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The pcimary hcus of this thesis was to examine the devebpuient of 

obstacle avoidaece strategies in children. In piuticuhr, the role played by vision in 

modulating the bcomtor pattern over obstacles was investigated A theoretical mode1 

was proposed and its components were a d d c d  In order to pursue this goal, three 

studies were planned and cwducted. 

The goal of the 6rst study was to characterise the contribution of visual 

exteroceptive input to obstacle avoidance strategies. Exteroceptive iafonnation refm to 

identincation of location and features of objects and sutfaices in the environment. For a 

chüd, the perception of exteroceptive information and the appropriate motor pattern 

modulation of the intended action are processes that are developed through seasory-motor 

integration. Exteroceptive informat ion was manipulated through a combinat ion of two 

obstacle heights and two obstacle widths, aU with high contrast between the obstacle and 

the ground. Subjects (n=25, 2 to 58 months of waiking experience) were asked to step 

over an obstacle placed in their travel path. Video recording with a split saeen two- 

camera system was done to qualitat ively document each child's performance. Seven 

IREDs were placed on specinc anatomical landmarks (right and left hip and toe, right 

knee, ankle and heel) and sampled using the OPTOTRAK motion analysk system 

(Northem Digital, Canada). From the displacement of the markers âom leading toe off to 

traiiing b o t  contact, four dependent m a u r e s  were obtained: leading and traiiing toe 

clearance, leading hip elevation and kading foot placement before the obstacle. Results 

fiom the qualitative measures did wt reveal developmental trenâs, indicating that chüdren 

were able to perfonn the task but they aeed to tune their b b  trajectories to safely clac 

the obstacle. The Liwmatic measures confhed the qualitative results indicatiag that 

obstacle height influenced the modulation of the limb displacements over the obstacle. 

The second study examined the role of exproprioceptive information in modulathg 

the locomotor pattern over obstacles. Exproprioceptive iaformation refers to the 



identification of the body parts relative to one amther and relative to the objects and 

events m the envimament. Exproprioceptive iriformation was maaipuhted t b u g h  a 

combinatbu of two obstack heights with bw contrsst anâ by either restricting or not 

vision h m  both limbs. Subjects (n=20, h m  8 to 62 rnonths of wrlkllig expience) were 

asked to Wear a neck mliar and step o w  an obstacle piaced in their travel path 

Qualitative vida analysis was perEormeà as in the ârst study. ffiematic aaalysis was dow 

on the âisplacernent of five IREDs (ri@ and left eye, s& and ri@ and leît toe) to obtain 

gait and head parameters. The results f%om the qualitative meastues (Ildure rate) exhibit a 

developmental trenà, indicating that a more chalienging environment was neassary to 

exhiit this trend Gait Linernatic rneasures (leadhg and traüiug toe clearance and bot 

placement behre the obstacle) replicated the results of the h t  study. Head Linernatic 

mesure (pitch angle magnitude) revealed a developmental trend in spatio-temporal 

acquisition of exteroceptive and exproprioceptive information, especiaiiy when vision was 

restricted. 

The thûd study bcused on the contniion of the effector system's intersegmental 

dynamics d u ~ g  locomotion over obstacles through a kiwtic analyses of the swing lirnb. 

Kinetic analysis O& a special opportunity to ver@ the exploitation of the passive and 

active forces acting on the h b  during the swing phase. Successhil trials &om the m t  

study were reanalysed through the inverse dyaamics technique, which aliows the isolation 

of the muscle moment from motion dependent moments and gravity. The muscle moments 

around the hip and the poLk joints were modulated as a function of obstacle height. This 

modulation reveakd that the necvous system was actively controlling the swing limb 

flexion over the obstacle, evea though it is w t  efficient. 

The results of the three studies suppa the proposeci theoretical mode]. 
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Independent w a b g  is a criticai 

deveiopment of over ground independent 

milestone in a cNd's deveiopment. The 

bipedal locomotion in chilâren has been 

extensiveiy studled shce the early 19% (Shirky, 1931; McGraw, 1932; McGraw, 1940; 

Bernstein, 1940; Zelazo, 1983; W~=ksttom, 1983; Sutherland, et aL, 1988). Kinematic, 

kinetic, and muscle activation patterns d u d g  bcomtion over level ground have been 

weii documented (Shirley, 1931; Sutherland, et al., 1988; Wickstrom, 1983; Zelazo, 1983; 

Brü et al., 1993; Fomberg, 1985; Bronstein et al., 1996). Since a child: a) must interact in 

an adult-onented environment (Le., house fudture, stairs, curbs), b) has immature and 

non- integrated perceptual and motor systems, and c) demonstrates irwfficient posture 

and balance contml, it is essential to understand the relationship between the structures 

and processes that modulate a robust system so an individual cm successfiiily act in the 

environment. 

Parents attempt to deaease the demmds of their child's environment by clearing 

obstacles h m  the travel path during the transition fiom supporteci w a h g  to the onset of 

independent looomot ion. Following the emergence of independent bcomotion, chiidren 

begin to interact within a challenging and mmpkx en~oament. However, as Shumway- 

Cook and WooUacott (1995) pinted out, the audy of the devebpmental adaptations of 

walkhg over obstacles has not been adequately addressed. Rosengren and Web (1994) 

quaiitatively descriid w a b g  over obstacles (2, 4.8, and 16 cm) in three- and four-year- 

old chiidrea. Gait adjustments were observed prior to (Le., shorter stcides and reduced 

velocity of locomotion), over (Le., raising the arms, leaning bnvard), and aAer (such as 



toe landing k t )  the obstacle and were dependent on obstacle height. Patja, Prentice and 

Gobbi (1996) reported preliminary results on obstacle avoidance strategies in chüdren. 

High hilue rate and poor control of limb trajectory characteriseci the gait patterns of 

children as they s t e m  over obstacles. 

Toys located on the ground are common obstacles emuntered by a chiid. To 

avoid the toy or obstacle, the chiid must identify the obstacle in W h e r  environment and 

use the sensory information received to select an appropriate obstacle avoidance strategy. 

The selected strategy muid involve seasori-motor transformation so that the bwer h b s  

successfiilly clear the obstacle. Altematively, the chiid may choose to avoid the obstacle 

by simply travelling around it. Successfiil obstacle avoidance requùes the integration of 

visual and Linesthetic seasory input with the dyoamks of the effcctor system, which 

include muscle strength and joint range of motion. The major goal of the thesis was to 

study the characterist ics of obstacle avoidance strategies in children follow hg the 

emergeace of independent bipedal locomotion and thus document sensori-motor 

transformation development in chiidren. The tbiiowing sections address the perception and 

action components that are crucial for obstacle avoidance. 

Sensory Information (Perception) 

Amrding to the bllowers of the Perception-Action Theoty (Gibson, 1979; 

Gilson, 1982; Adolph et al., 1993), the concept of atrordances represents the lidc betweea 

extemal information and the performed action. AiTordances are invariant combinations of 



propert ies of the objects and events of the environment taken with refereace to the animal 

(Gtbson, 1979; Gibsoa, 1982). Light reflected nom temred surâices and objects that rest 

on the surfaces form an ambient anay avaiiable to an observer. The ambient array is 

detected by the retina. For an aduit obsemr, the deteaion of the ambient anay occurs 

directly and amtrols action. However, for a child that has just recently developeâ 

indepeudent locomotion and ha3 an immature visual apparatus, the perception of the 

invariant properties of the envuonment and the appropriate motor pattern modulation of 

the intended action are processes that develop through seasori-motor integratioa hhnts  

c m  detect object properties through exploration and leam how to mode their actions 

accordingly (Adolph et al., 1993). n ius  "the human young must leam to perceive 

affordances" ((Gibson, 1982) p. 406). Then, when a child has to make a decision for one 

arnong the obstacle avoidance strategies to safely wak in a cluttered environment, hisher 

decision may also depend on body scale. Body scale refers to the intemal representations 

of the external objects and events according to the subject's body features. A child 

explores the environment, builds his/her afirdances and continually updates them 

accordhg to his/her asymmetric physical growth in order to keep affordances adjusted to 

body scak. The anthropometric characteristics of a child are intrinsic in his/her 

afibrdances. Body scale, as weU as perception, also impües wntrol of action. A&>rdances 

are directly detected and p i d e  actions. Thus, obstacle height and width should be based 

on the anthropometric characteristics of the children in accordance with the affordawe 

princi pie. 

In order to perceive afirdances and to clear an obstacle in an efficient and safk 

mamer, seiisory information nom the visual system m u t  be used. Visual input is 



especialiy crucial in order to Eînely modulate the loamotor pattern to adjust to the 

demaads of the environment Let us review some important aspects of the visual system 

and how it develops. 

Chandna (1991) has discussed the rapid pmgress of visual h t i o n  h m  relative 

immaturity within the 6rst 6 to 8 months of iifè to reaching adult levels by the age of five. 

Hood (1988) emphasized that developrnental changes in visual perception d u ~ g  the ûrst 

year of He involve major retinal changes. Rods and cones, the üght-sensitive cek  of the 

human eye, are located in the retina. In the adult's retha, rods are responsible for gross, 

black-and-white vision while cones respond to fine lines and colour. Cones are 

concentrated in the bvea, a 0.7 mm spot located in the center of the retina Foveal vision 

permits us to see most of the envirooment. h a newbom's retïaa, rods are quite mature 

but the same cannot be said about the cones. The immature bvea of the newborn aliows 

for ody a poor sensitivity to contrast (Banks et al.. 1988). The fovea is not hilly formed at 

birth because cons  are both distnbuted in a larger area and are not elongated yet. The 

central migration of the cones, which permits a progressive increase of population density, 

occurs over a time course of three years (Chandna, 1991). To activate the cones, a 

newbom requires more light than an adult. So in order Qr a newbom to distinguish 

between two levels of iight. the difference between the two üght levels must be greater 

than for an adult. Compared with that of adults, the visual acuity in necmates is ako 

Mted. The newbom's perception of the environment may be similar to that of subjects 

with age-related macubpathy (Le., degeneration of the bvea). However, at the end of the 

fkst year, Wnts show a huge improvement in theù abüities to see lines (Banks et ai., 

1988) and they achieve adult levels of spatial resolution and contrast sensitivity during the 



tim five years of human life (Movshon et al., 1988). 

Foveal immaturity O wt solely responwbk Foi 

Stanley (1991) has pointed out that the beasing 

poor visual acuity in newborns. 

€bnctiooal independence of the 

columnar units ia the striate cortex alço impmves visual perception. This columnar 

independence is achieved by the linkage of tek extendiog h m  the cortical surface to the 

s u b ~ a i e a l  white matter in a mature cortex. However, Stanley (1991) has discussed the 

necessity of electrophysiokgical and psychophysical studies in ktuses and b t s  to 

elucidate the relationship between the developing columns and the mature hypercolumns. 

The mature hypl~olumtis in the striate cortex a b w  for an accurate visual perception of 

the environment. 

Viiual acuity, the spatial pro pert ies of visual performance, invo lves contrast 

seasitivity, the abüity to discriminate different levek within the same colour target; both 

are treated interchangeably in the literature (Morrone et al., 1993; Movshon et al., 1988). 

Adoh and Woodhouse (1994) applied the Cardiff Acuity Test (CAT) to estimate visuai 

acuity in 231 toddlers raoging in age from 12 to 36 months. They found good success 

rates, as determined by the ratio between the tested children and the total number of 

children brought into the test setting, in this age group (96% at 12 months and 100% at 36 

months) with test-the decreasing fiom 3.42 minutes at 12 months to 2.26 minutes at 36 

months. Their results also showed a linear improvewnt in visual acuity accordhg to age: 

at 12 months the mean binocular acuity was 4.5 minutes of arc white at 36 months it was 

1.2 minutes of arc. It is a h  important to note that d u ~ g  the k t  year, the Mmts had 

opportunities to experience some rudimentary forms of locomotion such as crawlhg and 

supported w a b g .  The temporal coincidence of the maturation of the bvea and the 



ernergence of independent locomotion may affct obstacle avoidance strategies. 

The visual system extracts two types of idormat ion requird to pomote a sa& and 

low energy CO st locomotion over obstacles: exterocept ive aad exproprioceptive 

UiEormation. Exteroceptive information r e b  to the identiocation of bations and 

features of objects and surfiaces in the enviconment (Gt'bson, 1979; Gibson, 1982). Human 

individuals mainly extract exteroceptive information through the use of vision; however, 

infants and biind people c m  extract exteroceptive information through haptic and auditory 

inputs. D u ~ g  locomotion over uneven terrain, exteroceptive input is necessary to plan in 

advance adaptive strategies. Information received about the obstacle characteristics (Le., 

dimensions, and location of the obstacle) and the tenain properties allows us to adapt 

accordingly. Senson-rno toc transfomat ion integrates the sensory uifonnat ion received in 

order to modulate the efffeclr system to produce adaptive locomotor patterns. Past 

research in young and older adults which manipulateci exteroceptive infbrmation by 

a l t e ~ g  obstacle and terrain properties (Patla et al., 1996; Patla et al., 1995b; Patla et al., 

1993a; Patla et al., 1993b) are described below. 

Research invest igating the manipulation of exterocept ive informat ion and its 

effects on obstacle avoidance strategies in children has been ümited. Rosengren and Wellî 

(1994) quaiitatively desaibed waking over obstacles (2, 4, 8 and 16 cm hi@) in three- 

and four-year-old children. They observed gait adjustments, related to obstacle height, 

prior to, over, and after the obstacle. As the obstacle height increased, chüdren perfonned 

more anticipatory adjustments, such as decreasing both the stride length and the velocity 

of locomotion. Postural adjustments such as leaiiiiig forward and raising the arms were 

observed when the chiidren stepped over the obstacle. M e r  the obstacle, younger children 



especialiy landed on the toes of the b t .  Interestingly, ali the changes observed when 

aepping over obstacles are also obsennd early in the development of the waOMg pattern. 

These behavioural changes may indicate a regressbn in motor pattern, which occurs when 

chalienging situations are eacountered by a chiid. Patk et a l  (19%) asessed the 

kinematics of obstack avoidance strategies as children stepped over obstacles of d8ktent 

heights (05, 6 and 14 cm). Chüdcen ranged in age fiom 14 to 30 months The subjads 

showed a large sakty margin as revealed by higher toe clearance values for all obstacle 

heights. They had simüar toe clearance values for the leading and trailing ümbs, except 

when st epping over the highest obstacle. Qualitat ively, subjects experienced great 

dSculty with the smallest obstacle (0.5 cm height), either hitting, stepphg on, or 

touching the obstacle more often with the leading and/or traüing ümb. The relative 

wntniution of hip hiking to toe clearance was higher for young children (over 30%) as 

compared to young adults (around 20%). Interestingly, the values for young children were 

similar to older adults. B a d  on relatively small changes documented in the angular 

displacements of the hip, h e e  and adcie joint, it was speculated that the larger 

contribution of hip hüring to toe clearance may reflect an inabüity to exploit the passive 

intersegmental dyiiamics of the system to achieve swing lsnb flexion over obstacles. 

Another critical kinernatic measure was the leading limb bot placement at toe-off before 

the obstacle. Young children displayed higher variability on this parameter indicating poor 

stride adjustments prior to going over the obstacle. For example, the values for one 

subject ranged b r n  14% (i-e., fbot placed close to obstacle) to 65%, a value which is 

closer to that observed for young adults Patla et al. (1996) proposeci that the hgredients 

of the skilied lommotor pattern over obstacles are not yet sculpted or integrated ia 



children as indicated by the poor avoidance strategies obse~ed.  

Ascent and descent locomotion on ramps with düfktent slopes (Le., alteration of 

terrain properties) was studied in 14-month-old children (Adolph, 1995). The major 

purpose of this study was to asscss psychophysicaiiy the chüd's perceptuai judgement 

accuracy and M e r  motor skilis to go up and dowu slopes. The renilts showed that, on 

average, perceptual judgements were scaIed to locomotion skiiis on sbpes. Viiual and 

tactile perceptual judgements were relateci to the dope angles, that is, infants crawled 

instead of waüced on the steeper slopes. The cha ia  to crawl instead of wak at the steeper 

slopes reveaIeâ a regression of the locomotor pattern, as obsewed by Rosengren and 

WeUs (1994). The children with more w a b g  experience perceiveci the envuonment 

better and explored the environment more efficiently by hesitating, touching or testing the 

dope befbre making the decision about which locomotor pattern to use for the task. It has 

been suggested that tactuaiiy or visually explorhg the locomotion terrain is a more 

prudent form of exploratory activity (Gibson et al., 1987). 

The second type of visual information utilized in obstacle avoidance is 

exproprioceptive information. Expro priocept ive informat ion refcrs to the identification of 

the body parts relative to one another and relative to the objtcts and events in the 

environment and is provided by vision (Gibsoa, 1979; G I ~ I I ,  1982; Lee et al., 1986). 

Expro priofeptive inputs provide iaformat ion about the orientation of ümbs and t heir 

positions and velocities as they go over obstacles. Thus, exproprioceptive information 

plays a role in the control of ümb elevation (Patla et al., 199%) and is necessary b r  

w a h g  over obstacles because subjects must tune their body segment's motion to ensure 

safe clearance- The leading h b  and the obstacle can be seen when stepping over the 



obstacle but the traiiing limb and the obstacle are not viewed when crosshg over the 

obstacle. Thmugh a cornparPron of the leading v e m s  traiüng limb trajectories, it is 

possible to investigate the rok of exproprioceptive cues in the control of locomotion. 

