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Abstract

Background. Following a balance disturbance, one or morgsséee often taken.
Studies have shown that older adults are moreylitkeln young adults to take
multiple steps, and that number of steps is a ptedof fall risk. In order to better
understand how a stepping strategy is chosen, vestigated the transition between
single and multiple stepping strategies in youngjtad

Methods Each participant responded to a sudden releasedn initial forward lean.
We limited available first step length with a vigitboundary line to induce
transitions between single and multiple steppingtsgies. The available step length
where the transition occurred (transition threshaltt the biomechanics of the first
step on either side of the transition were quaedifn terms of temporal, kinematic,
and kinetic parameters.

Results The magnitude of the transition threshold digpthhysteresis sensitive to
direction of the transition (single to multiple g$eversus multiple to single steps).
Step liftoff, swing, and landing times, step lengitep length boundary margin, and
braking forces during landing were different orheitside of the transition.
Discussion. If transition threshold is used as a clinical swea, the method used to
detect the threshold should be further studied reophisticated threshold detection
protocols may minimize hysteresis. Biomechanit@nges in the first step suggest
that the second step is planned before liftofhef first step, rather than only after

failure of the first step to recover balance.
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CHAPTER ONE: INTRODUCTION

Motivation

Falls accounted for 2.6 million injuries requiritrgatment and 10,300 deaths in 2000
in the United States [1]. The total estimated odshese falls has been estimated to
total over 19 billion dollars. Besides physicgliny, experiencing a fall often leads

to loss of confidence and fear of falling [2]. Feé&falling is associated with
decreased activity levels and poorer mental h¢ait]. Fall risk depends on an
individual’'s ability to both avoid balance disturz@s and recover balance when a
disturbance has occurred [6]. Understanding thehar@sms of balance recovery
following a balance disturbance is therefore crluciaeveloping diagnostic

techniques and interventions to prevent falls.

Background

When a balance disturbance is encountered, on®& steps are often taken [7].
The step response consists of preparation and exeq@hases [8]. During the
preparation phase, anticipatory postural adjusteeraty move the center of mass
toward the stance limb prior to unloading of thepdimb [9]. During execution

phase, the step foot advances to reconfigure the dfasupport and restore balance.

The ability to recover balance using a single si@pbeen shown to associate with

both the length and speed of the step [10, 11fthEtmore, it has been demonstrated



both experimentally and theoretically that as disimce magnitude is increased, a
larger step is required [12-14]. A multiple stegponse, however, can be used to
reconfigure the base of support beyond the posdfdhe first stepping foot. Older
adults have been shown to take multiple steps witee than young and to transition
from a single to multiple step strategy as distndegamagnitude is increased [15, 16].
Furthermore, number of steps taken has been shoiva predictive of future fall risk
[17]. While the transition from no steps (swayitgy) to a stepping strategy has
been studied [6, 18], the conditions for and bionaaecal costs of the transition
between single and multiple step strategies ar&mmin. Since the ability to

recover balance using a single step has been stwoglepend on the length of the

first step [14, 11], limiting the available firgiep length may allow researchers to
induce a transition between single and multiplpiteg strategies. The threshold
available step length at which the transition osamould be one way to quantify the
transition between stepping strategies. Sincérémsition threshold between balance
recovery strategies may be an effective measutalafsk, the methods used to
determine the transition and the biomechanicalscokthe transition need to be better

understood.

Specific aims
In this study, we sought to improve understandifhitipieee aspects of the transition

between single and multiple steps with the follaywiesear ch questions:



(1) How does the transition direction (e.g. singlanultiple versus multiple-
to-single) affect the transition threshold?

(2) What effect do verbal instructions (e.g. takéy@ single step) have on the
transition threshold?

(3) How do the biomechanics of the preparation elzal first step compare

on either side of the transition threshold?

We tested the followingypotheses:
(1) The transition threshold occurs at a shortailable step length when the
transition direction is from single to multiple pge
(2) Verbal instructions to use only a single stapse the threshold to occur at
a shorter available step length.
(3) The biomechanics of the preparation phase iastdstep are different on

either side of the transition threshold.

To test these hypotheses, we asked healthy youtigipants to recover from a
simulated forward fall initiated by a release framintial static leaning position. We
controlled the available length of the first staken by instructing the participant not
to step over a visible boundary line, which wagexted, on the floor directly in front
of them oriented from left to right. By increasiagdecreasing the available length of
the first step, we induced a transition betweeglsiand multiple stepping strategies,

and recorded responses on either side of the tiangnreshold.



Thesis content

This thesis contains four chapters and an apper@apter one is an introduction to
the topic being studied. Chapter two consists @fraey of literature published in the
research area being studied. Chapter three cemdiatself-contained manuscript
describing details of a study investigating tha@sraon between single and multiple
step responses during balance recovery. Chaptersfam overall summary of the

study, including recommendations for future study.
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CHAPTER TWO: BACKGROUND

Falling

In the United States, non-fatal falls accounted2férmillion injuries requiring
treatment and 10,300 deaths in 2000 [1]. The esttinated cost of these falls has
been estimated to total over 19 billion dollarsesBles physical injury, experiencing
a fall often leads to loss of confidence and fddalling [2]. Fear of falling is
associated with lower gait speed, as well as deetkactivity levels and poorer
mental health [3-5]. Understanding the mechanighimlance and why some groups
of people, especially the elderly, are more prankalls is crucial in developing

diagnostic techniques and interventions to prefedist

Biomechanical changeswith age

Many biomechanical changes occur as people ageanaer of which may be related
to increased risk of falling. One such changesisrélased strength. This can be
manifested as both a decrease in maximal strerigtér@in muscles, or as a
decreased ability to rapidly generate muscle fogher type of deficit could impair
older individuals’ ability to recover balance frarpostural disturbance [6]. Another
biomechanical change that occurs with age is deectkpint position sense
(proprioception). Dynamic ankle position sensarismportant input in the postural
control feedback loop, and poorer scores on dyngasdion sense tests are

associated with decreased performance on a balasic§7]. Aging also decreases



cutaneous sensitivity on the soles of the feet,vaitttin elderly subjects, decreased
cutaneous sensitivity correlates with poorer penmce during postural performance
following postural perturbations [8]. Incidencewisual impairment also increases

with age [9] and is associated with increasedrisitl [10].

Types of disturbances

During quiet standing, the human body can be maldagean inverted pendulum,
with a high center of mass being supported byatively small base. As such, itis
inherently unstable, and forces must be activelgimdated in order to maintain this
posture. Maintenance of upright stance involvesgu®int torques to move the
resultant application point (center of pressuregrolund reaction forces in order to
keep the projection of the whole body center ofsnaishin the base of support. The
center of pressure (COP) can thus be viewed asotiiteol variable that allows the

central nervous system to control the locatiorhef¢enter of mass (COM) [11].

In addition to having a position located abovelihee of support, the COM must also
have a horizontal velocity small enough such theamn be brought to rest before its
projection onto the plane of the floor moves owsyfithe boundaries of the base of
support [12, 13]. When the COM does move outsfdbebase of support (or
acquires sufficient velocity such that it will ineably move outside of that base), a
response that reconfigures the base of suppdreisrly way to avoid a fall. The

base of support can be reconfigured by graspinig thiee an upper limb or stepping



with the lower limb [14] When a stepping strategy is used, one or more stagde
needed in order to bring the center of gravityest within the newly reconfigured
base of support. Theoretical limits have beemeded for the size of step necessary

to accomplish balance recovery [13, 15].

Both the location and the velocity of the COM widispect to the base of support
have been experimentally manipulated in order s&eoke balance response in the
laboratory. Impulsive loads applied at the waisthie posterior [16, 17], anterior [18,
19], or lateral [20, 21] directions perturb balabgeproviding a sudden change in
momentum. In these experiments, participants tyistand in a comfortable,
upright position, with a harness or belt aroundrtivaist. Attached to the belt is a
cable leading to a torque motor or suspended wei§han unexpected moment, the
torque motor is engaged or weight is dropped, reguthe participant to respond in

order to maintain balance.

Experiments utilizing these pull methods have ssvadvantages. Prior to
administration of the disturbance/pull, the papieit is standing in a natural position.
This may result in a more realistic response ttegam $sn methods in which the body
position is artificially positioned in a leaninggton at the beginning of the test. It
is also possible to disguise the direction fromahithe pull will come by attaching
multiple tethers to the participant’s waist, butyopulling one of them. One

limitation of these methods is that the force tteat be safely applied at a



participant’s waist defines an upper limit on thagmitude of the balance

disturbance.

Others have induced postural perturbations usidgesutranslations of the support
surface on which the participant stands [22]. Bgieach trial, a controlled motor
shifts the floor under the participants’ feet actog to a predetermined motion
profile—typically using a ramped velocity profil&.his type of perturbation may
allow the least amount of equipment to be atta¢bdle participant, but requires the
floor to be heavily instrumented. The duratiorflobr movement may also have an
effect on the step response. In their study uglatjorm translations to induce
balance disturbances, Mcllroy et al. [23] found tih@ average contact time during a
single forward step response to the platform pbétion was 529ms. The platform
movement, however, lasted 600ms. Thus, he sugtedtsome characteristics of the
stepping response may be due to deceleration gii#it®rm, rather than the initial

platform acceleration.

A third method used to induce a balance disturb@sadden release from a static
leaning position [24-30]. This is accomplisheddttaching a horizontal rope to a
waist or chest harness and asking the particigaletain forward or backward until
they are supported by the rope. The length ofdpe is then adjusted until the
desired initial conditions are reached, the ropelsased, and the participant

responds to the new unstable configuration. Thmlmrronditions are usually

10



specified in terms of percentage of body weighpsuted by the rope, as measured
by a load cell on the rope mount. However, repgrof the initial conditions in each
trial is often done in terms of whole body lean lapwhich can be computed post-
hoc as the angle from vertical of the vector cotingdhe ankle to acromion process
(using a motion measurement system), or as the drggh vertical of a vector
connecting the ankle to the center of mass, usstgtas analysis that takes into
account the both the magnitude of the ground readtirces and their location

relative to the ankle joints [26].

Protocol variations

Testing at set disturbance levels vs. levels deteiby performance

Approaches to controlling the magnitude of balasiseurbances across a participant
population fall into two categories: (1) usingimitar level for all participants, or (2)
testing at the maximum level at which the partioipaxhibits a particular type of
response. Thus far, studies using platform traiosia and waist pulls have
exclusively used the first approach. Platformgtations are usually a fixed set of
distances and velocities for all participants. Tegnitude and distance of waist
pulls are often scaled to the participants’ heayid weight, and the set of scaled
disturbances used are similar across participdats31l]. Lean and release studies
have used both the first and the second approdebause of the ease with which the

rope length can be adjusted, it is possible tceimentally increase the disturbance

11



magnitude with each trial until the participantdalat least one step [32], more than

one step [24, 33], or is no longer able to reciatance [33].

Constraints on number of steps

Varying instructions have been used to prescribdytpe of response in lean and
release studies. For example, participants have éslkeed to respond naturally [16,
23], try to keep from falling [23], recover withotaking a step [32], recover by

taking a single step [25, 33, 34], or by takingmaore than two steps [33].

Constraints on step length

Besides being used to characterize participansgiaese to a balance perturbation,
step length can be constrained during an experimesrter to determine the effects
of step length on other variables. In one studytigipants were asked to take
natural, short, or long steps in order to recoatce [35]. Others have refined this
technique and placed a visual target line on therflising tape. King et al. [25]
normalized the taped line’s position between pgdicts by testing at fixed locations
relative to the participants’ natural response &apth (i.e., the foot landing position
when no step length constraint was given.) Thsieteparticipants at the same lean
angle for all conditions, but with the taped liri¢lee natural step position, as well as

10 cm in front and 10 cm behind it.

12



Hsiao-Wecksler et al. [24] tested participants vaitstep length target line at 15%,
25%, and 35% body height in front of the startingipon. For each target position,
they incrementally increased the initial lean anglerder determine the maximum
angle from which the participant could recover withexceeding the step length

constraint.

