability, leading to a 

reorganizaîion of the various subsystems and components into a qualitatively new mode of 

behaviour (Thelen, 1995). Developmental change can be viewed as a series of altemating 

states of stability and instability resulting in phase shifk to new stable states or attractors. 

As Theien aad Ulrich state: ". ..behaving and developing systems may se* into certain 

atbractor states, or p r e f d  behaviotd outputs, that are determined by the morphology of 

the system, its particdar energetic or motivationai States, and the ta& and enWomentai 

conmrts" (1 9%; p24). niese stable configurations also possess great flexibility in light of 

ditTering ta& contems or changes in system components due to growth or differentiation. 
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That is, the stabiiïty of the attractor States may change and a particular motor outcome may 

"become more likely to be performeâ, more tightly constrain4 more skilled and less subject 

to perturbation. Other patterns however may become less reîiable and more easily disupted 

(Thelen & Ulrich, 1991 ; p.25). Several mearchers have demonstratecl this tightening of the 

coordinative structure in infant locomotion studies. For example, leaming to walk tends to 

proceed in a two-stage process (Ml& Breniere, 1992). That is, wallcing patterns during the 

first 3 months are characterized by poor postural control, variable interlimb and iniralimb 

coordination, and rapid changes in both the magnitude and relationships between the 

elements of gait parameters such as walking velocity and lateral acceleration (Clark, Whittall, 

& Phillips, 1988; Bril& Breniere, 1992; Clark and Phillips, 1993). In the successive months, 

waiking patterns begin to approximate the characteristics of more mature gait Therefore, 

at the onset of independent waiking, the coordinative structure is sufncient to perform the 

task, but is loosely organized. As development progr~sses, inaeased posturai control likeiy 

reduces the degrees of fieedom and the coordinative structure becomes more stable and 

efficient (Clark, Whittal, & Phiilips, 1988). 

Dynamic system analyses therefore, a h  to identify the subsystems or components 

which act as control parameters and examiues the tirnedependent changes which facilitate 

shifts into new behaviourial forms melen & Ulrich, 199 1; Thelen, 1995). Considering that 

drrring the nrst year of He, motor control is characterized by a series of rapid and dramatic 

changes in biomechanid factors mch as body segment mases, moments of inertia, 

proportion and composition, and muscle strength, curent research must ad* the effects 

of changes in these components of motor skill (Thelen, 1985). These age-related changes 
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are as essential to the cooperative self-organization of the moving system as the neural 

compownts. As Thelen, Ulrich and Jensen state: "There is every nason to believe that the 

Werential growth of the body segments and compositionai changes help determine the 

overall developmental profile of (independent) locomotion and rnay contribute as well to the 

individual variability in atiaining this motor milestone" (1989; p.30). Due to the relatively 

recent attention to physical parameters in determinhg motor skill acquisition, we know very 

little about the biomechaaicai relationships between changes in physicai growth and 

movement outcome. 

Several investigatoa have introduced perturbations to the locomotor system of 

infants in order to investigate the effects of mass changes on system stability and 

relationships between system elements (Thelen, Fisher, & Ridley-Johnson, 1984; Thelen, 

1986; Thelen, S M a ,  & Kelso, 1987; Thelen, Ulrich, & Niles, 1987; Clark and Phillips, 

1993). For example, Thelen, Skala, and Kelso (1987) added mass to the leg of 6-week old 

infats during supine kicking. Unilateral weighting resulted in fhquency and amplitude 

adju~aments of not only the weighted W b ,  but also the unweighted Iimb to produce 

coordinated movements between the legs. Thelen et al. stated that "the infants' ability to 

detect the weight perturbation and adjust their leg movements suggests a self-equilibrating 

mec&anism coiisistent with the mass-spring model. These properties are not imposed upon 

the legs with the acquisition of skill, but are inherent within the neuromuscular architecture" 

(1987; p.56). Thas is, iafiillts' neu romdar  systems adjust the length-tension relatiomhip 

of the muscle (or stZhess) to accommodate the heavier Ioad. As a h  reported by Thelen, 

Fisher, & Ridley-Johnson, (1984), the system is exceptionally sensitive to smaU changes in 
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the ensemble of components which self-organize to elicit a movement outcorne. In light of 

this sensitivity and responsiveness to experimentaily added mas, naturaiiy dynamic elements 

such as segment m a s  and moment of inertig which change due to gmwth or dinerntiation, 

are fikely important determinants of the omet of walking. 

Recent studies have emphasized segment inertial parameters as important system 

constraints for the emergence of new qualitative behaviourid modes. Breniere, Bril and 

Fontaine (1989) examîned the transient period of gait fiom the standing posture to steady 

state waikhg in 8 childm afier 90-200 days of independent walking. The study examined 

how infants initiate walking considering the demanding p o u  and inertial constraints on 

the system. Progression velocity, step kquency, and the instantawous velocity of the centre 

of mass were examined and compared to adult data (Breniere & Do, 1 986). Results of the 

study suggest that uniilce adults. chiidren were unable to establish steady state gait at the end 

of the first step, but rather required 2-4 steps. Breniere et al. (1989) hypothesized that "..the 

child does not sufnciently master his initial posture or the anticipatory movements of the 

steps ihat occur h m  this posture for these movements to be an integrai part of his locomotor 

program" (p.35). The researchen also suggested that like adults, the postural capacity to 

initiate w a h g  in infants depends not on the gait panuneters, but the segment mas,  

moments of inertia, and the vertical position of the centre of gravity. 

In addition, Thelen (1986b) ianmgated the stepping patterns of six 7-month-old 

infants while king posturaliy supporteci durkg treadmiii and no-treadmiU conditions. 

Infants in the upright, no-trradmiil condition dispiayed few or no steps, with pedormed steps 

king similar to newbom stepping patterns. T M  steps were found to be similar to 
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mature walking pattern in t e m  of lower limb joint excursions. In addition, as treadmill 

speed increased, infants utilized adult-like compensations, such as reduced stance phase 

duration. A possible explmation for these stepping pa- is that by rnechanicaiiy 

stretching the legs backward, the tmdmill effectively aids in overcorning the gravitational 

and inertial constraints so that the lower limb may swing forward (Pearce et al., 1983; cited 

in Thelen, 1986b). As Thelen States in dynamical system ternis: "...the treadmiil, by 

providing a supportive dynarnic context, elicits a complex moving pattern fiom an 

underlying more gened pattem-generating substrate. that is, that the characteristic 

morphology of locomotor movements &ses as much tiom the constraints and opportunities 

of the moving segments and their gravitational and inertial properties as from specinc and 

iconic instructions h m  the nervous system" (1 986b; p. 1 504). Therefore, the above studies, 

in conjunction with Thelen, Fisher, and Ridely-Johnson (1 984), Sun and Jensen ( 1994), and 

Jensen, Sun, Trietz, and Parker (1997), support segment mass and moments of inertia as 

important locomotor system constraints. 

