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ABSTRACT

Falls are the leading cause of injuries among older adults (>65) and frequently result in
reduced mobility, loss of independence, decreagpedlity of life, injury, and death.
Extensive research has been conducted regarding postural coordination and control, and
other mechanisms/processes involved in maintaining postural stability. However, there is
relatively limited knowledge regarding tipatterns of joint coordination, the underlying
postural controller, and efficient methods to assess passive and active musculoskeletal
properties relevant to balance. In the current work, three new methods were developed to
address these limitations amdso to better understand the effects of localized ankle

muscle fatigue, gender, and aging on postural coordination and control.

First, two methods were used to evaluate postural coordination. A wavelet coherence
approach was developed and applied tessdhe level and pattern of coordination
between pairs of joints (i.e., ankteee, ankldrunk, and ankldead). In addition, the
uncontrolled manifold method was implemented for evaluatiopotential wholebody
coordination control goals. Clear pmatis of intermittent wavelet coherence were
evident, indicating that joint coordination is intermittently executed. Bophase and
antiphase coherence were detected over frequencies Bi4206Hz. Shoulder and head

kinematics appeared more likelyain the wholédody center of mass as control goals for



whole body coordination. Both aging and ankle muscle fatigue led to a reduction of joint

coordination.

Second, an intermittent sliding mode controller was developed to model quiet upright
stance. t contrast to most previous postural controllers, which assume continuous
control, an intermittent controller was considered more consistent with recent evidence
on muscle activity and the results of the first study on postural coordination. The sliding
mode controller was able to accurately track kinematics and kinetics, and generated
passive and active ankle torques comparable with previous results. Ankle fatigue led to

an increase in active ankle torque especially among young adults and males.

Third, a new method was developed to estimate passive and active mechanical properties
at the ankle (e.g., stiffness and damping). This method was inspired from intermittent
control theory, and the earlier results noted. As opposed to conventional methods, this
new metlod is computationally efficienand does not require external mechanical or
sensory perturbations. The method yielded a ratio of passive to active ankle torques
consistent with earlier evidence, and larger passive and active ankle torques atfesng m
and older adults. A posatigue increase of active ankle torque was estimated, especially

among males and young adults.

In addition to providing new analytical methods, the noted studies suggest that older
adults have decreased joint coordinatiow ancreased ankle stiffness. As a practical
implication of this, fall prevention training programs mhbgnefit from seeking to

develop apprriate joint coordinatiorstrategiesand ankle stiffnessmagnitudes To



expand on the current work, future resdarshould consider measuring muscle

contraction characteristics at multiple joints and in different postures or activities.
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Chapter 1 Introduction

1.1 Baclground

Falls frequently lead to injuries and/or fatalities, particularly among older adults. It is
estimated that one out of every three older adults (>65 years old) falls ar(Skatliyer

et al., 1986Tinetti, 2003 Kannus et al., 200%riedman and Fots2007 Gillespie et al.,
20093 Gillespie et al., 2009b resulting in a total of 2.1 million older adults suffering
nonfatal fall injuries esry year. In 2010,.3 million older adults sufferinfom nonfatal

fall injuries weretreated in emergency departments, and over 662,000 of patients were
subsequently hospitalize@CDC, 2012h. Falling is also the leading cause of weork
related injuries and fatalities. In 2011, 40 percenalbhonfatal occupational injuries

and illness cases required days away from work, and among fthésevere the leading

cause, accounting for 15 percéBt.S, 2013.

Fall-related accidents also cause considerable economic loss. Between 1980 and 1997,
the total cost resulting from falls wanearly $85 billion in the US. In 2000 alone, the

total direct medical costs resulting from falls were greater than $19 billion. This figure
includes $179 million resulting from fatal falls and $19 billion resulting from nonfatal

fall injuries (CDC, 20123 The direct cost of one disabling fall injury is about $28,000,
with indirect costs totaling about $46,000, and the cost associated witkrelated fall
fatalities is estimated to be over $940,@06htola et al., 2000 Further, the mean cost

of falls among older adults has been estimatebet&10,749Davis et al., 201)) and

mean hospital charges for fall related injuries are in excess of $2(L@O% et al.,

2010.



Falling can also lead to severe physical injuries. Nearly 8% of workers who experience
an occupational fall require partial or total ambulatory assistance at the time of hospital
dischargeand 20%- 30% of older adults suffer moderate to severe injuries when they
fall (Friedman and Forst, 2007 Fals are the most common cause of nonfatal injuries as
well as hospital admissions fyaumatic injuries(Stevens, 2005 In 2009, U.S.
emergency departments treated 2.2 million nonfatal fall injuriesngnolder adults.
Among them, more than 582,000 were hospitalized (CDC, 2011) with an average

hospitalization duration of 5.5 daffSavis et al., 2010

1.2 Factors Contributing to Fall Risk

Multiple factors contribute toward fatelated accidents, and are clustenedeinto three
groys. The first group of risk factors are related to huiplaysical performanceand
cognitive/emotional statusuch as agéBailer et al., 2008 gender(Park, 2002, musde
weakness(Sherrigton et al., 2008bPeeters et al., 20},0gait/balance/visual deficit
(Rubenstein and Josephson, 208006, depressed mood, cognitive impairment and
disability (BarrettConnor et al., 2009 knowledge of injuries associated with falls, risk
percepibn, training, mentoring(Lipscomb et al.,, 2003 and personal protective
equipmentHsiao and Simeonov, 20P1The second group of risk factors are associated
with load handlingLeamon and Pate, 199%, physical exertion, fatigu€Swaen et al.,
2003 Lin et al., 2009, and task complexityHsiao and Simeonov, 20D1 The third
group of risk factors are related to the environment and include wébaibsctomb et al.,
2003, visibility (Hsiao and Simeonov, 20Q1land physical interactions (restricted

support surfaces, inclined support surfaces, material propefitis®o and Simeonov,



2007). These multiple factors contributing to falls could also imply that fall interwesti

should be multifaceted, as discussed below.

1.3 Fall Prevention Interventions

Researchers have dedicated significant effort toward preventing falls. A variety of
intervention approaches have been used, which have largely addressed the following
aspects: 1) the mentglhysical domain, such increasing muscle strength, physical
rehabilitation, vision improvemeniDay et al., 2002 Strandberg and PitkSIS, 2007
Sherrington et al., 2008areducing the use of psychotropic medication, and improving
cognitive conditions related to diseases such as dear(@ubenstein et al., 1996haw

et al.,, 2003Kannus et i, 2009, 2) the environment, such as home, nursing home, and
community center based haza(@onnell, 1996Cumming et al., 199Cumming, 2002
Clemson et al.,, 2008 3) use of supplementation, such as providing vitamin D and
calcium to those at a higisk of falling (Bischoff-Ferrari et al., 2009Batchelor et al.,

201Q Handoll, 2010. Additionally, multifactorial fall risk assessment and management
programs, considering multiple factors such as exercise, environment, and other falls

contributory factors, have also been developed and afflleghg et al., 2004

Among these interventions, general physical exercise programs such as walking appear to
increase flexibility, physical strength, and agility, which are essential for balance and
body functional capabilitySherrington et al., 2004 Muscle strengthening, walking, and
balance retraining exesss have been shown to reduce occurrences of falls compared to
a control group (Campbell et al., 1999 For example, leg muscle strengthening and

body flexibility training reduced the incidence of falls by 11.1Bay et al., 200R



Homebased exercises conducted three days/week lasting for a year have been shown to
improve physical strength and postural balance co(@atdner et al., 2001 Similarly,
oneyearlong home exercises designed for older adults have been found to improve
balance as well as reduce fhrequency of falls and fallelated injuriegRobertson et al.,

2005.

Progressive and high intensity physical resistance training has been used to improve
ankle and trunk strength, with supplementary evidence suggesting it can reduce the risk
of falling (Liu-Ambrose et al., 20Q0%herrington et al., 200&herrington eal., 2008h.

