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Abstract

A major function of the central nervous system (CNS) during locomotion is
the ability to maintain dynamic stability during threats to balance. The CNS uses
reactive, predictive, and anticipatory mechanisms in order to accomplish this.
Previously, stability has been estimated using single measures. Since the entire
body works as a system, dynamic stability should be examined by integrating
kinematic, kinetic, and electromyographical measures of the whole body. This
thesis examines three threats to stability (recovery from a frontal plane surface
translation, stepping onto and walking on a compliant surface, and obstacle
clearance on a compliant surface). These threats to stability would enable a full
body stability analysis for reactive, predictive, and anticipatory CNS control
mechanisms. From the results in this study, observing various biomechanical
variables provides a more precise evaluation of dynamic stability and how it is
achieved. Observations showed that different methods of increasing stability (eg.
Lowering full body COM, increasing step width) were controlled by differing CNS
mechanisms during a task. This provides evidence that a single measure cannot
determine dynamic stability during a locomotion task and the body must be
observed entirely to determine methods used in the maintenance of dynamic

stability.
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1.1.1 - Introduction

During locomotion, stability is constantly challenged due to full body center of
mass (COM) being controlled within a continually moving base of support (BOS)
(Patla 2003). To maintain stability during locomotion, the central nervous system
(CNS) employs reactive, predictive and anticipatory control mechanisms (Patla
2003). Reactive control relies on sensory detection of a perturbation in response
to threats of stability. During predictive control, the central nervous system makes
estimations from past experiences to proactively respond to threats to stability by
voluntary movements. Anticipatory control uses visual feedback to possibly avoid
or prepare for threats to stability. This thesis explores the mechanisms used by
the CNS in order to facilitate particular considerations needed to maintain
reactive, predictive and anticipatory control of dynamic stability. Previously,
research has examined stability by observing relationships between COM
position and BOS position. Recently, research has suggested that not only
should the COM position be related to BOS position, but COM velocity within the
BOS (Hof et al. 2005). The studies in this thesis examine the differing CNS
mechanisms used in controlling locomotion by extensively examining new
determinants of dynamic stability in order to infer how the CNS maximizes

balance during instances when stability is threatened.



1.1.2 - Reactive Control of Locomotion

During the event of an unexpected perturbation, the primary means of
regaining stability are through reactive mechanisms. The sensory systems used
in the maintenance of balance include vision, vestibular, and kinesthetic systems.
In the event of an unexpected perturbation, reactions used to regain stability are
quick and therefore, vision may not be the first line of defense used because a
reaction to visual stimulus takes approximately 200 ms (Oates et al. 2005).
Instead, vestibular and kinesthetic inputs are used. The kinesthetic system, for
example, senses stretching of muscles which occurs during slipping events and
reflexes are elicited to maintain stability. Reactive control of locomotion is studied
largely by perturbation experiments. In these studies, an unknown threat to
stability is elicited and responses are observed. In the late 1970’s, Lewis
Nashner initiated a group of studies in which he observed postural changes in
response to a rapidly moving platform. Nashner’s early studies involved eliciting
a postural response using rapid anterior and posterior translations to examine
electromyography (EMG) changes and to determine how the nervous system is
involved in making these changes. The initial EMG responses occurred at 80-90
ms and it was determined that these reactive responses to unknown
perturbations must be motor programs due to timing and stereotypical responses
(Nashner 1982). These studies are still presently used with kinematics and
kinetics observed along with EMG patterns. These are the primary mechanisms

used in maintaining stability following an unexpected perturbation.



1.1.3 - Predictive Control of Locomotion

In predictive control of locomotion, feed-forward control is utilized by the CNS
to maximize stability during a threat to locomotion. For example, when a threat to
stability is initially introduced to the CNS, the response differs from subsequent
threats to stability. Results have shown that the CNS may evoke a “startle
response” during an initial perturbation which subsides in following perturbations
(Marigold & Patla 2002; Oates et al. 2005). The responses following the startle
response are subsided through predictive control of the CNS. This startle
response was documented previously in a study in which an acoustic sound was
given to participants while walking on a treadmill (Nieuwenhuijzen et al. 2000).
This startle response from the auditory signal subsided after two presentations
(Nieuwenhuijzen et al. 2000). During slipping on a set of steel rollers, Marigold
and Patla (2002) showed that during the initial slip, heightened muscle activity,
increased breaking impulse, increased ankle dorsiflexion at heel contact, and a
decreased vertical COM. The CNS employed results from prior experiences to
decrease muscle activity, decrease braking impulse, land with more of a flat foot,
and increase vertical center of mass (Marigold & Patla 2002). These changes
occurred after the first slip recovery (Marigold & Patla 2002). This evidence
shows how the CNS uses feed-forward control to manipulate various aspects of

locomotion to maintain dynamic stability during repeated perturbations.



1.1.4 - Anticipatory Control of Locomotion

Anticipatory control of locomotion is used to change stability in preparation of
a threat to stability. Modifications in gait patterns have been examined when
anticipating a slippery surface (Cham & Redfern 2002) and when knowledge is
given that a slip will occur on a set of steel rollers (Marigold & Patla 2002). Cham
and Redfern (2002) examined how gait was altered if a possibility existed that a
surface may be slippery. When anticipating a slippery surface, ground reaction
forces and ankle velocity decreased at heel contact (Cham & Redfern 2002).
When a slippery surface was anticipated on an incline, Cham and Redfern (2002)
observed decreases in stance duration and step length when stepping on the
slippery surface. It was suggested that these modifications in gait occur by
decreases in hip, knee, and ankle joint moments during anticipation (Cham &
Redfern 2002). Similar results were observed by Marigold and Patla (2002) in
which a reduced braking impulse and rate of loading occurred along with a shift
of medial-lateral COM towards the stance limb and a flat foot landing. When on
the slippery surface, participants used a “surfing strategy” in which arms were
raised forward and outward while traveling on the surface (Marigold & Patla
2002). These adaptations would in turn increase stability when stepping on a
slippery surface. These results indicate a more cautious gait strategy is used
when anticipating a step onto a slippery surface. This shows how the CNS can

change gait patterns in order to anticipate a threat to stability.



1.1.5 - Determinants of Stability

The study of the mechanics involved with stability is important because by
determining what is needed to maintain balance, one is able to determine what
conditions increase the risk of falling. In previous studies, stability has been
determined by calculating the distance from the COM to the BOS (Shumway-
Cook and Woolacott 1995, Winter 1995). The theory behind this being that COM
movement is directly controlled by application of force by the foot on the ground
(center of pressure). This force on the ground would create a moment on the
COM and would therefore accelerate (Winter 1995). This definition of stability
would be appropriate during stable stance, but during locomotion, additional
factors exist in the maintenance of stability. During locomotion, the COM is
constantly moving, and therefore location of COM alone is insufficient in
determining stability. It was suggested by Pai and Patton (1997) that due to the
movement of the COM, the velocity would also be taken into account when
determining stability. In theory, during locomotion the position of the COM may
be outside of the BOS but the COM may be moving towards the BOS, which
would create a stable situation. It can be seen that COM velocity is an important

determinant of dynamic stability.

The idea that COM velocity should be taken into account into dynamic
stability situations was extended by Hof et al. (2005) by applying the inverted

pendulum model of stance to COM velocity. Hof et al. suggested to multiply a



factor of (I/g)"" (I = leg length, g = acceleration due to gravity) to the velocity of
the COM to take into account physics due to the inverted pendulum model of
stability. This model along with simple COM location and COM velocity

calculations are used to determine stability in these studies.

1.1.6 - Rationale of Thesis

Previous research in locomotion has examined stability using single
measures and stability is predicted. Many studies do not incorporate the
numerous biomechanical measurements taken during a study to determine how
the CNS functions to maximize stability. This type of analysis may not be
appropriate because the body functions as an entity to arrive at a goal. This
thesis will integrate kinematic, kinetic, and EMG measures to analyze how the

CNS controls full body movement in order to maximize stability.

As stated, the CNS controls locomotion through reactive, predictive, and
anticipatory mechanisms. This group of studies will examine these control
mechanisms and incorporate various biomechanical measures in order to
determine how the CNS maximizes stability when a threat is encountered. The
initial study will examine reactive control of locomotion by observing how stability
is regained following a medio-lateral (M/L) surface translation. Predictive control
of stability will be examined by observing how the CNS adapts to stepping onto

and walking on a compliant surface. The final study will observe how competing



demands of maintaining stability and crossing an obstacle are met while walking

on a compliant surface to examine anticipatory control of stability.

In this group of studies, it is hypothesized that the CNS controls various
aspects of human movement in order to maintain stability. This will be shown by
controlling aspects such as step characteristics, COM position and velocity,
muscle activations, and joint kinetics. All of these characteristics of movement
will be controlled in order to regulate COM relationships with the BOS. It will be
seen that dynamic stability cannot be determined by a single measure but by
incorporating all aspects of movement together to meet a common goal of

maintaining stability.



2.1.1 — Active Control by Central Nervous System of Dynamic Stability

during Frontal Plane Surface Translations

Studies involving surface translations and moving platforms have been used
to examine how the central nervous system (CNS) maintains stability during
perturbations that simulate real life experiences. Situations such as this can
occur in accelerating or decelerating buses and subways and can somewhat
simulate a slipping event. To date surface translations have been examined
during stable stance and walking and from these studies, inferences on how the

CNS maintains stability have been made.

Surface translations can pose a problem to stability during everyday life. To
date, much research has examined surface translations during stable stance and
some have examined surface translations and slips during locomotion. Early
studies of surface translations were performed by Nashner (1982) where
translations were elicited in forward and backward directions during stable
stance. It was concluded that due to the speed and repeatability of postural
corrections, the CNS must use motor programs to maintain stability. It was also
observed that muscle activations were organized in a distal to proximal order
(Nashner, 1982) and this was repeated in Henry, Fung, & Horak (1998b) during
frontal plane stable stance surface translations. Henry, Fung, & Horak (1998a)
also showed that body segment kinematics followed a distal to proximal

sequence where the trunk was the last segment to make and complete



corrections. It was suggested from these results that recovery from standing
anterior / posterior perturbations are similar to lateral perturbations and
differences only exist due to differing biomechanical constraints that occur in
these planes (Henry, Fung, & Horak, 1998a). These studies are limited in the fact

that dynamic stability cannot be examined under this paradigm.

Research examining surface translations and slips during locomotion has
only examined perturbations in the saggital plane. It has been observed that
during anterior surface translations during locomotion, leg musculature activation
follows a distal to proximal sequence (Tang et al. 1998). During an anterior slip
on a set of rollers, this distal to proximal sequencing was not observed (Marigold
and Patla, 2002). Marigold and Patla (2002) concluded muscle activation
strategies were employed to maximize stability. One strategy suggested was a
limb flexor which would serve to lower full body center of mass (COM) (Marigold
and Patla, 2002). You et al. (2001) also observed an increase in center of mass —
base of support (COM-BOS) difference that would increase stability. From these
results, the CNS employs mechanisms to increase stability in instances of slips

and surface translations in the saggital plane.

Many locomotion studies have only examined slips and surface translations
in the sagittal plane, and two have examined surface translations at 45 degrees
from the sagittal plane (Oddsson et al. 2004; Wall et al. 2002). A limited analysis

is provided in these studies because the main observations were made on COM



and foot placements. Perturbations in the frontal plane (medial/ lateral) have
never been examined previously. To address the issues stated, this study will
consist of a thorough examination of surface translations in which pure medial
and lateral perturbations will be elicited at different times in stance. Since
differing perturbation times have not been examined during surface translations,
it is unknown if CNS responses will change due to this timing. Observing both
medial and lateral surface translations would be interesting due to the effects
they would have on the base of support (BOS). A lateral perturbation would
widen the BOS while a medial perturbation would create a narrow BOS. This
would have tremendous implications on COM position to maintain stability. It has
been suggested that frontal plane stability is controlled mostly by the hip
musculature while sagittal plane stability is controlled by ankle musculature
(Winter et al. 1996). The different biomechanical constraints seen in these planes
would create different recovery strategies than previously observed. To address
the issue of timing, these medial and lateral perturbations will be elicited at two
different times: heel contact and 200 ms following heel contact (delayed). Due to
the differences in the relationship between full body COM and BOS during these

times, recovery strategies should differ between these conditions.

During this study, it is hypothesized that the CNS will employ mechanisms to
maximize stability during instances of frontal plane perturbations. Previous
research has illustrated that muscle activation follows a distal to proximal

sequence. Since the hip musculature will be stretched in instances of

10



perturbation, it is thought the hip musculature will be the first to respond to the
perturbation. In the perturbed limb, it is hypothesized that hip adductors will be
activated in a lateral perturbation while hip abductors will be activated during a
medial perturbation. These muscle activations will stabilize the pelvis during the
perturbations. The COM will most likely be displaced the furthest during heel
contact perturbations because when perturbations occur later in stance, the CNS
may not have sufficient time to respond prior to contralateral heel contact. It is
hypothesized that the steps following the perturbation will be wider than baseline
steps to increase base of support following the perturbation in order to regain

stability.

2.2.1 - Methods

2.2.2 - Participants

Eight young adults (4 female, 4 female, age 23.8 +/- 1.16 years, 80.8 +/-
15.15 kg, 177.9 +/- 8.54 cm) from the University of Waterloo participated in this
study. To be eligible for this study, participants reported no previous muscular,
joint, balance, or neuromuscular problems. This study was approved through the
Office of Research Ethics at the University of Waterloo and each subject signed

a consent form prior to participation.
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2.2.3 - Sliding Platform

The sliding platform consisted of an Advanced Medical Technology Inc.
(AMT]) force plate (0.51 by 0.465 meters) which is attached to a 1.64 meter track
below the surface of the floor. A computer controlled stepper motor caused a
0.15 meter translational movement of the platform at a velocity of 0.3 m/s. This
sliding platform was flush with the floor as to not make a gap between the floor

and the platform.

2.2.4 - Protocol

All participants reported to the laboratory at which time they were outfitted
with markers for motion tracking and electrodes for muscle activity recording.
Perturbations were elicited to the right foot by the sliding platform in a medial or
lateral direction with respect to the midline of the body. Timing of perturbations
occurred at approximately heel contact and 200ms following heel contact. These
were termed heel contact and delayed perturbations. The study consisted of 160
randomized trials with 40 perturbation trials which were randomly allocated.
These 40 perturbations were divided into 20 medial and 20 lateral perturbations.
These 20 perturbations were further divided into 10 heel contact perturbations
and 10 delayed perturbations. The remaining 120 trials were baseline

walkthrough trials.

12



The participants were given instructions prior to the study to start and stop
walking when given a signal by the experimenter and to continue walking as
normal as possible throughout the entire trial. At the start of each trial,
participants were asked to begin walking. Participants started walking at a
position approximately 5 steps prior to stepping on the sliding platform and were
situated such that a right foot fall occurs on the platform. The participants walked
until the experimenter informed the participant to stop walking, approximately 6
steps after the participant stepped on the sliding platform. All steps were named
with respect to heel contact on the moving platform (N-1, N, N+1, N+2, and N+3)

(Figure 1A).