Movement is the resuit of forces and moments which produce accelerations about the 

joints. Physical growih and the relative changes in segment inertial parameters are an 

integrai part of force-moment aaalyses. Based on the lack of reseacch which addresses these 

parameters within a movement context, current efforts must be directed towanls the 

examidon of the ef5ects of tirnedependent changes in these physical elements, and their 

potential role as control parameters for the aaainment of independent walking. 
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The Swing Phase of Infant Waiking as r i  Appropriate Movement Context 

The swing phase of the walking cycle is the period between toe-off, when the support 

foot leaves the gmund. and heel-strike, when the foot recontacts the ground. The swing 

phase constitutes approximately 40% of the gait cycle in adults, and genedy  30% in new 

W e r s  (Mena Mansour, & Simon, 1 98 1 ; Lasko-McCarthey, Beuter, 8r Biden, 1990). The 

movement of the leg during the swing phase is a bct ion of the position and angular 

velocities of the lower limb segments at toe-off, active muscle forces, anatomicai constraUlts 

of the joint and surrounding tissues, hip trajectory, and the inertial constraints of the 

segments (Mena, Mansour, & Simon, 198 1). 

This parllcular phase of idant waiking was selected as the movement context in 

which to examine changes in segment inertias and hip anguiar impulses for several reasons. 

First, electromyogr;tphic studies have shown the lower ememity muscles to be relatively 

inactive during this phase (Whittle, 1991). The forward progression of the Limb after toe-off 

is derived mainly from the passive g d t a t i o d  and inertial forces generated by the lower 

limb segments as they perform the swing phase. Therefore, the effects of changes in segment 

inertias are likely to be less confounded by the neural elements of the locomotor system 

during this period For example, Ulrich, Jensen, Thelen, Schneider and Zemicke (1 994) used 

inverse dynamics to compare the patterns and relative contributions of active (muscular) and 

passive (gravitational and motiondependent torques) during the swing phase of trradmill 

stepping in adults and 7-monthsld infants. Despite kinematic similarities between infant 

trradmill steps and adult waking, mderlying ciifferences existed in the role of musculer and 
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gravitational torques in controlling the swing phase. 

In both aduits and uifants, initiation of swing occurred through the passive influence 

of gravity and active muscle. while forward progression of the limb was sustahed by motion- 

dependent torques. Infant hip and knee joint reveaals were facilitated predominantly by 

gravitational toques, while muscle generated a flexor torque which opposed joint reversal. 

In contrast, adult joint reveaals occurred as a result of extensor muscle and gravitational 

moments. Therefore, infants' movements wen largely determined by gravitational 

constraints and appeared to lack the efficiency and control displayed in adult waiking. 

Second, in accordance with the spring-mass model, this phase of the gait cycle is 

potentially sensitive to changing elements which hinctionally assemble to perform the 

movernent, specifically the segment masses and moments of inertia Finally, considerhg the 

importance of postural control in upright waiking, the contribution of the upper body in 

maintainhg balance and dnving the swing Ieg forward can also be estimated from this 

motion. Therefore. the swing phase of gait provides an excellent movement context in which 

to examine the effects of changes in segment inertial parameters and hip angular impulses. 



Segment Inertias and Hip Angular Impulses 18 

Chapter III 
PURPOSE AND HYPOTHESES 

dLImm3 

Dynamic system theory examines behaviour changes over time. Based on the 

diflerentiai growth rates of infant body segments (Sun & Jensen, 1994), the purpose of the 

present study is to: 

1) examine differences berneen intersegmental moment term contributions to the rate 

of change, across developmental tirne. of the hip angular impulse during the swing phase of 

infmt walking; 

2) examine ciiffierences between segment contributions to the rate of change, across 

developmental tirne, of the hip angular impulse during the swing phase of infant walkhg; 

3) examine differences between segments for the tems contributing to the rate of 

change of the hip angular impulse across developmental tirne, and; 

4) examine ciifkences in the rates of change of the segment inertial subcomponents 

across developmental tirne. 
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j % d h m h =  

Based on the rate of change, across developmentai the ,  of the hip angular impulse 

for the terms of the intersegmental moment equation, it is hypothesized that: 

1 )  there will be differences between the following intersegmental moment term 

contributions to the rate of change of the hip angular impulse (HAI): GI, AXI, AYI, Ai. 

2) there will be differences in contribution to the rate of change of the hip angular 

impulse between the following infant body segments: 

- head and neck (combined), upper trunk, lower trunk, upper am, forearm and hand 

(combined), thigh, shank. and foot; 

Based on the differential growth rates of infant body segments (Sun & Jensen, 1994), 

and the number of segments proximal and distal to the hip joint; 

3) there will be ciifferences between intersegmental moment ternis for the segments 

conmbuting to the rate of change of hip angular impulse, and; 

4) there will be differences between the rates of change of the segment inertial 

subcomponents. 
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Chapter IV 
METHOD 

In accordance with Hof s intersegmental moment equation (equation 1), joint moments 

were expresseci about the hip joint, an important facilitator of the swing phase motion. The 

swing leg, rotating about the hip joint, has been modelled as a compound pendulum (Mena, 

Mansour, & Simon, 198 1) showing that the hip joint moments enable the forward 

progression of the thigh which in tum, allows shank motion to occur passively (Le., littie or 

no muscular activity is required about the knee joint until the reversal of acceleration near 

the end of the swing phase (Whittle, 1991)). This is evident in above-knee amputee gait 

which is characterized by a swing phase motion that closely approximates non-amputee gait, 

despite the absence of knee joint musculature (Murray, Mollinger, Sepic, Gardener; 1983). 

The hip is also an anatornicai connection between the lower limbs and upper body. 

Considering the lack of posture often displayed by infants during rnotor skilis (Bril & 

Breniere, 1992). it is kely that the physical properties of the upper body segments and the 

generated p o d  support moments are important constraints of the hip joint motion and its 

ability to perform the swing phase. Therefore, the hip joint is considered as a "pivot" axis 

about which the upper body and lower limb segments influence the swing phase motion. 
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A longitudinal design perrnitted the hldy of intraindividuai changes and interindividual 

differences over the period of the onset of independent walking in infants. Ten healthy 

&ts participated in the study, aged between 28 and 55 weeks at the beginning of the data 

collection. The parentsfguardians of the participants were contacted through their family 

physicians, television cornrnunity announcements, radio Public SeMce Announcexnents, 

posters (see Appendix A), and by telephone using newspaper birth announcements. Details 

of the data collection procedure were provided to the parents in the form of a Parent 

information Package, which assured confidentiality of photographs and video records of the 

subjects, and their right to withdraw fiom the study at any tirne (see Appendix B). 

Parentdguardians were asked to cornplete a consent form before the study (see Appendix C). 