Constraints on step length may be difficult to cohthowever. In both studies,
experimenters discarded trials in which the pgréiot did not comply with step
length constraints. For example, King et al. didedrtrials post-hoc if the actual step
length was not within 5 cm of intended step lengthile Hsiao-Wecksler et al.
repeated trials when the experimenters noticedttiegparticipant was stepping over
the line. Nevertheless, even with these qualityrats, trials in which data was
analyzed still showed significant step length extoy participants. When King et al.
asked participants to step shorter than their abstep length, they exceeded the
target line by an average of about 2 cm. SimilaHg young healthy participants in
Hsiao-Wecksler et al.’s study exceeded the targetdy an average of two or three

percent body height, depending on the step length.

Data analysis techniques
Participants’ performance on lean and release taa&$®een characterized in a
variety of ways. Perhaps the most straightforwshmeter used is the maximum

recoverable disturbance magnitude. This paranetetatively easy to determine,

13



and gives a good global picture of how well anwndlial can respond to a large
balance disturbance. However, efforts to bettéertintiate between the balance
responses of different participants has led to ldgweent of more precise descriptive

parameters.

Ground reactions

Since during quiet standing in healthy participatite body’s weight is distributed
nearly evenly between the two legs, the net carftpressure is nearly centered in the
mediolateral direction. During a step, howeveg, ¢enter of pressure must lie within
the area of foot contact under the stance limlor R liftoff, the center of pressure
may make a smooth movement from the middle of #eelof support, or exhibit an
initial lateral shift towards the swing limb. SuaHateral shift, termed an anticipatory
postural adjustment (APA) [14], could be used &ate a torque about the center of
mass, pivoting it towards the eventual stance limbis would counteract the

tendency of the COM to fall laterally towards tharsg limb during the step.

APA'’s have been characterized by their number [86%et time, amplitude, and

duration [18]. Amplitude is defined as the distaticat the COP shifts towards the

swing limb, and duration is the time over which gt occurs.

14



Center of mass

The position and velocity of the projection of tenter of mass onto the plane of the
floor with respect to the base of support has hesea as a measurement of stability.
Increased lateral velocity of the center of masslieen interpreted as indicating a
threat to balance [37]. While comparing the magies of the position and velocity
can be informative, a more refined method of intetipg stability based on this
information has been developed. The “extrapolatader of mass” used by Hof et
al. [12] is the theoretical displacement which witlcur in the center of mass before
the velocity can be brought to zero, as predictedrbinverted pendulum model of
upright stance. This extrapolated center of mppéied to the COM position and
velocity of humans during a balance recovery tasklbeen shown to correlate with
whether the participant will take multiple stepséoover balance, i.e. if the
extrapolated center of mass is beyond the basappiost after a single step, the

participant must take another step to preventigl|B8].

Kinematics

Movement of the body segments can be measured asiagtive (e.g., Optotrak) or
passive (e.g., Vicon) motion system. During ba¢arerovery, such measurements
allow detailed characterization of step lengtht fioajectory, and joint angles.
Parameters that can be extracted include stepth@ghortant since insufficient foot
clearance can lead to tripping), step width, joamge of motion used, and joint

configuration at toe-off or heel strike.

15



Kinetics

By combining kinematic data with foot/floor reactimeasurements, equivalent joint
torques and forces can be computed using invenmsanaigs modeling. The
equivalent torques represent the net torque aboapproximated joint center
generated by all of the muscles spanning the jdaired with measurements of the
maximum torque that a participant can generatetadogiven joint in a maximal
isometric test, researchers can calculate whaeptage of total available net joint

torque is being utilized during balance recovery.

Resultsand findings

Disturbance magnitude

At very small magnitudes, participants may recdwam a balance disturbance
simply by shifting their center of pressure wittire current base of support. This
has been termed the “ankle strategy” [32] becauspié generated at the ankle
arrests the body’s destabilizing rotation. At Ergragnitudes, participants must take

one or multiple steps to regain balance.

When the lean angle is large enough that partitgoaust take one or more steps to

regain balance, it has been speculated that tipagaton phase (from disturbance to

liftoff of the first stepping foot) is invariant wi respect to disturbance magnitude

16



[39], while the stepping and recovery phases caadapted to compensate for larger

disturbances.

Effects of age

Numerous studies have demonstrated that the maxidmgtorbance magnitude from
which balance can be successfully recovered islenfal older adults than for
young adults [24, 26, 27]. This result is simiddrether comparing young men to

older men or young women to older women.

Luchies et al [17] found significant differencesstepping strategy with age. In
response to a backwards pull, young participamE#ly responded with a single
step with step length increasing as disturbancenihadg increased. Older
participants, on the other hand, switched frormglsistep to multiple step strategy
without significantly lengthening the length of thiest step. This finding is
especially interesting viewed in light of a newtrdy suggesting that taking multiple
steps, as opposed to a single step, in resporaskateral pull is a strong predictor of
future fall risk [40]. It is possible that oldedwts utilize the multiple stepping
strategy in order to reduce the required joint emafjmotion, joint torque, or because

they perceive taking multiple steps as safer.

When instructed to recover balance using only glsistep, older adults take a

shorter step than young [17, 38]. Mademli etE2][correlate step length with an

17



index of dynamic stability using the differencewegn the extrapolated center of
mass previously mentioned and the anterior eddgieeobase of support. Since Hof et
al.’s [12] inverted pendulum model implies that #islity to recover balance is a
function of the speed and distance with which apemsatory step can be taken, the

shorter steps taken by older adults may indeed oomipe balance.

Speed of the compensatory step may also have arctrop lateral balance. Rogers
et al. used the center of mass position and vglatithe lateral direction to describe
lateral balance during stepping after a forward. pdle found that while the position
and velocity of the center of mass at step lifteéfs similar, older adults with a
history of falls fell further laterally towards tls¢epping foot by heel contact [18].
Applying the inverted pendulum model in the latetiaéction predicts that slower

steps would lead to more lateral COM displacemeheal contact.

Effects of step length

Stepping response to a balance disturbance hasshetad at both the chosen
“natural” step length and at artificially constrathstep lengths. King et al [25]
compared characteristics of balance recovery stepatural, long (natural step
length + 10cm) and short (natural step length €rh)steps to a target line on the
floor. All tests were carried out at the sameudisince magnitude. They found that
while step length affected leg swing time and inspudt landing, the step preparation

phase was similar across step lengths in younghyeaales. This was interpreted as

18



further evidence that the step preparation phasetisnly invariant with respect to
disturbance magnitude as previously suggested f8@Jalso invariant with respect to
step length constraints. However, others havedaamflicting results, suggesting
that reaction time and step liftoff time occur mqreckly when the participant
perceives a more imminent threat to balance, ssath&n asked to recover with a

very short step [35].

Hsiao-Wecksler et al. [24] did a similar seriegasits in which young and old women
were instructed to recover balance by steppingieoads three target lines. However,
rather than keeping the disturbance magnitudeahe sacross all step lengths, the
peak disturbance from which balance could be reeoveas used for each step
length. They found that both young and old pgvtaits could recover from larger
disturbances when longer steps were allowed, latitatross step lengths younger
participants could recover from larger disturbarttes old. Interestingly, they
found that recovery ability correlated with stemtaxt time, supporting the idea that

step length and timing interact to determine recpedility.

Effects of instruction

In many studies, participants are asked to respgrtdking a single step. While this
makes the experiments easier to control, it magegarticipants to adopt an
unnatural strategy, especially since older adwdtsetbeen shown to prefer to take

multiple steps [17]. Additionally, older individlsamay choose to violate the single-
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step instruction or refuse to continue the expenimather than rely on the safety

harness to help them regain balance [26].

Recent work has been done to assess the impatttaicting participants to recover
using a single step. Smeesters et al [33], whamexng the effect of instructions
limiting the number of steps, found that with netretions, twenty-two out of
twenty-eight healthy young participants used mbesmtone step to recover balance at
the maximum disturbance magnitude. They also fabhatiwhen allowed to take
more than one step, participants were able to e¥doem significantly larger lean
angles than when they were restricted to a sirtge sParticipants also took an
earlier, longer first step when they were restddtea single step response [41].
However, biomechanical changes induced by limithregnumber of steps were

deemed by the authors to be too small to be fumalip significant.

The number of steps used to recover has also b@swndgo be an important
parameter. Hillard et al. [40] found that partemps who always used multiple steps
to recover from a lateral disturbance were 6 timese likely to experience falls than
those who did not always use multiple steps. Byriging the number of steps
allowed, researchers may be losing a valuable mécgormation regarding the

participants’ preferred strategy.

20



On the other hand, allowing participants to takdtiple steps has disadvantages as
well. As pointed out by Cyr et al. [33], allowigly a single step means ground
reaction forces of the stepping foot can be medsuseng a single force plate. They
also suggest that if multiple step responses aneilpited, experimenters can

intervene to help a participant regain balanceoas s more than one step is taken,
increasing safety and comfort of the experimembnia data analysis perspective,
there is also a disadvantage to having to analgite fdom two separate responses. If
the number of steps taken by a participant afféestep preparation or first step
response characteristics, then pooling data froglesiand multiple-step responses, as

is done by Mcllroy et al. [23], may introduce esor

Timing parameters

The time course of recovery of balance followingjgturbance can be divided into
three phases: step preparation, swing, and regst@nce phases. While it has been
suggested by some that the step preparation phasasistent regardless of
disturbance magnitude and step length constraint32], others have found that
increasing disturbance magnitude leads to sligdtttyrter weight shift times and
faster foot liftoff times [26]. Swing time, on tleher hand, is longer when bigger
steps are taken. When holding step length condtmo-Wecksler et al. found that
the time from disturbance onset to step foot cdmeas inversely related to the
maximum recoverable lean angle [24]. This suppbesnotion that length and speed

are critical characteristics of the recovery step.
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Transitionsin biomechanical systems

In response to a changing environment, discretagdsoccur in the biomechanical
modes of locomotion (walking versus running) [42aching (forearm pronation
versus supination) [43], upright postural contintghase versus out of phase ankle
and hip rotations) [44], and balance recovery (swargus single or multiple
stepping) [32]. These modes have been describechaggent phenomenon
characteristic of a self-organizing nonlinear sysfd4]. Transitions during
locomotion and reaching exhibit both stability (ts&ions rarely occur without
environmental change) and hysteresis (transitieosroat a different stimulus
magnitudes depending on the direction of the changewever, the transition

between single and multiple stepping during balaecevery has not been studied.

Summary

Falling becomes a significant health risk as peagke. However, causes of the age-
related decline in balance are not fully understoNdmerous studies have quantified
differences between young and old participantgoase to a balance disturbance,
but often artificially restrict the response by itimg the number of steps. While there
has been some investigation into the effect oftinmgithe number of steps on
maximum recovery threshold, similar experimentsehaot been done at disturbance
magnitudes well within the participants’ recovebjliies, and the transition between

single and multiple stepping strategies has not blescribed. A study designed to
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identify how balance response characteristics ahassga function of number of steps
taken and instructions limiting the number of stejesild aid in determining
appropriate experimental protocols for evaluatiatpbce recovery and might shed
light onto the question of whether step strategyg{e versus multiple steps) is

preplanned.
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CHAPTER THREE: STUDY MANUSCRIPT

Abstract
Background. Following a balance disturbance, one or morgsséee often taken.
Studies have shown that older adults are moreylitkeln young adults to take
multiple steps, and that number of steps is a ptedof fall risk. In order to better
understand how a stepping strategy is chosen, vestigated the transition between
single and multiple stepping strategies in youngjtad
Methods Each participant responded from a sudden relkeasean initial forward
lean. We limited available first step length watlvisible boundary line to induced
transitions between single and multiple steppingtsgies. The available step length
where the transition occurred and the biomechasfitise first step on either side of
the transition were quantified.
Results The magnitude of the transition threshold digpthhysteresis sensitive to
direction of the transition (single to multiple g$eversus multiple to single steps.)
Step liftoff, swing, and landing times, step lengttep length boundary margin, and
braking forces during landing were different orheitside of the transition.
Interpretation If transition threshold is used as a clinical mea, the method used to
detect the threshold should be further studied réophisticated threshold detection
protocols may minimize hysteresis. Biomechanit@nges in the first step suggest
that the second step is planned before liftofhef first step, rather than only after

failure of the first step to recover balance.
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1. Introduction

Falls accounted for 2.6 million injuries requiritrgatment and 10,300 deaths in
2000, costing over 19 billion dollars [1]. Besig#ygysical injury, falls lead to loss of
confidence and fear of falling [2]. Fear of faflirs associated with decreased activity
levels and poorer mental health [3-5]. Fall rigpends on an individual’s ability to
both avoid balance disturbances and recover balahea a disturbance has occurred
[6]. Understanding the mechanisms of balance mgoe crucial to developing

diagnostic techniques and interventions to prefedist

In response to a balance disturbance while standitiger a sway strategy or a
stepping strategy is used. A sway strategy isaffe when the disturbance is small,
but larger disturbances require a stepping stratégstepping strategy involves
expanding and often moving the base of supporakyng one or more steps. [7].
The ability to recover balance using a single si@pbeen shown to associate with
both the length and speed of the step [8, 9]. Heunmore, it has been demonstrated
both experimentally and theoretically that as disimce magnitude is increased, a
larger step is required [10-12]. A multiple stegponse, however, can be used to
reconfigure the base of support beyond the posdfdhe first stepping foot. Older
adults have been shown to take multiple steps witee than young and to transition
from a single to multiple step strategy as distndegamagnitude is increased [13, 14].
Furthermore, number of steps taken has been sl predictive of future fall risk

[15]. While the transition from a sway strategyatetepping strategy has been
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studied [6, 16], the conditions for and biomechahaosts of the transition between
single and multiple step strategies are not knofmce the transition threshold
between balance recovery strategies may be artieéfeneasure of fall risk, the
methods used to determine the transition and thadxhanical costs of the transition

need to be better understood.