Diverse types of physical training haadso been used, including: seated resistance
training, chairassisted knee bends, wall squats, and heel raises. It has been suggested
that these exercise modalitiesan help toimprove balance (Lord et al., 200pb
Additionally, exercises and rehabilitation programs to enhance joint coordination have
been implemented for fall prevention, including Yd&aown et al., 2008Schmid et al.,

201Q Jones, 2011 dynamic walking (walking with upper body or lower body twisting),
single limb stance, balandmll training, and Tai ChiSherrington et al., 2004£hoi et

al., 2005 Li et al., 2005 Sherrington et al., 2008 Several forms of mechanical or
electricatbased vibration techniques have also been peapos an attempto increase
postural stability, including the use of stochastic electrical n@sdlins et al., 1995
vibrating and faciliatory insolegCollins et al., 2003[Priplata et al., 20Q3riplata et al.,

2006 Hijmans et al., 200 /Perry et al., 2008 and mechanical stimulation delivered to

the skin surface of the lower baffReeves et al., 2009



1.4 Research Interests

Falls are not caused by a single factor, but are rather characterized by multidisciplinary
and multifactorial elementgGillespie et al., 2009aand this complexity and diversity
imposes challenges to fall prevention research. Furthermore,atdudseen argued that

fall prevention intervention strategies do not work univers@iju, 2003, but are
dependent upon individual demographics, physical and cognitive status, required
occupational tasks,nd quality/safety of the worlenvironment. All considered is
infeasible for a singular research effort to adequately investigate all these factors and
aspects. In the current work, we are interested in studying physical mechanisms that
include joint oordination, the central postural controller, and passive and active joint

stiffness.

These mechanisms are considered important and interesting for fall prevention for several
reasons. First, joint coordination is fundamental for many motor taskasuapid force
generation, walking, and upright stance postural maintenérckands et al.,, 2004

Barry et al, 2005 Hsu et al., 2012 Joint coordination appears to be important for fall
prevention, since, for examphhole body coordinated exercise suciiasChican help

reduce the risks of fall§Gregory and Watson, 200Qogghe et al., 200 Second,
postural balance maintenance is regulated and controlled through certain mechanisms,
namely postural control. Ongoing efforts have been dedicated to studying different
postural controlles and their roles in balance control, the results of which are helpful to
interpret the mechanisms of fa€ollins and Luca, 1993Kuo, 1995 Kiemel et al.,

2008 Gawthrop et al., 2009 Third, the upright stance posture is maintained through



corrective joi torques(Runge et al., 1999inter et al., 2001Woijcik et al., 2011

Suzuki et al., 2012 In comparing to the postural controller, which is a Ocentral
processorO of posture, joint torque is the actual executor, or a postural actuator. A
malfunction of he actuator could be related to the increased risks of falls. As such, we
need a better understanding of both the central processor and the corrective joint torques

for the purpose of fall prevention.

1.5 Research Needs

Several coordination mechams have been studied in past research, and have indicated
several underlying patterns including ankip coordination phase relationshi@$su et

al., 2007, muscle coordination patter(§ing and Macpherson, 2005and coordination
control schemegqAlexandrov et al., 20Q05Kiemel et al., 2008 However, some
fundamental aspects of joint coordination, which may be of particular use in terms of
understanding fall causes and suggesting preventive actions, have not been well clarified.
For example, the joint codmation phase relationship, the coordination patterns (i.e.,
continuous versus intermittent), and the coordination goal remain largely unknown.
Understanding such time dependent coordination patterns can help to resolve ongoing
controversies, such as wher upright stance is maintained continuously or intermittently
(Peterka, 2002Loram et al., 201)1 By underganding these mechanisms, it may be

possible to develop more effective methods for fall prevention interventions.

Substantial effort has been put forth by many research groups to better understand how
the body governs postural cont@ollins and Luca, 1993eterka, 2000Morasso and

Sanguineti, 2002Maurer et al., 2006Vieira et al., 2012 Severalcontroller modebk



have been developed, including sensory information integration control{@sterka,

2002 Peterka and Loughlin, 20R4optimal controllerdKuo, 1995 Qu and Nussbaum,
2010, and predictive controllef&awthrop et al., 2009 As of yet, though, there is little
consensus regarding the form of the OrealO controller responsible for maintaiting qui
upright stance. In particular, there are ongoing debates regarding whether postural
control is intermittent or continuou®ottaro et al., 2005 Largely, past research on
postural controllers has been mostly explorative, and has been done using relatively
complicated mathematical formulations but with little direetpirical results. As such, a
deeper and hopefully more thorough understanding of postural control mechanisms is
needed, and which can be helpful in solving the debate and providing additional insights

regarding fall risks and prevention.

Numerous stude have examined the passive and active components of corrective joint
torques. However, different magnitudes of passive and active joint torque have been
reported in existing work. For example, one study indicated that passive ankle torque
accounts forhie major part (>90%) of the entire ankle torque, and was argued to be
generated by passive elastic properties of the joint capsule, muscle, tendon, and other soft
tissuegWinter et al., 2008 In contrast, numerous other studies have also suggested that
active ankle neural muscular control is an important component of the ankle corrective
torque (Morasso and Sanguweti, 2002 Kiemel et al., 2008 Most existing measures of
passive and active joint torques were obtained through use of mechanical or sensory
perturbations(Kiemel et al., 2008 Such approaches require rather complex and

expensiveexperimentalconfigurations (Loram and Lakie, 2002 Methods lhat do not



require such efforto identify passive and active ijt torqueare thus needed, and if
successfyl may provide new approaches for understanding general postural control

mechanisms and the related risks of falls.

1.6 Effects of Localized Muscle Fatigue on Postural Control

Extensive evidence indicates thlatcalized muscle fatigue (LMF) compromises the
neuromuscular control system, resulting in a loss of muscle force and power output
(Miura et al., 2004 decreased position sense acljitge et al., 2008 reduced muscle
stiffness(Kuitunen et al., 2002 impaired somatosensory feedb#Bllestra et al., 1992

and compromised central neuromotor con{brbeil et al., 2003Todd et al., 2003
Muscle stiffness, proprioceptive/somatosensory systems, and thal ¢cemtrous system

are all associated with postural conif®imoneau et al., 199Burdet et al., 200MWinter

et al., 2001 Consequently, localized muscle fatigue can compromise postural control

and increase the risks of fa(lllison and Henry, 2002Ison, 201,

Ankle LMF in paticular can lead to impaired postural control. For example, ankle LMF
compromises ankle proprioceptive ingMuillerme et al., 200 Yaggie and McGregor
(2002 also foundadverse effectsropostural control following ankle LMF induced by
repeated isokinetic ankle exertions. Similarly, postural sway was found to increase
following localized calimuscle fatigug(Vuillerme and Nougier, 2003 and fatigue in
different ankle muscle groups can result in compromised postural stability in the
associated directior($alavati et al., 2007 Evidence regarding the effects of ankle LMF

on upright stance postural control has been diverse, including changes in postural

displacementg§Yaggie and McGregor, 200¥uillerme et al., 2005 mean velocity, time



to boundary, and statistical mechamnivariation in the cent@f-pressure(Lin et al.,

2009, body kinematics patterndladiganet al., 200§, and extended feedback time
delay(Qu et al., 200p Still lacking, though,s sufficient evidence regarding the effects

of LMF on joint coordination, the postural controller, and passive and active joint torque
and stiffness, each of which are critical aspects for postural stability control, and were

investigated in this work.

1.7 Effects of Aging on Postural Control

As noted earlier, falls are particularly prevalent and problematic among older adults.
There are several well described musculoskeletal changes due to aging, such as decreases
in the synthesis of muscle proteiise, myosinheavy chainpnd mitochondrial proteins
(Grimby and Saltin, 1983air, 2005, reduced muscle mass/volume and cEsgional

area with increased fat infiltration of lean muscle tisgBeskan et al., 1983emerath

et al., 2012 and decreased contractile capaé®yimby and Saltin, 1983ruce et al.,

1989 Akagi et al., 2009Canepari et al., 20). Aging also causes motor neuron changes
leading to decreased motor unit discharge rates and increased motor unit discharge
variability, decreased lumbosacral spinal cord motor neuardthe number of motor

units (Roos et al., 199Doherty, 2003 Changes in muscle biomechanical and motor
control parameters also ocdinat can contributéo fall risk, such as dcreased postural
coordination anglower recovery reaction tim@inetti, 2003 Li et al., 2005 Goldberg

and Neptune, 200Gillespie et al., 2009a Hence, in this work, investigating the effects

of aging on joint coordination, postural control, and passive and active ankle torque were

additional research interests.



