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Abstract

The primary focus of this thesis was to examine the development of
obstacle avoidance strategies in children. In particular, the role played by vision in
modulating the locomotor pattern over obstacles was investigated. A theoretical model
was proposed and its components were addressed. In order to pursue this goal, three
studies were planned and conducted.

The goal of the first study was to characterise the contribution of visual
exteroceptive input to obstacle avoidance strategies. Exteroceptive information refers to
identification of location and features of objects and surfaces in the environment. For a
child, the perception of exteroceptive information and the appropriate motor pattern
modulation of the intended action are processes that are developed through sensory-motor
integration. Exteroceptive information was manipulated through a combination of two
obstacle heights and two obstacle widths, all with high contrast between the obstacle and
the ground. Subjects (n=25, 2 to 58 months of walking experience) were asked to step
over an obstacle placed in their travel path. Video recording with a split screen two-
camera system was done to qualitatively document each child’s performance. Seven
IREDs were placed on specific anatomical landmarks (right and left hip and toe, right
knee, ankle and heel) and sampled using the OPTOTRAK motion analysis system
(Northern Digital, Canada). From the displacement of the markers from leading toe off to
trailing foot contact, four dependent measures were obtained: leading and trailing toe
clearance, leading hip elevation and leading foot placement before the obstacle. Results
from the qualitative measures did not reveal developmental trends, indicating that children
were able to perform the task but they need to tune their limb trajectories to safely clear
the obstacle. The kinematic measures confirmed the qualitative results indicating that
obstacle height influenced the modulation of the limb displacements over the obstacle.

The second study examined the role of exproprioceptive information in modulating

the locomotor pattern over obstacles. Exproprioceptive information refers to the
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identification of the body parts relative to one another and relative to the objects and
events in the environment. Exproprioceptive information was manipulated through a
combination of two obstacle heights with low contrast and by either restricting or not
vision from both limbs. Subjects (n=20, from 8 to 62 months of walking experience) were
asked to wear a neck collar and step over an obstacle placed in their travel path.
Qualitative video analysis was performed as in the first study. Kinematic analysis was done
on the displacement of five IREDs (right and left eye, shin and right and left toe) to obtain
gait and head parameters. The results from the qualitative measures (failure rate) exhibit a
developmental trend, indicating that a more challenging environment was necessary to
exhibit this trend. Gait kinematic measures (leading and trailing toe clearance and foot
placement before the obstacle) replicated the results of the first study. Head kinematic
measure (pitch angle magnitude) revealed a developmental trend in spatio-temporal
acquisition of exteroceptive and exproprioceptive information, especially when vision was
restricted.

The third study focused on the contribution of the effector system’s intersegmental
dynamics during locomotion over obstacles through a kinetic analyses of the swing limb.
Kinetic analysis offers a special opportunity to verify the exploitation of the passive and
active forces acting on the limb during the swing phase. Successful trials from the first
study were reanalysed through the inverse dynamics technique, which allows the isolation
of the muscle moment from motion dependent moments and gravity. The muscle moments
around the hip and the ankle joints were modulated as a function of obstacle height. This
modulation revealed that the nervous system was actively controlling the swing limb
flexion over the obstacle, even though it is not efficient.

The results of the three studies support the proposed theoretical model.
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Introduction

Independent walking is a critical milestone in a child’s development. The
development of over ground independent bipedal locomotion in children has been
extensively studied since the early 1930s (Shirley, 1931; McGraw, 1932; McGraw, 1940;
Bernstein, 1940; Zelazo, 1983; Wickstrom, 1983; Sutherland, et al., 1988). Kinematic,
kinetic, and muscle activation patterns during locomotion over level ground have been
well documented (Shirley, 1931; Sutherland, et al., 1988; Wickstrom, 1983; Zelazo, 1983;
Bril et al., 1993; Forssberg, 1985; Bronstein et al., 1996). Since a child: a) must interact in
an adult-oriented environment (i.e., house furniture, stairs, curbs), b) has immature and
non- integrated perceptual and motor systems, and c) demonstrates insufficient posture
and balance control, it is essential to understand the relationship between the structures
and processes that modulate a robust system so an individual can successfully act in the
environment.

Parents attempt to decrease the demands of their child’s environment by clearing
obstacles from the travel path during the transition from supported walking to the onset of
independent locomotion. Following the emergence of independent locomotion, children
begin to interact within a challenging and complex environment. However, as Shumway-
Cook and Woollacott (1995) pointed out, the study of the developmental adaptations of
walking over obstacles has not been adequately addressed. Rosengren and Wells (1994)
qualitatively described walking over obstacles (2, 4, 8, and 16 cm) in three- and four-year-
old children. Gait adjustments were observed prior to (i.e., shorter strides and reduced

velocity of locomotion), over (i.e., raising the arms, leaning forward), and after (such as



toe landing first) the obstacle and were dependent on obstacle height. Patla, Prentice and
Gobbi (1996) reported preliminary results on obstacle avoidance strategies in children.
High failure rate and poor control of limb trajectory characterised the gait patterns of
children as they stepped over obstacles.

Toys located on the ground are common obstacles encountered by a child. To
avoid the toy or obstacle, the child must identify the obstacle in his/her environment and
use the sensory information received to select an appropriate obstacle avoidance strategy.
The selected strategy could involve sensori-motor transformation so that the lower limbs
successfully clear the obstacle. Alternatively, the child may choose to avoid the obstacle
by simply travelling around it. Successful obstacle avoidance requires the integration of
visual and kinesthetic sensory input with the dynamics of the effector system, which
include muscle strength and joint range of motion. The major goal of the thesis was to
study the characteristics of obstacle avoidance strategies in children following the
emergence of independent bipedal locomotion and thus document sensori-motor
transformation development in children. The following sections address the perception and

action components that are crucial for obstacle avoidance.

Sensory Information (Perception)

According to the followers of the Perception-Action Theory (Gibson, 1979;

Gibson, 1982; Adolph et al., 1993), the concept of affordances represents the link between

external information and the performed action. Affordances are invariant combinations of



properties of the objects and events of the environment taken with reference to the animal
(Gibson, 1979; Gibson, 1982). Light reflected from textured surfaces and objects that rest
on the surfaces form an ambient array available to an observer. The ambient array is
detected by the retina. For an aduit observer, the detection of the ambient array occurs
directly and controls action. However, for a child that has just recently developed
independent locomotion and has an immature visual apparatus, the perception of the
invariant properties of the environment and the appropriate motor pattern modulation of
the intended action are processes that develop through sensori-motor integration. Infants
can detect object properties through exploration and learn how to modify their actions
accordingly (Adolph et al, 1993). Thus, "the human young must learn to perceive
affordances" ((Gibson, 1982) p. 406). Then, when a child has to make a decision for one
among the obstacle avoidance strategies to safely walk in a cluttered environment, his/her
decision may also depend on body scale. Body scale refers to the internal representations
of the external objects and events according to the subject’s body features. A child
explores the environment, builds his/her affordances and continually updates them
according to his/her asymmetric physical growth in order to keep affordances adjusted to
body scale. The anthropometric characteristics of a child are intrinsic in his/her
affordances. Body scale, as well as perception, also implies control of action. Affordances
are directly detected and guide actions. Thus, obstacle height and width should be based
on the anthropometric characteristics of the children in accordance with the affordance
principle.

In order to perceive affordances and to clear an obstacle in an efficient and safe

manner, sensory information from the visual system must be used. Visual input is



especially crucial in order to finely modulate the locomotor pattern to adjust to the
demands of the environment. Let us review some important aspects of the visual system
and how it develops.