In this study, healthy young participants were ddloerecover from a forward fall.
Available first step was controlled by instructithg participant not to step over a
visible boundary line, which was projected on to@if directly in front of them.
Increasing or decreasing the available first steygth induced a transition between
single and multiple stepping strategies, and rezbrésponses on either side of the
transition threshold. Three aspects of the tremmslietween single and multiple steps
were investigated: (1) How does the transitionalion (e.g. single-to-multiple
versus multiple-to-single) affect the transitioneshold? (2) What effect do verbal
instructions (e.g. take only a single step) havéhertransition threshold? (3) How do
the biomechanics of the preparation phase andstiegt compare on either side of the
transition threshold? The following hypotheses wested: (1) The transition
threshold occurs at a shorter available step lewbtdn the threshold is approached
from the single step side. (2) Verbal instructibmsise only a single step cause the
threshold to occur at a shorter available steptler{@) The biomechanics of the

preparation phase and first step are differentithreieside of the transition threshold.
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2. Methods

2.1 Participants

Fourteen healthy young adults (mean age 23 ydargjard deviation 2.7 years, 9
men, 5 women) participated in the study. All papants provided written consent as
approved by the University of Kansas Human Subj€cisimittee - Lawrence
Campus. No participant reported cardiovascularenrrological disease or

musculoskeletal impairments that affected theilitglio exercise.

2.2 Balance disturbance

A balance disturbance was introduced using a surklease from an initial forward
lean [10, 17]. Participants wore a safety harnattached to a load cell mounted
overhead, which allowed multiple steps but woultallmw the knees to touch the

ground during a fall.

The participant stood with feet shoulder width apararing a waist belt attached via
a rope to the release mechanism. Initial foottmmsiwas marked with tape to
maintain consistency across all trials. The pgréiot was instructed to relax ankle
muscles while leaning forward with their weight popted by the rope. Foot-floor
reactions were monitored in real time, and thee#igth was adjusted until the net
shear force equaled 18% of the vertical force.t Ros the mean initial lean angle,

based on body configuration and measured betweelatiral maleoli to the body’s
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center of mass, was approximated [10] to be 14gPess with a standard deviation of

1.5 degrees across all participants, suggestingllacantrolled initial lean angle.

Once the desired lean angle was achieved, thecipanti was instructed that the trial
would begin, and after a random delay of up toseconds, the rope was released.

White audible noise was used to obscure audio ftapsthe release mechanism.

2.3 Boundary line

Available step length was controlled by projectimiaser line onto the floor directly
in front of the participant and oriented paraltethe mediolateral axis. The line
position was adjusted using a microcontroller-dniweotor that oriented a mirror.
The experimenter commanded the microcontrollembgracting with a customized
LabVIEW (National Instruments, Austin, TX, USA) arface on a desktop computer.
The boundary line was presented at locations ofidbe such that when the
participant took a step, the available step lemgik a predetermined percentage of
the participant’s height. The presentation ofibandary line significantly affected
first step length, resulting in shorter first stegsen the line was present than during

natural stepping.

2.4 Tasks

Three tasks were used, differing only by the ingtam provided. Task instructions

were:
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“Natural response” (NR) task: respond naturallyngsine or more steps to
regain balance;

“Boundary Response” (BR) task: respond naturallggiene or more steps
and do not cross over the boundary line with tret ftep; and

“Single step” (SS) task: do not cross over thengauy line and regain
balance using a single step.

The tasks were done in the same order for all@pants: NR, BR, and then
SS, which resulted in the instructions progres$iom least to most restrictive and
minimized the chance that a response would bdisetéd resulting from previous

instructions.

For the NR task, five repeated lean and releases paxformed. For the BR and SS
tasks, the boundary line was incrementally adjustedder to determine the
available step length at which the participantsioned between single and multiple
step strategies. A series of trials in which avddastep length was incrementally
decreased (downward series), followed by a semi@gich available step length was
incrementally increased (upward series), was perdrduring each task (Figure 1).
During the downward series, the initial availaldlgpsdength was 30% body height
and incrementally reduced by 2% body height aféehdrial in which the participant
recovered with a single step and successfully caaplith the instructions. If the
participant took multiple steps, loaded the ceilmagness with more than 10%

bodyweight, or stepped over the boundary line Withfirst step, a second trial was
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conducted with the same available step length. W¥he participant failed to recover
balance using a single step or did not comply wisitructions on two consecutive
trials, the downward series ended. The upwar@ésd&egan with an available step
length of 8% body height nearer the participannttie final available step length
used during the downward series. This 8% droailable step length between
downward and upward series ensured that the dovahseares began with a short
enough available step length at which no partidipagcovered balance using a single
step. After each response in which the participaited to recover balance using a
single step or did not comply with instructionsg tivailable step length was
increased by 2% body height. If the participancbrered with a single step and
successfully complied with instructions, a secoral was conducted with the same
available step length. The upward series endech\whkance was recovered using a
single step strategy during two consecutive triatsgfter the available step length

was increased to 30% body height.

2.5 Measurements

Video, motion, force plate, and load cell measureevere recorded for each trial.
Foot motion was recorded using an Optotrak 302@esy$Northern Digital Inc.,
Waterloo, Ont., Canada) sampled at 100 Hz. Theeeeainfrared markers were
placed on lightweight rigid bodies and attachethtotop of each shoe. Virtual
marker locations were calculated based on probedsfor the heel, toe, and lateral

and medial maleolus using a rigid body stylus. eEhiorce plates (Advanced Medical
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Technology Inc., Watertown, MA, USA) measured grbueaction forces. The force
plates were arranged such that the participanaliyitstood with the right and left
foot on separate force plates, and the foot usdukeiffirst step landed on the third
plate located directly in front of the participamt.custom-made biaxial load cell
built into the lean and release mechanism measiaielé tension and a uniaxial load
cell (Futek, Irvine, CA, USA) on the safety harnatachment point measured
harness load. Forces were sampled at 1000 Hzpersanal computer using
LabVIEW and a 16-bit analog to digital data acguosi board (National Instruments,

Austin, TX, USA).

2.6 Data analysis

Transition thresholds were taken to be the midploativeen the final available step
length (at which transition had been made), ang#miltimate available step length
(at which a transition had not yet been made)S3rtrials any change in
performance, including taking multiple steps, udimg harness for recovery, or
stepping over the line, was counted as a transitidowever, in the BR set we treated
any trials in which the participant stepped over lihe or weighted the ceiling
harness with more than 10% of their body weigtfadsres to comply with
instructions rather than strategy transitions. sThiua participant repeatedly stepped

over the line during BR, no threshold could be dateed.
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Parameters were used to quantify the biomechahit®dirst step during natural
steps and single or multiple steps taken on egiuer of the threshold. Natural
response parameters were averaged over the lastNiR trials. Single and multiple
step parameters were calculated from the last safidesingle step response above
the threshold and the first successful multiple sésponse below the threshold,
respectively, during the downward series of BRug lwe compared trials in which
single versus multiple steps were taken while mgdnstructions constant and
varying available step length by only small amouBince the biomechanical effects
of limiting step length have been studied [9, 183,did not consider comparisons

between natural responses and restricted stephkengt

Analog and motion data from all trials was procdssging Matlab (Mathworks,
Natick, MA, USA). Force plate and load cell datarevdigitally low pass filtered
using a Butterworth filter (2 order, 30 Hz cutoff). Forward and backward passes

were used to minimize phase shift.

Disturbance onset was defined as the time wheroeeforce dropped below 8% of
the participant’s bodyweight. Foot liftoff and ing times were defined as when the
vertical ground reaction force dropped below oerabove 10 Newtons, respectively.
Step length in the anterior and medial directioesendefined as the difference
between the step foot toe’s initial position andamposition during the window of

100 to 200 ms after contact. Positive medial &agth corresponded to movement
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of the stepping foot towards the stance limb. ke step length was defined as
the distance from the toe initial position to tleibdary line. Step length boundary
margin was defined as the difference between stegth and the available step

length, which was positive when the step foot lahsleort of the boundary line.

Force rise time was defined as the time when tiigcaéground reaction force under
the stepping foot began to rise following disturt@opnset. Center of pressure (COP)
was calculated from foot-floor reactions. Antidipg postural adjustment (APA)
magnitude was the distance that the center of pressoved toward the stepping

foot prior to liftoff. Foot landing phase was cheterized by the peak force
magnitude (Ray), calculated from the vector sum of forces unterlanding foot,

and whole body braking forcegfing computed from the time average of the
summation of all ground reaction forces in the angesterior direction during the

100ms following foot contact.

The number of steps taken and whether or not thedliep crossed the line were
identified visually during the testing session rder to guide the protocol and
checked post hoc using the foot movement datarity\securacy. In the post hoc
analysis, a second step was defined if either dearseced more than 5mm past the
first step length. In three instances, post hatyems indicated that one set of trials
should have been terminated due to a change tegyravhile visual analysis did not

detect the change. In this case, we analyzeddtzeset as if the post hoc analysis
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had been available to guide the testing—thatimstoccurring after the set that

should have been terminated were not includederattalysis.

Previous studies have shown no gender-related-elifées in young participants’
maximum recovery ability or normalized step length, 18], but significant
differences in peak joint torques [19, 20]. Howewince we made intrasubject
comparisons across conditions, rather than acarsipants, we pooled all

participants into a single group.

2.7 Statistics

Microsoft Excel 2000 (Microsoft, Redmond WA, USAgasvused for statistical
analysis. Effect of instruction set, directionte$ting (upward and downward series),
and number of steps was evaluated using intrasubgaed t-tests with a significance

level of p<0.05.

3. Results

3.1 Success rates and existence of threshold

The transition threshold during TR was quantifie®0% of participants (6 men and
1 woman). Reasons for exclusion included weightimegharness with more than
10% body weight, stepping over the line, or eximigitonly multiple step strategies.
During SS, transitions were quantified in 93% afélSf participants during

downward and upward series, respectively. Taldemmarizes the number of
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participants included in each comparison, and &gisummarizes the reasons for

each exclusion.

3.2 Effects of transition direction and instruction

Instruction set did not have a statistically sigraiht affect on threshold during the
downward series (Table 2, Figure 3). However aittker of boundary presentation
(downward versus upward series) significantly @éfdadhe threshold in the boundary
response condition (p<.05): the threshold occuatddnger available step lengths in
the upward, compared to the downward, series. ofther of boundary presentation

did not affect the threshold when single steps westucted.