1.8 Research Bope

This work focused primarily on developing new methods to improve our understanding
of the governing postural control mechanisms, specifically those responsible for
controlling postural sway, whole body coordination, and ankle joint stiffness ane.torqu

To achieve this, several modeling strategies were developed, applied, and evaluated.
Given that aging and localized muscle fatigue cause adverse changes to postural control,
the effects of these aspects were evaluated, in terms of joint coordinadsmyal
control, and passive and active joint torque and stiffness. Bothlgolt and whole

body coordination were quantified using a wavelet coherence method and the
uncontrolled manifold method, respectively. A sliding mode postural controllerlmode
was also developed to model the quiet upright stance motion control process. Passive and
active ankle torque, stiffness, and damping were separately estimated using a new

method.

Although quiet upright stance is not a particularly high risk activitygptesents a simple
postural configuration, and is a very common task used to investigate postural control
(Loram and Lakie, 20Q2Collins et al., 2003aPeterka and Loughlin, 200Qu and
Nussbaum, 2000 Conclusions obtained from investigating quiet upright gtaould be
extended to other postures and task, though caution is certainly warranted. Even if the
results of current work do not directly generalize to other postures/tasks, the results of
investigating quiet upright stance were still considered usefdh as by providing a
reference for subsequent investigations of other postures/tasks such as sitting, walking, or

materials handling.
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1.9 Innovation and Contribution

The current work investigated postural coordination, control, and joint stiffness du
upright stance, topics which have been studied by several researchers in past (e.g.,
Collins and Luca, 1993Vinter et al., 2001Granata et al., 200Peterka, 2002Casadio

et al., 2005Creah et al., 2006Moorhouse and Granata, 20@Yu and Nussbaum, 2010

Based on this earlier work, several extensions (braecements) have been made to

address inheratimitations.

The first such extension was applied for the evaluation of postural coordination. Most
previous research has only focused on coordination that exists in a range of certain
frequency bands of joint motion, without a falbnsideration of timelependent joint
coordination behaviors, and which can be a necessary component of joint coordination
(Scholz and Schsner, 199€reath et al.,, 20Q05Hsu et al., 200/ Time variant
information is important for postural control, and also relates to the risks of falls such as
through balance dection and recovery tim@Rietdyk et al., 1999Geurts et al., 2005

and gait recovery time during slip perturbati¢ghas and Lockhart, 2009 As such, in

the current work timelependent postural coordination was considered and evaluated.
From timedependent changes in the postural coordination, more campletpretations

were expectedn terms of he time dependent coordinatipatterns and phase variations,
regarding the underlying postural coordination mechanisms during upright stance. In
addition, the influences of ankle localized muscle fatigue and aging were determined, to
facilitate a betteunderstanding of the impacts of such fatigue on-jouct and whole

body coordination.

11



The second extension addressed the fact that most existing approaches have modeled
upright stance using a continuous postural contr@ieterka, 2002Maurer and Peterka,
2005 Kiemel et al.,, 2008Qu and Nussbaum, 20010 Intermittent postural control,
however, has been supported by experimental findimgscating that an intermittent
controller may actually underlie human control of upright stafhgam and Lakie,

2002 Lakie et al., 2008 As such, an intermittent postural controller was developed, and
this model was used to explore the effects of LMF and aging on postural control. While
intermittent postural control has been modeled presiydiBottaro et al., 20085awthrop

et al., 2010 Loram etal.,, 201}, there are still some attributes of the intermittent
controller that remain unknown. Examples include the effects of LMF and aging on the
intermittent controller and an appropriate intermittent control model. Two new
contributions were madeere, related to intermittent postural control modeling. First, the
new intermittent model can track experimental postural kinematics and dynamics data,
which has not been extensively analyaedprior models. Second, the model can

estimatepassive andctive joint torques separately.

The third extension was motivated by the evidence summarized above, that joint stiffness
is critical for postural control. Most existing methods have measured joint stiffaegs u
complex and costly laboratory instrunte, most of which are used to generate motor
sensory or mechanical perturbations aimed to separate passive from active joint stiffness.
Additionally, during quiet upright stance, available biomechanical models of joint
stiffness are typically limited focalculating ankle stiffnes@Loram and Lakie, 20Q2

Casadio et al., 200%r at most including trunk stiffneg¢kiemel et al., 2008 However,

12



it remains extremely @llenging for those models to be easily extended to calculate
passive and active stiffness of two or more joints without using perturdzsged
experimental methodologies. Here, an approach for estimating joint stiffness was
developed based on underlginntermittent control theory and experimental evidence
(Loram and Lakie, 2002 This new method appach does not require any perturbation
methods as noted for earlier studies. Further, the model has high computational
efficiency and low modeling effort, and may be extensible to calculate passive and active
stiffness of other joints such as trunk andkieAlong with developing the model, it was

also applied to estimate the effects of ankle LMF and aging on passive and active ankle

stiffness.
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Chapter 2 An Introduction to and Demonstration of the Wavelet Coherene and

Uncontrolled Manifold Methods

2.1 Wavelet Coherence

2.11 Background

2.11.1 Coherence

Coherence analysis, also known as cross spectrum analysis, is used to analyze the extent
to which any frequency in one signal is correlated with the same fregueranother

signal (Timmer et al., 1998 It thus can be used to identify the coupling between two
signals at on@r more frequencies. It can also be used to identify the concentration of
power at given frequencies as well as phase lags. Coherence can be ddtdrrough

the following steps.

First, we transfer signals twoss covariance

IO OINAND (1)

where X and Y are two different input signals and N is the sample length.

Second, a Fourier transform is conductedramsform the covariance toss spectrum

which is a function in the frequency domain, using
fr ()Y !:_Zi! Pl (1S ()

where! isangular frequency.
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The cross spectrum also can be written in complex form, with a reBl#satt"#3%&'(

and an imaginary paft#$% _!"#$%&'( ! (Brillinger, 2007).

e (1)1 "H#$%"&'()* (1) 1 1" N"#$%&'( (1) 3)

With this complex form, the phase angle can be derived as

(4)

Phase Angl@ ) =1"# '! <!"#$% 1H$%8( 1 (! ))

IS 1"H$%E&'( 1 ()

The square of theross spectrum poweis calculated using th&8#$ !1"#$%&'( 'land

I"#$% 11"#$%&'( , as

Lo (1)1 1S Ispectrumy (V)W 1 1"H$% 11"#$%8&'( (1 )Y (5)

Subsequently, thequare otoherence

e @f

b (0 !|!H @ 0Of

(6)

indicates that coherence is a normalization of cross power speigirgm) versus two
autospectrd,, (! ) and!,, (! ). The nomalization process can reduce bias caused by

coupling effects of power spectra between two sigfiidlinger, 2001).

2.11.2 Wavelet Coherence

Wavelet coherence is an enhanced version of coherence analysis. Wavelet coherence is a
localized correlation function in the frequency domain, as opposed to coherence analysis
that is a correldgon function in the time domain. Both approaches can identify the level

of coherence between two signals. Relative to coherence analysis, however, wavelet
coherence does not assume stationary characteristics of the datgoinTipeobability

distributionof wavelet coherence does not change when data are shifted in time or space.
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White noise is a typical stationary process, whereas humaemam is often a nen
stationary process. For example, any jerk in motion is characterized kstatiomary
properties, and responses to sudden perturbations are also oftetatimrary processes.
Another important advantage of the wavelet coherenpeoaph is that it can yield richer
information, since output is generated in both the frequency and time domains. These
two benefits suggest that wavelet coherence is a promising tool for processing non

stationary signals, the characteristics of whicmges over time.

Wavelet coherence as a theory has not been extensively used until it was proposed for
processing geophysical time series d&sansted et al., 2004 These authors sought to
guantify the coherence between Arctic Oscillation index and the Baltic maximum sea ice
extent record. Using the walet coherence method, they found that there is a sigmifica

coherence between the two pherama, with an anfphase relationship.

The first step of wavelet coherence is to performadtetinuous wavelet transforand

obtained wavelets, using

!!!(!)!! %Z:!!!!!![(!!! ')% (7)

where!, lis signal with length N. Thé [(! H !)%] term is a wavelet function, and

herein the Morlet function is used. S is scale,égdis used for normalizing the wavelet

function.
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The second step is to calculate tness wavelet transforwf the wavelets, which yields

the wavelet spectrum power and phase angles.

() (8)

where * represents complex conjugation

Similar to the cross spectrum in coherence analysis, the cross wavelet transform is used

to calculate the common power of two signals written in a complex form.

I T (9)
From this, the phase angle!% ' (:—:) and the cross wavelet power” '=1 ' +1
can be calculated.