Chandna (1991) has discussed the rapid progress of visual function from relative
immaturity within the first 6 to 8 months of life to reaching adult levels by the age of five.
Hood (1988) emphasized that developmental changes in visual perception during the first
year of life involve major retinal changes. Rods and cones, the light-sensitive cells of the
human eye, are located in the retina. In the adult's retina, rods are responsible for gross,
black-and-white vision while cones respond to fine lines and colour. Cones are
concentrated in the fovea, a 0.7 mm spot located in the center of the retina. Foveal vision
permits us to see most of the environment. In a newborn’s retina, rods are quite mature
but the same cannot be said about the cones. The immature fovea of the newborn allows
for only a poor sensitivity to contrast (Banks et al., 1988). The fovea is not fully formed at
birth because cones are both distributed 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
newborn requires more light than an aduit. So in order for a newborn to distinguish
between two levels of light, the difference between the two light levels must be greater
than for an adult. Compared with that of adults, the visual acuity in neonates is also
limited. The newborn’s perception of the environment may be similar to that of subjects
with age-related maculopathy (i.e., degeneration of the fovea). However, at the end of the
first year, infants show a huge improvement in their abilities to see lines (Banks et al.,

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



first five years oi’ human life (Movshon et al., 1988).

Foveal immaturity is not solely responsible for poor visual acuity in newborns.
Stanley (1991) has pointed out that the increasing functional independence of the
columnar units in the striate cortex also improves visual perception. This columnar
independence is achieved by the linkage of cells extending from the cortical surface to the
subcortical white matter in a mature cortex. However, Stanley (1991) has discussed the
necessity of electrophysiological and psychophysical studies in fetuses and infants to
elucidate the relationship between the developing columns and the mature hypercolumns.
The mature hypercolumns in the striate cortex allow for an accurate visual perception of
the environment.

Visual acuity, the spatial properties of visual performance, involves contrast
sensitivity, the ability to discriminate different levels 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 visual
acuity in 231 toddlers ranging 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-time decreasing from 3.42 minutes at 12 months to 2.26 minutes at 36
months. Their results also showed a linear improvement in visual acuity according to age:
at 12 months the mean binocular acuity was 4.5 minutes of arc while at 36 months it was
1.2 minutes of arc. It is also important to note that during the first year, the infants had
opportunities to experience some rudimentary forms of locomotion such as crawling and

supported walking. The temporal coincidence of the maturation of the fovea and the



emergence of independent locomotion may affect obstacle avoidance strategies.

The visual system extracts two types of information required to promote a safe and
low energy cost locomotion over obstacles: exteroceptive and exproprioceptive
information. Exteroceptive information refers to the identification of locations and
features of objects and surfaces in the environment (Gibson, 1979; Gibson, 1982). Human
individuals mainly extract exteroceptive information through the use of vision; however,
infants and blind people can extract exteroceptive information through haptic and auditory
inputs. During locomotion over uneven terrain, exteroceptive input is necessary to plan in
advance adaptive strategies. Information received about the obstacle characteristics (i.e.,
dimensions, and location of the abstacle) and the terrain properties allows us to adapt
accordingly. Sensori-motor transformation integrates the sensory information received in
order to modulate the effector system to produce adaptive locomotor patterns. Past
research in young and older adults which manipulated exteroceptive information by
altering obstacle and terrain properties (Patla et al., 1996; Patla et al., 1995b; Patla et al.,
1993a; Patla et al., 1993b) are described below.

Research investigating the manipulation of exteroceptive information and its
effects on obstacle avoidance strategies in children has been limited. Rosengren and Wells
(1994) qualitatively described walking over obstacles (2, 4, 8 and 16 cm high) 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, children performed
more anticipatory adjustments, such as decreasing both the stride length and the velocity
of locomotion. Postural adjustments such as leaning forward and raising the arms were

observed when the children stepped over the obstacle. After the obstacle, younger children



especially landed on the toes of the foot. Interestingly, all the changes observed when
stepping over obstacles are also observed early in the development of the walking pattern.
These behavioural changes may indicate a regression in motor pattern, which occurs when
challenging situations are encountered by a child. Patla et al. (1996) assessed the
kinematics of obstacle avoidance strategies as children stepped over obstacles of different
heights (0.5, 6 and 14 cm). Children ranged in age from 14 to 30 months. The subjects
showed a large safety margin as revealed by higher toe clearance values for all obstacle
heights. They had similar toe clearance values for the leading and trailing limbs, except
when stepping over the highest obstacle. Qualitatively, subjects experienced great
difficulty with the smallest obstacle (0.5 cm height), either hitting, stepping on, or
touching the obstacle more often with the leading and/or trailing limb. The relative
contribution 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. Based on relatively small changes documented in the angular
displacements of the hip, knee and ankle joint, it was speculated that the larger
contribution of hip hiking to toe clearance may reflect an inability to exploit the passive
intersegmental dynamics of the system to achieve swing limb flexion over obstacles.
Another critical kinematic measure was the leading limb foot 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 from 14% (i.e., foot placed close to obstacle) to 65%, a value which is
closer to that observed for young adults. Patla et al. (1996) proposed that the ingredients

of the skilled locomotor pattern over obstacles are not yet sculpted or integrated in



children as indicated by the poor avoidance strategies observed.

Ascent and descent locomotion on ramps with different slopes (i.e., alteration of
terrain properties) was studied in 14-month-old children (Adolph, 1995). The major
purpose of this study was to assess psychophysically the child’s perceptual judgement
accuracy and his/her motor skills to go up and down slopes. The results showed that, on
average, perceptual judgements were scaled to locomotion skills on slopes. Visual and
tactile perceptual judgements were related to the slope angles, that is, infants crawled
instead of walked on the steeper slopes. The choice to crawl instead of walk at the steeper
slopes revealed a regression of the locomotor pattern, as observed by Rosengren and
Wells (1994). The children with more walking experience perceived the environment
better and explored the environment more efficiently by hesitating, touching or testing the
slope before making the decision about which locomotor pattern to use for the task. It has
been suggested that tactually or visually exploring 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. Exproprioceptive information refers to the identification of
the body parts relative to one another and relative to the objects and events in the
environment and is provided by vision (Gibson, 1979; Gibson, 1982; Lee et al., 1986).
Exproprioceptive inputs provide information about the orientation of limbs and their
positions and velocities as they go over obstacles. Thus, exproprioceptive information
plays a role in the control of limb elevation (Patla et al., 1995b) and is necessary for
walking over obstacles because subjects must tune their body segment’s motion to ensure

safe clearance. The leading limb and the obstacle can be seen when stepping over the



obstacle but the trailing limb and the obstacle are not viewed when crossing over the
obstacle. Through a comparison of the leading versus trailing limb trajectories, it is
possible to investigate the role of exproprioceptive cues in the control of locomotion.
Another way to examine the contribution of exproprioceptive information during walking
over obstacles is to restrict the view of both limbs. This restriction can be accomplished
by asking subjects to wear goggles (Patla et al., 1993b; Patla et al., 1995b), or a collar or
to hold an object in front of their body. Under visual restrictions, subjects may plan
adaptive strategies several steps prior to the obstacle and/or mouitor the leading limb over
the obstacle through forward flexion of the neck.

Patla et al. (1993b) conducted 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 presence and absence of exproprioceptive input (goggles vs.
no goggles) were combined. The major finding was related to compensation by the
kinematic parameters of gait when exproprioceptive information was absent. Specifically,
subjects showed an increased toe clearance and an anterior foot placement at toe-off
before the obstacle both for the leading and trailing limbs when vision was restricted. A
second study by Patla et al. (1995b) analysed how exproprioceptive information affects
the kinematic parameters of the locomotion over solid and fragile obstacles in young
adults by comparing the leading limb versus the trailing limb. An increase in trailing limb
toe clearance was expected; however the subjects revealed similar lead and trail toe
clearance results within the same obstacle feature. The lack of visual exproprioceptive
input resulted in higher variability in elevation of the trailing toe over obstacles. These

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



facilitates the trajectory of the trailing limb.