3.3 Biomechanics of first step

Timing:

The first step of a multiple step response, conparehe single step, lifted off
significantly later (p<.05) (average delay 11msfhva significantly shorter swing
time (p<.001) (average 32 ms shorter) (Table 2,feig@). No differences in the

push-off time between single and multiple step oesps were observed.

Kinematic Characteristics:
The first step of a multiple step response, conptoe single step, was significantly
shorter (p<.001) (average 5% body height shorte)landed significantly further

behind the line (p<.01) (average 3% body heightn) (Table 2, Figure 5). Though
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not reaching statistical significance, a trend wlaserved that the medial step length
was 1.3% body height less for the multiple step parad to the single step response.

No step strategy differences were observed in\a&rity.

Kinetics:

Prior to foot lift off, APA magnitude was not sidicantly different between single
and multiple step responsessrakingWas significantly lower (p<.001) when a
multiple, compared to single, step was taken (ay&ei@a8% body weight lower)

However, no strategy differences were observed i (fFable 2, Figure 6).

4. Discussion

4.1 Effect of direction

We tested the hypotheses that the transition tbteédetween single and multiple
step responses to a balance disturbance dependiaidnsition direction and
instruction. We found that when no constraints@aeed on the number of steps
taken, transition threshold is affected by thedaion from which it is approached.
The transition displayed hysteresis such thatesgsatitilized in the current trial was
more likely to match that strategy used in the few trial. Of the six participants
for whom effect of direction was quantified, fowhgbited a hysteresis effect, with
the others exhibiting the same transition thresholabth directions. Hysteresis has

been shown in other motor tasks including the ttemmsbetween reaching with
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forearm pronation versus supination [21] and wajkrersus running [22]. While a
protocol change including a random presentatioavaflable step length, instead of
an incremental step length change as used in thentstudy, might minimize the
hysteresis, pilot data indicated that it also deseel the participant’s ability to
successfully perform the task. It is also possibét by defining the threshold as
occurring only when two consecutive trials exhithanged strategy, the protocol
was biased towards overestimated hysteresis. Bapkisticated protocols, such as
the adaptive staircase method, may provide amaltiee method to determining the
threshold [23]. If transition threshold is shovenbie of clinical significance, then the

method used to quantify the threshold should beéahéunnvestigated.

4.2 Effect of instruction

We did not observe instructions limiting the numbgsteps to affect the magnitude
of the transition threshold. This suggests thattthnsition threshold during the
boundary response task was near the minimum stgghl@t which participants could
recover with a single step. However, the inabitityhis protocol to detect transition
thresholds greater than 30% body height may haveduaced a bias. Three
participants took multiple steps at an availabép $&ngth of 30% body height, but
took single steps during the NR and SS. Theretbsy; may have a transition
threshold that lies between 30% body height and ttaural step length, resulting in

these participants being excluded from analysiserdfore, the effect of instruction
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may have been obscured by exclusion of participlntehom instruction had the

largest impact.

4.3 Biomechanics of first step

We examined how the transition between single aultipfe step strategies during
recovery from a forward fall affects the biomecltarof the preparation and
execution of the first step. We found that diffezes between single and multiple
step responses can be detected as early as difttfé first step foot. Although liftoff
time changed on average by only 11 ms, or 5%, lmtwengle and multiple step
responses, intrasubject paired comparisons denavedtthe statistical significance of
the change. This finding suggests that the stepgration phase may not be as
invariant as originally proposed by Do et al. [24d supported by King et al. [17],
but instead may correspond to the planned stefegtra In a follow-up to their
original balance recovery study, Do et al. [25]rfduhat step liftoff time decreased
by 30ms when the challenge of the balance recaeskywas increased either by
biomechanical or instructional constraint. Thetgipreted this as indicating that
liftoff time is decreased according to the partifs assessment of the risk of fall. If
this reasoning is applied to our study, we mightatoede that participants interpreted
a multiple step strategy as less risky, and theg ttrelayed the step liftoff.
Regardless of the reason for the link betweensitgpegy and liftoff time, the

existence of this relationship provides supportii@ argument that stepping strategy
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is determined prior to liftoff of the first ste@ther than only after the first step has

failed to successfully recover balance.

The biomechanics of the single and multiple stetat)y diverge more profoundly
after the step liftoff time. A much shorter switige, coupled with a reduced step
length that lands further behind the boundary lisseen when multiple steps are
taken. Furthermore, the 100 ms following landihghe first step are characterized
by an 84% reduction in whole body average brakangd. Taken together, these
characteristics suggest that when multiple stepsaken, the first step serves to
quickly reconfigure the base of support to provadaupporting rather than braking
force, while a second step is prepared which veiigrate sufficient braking forces to

arrest the participant’s forward momentum.

These findings compliment the findings of Cyr etvaho in separate studies found
the kinetics[19] and kinematics[18] of the firs¢gtto be affected by the number of
steps taken. They found that participants tookverage 9 cm shorter first steps
when allowed to respond with multiple steps comgaveh when instructed to
respond with a single step. In the present stiiidy,steps in multiple step responses
were an average of 5% body height, or 8.6 cm, shtitein during single step
responses. Although the Cyr study did not perfetatistics on liftoff time, the

mean liftoff times can be computed from the sumeaftction time and weight transfer

times. Using this method, their mean liftoff tinseapproximately 5ms shorter for
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multiple steps compared to single steps. Howeverfound that mean liftoff time
was 11mdongerfor multiple steps. This difference could be @by the fact that
Cyr et al. tested participants at their maximunmlaagle, resulting in an increased
perceived fall risk and therefore decreased liftiofie during both single and multiple

stepping, as predicted by Do et al [25].

The force rise time computed in this study corresisan definition to reaction time
or push-off time in other studies [10, 26]. Intnegly, we found average force rise
times much lower than others. For example, thee$agroup reaction times reported
by Thelen et al. [10] and King et al. [17] wered&¥ 68 milliseconds, respectively.
The average force rise time during natural responti@s study was 39 milliseconds.
While others have attributed the rise in verticalugnd reaction force following the
lean and release to reflexes [25], the discrepaetyeen the results of this study and
others suggest that factors other than fixed-lateeftexes are involved. Initial data
taken to investigate this phenomenon points toedsad gastroc activation prior to
disturbance leading to shorter force rise timess possible that our focus on
coaching participants to relax their ankle musclastributed to the short force rise

times that we observed.

4.4 Protocol uniqueness

A unique aspect of this study is that we manipualake task challenge by adjusting

the available first step length while initial leangle remained constant at an
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amplitude well within participants’ balance recoyability. Others have
manipulated task challenge by changing the leateandy [10, 11], instructions at a
maximum lean angle [19], or step length at maxinieam angle [9]. While testing at
the maximum lean angle allows recovery ability éodirectly compared across
participants, testing at smaller lean angles malg$®intimidating and safer,
especially for older adults and adults with movettisorders (e.g. Parkinsons

disease).

4.5 Existence of threshold

In this study several participants from some ofdhalysis. Of 14 original
participants, only 7 successfully transitioned freimgle to multiple steps during the
downward series of BR, and only 6 of the remainmagsition to single steps during
the upward series. The exclusion rate was higimemg women (80%) than men
(33%), suggesting that gender affected our aldiitgletect the transition threshold.
Since we could only detect transition thresholdsvailable step lengths of less than
30% body height, a possible explanation for thén legclusion rate among women is
that they have a longer transition threshold than.mHowever, we did not have a
large enough participant pool to perform statistesalysis on the effects of gender.
The participants excluded reported engaging irhdiidess weekly exercise (average
2.4 compared to 3.7 hours per week), although ififerehce was not statistically
significant. Future experiments should includel$rat longer available step lengths,

and include appropriate numbers of men and womeaatify gender effects.
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4.6 Future study

In this study, only healthy young participants weoasidered. However, our finding
that the first step is shorter during multiple gtieyy is consistent with Luchies et al.
[13] who demonstrated that older adults take atehdirst step and more frequent
multiple steps. Future study should address tiagegty transition in older adults and

investigate possible correlations between transitweshold and fall risk.

4.6 Conclusion

In conclusion, we have shown that a transition ketwsingle and multiple step
strategies can be induced by restricting availéldestep length, and that the
magnitude of the transition threshold is affectgdh® direction from which the
threshold is approached. Therefore, if transitieeshold is used as a clinical or
experimental measure of balance performance, themethod used to determine the
threshold is important. We have also shown thatibmechanics of the first step are
different on either side of the threshold. Thiggests that the planned step strategy
is determined early in the response, rather thanadter the first step fails to recover
balance. Therefore, caution should be used whempaong biomechanics between

single and multiple step responses.
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Figure 1. Available step lengths during downwand apward series of BR and SS.
When stepping strategy changes, the availablelsbgph is repeated in the next trial.
When the new strategy is used in two consecutigsithe series ends.
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Number
available for
comparison

Effect of direction
during SS tagk: n=13

Effect of instruction,
biomechanics of first
step: n=7

Effect of direction
during BR task: n=6

Participants left

14 Participants
volunteered

13 Participants left

9 Participants left

7 Participants

6 Participants

Number and
reason excluded

Failed to recover
balance during NR

Used multiple steps at
30% boundary in BR

Transitioned to harness
failures rather than
multiple steps in BR

Used multiple steps at
30% boundary in
upward series of BR

Figure 2. Exclusion criteria (right column) thateenined the number of participants
who could be included for each comparison (lefuowt). Failure to recover balance
during natural response, use of multiple steperagdst available step length during

(BR) task, harness failures, or use of all multgtleps during only the upward series

of BR resulted in exclusion from some analyses.
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Figure 3: Mean natural anterior step length anaisiteon threshold during BR and SS
tasks. Each bar represents the mean transitieattbld among only those
participants who were included in the applicablmparison.

51



340

300

250

200

140

Time {ms)

100

a0

oMatural steps
mSingle Steps

mMultiple Steps

] p=.05
jhE
=001
I I I
A 7
N /B / 7
FPushoff time Liftoff time Swing time

Temporal Variable
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Table 1: Number of participants who exhibited gggttransitions in each task and
were included in each comparison.

Number of
participants
Observed strategy transitions:

Boundary Response task: down 7
Boundary Response task:  up 7
Single Step task: down 13
Single Step task:  up 12

Made comparisons:

BR: Effect of direction 6
SS: Effect of direction 12
BR vs. SS: Effect of instruction 7
First step biomechanics: Effect of strategy 7
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Table 2: Mean parameter values during NR (Considell participants), and during
multiple and single step responses on either ditleearansition threshold
(Considering only participants for whom comparisaese made). P values from
intrasubject paired t-tests are also given. * p<r3y.

Multiple |Single Paired test p value
Natural step step multiple vs single

Force rise time (ms) 395 366 36+3 0.593

Liftoff time (ms)* 275+36 |239+20 | 228 +15 *<.05
Swing time (ms)* 162+35 | 70+31 [102+25 *<.001
Step length (% bh)* 35+6 15+3 204 *<.001
Medial step length (%bh) 27+31 |21+11[34+15 0.064
Boundary margin (% bh)* -- 5+32 | 217 *<.01

Step velocity (m/s /bh) 22+.3 |[25+13| 21+.6 0.241
APA magnitude (mm) 35+ 38 714 5+5 0.29

Fmax (Yobw) 139+19 [139+15 | 144 +12 0.273
Fhraking (Y0bw)* 109+8.2|15+52|93%1.6 *<.001
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CHAPTER FOUR: SUMMARY

Summary of study

Falls are a significant health concern, especaiypngst older adults. Better
understanding of the mechanisms of balance recasenmycial to developing
diagnostic techniques and interventions to prefaist Since older, compared to
younger, adults have been shown to more oftenrtakBple shorter steps in response
to a balance perturbation, and since taking meltgpéps has been shown to correlate
with increased fall risk, the transition betweemgée and multiple step strategies is of

particular interest.

The goal of this study was to investigate the coowis for and biomechanical costs
of the transition between single and multiple steptegies during recovery from a
forward fall. Healthy young participants were eded from an initial forward
leaning position, and a transition between singkd multiple step strategies was
induced by limiting the available first step lengtFhis method allowed the
identification of the available step length thrdshat which the participant
transitioned from a single to multiple step strgte@hree research questions were
addressed:

(1) How does the transition direction (e.g. singenultiple versus multiple-

to-single) affect the transition threshold?