At the beginnuig of the study, al1 infants were capable of standing alone or with support, 

but were not able to accomplish three independent steps. The infânts were photographed, 

measund, and video recorded, hnrice a month in the Biomechanics Laboratory at Laurentian 

University. Afkr the omet of independent walking, inf'ants were required to maintain the 

bimonthly visits for 3 months, for a total of 6 repeated waiking measures. Inhts began 

independent walking an average of 6.6 weeks after the nrSt non-walking visit. The age range 

of the infhnts at the end of the study was fiom 48 weeks to 68 weeks. 
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. der Model and As- 

The size and inertial properties of the human body and its component segments are 

required when investigating intraindividuai changes in movements during inf'ancy. Such 

properties can be appoximated by using mathematical models of the human body (Jensen, 

1978). These models are based on the representation of the body segments by geometric 

shapes of known density (Jensen & Nassas, 1 988). The mode1 consists of 1 3 segments, 

specüically the head and neck (combined). upper üunk, lower tnmk, upper ami, foreami and 

hand (combined), thigh, shank, and foot. Each segment is assumed to consist of right 

elliptical cylinders sectioned at regular 1.0 cm intervals in the transverse plane (Jensen, 

1978). In the present snidy, the rnathemaUcal mode1 was used to estimate the rate of change 

of the segment mass and principal moments of inertia over the fim three month of 

independent waiking. The moments of inenia of the elliptical cylinder about its centroidal 

axes are defined as: 

I =  1 +dm (2) 

Segment moments of inertia, which approximate the anteroposterior, transverse? and 

longitudinal axes through the segment centre of mas, are determined by using the 

parallel avis theorem and nimming across the eliiptical cylinders in the segment, 
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where n is the number of elliptical cylinders in the segment, r,, r,, and r, are the distances 

between the segmental and the cylinder p d e l  axes, m is the mass of the elliptical cylinders 

and 1-1, and 1, an the moments of inertia of the elliptical cyiinders about theu centroichi 

axes. The segment centroidal axes are rotated such that the products of inertia become zero. 

Thus, the segment axes are the principal axes, and the moments of inertia are the principal 

moments. 

The assumptions of the mathematical mode1 used in the present study are as follows: 

1) The infant body is composed of 13 segments and symmetrical limb pairs. 

2) Each segment has a uniform density. 

3) Each segment is composed of right elliptical cylindea sectioned in the transverse 

plane at regular 1 .O cm intervals. 

4) Infant segment densities are identical to those reported by Clauser, McConvüle, & 

Young, (1969) for adult cadaver appendicular segments and Dempster (1 955) for adult 

axial segments. 
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tv o f  the MethQd 

The present study employed the basic mathematicai mode1 (Jensen, 1978) with minor 

modifications in the data collection and analysis techniques. In the adopted model, the 

segments are considered to be composed of 1 .O cm wide elliptical cylinders (Sun & Jensen, 

1994) rather than 2.0 cm (Jensen, 1978) in order to more effectively follow the shape 

fluctuations of infant segments. The accuracy and precision of the model is based on the 

actuai total body mass of the infant, as this is the only inertiai parameter which can be 

practically and accurately assessed. Therefore, a limitation of this model is the error which 

may be associated with the estimated segment centre of m a s  locations and transverse 

moments of inertia. In studies of children (Jensen, 1989), the error between the estimated 

and actual body mass was found to be -0.87% (S.D.=2.63%, n=89). This was similar to the 

error of 1.65% and 0.77% (S.D.=0.29%) nported by Yokoi, Shibukawa, and Ae., (1986) for 

children and Finch ( 1 985) for duit femaies, respectively . 

The mathematical mode1 (Jensen, 1978) has ben tested for reliability and validity 

(Jensen, Fletcher, & Abraham, 1991 ; Sun & Jensen, 1994). Sun (1992) modified the 

dematicai  mode1 in a similar fashion to the present papa, reported high intraindividual 

and interindividual reliability and validity for volume. The mean error of the primary data 

digîtizer in the sîudy was 0.59%. Sun and Jensen (1994) ceporteci a mean error between the 

estimated and actual body mass of 2.27% (S.D. 3.85%). For the 120 digitized images in the 

present shidy, the mean error between the estimated and actual body m a s  was -0.04 %, with 

a standard dwiation of 2.73%. Coilectively, these d t s  suggest that the eiiiptical cylinder 
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method is an accurate and precise technique for estimating infimit segment inertias. 
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tion gpd Data -sis Procedure for the -1 Cvügder Mefbpd . . 

A pilot study was completed pnor to data collection, using a male infant capable of 

independent walking, to ensure efficiency and practicaiity of the proposed methodology, and 

to familiariz the investigator with the procedure and software of the elliptical cylinder 

mode1 (Jensen, 1978) and the Peak Motion Analysis System. 

Data collection proceeded as foliows: 

1) Weight and height measurements were obtained using a weight scale and a meter stick. 

Infant height was obtained by positioning the infant prone on blank paper, and marking the 

apex of the head and the bal1 of the foot. 

2)Anatomicai reference points for the joint centre and joint reference markers were identified 

with reflective tape (see Appendix D). Joint center corrections were utilued to o b h  the 

tme joint center Locations for the posterior marken at C7 and Tl 2 (see Appendix E). 

3) T w o  35mm cameras (Pentax k1000) with m m  leases (52 mm) were located 5.5 m h m  

the subject at a height of 0.8 m. The cameras were placed orthogonally to give fiont and 

right side views of the infmts. A manual air release was connected to one of the cameras to 

enable the operator to take both photographs simultaneously. Black cliaains were p l a d  

behind the subject to enhance the body outlines and reflectiveness of the markers and two 

halogen lamps iuuminated the subject 
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4) The infants were suspended in a hamess, attached by metal rings (carabeeners) to a 

supporthg "joliy jumper" fiame. In order to facilitate extension of the extmnities, parents 

were asked to puli on a small corci, placed mund the right ankle and wrist of the infants, to 

aid in joint extension (See figure 3). The shape and size of the hamess was s i d a r  to that 

of a diaper. Photographs of both the front and right side fidl body views of the infants were 

taken simultaneously. In order to produce an accurate outline of the body, infants wore 

solely a diaper. Meter sticks, placed in the mid-body orthogonal planes, were photographed 

prior to the data collection in order to provide a measurement frame. 

Photographie records of the infants were analyzed as follows: 

5) The body image and joint centea were projected, outlined and digitized in accordance 

with Jensen (1978). 

6) Front and side views of the individuai segments were outlined and digitized using a 

Scriptel graphics tablet (Mode1 SPD-1218T). A TURBO PASCAL cornputer prognun 

provided an output file of the required data for the caiculation of segmental and whole body 

parameters (see Figure 4). 

7) The mass and principal moments of inertia were calculated h m  the stacked elliptical 

cylinders representiag each segment (Jensen & Nassas, 1988). 
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8) Due to the small size of infant neck and hand segments, the head and neck, and the 

foream and hand were combhed. The rnass was calcuiated by summation, the location of 

the centre of rnass of the combined segments was determineci using the principle of moments, 

and the transverse moment of inertia for the combined segments was obtawd using the 

paraiiel axis theorem (Winter, 1979). 

9) For each segment or combined segment. the location of the centre of m a s  as a proportion 

of the segment length fiom the proximal joint, the transverse moment of inertia, and the 

segment mass were transferred to the DynaMech program in order to calculate the hip 

moments and angular impulses for the ternis of equation 1 (see Appendix F). 

Figure 4. Ellipticai cyiinder mode1 of an infant 
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ta Collection and Data 

Data collection proceeded as follows: 

1) A videocamem (Panasonic WVCL350) with a zoom lem (Pentax 8-48 mm) was 

placed 10.5 m frorn the midsagittai plane of a 2.0 X 0.5 m walkway. Two halogen lamps 

illuminateci the camera view of the infants. Black curtains were placed behind the subject 

to enhance the reflectiveness of the markers. A meter stick, with reflective markers at each 

end, was fihed prior to each walking session in order to provide a relative scale for the Peak 

Motion Analysis System. 

2) The subject was encouraged to perform barefoot walking across the marked waikway. 

Incentives to promote inde pendent walking inchdeci, toys, food (e.g ., cm kies), and parental 

prompting. The subject was required to complete at least 6 trials of independent walkllig. 