Another way to examine the contribution of exproprbceptive ioformatioa d u ~ g  w a k g  

over obstacles is to restrict the view of both ümbs This restriction can be accomplished 

by asking sub&ts to Wear goggles (Patla et al., 1993b; Patla et a!., 1995b), or a wUar or 

to hold an object Li fiont of their body. Under visual restrictions, subjects may plan 

adaptive strategies several steps prior to the obstacle and/or monitor the leading limb over 

the obstacle through forward flexion of the neck. 

Patk et al. (1993b) wnducted a study manipulating exproprioceptive input during 

obstacle avoidance in young adults. Two obstacle heights (6 and 26 cm) plus a "no- 

obstacle" condition and the preseoce and absence of exproprioceptive input (goggks vs. 

no goggles) were combined. The major finding was related to compensation by the 

kinematic panuneters of gait when exproprioceptive information was absent. Specincaliy, 

subjects showed an increased toe clearance and an anterior b o t  placement at toesff 

before the obstacle both for the leading and traiiing limbs when vision was restricted. A 

second study by Patla et al. (1995b) analysed how exproprioceptive information affects 

the khematic parameters of the locomotion over sotid and fiagiie obstacles in young 

adults by cornparhg the leading limb versus the trailing ümb. An increase in trailing limb 

toe clearance was expectcd; however the subjects revealed simüar lead and trail toe 

clearance results within the same obstacle feature. The lack of visual exproprioceptive 

input resulted in higher variabiiity in elevation of the trailing toe over obstacles These 

results indicated that visual idbrmation from the leading limb stepping over obstacles 



Cacilitates the trajectory of the trailing limb. 

Amther type of iDformation a b  neccssary for bcomotioa is kinesthetic 

inhrmatioa Kïnesthetic input provides iah>nnation about stance and swing Iùab position 

and velocity aad body orientation r e f k r e d  to the ground. Muscles and joint ceceptors 

are responsible br pmvidhg kinesthetic input, which assists ümb elevation over obstacles. 

The howledge of the toe location is necessary in order to provide an adequate safety 

margin over the obstacle. Interseusory coupihg between the visual and kinesthetic systems 

and sensorimotor coupling or transfbrmation are necessary for safe and efficient obstacle 

avoidance. The ability to combine semry information and act on it accordingly aUow 

iodividuals to effectively adapt theù obstacle avoidance strategies to a changiag 

environment, a ski11 wt yet achieved by a child in the stages of development. Now, let us 

review some important aspects of the effector system. 

Effector System (Action) 

A child's efféctor system, which iacludes the bones, muscles, peripheral nervous 

system and the soft tissues, undergou extensive changes during infaocy and childhood. 

These changes are mt only morphological but also hinctional, such as muscle force, range 

of motion and the relationship among the component parts of the e k t o r  system. The 

utilisation of the effector system dyciamics in the expression of posture and locomotion has 

been shown (Shumway-Cook et al., 1995; Schneider et al., 1990; Jensen et al., 1994; 



Ulrich et al., 1994). Let us bcus oow on some aspects of the development of posture and 

their implication for locomotion relateâ to the effector system. 

Shumway-Cook and WooUacott (1995) presented an ekgant üterature review 

about the theories of postural mntrol devebpment. The development of postural control 

occurs continuaiiy as the di&rcnt seosory and motor systems develop, but the behavioural 

manifestation $ discontinuous with some regression observeci as the chiidren uiclude new 

strategies in their repertoire. Acquisition of independent bcomotion forces children to 

control dynamic e q u i l i i  against gravity. Even though it has been said that young 

children are "fiqless9' because they are closer to the ground, head size and weight b ~ g  

up their centre of m a s  to the Tl2 level in comparison to L5-S 1 in adults (Shumway-Cook 

et al., 1995). The location of the center of mas, the smaller base of support (when 

compared with lying and sitting). and total body height produce Faster body sway than 

adults in standing (Shumway-Cook et al., 1995; Bronstein et al., 1996). However, it is 

interesthg that chiidren 4 to 6 years-old showed slower and more variable postural 

respomes to applied perturbations than 15-month- to 3 year-old and 7- to- 10 years of 

age. The electromyographic (EMG) results a h  suggested a regcession in the postural 

response organisation (Shumway-Cook et al., 1995). Exproprioceptive and exteroceptive 

input are a h  necessaiy for the dynamic control of posture; an important consideration 

when stepping over obstacks. When children then have to deal with a cornplex 

environment such as obstacles in their travel path, balance control cm not be 

compromised and must be considered in the selection of the proper avoidance strategies. 

E k t o r  system properties include muscle streogth and joint range of motion, and 

intersegmental dyaamics refer to the passive forces and moments acting on the multi- 



linked skeletal system. Effector system modulation includes the exploitation of the passive 

forces acting on the limb. According to Smith et al. (1991), the central nervous system 

(CNS) deais separately with movement dynamics (bnrs and torques) and ltiwmatics 

(direction, velocity, accelerat ion). Inverse Llynamics Anu&sLs (ID) attempts to explain 

how the CNS controis limb movements bascd on the generation of joint torques. The 

analysis taLes into account mt  only muscle a c t ~ t y  but also gravity and passive reaction 

forces coming Ekom the actions that contribute to the subsequent movement, In order to 

generate smooth and efficient movements, the CNS must manage the mechanicaiiy linked 

segmentai masses moving t hrough a three-dimensional gravitational field (Bernstein, 

1967). Bernstein (1940) emphasized what he called "different ef fec~ of the same h i h l  

Urnerwatwn". That is, there is wt a one-to-one correspondence between force (of the 

muscles) and movements (of the h b )  because the initial conditions (position, velocity and 

force field) may change nom t h e  to time. The CNS actively controls only the muscle 

forces (Schneider et al., 1990), whereas the passive mechanical properties are exploited to 

drive and enhance skilled movements (Bernstein, 1967). 

The inverse dynamic anal* is a technique that cari identi@ and quanti0 both the 

underlying hrces and joint pattern acting on ümbs and their changes with context and 

experience (Schneider et al., 1990). The method of inverse dynamics is usehl in order to 

yield the active and passive wmponents acting on ümb joints during unrestrained motion. 

The requirements to conectly prform the inverse dynamics calculations are accurate 

rneasurements of segment masses, centres of mas, joint centres, and moments of inertia 

(Wmter, 1990). Intersegmental dynamics use a mathematical mode1 of the human body 

based on anthropometric measures (Schneider et al., 1990). The forces acting to produce 



movement are muscle forces, gravitational forces, and the motion dependent term (Wiiter, 

1990). For a more specinc literature review about the efF'ector system rekr to the 

Introduction section of Study + 3. Bascd on the iiterature presented above and on an 

extensive research data base mvestigating obstacle amidance strategies in y m g  and 

elderly adults, Patla et al. (1996) proposed the theoretical model presented next. 

Patla, Prentice and Gobbi (1996) proposed a theoretical model or jigsaw puzzle 

metaphor to summarize the salient features of obstacle avoidance strategies. The jigsaw 

puzzle metaphor is iiiustrated in Figure 1. The metaphor is based on extensive research, in 

young adults and elderiy, invest igatiog the parameters aEecting obstacle avoidance 

strategies, particulatly vision, conducted by Patla and coilaborators during the p s t  decade 

(Patla et al., 1989; Patla et al., 1992a; Patla et al., 1993a; Patla et al., 1993b; Patla et al., 

1994; Patla et al., 199%). In the model. key mmpoaents for successful, efficient obstacle 

avoidance are summarized as pieces of a jigsaw puzzle. The components are visual 

exteroceptive input? visual exproprioceptive input, tiwsthetic input, effwtor system 

properties, and intersegmentai dynamics. The jigsaw p d e  metaphor reveals the 

relationship within and between each key composent and the changes that occur durhg 

wrmal development and aging. 

The authors argue that the components of obstacle avoidance strategies are 

present in children but are neither sculpted nor integcated. During the development of 



obstacle avoidance strategies, the iodbidual pieces of the puale are sailpted and 

integrated to generate successfil and efacient strategies as revealed in the p d e  

representing the young adult. It is assumed that development represetlts a combination of 

both maturation and 1eaming processes supporting Karmibff-Smith's (lm) approach 

that is t h e  to understand development as an integration of some built-in knowledge and 

experiellce. During the normal aging process, cracks appear in the puzzle and thus the 

relation between the component parts of the puzzle deteriorates and adaptive obstacle 

avoidance strategies may be implemented. Patla et al. (1996) assume that balance is 

achieved through the sculpting and integration of the components in the puzzle. 



Figure 1. Key ingredients for succesful, efficient obstacle avoidance strategy are 
summarized as pieces of a jigsaw puzzle. During development of this strategy, the pieces 
of the puzzle are sculptai and brought togethet. Undet normal aging process chu& 
(shown as shaded anas in the pieces) appear in the punle. Visual exteroceptive input 
includes information about obstacle and tetrain propertieq visual exproprioceptive input 
provides hîbrmation about body and limb orientation and vekcitr, kiaesthetic input 
includes stance and swing ümb position and vebcity and body orientation refereeced to 
ground; effector system properties include muscle strength and joint raoge of motion; and 
intersegmental dynamics refer to, arnong other thhgs, the passive forces and moments 
acting on the multi-linked skeletal system. 

Rationale 

The primary bcus of this thesis was to examine the development of obstacle 

1s 



avoidance strategies in chiidren. in particulsr, the role played by vision in modulating the 

locomotor pattern over obstacles was investigated. In order to pursue this goal, three 

studies were planned and conductecl. The goal of the &t study was to characterise the 

contribution of visual exteroceptive input to obstacle amidance strategies. The 

development of obstacle avoidance strategies was studied by haviag children step over 

obstacles of di&rent height and width. The semnd study examined the role of 

exproprioceptive information in modulating the bcomotor pattern over obstacles. 

Chiidren stepped over obstacles of diBennt height with normal vision or with vision of the 

h b s  restricted. The third study focused on the coatniution of the effector system d u ~ g  

locomotion over obstacles using intersegmental dynamic analyses of the swing ümb. 

Exteroceptive input, exproprioceptive intocmation and intersegmental dynamics are three 

key ingredients of the puele (Refer to Figure 1). The decision to hcus on these t b  

components was based on the assumption that vision is respomible for extracting 

exteroceptive and exproprioceptive information f?om the environment and can be more 

externaiiy controlied and studied in a non-invasive laboratory setting than Liwsthetic 

input. The intersegmental dynamics analysis was chosen based on the results of both 

skilied locomotor behaviour in adults stepping over obstacles (Patla et al., 1994) and 

infants stepping on a treadrnill (Umch et al., 1994). 

The age of the subjects sekcted for a l  three studies ranged fiom the onset of 

independent walking to age s u .  This age-group was chosen based on the learning phases 

of locomotor behaviour proposeci by Bd and Berniere (1992; 1993). The first phase is 

characterised by the leamhg of dynamic postural control and it occurs in the ûrst six 

months of independent wallcbg. Infants are leamiag how to integrate posture and 



movement; a coupkg required Cor successfii1 obstacle avoidance. The second phase is 

charadericed by the accurate integration of the avaüable semry information in order to 

adjust gait parameters amrding to environmental demaods. In the puzzle metaphor, Patla 

et al. (1996) assume that the integration of the pieces to fom the entire puzzle requins 

tirne but occurs in paraUe1 rather than in phases. At the same time that chiIdren are 

integrating posture and movement they are also adjustiag their movement to the 

environmental demands. Thus, the view of the deveiopment of bcomotion is on a 

continuum, fiom the stepping reflex to adult skükd lowmotor behaviour. The sculpting 

and integration of the sensory information with the modulation of the locomotor pattern 

occur continuaiiy over the deveIopmenta1 time course. niese processes end when the 

person is able to consistently deal with environmental demands, such as obstacles. 

Obstacle avoidance strategies are behavioural mdesta t  ions of sculpting and integrat ion 

of sensory information and locomotor pattern modulation. It was expected that several 

changes on obstacle avoidance strategies would be observed over this study's age range 

(hom omet to age s u  of independent walbg), reflecting the maturation and iutegration 

of the seasory system and the modulation of the locomotor pattern according to the 

environment. 



study # 1 

Kinematic Strategies for Obstade Avoidance in Chiidren: 

Role of Exteroceptive Information. 

Introduction 

Exteroceptive information refers to the identifkat ion of locations and features of 

objects and surEaces in the environment (G~bon, 1979; Gibson, 1982). In this study 

exterocept ive informat ion refers to the terrain characterist ics, specincaily the obstacle 

location and the manipulation of the obstacle properties. The human individual mainly 

extracts exteroceptive information through the use of vision. IDfaots and bbd people 

extract exteroceptive hhrrnation by haptic and auditory input. Children explore the 

environment, build theu affordances and continually update them according to their 

asymmetric physical growth in order to keep their anordances adjusted to theù body scak 

(Adolph et al., 1993). Body scale refers to the interna1 representations of the extemal 

objects and events accordingly to the subjects body E-atures. When a chiid has to choose 

an obstacle avoidance strategies to safely wak in a cluttered environment, hisber decision 

of which particular strategy may also depend on body scale. The anthropometric 

characteristics of a child are intrinsic in hisher afirdances. Body scale also implies 



wntrol of action. Anordaoces are d i l y  detected and guide actions. Thus, obstacle 

height and width should be baseâ on the anthpometric characteristics of the children in 

accordance with the notion of &ordance. 

In this study, obstacle heights and widths were based on the toddler's 

anthropometric characteristics to respect the notion of afbrdance. It was exp ted  that the 

obstacle avoidance strategies would change during the devebpment course. This could 

indicate that the participants are leamhg to perceive affordances and acting accordingly. 

Conside~g the background review of the development of the visual system and 

the sensori-motor integration, the purpose of this study was to investigate the 

development of obstacle avoidance strategies in chüdren when they are stepping over 

obstacles of dinerent height and width. In order to address this issue, exteroceptive 

information was manipulated by combining obstacle height and width The primary 

questions for thir experiment were: a) does w a b g  experience influence obstacle 

avoiâance strategies (i-a, ümb trajectories over obstacles)? b) are there dEerent variables 

(Le., subject anthropometrics, developmental characteristics, obstacle features, etc.) that 

can explaia or predict the obstacle avoidance strategies selected? 

Methods 

Subjects 

Tweaty-five chiidren participated in the present experiment. Chiîdren, ranging in 

age âom one to six years, were recniited &om the Kitchener and Waterloo communities. 

Based on parent's report, no child had any lmown visual deficits, neurologEca1 disorders or 

musculoskeletal impairments. The gender, chronological age, w a h g  experieace, and hip 



height for each chiid were recordeci and are pcesented in Table 1. Chromkgicai age 

rangeci fÎom 12 to 70 months. WaOring experience, denaed as the number of months of 

independent waking. ranged fiom 2 to 58 months 

Each chüd was instmcted to walk and step over a white foam obstacle placed in 

M e r  travel patb, a gray carpet (4.83 m. long and 3.62 m. wide). The expected behaviour 

was demonstrated once by the investigator at the start of the data collection. Initial 

starting position, estabüshed using footprint cutouts, was identical for each chiid. The 

distance fiom the footprint cutouts to the obstacle was 1.90 m. Exteroceptive information 

was manipulate using a combination of two diffierent obstacle heights and two different 

obstacle widths, providing four distinct conditions (Refer to Table 2). 

A solid piece of foam was selected as an obstacle based on the püot study. Two 

children brought into the Iaboratory for pilot tatiog refused to step over both the height 

adjustable and the fiagile obstacles. When they were asked for their preference, they chose 

a soiid piece of barn. Cornidering this limitation, the present study was planned then to 

manipulate obstacle height and width. 



Table 1. Subject characteristics: gender, chronoIogicai age, wallirig experienœ, hip height, 
body weight and total number of trials each child pedormed (NA stands for not amilable). 

The height and w idth of each obstacle was determined fkom ant hropometric 

measures of leg length and h o t  length obtained fkom 18 chiidren of diîferent age (grouped 

fiom onset to 16 months, 17 to 32 months, and 33 to 58 months of independent waUEing). 