Another type of information also necessary for locomotion is kinesthetic
information. Kinesthetic input provides information about stance and swing limb position
and velocity and body orientation referenced to the ground. Muscles and joint receptors
are responsible for providing kinesthetic input, which assists limb elevation over obstacles.
The knowledge of the toe location is necessary in order to provide an adequate safety
margin over the obstacle. Intersensory coupling between the visual and kinesthetic systems
and sensorimotor coupling or transformation are necessary for safe and efficient obstacle
avoidance. The ability to combine sensory information and act on it accordingly allow
individuals to effectively adapt their obstacle avoidance strategies to a changing
environment, a skill not 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 effector system, which includes the bones, muscles, peripheral nervous
system and the soft tissues, undergoes extensive changes during infancy and childhood.
These changes are not only morphological but also functional, such as muscle force, range
of motion and the relationship among the component parts of the effector system. The
utilisation of the effector system dynamics in the expression of posture and locomotion has

been shown (Shumway-Cook et al., 1995; Schneider et al., 1990; Jensen et al., 1994;
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Ulrich et al., 19‘,;4). Let us focus now on some aspects of the development of posture and
their implication for locomotion related to the effector system.

Shumway-Cook and Woollacott (1995) presented an elegant literature review
about the theories of postural control development. The development of postural control
occurs continually as the different sensory and motor systems develop, but the behavioural
manifestation is discontinuous with some regression observed as the children include new
strategies in their repertoire. Acquisition of independent locomotion forces children to
control dynamic equilibrium against gravity. Even though it has been said that young
children are “fearless” because they are closer to the ground, head size and weight bring
up their centre of mass to the T12 level in comparison to L5-S1 in adults (Shumway-Cook
et al, 1995). The location of the center of mass, 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
interesting that children 4 to 6 years-old showed slower and more variable postural
responses to applied perturbations than 15-month- to 3 year-old and 7- to- 10 years of
age. The electromyographic (EMG) results also suggested a regression in the postural
response organisation (Shumway-Cook et al., 1995). Exproprioceptive and exteroceptive
input are also necessary for the dynamic control of posture; an important consideration
when stepping over obstacles. When children then have to deal with a complex
environment such as obstacles in their travel path, balance control can not be
compromised and must be considered in the selection of the proper avoidance strategies.

Effector system properties include muscle strength and joint range of motion, and

intersegmental dynamics refer to the passive forces and moments acting on the multi-
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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) deals separately with movement dynamics (forces and torques) and kinematics
(direction, velocity, acceleration). Inverse Dynamics Analysis (ID) attempts to explain
how the CNS controls limb movements based on the generation of joint torques. The
analysis takes into account not only muscle activity but also gravity and passive reaction
forces coming from the actions that contribute to the subsequent movement. In order to
generate smooth and efficient movements, the CNS must manage the mechanically linked
segmental masses moving through a three-dimensional gravitational field (Bernstein,
1967). Bernstein (1940) emphasized what he called "different effects of the same initial
innervation”. That is, there is not a one-to-one correspondence between force (of the
muscles) and movements (of the limb) because the initial conditions (position, velocity and
force field) may change from time 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 analysis is a technique that can identify and quantify both the
underlying forces and joint patterns acting on limbs and their changes with context and
experience (Schneider et al., 1990). The method of inverse dynamics is useful in order to
yield the active and passive components acting on limb joints during unrestrained motion.
The requirements to cotrectly perform the inverse dynamics calculations are accurate
measurements of segment masses, centres of mass, joint centres, and moments of inertia
(Winter, 1990). Intersegmental dynamics use a mathematical model of the human body

based on anthropometric measures (Schneider et al., 1990). The forces acting to produce
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movement are muscle forces, gravitational forces, and the motion dependent term (Winter,
1990). For a more specific literature review about the effector system refer to the
Introduction section of Study # 3. Based on the literature presented above and on an
extensive research data base investigating obstacle avoidance strategies in young and

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

Theoretical Model

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 illustrated in Figure 1. The metaphor is based on extensive research, in
young adults and elderly, investigating the parameters affecting obstacle avoidance
strategies, particularly vision, conducted by Patla and collaborators during the past decade
(Patla et al., 1989; Patla et al., 1992a; Patla et al., 1993a; Patla et al., 1993b; Patla et al.,
1994; Patla et al., 1995b). In the model, key components for successful, efficient obstacle
avoidance are summarized as pieces of a jigsaw puzzle. The components are visual
exteroceptive input, visual exproprioceptive input, kinesthetic input, effector system
properties, and intersegmental dynamics. The jigsaw puzzle metaphor reveals the
relationship within and between each key component and the changes that occur during
normal development and aging.

The authors argue that the components of obstacle avoidance strategies are

present in children but are neither sculpted nor integrated. During the development of
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obstacle avoidance strategies, the individual pieces of the puzzle are sculpted and
integrated to generate successful and efficient strategies as revealed in the puzzle
representing the young adult. It is assumed that development represents a combination of
both maturation and leaming processes supporting Karmiloff-Smith’s (1992) approach
that is time to understand development as an integration of some built-in knowledge and
experience. During the normal aging process, cracks appear in the puzzie 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.
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Figure 1. Key ingredients for successful, efficient obstacle avoidance strategy are
summarized as pieces of a jigsaw puzzle. During development of this strategy, the pieces
of the puzzle are sculpted and brought together. Under normal aging process chunks
(shown as shaded areas in the pieces) appear in the puzzle. Visual exteroceptive input
includes information about obstacle and terrain properties; visual exproprioceptive input
provides information about body and limb orientation and velocity; kinesthetic input
includes stance and swing limb position and velocity and body orientation referenced to
ground; effector system properties include muscle strength and joint range of motion; and
intersegmental dynamics refer to, among other things, the passive forces and moments
acting on the multi-linked skeletal system.

Rationale

The primary focus of this thesis was to examine the development of obstacle
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avoidance strategies in children. In particular, 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 conducted. The goal of the first study was to characterise the
contribution of visual exteroceptive input to obstacle avoidance strategies. The
development of obstacle avoidance strategies was studied by having children step over
obstacles of different height and width. The second study examined the role of
exproprioceptive information in modulating the locomotor pattern over obstacles.
Children stepped over obstacles of different height with normal vision or with vision of the
limbs restricted. The third study focused on the contribution of the effector system during
locomotion over obstacles using intersegmental dynamic analyses of the swing limb.
Exteroceptive input, exproprioceptive information and intersegmental dynamics are three
key ingredients of the puzzle (Refer to Figure 1). The decision to focus on these three
components was based on the assumption that vision is responsible for extracting
exteroceptive and exproprioceptive information from the environment and can be more
externally controlled and studied in a non-invasive laboratory setting than kinesthetic
input. The intersegmental dynamics analysis was chosen based on the results of both
skilled locomotor behaviour in adults stepping over obstacles (Patla et al., 1994) and
infants stepping on a treadmill (Ulrich et al., 1994).

The age of the subjects selected for all three studies ranged from the onset of
independent walking to age six. This age-group was chosen based on the learning phases
of locomotor behaviour proposed by Bril and Berniere (1992; 1993). The first phase is
characterised by the learning of dynamic postural control and it occurs in the first six

months of independent walking. Infants are learning how to integrate posture and

16



movement; a coﬁpling required for successful obstacle avoidance. The second phase is
characterised by the accurate integration of the available sensory information in order to
adjust gait parameters according to environmental demands. In the puzzle metaphor, Patla
et al. (1996) assume that the integration of the pieces to form the entire puzzle requires
time but occurs in parallel rather than in phases. At the same time that children are
integrating posture and movement they are also adjusting their movement to the
environmental demands. Thus, the view of the development of locomotion is on a
continuum, from the stepping reflex to adult skilled locomotor behaviour. The sculpting
and integration of the sensory information with the modulation of the locomotor pattern
occur continually over the developmental time course. These processes end when the
person is able to consistently deal with environmental demands, such as obstacles.
Obstacle avoidance strategies are behavioural manifestations of sculpting and integration
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
(from onset to age six of independent walking), reflecting the maturation and integration
of the sensory system and the modulation of the locomotor pattern according to the

environment.
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Study # 1

Kinematic Strategies for Obstacle Avoidance in Children:

Role of Exteroceptive Information.