13



Sliding Platform

Figure 1: Experimental Setup. A: Organization of sliding force plate and naming
of steps. B: Location of iREDs (black squares) and EMG electrodes (grey
circles).

14



2.2.5 - Kinematics

Kinematic data was obtained through a three camera three-dimensional
motion capture system (Optotrak 3020, Northern Digital Inc., Waterloo, Ontario,
Canada). The motion capture system was sampled at 60 Hz. Infrared emitting
diodes (IREDS) which track movement for the Optotrak system were placed
bilaterally on the fifth metatarsal, lateral malleolus, anterior aspect of ankle,
fibular head, greater trochanter, anterior superior iliac spine, mid-clavicle,
acromioclavicular joint, olecranon, radial styloid, ear, and xiphoid process (Figure
1B). Trunk three-dimensional angles were determined using Cardan methods
and 2.5 dimensional lower limb joint angles will be determined using methods
outlined in Winter (2005). All kinematic data was low pass filtered at 7 Hz using a
dual-pass 2" order Butterworth filter. A video camera was set up as a visual log

of each participant.

2.2.6 - Electromyography

Muscle activation was measured by surface electromyography (EMG)
(Bortec, Calgary, Canada) from 16 lower limb muscles (bilateral: rectus
abdominis oblique, lower erector spinae, rectus femoris, biceps femoris, gluteus
medius, adductor longus, tibialis anterior, and gastrocnemius) using Ag-AgCl
(Kendall Medi-Trace, Chicopee, MA, USA) electrodes (Figure 1B). Skin was

prepared as proposed in Hermens et al. 2000. Signals were band pass filtered at

15



10-1000 Hz and sampled at 1200 Hz (to correspond with Optotrak sampling).
The common mode rejection of the EMG system was 115 dB with input

impedance of 10 GOhms.

2.2.7 - Data Analysis

Kinematic data was used to determine full body COM, posture COM (body
COM minus perturbed leg COM), perturbed leg COM, three-dimensional trunk
angles, foot placement, and stability. An 11-linked segment model (Winter 2005)
was used to determine full body COM. To determine three-dimensional trunk
angles, a coordinate system was setup during the standing calibration trial. From
the COM and trunk segment angle data, baseline walkthrough trials for each
participant were subtracted from perturbation trials and full body COM positions
and trunk angles were determined at each step. Differences in posture COM and
leg COM between step N and N+1 were examined by multiplying the change in
medial / lateral (M/L) COM displacement by the segment mass, and divided by
the total body mass. Full body, posture, and leg COM onset was determined
when velocity increased to above 2 SD or decreased below 2 SD determined

from walkthrough trials.

Foot placement measurements were used to determine step time, step width,

and step length. Step time was determined as the amount of time between heel

contact of one foot to heel contact of the contralateral foot. Step length was

16



determined as the displacement between heel contact of one foot to heel contact
of the contralateral foot in the direction of the global x-axis. Step width was
determined as the displacement between heel contact of one foot to heel contact
of the contralateral foot in the direction of the global y-axis. In the case of a
perturbed step, step lengths and widths were determined with respect to the final
foot position following the perturbation. For statistical analysis, average
walkthrough for each participant was subtracted from perturbation trials to

determine changes in response.

Stability in the M/L direction was estimated by observing M/L COM location
and velocity at heel contact. It has been stated that to determine stability, both
COM position with respect to the base of support and velocity of the COM should
be observed (Hof et al. 2005, You et al, 2001). COM-BOS in the M/L direction
was measured from the lateral malleolus of the leading foot to the COM at heel
contact. To determine the effect of M/L COM velocity on stability, the derivative of
COM position was determined using the central difference equation. Average
baseline measurements were subtracted from perturbation measurements to

determine the effects due to the perturbation.

Muscle activity onset was determined as previously proposed in Marigold &
Patla (2002) and Marigold et al. (2003). EMG onsets were determined only for
initial perturbations for each condition. All raw electromyography signals were

full-wave rectified and low pass filtered at 25 Hz using a single-pass 2" order
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Butterworth filter. A perturbed muscle response profile for a surface translation
trial was determined by subtracting the ensemble average profile of the control
trials (obtained from the block of 10 control trials) from the slip trial. Muscle onset
was determined as the time from perturbation onset to when the muscle activity
increases above 2 SD for greater than 30 ms (to obtain an excitatory burst) or the
time from perturbation onset to when the muscle activity decreases below 2 SD
for more than 30 ms (to obtain an inhibitory burst). A muscle was required to be
active 60% of trials to be considered a postural response due to perturbation as

proposed in Henry, Fung, & Horak (1998a).

2.2.8 - Statistical Analysis

A direction (lateral, medial) by delay (heel contact, delayed) ANOVA was
used for measurements of: perturbation onset, foot displacement during
perturbation, stance time on the moving platform, ankle rotation during
perturbation, COM differences between steps N and N+1 (full, posture, and leg),
COM velocity onset (full, posture, leg), and lower limb joint angles. For
measurements of step time, step length, step width, trunk pitch, trunk roll, COM
position with respect to leading foot, and COM velocity with respect to leading
foot, a direction (lateral, medial) by delay (heel contact, delayed) ANOVA was
used for each step (N-1, N, N+1, N+2, N+3). To determine differences in COM
position following the perturbation, a direction (lateral, medial) by delay (heel

contact, delayed) ANOVA was used. In order to identify any sequencing of
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muscle onset during perturbations, separate repeated measures one way
ANOVAs were used for each condition. All post-hoc analysis was examined
using a Tukey test. Significance was determined at a level of 0.01. Outliers were
identified and removed using studentized residuals and Cook’s distance plots.
These analyses will determine if any differences exist between lateral / medial

perturbations and heel contact / delayed perturbations.

2.3.1 - Results

2.3.2 - Perturbation Characteristics

Perturbation onsets occurred at similar times in heel contact but not in
delayed perturbations. Average perturbation onsets occurred at 0.17 +/- 0.03
sec, 0.32 +/- 0.06 sec, 0.16 +/- 0.03 sec, and 0.40 +/- 0.04 sec for lateral heel,
lateral delayed, medial heel, and medial delayed perturbations respectively.
ANOVA showed a significant interaction effect (F(17) = 25.18, p < 0.0001) where
significant differences occurred between timing of lateral delayed and medial

delayed perturbations but not lateral heel and medial heel perturbations.

During perturbations, the perturbed foot was displaced less in delayed when
compared to heel perturbations. A significant delay effect (F(17) = 39.80, p <
0.0001) showed that the foot was perturbed less in delayed perturbations in both

lateral and medial perturbations. Mean foot displacements during perturbation
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were 0.0764 +/- 0.0243 m and 0.0506 +/- 0.0181 m for heel and delayed

perturbations respectively.

Stance times on the moving force plate were similar during perturbations.
Mean stance time on the force plate was 0.0036 sec less during perturbation
trials when compared to normal walking. ANOVA showed there were no
significant differences in the stance times on the force plate between the

perturbation conditions (F¢17)=2.74, p = 0.114).

Ankle internal and external rotations occur during perturbations. A significant
direction effect was observed in foot angle difference from heel contact on the
force plate and the step following the perturbation (F(1,7) = 15.34, p < 0.0008).
Ankle difference was 23.3 +/- 44.5 degrees greater than walkthrough foot angle

in lateral perturbations and 15.7 +/- 47.9 degrees less in medial perturbations.

2.3.3 - Step Characteristics

In the step following the perturbation, step time was shorter in the lateral
surface translations when compared to medial and in heel contact perturbations
when compared to delayed perturbations. No significant effects were seen in
steps N-1 (F(1,7) = 0.46, p = 0.5058), N (F(1,7) = 0.01, p = 0.9318), N+2 (F(1.7) =
0.16, p = 0.6912), N+3 (F(16) = 0.48, p = 0.4976). In step N+1, a significant

direction effect (F(1,7) = 36.17, p < 0.0001) was shown where lateral perturbation
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step times were shorter than medial and a delay effect (F(17) = 8.11, p < 0.0096)
where heel contact perturbations has a shorter step time than delayed

perturbations.

Steps following lateral and heel perturbations were shorter than normal
baseline walking. No significant differences were observed in steps N-1 (F(1,7) =
0.33, p=0.5704), N (F(1,7) = 2.17, p = 0.1560), or step N+2 (F(17)=0.26, p =
0.6122). Step N+1 displayed significant perturbation direction (F(1,7) = 14.40, p =
0.0011) and delay (F1,7) = 11.83, p = 0.0025) effects where steps were shorter in
lateral and heel perturbations. A significant delay effect was shown in step N+3
(F.6)=12.11, p = 0.0027) where perturbations at heel contact had longer steps
than delayed perturbations. When step lengths were compared to zero, it was
observed that lateral heel step N+1 was significantly shorter than baseline step
length (p < 0.0001) and lateral heel (p < 0.0001) and medial heel (p < 0.0005)

N+2 steps were significantly shorter than baseline.

Lateral perturbations caused a widening of the step following the surface
translation while medial perturbations caused a narrowing of the following step.
No significant differences were observed in steps N-1 (F(1,7) = 0.34, p = 0.5667)
and N (F1,7) = 1.91, p = 0.1820). A significant interaction effect was observed in
step N+1 (F1,7) = 22.27, p < 0.0001) where lateral heel perturbations caused a

widening of step length. Direction effects were observed in steps N+2 (F(17) =
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38.31, p < 0.0001) and N+3 (F(16) = 58.47, p < 0.0001) where lateral

perturbations were narrower than medial perturbations.

2.3.4 - Electromyography

Analysis of muscle onset suggests there is no order of muscle activation
during frontal plane surface translations. Sample EMG profiles for lateral
perturbations can be seen in Figure 2A and medial in 2B. Muscle EMG onset
times can be viewed in Table 1. Analysis was only done on heel contact muscle
onsets to determine any patterns of onset since two or less muscles were
activated during the delayed perturbations. It was determined there were no
significant differences in onset times for muscles during lateral heel contact
perturbations (Fs4g) = 2.82, p = 0.1129) or medial heel contact perturbations
(F(a,24) = 1.34, p = 0.2983). It can be observed that during lateral heel
perturbations, most muscle activations are seen on the left side of the body while
medial perturbations cause onsets mostly on the right side of the body. This can

be seen in Figure 3.
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Table 1: Onset times and SD for muscles following initial perturbations.

Condition Muscle Onset (sec) sD
Lateral Heel res 0187 0.082
rob 0121 0.056

rrf 0123 0.022

les 0.154 0.099

lob 0.087 0031

Irf 0109 0019

Ibf 0188 0.056

lgm 0165 0.034

lta 0228 0168

Lateral Delayed les 0119 0.041
Medial Heel res 0254 0121
rob 0206 0128

rrf 0235 0085

b 0211 0070

les 0163 0.060

Medial Delayed rob 0163 0.118

rrf 0.186 0.090
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Figure 2: Sample full wave rectified and filtered (25 Hz) EMG profiles for lateral
(in A) and medial (in B) heel contact perturbations. Muscles included are right
erector spinae (res), left erector spinae (les), right oblique (rob), left oblique (lob),
right rectus femoris (rrf), left rectus femoris (Irf), right biceps femoris (rbf), left
biceps femoris (Ibf), right gleutus medius (rgm), left gleutus medius (Igm), right
adductor longus (rad), left adductor longus (lad), right tibialis anterior (rta), left
tibialis anterior (Ita), right gastrocnemius (rgas), and left gastrocnemius (lgas).
Windows signify muscle responses.
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Figure 3: EMG onset times for initial perturbations. A: display of initial lateral heel
contact perturbation. B: display of initial medial heel contact perturbation.
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2.3.5 - Center of Mass Trajectories

Stick figure diagrams for all perturbations can be seen in Figure 4. Along with
these stick figures, COM trajectories for each trial can be seen. These diagrams

illustrate 1 step previous to perturbation and 2 steps following the perturbation.

Full body COM velocity onset times suggest full body COM was displaced
later in delayed perturbations. Figure 5A illustrates how onset velocities were
determined and Figure 5B displays onset times for full body, posture, and
perturbed leg. Full body COM velocity onset showed a significant delay effect
(F1,7=11.00, p < 0.0033) where onset occurred earlier in heel contact
perturbations when compared to delayed perturbations. Posture COM velocity
onset showed no significant effects (F¢17) = 0.32, p = 0.5774). Leg COM velocity
onset showed an interaction effect (F(17) = 12.65, p < 0.0020) where lateral
delayed leg COM velocity onset occurred later than all other conditions. Onset

times can be seen in Table 2.
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Figure 4: Top view stick figure of perturbations along with corresponding COM
trajectories. A: lateral heel contact. B: lateral delayed. C: medial heel contact. D:

medial delayed.
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Figure 5: A: Display of how velocity onsets were determined. Solid line is velocity
of full body COM along with +/- 2 standard deviations (dashed lines). The circle
illustrates when the onset is determined. B: Plot of velocity onsets for full body
COM, posture COM, and perturbed leg COM. C: Difference in posture and
perturbed leg COM movement between step N and N+1.
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Table 2: Velocity onset measures following perturbation.

Condition

Lateral Heel

Lateral Delayed

Medial Heel

Medial Delayed

Measure

Full Body
Posture
Leg

Full Body
Posture
Leg

Full Body
Posture
Leg

Full Body
Posture
Leg

Onset (sec)

31

0.261
0.216
0.049

0.346
0.277
0.109

0.264
0.266
0.054

0.336
0.352
0.063

sD

0.089
0.081
0.025

0.132
0.116
0.070

0.093
0.105
0.032

0.207
0.327
0.037



Differences in posture and leg COM between steps N and N+1 can be seen
in Figure 5C. This was shown by significant direction effects in posture (F(17) =
88.48, p < 0.0001) and leg (F(1,7y = 102.91, p < 0.0001) displacements. To
compare differences in magnitude, absolute values of leg and posture
displacements were analyzed. ANOVA showed a significant delay effect in
posture displacement (F(17) = 69.69, p < 0.0001) and leg displacement (F(17) =
10.47, p < 0.0040) where heel perturbations caused a greater posture
displacement when compared to delayed. Leg displacement also showed a
direction effect (F(1,7) = 41.50, p < 0.001) where lateral perturbations caused a
greater leg displacement when compared to medial perturbations. To relate
posture displacement to leg displacement, leg displacement was subtracted from
posture displacement. Analysis displayed a significant delay effect (F(17) = 51.36,
p < 0.0001) where displacement difference was greater in heel perturbations

when compared to delayed perturbations.