Subject 

A 
B 
C 
D 
E 
F 
G 

H 
1 

J 
K 
L 

I 

M 
N 

7 

O 

P 
Q 
R 
S 

T 
U 
V 
W 
X 
Y 

Gender 

F 
M 
F 
M 
F 
M 
M 
F 
F 
F 
M 
M 
F 
M 
M 
M 
M 
F 
F 
M 
M 
F 
M 
F 
F 

Chmaolo- 
gical Age 
(months) 

23 

27 
36 

60 

46 
25 
45 

56 

31 

36 

60 

43 

41 
69 

54 

34 

70 

16 

26 

42 
12 
43 

49 

12 
16 

Walhiag 
Experience 
(months) 

12 
11 

24 
47 

35 
16 

34 

43 

14 

26 
50 

31 

30 

54 
37 

25 

58 

4 

13 
30 
2 
31 

38 

5 
2 

Hip  
Height 
(cm) 

35.2 

39.2 

47.3 

57 
50.1 
41.3 
48.8 

50.3 

39.3 

43.2 

52.2 

44.1 

43.6 

62.5 
53.4 

42.1 

56.6 

NA 
38 

42.6 

NA 
NA 
NA 
NA 
NA 

Weight 
(Irg) 

10 
15 

17 

16 

17.3 
14.3 
15.9 

18.6 

13.2 

16.4 

21.4 

15 

16.1 

25 
18.3 

16.3 

24.5 

13 

14.1 

16.6 

NA 
15.9 

NA 
13.2 

NA 

Failure 
Rates 
(%) 

O 

54 

25 
4 

4 

8 

30 
19 

4 

33 
13 
22 
20 
12 

20 
4 

16 

NA 
24 

O 

NA 
NA 
NA 
NA 
NA 

LeadLeg 
Reference 

(%) 
75 

76.5 

26.9 

66.7 

44 
63.6 
47.6 

76 

36 

30.4 

13 

11.1 

28.6 

52 
37.5 

83.3 
56 

NA 
50 

45.8 

NA 
NA 
NA 
NA 
NA 

Trials 
(#) 

6 
25 

25 
26 

25 
12 
27 
25 
25 
27 
28 

26 

25 
25 
25 
25 
25 

O 

26 

25 
8 
O 

6 
7 
O 



The two obstacle heights 63r each age group were set to the average a M e  and mid-shank 

height of the chüdren measured in that respective group. The two obstacle widths for each 

age group were set to 40% and 80% of the average bot length, Table 2 shows the 

dserent obstacles used for each age group. Thus, the actual height and width of each 

obstacle were scaled amrdiog to the anthropometric measures and depending on 

the waiking experience of the cMd age group. Thus, obstacles were allocated br each 

chiid accordhg to their w a W g  experience. The manipulation of obstacle height and 

obstacle width was done primarüy to compensate for presumed diireaces in body 

anthropometrics across the developmental perspective, 

Table 2. Obstacle features for each age group based on walLiog experience. 

Age Group 1 I Age Group 2 Age Group 3 1 (onset io 16 mooths of (17 to 32 months of 1 (33 to 58 months of 

Detailed loaomotor changes required for obstacle avoidance were assessed using 

an on-iine OPTOTRAK motion anal* system (Northern Digital, Canada). Seven i n h  

red emitting diodes (IREDs), sampled ai 60 Hz, wen placed on the right hip, right Lnee, 

right d e ,  right heei, right toe, left hip and le€t toe, to moaitor limb trajectory over the 

obstacle. Twenty-five completely raadomized trials were performed: five trials b r  each 

Obstacle 
# 
1 
2 
3 
4 

independent walkinp;) 
Height 
(cm) 
4.1 
12.0 
4.1 
12.0 

Width 
(cm) 
5.4 
5.4 
10.2 
10.2 

independent walking) independent walking) 
Height 
(cm) 
4.1 

14.6 
4.1 

14.6 

Height 
(cm) 
5.4 

15.9 
5.4 

15.9 

Width 
(cm) 
5.4 
5.4 
11.1 
11.1 

Widîh 
(cm) 
7.0 
7.0 

14.0 
14.0 



obstacle condition and 6ve trials with no obstacle. Video recordmg with a split screen 

two-camera system was also doae to qualitatively document each child's performance. 

Data Analyses 

Obstacle Avoidance Strategies: Qualitative Video Analysis 

A qualitative assessrnent of the obstacle avo idance strategies emplo yed by each 

child was determined through video analysk Obstacle avoidance success and failure rates, 

as weU as alternative strategies selected, were the three main categories used to descni 

and classify each child's performance. A trial was coasidered a success if the child stepped 

over the obstacle without contacting the obstacle with either the leading or traüing lirnb. 

Conversely, a trial was wnsidered a failure if the child contacted the obstacle in any 

rnaaner (i.e., hit, kickeâ, or steppeâ on the obstacle). A trial was classified as an 

alternative strategy if the child avoided the obstacle by waiking around it or if the child 

required assistance whea stepping over the obstacle @es, held investigator's hand). Table 

1 presents the failure rate percentage of the total number of trials performed for each 

child 

Lead'iig leg prefennce was also determined through video analysis The 

percentage of left leg leading related to the total number of trials completed for each child 

is given in Table 1. 



For the quaiitative analysis of obstacle avoida~ce strategies ody subjects that 

refiised to participate were elimioatd A total of 19 subjects in 474 triais were 

qualitatively analysed 

Obstack Avoiàance Strategies: Kinematic Analyses, 

Each trial was windowed nom leadmg limb toe-off to tnüiag b b  heel contact. A 

representat ive trajectory proûie of an individual trial is presented in Figure 2. A cornputer 

program was used to interpolate any &iog data points using a cubic spüne procedure 

(OETOFK, Mishac Kinetics). Data were filtered at 6 Hz and the selected khematic 

parameters were then calculated. 

Many dependent variables could be selected from the h b ' s  trajectory pronles 

when stepping over the obstacle. Key kinematic gait parameten measured included: 

1. lead ümb toe clearance (L'CL): represents the safety margin over the obstacle. 

This dependent measure is important because a large safety margin implies avoiding trips 

and consequently tàlls. Trips with the leading toe over the obstacle are dangerous because 

the body centre of mas is moving away fiom the support base; . 

2. lead ümb hip elevation (LHEL): ipsüateral elevation of the hip facilitates lead 

limb flexion over the obstacle. However, a larger hip elevation, which 6 impücated in 

larger lateral body sway, can compromise the system's stability; 

3. traü l h b  toe clearance ('iTCL): as for leading ümb, trailing toe clearance also 

represents the safety margin over the obstacle. The risks for &Us after tripphg with the 

traiiing limb are srnalier than for leading limb because the body centn of mass is moving 



toward the base of support. However, the traiiing ümb and the obstacle are out of sight 

and vision cannot provide on-Iine comectioag 

4. foot placement of lead limb befoce the obstacle at toe-off @T'PL): represents 

stride adjustments prior to the obstacle. 

Figure 2. A representative trajectory profile of an individual subject (H) stepping over 
Obstacle # 4 (Ld cefers to leading 1 imb; Tr refers to trai ling Iimb). 

Figure 3 graphically illustrates the method by which these variables were detemineci. 



LHEL 

Figure 3. Schematic representation of the ùinematic masures: lead limb toe clearance 
&%CL), lead Iimb hip elevation (LHEL), trail limb toe clearance (TEL), fmt placement 
of the leading limb before the obstacle at toe-off (FRL). 

The kinernatic panuneters were analysed Eor a total of 406 successful trials for 19 

children. Trials where the child oiiied to successfuily step over the obstacle and trials 



where the child avoided the obstack by w a b g  around it were eliminated eom the 

kinexnatic malysis. 

Statistieal Analyses 

A multiple regression analysis was chosen based on the sampk diitriiution a h g  

the w a k g  experience continuum. With the pcwious distribution of the sample accordhg 

to age group, a non-homogeneous disparity of children in each age group was obsewed. 

The chosen statistical anaiysis can offer more insight about the inauence of independent 

variables on dependent measures. 

A multiple regression analysis was perforrned for each dependent measure and for 

each obstacle. The baclovard elhination procedure was selected as the signiscaace kvel 

for each independent measure to fit the model (p c 0.10). A Cp procedure was performed 

to con6-m the best model for each dependent variable. Both pmcedures, bachvard 

elhination and Cp were chosen because they account for any coünearity of the 

independent measures 

Independent variables were grouped into the following categories: anthropometric 

variables, AV, which are intrinsic to the subject's body (i. e., body m a s ,  hip height and 

gender); devebpmeotal features, DF, which r e k t  maturation and leamhg processes (i. 

e., chrono logicaI age and walking experience); exterocept ive informat ion, EI (i.e., obstacle 

height and width); selected strategies, SS, which represent the subject's decision for a 

particular pattern to step over the obstacle (leading leg, leading ho t  placement before the 

obstacle, leading hip elevation and failure rate). 



A generaiised linear mode1 (GLM) was mnducted to examine the effacts of 

between- and within-subjezt independent variables on each dependent measure. The GLM 

procedure aüows categorical and matinuous variables to be included in the mdel. In this 

study, gender and leading leg were considerd as categoricol variables. AU other variables 

were considerd conthuous. The variables that were signiûcant in the multiple regression 

analyses were hcluded in the GLM p r o d u r e  h r  each dependent measure with an 

acceptable level of sigdkance at p s 0.05. The GLM procedure aiso allows the 

determination of a specinc mean square enor to test the nuU hypothesis, which is 

necessary in unbalanced models. The total number of trials perfonned by each child (Table 

1) reveals that the present study has an unbalanced design. Between-subject cornparisons 

were performed with subject as error term and within-subject cornparisons had trials as 

error term after the exclusion of aii specinc subject effects. A sample of the multiple 

regression and GLM procedure are presented in Appendix A. 

In the Appendix B, means and standard deviations by subject for each kinematic 

variable are presented. The comlation matrices for each obstacle are presented in 

Appendix C. 



Developtnental Feutzues: The statist ical corn parka across obstacles reveaied that 

chromlogical age signihcantly affectecl bot placement at toe-off before the obstacle (Fi, 

a= 4.68, p = 0.05, Figure 4). Among the muitipie regtession results by obstacle, 

chrombgical age predicted trailing toe clearance at obstacle # 1; leading hip elevation at 

obstacle 1 5 and traüing toe clearance and boot piacemeat befon the obstacle at obstacle 

# 3 (Appendix C). WalLing experience did wt sigaincantly a8Fected any of the dependent 

measures. However, it is a predictor for leading hip elevation at obstacle # 2. 

Figure 4: Main etfect of chrowlogical age on foot placement at toe-off prior to the 
obstacle (FI'PL). 

Anthrop~me~c  V u ~ b î e s :  Body mass signiscantly affected traiiing toe clearance (Fi, 12 = 

12.81, p = 0.004, Figure 5) and foot placement at toe-off prior to the obstacle (FI, = 

18.31, p = 0.0009, Figure 6) as the statistical cornparison across obstacles showed. Two 

interactions were statist ically signifiant: body mass and leading toe clearance on traiiing 



toe clearance (FI. a 7  = 13.04, p = 0.0004, Figure 7); and body mas and obstacle height on 

lesthg hot  piacement before the obstacle (Fi, n4 = 4.29, p = 0.04, Figure 8). Body mass 

was a predictor for leading aod trailing toe clearaace and bot placement behre the 

obstacle at obstacle # 1; and leadiog hip elevation at oôstacIe 1 2 (Appendk C). The 

multiple regression analyses reveakd that hip height explaineci leading and traiiing toe 

clearance at obstacle # 1; and leadhg toe clearance at obstacle # 3 (Appendix C). Gender 

could not affect any of the dependent measures; however, it could predict leading hip 

elevation at obstack # 2; and foo t placement b e h  the obstacle at obstacle # 3 (Appendu 

c)- 

Figure 5: Main effmt of body mass on trailing toe clearance WCL). 



Figure 6: Main effect of body mass on hot placement prior to the obstacle (FRL). 

Figure 7: Interaction between body m a s  and leading toe clearance (LTCL) on t r a b g  toe 
clearance (Tï'CL). 



Figure 8: Interaction between body m a s  and obstacle height on hot placement before 
the obstacle (FPL). 

Exteroceme Informarion: The statist ical cornparison across obstacles revealed two main 

effects of obstacle height, 6rst on trailing toe clearance (Fi* = 24.04, p = 0.0001, Figure 

9); and second on leading hip elevation (Fi, m = 20.01, p = 0.0001, Figure 10). Two 

interactions were a b  observeci: obstacle height and leading hip elevation on leading toe 

clearance (FI* t*> = 4.52, p = 0.03, Figure 11); and obstacle height and leading toe 

clearance on traailing toe clearance (Ft = 5.22, p = 0.02, Figure 12). The Multiple 

Regression Analyses showed that obstacle height explained leading and trailing toe 

clearance and hot placement bebre the obstacle at obstacle # 1; trailing toe clearance, 

leading hip ekvation and bot  placement before the obstacle at obstacle # 2; and bot  

placement before the obstacle at obstacle # 4 (Appendix C). Obstacle width, accordhg to 



the Multiple Regression Analyses, explained leading hip elevation at obstacle # 2 

(Appen& C)- 
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Figure 9: Main effect of obstacle height on trailing toe clearance WL). 
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Figure 10: Main effect of obstacle height on leading hip elevation (LHEL). 
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F ïpre  11: Interaction between obstacle height and leading hip elevation (LHEL) on 
leading toe clearance (LTCL). 
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Figure 12: Interaction between obstacle height and leading toe clearance on trailing toe 
clearance. 

Subject Strategies: The statistiml cornparison across obstacles revealed that leading Ieg 

preference had a main effect on traihg toe clearance (FL = 5.52, p = 0.02, Figure 13); 

another main e&t of leading kg preference on leading hip elevation (FI, m = 12.28, p = 

0 . 0 5 ,  Figure 14). The Multiple Regression Analyses showed that kading leg prekrence 

explaineci leading and trailing toe clearance at obstacle # 1; leadipg toe clearance and 

leadhg hip elevation at obstacle # 2 and # 3; and leadhg toe clearance at obstacle # 4 

(Appendix C). A main effect of leading toe clearance on trailing toe cleafaoce (FL 281 = 

17.96, p = 0.0001, Figure 15) and leading toe clearance on leading hip elevation (Fi, na = 

12.28, p = 0.0005, Figure 16) were also obsewed. The Multiple Regression Analyses 

revealed that leading toe clearance predicted leading hip elevation at obstacle # 1; and 



traüing toe clearance and leadhg hip elevation at obstacle # 3 (Appendu C). h d b g  hip 

elevation explauied leading toe clearance at obstacle # 3; and faüure rates predicted 

trailing toe clearance at obstacle # 1; and leadhg toe clearance and leadhg hip elevation at 

obstacle # 3 (Appendii C). 
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Figure 13: Main effect of leading leg preference on trailing toe clearance V C L ) .  
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Figure 14: Main effect of leading leg preference on leading hip elevation (LKEL). 
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Figure 15: Main effeft of leading toe clearance (LTCL) on trailiog toe clearance WCL). 
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Flgute 16: Main effect of leading toe cIearance(LTCL) on leading hip elevation (LHEL). 



Discussion 

When a cbild hced the experimental set up and was asked to wak fiom oae end of 

the carpet to amther stepping over a bam obstacle, they had severai choices: rebe, go 

around, ask for guidance, purposely step on the obstacle to see what happeos or step over 

the obstack as demonstrateci. Even though the obstacles were body scaled within each age 

group, they were not customised for each child. Over 16 months, the ditkrences in body 

characteristics and experience between children are notable. Since the body features and 

skills change dramatically and the obstacles were not customised, enors can also occur. 

Growth and Development: The results of this study revealed a developmental trend 

in the use of hip hiking Eor modulating the leading limb eievatioa Hip joint elevation was 

used to raise the toe over the obstacle. This strategy supports the proximo-distal principle 

in the development of motor wntrol, in which the control of proximal joints by the central 

nervous system occurs before the control of distal joints. However, this strategy 

compromises the system stabüity shce balance control is still in the process of 

development. 

Lmding toe clearance! represents the safety margin over the obstacle and it is 

important because a large safety margin avoids trips and consequently falis. Trips with the 

leading toe over the obstacle cm be serious since the body's center of mas is moviog 

away kom the support base at that tirne. Considering that chrowlogical age and leg length 

are closely related (r=0.95) between 1 and 7 years of age (Sutherland. et al., 1988), the 

variability in leading toe clearance cm be attributed to maturation and experience. 



Thelen and collaborators (Thelen, 19901; Thelen et al., 1990b: Thelen et al., 1987; 

Ulrich et al., 1991; Thelen et al., 1994) have showed that the motor development includes 

cooperative interactions of many subsystems, such as physical growtb The 

anthropomettic measures, specially body mass can a&ct the strategies selected. Of note is 

the variable hip heighl which is positively comlated with step length in children 

(Sutherland. et ai., 1988), was negatively conelated with leading toe clearance (as hip 

height increased leading toe clearance decreased, in obstacles # 1 and 3). This also 

indicated that the system is modvlating the hip joint to promote a more stable strategy to 

clear low obstacles, the less challenging oaes 

Leading hip elevation inaeased with age and decreased with waiking experience. 

Following the prolrimo-distal principle of developxnental control, the central nervous 

system shouM devetop the coatrol of hip 6rst than the control of knee and ankle. Thus, 

motor experience can be a better predictoc for hip control than chronological age. 

Experience can directly improve hip control to guide the movement of the extremities. On 

the other hand, chronological age which is a h  positively correlated with body m a s  and 

leg length (Sutherland et al., 1988), seems to be related with the maturational aspects of 

the components of the effrrtor system instead of their integration with the semry 

- information. Since leading hip elevation hciiitates toe clearance, the central nervous 

system should control the muscles around the hip joint and the displacement of the h b  

extremity would occur in a more ecowmical way. It can reflect, as speculated in Our 

preiimiaary study (Path et al., 1996). an inabiiity to exploit the passive intersegmental 

dpamics to achieve limb flexion over the obstacle. A kiaetic analysis of the &hg limb 

over the obstacle was perfonned in Study # 3 to address this issue. 