3) A Peak Motion Adysis System was employed to coliect the two-dimensional positions 

of the &ers at a sample firequency of 60 Hr A Butterworth low pass filter was use& with 

optimal cut-off fiequencies ranghg h m  2.0-9.0 H z  

The motion records were d y z e d  as follows: 

4) The swing phase of one gait cycle was selected fiom the available walking trials. 

Averaging of s e v d  sameday trials was not possible due to the variability within each gait 
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cycle. The xlected hiais were required to meet several criteria: a) approximation of a two- 

dimensional wdcbg path, b) accomplishment of three independent steps (in accordance with 

Bril & Breniere, 1992), c) appearance of reasonably "normal", non-playful gait, d) absence 

of items in right hanci, such as toys or food, and e) appearance of "steady state" gait - gait not 

chanicterized by deceleration such as when reaching for a parent or toy. In addition, trials 

in which the infant's a m  movements were characterized as non-fiuictional were ornitted 

(e.g., Bailhg of arms due to general excitement or playfulness). This last criterion was based 

on same-day observations indicating that the infant was capable of more task-specific a m  

movements. 

5) Joint marker digitization was consistent with the eight individual and combineci segments 

established for the elliptical cylinder mode1 (Jensen, 1978; See Appendix D). Digitization 

commenced at ten h e s  prior to toesff, and continued until ten fiames after heeEstrike to 

enable the filter to stabiiize. However, al1 calcdations were based on the data obtained 

between toe-off and heel-strike. 

6) Scaled and filtered joint coordinates were transfemd h m  the Peak Motion Analysis 

System to the Dynamech biomechanics program in order to calculate segment linear and 

angular accelerations, hip joint moments and angular impulses for the terms of equation 1 

(see Appendix F). 
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The terms of the Hof (1992) intersegmental moment angular impulses were aaalyzed as 

foilows: 

1) The angular impulse of each term (equation 1) was detemhed by calcuiating the integrai 

of the moment-time c w e  for the swing phase of one gait cycle at each biweekly period 

(Figure 1). These calculations were penomied by the Dynamech program (Appendix F). 

2) in order to represent inüaindividual changes, individual linear regressions were fitted to 

the angular impulses for each term (see Figure 2). The individual regression coefficients 

were obtained fiom an SPSS statistical program (SPSS Inc., 1 988). 

3) The meam and standard deviations of the regression coefficients for the ten infants were 

calculated for each term of equation 1 .  

4) A 4 X 8, intersegmental terms by infant body segments, two-way anaiysis of variance in 

SPSS was employed to test for significant difEerences in conmbution to the rate of change 

of hip angular impulse between the mean dopes of the impulse tenns aud between infant 

body segments. 

5) In order to understand the reasons for some of these diffeicnces, a stepwise multiple 

regression was empioyed to pfedict the contribution of the rate of change of each 
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intersegmental impulse term to the rate of change of the hip anguiar impulse. 

6) Given the differences in intersegmental moment terxn contributions to the rate of change 

of the hip angular impulse, individual linear regressions were fitted to the segment masses. 

The individuai regression coefficients were obtained fiom an SPSS statistical program (SPSS 

hc., 1988). 

7) The means and standard deviations of the regression coefficients for the ten infants were 

calculated for each segment. 

8) An anaiysis of variance for one-factor repeated measures design in SPSS was employed 

to test for significant differences in the rate of change of segment mass beo~een biweekly 

penods of developmental tirne. 

9) In light of significant mass changes acmss developmentai time, a standard multiple 

regression was performed to predict the gravitational impuise fkom the rate of change of the 

segment masses. The segment mass regression coefficients were obtained h m  an SPSS 

statisticai program (SPSS Inc., 1988). 
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Chapter v 
RESULTS 

The present investigation examineci changes in segment inertias and hip angular 

impulses during the swing phase in the frst mec months of independent walking. 

Means and standard deviations for the infant segment masses and mean Mant body 

height across developmental time are shown in Table 1. 

Based on the individual linear regression coe!Ticients for the impulse terms of 

the intersegmental term impulses (equation l), the 4 X 8, intersegmental ternis by infm 

body segments, two-way analysis of variance of the differences in the rates of change of 

the terms across infant body segments (Table 2) revealed signifiant differences among 

the five terms (F=2.92, p < 0.05). Tukey 's post hoc test (p < 0.05) reveaied that the 

mean rates of change of the gravitational impulse (Go and hip angular impulse 

were significantly different. Across developmental the ,  the mean rate of change of GI 

increased, while the mean rate of change of HA1 decreased (Table 3). The ~ o - w a y  

analysis of variance revealed no significant differences between body segments for the 

rates of change of the intersegmental impulse terms (Table 2). As a r d t ,  segments 

were grouped into two body regions: the upper body region, including the head/neck, 

upper txunk, lower trunk, upper arm, and forearmmand; and the lower limb region, 

including the thigh, shank, and foot. The two-way andysis of variance reveaied no 

signifiant differences between the two body regions for the rates of change of îhe 

intersegmentai impulse tem. 
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The contribution of the rate of change of each impulse tem of equation 1 to the 

rate of change of HA1 was pdicted using a stepwise multiple regmsion. The 

intercorrelation (Table 4) of each subcomponent term with HA[ shows that GI has the 

highest conelation (r = -0.941). That is, there is an inverse relationship between the rate 

of change of GI and HAI. Al1 four temis of the intersegmental moment equation 

conttibuted significantly to the prediction of HAI at the 0.001 level of significance (Table 

5). The standard erroa of the coefficients are low and relatively equal for al1 four 

predictors. R2 and adjusted R2 behveen the four terms and HA1 are 0.9987 and 0.9987. 

These values are also significant at 0.00 1 level of significance. Therefore, 99.87% of the 

variance in the rate of change of HAI can be predicted from the regression of the rates of 

change of the four terms of equation 1 .  In addition, 88.36% of the variance in the rate of 

change of HAI can be predicted from the regression of the rate of change of GI. 

Therefore, GI had the greatest influence on the overail prediction of HAL 

In order to determine which inertial subcomponent of the gravitational impulse 

term was contributhg to the rate of change of HM, a one way analysis of variance was 

performed to test for significant differences between biweekly measures of the rate of 

change of segment masses. Significant differemces between biweekly measures were 

found for the mas of the upper trunk (F=4.04, pcO.Ol), lower mink (P3.49, ~ ~ 0 . 0 1 )  and 

headheck (F=3.42, pc0.05) segments (Table 6). As a r d t  of these sigaincant segment 

mass changes in the axial region, a standard multiple regression d y s i s  was perfomed 

to predict the gravitational impulse fiom the rate of change of the axial segment masses. 

The intercorrelation of each segment with the rate of change of GI mealeci that the lower 
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tnuik segment had the highest correlation with GI (r= -0.77). The remaining orders of 

correlation with GI were the upper erink segment (14.47) and the headneck segment 

(r0.27). The rate of change of the lower tmk mass was the ody segment which 

contributed significantly to the prediction of the rate of change of GI (Table 7). The 

regression coefficient for the predictor was significant at 0.01 level of significance. R2 

and adjusted R2 between the rate of change of mass and GI are 0.59 and 0.54 nspectively. 

Therefore, 54% of the variance in the rate of change of GI can be predicted fiom the 

regression of the rate of change of the lower trunk mas. 