An analysis of COM difference between perturbation onset and heel contact
of step N+1 showed perturbed leg COM moved in the direction of the
perturbation while COM of the posture would move in the opposite direction.
Sample perturbed COM trajectories with walkthrough removed can be seen in
Figure 6A. Full body COM trajectory was altered following surface translation
perturbations. Figure 6B shows COM position at each heel contact following the
perturbation. A repeated measures ANOVA showed heel perturbations had a

greater deviation of COM when compared to delayed perturbations (F1,17) =
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Figure 6: A: Sample M/L COM trajectories (walkthrough removed) for
perturbations trials. B: Full body M/L COM location at each step following
perturbations.
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16.45, p < 0.0008). A significant step effect was also shown where significant
differences occurred between steps N+1 — N+2 (F(234) = 110.59, p < 0.0001) and
N+1 — N+3 (F2,34) = 54.27, p < 0.0001) but no differences were seen between

steps N+2 and N+3 (F234) = 1.79, p = 0.1983).

2.3.6 - Body Kinematics

Trunk pitch was not altered following frontal plane surface translations. No
significant differences were observed in steps N-1 (F(17) = 2.40, p = 0.1365), N
(F79=0.98, p=0.3331), N+1 (F17y = 1.91, p = 0.1810), N+2 (F(1,7y = 0.02, p =
0.8902), or N+3 (F(1,5) = 3.19, 0.0944). Similarly, trunk roll did not change
following frontal plane surface translations. No significant differences were
observed in steps N-1 (F(17)=0.43, p = 0.5174), N (F(1,7) = 0.30, p = 0.5892),
N+1 (F1,7y=1.66, p = 0.2111), N+2 (F(1,7) = 0.04, p = 0.8429), or N+3 (F(1 5 =

0.25, p = 0.6229).

Lower limb joint angles were altered between steps N and N+1 due to frontal
plane surface translations. No significant changes were observed in right thigh
flexion (F(1,7) = 0.30, p = 0.5882), left thigh flexion (F(17 = 0.81, p = 0.3769), o
left ankle flexion (F16) = 0.37, p = 0.5524). Right thigh adduction showed an
interaction effect (F(1,7) = 8.57, p < 0.0080) where lateral perturbations had
greater adduction than medial perturbations. Left thigh adduction showed an

interaction effect (F1,7) = 19.59, p < 0.0002) where lateral heel perturbations had
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greater adduction than other perturbation conditions. Right knee flexion showed
a direction effect (F(1,7) = 11.45, p < 0.0029) where lateral perturbations had more
knee extension than medial. Left knee flexion showed a delay effect (F(1,7) =
12.13, p < 0.0022) where heel contact perturbations had greater knee extension
than delayed. Right ankle flexion direction (F(16 = 15.50, p < 0.0010) where
lateral perturbations had greater dorsiflexion than medial perturbations and a
delay effect (F(16 = 14.75, p < 0.0012) where heel contact had greater

dorsiflexion than delayed perturbations,.

2.3.7 - Dynamic Stability

In frontal plane surface translations, COM position with respect to the leading
foot, was altered which would suggest changes in stability (Figure 7A). No
significant differences were shown in steps N-1 (F¢17)=0.09, p=0.7672), N
(Fa,7y = 2.55, p = 0.1249), or N+3 (F(16 = 0.26, p = 0.6162). A significant
interaction effect was shown in step N+1 (F(1,7) = 30.71, p < 0.0001) where no
differences are shown between delayed perturbations while lateral heel
perturbations had caused the COM to be further away from the leading foot and
medial heel perturbations COM was closer to the leading foot. A direction effect
was shown in step N+2 (F(17) = 56.33, p < 0.0001) where lateral perturbations
caused the COM to be closer to the leading foot when compared to medial

perturbations.
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Figure 7: Determinants of M/L dynamic stability. A: Full body COM position with
respect to leading leg. B: Full body COM velocity at each foot contact.
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M/L full body COM velocity was altered at heel contact following the surface
translation (Figure 7B). No significant differences were shown in step N-1 (F(1,7) =
0.01, p < 0.9277). Interaction effects were observed in step N (F(17)=10.11, p <
0.0047) and step N+1 (F(1,7) = 29.77, p < 0.0001). In step N+1 all values were
significantly different from each other except for lateral heel and lateral delay.
Direction effects were observed in step N+2 (F(1,7) = 16.11, p < 0.0006) medial
perturbations had a greater velocity than lateral and step N+3 (F(16 = 90.43, p <

0.0001) where lateral perturbations had a greater velocity than medial.

2.4.1 - Discussion

The present study examines frontal plane surface translations during
locomotion. Previously, no studies have examined pure frontal surface
translations nor have they studied perturbations occurring at differing times
during the step cycle. This is an important element to examine due to the
changes in stability which occur as the step cycle progresses. This study
examined the effects of frontal plane surface translations to the right foot during
locomotion. It was observed that there was some dissimilarity between the
perturbation conditions. When stepping on the moving force plate, similar stance
times were seen in each perturbation condition. This suggests the right foot was
in contact with the ground for the same amount of time for each perturbation and
no foot elevation responses are elicited by the CNS. Responses such as this are

observed in tripping during early swing (Eng et al. 1994) and during cutaneous
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nerve stimulation of the foot in swing (Zehr et al. 1997). It would appear that the
foot rides the platform during the perturbation. Similarly, participants would ride
along a slip on a set of rollers on a walkway (Marigold and Patla, 2003). Since
the foot was in contact for the same amount of time in each condition, it explains
why the right foot was perturbed a less amount in the delayed perturbation
conditions. Since the perturbation was elicited later in stance during the delayed
conditions, the foot would “ride” the translating platform less, causing a decrease
in perturbation distances. This decrease in perturbation distance may explain the
decrease in effects on the measured parameters in the delayed conditions. One
major consideration is the timing of the perturbation onset was slightly later in the
medial delayed condition when compared to the lateral delayed perturbations.
Even though the perturbation occurred at a later time, the foot was displaced the
same distance in the delayed conditions. This consideration should be

acknowledged when comparing onset times occurring after a perturbation.

2.4.2 - Muscle onsets show how stability begins to be corrected prior to stepping

in heel contact perturbations

As with Marigold and Patla (2003), no distal to proximal sequencing was
observed in the body. Observations from muscle activation show that during
lateral heel contact perturbations, erector spinae and left oblique musculature are
activated to stabilize the trunk. This stabilization is shown because no change

occurs to trunk pitch and roll during the perturbation. The activation by the right
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rectus femoris causes extension in the right knee and may suggest a limb
extension strategy during lateral heel contact perturbations. This is opposite to a
flexion strategy seen in anterior slipping in Marigold and Patla (2002). The
majority of the musculature which became active during lateral heel contact
perturbations was in the left leg; the leg accepting the mass of the body following
the perturbation. Since no direction effects were observed in the left knee, it can
be suggested the CNS is using the musculature about the knee (rectus femoris
and biceps femoris) to stabilize the knee during landing after the perturbation.
This is different than what is seen in Marigold and Patla (2003) where an
extensor strategy was seen in the unperturbed leg. This stabilization would

ensure no fall would occur following the perturbation.

During medial heel perturbations, the majority of the muscle response is
found in the right or perturbed limb. Again, the erector spinae and right oblique
musculature is used to stabilize the trunk during the perturbation. Right rectus
femoris and biceps femoris musculature activate during medial heel contact
surface translations. Examining right knee kinematics shows that in medial
perturbations, the right knee is less extended than in lateral perturbations.
Therefore, the biceps femoris may have a higher activation to slightly flex the
knee while the rectus femoris muscle uses co-contraction to also stabilize the
knee. This co-activation seen in the stance limb may be used by the CNS to

ensure the limb does not collapse during the perturbation.
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No recognizable strategy was observed during delayed perturbations. This
could occur because the CNS may not have appropriate time to make
adjustments prior to contralateral heel contact since the perturbation occurs in
late stance. In this study, delayed perturbations occurred at 0.32 and 0.40 sec for
lateral and medial perturbations respectively. From this point, there would be
approximately 0.1 sec remaining in the step. During this small amount of time,
visual cues can not be used to make active changes. Changes that would occur
during this time would be due to triggered responses due to proprioceptive
information. This time would not be long enough to make significant changes to
maintain stability and therefore, the CNS may primarily use steps following the

perturbation to correct stability instead of triggered postural changes.

Muscle activations were only determined in the initial perturbations. This is
because no sequencing could be determined in subsequent perturbations.
Similar results were observed in Marigold and Patla (2003) when slipping
occurred on a set of rollers. This decrease in muscular activity is evidence of
predictive CNS control of muscle activations in perturbations following the initial

responses to perturbation.

2.4.3 - CNS actively alters COM position in a direction opposite to perturbation

During perturbations at heel contact, the CNS uses reactive control to

manipulate full body COM. The CNS compensates for perturbed leg movement
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by directing the COM in the opposite direction from the perturbation. Similar
results were observed in Patla et al. (2002) when arm movement caused a
perturbation on the body and Oddsson et al. (2004) during diagonal surface
translations. Onset of posture COM velocity occurred between 216 and 352 ms.
These onset times correspond to onsets of correction in instances of slipping
observed by Cham et al. (2001). Evidence of reactive control by the CNS is seen
by muscle activations occurring before changes in COM velocity. Muscle
activations in this study appeared at 87 ms and continued until 254 ms during
initial heel perturbations. Similar onset times were observed in Dietz et al. (1984)
during locomotor corrections to rapid accelerations and decelerations of a
treadmill. Latencies of this magnitude correspond mostly to polysynaptic or long
latency reflexes (Pearson and Gordon, 2000). Oates et al. (2005) suggested that
during gait termination on a set of rollers, latencies of this magnitude are from
cutaneous receptors (Perry et al. 2000) and load-sensitive receptors of the foot
(Misiasek et al. 2000). Only initial perturbations were examined because no
identifiable responses could be determined in the perturbations following the
initial. Similar results were observed in Nieuwenhuijzen et al. (2000), and
Marigold and Patla (2002 and 2003). It has been suggested that this occurs due
to a startle response employed by the CNS (Nieuwenhuijzen et al. 2000) or a
possible overcompensation by the CNS during an initial perturbation which is
followed by a fine tuning of muscular responses (Tang et al. 1998). In delayed
perturbations, full body COM did not significantly deviate between perturbation

onset and N+1 heel contact. This would suggest that there was no active control
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by the CNS due to the minimal time between perturbation and N+1 heel contact

to make corrections.

2.4.4 - CNS actively controls ankle position during the surface translation

Many research studies have documented ankle dorsiflexion and
plantarflexion during slipping (Cham and Redfern, 2001) and surface translations
(Tang et al. 1998). Most analysis to date, has observed the body in a sagittal
plane. Also, studies have assumed that perturbations are instantaneous and
measurements during the perturbation have been ignored. Bothner et al. (2001)
have suggested that perturbations cannot be assumed to be instantaneous. In
this study, internal and external rotation of the ankle was observed during the
course of the surface translation. As shown by the results, during lateral
translations, the ankle was externally rotated and internally rotated during medial
perturbations. These rotations of the ankle may be a display of the damping
which is seen throughout the body decreasing the effects of the perturbation. For
example, during a lateral perturbation an external rotation of the ankle would
bring the heel closer to the midline of the body and in turn would decrease the
effect of the perturbation on the leg. It is unlikely that this ankle rotation is passive
because in a passive situation, the foot would travel without rotation on the force
plate. This would suggest the CNS is actively attempting to lessen the effect of

the perturbation on the body in an attempt to maximize stability.
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2.4.5 - COM trajectory deviates following the surface translation

Following the perturbation in this study, full body COM continued to deviate
in the direction opposite to the surface translation for two steps after the
perturbation and a bias in travel path was displayed. A similar deviation can be
seen in Figure 2A of Wall et al. (2002) during diagonal surface translations, but
this bias was never addressed. This could occur due to the lack of visual cues
present to straighten travel path or due to the inability for the CNS to regain
steady state locomotion in three steps following the perturbation. During the
experiment, there were no visual cues on the floor or a walkway for the
participant to follow. This deviation could occur due to the lack of sensory
information the CNS has to reorient walking trajectory. Another reason could be
due to the inability for the CNS to regain stability. Results show that step width is
constantly changing in order to correct for the perturbation. Since these
corrections are being made for many steps following the perturbation, the CNS
may be unable to maintain normal walking trajectory. A delay effect also shows
that this bias in walking trajectory is decreased in delayed perturbations. In these
perturbations, the leg is perturbed a lesser distance than in heel contact
perturbations. This decrease in perturbation may have a lesser effect on the
ability to regain normal locomotion and therefore less of an effect is seen on

walking trajectory.

43



Even though the COM deviates following the perturbation, at no point does
trunk pitch or roll deviate from normal walking trajectory. This is an interesting
finding because it suggests the CNS puts trunk stability at a top priority during
frontal plane perturbations. Trunk roll has been observed to reach a maximum
deviation of 8 degrees within the first two steps following a diagonal surface
translation (Oddsson et al. 2004 ). Differences seen in this study may occur
because the velocity of the surface translation was much less than that used by
Oddsson et al. (2004). In this study, the velocity of the surface was 0.3 m/s, while
Oddsson et al. (2004) used velocities of 0.5 and 0.7 m/s. This may suggest that
there is a velocity threshold where the CNS may be unable to maintain trunk

angle during a surface translation.

2.4.6 - Continuous overcompensation of stability made by CNS

Observations from this study show that a surface translation in the frontal
plane causes medio/ lateral instability for the step following the perturbation and
up to three steps following. Pai et al. (1999) suggested that both COM-BOS
position and velocity are determinants of balance in the saggital plane. You et al.
(2001) also observed small COM-BOS distances during falls. In this study, this
theory is being extended to the frontal plane. In lateral perturbations, the
widening of step length causes full body M/L COM to be within the BOS, but this
is accompanied with a large velocity towards the foot. Similar results were

observed in Bhatt et al. (2005) during anterior surface translations and Oates et
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al. (2005) during gait termination on a set of rollers. This increase in M/L COM
velocity could be very detrimental to stability because it could actually push the
COM over the leading foot, possibly leading to a fall. This velocity difference was
not significantly different between heel contact and delayed perturbations. In
medial perturbations, the M/L COM is much closer to the leading foot and this is
accompanied with a large velocity towards this foot, again possibly causing a
major M/L instability. The steps following this initial step illustrate an
overcompensation of the CNS in correcting stability. A similar overcompensation
by the CNS can be seen in dynamic stability margin during locomotion on a
compliant surface (MacLellan and Patla, 2006). M/L COM position in step N+2
was opposite to the initial response. Similar results are seen in M/L COM velocity
and this overcompensation is observed 3 steps following the perturbation. This
overcompensation suggests an inability for the CNS to accurately recover

stability measures to baseline following a surface translation.

2.4.7 - Steady state locomotion is not achieved within 3 steps

Following perturbations during locomotion, previous evidence has shown that
steady state can be regained following two compensatory steps. Results from
this study indicate significant differences in step length, width, and COM control
in 3 steps following the frontal plane translation. This difference may occur
because a surface translation in the frontal plane may be more threatening than

the previously observed perturbations. Similarly, Oddsson et al. (2004) observed
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that complete recovery from a diagonal surface translation occurs in five to six
steps. When looking at step length and step width, it appears that the CNS is
continually attempting to regain steady state locomotion following the
perturbation. Step length is decreased following a lateral perturbation at heel
contact but an increase is seen in step N+3. This would suggest an attempt by
the CNS to regain control of locomotion. Similar results are seen in step width
following the perturbation. A widening of step length in the step following the
perturbation is seen in lateral perturbations and a narrowing is seen in steps N+2
and N+3. Similar results are observed in the medial direction perturbations. Due
to the fact that not enough step measurements were collected, it is currently
unknown how many steps are needed by the CNS to recover from a frontal plane

surface translation.