Mordances: The faiiure rate values, as shown in Table 1, indicate that the children 

were generaiiy able to step over the obstack successfiiily. The absence of devebptuental 

trenâs in faiiure rates indiCates that children were able ta perhm the task but their system 

performance is not yet robust, Le., chüdren need to tune theu limb trajectories to safely 

clear the obstacle. These results support the notion of afhrdances. 

The visual or tactile exploratory activity and its rennement are components of the 

teaming process to perceive afhrdances (Gbsoa, 1988; G i h n  et al., 1987). Since the 

young Li& in thh study had been exploring the environment for more than two years and 

they had more than a year of locomotor experience, they were able to perceive the 

atrordances for this task but they were not able yet to successfuliy and consistently guide 

their action. In contrast, older children, after 35 months of w a b g  experience did not 

have fadure rates greater than 20%. These small errors c m  also be attniuted to distracthg 

events or result fiom exploration of a new way to perfonn the ta& Thus, the poor limb 

trajectory modulation is an indicator of behavioural regression observed in postural 

control (Shumway-Cook et al., 1995; Bronstein et al., 1996), in locomotion on dopes 

(Adolph, 1995) and in a descriptive study on obstacle avoidance in children (Rosengren et 

al., 1994). 

Older children rarely stepped around the obstacle or  required assistance to step 

over the obstacle. In contrast, youager children had higher percentages of alternative 

obstacle avoidance strategies Chüdren with less than 10 months of independent w a b g  

were very smart, they ahways avoided the obstacle by going around it. This tesult revealed 

that children with small amount of w a b g  experieace c m  perceive actions affbrded by the 

obstack. The results a h  showed that young children have a intemal representation of 



their body iimitations whidi c m  compromise postural stabüity. Childrea between 11 and 

25 monthsi of waWg enperience consistently asked tor assistance when stepping over the 

obstacle. Considehg that the t h e  in single-limb support during the Bat ground gait cycle 

in children approaches the adult level at age of 3.5 years (Sutherland et al., 1988), chiîdren 

in this study that asked tot assistance when stepping over the obstacle revealed lack of 

ability to control the body mass in the single support phase. Assistance provided 

decreased the balance demands as the child steps over obstacle. Rosengren and Welk 

(1994) also observed simüar postural adjustments when 3- to 4-year-old children stepped 

over obstacles. qeir  children raised the anns and leaned forward over the obstacle. In this 

study, the examiner was usually beside the child duriag the walking trial to prevent falis. 

Young children smartly utilized the examiner's hand as another source of support and 

avoided single limb support at the obstacle. In doiag that children showed a nidimentary 

seosory-mo tor transformation. However, when children successnilly stepped over the 

obstacle and the kinematic measures could be interpreted, children were able to modulate 

the proXima1 joint (hip) (Figure 10) and the traihg toe to clear the obstacle (Figure 9) 

acwrding to the obstacle height. These results indicate that in general chiidren in this age 

range are able to perceive afirdances for locomotion over uneven terrain; but, compared 

with adults (Patla et al., 1992b; Patla et al., 1993a; Patla et al., 1995b), they poorly 

modulate their limbs either over raising the traüiag ümb or compromising stabüity by 

elevating the leading hip more than necessary. 



Exteroceptive Idonnatiotk Children in this study used extecoceptive information to 

perform the task. Obstacle height aûkted traüing toe clearance and leading hip elevation 

(Figure 9 & 10). Leading hip elewtion is important to Eicilitate limb flexion over the 

obstacle (Patla et al., 1996) and its interaction with obstacle height indicate that chüdren in 

ihis study were maintainhg a stable contributh of hip U g  to limb e1evation. Larger 

toe clearance whiie representïng a pater sakty mgin  may also be interpreteù as 

immaturity of the d u a l  system (Chandna, 1991; Movshon et al., 1988). Imeased toe 

clearance values as a function of obstacle height revealed similar problems in visual 

perception in elderly adults and in Our preliminary study (Patla et al., 1996). This was 

c o a k e d  by another study with age-related maculopat hy subjects (degeneration of the 

fovea) (Patla et al., 1995a). Fudher uisight into this issue can be clarined if the contrast 

between the wlor of the obstacle and the ground was decreased andor the room 

luminance decreased. This was addressed by manipulating the obstacle wlor in Study # 2. 

The location of the leading foot prior to the obstacle reflects the adjustments made 

in the strides as the child approaches the obstacle. Patla et al. (1993b) observed that 

Ieading bot placement before the obstacle is relatively independent of obstacle height in 

youag adults. Children had poorer stride adjustments prior to going over the obstacle, as 

observed ia our preliminary study (Patla et al., 1996). The results of this study revealed 

that the closer the leading foot was placed near the obstacle, an increase in leading hip 

elevation was observed. In older healthy adults and adults with visual impairment, a 

cornmon strategy is to place the lead Bot further back nom the obstacle, which would 

give them more tirne to fine tune their trajectory based on seasory input. Chüdren showed 

a more robust sensory-motor transformation aliowing them to place their lead h b  closer 



to the obstacle. Duriag the 6rst six months of independent waiking, chüdren leam how to 

integrate posture and movement, La, dyaamic postural control (Bril et al., 1992; B d  et 

al., 1993). Mer this tirne, chilâren leam how to accucately integrate the avaiiable sePsory 

information in order to adjust their gait parameters accordmg to environmental demds  

(Bd et al., 1992; Bril et ai., 1993). Future research bcusing on the stride adjustments 

pnor to the obstacle in a krger age range is necessary to d e t e d e  when the adult Ieveb 

are achieved. 

k g  Dominance: Considering that the distance tiom the start point to the obstacle 

were fked for aU participants, and step length adjustments were qualitatively observed 

before the obstacle, children in the presem study showed smailer mean values of leadhg 

hip elevation when the right Ieg was leading (Figure 17). However, leading toc clearance 

values were smaller when left leg was leadiag for al1 obstacles (Figure 18). 

RigM Left 
Leading Leg Preîerence 

Figure 17. Leading leg preference main effect on leading hip elevation. 



For adults, the prekned limb b used to manipulate an object or lead with, while 

the non dominant limb is used primarüy as a stabiiizer. Even though, approhnately 75% 

to 90% of the adult population have a strong prefiere~~'~ lor right side (Gabbarâ, 1992). 

recent studies with 3- to 5-year-old reporteci that 25% to 50% exhibit no prefcrence Qr 

one h o t  over the other (Gabbard et al., 1991; Gabbard et ai., 1987). However, a larger 

study conducted by Sutherland et al. (1988) revealed that the majority of 449 subjects 

exhiiited h o t  prekrence measured by kickùig at the age of four. With the leading leg 

preference measure alone, it is not possible to Uifa that the participants in this study had 

or had w t  estabüshed ho t  preference. However, in decreasing toe clearance a child 

decreased the energy cost and increased the chances to trip and Eiii. Considering the 

development of the visual system and the improvements in sensory-motor transformations, 

a decrease in toe clearance was erpected. 



0.0 

Right Ldt 

Right Lefi 

Leading Leg Preference 

Figure 18. Leading toe clearance according to leading leg preference for each obstacle. 

Exproprioceptive Information: Similar leading and traüing toe clearance values 

were obseweâ in young adults (Patla et al., 199m, Patla et al., 1993b) and in our 

preliminary study (Patla et al., 1996). Visual information fiom the obstacle and the leading 

h b  trajectocy over the obstacle plus the kinesthetic input from the leading iimb were used 

by chiidren to modulate the traüing limb. Control of leading and traüiag lirnbs over the 



obstacle are senrorially coupled These results give some evideace to suppct the 

assumption that chüâcen are able to extract exproprioceptive information and act 

acmrdingly. However, a definaive proof can be achieved if vision (about limb posture and 

movements) was restricted for both leading and traiiing ümbs. This issue was explorrd in 

the second study. 



Study # 2 

Roue ofexpmprloceptive information on swing Mmb trq/edory 

over obstac1es in young chiidren 

Introduction 

Individuah usually step over obstacles in the travel path with both limbs, one 

leading while the other is traiIing. The traüing limb can mi be seen as it travels over the 

obstacle. Thus, in order for the central nervous system (CNS) to modulate traüùig b b  

trajectory over obstacles, intersensory coupling between the visual and kiaesthetic 

systems is requùed. Exproprioceptive information r e h  to the identifkat ion of the body 

parts relative to one another and relative to the objects and events in the envuonment 

(Gibson, 1979; Gibson, 1982; Lee et al., 1986). Accordhg to Lee and Young (1986), 

vision is the only seasory system responsible for detecting exproprioceptive cues. During 

obstacle amidance, exproprioceptive input provides relevant information about the 

orientation of the limb and its position and velocity as it goes over obstacles. nius, 

exproprioceptive iaformation plays a key role in the control of Lgnb elevation (Patla et al., 

1995b) as individuals step over obstacles. 

A cornparison of leading limb versus trailing limb trajectories can provide insight 

into the role of exproprioceptive cues ÙI the control of locomotion over obstacles. If the 

ability to detect exproprioceptive cues if fompromised (i.e., through restricted vision), 



how does the CNS modulate obstacle amidance strategies in order to suuxssfiiliy clear 

the obstacle with both the leading and ttaiüag lima Vision of the h b s  can be restricted 

in numerous ways by asking subjects to Wear goggles, a neck coiIar or to hold an object in 

&ont of their body. Subjects may plan in advance adaptive obstacle avoidaiice strategies 

several steps prior to the obstacle andhor mnitor the leadhg limb over the obstacle 

through forward flexion of the neck 

Lack of visual exproprioceptive input results in higher -abiiity in elevation of the 

toe over obstacles. Patla et aL (Patla et al., 1993b) manipulated exproprioceptive input 

during obstacle avoidance in young adults who wore goggles The major finding was 

related to the compensation by the kinematic parameters (toe clearance and bot 

placement befire the obstacle) of gait when exproprioceptive hbrmation was absent. 

Patla et al. (199%) analysed how exproprioceptive information affects the kinematic 

parameters of the locomotion over solid and fiagile obstacles in young adults by 

c o m p a ~ g  the leading limb versus the trailing b b .  An increase in traü licnb toe clearance 

would be expected, but the subjects did oot choose to do that; instead toe clearance 

results were similar. However, lack of visual expropriocept ive input resulted in higher 

variability in elevation of the toe over obstacles. 

Based on the results of the studies detaiied in the introduction and with the 

chaiienge to expand our data base, the purpose of this study was to ver@ the wntnition 

of the exproprioceptive ioput to tune the kinematic parameters of the gait during 

locomotion over obstacles. We are expecting a higher toe clearance and more anterior 

bot placement bebre the obstacle when the locomotor pattern modulation is based oniy 

on the kinesthetic information. We are also expecting to see a pronouaced h d  flexion in 



the restricted vision condition acmrding to the obstacle height 

Method 

Twenty chiidren participated in the presait experiment. Children, raaging in age h m  one 

to six years, were recruited Grom the Kitchener and Waterloo communities. Sixteen 

subjects also were volunteers in Study # 1. No chiid had any known visual dekits, 

neurological disorders or mumiloskeletal impairmeats, baseâ on seEreport of parents. 

The gender, chronologifal age, w a h g  experience, eye height, and body weight for each 

child were recorded and are presented in Table 3. Chronological age ranged nom 15 to 73 

rnonths. Walking experience, de6ned as the number of months of independent w a h g ,  

ranged h m  8 to 62 months. 

Chüdren were imtnicted to wak and step over a gray &am obstacle placed in their 

travel path, a gray carpet (4.83 m. bng and 3.62 m. wide). The expected behaviour was 

demonstrated once by the hvestigator at the start of the data coliection. Initial starting 

position, established using btpr int  cutouts, was identical for each chüd. The distance 

fiom the footprint cutouts to the obstacle was 1.90 m. Exproprioceptive information was 

manipulated using a combination of two difEerent obstacle heights and two vision 

situations, with or without wearing a collar, providhg four distinct conditions (Refer to 

Table 4). The obstacle width was established by the corresponding smaller width in Study 

# 1. The high obstacle heights were determined in Study # 1 and were maintaiaed in the 



present study, whüe the k w  obstacle height was chosea as correspondhg for haif of the 

toe clearance on over-ground walking. 

Table 3. Subj- characteristics: gender. chmaologkai age, wallcing experienœ, eye 
height, body weight and total number of trials uich child perbmed. 

Eye Weigh FaiLure Leadkg Tria ' Heigh t (Rg) Rates Reference 1 (#) 
t va (46) 

Subj Gende 
r 

A F 
B F 

(cm) 
100.3 19.3 12 14.3 25 



Detailed locomotor changes requued for obstacle avoidance were assesseci using 

an on-line OPTOTRAK motion analysis system (Northem Digital Canada). Five i&-red 

emitting diodes (IREDs), sampled at 60 Hz, were placed above the nght eye, left eye, 

shin, right toe and lefi toe, to monitor head displacement and limb trajectory over the 

obstacle. Twenty-6ve completely randorniad trials were petformecl: 6ve trials for each 

experimental condition and five control trials. Video recordhg with a split meen two- 

cameta system was also done to qualitatively doniment each child's performance. 

Table 4. Expenmeatal conditions for each age group based on walking expenence. 

1 1 independent waiking) 1 independent walliag) 1 independent walking) 1 

Age Group 1 
(onset to 16 months of 

Data Analyses 

Obstacle Avoidance Strategies: Qualitative Video Analysis. A qualitative assessrnent 

of the obstacle avoidance strategies empbyed by each child was determineci through video 

analysis as in Study # 1. For the quaiitative analysis of obstacle avoidance strategies only 

the subjects who refused to participate were eliminated. A total of 19 subjects in 467 trials 

were qualitatively analyseci. 

Age Group 2 
(17 to 32 months of 

Condition 
# 
1 
2 
3 
4 

Age Group 3 
(33 to 62 months of 

Height 
(cm) 
0.5 
0.5 
12.0 
12.0 

Vision 

Unrestricted 
Rtstnctcd 

Utuestridcd 

Restricted 

Height 
(cm) 
0.5 
0.5 
14.5 
14.5 

Vision 

Unnstricted 
Restrictcd 

UlVCStrided 
Restricted 

Height 
(cm) 
0.5 
0.5 
15.9 
15.9 

Vision 

Unrestricted 
Resüicteû 
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Obstick Avoidance Strategies: Umb K i n e d c  Analyses. Each trial was windowed 

nom leading ümb toe-off to trailing Limb £bot contact. A representative trajectory profile 

of an indhndud tria1 is presented in figure 19. A cornputer program was used to 

interpolate any missing data points ushg a cubic spline procedure (OPTOFIX, Mishac 

Kinetics). Data was OItered at 6 Hz and the selected kinematic parameters were then 

calculated 

Figure 19: A representative trajectory plot of an individual subject (E) stepping over a 
high obstacle with restricted vision. 

Key kinematic gait parameters measured included: 

1. lead limb toe clearance (LTCL) 

2 trail limb toe clearance ('iTCL) 

3. fmt placement of lead limb before the obstacle at toe-off (FTPL). 

Limb kinematic parameters were aaalysed for a total of 428 successfiil trials for 19 

children. 



Obstacle Avddance Strategies: Head Kinerutic Analyscg Each trial was windowed 

nom the fîcst fiame to trailing bo t  contact alter the obstacle. A representative trajectory 

proole of an W d u a l  trial is preseated in Figure 19. The &ta interpolation and fiitering 

bllowed the sune procedure in Study # 1 and the magnitude of pitch motion was then 

calculated. Each trial was partitioned hto four phases as following: 

1) Phase 1: fiom f h t  h m e  to one full svide before leading toe-off to obstacle; 

2) Phase 2: one hill stnde before leading toe-off to obstacle; 

3) Re-Obstacle Phase: from leading toesff to toe over the obstacle; 

4) Post-Obstacle Phase: h m  leading toe over the obstacle to traüiag hot  

contact. 

Head kinematic parameters were analysed for a total of 336 successftil trials for 19 

children. 

Sta tistical Analyses 

A multipk regression analysis was chosen based on the sample distribution along 

the waiking experience continuum. With the previous distniution of the sample according 

to age group, a non-homogeaeous disparity of children in each age group was observed. 

The chosen statistical aoalysis can o&r more insight about the ifluence of independent 

variables on dependent measutes. 

A multiple regression analysis was perbrxned b r  each dependent measure and for 

each condition- The backward elhination procedure was selected as the signincance level 



for each independent measure to fit the mode1 @ c 0.10). A Cp procedure was periormed 

to m m  the best model for each dependent variable. Both procedures, backward 

elidnation ami Cp were chosen because they assue that the dependent measure was w t  

affected by the mlinearity of the independent measures. 

Independent variables were grouped into the Eobwing categories: anthropowtric 

variables (AV) are intriosic to the subject's body (i. e., body mas,  hip height and gender); 

developmental katures (DF) reflect maturation and leamhg processes (i. e., chronological 

age and waUring experience); exteroceptive information (EI) (i.e., obstacle height and 

width); se laed strategies (SS) represent the subject's decision for a particular pattern to 

step over the obstacle (leading le& leadiag foot placement before the obstacle, and failum 

rate). For the head magnitude of pitch motion, the selected strategies hcluded the 

magnitude of pitch head motion in all the precedent phasesy leading leg preference and 

failure rates. 