For the axial region. figures 6 to 8 depict the linear regression curves of the rate of 

change of segment mas ,  gravitational impulse, and hip angular impulse, respectively. 

The linear regressions indicate that the lower trunk has the greatest rate of change of 

segment mass over developmentai time (Figure 6). In addition, the lower trunk has the 

lowest rate of change of GI (Figure 7) and HA1 (Figure 8). 

The potential error associatcd with the estimation of joint cenm locations, and 

the series of finitedifference caicuiations for linear and angular accelerations 

(Appendix F), and regression analyses required for the present study was not assessed. 

However, Plamondon, Gagnon, and Desjardins (1996) reported a general e m r  about the 

transverse axis of 6 Nm during lifting motions. In the present study, the magaitude of the 

rate of change of GI and HA1 (Table 3) suggests that the changes in these two tams 

amss developmental time are greater than that which could be explained by emr. 



Table 1 
Means and Standard Deviations of Infant Segment Masses and Mean Height Across Developmental Time 

R TRUNK 2.085 (0.247) 2.481 (0.476) 2.493 (0.623) 2.460 (0.324) 2.626 (0.402) 2.570 (0.488) 
2.396 10.249) 2.321 (0.167) 2.438 (0.2311 2.280 (0.303) 2.957 (0.252) 2.358 (0.314) 

75.2 76.1 5 76.38 75.7 75.2 76.5 

1HlGH 
FOREARM 
CSRM 
UPPER TRUNK 

WEEK i WEEK 3 WEEK 5 WEEK 7 WEEK 9 WEEK 11 
0.134 (0.038) 0.934 (0.035) 0.129 (0.028) 0.143 (0.033) 0.145 (0.031) 0.144 (0.031) 
0.356 (0,050) 0.396 (0.069) 0.398 (0.070) 0.387 (0.059) 0.375 (0.063) 0.412 (0.059) 
0.893 (0.161) 0.818 (0.1 21) 0.844 (0.088) 0.795 (0.006) 0.831 (0.061) 0.8W (0.124) , 
0.239 (0.048) 0.249 (0.043) 0.267 (0.052) 0.243 (0.048) 0.243 (0.033) 0.249 (0.034) 
0.248 (0,038) 0.242 (0.042) 0.252 (0.034) 0.249 (0.030) 0.242 (0,029) 0.266 (0.036) 
1.678 fO.24t 1 1.463 10.2291 1.695 10.200) 9.687 10.2491 1.578 f0.1621 1.482 10.1241 
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Table 2 
Summary table for the two-way analysis of the mean rates of change of the impulse terms of equation 1 

1 SOURCE 1 SS OF MS F SIGN F 1 
WIN CELLS 1 53668.14 72 745% 1 

10023.04 7 1431.86 1.92 0.079 
25960OO.i 1 288 9013.89 
105383.86 4 26345.96 2.92 0.021 

EGMENT BY TERY 252313.66 28 9011.20 1.00 0.470 

Table 3 
Means and standard deviatioos of the regressioa slopes for the impulse terms of equation 1 

GI AXi AYI Al HA1 

GI- gravitationrl impulse; AXI- linear X acceler~tion impulse; Am- liaear Y acceleration impulse; AI- 
anplar acceleration impulse; and HAI-hip aogular impulse 

Y = b, + b,X, b, is the dope of the regression line 

SEGMENT 
foot 

shank 
thigh 

tannlhand 
a m  

lower ûunk 
uppr trunk 
headlneck 

- 

meen std. mean std. mean std. rnean std. mean std, 
9.05 14.06 2 . 6  10,59 9.82 4.83 18.82 o8.73 22.24 S8.30 
12.13 22.91 -1.64 12.18 10.85 8.70 16.86 MIS8 17.32 42.88 
7.10 23.83 1.93 5.43 3.93 4.99 0.03 97.03 4.06 31.89 
28.39 37.49 -8.66 19.29 1.19 5.78 -1.27 4.1 8 -1 9.77 47.21 
20.59 20.50 -5.01 i3.65 0.84 1.86 0.05 0.87 -14.58 28.30 
9 .  38.66 -6.22 22.63 1.34 2.29 -1 .Il 2.76 4.98 4S.90 

45.68 8855 -11.71 45.13 0.88 3.17 4.71 1.99 -29.40 121.26 
126.28 292.80 -1 5.62 122.21 4.79 112.31 -2.04 2.78 -117.48 381.08 

TOTAL 31.33 112.5û 4.20 4ô.01 3.02 7.79 3.83 28.08 47.72 llo.73 
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Table 4 
Correlations among the rates of change of the impulse terms of equation 1 

Table 5 
Regr~sion coefficients for the impulse terms of equation 1 predicting HA1 

1 GI AXI AYI Al HA1 

REDICTORS 
GI 

Axl 
A N  
AI 

Constant 

r 

GI 
AXI 
AYI 
Al 
HA1 

1 

1 .O0 0.51 4.1 2 0.01 10.94 
1 .O0 0.06 0.00 4.70 

1 .O0 0.36 0.20 
1 .O0 0.20 

1.00 A 
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Table 6 
Summary table for the oneway iaalysis of the mean rates of change 

of axial segment mas 

SOURCE 
1 

, UPPER TRUNK 
nME 
ERROR 
LOWER TRUNK 

TlME 
ERROR 

Table 7 
Regression coefficients for rate of change of 4 i P I  segment masses predicting CI 

REOlCTORS 

Upper tmnk 
wrtrunink 

6 BETA T SEBETA R R2 A M R 2  
0.31 0.27 0.80 0.340 0.27 0.07 4.04 
0.22 0.47 1.48 0.313 0.47 0.22 0.12 
-0.07 01.77 -3.4' 0.226 0.11 0.58 0.54 

~ 0 . 0 1  



Mean Rate of Change of Segment Mass 
Axial Region 

4 6 8 
Weeks 

- - Headlneck - Upper trunk - Lower trunk 1 



Mean Rate of Change of GI 
Axial Region 

Weeks 
- - Headlneck - Upper trunk- Lower trunk 1 



Mean Rate of Change of HA1 
Axial Region 

6 8 
Weeks 

; - - Headlneck - Upper trunk - Lower trun k 1 
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Chapter VI 
DISCUSSION 

The skiU of independent walking &ses h m  the collective and cooperative 

behaviour of the contributhg subsystems, which often change with development, within 

specific environmental and task contexts (Thelen & Ulrich, 1991). In accordance with 

the intersegmentai moment equation, changes in segment mass and radii could act as 

control parameters, dkting the various active and passive moments acting about the hip 

joint during the swing phase of waiking. The examination of these tirnedependent 

changes in segment inertias and joint moments may increase our understanding of the 

biomechanical relationships which exist between physical growth and infant motor 

behaviour. 

Based on the regression coefficients for the impulse t e m  of equation 1, the F- 

values of the clifferences in contribution to the rate of change of the hip angular impulse 

between infant body segments are is not signincant (Table 2). Similarly, the= were no 

significant interactions between impulse temis and infant body segments contributhg to 

the rate of change of the hip angular impulse (Table 2). Thetefore, we cannot accept 

hypothesis 2 and 3. However. the F-values of the differences in the rate of change of the 

terms of the summed body segments are sipnincant (Table 2). That is, there are 

ciifferences in the rates of change of individual regnssion lines. The pst-hoc d y s i s  

(p<0.05) revealed that there were significant Weteaces between the meaa rate of change 

of the gravitational impulse (Gr; 3 1.33 Nmdweek) and the hip angular impulse (HAï; 
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- 17.72 Ndweek). Across developmental the ,  the mean rate of change of GI increesed, 

whiie the mean nite of change of HAI decmed (Table 3). 