2.4.8 - Reactive control is initially used to respond to perturbations followed by

predictive control for muscle activities but not for kinematic variables

Previous research has indicated that the CNS initially uses reactive control to
recover from an initial perturbation followed by feed-forward control to recover
from subsequent perturbations (Marigold & Patla 2002; Oates et al. 2005; Pavol
& Pai 2002; Pavol, Runtz, & Pai 2004). Adaptations that occur due to this feed-
forward control include changes in COM position (Ferber et al. 2002, Marigold &
Patla 2002; Pavol & Pai 2002; Pavol, Runtz, & Pai 2004) and EMG amplitude

(Marigold & Patla 2002; Oates et al. 2005). In this study, increases in EMG
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amplitude were observed during the initial perturbation which is characteristic of
the startle response (Nieuwenhuijzen et al. 2000). This would suggest the CNS
uses predictive mechanisms to control following muscle activations as
perturbations continue throughout the study. Observations of kinematic variables
have shown that no differences occur as the study progressed. This may occur
due to the CNS displaying a general response to recover from M/L surface
translations in this study and outcomes from previous responses are not used in
subsequent responses. In this study, two different directions and two different
times of perturbation are elicited while in previous studies where adaptations

occur, only one type of perturbation is used.

2.4.9 - Limitations

One major limitation in this study was the control of onset times of force plate
movement during perturbation trials. When perturbations occurred, the
movement onset of the force plate may not have been exactly at heel contact
and at 200 ms following heel contact. Time was needed for the motor to generate
enough power to initiate movement of the force plate. This limitation can be
avoided by using a motor that would be able to generate enough power to move
the force plate immediately. However, one was not available for this study.
Another limitation associated with perturbation times was that a time of 200 ms
had to be used to infer what the effects of the perturbation would be at push off.

During pilot work, the average time of push off was found in ten baseline
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walkthrough trials and this time was used to elicit perturbations. Due to the
problems with initiating movement immediately with the motor, this method would
elicit perturbations after toe off on the moving force plate. This is why a delay of

200 ms was used.

Determining EMG onset times provided some limitations. After some
observation, it could be seen that onset of muscle activity was dependent on the
filtering frequency of the EMG signal. Studies looking at dynamic movements
may cause changes to EMG signals and there is a debate of proper cutoff
frequencies at this time. A frequency of 25 Hz was chosen because it has been
used in previous work in order to be consistent with other studies in the
laboratory. Along with a frequency of 25 Hz, frequencies of 10 Hz (which would
resemble force generation in a muscle) and 100 Hz (which would resemble
neural signaling to the muscle) were used in filtering and determining muscle
onsets. These filter cut-offs yielded differing results for muscle activation
following perturbation and could therefore change the conclusions obtained from
their results. To correct this limitation, general guidelines for filtering EMG signals

during locomotion studies should be determined.

Due to the spatial constraints in the laboratory, only three steps following the
perturbation could be recorded. These spatial constraints did not allow an
appropriate evaluation to determine the number of steps needed to return to a

normal walking pattern following the perturbation. Use of a larger laboratory
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would allow the measurement of many steps following the perturbation and
steady state locomotion could be determined in this case. Another limitation that
occurred in the correction of locomotion following the perturbation was that no
pathway was available. Since no pathway was available, participants had fewer
visual cues to determine if they were walking in a straight line following the
perturbation. During a real life slipping instance, people may be walking on a
sidewalk or a pathway where visual cues are given and CNS responses may
change in order to maintain stability and continue locomotion on the path
provided. A study could be done with an outline of a path provided to determine if

CNS responses change in order to maintain locomotion on the path.

2.4.10 - Future Directions

Conclusions from this study infer the mechanisms used by the CNS to
maintain stability following a surface translation in the frontal plane. These
conclusions include muscles used to regain stability, movement of the ankle
during the perturbation, and foot placements following perturbations. From these
observations, an exercise program could be developed in order to strengthen the
muscles used recovering from these perturbations and increasing ankle range of
motion in order to adapt to the perturbation. A future study could determine if
falling is decreased after participation in a program that emphasizes improving
the mechanisms needed to maintain stability following a frontal plane surface

translation.
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An interesting finding in this study was that observations suggested that
feed-forward control of the CNS is not used in adapting to the perturbations in
this study. It was suggested that this occurred because four differing
perturbations were used in this study and the CNS was not able to adapt due to
the variety of perturbations presented. This argument would be strengthened with
further research examining a variety of perturbations given in an experimental
session and determining if the CNS is able to adapt in these instances. Examples
of projects can include perturbing the arm in differing direction during a reaching
task or causing anterior or posterior perturbations during locomotion to

determining any adaptation by the CNS.

Previously, it has been suggested that perturbations do not occur
instantaneously and time is a component in surface translation studies. This
study examined differences that occur during the course of the perturbation.
Observations suggested that ankle rotation occurred during the perturbation in
order to increase stability during the course of the perturbation. Observations
such as this show how the CNS makes many immediate changes to posture
during a frontal plane surface translation. It is very possible that this occurs in
various types of perturbations. In the future, studies of perturbations should look
more closely at changes made by the CNS during the course of the perturbation
and how these immediate changes have an effect on the overall response used

to regain stability following a perturbation.

50



2.5.1 - Conclusions

Surface translations can cause a great threat to stability due to the effects
they have on the BOS. This thesis has examined how the CNS is able to regain
stability following a surface translation in the frontal plane and a comparison was
made between perturbations that occurred at heel contact and 200 ms following
heel contact. A major finding was that in delayed surface translations, there was
a decrease in muscle activity and body kinematics were affected much less when
compared to heel contact perturbations. It is suggested that in delayed
perturbations, the CNS does not have enough time to actively control stability
prior to the step immediately after perturbation and stability is regained through
placement of subsequent steps. With the limitations present, an analysis could
not be performed to determine how many steps are needed to regain steady
state locomotion. A second major finding was that it is possible the CNS was
unable to use feed-forward mechanisms to adapt to the perturbation due to the
variety of perturbations presented to the participant. Past research has only
examined adaptations to one perturbation that occurs in randomly. Future studies
could examine this point further to determine when feed-forward control cannot

be used by the CNS.
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3.1.1 — Adaptations of Walking Pattern on a Compliant Surface to Regulate
Dynamic Stability

MaclLellan, M.J. & Patla, A.E. (2006). Adaptations of walking pattern on a compliant surface to
regulate dynamic stability. Exp Brain Res. 173(3): 521-30.

Adapting locomotor movements to the varied travel surface characteristics
we encounter in our daily lives is essential. It is therefore not surprising that
various researchers have examined changes in motor patterns while stepping
on/off or traveling on compliant (Ferris et al. 1999; Dixon et al. 2000; Hardin et al.
2004; Moritz et al. 2004; Marigold and Patla 2005), uneven, or slippery travel
surfaces. But the focus on what purpose these changes in motor patterns that
invariably occur to serve is dependent on the researchers. For example, Hardin
et al. (2004) focused on how metabolic cost during running on various travel
surfaces is minimized by analyzing lower limb kinematic changes. Ferris et al.
(1998) turned their attention to the control of vertical center of mass (COM)
trajectory while running on a compliant surface and showed that leg muscle
stiffness is regulated in order to maintain COM peak elevation. Dixon et al.
(2000) argued that lower limb kinematic changes during running on a compliant

surface serve to control peak impact force during heel contact.

How dynamic stability, the ability to maintain balance during locomotion, is
controlled during travel on compliant surfaces has received much less attention.
The importance of this issue is clearly highlighted by the demonstration that

walking on compliant travel surfaces increases the risk of falls in the elderly (Lord
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and Menz 2000). Marigold and Patla (2005) examined the changes in lower limb
trajectory that serve to minimize chances of tripping when stepping off a small
area of compliant surface that affects a single step. How several steps on a
compliant travel surface are regulated in order to maximize dynamic stability is
not known. The central nervous system (CNS) deals with threats to stability
through reactive, anticipatory, and predictive mechanisms. Dynamic stability is
dependent on maintaining COM within a constantly changing and moving base of
support (BOS) (Patla 2003). By examining stability during travel surface changes,
it is possible to determine how and by which mechanisms the CNS maintains
stability during these threats. Margin of stability is an important measure when
determining stability because it relates COM and BOS directly. This measure has
been extended by Hof et al. (2005) to include instantaneous COM velocity in the
relation between COM and BOS. Theoretically, by using this analysis, the
magnitude of stability threat can be determined by measuring how close the
COM comes to the BOS. An unstable position is defined by the COM exceeding
the BOS; the closer the velocity adjusted COM is to the BOS, the poorer the

stability.

A compliant surface such as grass, sand, snow or a soggy field causes two
perturbations to locomotion: an inability to use the kinesthetic system to
accurately detect body orientation with respect to the travel surface and a
mechanical perturbation which is caused by the compression of an extremely

compliant viscoelastic surface during stepping. In this study, a foam mat is used
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as a walking surface for participants. The viscoelastic properties of the foam
surface cause unpredictable reactions at the foot. It is unknown if the CNS
corrects for surface unpredictability on a reactive step by step basis or plans
ahead to compensate for unpredictability in order to maximize stability. This is
the primary focus of this study. Towards that end we determine adaptations in
step patterns, COM trajectory, and lower limb muscle activity when stepping onto
and walking on a compliant surface. During locomotion on the compliant surface,
it is hypothesized that the CNS will maximize stability by creating a larger BOS
by manipulating step width and length to control COM within a larger area and by

increasing toe elevation during swing phase on the travel surface that deforms.

3.2.1 - Methods

3.2.2 - Participants

Eight participants (5 females and 3 males; age 20.6£1.7 years; mass
66.2+15.2 kg) volunteered for this study. Participants had no muscular,
neurological, or joint disorders which would affect their performance in this study.
The study was approved by the Office of Research Ethics at the University of

Waterloo and written informed consent was received by all participants.
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Fig. 1: Experimental setup used in this study. Part a identifies all foot falls and
associates each step with a label. Part b illustrates iRED placements (black
squares) and electromyography placements (gray circles) used in the study. Part
¢ shows how stability margin (SM) is calculated in the anterior—posterior and
medio-lateral directions

55



3.2.3 - Compliant surface

A medium density foam (5 m long, 0.91 m wide, 0.12 m depth) with a
stiffness of 13.13 kN/m and a linear relationship between weight applied and
surface compression (R-square value of 0.95) was used as the compliant walking
surface in this study. An elevated wooden platform (1.1 m long, 1.2 m wide,

0.12 m depth) was used as a starting position during the compliant surface
condition in order to avoid stepping up onto the surface. A diagram of the setup

can be seen in Fig. 1a.

3.2.4 - Protocol

Two blocks of walking trials were collected: 10 baseline ground walking trials
and 10 compliant surface walking trials. Baseline ground walking was completed
first by all participants. During the baseline condition, thin lengths of green mat
were placed on the ground to keep the walking area constant between the two
conditions. Participants were instructed to start walking at a normal pace initiating

gait with the left foot. Compliant surface trials were collected next.

Whole body kinematics were measured using three Optotrak cameras
(Northern Digital Inc., Waterloo, Canada) at a frequency of 80 Hz. Twenty-three

infrared emitting diodes (iREDs) were placed bilaterally on the following
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anatomical land marks: 5th metatarsal, superior anterior aspect of the foot, lateral
malleolus, fibular head, greater trochanter, iliac crest, clavicle, acromion process,
olecranon process, radial styloid process, and xiphoid process. iRED placements
can be seen in Fig. 1b. This allowed us to construct a 12 segment model to

estimate full body COM (Winter 2005).

Muscle activation was measured by surface electromyography (EMG)
(Bortec, Calgary, Canada) from 10 lower limb muscles (rectus femoris, biceps
femoris, tibialis anterior, medial gastrocnemius, and soleus bilaterally) using Ag—
AgCl (Kendall Medi-Trace, Chicopee, MA, USA) electrodes. Signals were band
pass filtered at 10—-1,000 Hz and sampled at 1,200 Hz. The common mode
rejection of the EMG system was 115 dB with an input impedance of 10 GQ.
Placement of IREDS and EMG electrodes can be seen in Fig. 1b. Muscle
activation was only collected from seven of eight participants due to an

equipment problem.

3.2.5 - Data analysis

All kinematic data from iRED markers were low-pass filtered at 7 Hz (dual-
pass, second-order, Butterworth filter). Ankle markers were used to determine
step width, step length, and step time. Steps were termed in relation to

participant’s initial step on the compliant surface. The initial step that participants
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took with their left foot was termed FC y-1, and the following step with the right
foot (the first step on the compliant surface) was termed FC y with FC n+1, FC n+2,
FC n+3, and FC n+4 following. Percent variability for step width and length was
determined by dividing the standard deviation by the mean measure for each
step. Step velocity was calculated by dividing step length by step time during
each step. Toe trajectory was determined for each participant using the iRED
placed on the 5th metatarsal. From these trajectories, initial maximum and
minimum values were determined for the swing phase of each step. Distance
from the lateral malleolus to vertical COM position was calculated at each heel
contact. A 12-linked segment model (head, trunk, upper arm, lower arm and
hand, thigh, shank, and feet) was used to estimate COM in the vertical, medio-
lateral, and anterior—posterior directions (Winter 2005). Vertical and medio-lateral
COM trajectories were normalized to percent of left stride and position of COM
was relative to the initial step taken on the compliant surface. This created two
normalized bins for COM data (bin 1 consisted of data from FC -1 to FC 41,
termed stride 1, bin 2 from FC n+1 to FC n+3, termed stride 2). An analysis of
trajectory slopes was used to determine magnitudes and times of minimum and
maximum peaks in the vertical and medio-lateral directions. Using three trunk
markers (right clavicle, left clavicle, and xiphoid) three-dimensional trunk angles
were determined at each step using the Cardan method of determining angles.
Dynamic stability margin was calculated as described by Hof et al. (2005)

(Fig. 1c). Dynamic stability margin in the anterior—posterior direction (DSMap)

was measured as the distance from the line joining the toes (anterior border of
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the BOS) to the COM at heel contact added to the instantaneous anterior—
posterior velocity of the COM divided by the square root of the height to the COM
divided by gravity. Stability margin in the medio-lateral direction (DSMy_) was
measured from the lateral malleolus of the leading foot (lateral border of the
BOS) to the COM at heel contact added to the instantaneous medial-lateral
velocity of the COM divided by the square root of the height to the COM divided

by gravity. This measurement was calculated for each heel contact.