A generalwd b r  model (GLM) was wnducted to examine the effects of 

between- and within-subject independent variables on each dependent mesure. The GLM 

procedure aUows categorioil and continuous variables into the model. In this study, 

gender and leading leg were wnsidered as categorical variables. AU other variables were 

considered continuous. The variables t hat were sipoincant in the multiple cegression 

analyses were included in the GLM procedure for each dependent measure with an 

acceptable level of signincaace at p s 0.05. The GLM procedure alfo allows the 

determination of a specinc mean square error to test the nul1 hypothesis, which is 

necessary in unbalanced models. The total number of trials perfomed by each child (Table 

3) reveals that the present study has an unbalanced design. Between-subject cornparisons 



were performed with subjects as error term and within-subject cornparisons had trials as 

the emr term afker the exclusion of al1 speck subject etfectg A sample of the multiple 

regression and GLM procedure are presented in the Appendix k 



In the Appendù D, means and standard dedations by subject for both limb and 

head bernatic variables are presented. nie correlation matrices h r  each limb kinematic 

by condition are presented in Appendix E. Appendix F presents the correlation matrices 

for head motion by condition. 

Deveïoprnen&l Feutums: The stat h t  ical cornparison acroa conditions revealed that 

chronological age significantly affkcted head pitch angle magnitude in phase 2 (Fi,- 7.04, 

p = 0.02. Figure 20); and in pst-obstacle phase 7.82, p = 0.01, Figum 21). Two 

interaction between chronological age and waiking experience on leading toe clearance 

(FI,* 3.86, p = 0.07, Figure 22); and on head pitch angle magnitude in pre-obstacle 

phase were margioally signficant (F1,14= 3.48, p = 0.08, Figure 23). Arnong the multiple 

regression results by condition, chrono logical age predicted leading and traihg toe 

clearance, b o t  placement before the obstacle, and head pitch angle magnitude in pre- 

obstacle phase in condition 1; Mure rates in all conditions; head pitch angle magnitude in 

phase 1 and condition 2 and 4; traüing toe clearance Ui condition 3; hot  placement before 

the obstacle in condition 3 and 4; and head pitch angle magnitude in phase 2 and pre- 

obstacle phase in condition 4 (Appendices E and F). Walong experience explains b o t  

placement bebre the obstacle in condition 3; head pitch angle magnitude in pre-obstacle 

phase in condition 1 and in phase 1 and 2 in condition 4. 
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Figure 20. Main effkct of chronological age on head pitch angle magnitude in Phase 2. 
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Figure 21. Main effkct of chronological age on head pitch angle magnitude in pst -  
obstacle phase. 



î?lgure 22. Interaction between chromlogical age (CA) and walltiDg experience (WE) on 
leading toe clearance (LTCL). 

CA - WE (months) 

Figure 23. Interaction between chroaological age (CA) md w a h g  experience (WE) on 
head pitch angle magnitude on pre-obstacle phase. 

Adwponietdc V a ~ b i e s :  Body m a s  sipificantly affected trailing toe clearance 

7.75, p = 0-01, Figure 24); and foot placement before the obstacle 8.88, p = 0.01, 

Figure 25) as the statistical cornparison acrou conditions showed. The multiple cegression 

analysis b r  each condition revealed that body mass predicts leading and traiiiog toe 

clearance in condition 1; traihg toe clearance and foot placement before the obstacle in 



condition 2; failure rates, traiiing toe clearance and hot placement before the obstacle in 

condition 3; and Ieadhg toe clearance în condition 4 (Appendix E). Eye height explains 

the variabüity in bot placement behre the obstacle in condition 1 and 3; traiiing toe 

clearance in condition 4; hiIure rates in condition 1 and 2; head pitch angle magnitude m 

presbstacle phase in condition 1, in phase 1 in condition 2, and in pst-obstacle phase in 

condition 4 (Appendices E and F). Statistical cornparison across condition revealed a main 

eEed of gender on head pitch angle magnitude in phase 2 (Fi** 5.48, p = 0.03, Figure 

26). The multiple regression analysis showed that gender predicts t r a h g  toe clearance in 

condition 4 (Appndix E); head pitch angle magnjtude in phase 1 in condition 1, and in 

phase 2 in conditions 2 to 4 (Appendix F). 

Figure 24. Main effkct of body mass on trailiog toe clearance ('ITCL). 



Figure 25. Main effect of body m a s  on foot placement before the obstacle (ETPL). 
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Figure 26. Main effect of geader on head pitch angle magnitude in phase 2. 

E~ewceptrDve In fomatrwon: The stat istical cornparisons across condit ions revealed main 

effects of  obstacle height on leading toe clearance (Flca= 209.93, p = 0.0001, Figure 27); 

on t r a h g  toe clearance 230.70. p = 0.0001, Figure 28); on h o t  placement before 

the obstacle (Flrisi= 63.24. p = 0.001 ,  Figure 29); on head pitch angle magnitude in post- 

obstacle phase (hre= 32.01, p = 0.0001, Figure 30). An intrraction between leading leg 

preference and obstacle height on leading toe clearance 8.04, p = 0.005, Figure 

31) was observed. The Multiple Regression aoalysis revealed that obstacle height predicts 



head pitçh angle magnitude in phase 2, pre-obstacle phase and post-obstacle phase in 

condition 3 (Appendix F). 

Low High 
Obstacle Height 

Figure 27. Main effect of obstacle height on leading toe clearance (LTCL). 
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Figure 28. Main effect of obstacle height on trailing toe clearance (TEL). 
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Figure 29. Main effect of obstacle height on fmt placement before the obstacle F P L ) .  
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Figure 30. Main effect of obstacle height on head pitch angle magnitude in postsbstack 
phase. 



Figure 31. Interaction between leadhg leg preference and obstacle height on leading toe 
clearance (LTCL). 

Vision: The statistical cornparisons across conditions revealed a main effect of vision on 

head pitch angle magnitude in phase 1 (FlJl8= 4.04, p = 0.04, Figure 32); and in pre- 

obstacle phase (Fuis= 4.59, p = 0.03, Figure 33). 
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Figure 32. Main effoct of vision on head pitch angle magnitude in phase 1. 
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Figure 33. Main effect of vision on head pitch angle magnitude in pre-obstade phase. 

Subject Smegies: The stat ist ical cornparisons across condit ions revealed a main effect 

of leadkg leg preference on leading toe clearance (FIcu= 4.07, p = 0.04, Figure 34);on 

t r a h g  toe clearance (Fial= 13.14, p = 0.0003, Figure 35); on foot placement before the 

obstacle (Fiai= 12.01, p = 0.0006, Figure 36); and on head pitch angle magnitude in 

phase 2 (Flsl= 13-14, p = 0.0003, Figure 37). Multiple regression analysis revealed that 

leadhg leg preference explains the variabiiity of Fdilure rates, leadiag toe clearance and 

foot placement before the obstacle in condition 2; leading toe clearance in condition 3 and 

4 (Appendk E); and head pitch angle magnitude in phase 1 and condition 1 (Appendix F). 
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Figure 34. Main effect of leading leg preference on leading toe clearance (L'CL). 
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Figure 35. Main effect of leading leg prekrence on trailing toe clearance ('ITCL). 
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Figure 36. Main effect of leading leg preference on bot  placement before the obstacle 
F P L ) *  



Leading Leg Pieference 

Figure 37. Main effkct of leading leg preference on head pitch angle magnitude in phase 
2. 

The statistitical cornparisons across conditions revealed a main effkct of leading foot 

placement before the obstacle on leading toe clearance (Firu= 759, p = 0.0006, Figure 

38). Accordhg to the multiple regression anal*, hot placement before the obstacle 

predicts failure rates and leading toe clearance in condition 1, and leading toe clearance in 

condition 2 (Appendix E). The same statistical procedure revealed that leading toe 

clearance explains the variabiüty of failure rates and foot placement before the obstacle in 

condition 2. Failure rates predicts traiiing toe clearance and hot  placement before the 

obstacle in condition 1; leading and traiüng toe clearance in condition 2; trailing toe 

clearance in condition 4 (Appendùc E); head pitch angle magnitude in phase 1 and 

condition 1; and in pst-obstacle phase and condition 3 (Appeodix F). 
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Figure 38. Main effect of leadiog h o t  placement bebre the obstacle @T'PL) on Ieadiag 
toe clearance (LTCL). 

For head motion, the statistical cornparison across condition revealed a main effect 

of head pitch angle magnitude in phases 1 and 2 on head pitch angle magnitude in pre- 

obstacle phase (Fuis= 4.15, p = 0.04, Figure 39; Filis= 12.74, p = 0.W04, Figure 40); 

and on pst-obstacle phase (F13tg= 6.65, p = 0.01, Figure 41; Fuis= 6.07, p = 0.01, 

Figure 42). 
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Figure 39. Main eEat  of head pitch angle magnitude (HPAM) in phase 1 on pre-obstacle 
phase. 
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Figure 40. Main egac< of head pitch angle magnitude (HPAM) in phase 2 on presbstacle 
phase. 
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Figure 41. Main e&ct of head pitch angle magnitude (HPAM) in phase 1 on p s t -  
obstacle phase. 
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Figure 42. Main effect of head pitch angle magnitude OEpAM) in phase 2 on p s t -  
obstacle phase. 

Expmpnoceph*ve In fomution : The stat is t ical cornparison across condition revealed a 

main effixt of leadhg toe clearance on traüing toe clearance (FI*'= 27.46, p = 0.01, 

Figure 43). 
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Figure 43. Main eff- of leading toe clearance (LTCL) on trailing toe clearance (TEL). 



Discussion 

Since 16 out of 20 participants in the present study alpo voiunteeced Eoi Study # 1, 

there is a clear posibiiity of carry over e&cts h m  the 6rst study, evea though they were 

carriecl out more than 2 mnths apart. In this study, where a more chalienging 

environment was faced by children, important fiadings showed up. 

Growth and Development: Developmental variables, iocluding chronological age 

and w a b g  experience, reflect the e î k t s  of maturation and leamiag on senîory-motor 

transfomat ions to achieve skilied loco motor behavior over obstacles. A more challenging 

experimental set up, decreasiog the contrast between the obstacle and the ground was 

necessaty to show maturation and leaming effccis Chronological age aEecting head 

motion before the obstacle revealed that youoger chiJdren moved less their head to see the 

obstacle and the leading h b ,  and consequently moved also les after the obstacle than 

older children. bckiog the neck is an adaptive strategy that decreases degrees of thedom 

of the system and hcilitates motor control (Assaiante et al., 1993; Bernstein, 1940; 

Bronstein et al., 1996). Assaiante and Amblard (1993) observed the fact that when young 

children waiked on a nanow sufice they locked the trudc and neck segments Gender 

also a h t e d  head motion prior to the obstacle reveaüng that seiisory-motor 

transformations in boys mature earlier. Limb kinematic variables as leading and t r a h g  toe 

clearance and b o t  placement beto ce the obstacle were Sected by anthropometric 

features, age and waiking experience. This can be an imlication of the digerent 

development rates of the system's components. Not oaly the physical growth rates are 



different across body segments, but also the rate of change can Muence the interna1 

represeatation of the body, which iodirectly af%cts the movement pattern. Sutherland et 

al. (1988) reported that the upper part of the body represents a p a t e r  percentage of the 

total height in their younger subjects (1 to 3 years of age) with the equality between upper 

and lower body heights achieved by age 5. In addition, other systems are also devekping 

in paralel at difkrent rates and contributhg to the behavioural manifiestations in different 

ways melen  et al., 1994). A combination of maturation and environment exploration 

improves balance control and consequent ly seasory-motor transformations to achieve an 

efficient and economical ümb motion over the obstacle. Gabbard (1992) demonstrated that 

from 5 to 11 years of age individuals show consistent improvements in integrating visual 

and kinesthetic information. 

The results show that young children flexed the neck more than older children, 

revealing that young children aquired visual exteroceptive information in phase 2. It 

indicatu that young childrea need to continually extract visual information, while older 

children cm wait tül they approach closer to the obstacle. Ushg the last stride to aquire 

exproprioceptive Uiformation to plan the modulation of ümb trajectory reflects an adaptive 

strategy. However, another possible interpretation refers to necessary tirne to acquire 

exproprioceptive information. Older chüdren maybe require less t ime to extract visual 

inbnnation and to modulate the effkctor system than young childrea 

Visuai hfotmation: Researchers (Pozzo et al., 1989; Pozzo et al., 1990) have used 

head movements to infer gaze control d u ~ g  lommotion. We recognise that eye 

movements conhunds this issue. Nevertheless, reduction in VOR gain d u ~ g  locomotion 

allow us to use head movements to infer spatio-temporal acquisition of exteroceptive and 



exproprioceptive information. We bcus our attention on pitch movements of the head 

since they duectly impact on acquisition of visual hbrmation about the obstacle aud the 

lower limbs. The partsion of the head pitch motion in phases accordhg to the strides 

before and afker the obstacle permits the identification of when and where children extract 

exteroceptive and exproprioceptive iiiformation. A stereotypical profile revealecl that in 

phase 1, head pitch motion was characterisert by a smaii neck extension CoUowed by a 

neck flexion and typicaiiy flexion in phase 2. In the pre-obstacle phase. head pitch motion 

was characterised by a smaU neck flexion, while large extension was observed at post- 

obstacle phase. It indicates that chiidren extracts extemceptive information one full stride 

ptior to the obstacle. 

By restricting vision of both Ieading and trailing h b s ,  the effects of 

exproprioceptive informat ion were directly examined. The results indicated that lead and 

traü limb modulation are coupled in children as observed in Study 1. Leading toe clearance 

increased when vision was restrictd This result. even though not statistically sigaiscant, 

reveais that chüdren were able to plan in advance the adaptive strategies by extractiog 

visual exteroceptive information. This trend was con6rmed by the reduced magnitude of 

head pitch angle in both phase 1 and pre-obstacle phase. ln addition, it is a h  possible that 

holding the ne& flexed in pre-obstacle phase, chiidren manipulated their head movements 

to acquue some exproprioceptive hfbmation to guide the leading limb over the obstacle. 

However, holding the neck flexed in presbstack phase was a selected strategy 

independent of age. When young adults were asked to Wear goggles and step over the 

obstacle. vision condition did wt influence the head pitch angie magnitude (Patla et al., 

1993b). 



One of the major hdings of ths study was limb and head modulations as  a 

functioa of obstacle height As obstacle height increased, an kease in leading toe 

clearance, traüiog toe clearance and head pitch agie magnitude after the obstacle were 

observed. Foot was placed cbser to high obstacle than to bw obstacle. These results 

replicate some findings in Study # 1, and minor the 6ndings on healthy elderly adults and 

age-related maculopathy subjects &und by Patla and co lleagues (1996). Increasing leading 

toe clearance as obstacle height increases reflects the iofluence of the exteroceptive 

inbmation on the modulation of the effector system. In heaithy young and elderly adults, 

bot  placement before the obstacle is w t  inauenad by obstacle height. However, healthy 

elderly subjects consistently located their leading bot far away from the obstacle, ami 

showed a larger toe clearance (Patla et al., 1996). The modulation of the traiïing limb 

extrernit y according to the obstacle height iodicates t hat exteroceptive iafonnation and 

kinesthetic input fkom the leaàiig limb are used to 6ne tune trail b b  trajectory. Adoptbg 

this strategy, children were revealing the tirne necessary to monitor and make on-line 

modifications to the leading ümb trajectory over the obstacle. This strategy also impties 

that the trailing limb is oot too close to the obstacle at ta-off and balance control is wt 

comprornised. Thus, exteroceptive and exproprioceptive information are used by children 

when stepping over obstacles. 

Focusing on kinesthetic input, the results of the h t  study were replicated in the 

present study. Leading toe clearance positively inûueaced trading toe clearance, which 

reveals that the kinesthetic input fiom the leading limb is usehl to modulate on-üne the 

t r a b g  h b .  In contrast, Patla et al. (1996) reported that a rektively indepenûent control 

between leading and üailing limbs was observed for young adults. 



Kinetic analyses of the swing Umb 

doriag walking over obstades in chiidren 

Introduction 

In order to achieve a coordinated motor act, the central aervous system (CNS) 

uses an abstract, functionally specific equation of motion which is derived from Newtooian 

mecha~ll*cs. The torques acting on Limb joints are partitioned into several compooents: 

muscle moments and motion dependent torques (Le., linear and angular accelerations and 

velocities for each segment). This computation generates a coordinated pattem of joint 

torques. Accordhg to Smith et al. (1991), the CNS deak separately with movemeot 

dynamics (forces and torques) and kinematics (direction, velocity, acceleration). 