To determine the contribution of each terni to the rate of change of HAI, the latter 

was predicted h m  the rate of change of the four impulse t e m  of the intersegmental 

moment equation. Results showed that al1 four terms contributed significantly to the 

prediction of HAI (Table 5). Al1 four steps of the regression equation had very hi& R2 

values, however, 88.4% of the variance in the rate of change of HAI could be pndicted 

fiom the regression of the rate of change of GI (Table 5). Therefore, the first hypothesis 

of significant differences between intersegmental moment terms contributing to the rate 

of change of the hip angular impulse can be accepted. 

The important role of gravitational forces in deteminhg movement outcome 

ddng the M g  phase of infant walking has been previously demonstrated. Bril, 

Breniere and Fontaine (1989) reported that newly walking infants were unable to initiate 

steady state gait in one step, as seen in adults. Imitead, infants used a strategy of falling to 

facilitate a forward progression of the center of m a s  of the body. The lower limb was 

then able to proceed through the swing phase under the influence of gravitational forces. 

Simiiarly, reseafch on tredmili stepping and spontaneous kicking in non-walkers have 

aiso emphasized the importance of gravitaiionai forces in fditating the reversal of hip 

joint motion h m  flexion to extension (Jensen et al., 1994; Uirich et al., 1994). 

Given the importance of the rate of change of GI, of inîeresî is the identincaîion 

of the inertial subcompment of O1 associatecl with the rate of change of HAL Based on 

the m o n  coefficients of segment mass for the upper and lower extremity regions, the 
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F-values of the difTerences in the rate of change of mass for the five segments were not 

significant. Therefore, it can be concluded that the= were no substantid changes in the 

segment masses of the upper and lower extremities across the period of twelve weeks. 

However, F-values of the differences in the rate of change of segment mass for the axial 

region were significant for al1 three segments (Table 6). The significant mass changes 

across developmental tirne of the head, upper truuk, and lower ûunk are depicted in 

Figure 6. Al1 three curves are linear, but the iower tnink has the greatest development 

velocity of the three segments. The upper tnink has the least velocity, and both the upper 

trunk and head are generally not changing in mass during the twelve week period. 

Therefore, the lower tnink was the only axiai segment which increased in m a s  over 

developmental time. 

These changes in physical growth of the axial region are consistent with the 

principle of cephalocaudal development, whereby the rate of growth would be initially 

hi& in the head segment and peak progressively distally (Tanner, 1962). The greater 

mean growth rate of the lower tnmk in comparison to the other axial segments was not 

consistent with a previous study which showed delayed growth in the lowcr tNnk in 

Wmts up to fifteen months of age (Sun & Jensen, 1994). However, the redts  agree 

with studies of older children which reported the lower trunk had a greater mean growth 

rate than the other segments (Cameron et al., 1982; Jensen, 1989). It seems in the p m m t  

stuây, reguîar growth of the lower tnmk had already commenced. 

In îight of the significant mas  changes in the axial region, the rate of change of 

the gravitationai impulse was predïcted h m  the rate of change of the three segrnent 
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masses. For the regression of the rate of change of mass head and upper trunk, R' values 

were not signifiant (Table 7). However, the lower trunk segment has a high R2 value for 

the rate of change of mass, predicting 59% of the variance in the rate of change of GI. 

Therefore, the second hypothesis of differences in contribution to the rate of change of 

the hip angufar impulse between infant body segments cm be accepteci, on the basis of 

the inertial subcomponents of the gravitational impulse term (hypothesis 4). 

Within the context of human movement, the rate of change of HN in relation to 

the changes in GI for the axial segments must be considered. Table 3 shows that as the 

nurnber of segments proximal to the hip joint increases, the rate of change of the 

gravitational impulse increases. The relatively large weight and radii to the hip joint of 

the head segment, redted in an increasing gravitational impulse across developmental 

time. Although the headneck segment demonstrated the greatest rate of change of O1 

(Figure 7), this segment also showed the greatest rate of mass reduction across 

developmentai t h e  (Figure 6). In conûast, the lower eunk, the heaviest and closest 

segment to the hip joint, displayed a very slow inaeasing rate of change of GI (Figure 7), 

despite showing the greatest rate of change of m a s  of the axial segments (Figure 6). 

These results emphasize the importance of segment radii in detcrmining gravitaiional 

moments about the hip joint 

The pattern of change of HA1 in the axial segments reveais an initially high rate of 

change at the head, reducing progxessively distally (Table 3). In the lower tnmk segment, 

the pattcm of change of GI is consistent with the cephalocaiirial development of 

neutomuscular development, whereby increasing HAI is balanced by low rates of change 



Segment Inertias and N p  Anguiar Impulses 48 

in GI, thereby facilitahg upright posture. Jensen et ai., (1 997) found similar results for 

the axial joints of infants, up to 15 months of age, during prone and supine postures. 

It is the demanding task of rnaintaining upright posture and balance during 

alternating phases of equilibrium and disequilibrium which establishes walking as 

probably the most ciifficuit motor milestone. Studies have shown that non-wdcers and 

newly waiicing infants, pmvided with postural support on a treadmill, can elicit mature- 

like stepping patterns. However, the infants are not walking, as they have not acquired 

the postural capacity or extensor muscle strength to maintain balance with respect to 

gravitational forces while progressing forward (Thelen, Ulrich, & Jensen, 1989). 

Presently, dynamic systmis theory considers extensor muscle sûength and poshual 

control as rate-limiters of the attainment of independent wall<ing. But perhaps there 

exists a non-obvious level of control parameters which are precursors to strength and 

posture. The dominant contribution of the rate of change of GI to the rate of change of 

HA1 demonstrates the critical role of segment inertial parameters during the swing phase 

of infant walking. As Jensen et al. state: "W~thin the context of the analysis of 

movement, the changes in segment mass and mass distribution are held as important 

system coastraints invoived in determinhg when the individual stabilizes motor patterns 

into an attractor state" (1997; p. 65). If the rate of change of HAI does not exceed that of 

GI, the extenial forces wodd not reduce to zero, and movement wouid not occur. 

Therefore, the rate of change of segment inertial parameters are potentid control 

panuneters which may affect the timing of omet of independent waiking. 
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Bril, Breniere, & Fontaine (1989) suggested that the postural capacity to initiate 

walking in infmts depends on the segment incrtial parameters and the vertical position of 

the center of mass, as does that for adults. In the present study, signincant changes in the 

mass of the axial segments across developmental time suggests that it may be the inertial 

. . 
parameters of the eunk segments which are constrauung the system, determining the 

emergence of new and progressively more stable motor patterns. In addition, considering 

postural control proceeds in a cephalocaudal m e r ,  it is possible that the inertial 

parameters of the lower tnink segment specifically, are affecting the timing of the omet 

of independent walking. The lower tnink, which would be brought under control last, 

may act a s  a rate-limiter, preventing the cooperative self-organization of the appropriate 

subsystems and cornponents. Srnail changes in the inertial parameters of the lower tnink 

could disrupt the system, leading to a reorganhtion of the various subsystems and 

components and ultimately a new preferred behaviourai output - independent locomotion. 