EMG data were full-wave rectified and low-pass filtered at 10 Hz (dual-pass,
second-order, Butterworth filter), normalized, and binned. These bins of EMG
were broken down into functional bins (0—-30%: weight acceptance, 30-50%:
push-off, 50-80%: early swing, 80—100%: late swing). Average EMG (AEMG)

was calculated for each of these functional bins for each muscle.

3.2.6 - Statistical analysis

Repeated measures analysis of variance (ANOVA) was used on all data
sets. A condition (ground, foam) by step (FC n-1, FCn, FC n+1, FC ns2, FC ns3, FC
n+4) ANOVA was used to determine differences in step characteristics, three-
dimensional trunk angles, maximum toe trajectory, minimum toe trajectory, and
stability margin data. For COM data, condition (ground, foam) by peak (maxs,

min{, Maxz, minz, maxs, mins, maxs, ming) ANOVA was used to determine the
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differences for vertical COM displacement and a condition (ground, foam) by
peak elevation (leftq, right4, left,, right,, left;) ANOVA was used for medio-lateral
COM displacement. Analyses for EMG data were performed for each muscle and
each stride. A condition (ground, foam) by functional bin (weight acceptance
stride 1, push-off stride 1, early swing stride 1, late swing stride 1, weight
acceptance stride 2, push-off stride 2, early swing stride 2, late swing stride 2)
ANOVA was used to determine any significant differences. ANOVA was also
administered for measurements of variance. To determine trial effects for all
variables, measurements from the initial and final trial were analyzed in a
condition (ground, foam) by trial (first, last) by step (FC n-1, FCn, FC n+1, FC 42,
FC n+3, FC n+a) ANOVA. For all analyses, an alpha level of 0.05 was used to
determine significance. Post hoc analysis was conducted when significant
differences existed using a least squares difference test with an alpha level of

0.05.

3.3.1 - Results

3.3.2 - Whole body center of mass

Vertical whole body COM follows a different trajectory on the compliant
surface when compared to stable ground. Stick figure trajectories in Fig. 2
display representative trials. Estimated whole body COM trajectories can be seen

in Fig. 3. An analysis of vertical COM trajectory peaks revealed an interaction
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Stable Surface

Direction of Progression
Fig. 2: Representative trial stick figure diagrams illustrating movement on stable

ground (a) and on the compliant surface (b). Position of foot markers are 5th
metatarsal, lateral malleolus, and superior anterior aspect of the foot

61



Vertical Center of Mass Trajectory
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Fig. 3: Average center of mass trajectories for ground (black) and compliant
surface (gray) conditions. Note that at foot contact N-1, the heel coordinate was
set at 0,0: this allowed us to compare changes in subsequent COM trajectory for
the two travel surfaces
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effect in peak magnitude (F (749=24.87, P<0.0001). Post hoc analysis inferred
that the initial maximum was significantly greater on the compliant surface and
the remaining peaks were significantly lower. To determine if the lowering of
COM was primarily due to compression of the compliant surface or due to active
coordination of joint angles lowering the center of mass, an analysis was done to
determine the vertical position of the COM with respect to the ankle marker.
Mean values of ankle marker and COM difference were 0.865 and 0.859 m for
ground and compliant surfaces, respectively. The analysis showed that COM is
significantly lower in the compliant surface condition (F (17)=6.25, P<0.041)
through a condition effect. This illustrates that the decrease seen in vertical COM
is not just due to the compression of the travel surface, but involves active
lowering of the COM. Analysis of peak time displayed a significant interaction
effect (F (749=15.55, P<0.0001). This difference caused a phase lag in the
compliant surface COM trajectory with respect to the ground trajectory. No
significant differences were seen in trajectory peak magnitude or peak time in the
medio-lateral direction. A trial effect was produced when examining whole body
vertical COM peaks. Whole body vertical COM tended to decrease as trials
progressed while walking on the compliant surface which was seen in a condition
effect (F (15=50.09, P<0.0009). No significant trial effects were observed in
medio-lateral COM trajectory, vertical COM peak time, or medio-lateral COM

peak time.
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Left Toe Trajectory
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Fig. 4: Part a illustrates representative trial toe trajectories (determined from left
5th metatarsal marker) for ground (black) and compliant surface (gray)
conditions. Parts b and ¢ show average maximum and minimum toe clearance
(determined from left 5th metatarsal marker) in the ground (black) and compliant
surface (gray) conditions. Significant differences are denoted by *
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3.3.3 - Toe trajectory

Initial maximum and minimum peak toe trajectories tended to increase during
the compliant surface condition. Representative toe trajectories can be seen in
Fig. 4a. Initial maximum peak values during each step are illustrated in Fig. 4b.
These peaks were significantly larger in each step on the compliant surface
which was seen in a condition effect (F (535=39.61, P<0.0001). No significant
differences were displayed between trials. Minimum trajectory peak values are
shown in Fig. 4c and these peaks are significantly larger in the compliant surface
condition (F (535=49.06, P<0.0001). No significant differences were displayed

between ftrials.

3.3.4 - Step characteristics

Step widths, lengths, and times tended to increase while walking on the
compliant surface. Table 1 displays step width, length, times, and variances for
each measure. An interaction effect was observed for step width (F (4,28)=3.59,
P<0.018) and step length (F (4,28=3.41, P<0.022). Post hoc analysis confirmed
that all step widths and lengths were significantly larger than their corresponding
ground steps. Interesting to note is that width for FC y on the compliant surface
was significantly larger than FC y+1, FC n+2, and FC n.3. An interaction effect (F
4.28=5.07, P<0.004) illustrated that the variance for compliant surface FC n+2 was

larger than FC \, FC n+1, and FC n+4. Examination of step length variance yielded

65


http://springerlink.metapress.com.proxy.lib.uwaterloo.ca/media/59daumlgwp5vdc2glftx/contributions/4/2/8/v/428v28590530t8h2_html/fulltext.html#Fig4#Fig4
http://springerlink.metapress.com.proxy.lib.uwaterloo.ca/media/59daumlgwp5vdc2glftx/contributions/4/2/8/v/428v28590530t8h2_html/fulltext.html#Fig4#Fig4
http://springerlink.metapress.com.proxy.lib.uwaterloo.ca/media/59daumlgwp5vdc2glftx/contributions/4/2/8/v/428v28590530t8h2_html/fulltext.html#Fig4#Fig4
http://springerlink.metapress.com.proxy.lib.uwaterloo.ca/media/59daumlgwp5vdc2glftx/contributions/4/2/8/v/428v28590530t8h2_html/fulltext.html#Tab1#Tab1

a condition effect (F (17y=5.72, P<0.049) where step length variance was
significantly larger on the compliant surface. Step time increases while walking
on a compliant surface (F (4,28)=4.78, P<0.0047) which was seen in astep by
surface interaction effect. Post hoc analysis revealed that the compliant surface
FC n+4 time was significantly smaller than FC y, FC n+1, and FC y+2. Step time
variance showed an interaction effect where step time variance was larger in
compliant surface FC n+1, FC n+2, FC n+3, and FC y+4 when compared to
corresponding ground steps (F 4,2¢=4.35, P<0.0074). No trial effects were seen
in step width, length, or time. An interaction effect was seen in step velocity (F
4.28=4.37, P<0.0072) in which step velocity was greater in the compliant

condition in FC yand FC n+4 and greater in the ground condition in FC 3.
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Table 1: Average measurements for step width, length, time, and variability for
each step in ground and compliant surface conditions

Step  Variable Ground Foam Pvalue
N Step width (mm) 230,756 262617 < 00001
Step width variance (SD?) 304585 4300503 0.0892
Step length (mim) 653,494 682,833 0.0001
Step length variance (SD¥) 607,125 1,130,532 0.0694
Step time (s) 0,603 0586 0526
Step time variance (SD?) 00009 0.012 03219
N+1  Step width (mm) . 230.938 251306 00386
Step width variance (SD-) 438.647 52837 0173
Step length (mm) TOD9E] Te0A19 = 00001
Step length variance (SD?*) 611322 1075026  0.0923
Step time (5) 00.566 0612 0.000]
Step time variance (SD%) 0007 0,000 00113
N+2  Step width (mm) 222,404 234,008 00338
Step width variance (SD?%) 319747 1015549 = 00001
Step length (mm) 602.580 T44.031 = 00001
Step length variance (SD%) 431570 1.070.151 0.018
Step time (5) 0.562 0592 00064
Step time variance (SD%) 0007 0,013 0.0001
N+3  Step width (mm) ) 235.254 247260 00296
Step width variance (5D-) 354030 Te2478  =0.0001
Step length (mm) T04.414 T51L85T < 00001
Step length variance (SD%) 339274 1135012 0.0007
Step time (s) 0.544 0,504  0.0004
Step time variance (SD¥) 0.007 0019 =0.0001
N+4  Step width (mm) 228377 255886 =00001
Step width variance (SD?) 425116 625392 (0.0822
Step length (mm) 692,819 TIOAEZ < 00001
Step length variance (SD"2) 428158 BETTS2 00069
Step time (s) 0,560 0568 04614
Step time variance {SDQ} 0007 0,012 =0.0001
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3.3.5 - Lower limb electromyography

EMG was analyzed for each muscle and for each side independently.
Figures 5 and 6 display significant muscle activities in the left and right leg,
respectively. It was observed that rectus femoris had no significant differences in
the left leg although an interaction effect was seen in the right side (F (7.42=2.84,
P=0.0162). In the right side, increases in AEMG were seen during weight
acceptance in both strides in the compliant condition. Biceps femoris displayed
an interaction effect for the left side (F (742=5.61, P<0.0001) and for the right side
(F (7.42=3.52, P<0.0046). Post hoc analysis illustrated that biceps femoris activity
was significantly greater during left swing in stride 1 and stance and late swing in
stride 2 in the compliant surface condition. In the right side, bicep femoris was
significantly greater in the compliant surface condition during late swing in stride
1 and weight acceptance and late swing in stride 2. Tibialis anterior muscle
activation also had interaction effects on the left side (F (7.42=5.2, P<0.0003) and
the right side (F (7.42=6.23, P<0.0001). Post hoc analysis showed that tibialis
anterior muscle activation was significantly greater on stable ground during late
swing in stride 1 and stride 2. In the right leg, tibialis anterior activity was greater
on the compliant surface in late swing in stride 1 and stride 2. Right tibialis
anterior activity was greater in the compliant surface condition during stance in
stride 1 and late swing in stride 2. Gastrocnemius yielded interaction effects for
the left side (F (7.42=3.43, P<0.0054) and right side (F (742=10.07, P<0.0001).

Left gastrocnemius activity was greater in the ground condition during stance in
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Fig. 5: Full-wave rectified and filtered (left) and averaged (right)
electromyography for the left leg. Average electromyography (AMEG) is
calculated for the functional bins stated in Methods (weight acceptance stride 1,
push-off stride 1, early swing stride 1, late swing stride 1, weight acceptance
stride 2, push-off stride 2, early swing stride 2, late swing stride 2). Muscle
activities are illustrated for left rectus femoris (LRF), left biceps femoris (LBF), left
tibialis anterior (LTA), left medial gastrocnemius (LMG), and left soleus (LSol).
Significant differences are denoted by *

69


http://springerlink.metapress.com.proxy.lib.uwaterloo.ca/media/59daumlgwp5vdc2glftx/contributions/4/2/8/v/428v28590530t8h2_html/fulltext.html#Sec2#Sec2

o
B

0.4

— Ground
Foam %‘
3 o
) & - .
x = ﬂ ﬂ
3
o «.‘\_,.\__,.-v\___,.-"'\q-‘-\_a-u\\__ T o Iﬂj - = .j il B oa .j
0.4 0.4,
3
3 5
— s L] L 3
T8 w L ]
@ <
. a P ﬂ ﬂ
e A ey | |
04 0.4,
5
s E
E g
=y o - o o
: A
= <
) VA : |l
oSN A AN I i
0.4 0.4,
=
— E
g s | ¢ .
: s | | |
S < o ®
[+ ] ’_‘ P
0 j O
04 0.4,
&
' |
;" _—
e -
0 0
FGy  FCuyy FCuie  FCuua FCuy FCy FChsz FCrysa

Stride 1 Stride 2

Fig. 6: Full-wave rectified and filtered (left) and averaged (right)
electromyography for the right leg. Average electromyography (AMEG) is
calculated for the functional bins stated in Methods (weight acceptance stride 1,
push-off stride 1, early swing stride 1, late swing stride 1, weight acceptance
stride 2, push-off stride 2, early swing stride 2, late swing stride 2). Muscle
activities are illustrated for right rectus femoris (RRF), right biceps femoris (RBF),
right tibialis anterior (RTA), right medial gastrocnemius (RMG), and right soleus
(RSol). Significant differences are denoted by *

70


http://springerlink.metapress.com.proxy.lib.uwaterloo.ca/media/59daumlgwp5vdc2glftx/contributions/4/2/8/v/428v28590530t8h2_html/fulltext.html#Sec2#Sec2

stride 1 and greater in the compliant surface in late swing in stride 2. Right
gastrocnemius activity was greater in the compliant surface condition during late
stance in stride 1 and late stance and swing during stride 2. Soleus EMG
displayed interaction effects for the left side (F (7,.42)=4.74, P<0.0005) and right
side (F (7.42=7.41, P<0.0001). Analysis showed that left soleus activity was
greater in the compliant condition during stance in stride 2. In the right soleus,
activity was greater in stance during stride 1 and late stance during stride 2 in the

compliant condition.

3.3.6 - Stability margin

Dynamic stability margin in the anterior—posterior direction (DSMap) was
significantly different in the compliant surface condition which was shown by a
condition by step interaction effect (F(4,28)=10.91, P < 0.0001). Figure 7a
illustrates measurements of DSMap. Post hoc analysis revealed that DSMap was
significantly greater during FC v, FC n+2, and FC n+4. DSMap variance was greater
on the compliant surface which was seen in a condition effect (F (4,26)=15.30,
P<0.0058). No differences were seen in DSMy between the compliant surface
and ground condition. Variability in DSMy. was much different in the two
conditions which was revealed in a condition by step interaction effect (F
4.28=3.65, P<0.0163). Post hoc analysis revealed that DSMy, variability was

significantly greater in compliant condition FC \, FC n+2, FC n+3, and FC nu4, with
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a maximum observed at FC y+2. No trial effects were observed in DSMap or

DSMp.

3.3.7 - Three-dimensional trunk angles

During locomotion on the compliant surface, the trunk was significantly
pitched more forward when compared to the ground condition. This can be seen
in Fig. 7b. Significant trunk pitch was illustrated through an interaction effect (F
(5.33=3.64, P<0.0098). No significant differences were seen in trunk roll or trunk

yaw. There were no trial effects in either trunk pitch, roll, or yaw.