57



(2) What effect do verbal instructions (e.g. také/@ single step) have on the
transition threshold?
(3) How do the biomechanics of the preparation elzaml first step compare

on either side of the transition threshold?

Video, motion, and force data were recorded. Bidmaeics of the first step were
characterized based on timing, kinematic, and larpgtrameters. Paired
comparisons were used to evaluate how the firptmeformance varied with

stepping strategy (single versus multiple steps).

Transition direction caused significant hyster@sithe magnitude of the transition
point. While statistically significant instructiaffects were not found, there is
reason to believe that other protocols could detieahges in boundary threshold as

the number of steps is limited.

For steps near the transition threshold, the diiegp in the balance response lifted off
significantly sooner and landed closer to the bampdine when a single step, rather
than a multiple step response, was used. Therlgmtiase was also characterized by
higher braking forces when a single step was u3ése results suggest that step
strategy may be chosen before liftoff of the fgt&p, and that the first step is

modified in preparation for subsequent steps ttaken.
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Conclusions & recommendations

The results of this study indicate that step strasdfects the first step utilized in
response to a forward loss of balance. Thereiforeture studies it may not be
appropriate to pool single and multiple step respsrfor statistical analysis.
However, since participants may naturally preferegpond to a disturbance using
multiple steps, and we have shown that changingpstg strategy alters
biomechanics of the first step, limiting the numbgsteps with instructions is likely
to lead to results that are not indicative of natperformance. This may be
especially true when comparing groups of olderigigdnts, since they have been
shown to commonly use multiple steps to recovearad. The most rigorous
approaches to quantifying balance response widrdehe the naturally chosen

recovery strategy, and carefully consider how uwttons affect performance.

Study limitations

A primary limitation of this study was the needdisqualify over 50% of participants
from parts of the analysis due to participant bérathat made comparisons
impossible. Four participants took only multiptes when the number of steps was
not limited, so no transition was observed. Witfiese participants may have taken
single steps given a sufficiently large availalstfstep length, the physical size of
the force plates and the floor setup did not accodate larger steps for all

participants, and the protocol made no provisiartdsting boundary locations
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greater than 30% body height. A redesigned protihed incorporated some testing
at longer available step lengths, and a hardwdup ¢sbhat accommodated this
protocol, may have resulted in the inclusion ofiaddal participants in the data

analysis.

The multiple failure modes in the single step tasdsented a further challenge.
Failures could occur when the participant usecctkng harness for support, took
multiple steps, or stepped over the line. Theetarof causes for failure meant that
these responses could not be grouped togethenébysss, and biomechanics on the

multiple step side of the threshold were not cosr®d.

Participant compliance and motivation are diffidoliassess in this type of a study.
Since participants were tested at available stegties near the limits of their ability,
they inevitably violated the instructions at soneenpduring the test. Whether the
instructions were violated because the performgoeds could not be reached or
from lack of motivation cannot be known. Futunedsés could incorporate
alternative methods for limiting first step lengtifierexample, a physical obstacle
could be placed at the step length boundary sgotirditipants cannot violate the

instructions and step beyond the boundary.
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Further study

In this study, available step length was incremgntaduced or enlarged and
hysteresis was observed based on the directidreadvailable step length change. If
the transition threshold is shown to be of clinsighificance, methods to accurately
estimate the threshold without hysteresis shoulstb@ied. For example, the effect
on the threshold of varying available step lengtidomly, rather than incrementally,

could be investigated.

Since older adults are especially likely to takdtipie steps in response to a balance
disturbance, and the number of steps taken hasdbeem to correlate with fall risk,
the single to multiple step transition thresholdwddd be studied in the older
population. Understanding the correlation betwstep strategy and fall risk might
lead to improved fall risk assessments and infolmethver interventions aimed at

modifying step strategy are appropriate.

This study addressed only induced forward fallarther study should address the
step strategy transition in the lateral and backvearections. Since a visible
boundary line may not be effective at controllingtfstep length during lateral or
backwards perturbations, other methods of induttiegransition could be tried,

including varying disturbance magnitude.
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Patients with Parkinson’s disease have been showa kess consistent in their
choice of stepping foot than healthy participar8ace this study investigated only
one aspect of stepping strategy (number of stéyisye studies could investigate the

effects of stepping with dominant versus non-domiriaot.
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SUBJECT CONSENT FORM

Approved by the Human Subjects Committee Lawrerem@@is, University of Kansas. Approval
expires one year from 9/12/2008. HSCL #17535

FUNCTIONAL ASSESSMENT OF MOTOR CONTROL

INTRODUCTION

The Department of Mechanical Engineering at theversity of Kansas supports the
practice of protection for human subjects partitigain research. The following
information is provided for you to decide whetheuywish to participate in the
present study. You may refuse to sign this forwh ot participate in this study.

You should be aware that even if you agree to @p#ie, you are free to withdraw at
any time. If you do withdraw from this study, itlwot affect your relationship with
this unit, the services it may provide to you, lee tUniversity of Kansas.

PURPOSE OF THE STUDY

The purpose of this study is to provide a betteleustanding of physical function in
healthy adults. This will be accomplished by odtileg movement, force, muscle
activity, and balance data during functional atieg.

PROCEDURES

As described in the following PROTOCOL CHECKLISTware being asked to
participate in one or more components of this stutlyere are five potential
components: (1) evaluation of clinical and cogmitstatus, (2) evaluation of
movement, (3) evaluation of force, (4) evaluatibmaiscle activity (EMG), and (5)
evaluation of balance. Often, (2), (3), and (4) @esnducted together. For instance,
while we have you walk, we may look at the movenadntour joints, collect data
about the force you are exerting on the floor, lmot at your muscle activity all at
the same time.

The specific components that you are being askediticipate in will be described
to you by the research staff member and are markétle PROTOCOL
CHECKLIST. These components have been chosen bliyughies based on the
particular scientific question in hand and the entrstage of research study
development. We ask that you initial the tasks ggree to do.
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As a participant, you will be asked to completeheselected component no more
than one time. The combined time on all activitié not exceed 5 hours in one day
and will not exceed two consecutive days of testing

You participation in these tasks may be videotapHutese tapes will be used by the
researchers only and stored in a locked cabinet.
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PROTOCOL CHECKLIST: Biodynamics Laboratory TestiRgtocols

Balance Task Su_b! ect M easur ement Su_b! ect

I nitials Initials
2a. Clinical and Cognitive

la. Forward Lean Testing

1b. Backwards 2b. Force Testing: Lower

Pull Body

1c. Treadmill Gait 2c. Force Testing: Strength

1d. Over ground

Gait 2d. EMG

le. Postural Sway 2e. Movement Testing

1f. General

Movement Tasks

The total estimated time for completion of all camnpnts of this project is:

The study will be divided across tessis@s.
DETAILED STUDY METHODS AND PROCEDURES

la. Forward Learf-or this test, we will be looking at your respots@ balance
disturbance. You will wear a belt around your waisd a safety harness that attaches
over your shoulders, across your chest, and argaandlegs as well as to our ceiling

to protect you from a fall. We will ask you tosthin a forward leaning posture,

while supported by a counter weight. When the ieigjreleased, you will take

action to restore your balance, which may includeng a forward step. During the
testing, you may be asked to target a line onltwe fvith your step or to perform a
distraction task, such as counting or squeezinglaYou will be able to take a

seated rest as needed between trials.

1b. Backwards PulFor this test, we will be looking at your respotsa balance
disturbance. You will wear a belt around your waisd a safety harness that attaches
over your shoulders, across your chest, and argoadlegs as well as to our ceiling

to protect you from a fall. You will start by stiing relaxed. After a short period,

you will feel a tug at your waist. You will be askto respond naturally to the tug

and may need to take a step to keep your balana@d>he testing, you may be
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asked to perform a distraction task, such as cogrmr squeezing a ball. You will be
able to take a seated rest as needed between trials

1c. Treadmill GaitFor this task, we will be looking at your gait &matics. You will
wear a safety harness that attaches over yourddrsylacross your chest, and around
your legs as well as to our ceiling to protect flaum a fall. You will start by

standing relaxed on a treadmill. We will slowlgiaase the speed of the treadmill
until we reach your comfortable walking speed. Ywllthen continue walking for

up to ten minutes.

1d. Over ground Gaifor this task, we will be looking at your ability start
walking. You will wear a safety harness that atescbver your shoulders, across
your chest, and around your legs as well as tacelling to protect you from a fall.
You will start by standing relaxed. A visual cliglt) will be given to you to start
walking. You will then take up to five steps.

le. Postural SwayFor this test, we will look at your standing balan You will wear

a safety harness that attaches over your shoullensss your chest, and around your
legs as well as to our ceiling to protect you frarfall. You will stand relaxed while
we record the natural sway of your body. You meybked to stand with your eyes
open or closed. You will be able to take a seatstias needed between trials.

1f. General Movement TaskiSor these tasks, we will look at look at your
performance of general movement that are similaotonal activities of daily living.
These may include rising from a sitting to a stagdiosition, sitting and reaching, or
grasping and moving small objects. You will weaafety harness that attaches over
your shoulders, across your chest, and aroundlggaras well as to our ceiling to
protect you from a fall.

2a. Clinical and Cognitive Testingor these tests, we will be collecting informatio
about you that will help us evaluate your physfoaktioning. For instance, we need
to know your general abilities with respect to laage, memory, and current physical
status. We will test your memory and thinking. Wi# also look at your physical
abilities with questionnaires or with physical tegtsuch as sensation, movement, or
range of motion measurements. Also, we will lobkaur endurance and your
strength. Combined, these tests typically takevben 15-30 minutes to complete.

2b. Force Testing: Lower BodWe will be looking at the forces your legs produce
while doing an activity such as walking or standirfithis testing will be done at the
same time as the marker tracking or balance teatmdgwill not require additional
time.

2c. Force Testing: Strengtiour strength and/or muscle tone will be testeth i
measurement device. You may be asked to movethatdevice, move against the

67



device, relax while the device moves you or giveaximal contraction while the
device collects data. These tests typically tade/ben 30-60 minutes with rest as
needed.

2d. Assessment of Muscle Activity/ EM@ur EMG system measures your muscle
activity. Surface electrodes are applied to ydim sver your muscle. Alcohol
wipes are used to clean your skin and then twdrelées are placed over each area.
Most often your lower leg and thigh muscles are mooad including anterior tibialis,
gastrocnemius, quadriceps, and hamstrings. Bumayewant to monitor your hand
and arm muscles if you are doing an upper body t&sk EMG system gathers
information from your muscles but does not give tegdback back to you.
Application of the electrodes takes approximaté€lyld minutes.

2e. Movement Testindgzor these tests, we will place markers on youn skimonitor
your movements while you perform an activity. Rlolgsactivities may include one
or more of the following: walking on level surfacasstairs, walking on a treadmill,
rising from a chair, or reaching for or lifting abject. Application of the markers
and setup for movement testing takes approxima@Isinutes.

RISKS
Understand that there may be possible risks fdrgyaating in this study:

» Clinical/Cognitive: there may be a risk of fallidgring balance portions of the
clinical testing, but the risk will be minimized lsjose monitoring by a research
assistant. There is also a small risk of fatigith the cognitive testing, but we
will allow you to take breaks if necessary.

* Movement Testing: There are no known risks to nraokelevice tracking. There
may be a risk of slight muscular fatigue from tiegfprmance of multiple
repetitions of certain activities, but this shotédolve in 24-48 hours.

» Force Testing: There may be some muscular sorémesshe strength testing,
but this should resolve in 24-48 hours.

* EMG: There are no known risks to the use of EM&ERere may be some skin
irritation under the electrodes.

» Balance Testing Tasks: There may be a risk ofnfgidluring the balance testing
but this risk will be minimized by the use of aetgfharness and the close
monitoring by the research associate.