Introduction

Exteroceptive information refers to the identification of locations and features of
objects and surfaces in the environment (Gibson, 1979; Gibson, 1982). In this study
exteroceptive information refers to the terrain characteristics, specifically the obstacle
location and the manipulation of the obstacle properties. The human individual mainly
extracts exteroceptive information through the use of vision. Infants and blind people
extract exteroceptive information by haptic and auditory input. Children explore the
environment, build their affordances and continually update them according to their
asymmetric physical growth in order to keep their affordances adjusted to their body scale
(Adolph et al., 1993). Body scale refers to the internal representations of the external
objects and events accordingly to the subjects body features. When a child has to choose
an obstacle avoidance strategies to safely walk in a cluttered environment, his/her decision
of which particular strategy may also depend on body scale. The anthropometric

characteristics of a child are intrinsic in his/her affordances. Body scale also implies
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control of action. Affordances are directly detected and guide actions. Thus, obstacle
height and width should be based on the anthropometric characteristics of the children in
accordance with the notion of affordance.

In this study, obstacle heights and widths were based on the toddler’s
anthropometric characteristics to respect the notion of affordance. It was expected that the
obstacle avoidance strategies would change during the development course. This could
indicate that the participants are learning to perceive affordances and acting accordingly.

Considering 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 children when they are stepping over
obstacles of different height and width. In order to address this issue, exteroceptive
information was manipulated by combining obstacle height and width. The primary
questions for this experiment were: a) does walking experience influence obstacle
avoidance strategies (i.e., limb trajectories over obstacles)? b) are there different variables
(i.e., subject anthropometrics, developmental characteristics, obstacle features, etc.) that

can explain or predict the obstacle avoidance strategies selected?

Methods

Subjects

Twenty-five children participated in the present experiment. Children, ranging in
age from one to six years, were recruited from the Kitchener and Waterloo communities.
Based on parent’s report, no child had any known visual deficits, neurological disorders or

musculoskeletal impairments. The gender, chronological age, walking experience, and hip
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height for each child were recorded and are presented in Table 1. Chronological age
ranged from 12 to 70 months. Walking experience, defined as the number of months of

independent walking, ranged from 2 to 58 months.

Procedures

Each child was instructed to walk and step over a white foam obstacle placed in
his/her travel path, 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, established using footprint cutouts, was identical for each child. The
distance from the footprint cutouts to the obstacle was 1.90 m. Exteroceptive information
was manipulated using a combination of two different 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 pilot study. Two
children brought into the laboratory for pilot testing refused to step over both the height
adjustable and the fragile obstacles. When they were asked for their preference, they chose
a solid piece of foam. Considering this limitation, the present study was planned then to

manipulate obstacle height and width.
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Table 1. Subject characteristics: gender, chronological age, walking experience, hip height,
body weight and total number of trials each child performed (NA stands for not available).

Subject | Gender | Chronolo- | Walking Hip Weight | Failure | Lead Leg | Trials
gical Age | Experience | Height | (kg) Rates | Preference | (#)
(months) | (months) | (cm) (%) (%)
A F 23 12 35.2 10 0 75 6
B M 27 11 39.2 15 54 76.5 25
C F 36 24 473 17 25 26.9 25
D M 60 47 57 16 4 66.7 26
E F 46 35 50.1 17.3 4 44 25
F M 25 16 41.3 14.3 8 63.6 12
G M 45 34 48.8 15.9 30 47.6 27
H F 56 43 50.3 18.6 19 76 25
I F 31 14 39.3 13.2 4 36 25
J F 36 26 43.2 16.4 33 304 27
K M 60 50 52.2 214 13 13 28
L M 43 31 44.1 15 22 11.1 26
M F 41 30 43.6 16.1 20 28.6 25
N M 69 54 62.5 25 12 52 25
o M 54 37 534 183 20 375 25
P M 34 25 42.1 16.3 4 83.3 25
Q M 70 58 56.6 245 16 56 25
R F 16 4 NA 13 NA NA 0
S F 26 13 38 14.1 24 50 26
T M 42 30 42.6 16.6 0 45.8 25
U M 12 2 NA NA NA NA 8
\" F 43 31 NA 15.9 NA NA 0
W M 49 38 NA NA NA NA 6
X F 12 5 NA 13.2 NA NA 7
Y F 16 2 NA NA NA NA 0

The height and width of each obstacle was determined from anthropometric

measures of leg length and foot length obtained from 18 children of different age (grouped

from onset to 16 months, 17 to 32 months, and 33 to 58 months of independent walking).
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The two obstacle heights for each age group were set to the average ankle and mid-shank
height of the children measured in that respective group. The two obstacle widths for each
age group were set to 40% and 80% of the average foot length. Table 2 shows the
different obstacles used for each age group. Thus, the actual height and width of each
obstacle were scaled according to the anthropometric measures and varied depending on
the walking experience of the child age group. Thus, obstacles were allocated for each
child according to their walking experience. The manipulation of obstacle height and
obstacle width was done primarily to compensate for presumed differences in body

anthropometrics across the developmental perspective.

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

Age Group 1 Age Group 2 Age Group 3
(ouaset to 16 months of (17 to 32 months of (33 to 58 months of
independent walking) independent walking) | independent walking)

Obstacle | Height Width Height Width Height Width
# (cm) | (cm) (cm) (cm) (cm) (cm)
1 4.1 54 4.1 54 54 7.0
2 12.0 54 14.6 54 15.9 7.0
3 4.1 10.2 4.1 11.1 54 14.0
4 12.0 10.2 14.6 11.1 15.9 14.0

Detailed locomotor changes required for obstacle avoidance were assessed using
an on-line OPTOTRAK motion analysis system (Northern Digital, Canada). Seven infra-
red emitting diodes (IREDs), sampled at 60 Hz, were placed on the right hip, right knee,
right ankle, right heel, right toe, left hip and left toe, to monitor limb trajectory over the

obstacle. Twenty-five completely randomized trials were performed: five trials for each



obstacle condition and five trials with no obstacle. Video recording with a split screen

two-camera system was also done to qualitatively document each child’s performance.

Data Analyses

Obstacle Avoidahce Strategies: Qualitative Video Analysis.

A qualitative assessment of the obstacle avoidance strategies employed by each
child was determined through video analysis. Obstacle avoidance success and failure rates,
as well as alternative strategies selected, were the three main categories used to describe
and classify each child’s performance. A trial was considered a success if the child stepped
over the obstacle without contacting the obstacle with either the leading or trailing limb.
Conversely, a trial was considered a failure if the child contacted the obstacle in any
manner (i.e., hit, kicked, or stepped on the obstacle). A trial was classified as an
alternative strategy if the child avoided the obstacle by walking around it or if the child
required assistance when stepping over the obstacle (i.e., held investigator’s hand). Table
1 presents the failure rate percentage of the total number of trials performed for each
child.

Leading leg preference 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 qualitative analysis of obstacle avoidance strategies only subjects that
refused to participate were eliminated. A total of 19 subjects in 474 trials were

qualitatively analysed.

Obstacle Avoidance Strategies: Kinematic Analyses.

Each trial was windowed from leading limb toe-off to trailing limb heel contact. A
representative trajectory profile of an individual trial is presented in Figure 2. A computer
program was used to interpolate any missing data points using a cubic spline procedure
(OPTOFIX, Mishac Kinetics). Data were filtered at 6 Hz and the selected kinematic
parameters were then calculated.