The partitionhg of the intersegmental moment into its component terms and the 

analysis of their tirnedependent changes, enables reseafchers to examine the underlying 

processes of behavioural change. As pmiously discussed, the emr associated with 

estimating joint centre locations, calculation of linear and angular accelerations using 

fite-difference methods, and the senes of regression analyses was not assessed in the 

present study. Howevet, the rate of change of O1 and HAI (Table 3) extend beyond the 

reporteci 6 Nm emr about the transverse axis diiring lifting motions (Plamondon et al., 

1996). In addition, the standard deviation of the mean error of the elliptical cylinda 

mode1 (2.73%), suggests that there is a 0.273 kg error in segment m a s  changes, as the 
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the mean error of the elliptical cyhder mode1 was -0.04%. it is assumed ihat the changes 

in mass of the lower tnink are greater than that due to error. 

Dynamic systems analyses stresses the criticai role of noaneurd elements in 

determinhg new and progressively more stable motor patterns. Longitudinal studies 

enable the investigation of natural perturbations, such as physical growth, and the resulting 

behaviourai changes. The identification of the lower trunk rnass as a potential control 

parameter sets the stage for the next research step. That is, the nianipulation of this factor 

in order to engender change in real-tirne. and the identification of additionai control 

parameters contributhg to the locomotor system at the onset of independent waiking. 

Dynamic system theory encompasses the complex organization of the locomotor system 

and the dinerential growth of its subsystems and components. In doing so, we are able to 

greatiy extend our understanding of the inherent richness of infant motor devefopment and 

the emergence of new behaviouraî f o m .  
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Chapter M 
CONCLUSION 

Dynamif systems analyses a h  to identiQ the subsystems and cornponents which 

act as control pararneters, and examine the tirnedependent changes which facilitate shifts 

into qualitatively new modes of behaviour (Thelen & Ulrich, 199 1 ; Thelen, 1995). The 

resuits of uiis snidy clearly suggest that the rate of change of segment inertial parameters 

play a dominant and critical role in determining hip intersegmental moments durhg the 

swing phase of walking. The significant changes in mass of the axial segments across 

devefopmental time and the large contribution of the lower tNak changes in mass to the 

prediction of hip angular impulse, suggests that segment mass and mass distribution are 

potential control parameters, determining the individual attainment of the skill of 

independent wallring. 

In order to assess a causal relationship between the segment inertial parameters of 

the axial segments and the development of independent locomotion, it is suggested that 

these potential conml panuneters be manipulated in fiinire research. Thelen and Ulrich 

(1991) suggest thaî phases of instability and transitional states be exploited to test if the 

potentiai control parameter shifts the system into new behavioural modes in real tirne. 

Therefore, the use of weights to manipulate the m a s  and mass distribution in the lower 

tnmk segment, at the very onset of independent walLing shouid be exploreci. It is 

hypothesized that these additional segment inertial changes, in infânts capable of ody a 

few independent steps, wouid drive the system back to a previous stable state such as 

standing alone (no stepping) or crawling. This would be due to the inability of the 
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intersegmental moment to exceed the gravitational moment in order for movement to 

OCCUC. 

Based on the small mean error between the actuai body mass and the estimated 

body mass of -0.04 * 2.73% in the present study, which is considerably smaller than the 

reported 26.96 * 23.42% by Schneider and Zernicke (1992), and 1.65% by Yokoi et al., 

(1986), the elliptical cylinder method is highiy recommended for hture studies of 

infants. Additional sources of emr may have resulted h m  photograph tracings, error 

associated with data extraction h m  cinematographic records, and the potential effects of 

combining the head and neck, and forrami and hand segments. 

Awaiting the onset of independent walking is a difficult and time conmming 

process. However, given the differential rates of physicai growth and maturation in 

infmts, capturing this developmental milestone will undoubtedly remain a difncult task 

Although average infant joint correction factors are not presently available, individual 

j O int comctions were calcdated using the elliptical cy linder method pho tographs. These 

corrections couid af5ect the computation of the active and passive moments about the hip 

joint. Research efforts rnust be directed at obtaining joint correction factors for infmts in 

order to enhance the pmision and efficiency of joint moment caicdations. 
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APPENDM A 

CENTRE FOR RESEARCH IN HUMAN 
DEVELOPMENT LAURENTIAN UNIVERSITY 

The Effects of Changes in Segment Inertias and Joint 
Moments During the Swing Phase of Infant Waiking. 

Dear Pareat/Guardian 
We are asking for your assistance with a research study king conduded by 

the Centre for Research in Buman Development at Laurentian University. The 
Centre supports and expands on various aspects of research pertaining the human 
development, in pprticuiar within North-Eastern Ontario. The study wüi be 
conducted by research assistant/graduate student Vicky Chester and Dr. Robert K. 
Jensen who is a well-known professor in the field of biomechanics and human 
movement. Dr. Jensen ha9 beui q a g e ù  in simiîar development studies for the 
past fifteen years. We are interested in physicai growth and the development of 
wPUdng in chiltiren duriag th& fifft ycar of Me. This study has been approved by 
the ethic cornmittee at our university. We wüi keep confidentid your baby's name 
and rem& and you may withdraw fmm the study at any t h e  you wish. 

PURPOSE OF TEE STUDY 
The purpose of this study is to measme growth of the lower leg and upper 

body, and examine relationships with wa- development. The results of the 
study wiîi have grept vaiue in the &id of chiid derelopment in the future. Infants 

who an able to take 1-2 independent steps or caa 
stand done wiU k requiFed for a series of simple 
measiaements. If you are intaested in 
partidpating in our study or require farther 
information, please conta& hw R.X. Jensen pl 
675-1151 ext. 1005 or VicQ Chester t 6'73-0508. 
We appreciate your help. Tha& you very much. 

Dr. R.X. Jensen 
Professor 
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APPENDM B 

INFORMATION PACKAGE 
FOR PARENTS 

Effects of Segment Inertias and Joint Moments of the 
Lower Leg Dunng the Swing Phase of Walking in 

Infants. 

CENTRE FOR RESEARCH IN HUMAN 
DEVELOPMENT LAURENTIAN UNIVERSITY 
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INFORMATION PACKAGE FOR INFANCY STUDY 

Dear ParenüGuardian: 
We are w b g  for your assistance with a mearch study being conductd by the 

Centre for Research in Human Development at Laurentian University. The Centre 
supports and expands on various aspects of research pertaining the human 
development, in particular within North-Eastern Ontario. The study wiN be 
conductd by Dr. Robert K. Jensen who is a weü-known professor in the fieid of 
biomechania and human movement, and hm been engaged in similar development 
studies for the past fifteen yean. We are interested in the physieil growth and the 
development of walking in childnn during their fint year of lifé. This study has 
been approved by the ethics cornmittee at our univenity. We will keep confidential 
your baby's name and records and you may withdraw from the study at any time 
you wish. 

PURPOSE OF THE STUDY 
The purpose of this study is to measure growth of the lower Ieg and opper body, 

and examine relationships with waiking development. The resulb of the study nül 
have v a t  value in the field of chiid development in the future. We nül be talriiig a 
series of simple measuremenb on your infants and we request your cooperation. 