The third step is to calculateavelet coherenceising

Q)= (it} (!))|! (10)

POt b m (!! e (!)|])
where S is a smoothing operator funct{biu, 1994. Usually, an exponential smoothing
function is used as the smoothing operator funcifdarrence and Compo, 1998

Grinsted et al., 2004

As an important concept, the cone of influence (COI) can be used to detect edge effect
of the wavelet coherence. Coherence outside of COIl is considered as computational
artifacts. This is due to the fact that the wavelet function itself has edge effects, as such

also resulting in edge effects on wavelet coherence ooevolved with inpusignals.
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The significance test of wavelet coherence can be estimated through generating AR1
noise. Red noise is one type of AR1 noise, and which is often used for testing
significance of wavelet coherence. Red noise is characterized by increasingypibwer
decreasing frequency, and can be obtained through Monte Carlo simulation methods. The
generated AR1 noise has similar power probability distribution as the investigated
signals, such that a significance test against the AR1 noise data can alsanyield

approximate significance level for the investigated sigfiasrence and Compo, 1998

2.1.2Demonstration Examples

To demonstrate whahe wavelet coherence method can achieve, two simulated signals
are used. Both are based on a singleisoidor cosine wave function with 0.25Hz
frequency, magnitude of 1, and which can be written as

Prrrrgatn (11)

where A=1}) P 1t i

For demonstration, different magnitudessok or cosine functios are also used. For
example, the magnitude could be increasesl to

LD rrmgQmg (12)

The change of wavelet coherence with different magnitude or phase angle can be

observed when the magnitude of the sine function changes.
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Phaseshifted sine or cosine wave functions are also used, such as shifting the phase
1T which gives! ! o ang it iy By shifting the phase of sine or

cosine wave function, a change in phase angles of the wavelet coherence is expected.

Normally distributed random numbers are generated with mean 0 and standard deviation
1. Random numbers can benerated through Matlab functioandn, which generates
uniformly distributed random noise distributed [dg0,1). The aim of using random
number inputs is to identify how random noise can affect the wavelet coherence and

phase angles.

Brownian motion,also known asa diffusion equation, is also gerated. It can be
described by:

Lo (13)

where D is the diffusion coefficierttjs time, and is displacement.
Brownian motion data are correlated random numbers, which can be used to test how

input signal correlation affects wavelet coherence.

For all plots below, the level of coherence is denoted through color coding
(see legend bar), and with levels in the range of (0, 1). The phase angle is
represented by arrow direction, with right = in-phase, left = anti-phase, up =
leading 90 degrees, and down = lagging 90 degrees. The cone of influence

(COl) is also demonstrated, which in all cases shows no wavelet coherence
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Scenaio one uses two identical input signals with different magnitudes (Fi@ui®
Varying the magnitude of the sine function does not induce any change in the wavelet
coherence output. The phase angle is zero, whichsrtea two input signals retaima

phase relationship. The coherence is significant across all frequency bands.

Y, =1 Sin(0.125!'t) Y, =5!Sin(0.128!'t) Y, =15! Sin(0.125! t)
Y, =1! Sin(0.128 ' t) Y, =5! Sin(0.126! t) Y, =5! Sin(0.125! t)

Frequency (Hz)

>
01 Cone of Influence (COI)

0 100 200 300 400

Time (Sec)

Figure2.1: Wavelet coherence of different magnitude of Sine functions.

Scenario twauses two sineuinctions with different phases (Figuz€). Both advanced

and delayed phaséd !, 1 111 1 111 are used. With phasshifted signals, the wavelet
coherence phase angles can be observed. The coherence power mainly exists around
0.125Hz with phase anggg! !'!!1 1 11T 1111 Aninphase angle also appears in the

low frequency bands, which seems to be not reflecting the input signal phase relationship.
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It indicates that the coherence phase angle around the main frequency band (such as

0.125 Hz) is moraccurate for presenting the input signal phase relationship.

Y,=1!Sin(0.123 1 t) Y, =1!Sin(0.12311) Y, =1!Sin(0.128! t)
Y,=1! Sin(0.125! t-1/8) Y,=1!Sin(0.126!t-! /4) Y, =1 Sin(0.125! t-! /2)
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Figure2.2: Wavelet coherence of different phase of Sine functions.

Scenario threaises a simplsine function witha fixed magnitude 1 and phé! !I—along

with one containingandom noise (magnitude varying over 83) (Figure2.3). With a
small magnitude of random noise (0.1), there is still phase lock behavior. With an

increase in random noise magnitude, though, the phase lock disapsealses the
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significant wavelet coherence. Some {pdraselock significant coherence still exists,
however, even with random noise of high magnitude (15).

Y, =1! Sin(0.125 ! t) Y, =1! Sin(0.128 ! t)
Y, =1! Sin(0.125! t-1/8) +0.1ran Y, =1! Sin(0.125! ! t-1/8) +rand
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Figure2.3: Wavelet oherence of two sine functions, with and without random noise.

Scenario fouradds random noise to both simgiee functiongFigure2.4). With low
magnitude noise (0.1), the phase lock phenomenon exists. Once the noise magnitude
increases, however, thghase lock gradually disappears. With a magnitude of 15, the

phase lock is minimal, and the waveateterence then appears random.
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Y, =11 Sin(0.125! ! t) + 0.1rand Y, =1! Sin(0.125! ! t) + rand

Y, =1! Sin(0.125 ! t) +0.1ranc Y, =11 Sin(0.123 ! 1) + rand
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Time (Sec) Time (Sec)
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Figure2.4: Wavelet coherence éwo Sine functions with random noise.

Scenario fivauses two signalsonsistingof random noise N(O, 1) with coefficient of 0.1
(Figure2.5). In this case all wavelet coherence is just random and there is no phase lock

phenomenon

30



o o o
=) — N
()] w (4]
:

Frequency (Hz)
8

Frequency (Hz)

o
Q
©
T

o
o
=

Time (Sec)

% 1_'1

<)
R
o
R

o°
o
@

0.06 -

)
8

0.03 -

Frequency (Hz)
8

Frequency (Hz)

o
[

0.02

o
=
T

0.01

Time (Sec) Time (Sec)

Figure2.5: Wavelet coherence of two random noise signals.

Scenario siuses two Brownian motion signals (Fig@xé). The Brownian motion is a
correlated random noise signal. The wavelet coherappears random without phase
lock. This result is similar to the wavelet coherence from two random noise signals
(above), indicating that correlated random noisesdoot differ from random noida

terms of coherence and phase angles.
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Figure2.6: Wavelet coherence of two Brownian motion signals.

2.13 Summary and Conclusions of Wavelet Coherence Analysis

The examples above illustrate that wavelet coherence is able to dbsse |wck
behavior. For two identical signals, there areplvase lock phenomena across all
frequency bands. This is similar to Fourier transform based coherence, where coherence
values are related to a range of frequencies instead of just one pafteglency. As

such, care should be taken when choosing a specific frequency band for coherence
analysis. A power spectrum plot of the investigated signal is helpful to understand the

power distribution of the signal. By knowing the frequergyower rdationship, the
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coherence related to significant power frequency band should be chosen for analysis.
However, in many cases, a frequency band that does not contain significant power can
still be interesting for coherence analysis, since it might have sdammation that is not

necessarily connected with much power.

With wavelet coherence, phase shifts can be detected. For example, with input signal
phase angle shifted byt I'! ;1 111 1111 the wavelet coherence phase angle is also
shifted by! w!!, 1 111 4111, For two random signals and correlated random noise
(Brownian motion), the phase relationship does not seem to be locked and appears
random. It should be noted that the phase angles around the main power spectrum of the

input signals represéthe inputsignal phase angles at best.

Wavelet coherence is also able to detect the common power of two signals. With two
identical input signals, the common power is time invariant. In terms of two random
signals, the common power of two signaldigtributed randomly across frequency bands
through time. It is worth noting that the input signal frequency band(s) should be known
in advance, so that focus is maintained on investigating the common power frequency
bands, which is related to the inpugreal frequency band(s). Wavelet coherence can
possibly bring some artifacts of common power between two signals due to cone of
influence (COI) effects and such effect should be considered during analysis of wavelet

coherence.
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2.2 Uncontrolled Manifold

A manifold is a highedimensional analog of smooth curves and surfé€es 2010.