BENEFITS
There are no direct benefits to you for participgiin this study. Itis hoped that

information will be gathered about healthy adultdiélp with ideas for and
comparison with research studies with adults wilease.
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PAYMENT TO PARTICIPANTS
There is no payment for participating in this study
PARTICIPANT CONFIDENTIALITY

To perform this study, researchers will collectomhation about you. This
information will be obtained from a questionnaimatt will assess if you have health
or heart problems that might make too much walkimgthe activity previously

described inadvisable. Also, information will bellected from the study activities
that are listed in the Procedures section of tloasent form. This includes
information about your age, height, and your weight

Your name will not be associated in any way with thformation collected about
you or with the research findings from this studiyhe researcher(s) will use a study
number instead of your name.

Some persons or groups that receive your informatiay not be
required to comply with the Health Insurance Poiligh and
Accountability Act’s privacy regulations, and yaaformation may lose
this federal protection if those persons or grodgslose it.

The researchers will not share information abouti yeith anyone not
specified above unless required by law or unless gwe written
permission.

Permission granted on this date to use and disglmseinformation remains in effect
indefinitely. By signing this form you give permaien for the use and disclosure of
your information for purposes of this study at @inye in the future

INSTITUTIONAL DISCLAIMER STATEMENT

In the event of injury, the Kansas Tort Claims Aadvides for compensation if it can
be demonstrated that the injury was caused byeagkgent or wrongful act or
omission of a state employee acting within the saafhis/her employment.

REFUSAL TO SIGN CONSENT AND AUTHORIZATION

You are not required to sign this Consent and Autthtion form and you may refuse
to do so without affecting your right to any seesg/ou are receiving or may receive
from the University of Kansas or to participateamy programs or events of the
University of Kansas. However, if you refuse tgnsiyou cannot participate in this
study.

CANCELLING THISCONSENT AND AUTHORIZATION
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You may withdraw your consent to participate irstbiudy at any time. You also
have the right to cancel your permission to usedasclose information collected
about you, in writing, at any time, by sending yauitten request to: Carl W.
Luchies, Ph.D., Mechanical Engineering Departm&b80 W. 15§ Street, Lawrence,
KS 66045. If you cancel permission to use youoiimfation, the researchers will stop
collecting additional information about you. Howeeyvthe research team may use
and disclose information that was gathered betoeg teceived your cancellation, as
described above.

QUESTIONS ABOUT PARTICIPATION should be directed@arl W. Luchies,
Ph.D.,

Principal Investigator, Mechanical Engineering Dep181 Learned Hall, University
of Kansas

Lawrence, KS 66045, 785 864-2993

If you have any questions about your rights asearch participant you may contact
the Human Subjects Committee Lawrence Campus (H8@ice at 864-7429 or
864-7385 or write the Human Subjects Committee eaae Campus (HSCL),
University of Kansas, 2385 Irving Hill Road, Lawoen Kansas 66045-7563, email
dhann@ku.edu or mdenning@ku.edu.

KEEP THIS SECTION FOR YOUR RECORDS. IF YOU WISH TO

PARTICIPATE TEAR OFF THE FOLLOWING SECTION AND RETRN IT TO
THE RESEARCHER(S).
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(Project/Study Title)

HSCL #__ 17535 (Provided by HS@Le)f

PARTICIPANT CERTIFICATION:

If you agree to participate in this study pleagm svhere indicated, then tear off this
section and return it to the investigator(s). K#epconsent information for your
records.

| have read this Consent and Authorization fortmave had the opportunity to ask,
and | have received answers to, any questions tdgatding the study and the use
and disclosure of information about me for the gtud

| agree to take part in this study as a researdicipant. By my signature | affirm
that | am at least 18 years old and that | haveived a copy of this Consent and
Authorization form(Use the 18 years old disclaimer only if the stpdpulation may
include participants under the age of)18

Type/Print Participant's Name Date

Participant's Signature or Parent/Guardian Sigeatdarticipant is less than 18
years old or an adult under care of a guardian

[If signed by a personal representative, a desoriif such representative’s authority to act
for the individual must also be provided, e.g. pguardian.]
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Biodynamics Lab Health Screen
*For use with subjects aged 18 to 30 years old

Subject name:

Date of screening:
Date of test:
Gender:

Age:

Height:

Weight:

Are you currently participating in any other resdastudies?
If yes, explain:

Do you have any injury or illness that limits yaativity level?
If yes, explain:

Have you eaten regularly over the past 24 hours?

Do you have any history of cardiovascular disease?

If yes, explain:

Are you currently taking any medications?
If yes, what?
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Have you ever had any of the following?

Heart attack Y
N

Heart disease or problems Y
N

Chest pain Y
N

Seizure Y
N

Cancer, leukemia, or lymphoma Y
N

Diabetes Y
N

Ankle sprains Y
N

Dizziness or lightheadedness (including during eise) Y
N

Fainting Y
N

Broken bone Y
N
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High blood pressure Y
N

Inner ear damage Y
N

Pain or stiffness in hips, knee, or ankle Y
N

Back pain Y
N

Shortness of breath (including during exercise) Y
N

Joint surgery (such as joint replacements or tetidament repair) Y
N

Are you currently taking any medications? Y
N

Major or minor surgery? Y
N

Neurological disease (multiple sclerosis, ALS, Rastn’s disease)? Y
N
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ACTIVITY:

Are you able to leave house / apartment on youroMow often?

When you walk, do you walk with: Self walker/caneperson
assist unable

How far do you walk on a daily basis?

How often do you walk?

How long do you walk (duration)

Do you participate in any exercise/Activities?
Type
Sessions per week

Minutes / hours per session

Hand dominance L R Leg
dominance L R
(Are you right or left-handed?) (Which leg woulduy

kick a ball with?)
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FOR SCREENER USE ONLY:

Subject Identification Number:
Date of screening:
Date of testing

Subject Name:

Age:
Gender:

PASS? YES NO

If no, why not?
If subject answered yes to any questions but wasxwuded,

please explain reasons:

Comments:
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PARTICIPANT RECRUITING POSTER

VOLUNTEERS
NEEDED!!

Do you want tohel p advan ce
research «u-

Want to get first hand lookat cutting-
edgebiOmeChaniCSSearch?

We're looking for volunteers to participate in ad¢ of human
movement.
If you are interested in volunteering, contact
Michael Haines (emaihchaines@ku.edu
or stop by the Biodynamics Research Laboratory@2idarned
Hall)
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IN-DEPT TESTING PROTOCOL

*FILE FOLDERS:
ALL FILENAMES REFERENCED BELOW IMPLY THE ROOT DIREBGORY
“C:\Documents and Settings\Biodynamics Lab\My Doeuits\mch\leanandrelease_study\”

Lab Setup:

1. Turn on forceplates, allow to warm up.

e This will also turn on and warm up the ceiling hess loadcell

» zero forceplates

Plug in lean/release load cell

Start “control.vi” to control target positionirsystem

Turn on laser target system (flip power supphitch “on”).

* Move to near home position (click “home”)

* Put the motor on a warmup loop (click “warm up s9il

4. Set up video camera with a fresh tape (haveupatdke ready as well).
» Position it so you can clearly see forceplates

* Have whiteboard ready and in a position to be dgeramera

Turn on Optotrak

Get subject data folders ready on both compy(terddata\sid ")
Turn on speakers. Make sure white noise gesetat the data collection
program is proper volume.

wwn

No o

Subject setup:
I nitial setup:
1. Consent
. Subject needs to consent to 1a, 2b, and 2e orfiTRPROL
CHECKLIST

2. Health Screen
» If answered yes to any questions, confirm whethere is a medical problem
that presents a risk if tested, or if any medisalies are present which might
affect the balance recovery task (i.e., interfeith Wwalance, movement, etc.)

3. Changein to shorts, lab shoes.

Measurements:

Height: Use ruler in changing room. Shoes ON.

Bodyweight: in Ibs, measure using scale

Leg length: Troch to medial malleolus

Ankle width: widest measurement from medial tetat malleolus
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Ankle height: floor to middle of lateral malleolus
Foot length, width: largest measurement of leragitth width

Equipment setup:
1. Put on safety harness (do not connect ropes yet)
2. Add waist belt. Should rest on hip bones. Metzkle in back.
* Measure height from floor to middle of buckle. Betunder “Rope height”

3. Place marker triads on feet.
» Triad “A” on right foot
» Triad “C” on left foot
* For both triads, marker “1” should point up thetf@way from toe). The
foam wedges should angle the triads so that th&eraface anteriorly.

4. Velcro strober box to waist belt. Secure wirssig combination of duct tape and
paper skin tape.

Steplengths list

1. Need to generate table for converting from %ybedyht to number of steps on
target positioning system

2. Get subject height (should be first thing meedwand recorded on datasheet)

3. Use Matlab to open “table_generator.m” underfdiaer
“...leanandrelease_study\target_position_calibrator\

4. Input calibration date to use
-To find the most recent calibration, open‘data\” and find the most recently
dated folder labeled “calibration”... e.g., “\calibiem_09_19 08”. For this
example, the calibration date to enter is “09_19. 08

5. Input subject height in cm
6. A spreadsheet will be created under the suldpgtet folder (\data\sid####)
relating % bodyheight to number of steps. Opes spreadsheet & print it.

Static Trials (probing):
1. Set up Optotrak coordinate system
2. Start a new experiment in appropriate sid dngct
* Under “..\data” create a folder named “sid####” with therappate subject
ID number (e.g., “\sid1001").
» Create a subfolder for motion data (“\sid1001\m@tjo
* Make the optotrak session name “sid####” to matelfolder name
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7.

* Record the session filename, or an example fileraftee the first trial is
saved, on the datasheet (long name, includesrtieethiat the session was
started...)

12 Markers, 30 Hz

Use rigid body “biodynamicsprobe.rig” as first snarkers

Plug the probe into Optotrak cable first, folemhby the strober for the foot
markers (daisy chain).

Conduct 3- second trials to probe the needeatfioiMake sure visibility is near
100%

* Lateral Maleolus (middle of LM)

* Medial maleolus (middle of MM)

* Toe tip (farthest anterior, as close to floor cohfaint as possible)

«  2""metatarsal (feel for thé'2toe)

* heel (farthest posterior, near floor contact point)

* heel (anatomical heel, in the middle of the bacthefshoe).

Conduct 30 second trials to probe foot perime&art trial, then drag probe tip
around foot. Do not lose contact w/ foot. Trygtt as good vis as possible, but
100% is obviously impossible.

Record file numbers for all probe trials on tfaasheet

Analog DAQ setup

1.

2.

3.

4.
5.

if not already done, create a subject data foldethe analog DAQ computer
(“\data\sid####\").

Start the labview program “data_collection_whdise.vi” on the DAQ computer.
It is under a root directory with the same filefpaame as the other computer.
Double check that the physical channels sedeate analog 0:11, 16:21, and
28:30. This should be the default.

Sample rate: 1000

Collection time: 4

Analog Zero Trial

1,
2.
3.
4.

5.

Be sure thing is sitting on the forceplate®p&should not be attached to lean/release
mechanism

On the “data_collection_whitenoise.vi” frontned, switch “use trigger” to “off”.

Click run arrow.

After collection has run, a dialog box will aghu to pick a filename. Save the trial as
“zero” under the subject’s data directory.

Switch “USE TRIGGER” to “ON”. You will use thigger for all trials from here on out.

L ean Angle Monitor setup

1.

Start “lean_angle_monitor.vi” on the analog damputer. (under same root directory as
everything else...)
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PwnN

under “zero trial location” enter the file Idican / name of the zero trial you just took.
Forceplate channels should be 0:11

Don’t worry if you get crazy lean angles wheijsct is not standing on the plate. This is
expected. If lean angle is obviously not correbbewsubject IS on plate, check that the
zero trial was conducted properly, and zero tilahfime are right.

Lean & Release Trials
*do once at the beginning of the lean & releassdri

1.

No

Start a new Optotrak experiment. Use 6 marki€)@,samples per second. 4-
second trials. Record session name on the datashee

Attach ceiling harness
» Adjust tension on ceiling harness such that thedss becomes taut when

the subject stands on the front forceplate and émelr knees to a 90 deg
angle

read instructions lean & release overview

Have subject stand facing away from Lean/releasehanism, feet shoulder

width apart on fpl & fp2.