Mer analyshg the adult pattern of walking, Bernstein (1940) appiied dyaamic 

calculations to understand the ontogenesis of locomotion. His studies showed that rnany 

components of the adult locomotor act were not observed in the locomotor pattern of 

chilclrem who had just started to wak hdepeodently. Among components that were absent 

were horizontal forces of the center of mass of the h o t  and shin at h o t  contact and the 

horizontal velocity of the thigh during the support phase. However, both horizontal 

acceleration curves of the leg as a whole during the swing phase and the reverse wave of 



the b o t  aar>rnpanied by the purely react ive-mechanical e&t in the thigh at the begianllig 

of the swing phase were present in the fkst &y of independent walking. Nevertheless, 

Ulrich et a l  (1994), examining the swing phase of hfh ts  held on a treadmül obsetved that 

muscle torque remained ûexor throughout the swing phase. The pattern of locomotion 

obserwd by Bernstein (1940) was retaiaeâ during the 6rst y«u of walkm& which he 

temed "the innervatio~lfy prùnirive stagen. M e r  this stage, improvements obserwd in 

structural elements of w a l b g  are not due to improvements in co-ordination and 

equilibrium. Instead they are related to the development of the CNS and the improved 

usage of proprioceptive information. "The whole inventory of dynamic waves develops 

very slowly, being complete by about the 5' year" (Bernstein, 1940, p. 189). 

Thelen and coiieagues (Schneider et al., 1990; Jensen et al., 1994; Ulrich et al., 

1994) have been studying motor developrnent under the umbrella of inverse dynamia. In 

their k t  study using this appmach, Schneider et al. (1990) examined ümb intersegmental 

dynamics nom spontaneous kicks of varied intensity in order to explore how the 

neuromotor systern of young infants mntrols a range of active and passive forces to 

produce a stereotypic, wnintentional movement. Six 3-monthsld subjects were held in a 

supine position which aliowed fkee rnovements of lower lirnbs. A movement of the lower 

limb, beginning from a extended position, moving through a single kneehip flexion phase, 

and ending with a hiplknee extension phase was dehed as a kick The analyses of the 14 

kicks revealed that in nonvigorous kicks, hip joint reversal was the result of an extemor 

torque due to gravity, opposed by the wmbined flexor effect of the muscle torque and the 

total mot ion-dependent torque. In more vigorous kicks, the mo tion-dependent hip flexor 

torque increased qui r ing  an hip extensor torque to counter the motion dependent torque. 



The muscle torques were adjusted to produce a net torque to reverse the kick motion of 

the linked segments. The authors concludeci that because these kicks were spontaneous 

and without speed and accuracy constraints, they may be organeed at a relatively lower 

level. 

Jensen et a l  (1994) tested spontaneous kicks of nine 3-month-old nifaits using the 

same procedure of Schneider et al. (1990) and adding to the supine position another two 

postures: angled and vertical. By manipulating posture they were able to assess the 

sensitivity of the infant motor system to changes in the gravitational context. Fi'iy kick 

were analysed including 8 supine, 14 angled and 28 vertical motions. Their results showed 

that muscle torques required to drive hip flexion in the more upright postures were 4 to 10 

tirnes greater than in the supine position. In the vertical position, there was an increase in 

synchronous joint flexion, increased extension at the hip and knee and a reduction in hip 

range of motion. Subsequently, there were highly correlated hip and h e e  muscle torques 

in the vertical posture as opposed to supine or angled postures. This correlation implicates 

anatomical and energetic constraints in creating co-ordinated limb behavior out of non- 

specinc muscle activations. Theu data suggest that interjoint co-ordination may be an 

emergent property whose non-specific control parameters such as gravity shift the system 

into more tightly CO-ordinated inte joint actions. 

Ulrich et al. (1994) studied treadmill stepping in infants and adults usiag inverse 

dynamics with the purpose of comparing the patterns of active (muscle) and passive 

(gravity and motion-dependent) torques during the swing phase. The 8 young adult 

subjects walked on a treadmiil at three speeds (slow, moderate and fast). The eight 7- 

moathsld infant subjects were supported upright on a smaller treadmill at two speeds 



(slow and moderate or optimal). The triah amlyseci for adult subjects were 40 step cycles 

at slow and fast speed and 38 at moderate speed. For iofants, the final analyses included 

24 step cycles plus 13 swing phases at sbw speed and 41 step cycles plus 4 swing phases 

at moderate speed T'heu results indicated that b r  adults the muscle torques initiate and 

terminate the swhg phase whereas the passive torques a m u n t  for kg motion duriog most 

of the swing phase. However, infimts showed that mu& torque remained flexor 

throughout the swhg phase and joint revetsals were due to the dominant passive 

gravitational torque. Based on the results of inverse dynamics analyses, the authors 

concluded that: a) adults seem to exploit and mntrol the biodynarnic properties of their 

limbs and the passive gravitational forces to enhance and maintain fonvard movement but 

used muscle torques to initiate and wntrol joint reversais; and b) the infant motor system 

is susceptible to the ianuences of environmental constcaints, but it is unable to fully exploit 

them. This means that the basic neural network is estabüshed early in human developmeirt 

but it is loosely organized 

In a previous study (Patla et al., 1996), we compareci the relative contribution of 

hip hiking to toe clearance ia youag children, young and older subjects. The results 

showed that young children and older adults showed a higher contribution than young 

adults (over 30% mmpared to around 20% for young adults). Based on relatively srnail 

changes in the aagular displacements of the hip, knee and ankle joint, we speculated that 

the larger contribution of hip hiking to toe clearance may reflect an inabüity to exploit 

the passive intersegmental dynmics to achieve swing limb flexion over obstacles. 

Based on these studies, we set two goals for the thùd study. The h t  is to examine 

muscle moments of the swhg limb trajectory of young children while stepping over 



obstacles of f i r e n t  fcaiures. The second is to analyse the Muence of maturation and 

w a b g  expecience in the exploitation of the passive and active &es through the inverse 

dynamics technique during the swing phase. 

Methods 

Subjects: Fieen chiidren, ranghg in age from two to su years, who stepped over the 

obstacles in Study 1 with the right leg, participated in the preseat experiment. The gender, 

chronological age, w a h g  experience, hip height and body weight of each chiid were 

recorded and are presented in Table 5. Chronological age ranged brom 26 to 70 months. 

Waiking experience, dehed as the number of months of independent walkiog, ranged 

fkom 13 to 58 months. 



Table 5. Subject characterist ics: gender, chroaological age, walking experience, hip height 
and body weight. 

Subject Gender rT- l H ~ P  
Height 

weight 
@& 

Chroaolo- 
g i d  Ag= 
(months) 
36 

Pmcedures: The procedures, the data collection and obstacle features were the same as in 

Study # 1. For each trial the foliowing kiaematic measures were taken: relative hip, knee 

and ankle angles. For the betic data analysis, the joint moments at the hip, knee, and 

d e  d u ~ g  the swing phase were calculated using a standard inverse dynamics approach 

(Wimter, 1991). Next, the contribution to the aagular acceleration of the segment by the 

muscle moment, gravitational moment, and the moment due to motion dependent t e m  

(linear and angular acceleratiom and velocity terms) were determined foUowirig the same 

procedure useà by Patla and Prentice (1994). For each of the three joints the bllowiag 

general moment relationship was taken: 



where: 

1 is L e  moment of inertia and a is the angular acceleration 

Mm : is the moment derived nom a standard inverse d y n h  aualysis and represents 

primarüy the contribution of active mu& Forces with s o w  additional contribution nom 

passive deformation of tissues sumundiag the joint. 

M m :  is the moment due to mechanical interactions between limb segments and cuntains 

angular and hear acceleration tems and angular velocity terms. The number of terms 

Vary for each joint: hip and hee  (7) and ankie (5). The detailed equatiom can be found 

in Schneider et al. (1990). 

MGM: is the moment due to the gravitational force. 

These joint moment profiles were taken between toesff and when the toe is over 

the obstacle. The same statistical analyses used in studies #1 and #2 were carried out on 

only the muscle moment for each joint fiom toe-off and when the toe is over the obstacle. 

Results 

In Appendix G, meam and standard deviations by subject for each kinetic variable 

are pnsented. The correlation matrices for each obstacle are presented in Appendix H. 

Developmenful Features: The stat istical cornparisons across obstacles revealed t hat 

chrowlogical age marginally significaatly affected ankle muscle moments (Fi,io = 4.07, p = 



0.07, Figure 44); and knee m u d e  moments (Fia = 4.17, p = 0.07, Figure 45). Multiple 

Regession halysis (Appendu H) reveakd that chromkgral age explains antle muscle 

moments at obstacles # 2 and 4; and ankle, knee aud hip muscle moments at obstacle # 3. 

Walkiag experience predicts ody anlde muscle moments at obstacie # 2. 

Chronological Age (months) 

Eïpre 44. Ankie muscle moments according to chronological age. 
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Figure 45. Knee muscle moments according to chronological age. 



Anthmpomelric Vafiles: Body mass signiocaatly afkted oniy anWe muscle moments 

= 8.29, p = 0.02, Fgure 46) as the statistical cornparisons across obstacles revealed. 

Multiple Regression Arialysif showed that body mass explains the variabüity of hip muscle 

moments at obstacle # 3. Hip height predicts hip muscle moments at obstacle # 1 and 2, 

while gender explains ody hip muscle moments at obstacle # 1 (Appendix H). 

Figure 46. Main effect of body mass on ankle muscle moments. 

Obshzcle Feafures: The statistical cornparisons across obstacle reveaM a main effect of 

obstacle on knee muscle moments ( F , J ~  = 4.46, p = 0.04, Figure 47); obstacle height on 

hip muscle moments (F19ior = 4.72, p = 0.03, Figure 48); and an interaction of obstacle 

height and width on aakle muscle moments = 16.71, p = 0.0001, Figure 49). 

Multiple Regression Analysis (Appendix H) revealed that obstacle height expkins 

variabüity of hip muscle moment at obstacle # 1; and ankle muscle moment at obstacle # 



Obstacle 

Figure 47: Main effkct of obstacle on kaee muscle moments. 

low 
Obstacle 
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Figure 48. Main effect o f  obstacle height on hip muscle moments. 

Obstacle Width 

Figure 49. Interaction betweeo obstacle height and width on anlde muscle moments. 



Subject Sînztegies: Statistical cornparisons across obstacles revealed main effécts of knee 

muscle moments (Fi,la = 14.78, p = 0.0002, Figure 50). and hip muscle moments = 

49.78, p = 0.0001, Figure 51) on anide muscle moments; and an iateraction between knee 

and hip muscle moments on adde muscle amments (FI*,= = 4.37, p = 0.04, Fire 52). 

Multiple Regcession Analysis revealed that antle muscle moments predicts hip muscle 

moments in ail obstacles and knee muscle moments at obstacle # 3 (Appendix H). Related 

to knee muscle moments, statistical cornparisons acroa obstacles reveaied main e k t s  of 

ankie muscle moment &lm = 7.88, p = 0.006. Figure 50) and hip muscle moment 

= 292.44, p = 0.0001, Figure 53) on knee muscle moments. Multiple Regression Analysis 

of each obstacle revealed that knee muscle moments explains the variabüity of ankie and 

hip muscle moments at obstacle # 3 and hip muscle moments at obstacle # 4 (Appendix 

H). Statistical comparisons across obstacles also revealed that hip muscle moments were 

signiscantly affecteci by ankle muscle moment (Fi,im = 63.78, p = 0.0001, Figure SI), and 

knee muscle moment (Fl.102 = 146.58, p = 0.0001, Figure 53). Multiple Regression 

Analysis (Appndix H) revealed that hÏp muscle moments predicts aakle muscle moments 

at al1 obstacles, and knee muscle moments at obstacles # 3 and 4. 



Figure 50. Main effect of knee muscle moments on ankle muscle moments. 
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Ankle Muscle Moments 

Figure 51. Main effect of hip muscle moments on ankle muscle moments. 
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Ankle Muscle Moments 

Figure 52. Interaction between hip and imee muscle moments on W e  muscle moments. 
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Figure 53. Main effect of hip muscle moments on knee muscle moments. 
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Discussion 

Musck moment, as detived by cahilations of inverse dynamics, reflects active 

muscle contract ion and viscoelast ic pro pert ks of so b tissues. The nervous system direct ly 

wntrols ody muscle moment on ümb movement. Swing limb flexion over the obstacle is 

achieved by flexiag the hip, h e e  and ankle joint (Patla et al., 1993a) The active 

contribution of the muscles around the hip and d e  joints are not modulated as a 

function of obstacle height (Patla et al., 1994; Patla et al., 1996). The nervous systern if 

able to simplify the control of the limb elevation at the obstacle through the exploitation of 

the passive interactions between segments in healthy young and elderly adults. 

Growth and Development: Results of this study showed two developmental trends. 

Anlde muscle activation increased with age while a decreased muscle activation was 

observed around the knee joint with age. In healthy young and elderly adults, hip and 

ankle flexion €tom the toe-off to when the toe is over the obstacle is a result of the passive 

intersegment al dynamics The central nerwus system act ively w ntrols adult knee muscles 

to step over obstacles (Patla et al., 1994: Patla et al., 1996). Children, on the other way, 

are not able to exploit the passive forces. Since there is a positive correlation between 

body mas and chronological age (Sutherland et al., 1988), hcreasing aiikle muscle 

moment caa be attriiuted to a misjudgrnent of obstacle features. Deaeasing knee flexion 

with age indicates that the central nervous system is modulating ankle and hip joints to 

raise the ümb and clear the obstacle. These results coa6rm Bernstein (1940) observations 

related to the maturation of the CNS in modulating the effector system according to the 



proprioceptive information. This seasory-mot or tfa~sformation should be completed at 

age of 5 (1940). A deeper arialysis of the moments due to gravity and mechanical 

interactions between limb segments could enhaace the devebpmental e&tq as weli as a 

eletromyographic analysis during the swing phase in children while stepping over obstacles 

could p d d e  a wider pidure of the muscle activation. 

Sensory Information: The major finding in this study rekrs to di&rent e k t s  of 

obstacle features on muscle activation around the three joints. Hip muscle moments were 

affsted by obstacle height; knee muscle moments were affected by a combination of 

obstacle features; and ankle moments were affected by obstacle height and width. Unlike 

adults, which on flat sufices apply muscle torques only to initiate and terminate the swing 

phase (Ulrich et al., 1994) and over obstacles activate muscles around the knee joint (Patla 

et al., 1994) children activate muscles around al1 three joints. This strategy is not eaicient, 

indicating an ioabüity to exploit intersegmental dynamics. However, respecting the 

proximal to distal development principle, the nervous system is duectly controllhg the hip 

as a proximal joint and knee and ankle to raise the foot to ensure a large safety margin 

over the obstacle. Even though this strategy is w t  efficient, it is effanive. Muscle 

activation around the hip joint according to obstacle height connmis Linernatic results of 

hip elevation in Study 1 and in our previous study (Patla et al., 1996). A more challenging 

obstacle (# 4) required a bigger koee muscle activation than other obstacles. The 

interaction between obstacle height and width for ankle muscle moment, as well as the 

leading toe clearance values reported in Study # 1, indicate that children were actively 

flexing the ankie joint to clear the obstacle. 



Inteisegmental Dynamics: Main effects of hip and knee muscle moments on ankie 

muscle moments were detected. As hip and knee musck moments increased, the muscle 

moment around the ankie joint a b  increased. These results indicate that the muscle 

a c t ~ t y  around each pint is cbsely mntroiied by the necvous system. It also reveakd that 

al1 three joints are coupled, which con6rms Ulrich et al. (1994) data. Limb joints coupled 

during the swing phase reflects that adaptations o f  the e W o r  system to provide a simple 

and efficient control are developiog, as observed in other studies (Jeosen et al., 1994; 

Ulrich et al., 19910. 



Conclusion 

The ami of this thesis was to investigate how seaPory inputs are integrated and 

used to guide mtor  action as a child matures. Children impmved their sensory-motor 

traoslormatioa; howm, compared with adults, their strategies to step over obstacles 

revealed immature usage of exterooeptive, exproprioceptive, and kinesthetic infiDrmation, 

as well, they were unable to exploit the intersegmental dyaamii. Atrordances for 

Iocomotion over uneven terrain were present and chiidren in this age range successfuliy 

stepped over the obstacle. With a less challenging experimental set up as in Study 1, 

children showed only a k w  dEerences accordhg to age and anthropometric features, 

because subjects may choose among several or many possible responses. However, in 

Study 2, with a more chalienging envimament, effects of development, understood here as 

maturation plus experience, were observed 

As Thelen and Smith (1994) reported in treadmill steppiug, the development and 

rehement of the selwry-motor integration does w t  obey a pre-detennined sequence of 

behavioral milestones, but rather emerges nom the convergence of diIkrent rates as  each 

component evolves. In stepping over obstacles, the children's behaviour revealed several 

effects of chronological age and wallring experience, as weil as larger variabilüy within 

subjects in each dependent measure. Differences across children in the behavio cal 

adaptations to environmental demaads revealed some eefects of exposure to a complex 

environment. Older and mon experienced cNdren revealed better serisory-motor 

transformation than youager children. This is due to di&rent rates that each subsystem 

develops in tirne as well as environment and task changes. Even if these changes were 



smaii they can lead to large rmrgaaizations in the motor behavior (Thelea and Smith, 

1994). 