The idea of a manifold was not originated from a single person, but ratlselawa
collective contribution from many people. Bernhard Riemann is recognized as the main
contributor, who initially proposed the idea of differential geometry on a higher
dimensional space, the original concept of the maniféld 201Q. There are several
active research fields involving manifolds, topological manifolds, analytic manifolds, and

complex manifolds among others.

The idea of an uncontrollechanifold was inspired from studies of robotic control. In
such control, the robot hand is controlled through a series of links (namely the lower arm,
the upper arm, and the body). Depending on the complexity of the relgsteamthere

could be from a few to nmy links used to control the hand and manipulator. The hand
and manipulator is also callesh endeffector,and its motion iglependent on the robot

link kinematics as well agheir interactions. The link system is often redundant, which
means a certaiandeffector position can be generated through different combinations of
link motions. A specific name is given by robotic researchers and engineers when

dealing with the problem of kinematic redundanayternal motionalso known asi self

motion manibld (Murray et al., 1994

The endeffector position can be given as:

NOTDINION (14)
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whereg is the link kinematic function with multiple angles from 1 to n (the number of

links), andc, is the enekeffector desired position.The link kinematic solution that

satisfies this equation is alfmrmulated as a sefhotion manifold.

With the derivative of joint angle for each termginthe Jacobian matrix can be obtained.
The right part of the endffector position equation should be zero. As a result, the

Jacobin matrix satisfies thelli@ving equation.

Ly, )rro (15)

From equation 15, the joint motion falling into the salftion manifold must have joint

velocities embedded in the null space of the manipulator Jacobian matrix.

The selfmotion manifold was termed the unconteallmanifold by Scholz and Schoner
(1999), who applied the uncontrolled manifold to study body coordination during the sit
to stand motior(Scholz and Schsner, 1999 In their study, it was hypothesized (and
found) that the center of mass position is one possible#actor during the sit to stand
motion. The selmotion was renamed as uncontrolled, to reflect the fact that motion
within the uncontrolled subspace leaves the -e&ffettor position unaffected.
Conversely, motion orthogonal to this subspace can affect theffswodor position,

leading to a deviation from its normal positions.

As from robotic studies, any motion trddes not alter the ereffector position falls into

the null space of the Jacabimatrix.
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1(6,,)! =0 (16)

Where! is the null space of the Jacobian matrBy comparison with Equation 15,is

actually equal t@.

Schdz and SchSner (1999) also extended the original-elion manifold in the
following way. They proposed the parallel to null space component, which can be

calculated as:

! "4 ! IZ:| ! !!!Bdev! I"#$ ! (17)

where ! 4y is the parallel component to the null space of Jacobian matrix, and
vy 1 ngg 1S the joint angle that is deviated from the mean joint anglé, iey 1y !

Similarly, the orthogonal component can be obtained:

g U pg ppgg D1 g ! (18)

According to Scholz and Schsner (1999), the final uncontrolled manifold is equal to the

normalized parallel component died by the orthogonal component

R I ¢ e )

NS (19)
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where U is the uncontrolled manifold ratio and Norm is the normalization process of the

parallel and orthogonal componentghenull space othe Jacobian matrix.

From this process, it is clear that Schatd Schsner (1999) did not make significant
modifications to the original idea of the saibtion manifold. Rather, they introduced

two new terms, the parallel component to the null space and the orthogonal component to
the null space, using relativelyraghtforward mathematical forms. Subsequently, they
calculated the ratio between the parallel and orthogonal components and called it the
uncontrolled manifold ratio. This seemingly simple process has actually transformed the
null space, a vector of uas,into a single value (a ratio). Such a transformation makes

it more straightforward to interpret the saibtion manifold and uncontrolled manifold,

by just using one single ratio value. If the ratio is > 1, it means the parallel component is
largerthan the orthogonal component and indicates that thee#ector is the control
variable of the joint coordination.A control variable is a mathematical and control
terminology, which in physical terms can be interpreted as the goal of a certain motion.
However, if the ratio is < 1, the orthogonal component is bigger than the parallel
component. In this case, joint motion then tries to push the#actor position out of

its desired trajectory, and we thus can conclude that theféxtor is not thecontrol

variable of the joint coordination.
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Chapter 3 Effects of Localized Muscle Fatigue and Aging on Twdoint and Whole-

body coordination during Upright Stance

Abstract

In this study, twgoint and wholebody kinematic coordination were examined during
quiet upright stance, the effectsagfing, gender, and localized muscle fatigue (LMF) of
the ankle were also contrasted. Wavelet coherence and uncontrolled manifold (UCM)
methods were used to quantify tjant coordination and wholbody coordination,
respectively. Results confirmed thatkleknee, ankldrunk, and ankldead wavelet
coherence were intermittent rather than continuous. In terms of age and gender
differences, older adults had larger intermittent time intervals, which were attributed to
reduced joint coordination, while feles showed larger intermittent-piase to ani

phase ratios, which was associated with their more erect posture. Following ankle LMF,
the anklehead coordination time intervals among older adults decreased, in contrast to an
increase observed among ffminger group, and indicating more adverse effects of ankle
LMF among the latter. In contrast to the whbtaly center of mass (COM) as a
potential control variable, the head and shoulder appeared to be more important for
maintaining upright stance, asi@enced by larger UCM values. In conclusion, this study
further suggests that kinematic-oalination among multiple body joints is achieved
intermittently rather than continuously during quiet upright stance. In contrast to prior
evidence, the currengsults suggest that control whdledy COM may not be a primary

goal during quiet upright stance.
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3.1 Introduction

Controlling the various motions associated with human upright stance is essential for
maintaining balance. However, upright stance isnderently unstable position due to
gravitational torque and internal disturbances such as dwyeramic and neuromuscular
noise Moreover, complex sensorimotor controls are involved with postural sway, which
rely on visual, vestibular and proprioceptive dback (Peterka, 2000Maurer et al.,
20006, and feed forward mechanisngBitzpatrick et al., 1996 Several joints are
involved in this process, and contribute to balance maintenance duringuquigght
stance(Kiemel et al., 2008Pinter et al., 2008 and these joints may be controlled
synergistically. For example, Hsu and coworkers (2007) studied the interactions of the
ankle and hip joints and identified a Anmandomized pattern of phase coordination
between them. Specifically, they proposed that both ardde hipcentered motor
contol pathways exist for maintaining upright staitelsu et al., 200) An earlier study
similarly suggested that motor variability is channeled through both the ankle and hip
joints (Krishnamoorthy et al., 2005 However, unlike the mechams associated with

the ankle, hipcentered motor control may utilize a tdekel feedback controller that

varies depending on the undertaken {@8klch and Ting, 2008

In addition to ankle and hip coordination, other joints such as the trunk and neck also
appear to be involved in the coordination prodggsshner, 2003Patel et al., 2010

With respect to ankkaip and tuck-neck coordination, muscle synergies are activated,
thereby controlling a network of muscles simultaneously, as opposed to controlling

individual muscles separatelwhich could involve more control effo(forresOviedo
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and Ting, 2010 However, this recent report contradicts an earlier study that suggested
joint coordination occurs though independent control mechanisms, where each
coordinated joint is independently controlled. Specifically, Alexandrov et al. (2005)
demonstrated that ankle, knee, and hip movements are independently controlled through
the sane eigeAmovements as in feddrward control (which is governed by central

control mechanisms)

In the context of upright stance, ankle and hip motion coordination appears tphzse

for frequencies below 1.0Hz, and aphase for frequencies abo¥é@Hz (Creath et al.,

2005 Zhang et al., 2097 Moreover, iaphase anklhip coordination is thought to be
regulated through neural control, whereas-phtise coordination may occur as a direct
result of the biomechanics of upright starjiggeemel et al., 2008 Several researchers

have shown that #pha® and antphase ankkhip coordination is regulated through
numerous ankle, leg, and trunk muscle groups (e.g., the soleus, rectus femoris, and
erector spinae), and that there is strong coherence among these muscléSafiapst

al., 2008 Sasagawa et al., 2009 Saffer et al. (2008) also showed that the phase lag
between muscle activity and joint anglen@ased from low frequency (<1 Hz) to higher

frequency (>1.6 Hz), as a result of both feedback and feed forward control influences.