3.4.1 - Discussion

Strategies for stepping on a visible compliant surface

3.4.2 - Proactive control of the vertical center of mass

Analysis of the vertical COM revealed that there was an initial increase in
vertical COM trajectory prior to stepping on the compliant surface. This initial
increase represents a proactive attempt, to compensate at least partially, for the
subsequent lowering of COM due to surface depression when stepping onto the
compliant surface. Ferris et al. (1999) argue that vertical COM excursion is

maintained when running on a compliant surface. A significant decrease in

73


http://springerlink.metapress.com.proxy.lib.uwaterloo.ca/media/59daumlgwp5vdc2glftx/contributions/4/2/8/v/428v28590530t8h2_html/fulltext.html#CR3#CR3

vertical COM following first contact on the compliant surface is not just due to the
compression of the compliant surface: it is also an active strategy by the CNS to
increase stability by lowering COM as seen during an expected step on a
compliant surface (Marigold and Patla 2005) and in response to locomotion on a
slippery surface (Marigold and Patla 2002). Lowering of the whole body COM
decreases the moment arm between the COM and the ground reaction force,
which means a greater amount of force would be needed in order for a fall to
occur. Vertical COM continued to lower on the compliant surface over
consecutive steps. This suggests a feedback mechanism is used in the lowering
of the vertical COM as walking continued on the compliant surface, to minimize

threats to stability.

Medio-lateral whole body COM control did not differ between the compliant
surface condition and the ground condition. This suggests better active regulation
of COM in the frontal plane during walking on a compliant surface. The increases
in step width variability is evidence that constantly changing step width is used
effectively to control center of pressure to maintain medio-lateral body COM

within normal limits.
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3.4.3 - Tripping on the compliant surface is avoided through increases in toe

elevation during the swing phase

The toe trajectory profiles show greater initial maximum and minimum peaks
when stepping onto the compliant surface. This represents a proactive response
to ensure a larger safety margin between the compliant surface and the toe to
minimize chances of an accidental trip. Similar increases in toe clearance were
observed in Marigold and Patla (2005) when stepping off of a compliant surface
to decrease the risk of tripping. When walking on the compliant surface, the
height of the surface is constantly changing especially during toe off and foot
contact. This increase in toe clearance would ensure enough clearance to avoid
any toe contact with the changing compliant surface height during the swing
phase. No trial effects were evident in toe elevation values suggesting that

learning was not a factor.

3.4.4 - Stability is controlled through coordination of all body segments

Stepping onto an unstable surface can threaten stability during locomotion.
When a surface change is clearly distinguished by color for example, as was the
case in the present study, the visual system can pick up cues in the environment

to be used for proactive changes in walking patterns to ensure stability. For
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example, step width and length increased in the initial step on the compliant
surface, which were achieved by appropriate prior changes in muscle activation
profiles. By increasing step width and length, a larger BOS is created in which
the COM can be controlled. Step length changes occurred through increases in
stance limb muscular activation prior to stepping onto the compliant surface. The
increase in left gastrocnemius activity during prior left limb push off on the firm
ground would increase the step length (Patla et al. 1989) which was larger than
other steps on the compliant surface. This confirms the hypothesis that the CNS
will collect information used to increase BOS to maximize stability. The increases
seen in the step length and width variance suggest an increased need for

regulating foot placement to continually deal with perturbations to stability.

Anterior—posterior stability margin increased on the compliant surface for the
first step onto the compliant surface, even though the trunk was pitched forward
during this step. Marigold and Patla (2005) also observed similar increases in
trunk pitch when stepping onto an unknown compliant surface. Therefore, this
increase in stability margin occurred due to increases in step length and/or other
body segments pulling the full body COM backward. During the second step,
anterior—posterior stability margin decreases, which may be due to the increase
in trunk pitch seen in the second step on the compliant surface. Since these
changes were made prior to stepping on the compliant surface, they represent
proactive adjustments to locomotion to maintain stability. No significant

differences were observed in COM, trunk roll, trunk yaw, and margin of stability in
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the medio-lateral direction. This result illustrates that proactive adjustments are
more tightly regulated in the frontal plane when compared to sagittal and
transverse planes. No trial effects were observed in stability margin or trunk
orientation, suggesting that a cautious response to stepping on the altered
surface, which can be modified following experience with the task, was not

present.

Strategies for taking several steps on a visible compliant surface

3.4.5 - Vertical center of mass is controlled through reactive mechanisms when

walking on a compliant surface

Vertical COM tends to decrease as walking continues on the compliant
surface. This decrease does not concur with previous studies (Ferris et al. 1998),
but may occur due to an adaptive decrease in vertical COM to increase stability.
This adaptation occurs to accommodate the compliant surface and maintain
stability throughout contact. A decrease in vertical COM was observed in the
compliant surface condition over successive steps. This suggests a feed forward
mechanism used to increase stability by lowering whole body COM as walking
continues on the surface. There was also a phase lag seen in the compliant
surface vertical COM trajectory when compared to the stable surface vertical

COM trajectory. This phase lag would suggest that vertical COM is reactively
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controlled while walking on the foam. The CNS needs to gather information from

foot contact on the compliant surface to reactively control vertical COM.

Again, while walking on the compliant surface, no changes are seen in
medio-lateral COM peak amplitudes. This is similar to what is seen when
participants initially step onto the compliant surface and the large increases in
step variability may be in order to control center of pressure to maintain medio-

lateral COM within normal limits.

3.4.6 - Base of support continues to increase while walking on a compliant

surface

When walking on the visible compliant surface in this study, increases were
seen in step width, length, and time. The increases seen in step length
corresponded to findings by McMahon and Greene (1979). Step width and length
increased to ensure an enlarged BOS. This would enhance stability. The
increases in the step length agree with the increases of muscle activity in the
gastrocnemius and soleus muscles during prior push-off. These changes are
most likely proactive in order to better control the COM within the BOS. Step
width and length variability were also increased while walking on the compliant

surface. The greatest amount of step width variability was seen in FC .2, the first
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step where both feet are on the compliant surface for the first time. At this time,
the increase in variability may be due to a problem in implementing the proactive
strategy to increase BOS or it may be due to dealing with the variability in
stability demands when walking on the compliant surface. Variability was
increased in step length, which could be related to errors in estimations during
proactive foot placement. Step time increased as participants walked on the
compliant surface but analysis from step velocity showed that there was no
overall decrease on the compliant surface. This shows that the increase in step

time was due only to increases in the length of the step.

Stability margin in the anterior—posterior direction was greater in FC n+2 and
FC n+4 on the compliant surface but less in FC y.3. Since the step length is
consistently larger in the compliant surface condition, changes in anterior—
posterior stability margin in FC y+3 cannot be due to foot placement. Increased
forward trunk pitch can account for the decrease in margin of stability for FC n.s.
These changes may occur due to overcompensation in correcting total body
COM in the predicted step. The changes in stability margin over sequential steps

show the evolution of the recovery strategy to perturbations to balance.
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3.4.7 - Limitations

A major limitation in this study is the ability to determine what observations in
the study are due to the sensory perturbation or the mechanical perturbation
caused by the surface. Foam surfaces have been used previously to perturb the
kinesthetic sensation in the foot. Along with this sensory perturbation, the
viscoelastic nature of the foam surface causes a mechanical perturbation to gait
through the deformation of the walking surface. In the present study, it is not
possible to determine which observations occur due to the sensory perturbation,
mechanical perturbation, or a combination of the two perturbations. Some studies
have examined locomotion in participants with vibrating foot soles. This would
also cause a sensory perturbation to the kinesthetic system. The problem with
this is that vibrations may interfere with other components of the kinesthetic
sensory system when compared to walking on a foam surface. This issue should
be examined more extensively to determine how to separate observations due to

sensory and mechanical perturbations.

When the anterior border of the BOS was determined in this study, markers
placed on the 5™ metatarsal were used. The use of these markers would actually
underestimate the location of the anterior border of the BOS because the marker
is placed more posteriorly on the foot when compared to where the actual

location of the BOS (1% metatarsal). In this study, a marker could not be placed
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on the 1! metatarsal because it would be covered due to the foot’s compression
in the compliant surface. To correct for this, a virtual marker could be calibrated
to the front of the 15! metatarsal so that accurate measurements can be made for

the anterior border of the BOS.

3.4.8 - Future Directions

From the results in this study, it can be seen that locomotion on a compliant
surface challenges the CNS and causes changes in normal walking pattern. It is
well known that older adults do have problems when walking on compliant
surfaces such as sand and grass and confidence decreases in these situations.
Future studies should examine how older adults adapt to walking on a surface
such as this and determine how their walking pattern changes during adaptation.
In making comparisons to a younger population, it may be possible to determine
if older adults are unable to adapt to specific aspects of the compliant surface
and biomechanical reasons for decreases in confidence can be determined.
From these results, rehabilitation programs could be implemented into retirement

homes in order to increase the confidence in older adults with locomotion.
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3.5.1 - Conclusion

In conclusion, when walking on a compliant surface, the CNS coordinates the
whole body in order to maximize stability. Vertical COM is decreased proactively
when stepping onto and as walking continues on a compliant surface. Medio-
lateral COM does not change when walking on the compliant surface and this
may occur due to a tight control by the CNS in the frontal plane. This control is
achieved through changes in step width, which are the primary means of
controlling COM. This agrees with the hypothesis stated previously. Increases in
step length and time are actively controlled to increase stability. All of these
changes occur to maximize stability when it is threatened due to surface

changes.
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4.1.1 — Stepping over an Obstacle on a Compliant Travel Surface Reveals

Adaptive and Maladaptive Changes in Locomotion Patterns

MacLellan, M.J. & Patla, A.E. (2006). Stepping over an obstacle on a compliant travel surface
reveals adaptive and maladaptive changes in locomotion patterns. Exp Brain Res. 173(3):
531-8.

Human locomotion depends heavily on making necessary proactive changes
when obstacles arise in the travel path. Depending on the size of the object, one
may decide to steer around the obstacle or step over it. Obstacle clearance is
accomplished during single support of one limb and during swing phase in the
other; the decreased base of support while the limb is elevated can pose a risk to
balance. This task would clearly be more challenging when the surface one is
walking on is irregular or compliant. This would put added demands on the
central nervous system (CNS) to maintain stability. This study examines how
obstacles are approached when walking on a compliant surface and how toe
clearance is achieved. Locomotion on compliant surfaces can cause many
neuromuscular adaptations. Surface changes alone can cause alterations in
lower limb kinematics (Hardin et al. 2004), leg muscle activation (Ferris et al.
1999; Moritz and Farley 2004), and toe clearance in swing phase (Marigold and

Patla 2005).

Step length modifications, toe elevation, and whole body center of mass
(COM) are among the many factors the CNS must control to successfully avoid
an obstacle during locomotion. This must be done to ensure appropriate foot

placement during the approach phase and in the step over the obstacle. Lee et
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al. (1982) showed that foot placement variability decreases in long jumpers as
they approach takeoff. Similar reductions in foot placement variability were
observed by Patla and Greig (2005) when people were asked to step over an
obstacle: appropriate variability in foot placement before the obstacle was a
determining factor in successful obstacle clearance. Walking on a compliant
surface increases step length variability in order to control anterior—posterior
whole body COM (MacLellan and Patla 2006). Stability is dependent on
controlling whole body center of mass (COM) within a constantly moving base of
support: foot placement is the primary means of controlling stability (Patla 2003).
To account for body movement, Hof et al. (2005) proposed a method in which the
velocity of the whole body COM is used to adjust the COM position; instability
occurs when the calculated value of dynamic stability margin (DSM) becomes
less than zero. Since a systematic reduction in foot placement variability is a
determining factor in successful obstacle clearance, the compliant surface poses
competing demands of successful obstacle clearance and maintenance of

stability.

A major factor in obstacle avoidance is toe trajectory over the obstacle: toe
elevation must be sufficient to safely clear the obstacle. It has been documented
that this clearance is about 0.01 m (Patla and Rietdyk 1993) and is achieved
through coordination of ankle, knee, and hip joint kinematics and kinetics (Patla
and Prentice 1995). During the elevation phase of obstacle clearance, research

shows that knee power is increased to elevate the toe (Patla and Prentice 1995;
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Niang and McFadyen 2004). During limb lowering after obstacle clearance, Patla
and Prentice (1995) showed that work is absorbed at the hip joint and generated
at the ankle to ensure a gentle landing after obstacle clearance. Walking on a
compliant surface alone causes an increase in knee power to avoid tripping
during toe off (Marigold and Patla 2005). How the two competing goals of
maintaining stability on the compliant surface and obstacle clearance are
satisfied by the CNS is not known. Compliant surfaces cause the lowering of the
stance limb due to the depression of the surface. Does the CNS take into
account this depression of the stance limb to regulate elevation such that toe
clearance is maintained? Is the strategy to achieve limb elevation modified when

walking on a compliant surface?

The main purpose of this study is to determine how the CNS organizes
movement during approach to an obstacle and how safe toe clearance is
achieved during locomotion on a compliant surface. Answers to these questions

will shed light on how the CNS copes with two concurrent threats to stability.
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4.2.1 - Methods

4.2.2 - Participants

Six participants (three female and three male; age 21+1.5 years; mass
70.41£15.4 kg) volunteered for this study. Participants had no muscular,
neurological, or joint disorders which would affect their performance in this study.
The study was approved by the Office of Research Ethics at the University of

Waterloo and written informed consent was received from all participants.

4.2.3 - Compliant surface

A medium density foam (5 m long, 0.91 m wide, 0.12 m deep) was used as
the compliant walking surface in this study. An elevated wooden platform (1.1 m
long, 1.2 m wide, 0.12 m deep) was used as a starting position during the
compliant surface condition in order to avoid stepping up onto the surface. A

diagram of the setup can be seen in Fig. 1a.
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Fig. 1: Experimental setup. a Identification of steps prior to obstacle clearance. b
iRED placements for Optotrak measurements. ¢ Calculation used to determine
dynamic stability margin
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4.2.3 - Protocol

Two blocks of walking trials were collected: 20 baseline ground walking trials
and 20 compliant surface walking trials. These 20 trials were split into two blocks
of ten trials (ten obstacle and ten no obstacle). The order of obstacle and no
obstacle blocks were randomized. Baseline ground walking was completed first
by all participants. During the baseline condition, thin lengths of green mat were
placed on the ground to keep the walking area constant between the two
conditions. Participants were instructed to start walking at a normal pace initiating
gait with the left foot. Compliant surface trials were collected next. The obstacle
was a thin piece of wood (0.3x0.7x0.005 m) that was placed at five distances on
the walkway (approximately 3.095, 3.215, 3.335, 3.455, and 3.575 m from start

position). Each position was presented two times in a random order.