The results fiom Study 2 revealed the strategies utüised by younger and older kîds 

to extract exterocept ive and exproprioceptive informat ion. Blocking the neck w hen 

wearing a c o k  showed that young children reduce the degrezs of keedom of the system 

to decrease the demands over the system. It indicates that the control system is immature 

not only in integrating semory Uiformation but a h  in modulating the lower limbs to step 

over the obstacle. 

In al1 three studies, it was observed that obstacle features affect limb modulation. 

The perception of the obstacle features produce effects on subject strategies, identifïed 

kinemat icaliy. When joint kinet ics were analyzed in Study 3, obstacle features a h  aEkcted 

the use of muscles around all three joints of the lower ümb, indicating an inability to 

exp toit intersegmental dynam'cs. However, it is necessary to analyze the motion 

dependent component joint torque fiom the inverse dynamics io ver@ moments due to 

mechanical interactions, 

Returning to the jigsaw puele metaphor, several key components of the mode1 

were tested and the assumptions made were verined. One assumption was that the pieces 

representing a child were neither sculpted nor integrated to generate successful and 

efficient strategies to step over obstacles. This was c o n h e d  by the developmental trend 

to acquire exteroceptive information when children were exposed to a more challenging 

environment, as well as by their inabüity to exploit intersegmental dynamics to Bex the 

h b  over the obstacle efficiently. The assumption that balance was also achieved through 

the sculpting and htegration of the components in the puzzle needs hrther and more 



specitic investigation. However, postural adjustmeats and strategies, such as asking for 

assistance in young children were o b s e d  

The major assumption of the puzzle metaphor was related to the devebpment 

p r o - .  We basexi our theoretical Eramework on Karmüoff-Smith's (1992) approach of 

development, which emphasizes an integration of some built-in Lmwledge and experience. 

After the data collection, analyses and interpretations of the results we have evidence to 

support this approach Motor development is dynamic and continuously occurring by 

exposing organism to information about itself. the task and the environment. The process 

to build the lmowledge about obstacle avoidance strategies requires among others, semry 

exploration, afbrdance leaming, continuous upgrading of the components of the system 

according to physical growth, and exposure to cornplex environments, which challenges 

the child's development. 

Future research, such as studying chiidren under a longitudinal approach, wouid 

allow for an investigation of the parameters underlying behavioral changes in obstacle 

avoidance, particularly to understand the dynamia of these changes. For example how 

postural and balance control develop and interfere with obstacle avoidance strategies in 

children within a larger age range and sample c m  be explored usiog a l e s  sophisticated 

experimental set up. Intersegmental dynamics analysis of both ümbs in a more cornplex 

envuonment involving manipulation of room luminance would be beneficial Changes in 

motor behavioral can be explained not only by neural and contextual contributions but also 

t hrough biomechanical factors. The intention is also to apply mechanical perturbai ions 

during gait in order to doniment remvery. 



The intention is to conduct a larger research project to investigate changes duriog 

the devebprnent in order to further r e h  the puzzle metaphor. Further research could 

provide evidence to &lude more pieces in the puzzle representùig anthropometric 

variabks and kg prekrence. Ultimately the goal is to determine the intrinsic mechanisms 

and principles underlying improvements in seasory-motor transformations during the 

development process. 
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Appendix A 

Samples of Statistical Analyses 



Multiple Regression 

11 :O3 Tuesday, April23,1996 

Foward Selecrion Procedure for Dependent Vatüable LTCL 

Step 1 Variable OBST Entercd R-squa~ = O.OS435258 C@) = 8,98602a10 

DF Suai otSquarcs Mcan Square F Prob>F 

Regtession 1 1278.46663930 1278.46663930 35.93 0.0001 
Enor 390 13877,75737973 3558399327 
Total 391 15156.2î401403 

Parameter Standard Type fl 
Variable Estimate Enor Sumof Squares F Prob>F 

INTERCEP 14,13727667 0.69972868 1452535823300 408.20 0.0001 
OBST -130052801 021697133 1278,46663930 35.93 0.0001 

Bounds on condition numbct: 1, 1 

S tep 2 Variable WALKAGE Entered R-square = 0.08760399 C@) = 9.57635409 

DF Sum of Squares Mean Square F ProbF 

Regression 2 1327.74575938 663.87287969 18.67 0.000 1 
E m r  389 13828.47825465 3554878729 
Total 391 15156.22401403 

Panmeter Standard Type II 
Variable Estimate Enor Sumof Squarw F Prob>F 

INTERCEP 13.28819002 1.00459478 6219.774153 1 1 174,% 0.0001 
OBST -13 1749030 0.21734198 1306.26837371 36.75 0.0001 
WAWCAGE 0,02742959 0.02329701 49.27912408 139 0.2398 

Bounds on condition numbcr: 1.004413, 4.017653 

Step 3 Variable HIPHI' Entcnd R-square = 0.10568743 C@) = 3.73614235 

DF Sumof Squares Mcan Squam F Prob>F 

Parameter Standard Type II 



Variable Estimate k o r  SumoCSquares F PmbS  

INTERCEP 21.19924829 2.99480790 1750.45765192 50.11 0.000 1 
OBST -130248706 0.21552106 1275.89%27846 36.52 0.0001 
WALKAGE 0.1408143 1 0.04660481 3 l8.9l%50036 9.13 0.0027 
HIPHI' -0.24363800 0.0869828û 274.07653796 7.85 0.0053 

Bounds on condition number: 4.û92267, 2756267 

Step 4 Variable AGE Entered R-square = 0.10831750 C@) = 459585172 

DF Sum of  Squares Mean Square F ProbsF 

Parameter Standard Type II 
Variable Estimate Enor Sum of  Squares F Prob>F 

iNTERCEP 23 .l4lS5385 3 5029361 8 1524.09092299 43.64 0.000 1 
OBST -1.29021285 021578781 1248.4 1569579 35.75 0.0001 
WALKAGE 0.05955323 0.08919710 1556680131 0.45 0.5047 
AGE 0-12872368 0.12048244 39.86204940 1.14 0.2860 
HIPHT -035248339 0.13394826 24 1.82068146 6-92 O.OOS8 

Bounds on condition number: 31.07471, 227.115 

Step 5 Variable G-ER Entered R-square = 0.10969183 C(p) = 6.00000000 

DF Sum of Squares Mean Square F ProbF 

Regression 5 166251401068 332.50280214 951 0.0001 
Error 386 13493.7 lW335 34.95779794 
Total 391 15156.î2401403 

Parameter Standard Type 11 
Variable Estimate W r  Sum of Squares F Pmb>F 

INTERCEP 24.19439462 3 .i608l2O8 1446.80606413 4139 0.000 1 
OBST -1.29091888 0.21590251 1249.759%817 35.75 0.0001 
WALKAGE 0.060123(Y7 0.089î4677 15.86504823 0.45 05009 
GENDER -051396531 0.66583206 U].82%6394 0.60 0.4406 
AGE 0.12007505 O. 12106497 3438845373 0.98 03219 
HIPHT -035134730 0.134û2634 24023539004 6.m 0.0091 

Bounds on condition numbec 3 1343 16, 291.285 - - 



No other variable met the 0.5000 significmce Icvd for entry iab tbe madel. 

Summary of Forwrrd Seledion Procedure for Dcptadent Variable LTCL 

Variable Numbcr Partir1 Modcl 
Step Enteml h Rf*2 R8*2 C@) F Pmb>F 

1 OBST 1 0.0844 0.0844 8.9860 35.9281 0.0001 
2 WALKAGE 2 0.033 0.0876 95764 13862 02398 
3 HPRT 3 0.0181 0.1057 3.7361 7.8455 0.0063 
4 AGE 4 0.0026 0.1083 45959 1.1415 03860 
5 GENDER 5 0.0014 0.1097 6.0000 05959 0.4406 

Backward EIhinaiion Procedure for Dependent Variable LTCL 

Step O AI1 Variables Enteied R-square = 0.10969183 C@) = 6.00000000 

DF Sum of Squares Mean Square F Prob>F 

Regression 5 166251401068 332.5û280214 951 0.0001 
Emr 386 13493.7 1000335 34.95779794 
Total 391 1515622401403 

Parameter Standard Type II 
Variable Estimate Enor Sumof Squares F Prob>F 

INTERCEP 24.19439462 3.76081208 1446.80606413 4139 0.0001 
OBST -1.29091888 021590251 1249.75996817 35.75 0.0001 
WALKAGE 0.06012307 0.08924677 15.86Sû4S23 0.45 05009 
GENDER -051396531 0.66583206 20.82966394 0.60 0.4406 
AGE 0,12007505 0.12106497 3438845373 0.98 0.3219 
HIPHT -035134730 0.13402634 24023539004 6.87 0.0091 

Bounds on condition number: 3 1.343 16, 291.285 

Step 1 Varia blt WALKAGE Removed R-square = 0.10864507 C@) = 4.4538343 1 

DF Sum of Squares Mcan Square 

Regrcssion 4 1646.64896245 41 1.66224061 
Emr 3a7 1350957505158 34.90846267 
To ta1 391 15156.224û14û3 

Parameter Standard Type II 
Variable Estimate Error Sum of Squares 



INTERCEP 24,49271501 3.73201388 150355071338 43.07 0.0001 
OBST -1.28345760 0.21546603 1238.61442760 35.48 0.0001 
GENDER -0SlOUSO1 0.66533930 20.53141693 OS9 0,4436 
AGE 0.18938141 0.06377305 307.84422256 8.82 0.0032 
HIPHT -038330965 0.12525918 326.89713738 936 0.0024 

Bounds on condition numberz 8.709506, 77,659 

Step 2 Variablt GENDER Rcmovcd R-square = 0.10729041 C@) = 3.04115440 

DF Sumof Squares MeanSquam F ProbsF 

Regression 3 1626.1 1754552 542.03918184 1554 0.0001 
Enor 388 13530,l 0646851 34.87140842 
Total 391 15156.2î401403 

Panmetet Standard TypeII 
Variable Estimate Emr Sumof Squares F Prob>F 

INTERCEP 23.44459589 3 .47O92415 1590,98008562 45.62 0.000 1 
OBST - 1.28282682 0.2 1535008 1237.4 1528404 35-49 0.0001 
AGE 0.1973 1600 0.06289480 343.21375254 9.84 0.0018 
HIPHT -0.38413685 0.12518804 328.33391869 9.42 0.0023 

Bounds on condition number: 8.491843, 53.93207 

Al1 variables leR in the model are significant at the 0.1000 level. 

Summary of Backward Elimination Procedure for Dependent Variable LTCL 

Vanablc Number Partial Mode1 
Step Rcmovcd In R8*2 R*+t C@) F Prob>F 

1 WALKAGE 4 0.0010 0,1086 4.4538 0.4538 0.5009 
2 GENDER 3 0.0014 0.1073 3.0412 05882 0.4436 

S&pwke Procedute for Dependent V u ~ b l e  LTCL 

Step 1 Variable OBST Entered R-square = 0.08435258 C(p) = 8.9860287û 

DF Sum of Squares Mean Square F Prob>F 

Regression 1 1278.46663 930 1278.46663930 35.93 0.000 1 
Emr 390 13877.75737473 3558399327 
To ta1 391 15156.22401403 

Panmeter Standard Type II 



Variable Estimtt Emr Sumof Squares F Prob>F 

INTERCEP 14.13727667 0.69972868 1452535823300 4û8.2û 0.0001 
OBST -130052801 021697133 1278.46663930 35.93 0.0001 

Bounds on condition numbcr: 1, 1 

Al1 variables left in the mode1 arc signifiant at thc 0.1500 Icvel. 
No other variable met the 0.1500 significu~ce levcl for entry into the d e l .  

Summary of Stepwise Procedure for Dependent Variable LTCX 

Variable Number Partial Model 
Step Entercd Removcd in R**2 R**2 Ce) F Prob>F 

1 OBST ; 1 0.0844 0.0844 8.9860 35.9281 0.0001 



GLM procedure - LTCL 
13:07 Satutdry, Junc 22,1996 

Class Levels Values 

SUBJ 19 0 1 2 3 4 5 6 7 8 9 K M N O P Q S T Z  

Numbtr of observations in data set = 327 

NOïE h i c  to missing values, oaly 304 obscwations can be used in this analysis. 

General Linear Models Procedure 

Dependent Variable: LTCL 
Sum of Mean 

Sourcc DF Squares Square FValue Pr> F 

Model 27 56 11.3701167 207.8285228 1453 0.0001 

Corrected Total 305 9588.8835163 

R-Square C.V. Root MSE LTCL Mean 

Source DF Type I SS Mean Square F Value Pr > F 

MASS 1 440.9230028 440.9230028 30.82 0.0001 
HIPH?' 1 990.4024624 990.4024624 6922 0.0001 
WALKAGE 1 1913983545 1913983545 1338 0.0003 
AGE 1 0.0335826 0.0335826 0.00 0.9614 
FAIL 1 141.0956207 141.0956207 9.86 0.0019 
MASS*HIPHT 1 2055090468 îûS.5090468 1436 0.0002 
WALKAGE* AGE 1 11 1.1028155 111.1028155 7.77 0.0057 
SUBJ 11 2968.3400904 269.84901 18.86 0.0001 
Ol3s"rm 1 37.4670063 37.4670063 2.62 0.1067 
OBSnicrD 1 28.4393617 28.4393617 1.99 0.1597 
LEG 1 78.6375506 78.6375506 5.50 0.0198 
HIPDIF 1 221.4332961 221.4332961 15.48 0.0001 
FAIL*OBST 1 2.8626480 2.8626480 0.20 0.6550 



OBSTHT*m 1 313019682 31.3019682 219 0.1402 
OBSTHPHIPDIF 1 94.4513346 94.4513346 6.60 0.0107 
LEWHIPDIF 1 45.4182148 45.4182148 3.17 0.0759 
OBST 1 22.5537607 225537607 1.58 021Q3 

MASS O 0.0000000 . 
mm O 0 . o  . 
WALKAGE O 0.0000000 . 
AGE O 0.0000000 . 
FAIL O 0.0000000 . 
MASS*HIPHT O 0.0000000 . 
WALKAGE'AGE O 0.0000000 . 
SUBl 11 2594.6400757 235.8763705 16.49 0.0001 
OBSTHT 1 1.8179633 1.8179633 0.13 0.7218 
OBSrWD 1 33.7529321 33.7529321 236 0.1257 
LEG 1 0.0069'717 0.0069717 0.00 0.9824 
HIPDIF 1 302.1016477 302.1016477 21.11 0.0001 
FAIL*OBST 1 0.0415654 0.0415654 0.00 0.9571 
0BSï"HTLEG 1 35947222 35947222 0.25 0.6166 
OBSTHTIHIPDIF 1 59.0710612 59.0710612 4.13 0.0431 
LEWHIPDIF 1 46.0630196 46.06301% 3.22 0.0739 
OBST 1 225537607 225537607 1.58 0.2103 

Generai Linear Models Procedure 

Dependent Variable: LTCL 

Tests of Hypotbeses using the Type 1 MS for SUN as an enor km 

Source DF Type ISS Meansquare FValue Pr> F 

Tests of Hypotheses using the Type 1 MS for SUBJ as an tmr tcrm 

Source DF Type ISS Mcan Square FValue Pr> F 

WALKAGE 1 191.39835448 19139835448 0.71 0.4176 

Tests of Hypothescs using the Type 1 MS for SUBI as an enor tcrm 

Source DF Type 1 SS Mean Square F Value Pr r F 

AGE 1 0.03358264 0.03358264 0.00 0.9913 

Tests of Hypotbeses using the Type 1 MS for SUBJ as an emr tenn 

Source DF Type ISS Mean Square FValue Pr> F 



Tests of  Hypotbcscs using the Type I MS for SUBI w an crior k m  

Source DF T'ISS MernSqurcc FValuc Pr> F 

Tests of  Hypothescs using tk Type 1 US for SUBJ as an e m r  tenn 

Source DF Type ISS Meansquare FValue Pr> F 

Tests of Hypothcses using the Type 1 MS for S m  as an e m r  tcrm 

Source DF TypcISS MeamSquare FValuc PrwF 

WALKAGE* AGE 1 11 l.l(n81547 11 1.10281547 0.41 05342 

TforHO: P r s  M Std Errorof 
Parameter Estimate Paramck~O Estimate 

INTERCEPT 203 .1323055 B 3.71 0.0002 54.69394051 
MASS -9.9915553 8 -2.85 0.0047 3.50953 198 
HIPW -4,009Q135 B -3.24 0.0014 1.23833746 
WAtKGGE -0.2984613 B -0.76 0.4465 039154613 
AGE 0.7679834 B 128 0.2002 059806315 
FAIL -0-0868361 B -0.68 0-4958 0.12732507 

General Linear Mdels Procedure 

Dependent Variable: LTCL 

T for HO: Pr > Std Error of 
Parameter Estimatc Panmetec=O Estima te 

MASS*HIPHT O. 1593694 B 2.95 0.0034 0.05402638 
WALKAGE*AGE 0.0070389 B 137 0.17û6 0.005 12337 
SUBJ O 7J209517B 252 0.0124 298935212 

1 -309242233 B -3.22 0.0014 959177343 
2 9.9721306 B 1.90 0.0586 5.25 13 1846 
3 17.1563279 B 4.45 0.0001 3,85642714 
4 -2.4948048 B -0.26 0.7923 9.46612590 
5 6.8681775B 1.42 0-1569 4.83923743 
6 1.6873489 B 0.26 0.7936 6.44311450 
7 10.0069624 B 3.49 0.0006 2.86788295 
8 3 -7860160 B 2.64 0.0089 1.43627630 
9 -62918269 B -1.89 0.0591 33204803 1 
K 17.1 159921 B 10.49 0.0001 1.63169076 



M 0.0000000 B 
N 0.0000000 B 
O 0.0000000 B 0 

P 0.0000000 B 
Q 0.0000000 B 
S 0.0000000 B 
T 0.0000000 B 
Z 0.0000000 B 

OBSTHT -0.0794006 -0.36 0.7218 0.22274847 
OBSTWD 4.7706543 - 1 4  0,1257 05017499u 
LEG 0.0222949 0.02 0.9824 1.00999389 
HIPDIF 0.68S7498 4-60 0.0001 0,14923564 
FAIL*OBST 0.0009992 0.05 0,957 1 0.01853900 
OBSTH'PLEG -0.04608'72 -0.50 0.6166 0.09194566 
OBSTHPHIPDIF -0.0114138 -203 0.043 1 0.00561726 
LEG* HIPDIF -0.1317477 - 1.79 0.0739 0.07342607 
OBST 2.0271885 126 02103 1.61461 166 

NOTE: The XX matcix bas becn found to be singular and a gcneralized inverse 
was used to solve the normal equatioas. fitirnates followcd by the 
letter 'B' are biased, and are not unique estimatots o f  the parameters, 



Appendix B 

Study 1: Means and standard deviations by abject by kinematic variable. 