Emphasizing the importance of whole body coordination, Bernstein (1967) described
how wholebody coordination was in faeissential for carrying out motor tasks. Later,
studies investigating axial synefgy phenomenon involving uppbody bending

movements accompanied by an opposing motion of the loweRbaldp commented on
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the required contribution of multiple joints suak the ankkip and headrunk, which

can therefore be classified as whblady coordinatiofMouchnino et al., 1992Vlassion

et al.,, 1997 Alexandrov et al., 1998 Despite these essential findings, the precise
mechanisms responsible for whddedy coordination are still under exploration. Several
possible motor control goals have consequently been identified, including the following
for quiet upright stance: 1) maintaining the projection of the center of mass position
within the support surfacddReisman et al., 200Hsu et al., 2007 2) limiting the center

of pressure position within the support surfé€erry et al., 2004 and 3) maintaining
head and gaze stabiliffzedebt and WienerVacher, 199BiFabio and Emasithi, 1997
Although this earlier work presents some clues as to how viualg coordination is
achieved, as yet there is no consensus. This divergence, therefore, provided one rationale

for the current study.

Localized muscle fatigue (LMF) affects joint motion and postural coordination. At a
basic level, LMF affects the local, peripheral, and central nervous systems, leading to
compromised sensory input and motor output, and thereby affecting postural coordination
(Paillard, 2012 For example, participants in one study displayed increased flexed knee
motions following a prolonged hopping tadonnard et al., 1994 Similarly, jumping
height, peak joint moment, and joint angular velocity were also rediRmthdi et al.,

2001, Rodacki et al., 2002as a result of prolonged hopping. Upp&tremity muscle
fatigue can also compromise postural coordination. For example, following a repeated
ball-throwing task elbow and hand coordination was reduced compared ttatigae

levels (Forestier and Nougier, 1998 An adaptation in lifting postural coordination was
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also obsered following a repetitive lifting task, wherein knee and hip motions decreased
and lumbar spine flexion increasggparto et al., 1997 The effects of LMF on postural
contol also vary across different locations of the LMF. For example, lumbar LMF has
been shown to lead to greater compromises in postural control as compared ankle LMF
(Lin et al., 2009. Based on this evidencanother goal of this study was to investigate

how joint coordination is affected by LMF.

With aging, human muscles exhibit decreases in mass, volume, and the number of fibers
and motor units. These physiological changes lead to aging being typicalyiadsd

with weaker muscles, more restricted mobility, and coordination decrelfi@oter et

al., 1995 Vandervoort, 2002 Aging is also associated with neuron loss in the brainstem
and cerebellum, which usually results in a loss of nexgatrolled joint coordination
(Sjsbeck et al., 1999 These factors directly contribute to slower target acquisition times
(Barry et al., 2005 compromised wholeody coordination(Hsu et al., 2012 over

control of intefjoint coordination (VernazzaMartin et al., 2008 and slower force
geneation capability(Barry et &, 2005. As such, it can be postulated that joint
coordination among older adults is likely to be different (i.e., diminished) in comparison

to younger adults, and which we therefore investigated in this study.

Despite extensive existing investigats of upright stance, several aspects related to joint
coordination still remain unclear. For example, the tdapendent characteristics of
two-joint coordination remain generally unknown, and there is disagreement on whether

two-joint coordination is ontinuous or intermittent. Two important studies have
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demonstrated that upright stance control is continu@eterka, 2000Peterka and
Loughlin, 2004, wherein a continuous feedback of afferent sensory information triggers
essential muscle contractions and generates correct joint torques to maintain balance. In
contrast, researchers have recently argued titatmittent control is the underlying
control model for maintaining upright stan@eram and Lakie, 20Q2.oram ¢ al., 2004
Bottaro et al., 2005Gawthrop et al., 20Q%ieira et al., 2012 The latter suggsts that
predicative control signals burst intermittently for controlling upright stance. Therefore,
identifying coordination patterns is essential for clarifying how coordination is executed.
An additional issue of importance is that, as indicated @bthe likelihood of whole
body coordination and related control goal both still remain insufficiently understood.
Therefore, this study was designed to explore the wihadly coordination control goal,
with an aim of better understanding the relationgbgtween joint coordination and

whole-body coordination.

For this study, we evaluated several aspects of kinematic coordination, both before and
after localized muscle fatigue, and among both young and older adults: 1) ankle and knee
coordination, 2) ankd and trunk coordination, 3) ankle and head coordination, and 4)
whole-body coordination. For quantifying twoint coordination, we utilized wavelet
coherence (Chapter 2). This method has been used in some studies for investigating
spatiotemporal coordation characteristics involving two input signglsumar and
FoufoulaGeorgiou, 1997Grinsted et al., 2004 Similar to other studies evaluating
whole-body coordination(Scholz and Schsner, 199%rishnamoorthyet al., 2003

Krishnamoorthy et al., 200%1su et al., 200)/ the uncontrolled manifold (UCM) was
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also used here, since it can verify whether thaables of interest represent essential
control variables for wholbody coordination. Specifically, UCM was employed to
ascertain whether the shoulder, head, and whotly COM kinematics represent

essential underlying control variables for maintainipgght stance.

3.2 Methods

3.2.1 Experimental Setup

Data from an earlier experimefhtin et al., 2009 were used herein. All participants read
and signed an informed consent form approved by the Virgega Thstitutional Review
Board. Participants had no se#fported injuries, illnesses, musculoskeletal disorders, or
falls in the year prior to the experiment. A total of 32 participants (gender balanced)
completed the study, half of whom were young (1825 years) and half older adults
(55-65) years. Repeated trials of quiet upright stance were done both before and
following ankle plantaflexor muscle fatigue, and involved standing without shoes as
still as possible, with their feet together, artms their sides, head upright, and eyes
closed. Each trial lasted 75 seconds, with at least one minute between two consecutive
trials. Participants completed 3 trials under-fategue conditions, and 11 trials under

postfatigue conditions; here, thedt three postatigue trials were used.

Whole-body kinematics were estimated using surface markers, usirga@éra system
(Vicon 460, Lake Forest, CA, USA), with a sample rate of 20 Hz. In total, 18 reflective
markers were attached on the body, ribsted bilaterally (as relevant) at the temple,
chin, acromion, sternum, elbow joint center, wrist joint center, anterior superior lliac

spine, knee joint center, lateral malleolus, and 5th metatarsal. Raw kinematics signals
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were lowpass filtered (Buttevorth, 8 Hz cutoff frequency, 4th order, zero lag,-bi
directional) and transformed to obtain body position time series; the first 10s and the last

5s of data were removed to eliminatg @otential transition effects.

3.2.2 Kinematics

Following filtering and windowing of marker data, three dimensional marker locations
were available (+X = front; +Y = right; and +Z = up). Among these, the atd Y-Z

axes defined the sagittal plane (SP) and frontal plane (FP), respectively. Joint angles
were defined asdiween a given body segment and the horizontal (Figijeand were
determined using an approach similar to a previous refidlgck et al., 2007a
Specifically, foot, ankle, knee, hip, trunk, shoulder, and head, upper arm, and lower arm
joint angles were calculated. For each joint, the distal d1jxand proximal positions
d2(x,y,z) of the respective body segment were used, along with the equations below, to
estimate angles in both the sagittal and frontal planes. Angles for bilateral segments (i.e.,

the extremities) were averaged.
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Figure3.1: Joint angles in sagittaind frontal planes during upright stance.

3.2.3 Wavelet Coherence

A continuous wavelet transform was applied to the ankle, trunk, and head joint angle time
series, and subsequently, a cross wavelet transform was used for selected pairs of angles.
Specifically, this was done for the following pairs of angle: arkiee (AK), ankletrunk

(AT), and anklehead (AH). The cross wavelet transform was:

() (3)
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where !, II"# Il | Irepresent two joint anglés,_“ and! !! ‘are the continuous wavelet
transforms of these joint angles at time and * is he complex conjugate. Based on the
cross wavelet transform, wavelet coherence was calculated using the method introduced
by Grinsted et al. (2004a Because prior research has indicated that the quikyes an
essential role in upright stan(®inter et al., 200}l the ankle angle was chosen as one of

the two input signals when calculating wavelet coherence. For this study, coherence was
determined between sagittal plane and frontal plane ankle joint angles and those of the
trunk, knee, and head. These latter angles were selected because the trunk, knee, and
head all are involved in maintaining postural stabi(i§eshner, 2003Creath et al.,

2005.