Whole body kinematics were measured using three Optotrak cameras
(Northern Digital, Inc., Waterloo, Canada) at a frequency of 80 Hz. Twenty-three
iREDs were placed on the following anatomical land marks: fifth metatarsal, top
of ankle, lateral malleolus, fibular head, greater trochanter, iliac crest, clavicle,
acromion process, olecranon process, radial styloid process, and xiphoid process
bilaterally (seen in Fig. 1b). This allowed us to determine lower limb kinematics,

kinetics during swing, and three-dimensional trunk positions.
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4.2.4 - Data analysis

All kinematic data from iRED markers were low pass filtered at 7 Hz (dual
pass, second order, Butterworth filter). Ankle markers were used to determine
step length. Steps were termed in relation to obstacle placement. The initial step
that participants took with their left foot was termed FC -4, and the following step
with the right foot was termed FC y-3 with FC y-2, FC n-1, and FC \ following (see
Fig. 1a). From these steps, distance from the step to the obstacle (foot
placement) was determined. Toe trajectory was determined for each participant
using the iRED placed on the fifth metatarsal. Ankle, knee, and hip angle
trajectories were determined using methods proposed in Winter (2005). From
these trajectories, toe elevation, ankle angle, knee angle, and hip angle at the
obstacle were determined. Using three trunk markers (right clavicle, left clavicle,
and xiphoid) true three-dimensional trunk angles were determined at the obstacle
using the Cardan method of determining angles. Stability margin was calculated
as in Fig. 1c. Stability margin in the anterior—posterior direction (SMap) was
measured as the distance between the line joining the toes to the COM at heel
contact. Stability margin in the medio-lateral direction (SMy.) was measured from
the lateral malleolus of the leading foot to the COM at heel contact. This
measurement was calculated for each heel contact. To determine the effect of
COM velocity on stability margin, termed DSM, the position of the COM was
added to the estimated instantaneous velocity of the COM divided by

instantaneous angular velocity of the COM as in Hof et al. (2005). Swing limb
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moments, powers, and work at the ankle, knee, and hip were determined using
methods proposed in Winter (2005). Swing limb joint moments and powers were
determined at the obstacle. For analysis of work, work for each joint was
determined for ground/compliant and obstacle/no obstacle trials in two phases.
Phase 1 occurred from toe off to half of toe trajectory and phase 2 from half of

toe trajectory to heel contact.

4.2.5 - Statistical analysis

A condition (ground, compliant) x step (FC n-4, FC n-3, FC N2, FC n-1, FC )
analysis of variance (ANOVA) was administered on step length, step length
variance, foot placement, and foot placement variability. A surface (ground,
compliant) x obstacle (no obstacle, obstacle) ANOVA was administered to
determine any differences in DSM and joint power. A student’s t test was
administered an all other measures to determine significant differences between
the ground and compliant surface conditions. For all analysis, an alpha level of
0.05 was used to determine significance. Post hoc analysis was conducted when
significant differences existed using a Least Squares Difference test with an

alpha level of 0.05.
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4.3.1 - Results

4.3.2 - Step measurements

Step length and foot placement did not differ between the ground and
compliant surface conditions. ANOVA determined that there were no significant
differences between the ground and compliant surface condition step lengths (F
3.18=0.39, P=0.7609). There were also no differences determined in foot
placement between the conditions (F (4,20=0.48, P=0.7487). There were
significant differences when examining the variability of step length. A condition
effect was seen in step length variance in which compliant surface step variability
was greater than ground step variability (F (15=15.03, P<0.0117). There was also
a step effect in which variability increased as steps progressed (F (3,15=9.17,
P<0.0011). When examining foot placement variability, a step effect was
observed where variability decreased as steps approached the obstacle (F

4.20=13.49, P<0.0001; seen in Fig. 2).
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Fig. 2: Foot placement variability in steps prior to obstacle clearance. Bottom
illustrates how variability measurements were obtained
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4.3.3 - Lower limb kinematics

Toe elevation (distance from toe off to trajectory at obstacle clearance) at the
obstacle was not different between the two conditions. Toe trajectories can be
seen in Fig. 3a. Mean toe elevations were 0.451 (+0.061 m) and 0.459 m
(£0.048 m) for ground and compliant surface conditions, respectively. A student’s
t test determined that toe elevation was not different between the ground and
compliant surface conditions (t (112=0.79, P=0.2163). Toe clearance (distance
from top of obstacle to trajectory at obstacle clearance) at the obstacle was
different between the ground and compliant surface conditions. Mean toe
clearance was 0.161 (+0.018 m) and 0.150 m (£0.013 m) for ground and
compliant surface conditions, respectively (seen in Fig. 3b). A student’s t test
determined that toe clearance was significantly higher in the ground condition
(P<0.0151) and that toe elevation variance was significantly smaller in the

compliant surface condition (P<0.0079).

Increases in knee and hip flexion are seen during toe elevation in the swing
limb. At obstacle clearance, no differences were observed in ankle angles (t
111y=—0.34, P=0.3674) but differences were observed in knee (t (111)=1.87,
P<0.0321) and hip (t (111)=—4.23, P<0.0001) angles. Knee flexion at obstacle
clearance was 86.2116.7 and 89.44+8.8 degrees for ground and compliant
surface conditions, respectively. Hip flexion was 63.78+3.8 degrees in the ground

condition and 70.41+3.1 degrees for the compliant surface condition. No
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Fig. 3: a Representative trials of foot trajectory during obstacle clearance. b Toe
clearance (measured from top of obstacle to trajectory at obstacle clearance) for
ground and compliant conditions. Asterisk indicates significance of <0.05
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differences were seen in trunk pitch (T (112)=0.73, P=0.234) or roll (T (114=—0.51,
P=0.307) in the ground or compliant surface conditions. Trunk pitch and roll at
obstacle clearance was 5.57+3.5 degrees forward and 0.856+2.6 degrees left in
the ground condition and 5.94+3.8 degrees forward and 0.243+2.9 degrees left in

the compliant surface condition.

4.3.4 - Dynamic stability margin

DSMap increased as participants approached the obstacle. DSMap is
illustrated in Fig. 4. A significant obstacle by condition by step interaction was
seen in DSMap (F(4,18)=3.67, P < 0.0224) but no significant differences were
seen in DSMy. (F(4,18)=1.84, P < 0.1620) DSMap tends to increase as the
participant approached the obstacle, but this was similar between the ground and

compliant surface conditions.
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Fig. 4: Plot of dynamic stability margin during the approach to the obstacle.
Asterisk indicates significance of <0.05
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4.3.5 - Lower limb kinetics

An increased flexor moment in the ankle was seen at obstacle clearance in
the compliant surface condition. Ankle flexor moment increased from
0.8054£0.103 Nm on the ground to 0.933+0.110 Nm on the compliant surface (t
111)=2.69, P<0.0041). No significant differences were observed in knee moment
(t 111=—0.34, P=0.367) or hip moment (t (111y=—0.37, P=0.356). Ankle (t (111)=2.56,
P<0.0059) and knee (t (111)=3.24, P<0.00079) power was significantly more
negative at obstacle clearance. Power profiles for ankle, knee, and hip are
illustrated in Fig. 5. Ankle power decreased from —-0.659+0.549 W on the ground
to —1.095+£0.667 W on the compliant surface. Knee power decreased from
-12.539+3.456 to —16.087+4.326 W from the ground to compliant surface
conditions. No significant differences were observed in the hip power at obstacle
clearance (t (111y=—1.13, P=0.13). Work done at each joint from toe off to obstacle
clearance and obstacle clearance to heel contact can be seen in Table 1. It was
determined that there were no significant differences observed in ankle work
during phase 1 (F (15=2.20, P=0.198) or phase 2 (F (15=0.54, P=0.494). A
condition effect was observed in knee work during phase 1 (F (15=66.04,
P<0.0005) in which work was more negative in the obstacle condition. No
differences were seen in the knee joint during phase 2 (F (15=0.26, P=0.632).
When observing the hip joint, no differences were seen in phase 1 (F (1,5=0.31,
P=0.601) but a obstacle by surface interaction effect was observed in phase 2 (F

1,5=11.78, P<0.0186). This interaction effect illustrated that work was greater in
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Table 1: Joint work (J) during obstacle clearance

Table 1 Joint work () during obstacle clearance

Joint Phase Ground/ne obstacle Ground/obstacle Compliant/no obstacle Compliant/obstacle

Hip Elevation 244639 61657 22501 34076
Lowering —4.0185 —19.60146 —6.8639 —19.3233

Knee Elevation 1.5732 9.0599 1.3699 102211
Lowering —4.7952 —3.2218 —5.6289 —4.5682

Ankle Elevation 0.0444 0.0517 1.0211 0.1208
Lowering 0.1269 37126 —1.9785 —1.3527
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the compliant surface condition when compared to the ground condition when no
object was present and that power was significantly greater in the object

condition when compared to the no object condition.

4.4.1 - Discussion

In this study, two concurrent threats are presented to the CNS: a stability
threat due to the compliant surface and clearance of an obstacle in the travel
path. How the CNS deals with these competing stability threats was assessed by
analyzing whole body kinematics and lower limb kinetics. Successful obstacle
avoidance is dependent on appropriate foot placement adjustments during the
approach phase (Patla and Greig 2005) and adequate toe elevation to clear the
obstacle (Patla et al. 1991). While the CNS is able to appropriately adjust foot
placement in the approach phase over a compliant travel surface, obstacle

clearance shows maladaptive changes that can potentially threaten stability.

4.4.2 - Competing demands of maintaining dynamic stability and foot placement

before the obstacle are achieved

In a study of elite long jumpers, Lee et al. (1982) observed that standard
error of footfall position decreased as the jumper approached a takeoff board.

Similar results were reported by Patla and Greig (2005) in foot placement
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variability when participants approached an obstacle in their travel path. This
decrease in variance illustrates an increase in control by the CNS of the final foot
placement before stepping over the obstacle. Results from this study suggest
foot placement, not step length is regulated to prepare for obstacle clearance.
These results contrast what was seen by Begg et al. (1998) where step length
increased prior to obstacle clearance. The control of foot placement before the
obstacle is clearly important to minimize the risk of tripping in the following step.
Researchers (Chou and Draganich 1998; Patla and Greig 2005) argue that the
appropriate placement of this step determines the trajectory of the foot while
stepping over the obstacle. Similar decreases in foot placement variability were
observed in this study, irrespective of whether the individual was walking on a
compliant or normal surface. This illustrates that the CNS is able to make the
specific foot placement adjustments needed to prepare for obstacle clearance

while walking on a compliant surface.

Foot placement control is also needed to control stability. MacLellan and
Patla (2006) concluded DSMap was significantly different when walking on a
complaint surface. This study showed continuous over compensatory control of
DSMap during locomotion on a compliant surface. It is possible that stability may
be challenged when approaching an obstacle. Patla and Greig (2005) and the
current study illustrates that foot placement is altered to decrease foot placement
variability when approaching an obstacle. Since dynamic stability is dependent

on foot placement, this change in variability may have an affect on dynamic
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stability. The results show that dynamic stability is maintained while approaching
an obstacle on a compliant surface. Analysis of DSMap illustrates no differences
in stability during the initial steps when approaching an obstacle. The second to
last step prior to obstacle clearance, DSMap increases from the compliant/no
obstacle to the compliant/obstacle conditions. In the final step prior to obstacle
clearance, DSMap increases (primarily due to adjustments of COM position) in
the obstacle condition compared to the no obstacle conditions on both ground
and compliant surfaces. This indicates that the CNS initiates stability changes in
steps prior to obstacle clearance irrespective of the travel surface to minimize the
chances of a fall should an accidental trip occur. These results illustrate the
competing demands of stability and foot placement are met on the compliant

surface.

4.4.3 - Strategies for toe elevation and lowering are similar for compliant and

normal terrains

Two major strategies have been documented to achieve successful obstacle
clearance: knee and hip strategies. Patla and Prentice (1995) showed that the
muscles about the knee joint are responsible for toe elevation. In this study, knee
power to obstacle increased as a function of obstacle height. A different strategy
was observed by Hill et al. (1999) in lower limb amputees in which hip work was
modulated as obstacle height increased. In people with lower limb amputations,

two challenges may exist: a reduction of kinesthetic input and an increase of joint
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instability. These challenges are also present during locomotion on a compliant
surface. Nevertheless, results from this study show that on a compliant surface, a

similar knee strategy is used to elevate the toe during obstacle clearance.

A hip strategy is used to lower the limb after obstacle clearance on the
compliant surface. Patla and Prentice (1995) concluded that hip power
absorption increased as obstacle height increased during the limb lowering
phase. Absorption of hip power was similar in the ground and compliant
conditions, which corresponds to using a hip strategy to lower the limb after
obstacle clearance. In the compliant surface condition, the work done by the hip
is similar even when toe clearance is lower over the obstacle. This shows that
the same amount of power is absorbed over differing lowering distances. This
greater absorption of work in the compliant surface condition functions to
decrease vertical contact velocity. The compliant surface has viscoelastic
properties which causes unpredictable weight bearing surface deformation during
contact. An increased vertical velocity would be detrimental on the compliant

surface because the compression of the surface could compromise stability.
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4.4.4 - The CNS regulates toe elevation, not toe clearance when stepping over

obstacles

Stepping over an obstacle can be a hazardous task due to the risk of tripping
during clearance. Thus, sufficient elevation of the foot must ensue to safely clear
the obstacle (Patla et al. 1991). Patla and Prentice (1995) have illustrated toe
elevation is achieved by coordinating joint positions of the ankle, knee, and hip.
On normal stable ground, toe elevation and toe clearance are related;
researchers have assumed that the CNS is regulating certain toe clearance to
ensure safe travel (Patla et al. 1991). Results of this study suggest that toe
elevation, not toe clearance is controlled when stepping over an obstacle
because the depression of the surface during weight bearing is not taken into
account; toe clearance over the compliant surface is smaller. This decrease in
toe clearance would increase the chances of contact with the obstacle resulting
in a trip possibly leading to a fall. This is an important finding indicating CNS
function during obstacle clearance. In previous studies, toe elevation and
clearance have been coupled. In this study, the obstacle height is maintained,
providing a consistent visual perception of the obstacle but the ground the
obstacle is on compresses causing a change in toe elevation needed to
successfully clear the obstacle. These results indicate the CNS either does not
take into account the compression of the ground prior to obstacle clearance or

due to the unpredictable nature of the compliant surface, it does not have

104


http://springerlink.metapress.com.proxy.lib.uwaterloo.ca/media/gpt919gvwrcynpdgvkwp/contributions/5/1/1/6/51162767320477r2_html/fulltext.html#CR15#CR15
http://springerlink.metapress.com.proxy.lib.uwaterloo.ca/media/gpt919gvwrcynpdgvkwp/contributions/5/1/1/6/51162767320477r2_html/fulltext.html#CR13#CR13
http://springerlink.metapress.com.proxy.lib.uwaterloo.ca/media/gpt919gvwrcynpdgvkwp/contributions/5/1/1/6/51162767320477r2_html/fulltext.html#CR15#CR15

adequate information to accurately judge the compression of the surface during

obstacle clearance.

Whatever the reason, the inability of the CNS to estimate surface
compression and limb lowering is reflected in similar work done during limb
elevation. While the visual system provides the estimate for the work needed to
elevate the toe during obstacle clearance, it is not able to take into account any
compression of the surface prior to clearance and adjust the motor patterns
accordingly. If the CNS was able to estimate compression of the ground prior to
obstacle clearance, differences would be seen in joint work to compensate for

ground compression.