Many dependent variables could be selected from the limb’s trajectory profiles
when stepping over the obstacle. Key kinematic gait parameters measured included:

1. lead limb toe clearance (LTCL): represents the safety margin over the obstacle.
This dependent measure is important because a large safety margin implies avoiding trips
and consequently falls. Trips with the leading toe over the obstacle are dangerous because
the body centre of mass is moving away from the support base;

2. lead limb hip elevation (LHEL): ipsilateral elevation of the hip facilitates lead
limb flexion over the obstacle. However, a larger hip elevation, which is implicated in
larger lateral body sway, can compromise the system’s stability;

3. trail limb toe clearance (TTCL): as for leading limb, trailing toe clearance also
represents the safety margin over the obstacle. The risks for falls after tripping with the

trailing limb are smaller than for leading limb because the body centre of mass is moving

24



toward the base of support. However, the trailing limb and the obstacle are out of sight
and vision cannot provide on-line corrections;
4. foot placement of lead limb before the obstacle at toe-off (FTPL): represents

stride adjustments prior to the obstacle.
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Figure 2. A representative trajectory profile of an individual subject (H) stepping over
Obstacle # 4 (Ld refers to leading limb; Tr refers to trailing limb).

Figure 3 graphically illustrates the method by which these variables were determined.
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Figure 3. Schematic representation of the kinematic measures: lead limb toe clearance
(LTCL), lead limb hip elevation (LHEL), trail limb toe clearance (TTCL), foot placement
of the leading limb before the obstacle at toe-off (FTPL).

The kinematic parameters were analysed for a total of 406 successful trials for 19

children. Trials where the child failed to successfully step over the obstacle and trials
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where the child avoided the obstacle by walking around it were eliminated from the

kinematic analysis.

Statistical Analyses

A multiple regression analysis was chosen based on the sample distribution along
the walking experience continuum. With the previous distribution of the sample according
to age group, a non-homogeneous disparity of children in each age group was observed.
The chosen statistical analysis can offer more insight about the influence of independent
variables on dependent measures.

A multiple regression analysis was performed for each dependent measure and for
each obstacle. The backward elimination procedure was selected as the significance level
for each independent measure to fit the model (p < 0.10). A Cp procedure was performed
to confirm the best model for each dependent variable. Both procedures, backward
elimination and Cp were chosen because they account for any colinearity 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 mass, hip height and
gender); developmental features, DF, which reflect maturation and learning processes (i.
e., chronological age and walking experience); exteroceptive information, 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 foot placement before the

obstacle, leading hip elevation and failure rate).
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A generalised linear model (GLM) was conducted to examine the effects of
between- and within-subject independent variables on each dependent measure. The GLM
procedure allows categorical and continuous variables to be included in the model. In this
study, gender and leading leg were considered as categorical variables. All other variables
were considered continuous. The variables that were significant in the multiple regression
analyses were included in the GLM procedure for each dependent measure with an
acceptable level of significance at p s 0.05. The GLM procedure also allows the
determination of a specific mean square error to test the null hypothesis, which is
necessary in unbalanced models. The total number of trials performed by each child (Table
1) reveals that the present study has an unbalanced design. Between-subject comparisons
were performed with subject as error term and within-subject comparisons had trials as
error term after the exclusion of all specific subject effects. A sample of the multiple

regression and GLM procedure are presented in Appendix A.

Results

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

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

Appendix C.
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Developmental f'eatures: The statistical comparison across obstacles revealed that
chronological age significantly affected foot placement at toe-off before the obstacle (F;,
1= 4.68, p = 0.05, Figure 4). Among the muitiple regression resuits by obstacle,
chronological age predicted trailing toe clearance at obstacle # 1; leading hip elevation at
obstacle # 2; and trailing toe clearance and foot placement before the obstacle at obstacle
# 3 (Appendix C). Walking experience did not significantly affected any of the dependent

measures. However, it is a predictor for leading hip elevation at obstacle # 2.
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Figure 4: Main effect of chronological age on foot placement at toe-off prior to the
obstacle (FTPL).

Anthropometric Variables: Body mass significantly affected trailing toe clearance (Fy, ;2 =
12.81, p = 0.004, Figure 5) and foot placement at toe-off prior to the obstacle (F, 13 =
18.31, p = 0.0009, Figure 6) as the statistical comparison across obstacles showed. Two

interactions were statistically significant: body mass and leading toe clearance on trailing
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toe clearance (Fy, 2s7= 13.04, p = 0.0004, Figure 7); and body mass and obstacle height on
leafing foot placement before the obstacle (Fy, 274 = 4.29, p = 0.04, Figure 8). Body mass
was a predictor for leading and trailing toe clearance and foot placement before the
obstacle at obstacle # 1; and leading hip elevation at obstacle # 2 (Appendix C). The
multiple regression analyses revealed that hip height explained leading and trailing toe
clearance at obstacle # 1; and leading toe clearance at obstacle # 3 (Appendix C). Geader
could not affect any of the dependent measures; however, it could predict leading hip

elevation at obstacle # 2; and foot placement before the obstacle at obstacle # 3 (Appendix

Q).
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Figure §: Main effect of body mass on trailing toe clearance (TTCL).
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Figure 6: Main effect of body mass on foot placement prior to the obstacle (FTPL).
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Figure 7: Interaction between body mass and leading toe clearance (LTCL) on trailing toe
clearance (TTCL).
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Figure 8: Interaction between body mass and obstacle height on foot placement before
the obstacle (FTPL).

Exteroceptive Information: The statistical comparison across obstacles revealed two main
effects of obstacle height, first on trailing toe clearance (Fy, 2s7 = 24.04, p = 0.0001, Figure
9); and second on leading hip elevation (Fy, 2z = 20.01, p = 0.0001, Figure 10). Two
interactions were also observed: obstacle height and leading hip elevation on leading toe
clearance (F), 2» = 4.52, p = 0.03, Figure 11); and obstacle height and leading toe
clearance on trailing toe clearance (F;, 7 = 5.22, p = 0.02, Figure 12). The Muitiple
Regression Analyses showed that obstacle height explained leading and trailing toe
clearance and foot placement before the obstacle at obstacle # 1; trailing toe clearance,
leading hip elevation and foot placement before the obstacle at obstacle # 2; and foot

placement before the obstacle at obstacle # 4 (Appendix C). Obstacle width, according to
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the Muitiple Regression Analyses, explained leading hip elevation at obstacle # 2

(Appendix C).
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Figure 9: Main effect of obstacle height on trailing toe clearance (TTCL).
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Figure 10: Main effect of obstacle height on leading hip elevation (LHEL).
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Figure 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 statistical comparison across obstacles revealed that leading leg
preference had a main effect on trailing toe clearance (Fy, 27 = 5.52, p = 0.02, Figure 13);
another main effect of leading leg preference on leading hip elevation (Fy, 272 = 12.28, p =
0.0005, Figure 14). The Multiple Regression Analyses showed that leading leg preference
explained leading and trailing toe clearance at obstacle # 1; leading toe clearance and
leading hip elevation at obstacle # 2 and # 3; and leading toe clearance at obstacle # 4
(Appendix C). A main effect of leading toe clearance on trailing toe clearance (Fy, 257 =
17.96, p = 0.0001, Figure 15) and leading toe clearance on leading hip elevation (F, 272 =
12.28, p = 0.0005, Figure 16) were also observed. The Multiple Regression Analyses

revealed that leading toe clearance predicted leading hip elevation at obstacle # 1; and
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trailing toe clearance and leading hip elevation at obstacle # 3 (Appendix C). Leading hip
elevation explained leading toe clearance at obstacle # 3; and failure rates predicted

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

obstacle # 3 (Appendix C).
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Figure 13: Main effect of leading leg preference on trailing toe clearance (TTCL).
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Figure 14: Main effect of leading leg preference on leading hip elevation (LHEL).
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Figure 15: Main effect of leading toe clearance (LTCL) on trailing toe clearance (TTCL).
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Figure 16: Main effect of leading toe clearance(LTCL) on leading hip elevation (LHEL).