A representative example of the wavelet coherence derived between AK, AT, and AH
angles is presented in FiguB2 for one trial. As shown in this figure, the wavelet
coherence was intermittent from 1 to 4 Hz, which is represented by the intermittent
incidences of wavelet coherence from 1 to 4 Hz. Below 2.5 Hz, there exists a relatively
large cone of influence (COIl), dicating the edgeN artificial effects of wavelet
coherencéTorrence and Compo, 1998vhich were also seen in all trials. As such, the

frequency band >2.5 Hz was chosen for all subsequent analyses.

Intervals between these intermittent instances of wavelet cohememeesstimatedand
denoted as emean timanterval (sec), which represents thgical time interval between
the Osland®© of intermittent wavelet coherence (Figuge). Specifically, for each

frequency f, the number of occurrences of msignificant wavelet coherence was
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identified, and denoted s (! ), andthe number of occurrences of significant wavelet
coherencavas denoted ds, (! ). Thus, N =!, (*)! !, (1) represents the total length
of the signal(number of samples)The percentage of timihat non-significant wavelet
coherenceexists, relative tothe total sampletime (T) for the frequencyf, is thus
described as

()
Py ragrogrgeg ! T!)!! ! (4)

By dividing the !y | pygoees !!! by the numbersof intervals between coherent
islands,! ""#$%&'(!! !, themeantime intervalbetween these islandsequal to

" Prr oo ragrorgeg( (!
A P I"#$%& (1! 1) (5)

Finally, themean time intervahcross therequency band of 25654 Hz was obtained as

the mean value of MTat each discrete frequenirythis range

Values for the number of intervalbetween coherent island¥ !"#$%&'(!!'!, was
calculated based on a simple empiricgddnt methodandwhich is illustrated in Figure

3.3. Consider a certain frequentyin the range 2.5 4.0 Hz), and assume the wavelet
coherence at time(0 60 sec) is significant. Then, if the wavelet coherence at earlier

times € - 0.05 and - 0.1 sec) are sigficant, but at subsequent times+(0.05 and + 0.1
sec) are not significant, we than conclude that tirepresents an occurrence of one time
interval. This 5point method assumes that the length of the significant cohestacd

is generally largr than 0.1 sec and that the length ofitiggnificant coherencislandis
also generally larger than 0.1 sec. We tested diffestanid sizes (0.05, 0.1, and 0.15

sec, which correspond to 3, 5, and 7 points respectively) to compare their impa@&s on th
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value of ! 11"#$%&'(!! !. No substantial differences in derived!"#$%&'(!! ! values

were found using the three zone sizes in the frequency ranget4 2% (Figure3.4).
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Figure 3.2: lllustrate of methods used to assess the intervals between OislandsO of
significant wavelet ctherence Samples are shown for coherermween (A) ankle
knee,(B) ankletrunk, and (C) ankknead frontal plane angles for a repentative trial.

For clarity, the illustrated joint angles are the actual joint angles rr!ﬁnus
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Figure3.4: Derived values of Nnterval based on 3, 5, and 7 point methods.

A sample of the wavelet coherence phase is shown in FRjre For AH and AT

coordination in the frequency rangé 1 B4 Hz, there was a mix of 4phase and anti
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phase relationships, i.e.,-phase and anphase relationships appear intermittently
between 1B 4 Hz. Due to the relatively large COI below 2.5 Hz, which was also
identified for all trials, the frequegdand of >2.5 Hz was chosen for phase analysis. To
characterize the relationship betweeiphase and anphase, the number of-phase and
antiphase instances of significant wavelet coherence per frequency were computed over
2.5D4 Hz. For each fragencyf between 2.4 Hz, the inphase significant wavelet
coherence was identified and is denotell' &% ), while the corresponding afghase

significant wavelet coherenceANTI(! ). The phase ratio then can be described as:

mon)yr — G (6)

I'#$ 111
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3.2.4 Uncontrolled Manifold (UCM) Analysis

As demonstrated by early research (e.g., DiFabio and Emasithi, 1997 and Hsu et al.,
2007), the wholédody center of mass (COM) or the head could be primary control values
used in whole body coordinationThus, task variables selected for UCM analysis here
were the whole body COM, shoulder, and head locations. Despite the fact that the
shoulder has not been explicitly regarded as a control goal for whole body coordination, a
strong biomechanical constrairg evident between the head and trunk/shoulder, and
which have been also been shown moved in a coordinated fgdhauchnino et al.,

1992 Bloomberg et al.,, 1997Keshner, 2008 Additionally, the small relative
movement between the shoulder and trunk implies that the shoulder could play an
important roé for ankletrunk coordination, which is essential for quiet upright stance
control (Hsu et al., 2007Zhang et al., 20Q7 The COM, shoulder, and head locations
were calculated based on the sesegment mode{Figure 3.1). Specific approaches
used to calculate wholeody COM, shoulder, and head locations, in the ML and AP

directions, are provided in Appendix A.

The processes for calculating the projection of variance on the U@&M () and the

projection of variance orthogonal to the UCN¥( ,) are also shown in Appendix A.
The projection of variance determines how much deviation occurs without altering the

value of the taskevel variable, while the ratio df# ,/!"# ,represents whether the

goal of a specific task can be achieyBthck et al., 2007 The uncontrolled manifold

ratio is thus equal to the ratis# ,, /!"# .
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3.2.5 Statistical Analysis

From wavelet coherence analysis, dependent variables were the phase ratieaand
time interval for AK, AT, and AH angles in the sagittal and frontal planes. From UCM
analysis, the head, shoulder, a8®M uncontrolled manifold ratios were estimated
separately in the AP and ML directions. The means of these dependent variables were
obtained separately in the three-faggue and three poesatigue trials, and these means
were used subsequently in stfitial analyses. Effects of age and gender were evaluated
for the prefatigue trials, using separate tw@y ANOVAs. The differential effects of
fatigue associated with age and gender were then analyzed using separatgy two
ANCOVAs on change scores (gdatigue D pre-fatigue) for each dependent variable,
with independent variables of age and gender, and thafigae measure as a covariate.
The level of significance for all tests was sep & 0.05, and all statistical analyses were
performed usingMP 9.02 (SAS Inc., Cary, NC, USA). Summary statistics are presented

as means (SD).

3.3Results

3.3.1Statistical Results

A summary of statistical results is presented in T8ewhich shows the AK, AT, and

AH wavelet coherence results, and mean valuéise sagittal and frontal planes (SP and
FP) for both pre and posffatigue conditions. The head, shoulder, and COM
uncontrolled manifold results and mean values in the AP and ML directions are also

shown for both preand posffatigue conditions.
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Table 3.1: Summary of statistical results. Significant effects are bolded (fi.eaJues
<0.05). Note that a significant effect in the final column indicates that the mean change
score was " 0. A=Age, G=Gender, SP = Sagittal Plane, FP = Frontal Plane, ML= Medio
Lateral, AP=AnteriofPosterior, AK= AnkleKnee, AT=Ankle-Trunk, and AH=Alkle-

Head.

Wavelet
Coherence

Untronctrolled

Manifold

AK Phase -

AK Time -

AT Phase -

AT Time -

AH Phase -

AH Time -

AK Phase -

AK Time -

AT Phase -

AT Time -

AH Phase -

AH Time -

Head UCM -

Shoulder UCM -

COM UCM -

Head UCM -

Shoulder UCM -

COM UCM -

SP

SP

SP

SP

SP

SP

FP

FP

FP

FP

FP

FP

AP

AP

AP

ML

ML

ML

Pre Fatigue Fatigue
Mean(std) A G AXG A G AXG Mean(std)
1.08(0.36) 0.13 0.45 0.49 0.37 0.47 0.99 1.09(0.39)
1.00(0.18) 0.043* 0.15 0.31 0.23 0.79 0.69 1.04(0.18)
1.01(0.42) 0.59 0.29 0.029% 0.55 0.21 0.15 1.08(0.46)
1.35(0.24) 0.94 0.37 0.63 0.69 0.40 0.45 1.39(0.21)
0.93(0.32) 0.37 0.83 0.48 0.54 0.81 0.91 0.86(0.29)
1.45(0.26) 0.25 0.31 0.94 0.017* 0.85 0.075  1.43(0.24)
0.89(0.27) 0.14 0.91 0.37 0.24 0.054 0.39 0.90(0.33)
1.14(0.21) 0.92 0.18 0.29 0.18 0.42 0.42 1.13(0.23)
1.44(0.61) 013 0025 019 0.39 0.94 014  137(064)
1.27(0.19) 0.026* 0.37 0.99 0.33 0.81 0.42 1.30(0.23)
0.96(0.38) 0.70 0.012* 0.62 0.17 0.91 0.55 0.99(0.41)
1.41(0.22) 0.96 0.38 0.65 0.15 0.39 0.77  1.39(0.25)
1.05(0.13) 0.35 0.17 0.41 0.39 0.082 027  1.05(0.15)
1.10(0.10) 0.0097* 0.65 0.97 0.77 0.45 079  1.12(0.09)
0.634(0.0009) 0.28 0.09 0.95 0.60 0.61 0.69 0.633(0.0009)*
1.00(0.10) 0.95 0.95 0.69 0.72 0.83 0.15  1.02(0.09)
1.07(0.15) 0.36 0.010* 0.92 0.86 0.10 0.066  1.10(0.10)
0.633(0.0009)  0.33 0.047* 0.95 0.74 0.45 0.79  0.634(0.0008)*
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3.3.2 PreFatigue