* toes should just touch taped line

Tape the lateral foot starting positions so thatposition can be repeated for each
trial

Turn off the main room lights (safety lightthre corner will stay on—this is OK.)
Read instructions for the trial that will be doted.

*For each lean and release trial:

8.

If there will be a target presented for thaltri

-Ensure that the target light is turned on. If, tiee light switch on the table may
need to be clicked “on”.

-In “control.vi” click “find home”. Target shouldeturn to the center of the front
bolts on forceplate 3. If it does not, try agalhit still doesn’t find home, it may
not be warmed up. If it is warm and doesn't firahe, you may have to move
the cart so that the home position is properlydiop with the bolts.

-Decide where the target should be in terms ofgrarbodyheight (consult the
detailed description of the sequence for the blufdkials you are currently
conducting).

- Consult the steplengths list table you've alsegednerated. Note the number of
steps from home that the stepper motor must mowedier to position the target
where you want it.

-Record number of steps for the next trial ontésting datasheet
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11.

12.

13.

-Move the target the appropriate number of stepsdrd by entering a number
on the “control.vi” and clicking “initiate moveméntlf you need to move the
target more than 63 steps forward, you may ne@etimrm the movement in
several smaller movements (for example, to movesi®gs, you might move 50
steps, then another 53).

Attach rope. Have subject lean.

. Monitor lean angle with “lean_angle_monitor.vi”

-Adjust rope length until lean angle is 10 £ 0.g&®s

Stop “lean_angle_monitor.vi”. click “wait faigger” in Optotrak. Start
“data_collection_whitenoise.vi".
-you MUST stop lean_angle_monitor.vi before staytilata collection.
When Labview random time delay is up, greehtlan front panel will come on.
You can now activate trigger to run the trial.
After each trial, record target position (immher of steps moved by stepper
motor), analog filename, optotrak file number (onged to note the full file
prefix for each block of trials on the right siditloe datasheet), and number of
steps taken.
-Only count as two steps if®step advances past first step. If it obviously
picks up and then puts down (but does not advaasefstep), mark as 1.5
steps.

Conduct the following 3 blocks of trials.

l. Natural Response
a. 6 total
Il. Targeted Natural Response
a. Give instructions
b. Warmup
i. Do each length until subject successfully places itep short
of line and regains their balance. Repeat as wkeede
1. 30%
2. 23%
3. 15%
c. Start downward leg
i. Start @ 30% BH
il. Increment down 2% BH after each single step
iii. Repeat if step is over the line
iv. Repeat if multiple steps are taken
v. Stop when 2 consecutive multiple steps are taken
vi. FAILURES: (harness or steplength)
1. Repeat position if there is a failure
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a. Inform subject if it is a step length failure, do
not inform if harness failure.
2. If 2 consecutive failures, STOP DOWNWARD LEG
3. If 1 failure is followed by multiple step, repeéast step
length and treat (for protocol purposes) as ifftikeire
did not happen.
d. Start upward leg
i. Start @ 8% BH LESS than where we stopped on dowshiear
or 8% BH, whichever is greater.
ii. Increment up 2% BH after each multiple step
lii. Repeat if step is over the line
iv. Repeat if single step is taken
v. Stop when 2 consecutive single steps are taken.
vi. FAILURES: (harness or steplength)
1. Repeat position is there is a failure
a. Inform subject if steplength failure, do not
inform if harness failure
2. If 2 consecutive failures, increment up 2% BH
3. If 1 failure is followed by a single step, repdattstep
length and treat (for protocol purposes) as ifftierre
did not occur.
[l Targeted Single Step Response
a. Give instructions
b. Start downward leg
i. Start @ 30% BH
ii. Increment down 2% BH after each single step
lii. Repeat if step is over the line
iv. Repeat if multiple steps are taken
v. Stop when 2 consecutive multiple steps are taken.
vi. FAILURES: (harness or steplength)
1. Repeat position if there is a failure
a. Inform subject if it is a step length failure, do
not inform if harness failure.
2. If 2 consecutive failures, STOP DOWNWARD LEG
3. If 1 failure is followed by multiple step, repeatat step
length and treat (for protocol purposes) as ifftikeirre
did not happen.
c. Start upward leg
i. Start @ 8% BH less than where we stopped on dowhiegt
or 8% BH, whichever is greater
il. Increment up 2% BH after each multiple step
iii. Repeat if step is over the line
iv. Repeat if single step is taken
v. FAILURES: (harness or steplength)

83



1. Repeat position is there is a failure
a. Inform subject if steplength failure, do not
inform if harness failure
If 2 consecutive failures, increment up 2% BH
If 1 failure is followed by a single step, repdttstep
length and treat (for protocol purposes) as ifftikeire
did not occur.

wn

Stop when 2 consecutive single steps are taken.

+X (global)
v
X(local) FPY
y(local)
X(local)
CNDCEDI ATE 2 (2477

FORCEPLATE 3 (4033)

y(Iocm)j

X(local)

*Force plate serial numbers and orientation
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Instructions to be read to participants:

OVERVIEW:
“For today’s tests, we will attach one end of tldpe to back of the

belt that you are wearing. The other end will tiached to this machine.
When | ask you to lean forward, you will lean uytiur weight is supported
by the rope. You will stand with your arms acrgsar chest. While leaning
into the rope, try to relax your ankles as mucp@ssible. You may be asked
to maintain this position for a short time while veady our equipment. We
will tell you when the test is about to begin. éwfseconds after the test
begins, the rope will be released, and you wilpoggl naturally to regain your
balance. Any questions?”

SETTING UP THE LEAN:
“Stand with your toes just touching the taped lifdease lean into the
rope. This may take a moment while we get ourggent ready.”
“Remember to relax your ankles.”

IF THE ROPE NEEDS ADJUSTED:
“I'm going to help you stand back up so that we naake an
adjustment to the rope.”
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Experiment #1. Natural Response

READ ONCE:

“When | say ‘the test will begin’, please cross ybands crossed in front of your
chest. Several seconds after you have been dreaready cue, the rope will be
released. Respond naturally in order to regaim palance. You may choose to take
one or more steps to regain your balance. Oncéngwe regained your balance,
stand still until I instruct you to relax.”

BEFORE EACH TRIAL:
“Please hold your arms across your chest and ge&laxankles. The test will begin
now.”

Experiment #2. Targeted response

READ ONCE:

“For this set of tests, a red line will be projettanto the floor in front of you. When
| say ‘the test will begin’, please cross your haimdfront of your chest. Several
seconds after you have been given the ready caieppe will be released. Respond
naturally in order to regain your balance. You rtel§e one or more steps to regain
your balance, but in both cases, the first stepilshioot cross over the red line. If
your first step crosses over the line, the tridl né repeated. Once you have
regained your balance, stand still until I instryati to relax.”

BEFORE EACH TRIAL:
“Remember not to step over the target line withryfost step. Please hold your arms
across your chest and relax your ankles. Theatidgbegin now.”

IF SUBJECT STEPS OVER LINE:
“Since your first step crossed over the line, tha will be repeated.”
Experment #3: Single step targeted response

READ ONCE:

For this set of tests, a red line will be projeabedio the floor in front of you. When |
say ‘the test will begin’, please look cross yoandts in front of your chest. Several
seconds after you have been given the ready ceiepte will be released. Attempt

to regain your balance by taking only one stepe 3Step should not cross over the red
line. If your step crosses over the line, thd il be repeated. Do not take more
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than one step unless you must to regain your bala@nce you have regained your
balance, stand still until I instruct you to relax.

BEFORE EACH TRIAL:

“Try to regain your balance with only one step.nfeenber not to step over the target
line. Please hold your arms across your chestelag your ankles. The test will
begin now.”

IF SUBJECT TAKES 2 STEPS:

Please remember not to take more than one stepsuyde@ must to regain your
balance.

IF SUBJECT STEPS OVER LINE:
“Since your first step crossed over the line, tha will be repeated.”
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Subject testing datasheet: page 1:

Subject Number:

Date:
MEASUREMENTS
Bodyweight
Height
Leg Length | L R
Ankle Width | L R
Ankle Height | L R
Foot Width | L R
L R

Foot Length

Rope Height |
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Datasheet page 2:

Subject Number:
Date:

Record all Optotrak data on the Optotrak computer under the folder

C:\Documents and Settings\Biodynamics Lab\M

y Documents\mch\leanandrelease_study\data\sid...

Record all analog data on the analog DAQ computer in the folder
C:\Documents and Settings\Biodynamics Lab\My

Documents\mch\leanandrelease_study\data\sid
*In Optotrak, use subject number in the session

Analog Zero

Lateral Maleolus, RIGHT
Medial Maleolus, RIGHT
2nd Metatarsal, RIGHT
Toe tip, RIGHT

Heel (ground level), RIGHT
Heel (anatomical), RIGHT

Lateral Maleolus, LEFT
Medial Maleolus, LEFT
2nd Metatarsal, LEFT
Toe tip, LEFT

Heel (ground level), LEFT
Heel (anatomical), LEFT

Foot Perimeter RIGHT
Foot Perimeter LEFT

name, as in "sid..."

Motion file number  Analog file number
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Datasheet page 3:

Subject Number:
Date:
NATURAL RESPONSE
Analog file | steps
Target position | Motion file # # taken Optotrak session, Notes
1
2
3
4
5
6
7
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Datasheet page 4:

Subject Number:
Date:

TARGETED RESPONSE

Practice

Target position

Motion file
#

Analog file
#

steps
taken

Optotrak

filename. Notes

o~NOUBAWNE

Downward Leg

Target position

Motion file
#

Analog file
#

steps
taken

Optotrak

filename. Notes

©o~NoOUWNE

Target position

Motion file
#

Analog file
#

steps
taken

Optotrak

filename. Notes
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Datasheet page 5:
Subject Number:

Date:

SINGLE STEP TARGETED RESPONSE
Downward Leg

O©CoO~NOUIWNPE

Target position

Motion file
#

Analog file
#

steps
taken

Optotrak
filename,

Notes

Upward Leg

Co~NOOBWNE

Target position

Motion file
#

Analog file
#

steps
taken

Optotrak
filename,

Notes
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ANALOG CHANNELS

All analog channels were sampled on the a/d baat@@0 Hz using the custom
Labview VI “data_collection_whitenoise.vi”. Chanssampled were as follows:

il damd | dtacdumm goud
# # desaiption switch notes

FPLRY FCRALL FORCERLATECHANNELS

FPL(R) gain=1000

APL(R) Lowpessfilter =1060Hz

Thesedredtions (xy,2) arefacedatelocd
ooordretes

"foroeplate converter”' rdtates into roomooardiretes

o
[EEY

[
N

N
w

ALK
FPL(M)
FPL (M)
A2(A)
A2H)
A2 (R)
A2 (MK
A2(M)
A2 (M)
B
B H)
A3(R)
A3 (M)
B M)
A3 (Mp
LER Loedcdll

Loadcell
Shitdhpate

°° PEEEEZEPIZEEIZEPIEEE EIEP

BB IBRIBBIBR|IBIE|B|o|o|~|o|o|s|w
REB BRERBEREBIBIEB|lo|o|~w o o)~

Lownamd, goes high (+9) whenplate is loeded
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APPENDIX B: MOTION ANALYSIS

A virtual marker method was used to track the llecabf anatomical landmarks upon
which infrared markers were not attached. Priggaoh testing session, a three-
marker rigid body was attached to the top of eantiggpant’s foot. This rigid body
defined a local foot coordinate system in terma wéctor (in global coordinates) to
an origin, and a rotation matrix to rotate the lawordinate system into the global.

During static trials, anatomical landmarks (e.ge, theel) were probed with an
Optotrak rigid body tool, and the vector (in locabrdinates) from the origin of the
foot coordinate system to each landmark was cakedilaThereafter, the location of
the landmark could be computed by measuring thetime and orientation of the foot
coordinate system and applying the method outlingde following figure.
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Notes on computing the location of virtual mark€y ¢iven a local vector™fp“)
from a rigid body whose positioi%®°) and orientation\R®) are known.
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APPENDIX C: BOUNDARY LINE PROJECTION SYSTEM

A novel boundary line positioning system was desggto allow accurate computer
control of the projection of a laser line onto fleor. An auto-leveling commercial
laser level (Black and Decker, USA) generated threzbntal boundary line.
However, in order to eliminate vibration-inducedwvement of the laser, the auto-
leveling feature was disabled by freezing the pandwvith a two-part adhesive.