TASKS OF THE SUBJECTS 
Twice a month for a period of three months, you wiii be asked to bring your baby 

to the Physical Education Centre at Laurentian University. We WU take hvo 
photograpb of your baby (front and side), using a 35 mm camem. In addition, we 
wili be taking some simple measurements using riilers, measuring tapes and weigh 
scales. We MI1 aiso be using a video cameri and recorder to record your baby's 
lower leg and upper body movemenb. AU of your baby's records wiU be kept strictly 
confidenail A number code will be assigned to your baby's photograpb so tbat 
they remah rnonymous. At no t h e  wiU rny of the photographs be used for 
publication or  lecture purposa, and ody authorized personnel who i r e  w o r b g  on 
the projet wül have access to this materiai. 

RISKS AND COMPLICATIONS 
Your baby wili not be exposed to rny risks and his/her future wüI not, in any 

way, be affectcd by participating or  not participating. If rt rny time you fcd 
uncomlortable, yoa may withdraw your babay fmm the sttady and h-er data nüi 
not be inciadcd withiii the sample. The photographr wiii  be taken in -nt of b-t 
iights. UsuiUy, the session requirea 60 minutes in the iaborato y and the photograph 
does not take any longer than a few minutes per testhg penod 
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BENEFITS TO THE SUBJECTS 
a) We wiii provide you with full recordr of your babyts weight and ciirumference 

changes at the end of the study. 
b) We wül send the m u l b  of the study to you if you wish to obtain m o n  

information about your baby's growth and development. 
c) You will be given S5 for each testing session toward any expenses incurreà. 

The total amount will be doubled for those completing the full six testing sessions of 
the study, and the payment will be $60. 

Please complete the attached form if you are interestcd in participating in our 
study. For more information please contact Dr. R Jensen at 675-1151 est. 1005 or 
Vicky Chester at 673-0508. 

We appmiate your help Thank you ve y much. 

Sincerely yours, 

Dr. Robert Jensen 
Professor 

Victoria Chester 
Craduate Student 
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APPENDM C 

CONSENT FORM 

CENTRE FOR RESEARCH IN HUMAN 
DEVELOPMENT 

LAURENTIAN UNIVERSITY 

Effects of Segment Inertias and Joint Moments of the 
Lower Leg During the Swing Phase of Walking in 

Infants. 

1, , undentand the procedures involved in the study 

as outlined in the Parent Information Package, and 1 agree to have my baby, 

participate, knowhg that we may withdraw at any 

tirne ifwe wish to do so. 

Name of Parent: 

Phone #= 

Signature: 

Date: 
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APPENDIX D 

SEGMENT DEFINITIONS 

In accordance with Jensen (1 978) and Wmter (1 979). segments are defined as foiiows: 

Semnent 

Foreann & Hand 

U p p e r m  

Foot 

Shank 

Thigh 

Head & Neck 

U P F W  

Lower tnink 

Definition 

Elbow axid Uùiar styloid 

Glenohumeral axid Elbow axis 

Lateral mdleolus/ Head metatarsai II 

Lateral fernorai condylel lateral maileolus 

Greater trochanter/ Iateral femoral condyle 

C7/ C 1 (ear canal) 

Tl2 (levei of xiphoid process)/ glenohumeral axis 
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APPENDM E 

CORRECTION FACTORS FOR C7 AND Tl2 JOINT CENTRES 

Al1 joint correction factors were deterrnined from the full body side view photographs 

of the ellipticai cylinder method (Figure 9). Polar coordinates were utilized, colisisting of 

a radius and an angle of correction. Coordinates of the estimated hip, Cl, C7, and Tl2 

joint centre locations for each infant trial were obtained from the elliptical cylinder 

TURBO PASCAL cornputer program. In order to c o m t  the joint centre locations in the 

Peak displacement data, the following calculations were used: 

1) calculate radius ( distance ratio fiom- hip to C7 joint centres: hip to Cl joint centres) 

2) manuaily meanue angle(0l) between the two distance ratios (see Figure 9) 

3) convert angle to radians 

4) polar coordinates entered into Dynamech (radians as a negative value in order to rotate 

the head backwards). 

5) calculate radius (distance ratio fiom- hip to Tl2 joint centres: hip to Cl joint centres) 

6) manuaiiy me- angie(82) between the two distance ratios (see Figure 9) 

7) convert angle to radians 

8) polar coordinates entered into Dyaamech (radians as a positive value in order to rotate 

tnink fomards). 
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Figure 9 Mant joint correction landmarks 
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APPENDM F 

BIOMECHANICAL CALCULATIONS 

The Dynaxnech program (Mcilwah, 1997) was designed to cakulate the kinematic and 

kinetic data required for the present study, fkorn the scaled and nItered displacement 

coordinates of the Peak Motion Anaiysis System. Linear and angular velocities and 

accelerations of the segments centres of mass were calcuiated by nnite dinerence equations 

using the central-difterence method (Miller & Nelson, 1973). The segment masses. centre 

of mass locations. and transverse momnts of inertia were estioiated by the ellipticai 

cylinder method (Jensen, 1978; Sun & Jensen, 1994) and entered into the Dyaamch 

Progr- 

As previously rnentioned, ail joint moments in the present study are expressed about the 

hip joint. To estimate the muscle moment about the hip joint, the intersegmental momnt 

equation was used (Hot 1992). The hip joint moment is defined as the sum of the terms of 

the intersegmental moment equation for the segments of the upper body region and swing 

leg. The contribution of the segmnts in the stance leg to the hip joint momnt were wt 

included. The coatribution of each segment to the hip joint m m n t  was determined using 

the distance from the hip to the segment centres of mas. in accordance with Hot's ( 1992) 

intersegmental momnt equation, the joint or intersegmentai m m n t  (Md, due primarily 

to muscular action ktween the adjacent segmnts k and 1 for the subset of segments 1, ...,k, 

can be expressed as the foilowmg (bold represents vector tenns): 



tenn 1 term 2 term 3 term 4 
HA1 FI GI AXI.AYI A .  (abbrev) 

Tem I equals the moment of the reaction force(s), F, and term 2 is the moment of the 

gravitational forces. Term 1 and term 2 are coiiectively referred to as the quasistatic 

approximation. If movement is to occur, the intersegmentai moment must exceed the 

magnitude of the fint two ternis. Term 3 and term 4 equd the moments of the acceleration 

forces. and are dependent upon the segment masses (III,), their radii from the nference joint 

(ri - r,,J, and the moments of inenia (1,) of the segments. 

The average contniution of each intenegmntal moment term over biomechanicai 

tim, or angular impulse, can be determined by calculating the integral of each moment- 

time c w e  (Figure 1). In doing so, term 1 is referred to as the force impulse (Fi), tenn 2 is 

the gravitationai impulse (Go, terni 3 is the linear X acceleration impulse (AXI) and linear 

Y acceleration impulse (An), term 4 is the aagular acceleration impulse (AI), and the 

intersegmentai moment (or Md is refemd to as the hip anguiar impulse (HAI). The 

anguiar impulse of each intersegmental term is equd to the ana under its moment-tune 

curve (Figure 1 ), and was calculated using trapezoidal integration (mer  & Nelson, 1973). 

The rate of change of each intenegmntal mipulse term was calculated ushg second 

forward di&rence equations ( m e r  & Nelson, 1973). 
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