38



Discussion

When a child faced the experimental set up and was asked to walk from one end of
the carpet to another stepping over a foam obstacle, they had several choices: refuse, go
around, ask for guidance, purposely step on the obstacle to see what happens or step over
the obstacle as demonstrated. Even though the obstacles were body scaled within each age
group, they were not customised for each child. Over 16 months, the differences in body
characteristics and experience between children are notable. Since the body features and

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

Growth and Development: The results of this study revealed a developmental trend
in the use of hip hiking for modulating the leading limb elevation. Hip joint elevation was
used to raise the toe over the obstacle. This strategy supports the proximo-distal principle
in the development of motor control, 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 stability since balance control is still in the process of
development.

Leading toe clearance represents the safety margin over the obstacle and it is
important because a large safety margin avoids trips and consequently falls. Trips with the
leading toe over the obstacle can be serious since the body’s center of mass is moving
away from the support base at that time. Considering that chronological 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 can be attributed to maturation and experience.
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Thelen and collaborators (Thelen, 1990a; 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 growth. The
anthropometric measures, specially body mass can affect the strategies selected. Of note is
the variable hip height, which is positively correlated with step length in children
(Sutherland. et al., 1988), was negatively correlated with leading toe clearance (as hip
height increased leading toe clearance decreased, in obstacles # 1 and 3). This also
indicated that the system is modulating the hip joint to promote a more stable strategy to
clear low obstacles, the less challenging ones.

Leading hip elevation increased with age and decreased with walking experience.
Following the proximo-distal principle of developmental control, the central nervous
system should develop the control of hip first than the control of knee and ankle. Thus,
motor experience can be a better predictor 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 also positively correlated with body mass and
leg length (Sutherland et al., 1988), seems to be related with the maturational aspects of
the components of the effector system instead of their integration with the sensory
information. Since leading hip elevation facilitates toe clearance, the central nervous
system should control the muscles around the hip joint and the displacement of the limb
extremity would occur in a more economical way. It can reflect, as speculated in our
preliminary study (Patla et al., 1996), an inability to exploit the passive intersegmental
dynamics to achieve limb flexion over the obstacle. A kinetic analysis of the sﬁing limb

over the obstacle was performed in Study # 3 to address this issue.
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Affordances: The failure rate values, as shown in Table 1, indicate that the children
were generally able to step over the obstacle successfully. The absence of developmental
trends in failure rates indicates that children were able to perform the task but their system
performance is not yet robust, i.e., children need to tune their limb trajectories to safely
clear the obstacle. These results support the notion of affordances.

The visual or tactile exploratory activity and its refinement are components of the
learning process to perceive affordances (Gibson, 1988; Gibson et al., 1987). Since the
young kids in this 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
affordances for this task but they were not able yet to successfully and consistently guide
their action. In contrast, older children, after 35 months of walking experience did not
have failure rates greater than 20%. These small errors can also be attributed to distracting
events or result from exploration of a new way to perform the task. 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 slopes
(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, younger children had higher percentages of alternative
obstacle avoidance strategies. Children with less than 10 months of independent walking
were very smart, they always avoided the obstacle by going around it. This result revealed
that children with smail amount of walking experience can perceive actions afforded by the

obstacle. The results also showed that young children have a internal representation of
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their body limita_tions which can compromise postural stability. Children between 11 and
25 months of walking experience consistently asked for assistance when stepping over the
obstacle. Considering that the time in single-limb support during the flat ground gait cycle
in children approaches the adult level at age of 3.5 years (Sutherland et al., 1988), children
in this study that asked for 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 Wells
(1994) also observed similar postural adjustments when 3- to 4-year-old children stepped
over obstacles. Their children raised the arms and leaned forward over the obstacle. In this
study, the examiner was usually beside the child during the walking trial to prevent falls.
Young children smartly utilized the examiner’s hand as another source of support and
avoided single limb support at the obstacle. In doing that children showed a rudimentary
sensory-motor transformation. However, when children successfully stepped over the
obstacle and the kinematic measures could be interpreted, children were able to modulate
the proximal joint (hip) (Figure 10) and the trailing toe to clear the obstacle (Figure 9)
according to the obstacle height. These results indicate that in general children in this age
range are able to perceive affordances 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 trailing limb or compromising stability by

elevating the leading hip more than necessary.
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Exteroceptive Information: Children in this study used exteroceptive information to
perform the task. Obstacle height affected trailing toe clearance and leading hip elevation
(Figure 9 & 10). Leading hip elevation is important to facilitate limb flexion over the
obstacle (Patla et al., 1996) and its interaction with obstacle height indicate that children in
this study were maintaining a stable contribution of hip hiking to limb elevation. Larger
toe clearance while representing a greater safety margin may also be interpreted as
immaturity of the visual system (Chandna, 1991; Movshon et al., 1988). Increased 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
confirmed by another study with age-related maculopathy subjects (degeneration of the
fovea) (Patla et al., 1995a). Further insight into this issue can be clarified if the contrast
between the color of the obstacle and the ground was decreased and/or the room
luminance decreased. This was addressed by manipulating the obstacle color 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
leading foot placement before the obstacle is relatively independent of obstacle height in
young adults. Children had poorer stride adjustments prior to going over the obstacle, as
observed in 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
common strategy is to place the lead foot further back from the obstacle, which would
give them more time to fine tune their trajectory based on sensory input. Children showed

a more robust sensory-motor transformation allowing them to place their lead limb closer
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to the obstacle. During the first six months of independent walking, children leamm how to
integrate posture and movement, i.e., dynamic postural control (Bril et al., 1992; Bril et
al., 1993). After this time, children learn how to accurately integrate the available sensory
information in order to adjust their gait parameters according to environmental demands
(Bril et al., 1992; Bril et al., 1993). Future research focusing on the stride adjustments
prior to the obstacle in a larger age range is necessary to determine when the adult levels

are achieved.

Leg Dominance: Considering that the distance from the start point to the obstacle
were fixed for all participants, and step length adjustments were qualitatively observed
before the obstacle, children in the present study showed smaller mean values of leading
hip elevation when the right leg was leading (Figure 17). However, leading toe clearance

values were smaller when left leg was leading for all obstacles (Figure 18).
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Figure 17. Leading leg preference main effect on leading hip elevation.



For adults, the preferred limb is used to manipulate an object or lead with, while
the non dominant limb is used primarily as a stabilizer. Even though, approximately 75%
to 90% of the adult population have a strong preference for right side (Gabbard, 1992),
recent studies with 3- to S-year-old reported that 25% to 50% exhibit no preference for
one foot over the other (Gabbard et al., 1991; Gabbard et al., 1987). However, a larger
study conducted by Sutherland et al. (1988) revealed that the majority of 449 subjects
exhibited foot preference measured by kicking at the age of four. With the leading leg
preference measure alone, it is not possible to infer that the participants in this study had
or had not established foot preference. However, in decreasing toe clearance a child
decreased the energy cost and increased the chances to trip and fall. Considering the
development of the visual system and the improvements in sensory-motor transformations,

a decrease in toe clearance was expected.