The line was reflected downward from the horizobtah front-surface mirror that
was mounted to a rotary positioning turntable (hedA, USA). A stepper motor
(Oriental Motor Company, Japan) turned the positigriable’s worm gear. The
stepper motor was driven by a Parallax BS2 micrtvotlar connected through a
series of transistors and solid-state relays tatedhe microcontroller from the
stepper motor power source. The coils were enedgiz a half-step mode sequence
as this was observed to decrease vibration andt tess frequently in missed steps.

A custom Labview interface allowed the mirror togdmesitioned from a desktop
computer. Eight digital outputs of the NI boardr&vased to communicate between
the computer and a Parallax BS2 microcontrollek o6the digital outputs set the
distance to move the stepper motor (in numberegdsyt one output initiated
movement, and another commanded the microcontrolligitiate a search for the
rotary turntable’s home position.

Since the experimental protocol called for theeatg be positioned a given
percentage of the participant’s body height in frointhe toe starting position, a
series of calibration calculations were employ®Bdior to the first testing session, and
periodically throughout the course of the experitntre boundary position at various
stepper motor positions was digitized in the roaordinate system using an
Optotrak digitization tool. For each subject, atlélla m-file was run which loaded
the most recent set of digitized coordinates armdl @sleast squares fit to compute a
third order polynomial relating stepper motor piositto target line position. Then,
the subject’s height was entered and the targeslabsolute position was converted
to percent body height in front of the taped toe.li A table was generated that
related boundary locations, in percent body heighthe stepper motor position
needed to achieve that target location. This taedale referenced prior to each trial in
order to set the correct target location.
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2. control.vi Front Panel

LabVIEW interface used to control the target positi The user enters the
appropriate number of steps to move the targeefawned from the Matlab-
generated position table) and pushes the “Go FafWartton to initiate the
movement.
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POSITIONS TABLE

using calibrations from C:\Documents and Settings\Biodynamics
Lab\My
Documents\mch\leanandrelease_study\data\calibration_09_19 08
for subject number ###

with body height = 177 cm

Steplengths, %bh nsteps

30 38
29 44
28 50
27 56
26 62
25 68
24 74
23 80
22 86
21 91
20 97
19 103
18 108
17 114
16 119
15 125
14 130
13 135
12 141
11 146
10 151

9 156

8 161

7 166

6 171

5 176

4 181

Typical subject-specific positions table relatingidable step length (boundary
location) to the number of steppermotor steps retémlposition the laser
appropriately.
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LASER CALIBRATION PROTOCOL

Periodically throughout the experiment, the positd the projected boundary line
was established in global coordinates. This inedlinoving the boundary line a set
number of stepper motor steps from its “home” posi{as sensed by a magnetic
Hall effect sensor on the rotary turntable), anésoeing its position using the
Optotrak rigid body probe. The protocol for perfang this calibration, and
datasheet onto which file information was recorded,included here. The numerical
calibration was performed prior to each testing®eswhen the subject-specific
boundary position table was generated.

Laser line warm up / calibration

=

Turn on laser, stepper motor power, and start ‘fobnt”.

2. Ensure that laser returns to “home” properly (staeturn to the middle of
the front bolts on fp3)

3. Step the target forward 200 steps in 50-step inergsn Mark the end
position

4. Return home

5. Step the target forward 200 steps in 10-step inerdsn Ensure that the

position is the same as in (2), when 50-step inergswere used.

If check #1 or #4 fails, the coils may not be war@lick the “warm up coils” button
on the control.vi front panel. You should heackilng from the stepper motor.
Allow warmup to occur for ten minutes, and thenlr} again.

Set up Optotrak coordinate system according tadst@ahprocedure. Origin is at the
dot on the NE corner of FP1, +X points West, ands+ip.
Probe a spot on the line near the centerline ofdreeplates for laser locations (in #

steps from home) listed on the calibration_datashRecord the optotrak file
numbers on the blank_calibration_datasheet, angl the&vdatasheet.
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Laser calibration datasheet

Date:

nsteps_from_home | filenum
0
20
40
60
80
100
120
140
160
180

tapefront
fplcenter
fp2center
fp3center

Datasheet where filenames were recorded duringdasyircalibration. A copy of
this datasheet was saved on the computer’s hard dnd used in generating the
participant-specific boundary positions table.
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PBASIC CODE FOR CONTROLLING THE BOUNDARY POSITION
'{$STAMP BS2}

'{$PBASIC 2.5}

‘Pbasic code

‘stepper_driver_2_halfsteps.bs2

‘Michael Haines

‘Communicates with Labview VI "control.vi" to contrlaser target position with a
‘stepper motor.

dt VAR Word

steps VAR Word
stepstaken VAR Word
i VAR Word

moveto VAR Byte
homeoffset VAR Byte
counter VAR Nib
lastdirection VAR Bit

homeoffset = 144 'Distance from magnetic homictvio the force plate bolts
(recognizable 'home position), found by trial anche

lastdirection = 0
counter=1

i=0

'dt =15

dt=7
stepstaken=0

homesense PIN 14

INPUT homesense

initiate PIN 6 'pin 6 and 7 are from NI boardithl outputs
INPUT initiate

movehome PIN 7

start:

DO

DO WHILE initiate=0
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'DEBUG HOME

'DEBUG DEC dt

'GOSUB powerup

IF movehome=1 THEN
GOSUB findhome 'Initiate sequence to find legoosition
PAUSE 1000

ENDIF

moveto = (IN8) + (IN9*2) + (IN10*4) + (IN11*8) €IN12*16) + (IN13*32)
'‘Number of steps to cycle the stepper

IF moveto = 63 THEN '‘Using one of the ratwvoptions for an additional
command, to warm up the coils
steps =7
GOSUB forward

DO WHILE ((IN8) + (IN9*2) + (IN10*4) + (IN11*8)+ (IN12*16) + (IN13*32)) =
63
GOSUB warmup ‘Do the warmup routine
LOOP
ENDIF

‘'otherwise do nothing

LOOP

moveto = (IN8) + (IN9*2) + (IN10*4) + (IN11*8) + {12*16) + (IN13*32)
steps = moveto*2
GOSUB back

‘after forwvard movement, make sure it stays putafeec
PAUSE 500

LOOP

'zero means we're in the home range
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'we want to back in to home range

findhome:

steps=5

DO WHILE homesense =0
GOSUB back

LOOP

steps=30
GOSUB back

steps=1

DO WHILE (homesense = 1)
GOSUB forward

LOOP

steps=homeoffset
GOSUB back

RETURN

forward:

'sequence: 2,24,4,34,3,35,5,25
stepstaken=0
DO
DEBUG CLS
DEBUG HOME
DEBUG DEC homesense
IF stepstaken>steps-1 THEN RETURN

counter=counter+1
IF counter=9 THEN counter=1

"This etsequence of pins that must be fired
'to moweward by half steps
IF (counter =1) THEN GOSUB fire2

IF (counter = 2) THEN GOSUB fire24
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IF (counter = 3) THEN GOSUB fire4

IF (counter =4) THEN GOSUB fire34

IF (counter =5) THEN GOSUB fire3

IF (counter = 6) THEN GOSUB fire35

IF (counter = 7) THEN GOSUB fire5

IF (counter = 8) THEN GOSUB fire25

stepstaken=stepstaken+1 'loop weive taken the appropriate number of

steps

LOOP

RETURN

back:
'sequence is: 5,3,4,2
stepstaken=0

DO

DEBUG CLS

DEBUG HOME

DEBUG DEC homesense
IF stepstaken>steps-1 THEN RETURN
counter=counter-1
IF counter=0 THEN counter=8

IF (counter = 1) THEN GOSUB fire2 rifig sequence to step backward by
half steps

IF (counter = 2) THEN GOSUB fire24

IF (counter = 3) THEN GOSUB fire4
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IF (counter =4) THEN GOSUB fire34

IF (counter =5) THEN GOSUB fire3

IF (counter = 6) THEN GOSUB fire35

IF (counter = 7) THEN GOSUB fire5

IF (counter = 8) THEN GOSUB fire25

stepstaken=stepstaken+1

LOOP

warmup:

GOSUB fire24
PAUSE 250
GOSUB fire34
PAUSE 250
GOSUB fire35
PAUSE 250
GOSUB fire25
PAUSE 250
GOSUB fire35
PAUSE 250
GOSUB fire34
PAUSE 250

RETURN

‘Jagergize pairs of coils to get them warm

'Subroutines to energize the stepper coils

fire2:

LOW 3
LOW 4
LOW 5
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HIGH 2
PAUSE dt
RETURN

fire3:
LOW 2
LOW 4
LOW 5
HIGH 3
PAUSE dt

RETURN

fired
LOW 2
LOW 3
LOW 5
HIGH 4
PAUSE dt
RETURN

fireb:

LOW 2
LOW 3
LOW 4
HIGH 5
PAUSE dt
RETURN

fire24:
LOW 5
LOW 3
HIGH 2
HIGH 4
PAUSE dt
RETURN

fire34:
LOW 2
LOW 5
HIGH 3
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HIGH 4
PAUSE dt
RETURN

fire35:
LOW 2
LOW 4
HIGH 3
HIGH 5
PAUSE dt
RETURN

fire25:
LOW 3
LOW 4
HIGH 2
HIGH 5
PAUSE dt
RETURN

powerup:
HIGH 2
HIGH 3
HIGH 4
HIGH 5
RETURN

powerdown:

LOW 2
LOW 3
LOW 4
LOW 5
RETURN
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APPENDIX D: DATA PLOTS

Time, ms
W N R O R N WM O

Difference in force rise time

Figure D1. Average difference in force rise tinevileen multiple step and single
step recoveries. Positive value indicates a slidater, but statistically
nonsignificant, force rise time during multiple gbéng. N=7.
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20 I

15 A

10 +

time, ms

Difference in liftoff time

Figure D2. Average difference in liftoff time be#en multiple and single step
responses. Positive value means liftoff occurrgdicantly later (p<.05) during
multiple stepping. N=7.
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Time, ms

Difference in swing time

Figure D3. Average difference in swing time betweaultiple and single step
responses. Negative value indicates significastilyrter swing time during multiple
steps (p<.001). N=7.
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Distance, % body height
0o N o o0 A W N BB O

Difference in step length

Figure D4. Average difference in first step lengégtween multiple and single step
responses. Negative value indicates significastilyrter first step length during
multiple stepping (p<.001). N=7.
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-0.5

-15

Distance, % body heigh
=

-2.5 1

Difference in medial step length

Figure D5. Average difference in medial step larggtween multiple and single step
responses. Negative value indicates a smallemitustatistically significant)
movement of the stepping foot towards the midlihthe body during multiple
stepping. N=7.
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Distance, % body height

Difference in boundary margin

Figure D6. Average difference in step length barganargin between multiple and
single step responses. Positive value indicatgeddoundary margin during
multiple stepping (p<.01). N=7.
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Difference in step velocity

Figure D7. Average difference in step velocityietn multiple and single step
responses. Positive value indicates higher (bustadistically significant) step
velocity during multiple stepping. N=7.
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10

Distance, mm

Difference in APA magnitude

Figure D8. Average difference in anticipatory pwat adjustment magnitude
between multiple and single step responses. Residilue indicates slightly larger
(though not statistically significant) APA magnituduring multiple stepping. N=7.
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10

-10

Force, % Body Weight
o

-15

Difference in peak landing force

Figure D9. Average difference in peak landing édbetween multiple and single
step responses. Negative value indicates smallemot statistically significant)
landing forces during multiple stepping. N=7.
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Force, % body weight

Difference in mean braking force

Figure D10. Average difference in mean brakingdatduring 100ms following
landing of the first step between multiple and Brgjep responses. Negative value
indicates less braking during multiple stepping.Q®4). N=7.
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