Table 6: Leading Toe Clearance 

Obstacle Obstacle Obstacle Obstacle 
1 2 3 4 



Table 7: Trailing Toe Clearance 

I Iobstacle lobstade l~bstacle lobstade I 
1 

Age WakExp Subject Mean 
27 11 B 7.49 

23 12 A 

26 13 S 10-71 



Table 8: Leading Hip Elevation. 

I [obstacle lobstade 10bstacIe lobstade 
1 2 

Age 1 ~ a ~ x p l ~ u b j e c t  Mean 1 SD Mean 



Table 9: Foot Placement before the Obstacle. 

1 (~bstacle lobstade lobstade 1 obstacle 



Appendix C 

Study 1: Comlation Matrices by Obstacle. 







Table 12: Correlation Matrix - Obstacle # 3 

[ 

83 0.001 0.4506 O 
AGE -0.37747 -0.2734 0,85985 1 

LEG 
83 

ObstHT 
83 

0.01411 -0,09343 -0.17515 -0.20395 -0.1736 1 
0,8993 0.4008 0.1 133 0.0644 0.1165 O , 

-0.26255 -0,19177 0.62889 0.81944 0,80882 0.03064 1 
0.0165 0.0824 0.0001 0.0001 0.0001 0.7833 O 

83 
HIPHT 

0,0118 0.0392 0,0001 0,0001 0.0001 0.6472 0,0001 O 
-0,35653 -0.22798 0,82991 0,94285 0.87664 -0.19538 0.82647 0.88933 1 

83 
LTCL 

0.0009 0.0382 0,0001 0,0001 0.0001 0.0767 0,0001 0.0001 O 
-0.11019 0,07237 0.09862 0,0407 0.1 1173 -0,14567 0,00606 0,0195 -0,03491 1 

83 
LHEL 

0.7308 0.7052 0,0274 0,1699 0.0725 0,7346 0,9678 0.6376 0,7966 0,0001 O 
-0.39004 -0,32824 0,80845 0.9177 0,86892 -0,09165 0.78466 0.851 16 0.9461 1 0.09077 O, 1 1905 1 





Appendix D 

Study 2: Means and Standard Deviations by abject by kinematic measure. 



Table 14: Leading toe clearance 

High- 

Age 
26 

30 

39 
L 

38 

41 

45 
L 

46 
I 

47 

46 

51 
P 

51 

52 

58 

59 

65 . 
68 

73 

73 

72 
7 

High- 
Uares 
Mean 
4.02 

5.07 

8.69 

1038 

12.52 

7.09 

19.78 

13.82 

5.07 

5.74 

12.65 

10.72 

10.65 
- 

11.98 

4.81 

8-69 

13.01 

6.63 

13.45 

WaltEx 

15 

19 

22 

29 

31 

33 

34 

35 

35 

40 

40 

41 

41 

46 

55 

55 

57 

61 

62 

Subject 

D 
P 

K 
S 

F 

M 
B 
H 
1 

C 

E 

A 

R 
J 

G 

O 

Q 

L 
N 

b w -  
Urnes 
Mean 
1.80 

231 

5.55 

533 

5.57 

5.49 

6.01 

6.86 

5.87 

3.68 

8.96 

739 

6.64 

753 

3.55 

4.31 

650 

8.37 

5.45 

b w -  

SD 

1-05 

1.41 

1.79 

2.21 

0.78 

1.98 

252 

2.36 

2.21 

1.01 

1.40 

3.92 

239 

1.67 

3.08 

0.86 

3-46 

2-19 

1.70 

R a t  
Mean 

2.08 

251 

4.67 

4.95 

8.27 

5.67 

5.66 

6.40 

5.52 

3.67 

8-78 

8.83 

6.23 

7.10 

4.25 

4.88 

7.87 

8.58 

657 

SD 

1.25 

1.50 

0.79 

1.16 

3.21 

1.79 

0.68 

4.06 

1.95 

2.43 

3.49 

1.93 

1.08 

0.73 

2.02 

1.73 

5.37 

2.05 

0.84 



Table 15: Trait hg toe clearance 

Rest Unr es Rest 
SD Mean SD Mean SD Mean SD 



Table 16: Leading bot placement prior to the obstacle 

1 Age (WalLEn (Subjaci 



Table 17 : Head pitch angle magnitude ia Phase 1 

H i e -  
Rest 

SD Mean SD 

5.62 8.05 3.75 

5.01 8.41 5.61 
l 

22.02 22.60 4.24 

Rest 
X q I Y  1 Age lWa" l~ubjectl Muin ( SD 



Table 18: Head Pitch Angle Magnitude in Phase 2 

Law- bw- 
Unres Rest 

Age (~alkExp (~ubject Mean ( SD Mean 



Table 19: Head Pitch Angle Magnitude at Re-Obstacle Phase. 

Age 
I 

26 

30 

39 

WallrExp 

15 

19 

22 

h w -  
Unr es 

Subject 

d 

p 
k 

Mean 

858 

6.06 

13.67 

11.29 

SD 

9.62 

3.40 

12.47 

b w -  
Rest 

41 

45 

46 

47 

46 

51 

51 

52 

58 

59 

65 

68 

73 

73 

72 

Mean 
4.87 

3.21 

4.26 

6.77 

3.69 

7.69 

18.16 

9.03 

12.22 

9.70 

9.60 

7.74 

6.55 

752 

8.17 

6.87 

5.25 

10.27 

7.10 

SD 

2.23 

2.27 

3.37 

2.76 

1.94 

638 

5.13 

3.42 

8.72 

3.08 

2.67 

2.60 

2.40 

353 

2.73 

4.65 

1.90 

5.94 

3.73 

High- 

7.75 

2.64 

12.06 

13.67 

10.41 

5.22 

7.65 

6.87 

8.75 

4.88 

430 

8.00 

5.25 

8.85 

8.42 

3.59 

31 

33 

34 

35 

35 

40 

40 

41 

41 

46 

55 

55 

57 

61 

62 

Unres 
Muui 

4.15 

4.12 

5.80 

6.30 

1.76 

11.10 

4.16 

5.77 

3.67 

3.77 

2.82 

2.93 

3.22 
1 

3.55 
4 

4.00 

4.02 

5.55 
1 

3.47 

1.89 

- 

High- 

SD 

1.61 

1.44 

2.12 
-y--- 

Rest 
Main 
10.42 

2.96 

7.67 

f 

m 

b 

i 

h 

c 

e 

a 

r 

j 

g 
O 

q 
1 

n 

SD 

14.33 

1.10 

4.96 

6.70 

6.65 

9.73 

5.08 

4.21 

8.50 

6.85 

6.90 

6.79 

€155 

5.39 

8.09 

5.80 

4.94 

6.69 

2.81 

2.90 

4.70 

1.98 

3.13 

3.47 

5.65 

3.06 

2.96 

134 

2.64 

5.35 

33.8 

1.41 

2.44 

4.58 

8.07 

7.45 

7.16 

6.07 

939 

3.62 

5.97 

6.81 

3-14 

5.38 

4.05 

4.85 

5.05 

237 

1.72 

3.89 

3.81 

2.81 

4.43 

3.22 

2.18 

2.84 

3.65 

2-14 

3.83 

2.44 

3.15 

2.23 

1.58 



Table 20: Head Pitdi Angle Magnitude at Post-Obstacle Phase. 

High- l Urnes 
Age WaIkExp Subject Mean 

Ti&&+& 



Study 2: Conelation Matrices of Limb Kinematics by Condition 



Table 21: Correlation Matrix - Limb Kinematics - Condition # 1 

(MASS 1 0.93163 1 1 

EYEHT 
EYEHT IMASS IW Exp 1 AGE ~GWDER IFAIL ~LEG ~LTCL (TICL ~FFPL 

1 

1 

LEC) 

1 

LTCL 

0,0168 0,0325 0,0001 0,0002 0.0839 O 
0,2104 0.21 18 0,19192 0.16904 0,01599 -0,08594 1 
0,0505 0.0489 0,0749 0,1175 0,8831 0.4287 O 
0.3563 0.26071 0,3292 0.34101 0,08276 -0,39661 0,14053 1 
0,0007 0.0 147 0.0018 0.0012 0.446 0.0001 0.1942 O 



Table 22: Correlation Matrix - Limb Kinematics - Condition # 2 

EYEHT 
88 

EYEHT [MAS IW Exp 1 AGE IGenda IFAIL ~LEG ~LTCL [TEL I ~ L  4 

1 
O 

88 
L 

LTCL 
0.9968 0,9001 0,9038 0 . 8 W  0.9847 0.2715 O 
0,36627 0,30289 0.34958 0,34877 0,02987 -0,40933 0,07737 1 





Table 24: Correlation Matrix - Limb Kinematics - Condition # 4 

92 
1 

AGE 
0,0001 0,0001 O 

0.92532 0,95235 0.9879 1 



Study 2: Correlation Maîrias of Head Motion by Condition 



Table 25: Correlation Matrix - Head Motion - Condition # i 

EYEHT 
79 

EYEHT IMASS IW ~ x p  ~AGE IGender IFAIL ~LEG ~ P H ~ M  ~PHW ~PREM ~POSTM 
7 

1 
O 

MASS 
79 

0,9215 1 
0.0001 O 

79 
AGE 

0,oOOl 0.0001 O 
0,91446 0.94854 0.98696 1 

tJl 

PH2M 
79 

PREM 

79 
LEG 

4,04467 -0,10613 -0.13726 -0,11582 0.07572 0.08081 0.0257 -0,03901 1 
0,6959 0,3519 0.2277 0.3094 0.5072 0,479 0.8221 0,7467 O 

-0.177% -0.OWS9 -0,1451 -0,11532 -0.15991 0.03121 -0.05593 -0,11794 0.15486 1 
79 

1 

POSTM 
79 

0.06 0,1432 0,0027 0,003 0.087 O 
0,27898 0,25876 0,23075 0,19966 -0.00389 -0,09852 1 

0,1166 0,4272 0.202 0,3115 0,1592 0.7848 0,6244 0,3273 0,173 O 
0,0573 0,06811 0.0235 0.04785 0,1192 0,10016 0,09786 0,24659 0,25425 0,09634 1 
0,6159 0,5509 0,8371 0.6754 0.2954 0.3798 0.3909 0.0382 0.0238 0.3983 O 



Table 26: Correlation Matrix - Head Motion - Condition # 2 

MASS 0,93645 1 
O 

EYEHT 
EYEHT IMASS IW Exp JAGE IOender IFML ILEG ~ P H ~ M  J P H ~ M  ~PREM IPOSTM 

1 _.... 

82 
Gender 

82 
F N L  

0,0001 0.0001 0.0001 O 
0.30943 0,25344 0.19467 0,21522 1 
0,0047 0.0216 0.0797 0.0522 O 

-0.22701 -0,15602 -0,33368 -0,32575 0.23687 1 

82 
PREM 

82 

0,0041 0.011 0,0671 0,0267 0.OûO1 0,9386 0.7691 0.1349 O 
4,05208 -0.10877 4.1315 4.13385 0.06772 -0.00442 0,21828 0.1483 0,38521 1 
0.6421 0,3307 0,239 0.2306 0.5455 0.9686 0.0488 0.1893 0.0004 O 

POSTM 
82 

0,21401 0.16426 0.14035 0,1875 0.25126 -0,06407 0,07376 0.28646 0,51302 0.19415 1 
0.0535 0,1403 0.2085 0.0916 0,0228 0,5674 0.5102 0,Ol 0.0001 0,0805 C 



Table 27: Correlation Matrix - Head Motion - Condition # 3 

- 
EYEHT 

89 

AGE 0,89633 0.95044 0,98561 1 
89) 0.0001 O.OW1 0.0001 O 

EYEHT ~MASS IW Exp ~AGE [Gender (FNL (LM ~ P H ~ M  ~ P H ~ M  IPWM (POSTM 
1 
O 

MASS 
89 

0.90423 1 
0.0001 O 

89 
PREM 

0.2213 0,1234 0,2479 0.1894 0,155 0,3805 0.3654 0,3457 O 
0,09881 0,05084 0.07268 0,06064 -0,01857 0.05525 -0.2876 -0,04694 0,06933 1 

89 
POSTM 

89 

FAiL 
, 89 
I 

LEC 
89 

P H l M  
83 

PH2M 

0.3569 0,6361 0,4985 0.5724 0.8629 0.6071 0,0063 0.6735 0.5186 O 
1 

0.09778 0.0719 0,01979 0.05898 0,24697 0,12936 0.14228 0.25634 0,38012 0.11071 1 
0.362 0.5031 0.854 0,583 0.0196 0,227 0,1835 0.0193 0,0002 0,3017 O 

-0.13717 4,12415 -0,26697 -0.26628 0,29171 1 
0,1999 0.2464 0.0114 0,0117 0.0055 O 

l 

-0,15101 -0.17971 -0,21012 -0,1963 0,01062 -0,03568 1 
0.1578 0,092 0.0481 0.0652 0.9213 0.7399 O 

-0.16881 -0,15822 -0.15955 -0.1467 -0.0721 1 0.00879 O. 14879 1 
0.1271 0.1531 0.1497 0,1857 0.5171 0.9372 0,1794 O 

0,13093 0,16454 0.12377 0,14041 0.15202 -0,09408 -0.0971 Oe10481 1 



Table 28: Correlation Matrix - Head Motion - Condition # 4 

AGE 
86 

Gender 
86 

FAIL 
86 

0.9176 0,94865 0,98607 1 
0,0001 0.0001 0,0001 O I 

0.33 0,26252 0.2099 0.22453 1 
0.0019 0.0146 0.0524 0,0377 O 

-0.18588 -0,12694 -0.30362 -0,29285 0,29688 1 
0,0866 0.246 0.0045 0.0062 0,0055 O 

86 
PREM 

0,0036 0.0064 0,0996 0,0162 0,0047 0,8028 0.6081 0.1911 O 
-0.06613 -0,03852 -0.0882 -0,08772 0.06898 0.09171 0,05 195 -0.05193 0.07845 1 



Study 3: Means and Standard Deviations by subject by kinetic variable. 



Table 29: M e  Muscle Moment. 



Table 30: Knee Muscle Moment. 
. 

Obs&de 
1 

- 

Age WalkBp Subject Mean 

26 13 S -0.129 
I 

31 14 I -0.271 

36 24 C 0.020 



Table 31: Hip Muscle Moment 



Appendix E 

Shidy 3: Correlation Matrices by Obstacle. 





Table 33: Correlation Matrix - Obstacle # 2 

1 IW Exp (0bstl-I~ l 0 b s t w ~  ~ H ~ P H T  l ~ n k l e  IKnee I ~ i p  1 

- .  

MASS 
24 

- - 

-0.5002 -0.16031 1 
0.0128 0,4543 O 

24 
W Exp 

0,0003 0.335 0.0001 O 
-0.70725 -0.05008 0.84181 0,93061 1 

23 

Hip 

0.3688 0.2192 0,1806 0.1369 0.1442 0.4693 0.4026 0.3149 0,5406 O 
-0.05922 0.18154 -0.00816 -0.04028 -0.1268 -0.04379 -0.0734 -0,0222 0,67761 -0,10341 1 





Table 35: Correlation Matrix - Obstacle # 4 

37 
W Exp 

0.0001 0,0528 0.0001 O 
I 

4.60102 4.25875 0.86852 0.97068 1 

36 
Hip 

0.189 0,6401 0.8285 0,4581 0.5045 0,9064 0,5128 0.9638 0,0375 O 
i 

-0.24561 -0.11916 0.05349 O, 18913 0. 17295 0,01726 O. 1809 0.03955 0.94897 0.90145 1 