45



Obstacie # 1 Obstacle #3
15.0 1 15.0 4
3
R —
= 100- \ 10.0 - i
O
|
5.0 - 5.0 -
0.0 0.0
Right Let Right Left
20.0 20.0 -
Obstacle #2
15.0 - 15.0 4
3
)
-l 10.0 1 10.0 -
O
5 Obstacle #4
5.0 - 5.0 4
0.0 0.0
Right Left Right Left
Lead Leg Preference Leading Leg Preference

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

Exproprioceptive Information: Similar leading and trailing toe clearance values
were observed in young adults (Patla et al, 1995b; Patla et al., 1993b) and in our
preliminary study (Patla et al.,, 1996). Visual information from the obstacle and the leading
limb trajectory over the obstacle plus the kinesthetic input from the leading limb were used

by children to modulate the trailing limb. Control of leading and trailing limbs over the
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obstacle are sensorially coupled. These results give some evidence to support the
assumption that children are able to extract exproprioceptive information and act
accordingly. However, a definitive proof can be achieved if vision (about limb posture and
movements) was restricted for both leading and trailing limbs. This issue was explored in

the second study.
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Study # 2

Role of exproprioceptive information on swing limb trajectory

over obstacles in young children

Introduction

Individuais usually step over obstacles in the travel path with both limbs, one
leading while the other is trailing. The trailing limb can not be seen as it travels over the
obstacle. Thus, in order for the central nervous system (CNS) to modulate trailing limb
trajectory over obstacles, intersensory coupling between the visual and kinesthetic
systems is required. Exproprioceptive information refers to the identification of the body
parts relative to one another and relative to the objects and events in the environment
(Gibson, 1979; Gibson, 1982; Lee et al., 1986). According to Lee and Young (1986),
vision is the only sensory system responsible for detecting exproprioceptive cues. During
obstacle avoidance, exproprioceptive input provides relevant information about the
orientation of the limb and its position and velocity as it goes over obstacles. Thus,
exproprioceptive information plays a key role in the control of limb elevation (Patla et al.,
1995b) as individuals step over obstacles.

A comparison of leading limb versus trailing limb trajectories can provide insight
into the role of exproprioceptive cues in the control of locomotion over obstacles. If the

ability to detect exproprioceptive cues is compromised (i.e., through restricted vision),



how does the CNS modulate obstacle avoidance strategies in order to successfully clear
the obstacle with both the leading and trailing limb. Vision of the limbs can be restricted
in numerous ways by asking subjects to wear goggles, a neck collar or to hold an object in
front of their body. Subjects may plan in advance adaptive obstacle avoidance strategies
several steps prior to the obstacle and/or monitor the leading limb over the obstacle
through forward flexion of the neck.

Lack of visual exproprioceptive input results in higher variability 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 foot
placement before the obstacle) of gait when exproprioceptive information was absent.
Patla et al. (1995b) analysed how exproprioceptive information affects the kinematic
parameters of the locomotion over solid and fragile obstacles in young aduits by
comparing the leading limb versus the trailing limb. An increase in trail limb toe clearance
would be expected, but the subjects did not choose to do that; instead toe clearance
results were similar. However, lack of visual exproprioceptive input resulted in higher
variability in elevation of the toe over obstacles.

Based on the results of the studies detailed in the introduction and with the
challenge to expand our data base, the purpose of this study was to verify the contribution
of the exproprioceptive input to tune the kinematic parameters of the gait during
locomotion over obstacles. We are expecting a higher toe clearance and more anterior
foot placement before the obstacle when the locomotor pattern modulation is based only

on the kinesthetic information. We are also expecting to see a pronounced head flexion in
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the restricted vision condition according to the obstacle height.

Method

Subjects

Twenty children participated in the present experiment. Children, ranging in age from one
to six years, were recruited from the Kitchener and Waterloo communities. Sixteen
subjects also were volunteers in Study # 1. No child had any known visual deficits,
neurological disorders or musculoskeletal impairments, based on self-report of parents.
The gender, chronological age, walking experience, eye height, and body weight for each
child were recorded and are presented in Table 3. Chronological age ranged from 15 to 73
months. Walking experience, defined as the number of months of independent walking,

ranged from 8 to 62 months.

Procedures

Children were instructed to walk and step over a gray foam obstacle placed in their
travel path, 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, established using footprint cutouts, was identical for each child. The distance
from the footprint cutouts to the obstacle was 1.90 m. Exproprioceptive information was
manipulated using a combination of two different obstacle heights and two vision
situations, with or without wearing a collar, providing 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 maintained in the
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present study, while the low obstacle height was chosen as corresponding for half of the

toe clearance on over-ground walking.

Table 3. Subject characteristics: gender, chronological age, walking experience, eye
height, body weight and total number of trials each child performed.

Subj | Gende | Chronolo | Walking | Eye | Weigh | Failure | Lead Leg | Tria
r -gical | Experienc | Heigh | t(Kg) | Rates | Preference | | (#)
Age e (months) t (%) (%)
(months) (cm)
A F 52 41 1003 | 19.3 12 14.3 25
B F 46 34 96 19.5 34 15.8 27
C F 51 40 101 18.5 0 83.3 26
D M 26 15 802 | 145 33 579 26
E M 51 40 969 | 17.2 8 21 25
F F 41 31 919 | 175 4 25 25
G M 65 55 104.8 1 22.7 43 38.5 19
H M 47 35 1065 17.3 41 214 19
I F 46 35 95 173 11 90 25
J F 59 46 103.9 | 205 0 40 25
K F 39 22 86.1 16 26 83.3 23
L M 73 61 1174 | 245 0 95 26
M M 45 33 926 | 16.8 12 80 26
N F 72 62 107.7 | 23 8 45 25
o M 68 55 1084 ( 24 32 30 25
P F 30 19 85.8 14 44 65 25
Q M 73 57 122.5 | 264 27 60 25
R M 58 41 1043 30 12 25 25
S M 38 29 97.5 | 173 33 63.2 25
T F 15 8 75 13.5 NA NA 0
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Detailed locomotor changes required for obstacle avoidance were assessed using

an on-line OPTOTRAK motion analysis system (Northern Digital, Canada). Five infra-red

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

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

obstacle. Twenty-five completely randomized trials were performed: five trials for each

experimental condition and five control trials. Video recording with a split screen two-

camera system was also done to qualitatively document each child’s performance.

Table 4. Experimental conditions for each age group based on walking experience.

Age Group 1 Age Group 2 Age Group 3
(onset to 16 months of (17 to 32 months of (33 to 62 months of
independent walking) independent walking) independent walking) |

Condition Height Vision Height Vision Height Vision

# (cm) (cm) (cm)

1 05 Unrestricted 05 Unrestricted 0,5 Unrestricted

2 0.5 Restricted 0.5 Restricted 0.5 Restricted

3 12.0 Unrestricted 14.5 Unrestricted 15.9 Unrestricted

4 120 Restricted 14.5 Restricted 15.9 Restricted

Data Analyses

Obstacle Avoidance Strategies: Qualitative Video Analysis. A qualitative assessment

of the obstacle avoidance strategies employed by each child was determined through video

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

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

were qualitatively analysed.
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Obstacle Avoidance Strategies: Limb Kinematic Analyses. Each trial was windowed
from leading limb toe-off to trailing limb foot contact. A representative trajectory profile
of an individual trial is presented in Figure 19. A computer program was used to
interpolate any missing data points using a cubic spline procedure (OPTOFIX, Mishac
Kinetics). Data was filtered at 6 Hz and the selected kinematic parameters were then
calculated.
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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 (TTCL)

3. foot placement of iead limb before the obstacle at toe-off (FTPL).

Limb kinematic parameters were analysed for a total of 428 successful trials for 19

children.
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Obstacle Avoidance Strategies: Head Kinematic Analyses. Each trial was windowed
from the first frame to trailing foot contact after the obstacle. A representative trajectory
profile of an individual trial is presented in Figure 19. The data interpolation and filtering
followed the same procedure in Study # 1 and the magnitude of pitch motion was then
calculated. Each trial was partitioned into four phases as following:

1) Phase 1: from first frame to one full stride before leading toe-off to obstacle;

2) Phase 2: one full stride before leading toe-off to obstacle;

3) Pre-Obstacle Phase: from leading toe-off to toe over the obstacle;

4) Post-Obstacle Phase: from leading toe over the obstacle to trailing foot

contact.
Head kinematic parameters were analysed for a total of 336 successful trials for 19

children.

Statistical Analyses

A multiple regression analysis was chosen based on the sample distribution along
the walking experience continuum. With the previous distribution of the sample according
to age group, a non-homogeneous disparity of children in each age group was observed.
The chosen statistical analysis can offer more insight about the influence of independent
variables on dependent measures.