4.45 - Limitations

Similar to the previous study, the compliant surface used creates some
limitations due to the viscoelastic properties of the foam. The foam surface
creates sensory and mechanical perturbations to the CNS therefore it is not
possible to determine what changes occur due what aspects of the surface. This

is one limitation occurring in this study.
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Along with the surface characteristics, this study only used one height of
obstacle for avoidance. It is possible that the observations in this study will not be
seen in obstacles of differing heights. The obstacle used in this study (0.3 min
height) is quite high and it is possible the CNS may use different strategies to
cross obstacles of lower heights. To examine this, a study can be done to
examine toe clearance and elevation during obstacle avoidance with obstacles of

differing heights and possibly widths.

A final limitation seen in this study is the marker that was used in determining
toe elevations and clearance. The marker placed on the 5™ metatarsal was used
in this calculation. During clearance, the part of the foot most likely to make
contact with an obstacle is the 1 or 2" metatarsal. An issue created by walking
on the compliant surface was that markers placed on the 1% or 2" metatarsals
would be covered by the surface itself and therefore the cameras would not be
able to record their movements. To correct for this, a virtual marker could have
been calibrated at the 2"* metatarsal and more accurate measurements could be

made for toe clearance and elevation.
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4.4.6 - Future Directions

To address the limitations presented, a new study has been proposed in
which obstacles of differing heights will be used along with differing combinations
of surfaces. By using obstacles of differing heights, it can be determined if toe
elevation and clearance strategies are similar during avoidance. The surface
combinations used in this study were ground and ground-foam. Along with these,
foam and foam-ground surface combinations should be used. These
combinations will confirm the conclusions of this study concerning the CNS made
estimations about limb elevation prior to stepping on the foam surface. If foam
only surface is used, toe elevation would be larger over the obstacle because
estimations of limb elevation would be made while the participant is standing on
the compressed foam. In the foam-ground condition, limb elevation would be
larger than the ground and foam surfaces because the CNS would make
estimations about limb elevation while standing on the compressed foam, and
this would cause an overestimation of the elevation needed to safely clear the

obstacle. These issues should be addressed in a follow-up study.
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45.1 - Conclusions

In conclusion, not all alterations by the CNS are advantageous during
obstacle clearance when traveling over a compliant surface. When approaching
an obstacle, foot placement variability decreases to ensure appropriate foot
placement prior to obstacle clearance. Hip work is absorbed to decrease vertical
foot velocity upon foot contact on the compliant surface. These alterations by the
CNS are advantageous to maintain stability. Toe clearance is decreased in the
compliant surface condition which would increase the chances of contact with the

obstacle. These changes are detrimental to stability during obstacle clearance.
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5.1.1 - Final Conclusions

Evidence from these studies shows that when examining dynamic stability;
kinematic, kinetic, and electromyographical aspects of human movement should
be integrated to determine how the CNS maintains balance. The studies in this
thesis have used many biomechanical variables to examine reactive, predictive,
and anticipatory control of dynamic stability. It can be seen that different aspects

of stability can be controlled using differing mechanisms.

Reactive control of stability was seen when recovering from a frontal plane
perturbation and during vertical COM decreases on the compliant surface. During
a frontal plane surface translation, the CNS reactively directs full body COM in a
direction opposite to the direction of the perturbation. This is accomplished
through an extension strategy in the stance limb. Following the perturbation, the
CNS reactively overcompensates COM-BOS distance in order to regain a normal
walking pattern. When walking on a compliant surface, vertical COM is

decreased reactively in order to increase stability.

Examples of predictive control of stability were seen in changes of foot
placement and electromyographical patterns when walking on the compliant
surface and by estimating limb elevation during obstacle clearance on a
compliant surface. When walking on a compliant surface, the CNS prepares for

this perturbation by taking wider and longer steps therefore increasing the BOS.
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This is accomplished through increases in lower limb extensor muscles during
push-off in walking. Evidence from this research also suggests the CNS predicts
how high a limb needs to be elevated to safely clear the obstacle by predicting
the required height. This is seen through lower limb kinetics and toe elevation

being similar on ground and compliant surfaces.

Lastly, initial increases in vertical COM, increases in toe clearance during
walking on the compliant surface, and decreases in foot placement variability
when approaching an obstacle are examples of anticipatory control of stability.
When preparing for a step onto a compliant surface, the CNS anticipates the
lowering that will occur due to the compression of the surface and therefore an
increase in vertical COM peak prior to stepping onto a compliant surface. This
increase in vertical COM is accompanied with an increase in toe clearance to
decrease the risk of the toe making contact with the surface during swing phase.
When approaching an obstacle on a compliant surface, the CNS anticipates the
crossing and a decrease in foot placement variability is observed in order to

accurately plant the foot prior to obstacle clearance.

From a thorough examination of stability in different complex environments, it
can be seen that dynamic stability can not be determine through a single
measure. There are many factors in dynamic stability that work together to
achieve a common goal of maintaining balance. To determine how the CNS is

able to control stability through reactive, predictive, and anticipatory mechanisms,
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many biomechanical factors must be integrated to determine how this common

goal of maintaining balance is met.

111



6.1.1 - References

Begg, R.K., Sparrow, W.A., & Lythgo, N.D. (1998). Time-domain analysis of foot-
ground reaction forces in negotiating obstacles. Gait Posture 7:99-1009.

Bhatt, T., Wening, J. D., & Pai, Y. C. (2005). Influence of gait speed on stability:
Recovery from anterior slips and compensatory stepping. Gait & Posture,
21(2), 146-156.

Bothner, K. E., & Jensen, J. L. (2001). How do non-muscular torques contribute
to the kinetics of postural recovery following a support surface translation?
Journal of Biomechanics, 34(2), 245-250.

Cham, R., & Redfern, M. S. (2002). Changes in gait when anticipating slippery
floors. Gait & Posture, 15(2), 159-171.

Cham, R., & Redfern, M. S. (2001). Lower extremity corrective reactions to slip
events. Journal of Biomechanics, 34(11), 1439-1445.

Chou, L., & Draganich, L.F. (1998). Placing the trailing foot closer to an obstacle
reduces Xexion of the hip, knee, and ankle to increase the risk of tripping. J
Biomech 31:685-691.

Dietz, V., Quintern, J., & Berger, W. (1984). Corrective reactions to stumbling in
man: Functional significance of spinal and transcortical reflexes.
Neuroscience Letters, 44(2), 131-135.

Dixon, S.J., Collop, A.C., & Batt, M.E. (2000) Surface effects on ground reaction
forces and lower extremity kinematics in running. Med Sci Sports Exerc
32:1919-1926.

Eng, JJ., Winter, D.A. & Patla, A.E. (1994). Strategies for recovery from a trip in
early and late swing during human walking. Exp Brain Res, 102, 339-349.

Ferber, R., Osternig, L.R., Woollacott, M.H., Wasielewski, N.J., & Lee, J.H.
(2002). Reactive balance adjustments to unexpected perturbations during
human walking. Gait and Posture, 16, 2407-10.

Ferris, D.P., Louie, M., Farley, C.T. (1998) Running in the real world: adjusting
leg stiffness for different surfaces. Proc R Soc Lond B Biol Sci 265:989-994.

Ferris, D.P., Liang, K., Farley, C.T. (1999) Runners adjust leg stiffness for their
first step on a new running surface. J Biomech 32:787-794.

112



Hardin, E.C., van den Bogert, A.J., Hamill, J. (2004) Kinematic adaptations
during running: effects of footware, surface, and duration. Med Sci Sports
Exerc 36:838-844.

Henry, S. M., Fung, J., & Horak, F. B. (1998a). Control of stance during lateral
and anterior/posterior surface translations. IEEE Transactions on
Rehabilitation Engineering : A Publication of the IEEE Engineering in
Medicine and Biology Society, 6(1), 32-42.

Henry, S. M., Fung, J., & Horak, F. B. (1998b). EMG responses to maintain
stance during multidirectional surface translations. Journal of
Neurophysiology, 80(4), 1939-1950.

Hermens, H. J., Freriks, B., Disselhorst-Klug, C., & Rau, G. (2000). Development
of recommendations for SEMG sensors and sensor placement procedures.
Journal of Electromyography and Kinesiology : Official Journal of the
International Society of Electrophysiological Kinesiology, 10(5), 361-374.

Hill, S.W., Patla, A.E., Ishac, M.G., Adkin, A.L., Supan, T.J., & Barth, D.G.
(1999). Altered kinetic strategy for the control of swing limb elevation over
obstacles in unilateral below-knee amputee gait. J Biomech 32:545-549.

Hof, A. L., Gazendam, M. G., & Sinke, W. E. (2005). The condition for dynamic
stability. Journal of Biomechanics, 38(1), 1-8.

Lee, D.N., Lishman, J.R., & Thomson, J.A. (1982). Regulation of gait in long
jumping. J Exp Psychol Hum Percept Perform 8:448-459.

Lord, S.R., Menz, H.B. (2000) Visual contributions to postural stability in older
adults. Gerontology 46:306-317.

MacLellan, M.J. & Patla, A.E. (2006). Adaptations of walking pattern on a
compliant surface to regulate dynamic stability. Exp Brain Res [online]. Feb
21.

Marigold, D. S., Bethune, A. J., & Patla, A. E. (2003). Role of the unperturbed
limb and arms in the reactive recovery response to an unexpected slip during
locomotion. Journal of Neurophysiology, 89(4), 1727-1737.

Marigold, D. S., & Patla, A. E. (2002). Strategies for dynamic stability during
locomotion on a slippery surface: Effects of prior experience and knowledge.
Journal of Neurophysiology, 88(1), 339-353.

Mcllroy, W. E., & Maki, B. E. (1994). The 'deceleration response' to transient
perturbation of upright stance. Neuroscience Letters, 175(1-2), 13-16.

McMahon, T.A., Greene, P.R. (1979). The influence of track compliance on
running. J Biomech 12:893-904.

113



Misiaszek, J.E. (2003). Early activation of arm and leg muscles following pulls to
the waist during walking. Exp Brain Res, 151, 318-329.

Moritz, C.T., Greene, S.M., Farley, C.T. (2004). Neuromuscular changes for
hopping on a range of damped surfaces. J Appl Physiol 96:1996-2004.

Nashner, L. M. (1982). Adaptation of human movement to altered environments.
Trends in Neurosciences, 5, 358-361.

Niang, A.E., & McFadyen, B.J. (2004). Adaptations in bilateral mechanical power
patterns during obstacle avoidance reveal distinct control strategies for limb
elevation versus limb progression. Motor Control 8:160-173.

Nieuwenhuijzen, P. H., Schillings, A. M., Van Galen, G. P., & Duysens, J. (2000).
Modulation of the startle response during human gait. Journal of
Neurophysiology, 84(1), 65-74.

Oates, A. R., Patla, A. E., Frank, J. S., & Greig, M. A. (2005). Control of dynamic
stability during gait termination on a slippery surface. Journal of
Neurophysiology, 93(1), 64-70.

Oddsson, L. I., Wall, C., McPartland, M. D., Krebs, D. E., & Tucker, C. A. (2004).
Recovery from perturbations during paced walking. Gait & Posture, 19(1),
24-34.

Pai, Y. C., & Igbal, K. (1999). Simulated movement termination for balance
recovery: Can movement strategies be sought to maintain stability in the
presence of slipping or forced sliding? Journal of Biomechanics, 32(8), 779-
786.

Pai, Y.-C., Patton, J. (1997). Center of mass velocity-position predictions for
balance control. Journal of Biomechanics 30, 347-354.

Patla, A. E. (2003). Strategies for dynamic stability during adaptive human
locomotion. IEEE Engineering in Medicine and Biology Magazine : The
Quarterly Magazine of the Engineering in Medicine & Biology Society, 22(2),
48-52.

Patla, A.E., Armstrong, C.J., Silveira, J.M. (1989) Adaptation of muscle activation
patterns to transitory increase in stride length during treadmill locomotion in
humans. Hum Mov Sci 8:45-66

Patla, A.E., Ishac, M.G. & Winter, D.A. (2002). Anticipatory control of center of
mass and joint stability during voluntary arm movement from a standing
posture: interplay between active and passive control. Exp Brain Res, 143,
318-327.

114



Patla, A.E., & Greig, M. (2005). Stop and go locomotion over an obstacle under
no vision is less successful due to higher initial foot placement variability.
Gait Posture 21(Suppl 1):S26.

Patla, A.E., & Prentice, S.D. (1995). The role of active forces and intersegmental
dynamics in the control of limb trajectory over obstacles during locomotion in
humans. Exp Brain Res 106:499-504.

Patla, A.E., & Rietdyk, S. (1993). Visual control of limb trajectory over obstacles
during locomotion: eVect of obstacle height and width. Gait Posture 1:45-60.

Patla, A.E., Prentice, S.D., Robinson, C., & Neufeld, J. (1991). Visual control of
locomotion: strategies for changing direction and for going over obstacles. J
Exp Psychology 17:603-643.

Pearson, K., & Gordon, J. (2000). Spinal Reflexes. In: Principals of Neural
Science, edited by Kandel ER, Schwartz JH, and Jessel TM. Toronto, ON,
Canada: McGraw-Hill, p. 713-736.

Perry, S.D., Mclllroy, W.E. & Maki, B.E. (2000). The role of plantar cutaneous
mechanoreceptors in the control of compensatory stepping reactions
evokedby unpredictable, multi-directional perturbation. Brain Res, 877, 401-
406.

Shumway-Cook, A., & Woolacott, M.H., (1995). Motor Control: Theory and
Practical Applications. Williams & Wilkins, Baltimore, MD.

Tang, P. F., Woollacott, M. H., & Chong, R. K. (1998). Control of reactive balance
adjustments in perturbed human walking: Roles of proximal and distal
postural muscle activity. Experimental Brain Research. Experimentelle
Hirnforschung. Experimentation Cerebrale, 119(2), 141-152.

Wall, C.,3rd, Oddsson, L. |., Patronik, N., Sienko, K., & Kentala, E. (2002).
Recovery trajectories of vestibulopathic subjects after perturbations during
locomotion. Journal of Vestibular Research : Equilibrium & Orientation, 12(5-
6), 239-253.

Winter, D. A., Prince, F., Frank, J. S., Powell, C., & Zabjek, K. F. (1996). Unified
theory regarding A/P and M/L balance in quiet stance. Journal of
Neurophysiology, 75(6), 2334-2343.

Winter, D.A. (1995). ABC of Balance During Standing and Walking. Waterloo
Biomechanics, Waterloo, CA.

Winter, D. A. (2005). Biomechanics and motor control of human movement (3rd
ed.). New Jersey: John Wiley & Sons.

115



You, J., Chou, Y., Lin, C., & Su, F. (2001). Effect of slip on movement of body
center of mass relative to base of support. Clin.Biomech.(Bristol, Avon),
16(2), 167-173.

Zehr, E.P., Komiyama, T. & Stein, R.B. (1997). Cutaneous reflexes during human

gait: electromyographic and kinematic responses to electrical stimulation. J
Neurophysiol, 77, 3311-3325.

116



	Table of Contents.pdf
	Masters Thesis - Draft 3.pdf