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

each condition. The backward elimination procedure was selected as the significance level
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for each independent measure to fit the model (p < 0.10). A Cp procedure was performed
to confirm the best model for each dependent variable. Both procedures, backward
elimination and Cp were chosen because they assure that the dependent measure was not
affected by the colinearity of the independent measures.

Independent variables were grouped into the following categories: anthropometric
variables (AV) are intrinsic to the subject’s body (i. e., body mass, hip height and gender);
developmental features (DF) reflect maturation and learning processes (i. e., chronological
age and walking experience); exteroceptive information (EI) (i.e., obstacle height and
width); selected strategies (SS) represent the subject’s decision for a particular pattern to
step over the obstacle (leading leg, leading foot placement before the obstacle, and failure
rate). For the head magnitude of pitch motion, the selected strategies included the
magnitude of pitch head motion in all the precedent phases, leading leg preference and
failure rates.

A generalised linear model (GLLM) was conducted to examine the effects of
between- and within-subject independent variables on each dependent measure. The GLM
procedure allows categorical and continuous variables into the model. In this study,
gender and leading leg were considered as categorical variables. All other variables were
considered continuous. The variables that were significant in the multiple regression
analyses were included in the GLM procedure for each dependent measure with an
acceptable level of significance at p < 0.05. The GLM procedure also allows the
determination of a specific mean square error to test the null hypothesis, which is
necessary in unbalanced models. The total number of trials performed by each child (Table

3) reveals that the present study has an unbalanced design. Between-subject comparisons
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were performed with subjects as error term and within-subject comparisons had trials as
the error term after the exclusion of all specific subject effects. A sample of the multiple

regression and GLM procedure are presented in the Appendix A.
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Results

In the Appendix D, means and standard deviations by subject for both limb and
head kinematic variables are presented. The correlation matrices for each limb kinematic
by condition are presented in Appendix E. Appendix F presents the correlation matrices
for head motion by condition.

Developmental Features: The statistical comparison across conditions revealed that
chronological age significantly affected head pitch angle magnitude in phase 2 (F;,5= 7.04,
p = 0.02, Figure 20); and in post-obstacle phase (Fy 4= 7.82, p = 0.01, Figure 21). Two
interaction between chronological age and walking experience on leading toe clearance
(F115= 3.86, p = 0.07, Figure 22); and on head pitch angle magnitude in pre-obstacle
phase were marginally significant (Fy.14= 3.48, p = 0.08, Figure 23). Among the multiple
regression results by condition, chronological age predicted leading and trailing toe
clearance, foot placement before the obstacle, and head pitch angle magnitude in pre-
obstacle phase in condition 1; failure rates in all conditions; head pitch angle magnitude in
phase 1 and condition 2 and 4; trailing toe clearance in condition 3; foot 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). Walking experience explains foot
placement before 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 effect of chronological age on head pitch angle magnitude in Phase 2.
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Figure 21. Main effect of chronological age on head pitch angle magnitude in post-
obstacle phase.

58



L J

‘5‘ 10.00 - $.%¢ o
r * g $
e °
K 5.00- :

0.00 v - r .

0 5 10 15 20
CA-WE (months)

Figure 22. Interaction between chronological age (CA) and walking experience (WE) on
leading toe clearance (LTCL).
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Figure 23. Interaction between chronological age (CA) and walking experience (WE) on
head pitch angle magnitude on pre-obstacle phase.

Anthropometric Variables: Body mass significantly affected trailing toe clearance (F) 5=
7.75, p = 0.01, Figure 24); and foot placement before the obstacle (Fy .= 8.88, p = 0.01,
Figure 25) as the statistical comparison across conditions showed. The multiple regression
analysis for each condition revealed that body mass predicts leading and trailing toe

clearance in condition 1; trailing toe clearance and foot placement before the obstacle in
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condition 2; faihire rates, trailing toe clearance and foot placement before the obstacle in
condition 3; and leading toe clearance in condition 4 (Appendix E). Eye height explains
the variability in foot placement before the obstacle in condition 1 and 3; trailing toe
clearance in condition 4; failure rates in condition 1 and 2; head pitch angle magnitude in
pre-obstacle phase in condition 1, in phase 1 in condition 2, and in post-obstacle phase in
condition 4 (Appendices E and F). Statistical comparison across condition revealed a main
effect of gender on head pitch angle magnitude in phase 2 (F),1s= 5.48, p = 0.03, Figure
26). The multiple regression analysis showed that gender predicts trailing toe clearance in
condition 4 (Appendix E); head pitch angle magnitude in phase 1 in condition 1, and in

phase 2 in conditions 2 to 4 (Appendix F).
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Figure 24. Main effect of body mass on trailing toe clearance (TTCL).
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Figure 26. Main effect of gender on head pitch angle magnitude in phase 2.

Exteroceptive Information: The statistical comparisons across conditions revealed main
effects of obstacle height on leading toe clearance (Fy 43= 209.93, p = 0.0001, Figure 27);
on trailing toe clearance (F; 3s,= 230.70, p = 0.0001, Figure 28); on foot placement before
the obstacle (F) 3s;= 63.24, p = 0.0001, Figure 29); on head pitch angle magnitude in post-
obstacle phase (F;35= 32.01, p = 0.0001, Figure 30). An interaction between leading leg
preference and obstacle height on leading toe clearance (F45= 8.04, p = 0.005, Figure

31) was observed. The Multiple Regression analysis revealed that obstacle height predicts
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head pitch angle magnitude in phase 2, pre-obstacle phase and post-obstacle phase in

condition 3 (Appendix F).
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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 (TTCL).
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Figure 29. Main effect of obstacle height on foot placement before the obstacle (FTPL).
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Figure 30. Main effect of obstacle height on head pitch angle magnitude in post-obstacle
phase.
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Figure 31. Interaction between leading leg preference and obstacle height on leading toe
clearance (LTCL).

Vision: The statistical comparisons across conditions revealed a main effect of vision on
head pitch angle magnitude in phase 1 (Fy35= 4.04, p = 0.04, Figure 32); and in pre-

obstacle phase (Fy31s= 4.59, p = 0.03, Figure 33).
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Figure 32. Main effect 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-obstacle phase.

Subject Strategies: The statistical comparisons across conditions revealed a main effect
of leading leg preference on leading toe clearance (Fi413= 4.07, p = 0.04, Figure 34);on
trailing toe clearance (F1s;= 13.14, p = 0.0003, Figure 35); on foot placement before the
obstacle (Fyssi= 12.01, p = 0.0006, Figure 36); and on head pitch angle magnitude in
pl;ase 2 (Fi3s1= 13.14, p = 0.0003, Figure 37). Multiple regression analysis revealed that
leading leg preference explains the variability of failure rates, leading toe clearance and
foot placement before the obstacle in condition 2; leading toe clearance in condition 3 and

4 (Appendix 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 (LTCL).
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Figure 35. Main effect of leading leg preference on trailing toe clearance (TTCL).

90.00 -

-

Right Left
Leading Leg Preference

Figure 36. Main effect of leading leg preference on foot placement before the obstacle

(FTPL).
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Figure 37. Main effect of leading leg preference on head pitch angle magnitude in phase
2.

The statistical comparisons across conditions revealed a main effect of leading foot
placement before the obstacle on leading toe clearance (Fy413= 7.59, p = 0.0006, Figure
38). According to the multiple regression analysis, foot 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 variability of failure rates and foot placement before the obstacle in
condition 2. Failure rates predicts trailing toe clearance and foot placement before the
obstacle in condition 1; leading and trailing toe clearance in condition 2; trailing toe
clearance in condition 4 (Appendix E); head pitch angle magnitude in phase 1 and

condition 1; and in post-obstacle phase and condition 3 (Appendix F).
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Figure 38. Main effect of leading foot placement before the obstacle (FTPL) on leading
toe clearance (LTCL).
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