In comparing between groups, the Akean time intervabP was larger among older vs.
young adults (1.05(0.15) and 0.96(0.10)) sec, respectively). Similarly, timee&h time
interval FP was largeamong older adults (1.32(0.14) sec) versus the young group
(1.21(0.11) sec). In terms of gender differences, the AT phase ratio FP was larger among
females than males (1.67(0.69) and 1.21(0.41), respectively) as was the AH phase ratio
FP (1.09(0.27) and.84(0.24), respectively). There was an age x gender interaction
effect on ankldérunk phase. The phase ratio was smaller among older females in
comparison to young females, but this ratio among males was similar across age groups.
Additionally, the youg female ankldrunk phase ratio was larger than for young males,
however the older female ankieink phase ratio was smaller than that for older males.
As such, there were divergent results with age between genders. Shoulder UCM AP was
larger among yaug vs. older adults (1.15(0.09) and 1.08(0.09), respectively). In
comparing genders, shoulder UCM ML was larger among females (1.13(0.09)) than
males (1.03(0.14)), and COM UCM ML was smaller among females (0.634(0.001))

versus males (0.635(0.0004)).

3.3.3 PostFatigue

Postfatigue changes were significant for both COM UCM ML and AP, and which
increased and decreased, respectively, due to fatigue. Shoulder UCM ML also increased
significantly postfatigue. The effects of fatigue on arklead mean timeinterval
differed between age groups (Figleé). Specifically, this ratio increased pdatigue

in the young group, but decreased in the older group.
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3.4 Discussion

In this study twejoint coordination and wholbody coordination during upright stance
were investigated, and the effects of ankle LMF, age, and gender on such c¢mordina
were examined. The work was based on several prior reports confirming that both two
joint and wholebody coordination are involved in upright stance maintenance

(Krishnamoorthy et al., 200&reath et al., 20QKrishnamoorthy et al., 2005isu etal.,

58



2007). Specifically, joint coordination patterns in the spaicee domain and wholbody
coordination goals were evaluated. Wavelet coherence and uncontrolled manifold
methods were used, respectively, for assessingdwb coordination and whel body
coordination. Unlike conventional coherence methods, that are typically limited to the
time domain onlyCreath et al., 20Q05wavelet coherence, which is a sptioge analysis
method, can provide richer time and frequency information for evaluatingotato
coordination, and essentially enabling @t coordination paérns to be readily
identified. Wholebody coordination and related control goals were investigated using
uncontrolled manifold techniques, which have been adopted in prior studies for analyzing
whole-body coordination during quiet upright starfetsu et al., 200/AVu et al., 200%
Significant wavelet coherence between arldee, ankldrunk, and ankldead angles

were identified in a wide range of frequency bands (<1.0 Hz to 8Hz). This finding is
consistent with previous wik showing substantial power content for upright stance
motions from <1.0H{Mezzarane and Kohn, 200dp to 8.0Hz(Krafczyk et al., 199

For frequencies above 4.0Hz, although significant wavelet power spectra were identified,
the magnitude of wavelet coherence was very small. Based on this limited coherence
magnitude, the upper frequency limit for conductmgan time intervahnd phase ratio
analyses was set to 4.0 Hz. Below 2.5 Hz, the cone of influence (COI) became larger,
which means that only partial wavelet coherence could be used for calcuteamgtime
interval and phase ratio. Consequently, 2.5 Hz was chosen as the lower limit for

conductingwavelet coherence analyses.
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Ankle-knee, anklgrunk, and ankleshoulder waviet coherence results were intermittent
rather than continuous (Figug2). Specifically, the intermittemhean timanterval was

larger than 1 sec, ranging from 1.01 (0.42) sec for akkée to 1.45(0.26) sec for ankle
head.Additionally, the mean timeinterval value decreased as the frequency increased
from <1.0 Hz to 4.0 Hz. The magnitude mkan timeinterval also differed between
ankleknee, ankldrunk, and ankldhead wavelet coherence. Among these, the ankle
kneemean timanterval at 4.0 Hz waabout 603700 ms in the sagittal plane, and 30

600 ms in the frontal plane. Anktaunk and ankléheadmean time intervalvere about
900 B 1300ms in the sagittal and frontal planes. Such joint coordinatigan time
interval can be related back ittermittent muscle burst tirAatervals, as pointed out by
earlier research. Loram and Lakie (2002b) demonstrated that the intermittent soleus
muscle burst timénterval was 300ms420ms during quiet upright stance. In light of the
time delay between wvscle burst and joint motion of 150ms indicated by Peterka and
Loughlin (2004), this suggests that every muscle burst is associated withkae&le
coordination, and every 2 or 3 muscle bursts correspond to-akle and anklghead
coordination at 4HzHowever, at even higher frequency, the association between muscle
bursts and joint coordination changed, since itiean time intervaldecreases with
increasing frequency, making it possible that one muscle burst corresponds to joint

coordination for anklknee, ankldrunk, and ankldead.

The wavelet coherence results (Fig@®8) are also consistent with previous research

showing that both iphase and anphase ceexist during upright stancg&reath et al.,

2005 Zhang et al., 2097 Differert from these earlier findings, however, which showed
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that inphase coherence was typically below 1.0Hz while-pimise coherence was above
1.0Hz, our results indicate thatpinase and anphase coherence may be distributed both
below and above 1.0 Hz.This discrepancy could be due to the fact that wavelet
coherence is able to deliver richer phase information, in contrast to Fourier transform
techniques used in the prior studies noted. In other words, wavelet coherence was able to
identify both frequeng and timedependent phase variations, in contrast to Fourier
transform methods, which only produce frequedependat phase variation

information.

We also found that the phase ratio was close to one, and ranged from 0.89(0.27) for
ankleknee FP, to 14(0.73) for anklehead phase FP. This magnitude was consistent for
ankleknee, anklgrunk, and ankleoordination from <1.0 Hz to 4.0 Hz. This result may

not be entirely attributed to mechanical constraints between two joints, as indicated by
Kiemel etal. (2008). Even though the ankle and trunk interact with mechanical
constraints provided by the hip and the L5/S1 joints, there is minimum mechanical
constraint between the ankle and head, which also has a phase ratio close to one. As
such, some centraontrol mechanisms such as eigaaovement contro(Trivedi et al.,

2010 and/or muliple muscle synergy{Ting and Macpherson, 20P&ight also underlie

the phase coherence patterns we identified here.

With respect to the effects of aging, older adults displayed a largerlarddenean time

interval in the sagittal plane, as well as a larger atiklek mean time intervain the

frontal plane. This indicates that adult anklenk and anklédhead coatination among
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young individuals occurred more frequently, and suggests that young adults are more
adept at compensating for the loss of postural stability through more frequenkaedle

and ankletrunk coordination activities. This conclusion is supgadrby prior research
showing that older adults have larger time delays in the control loop, and demonstrate
less upright stance stabilif@Qu et al., 2009Davidson et al., 201 Nishihori et al., 2011

In terms of genderelated outcomes, females had a larger attkiek phase ratio in the
frontal plane, ané larger ankléhead phase ratio in the frontal plane. The larger phase
ratio among females indicates that moreplrase rather than afghase movement is
embedded into anki#unk and ankléhead coordination. This outcome could be
associated with postalr differences between genders, wherein the females in this study
tended to display more erect postures in comparison to males. Again, this finding also
supports a prior study showing that female athletes preferred a more erect landing posture
than theirmale counterparts by utilizing more hip and ankle range of motioesker et

al., 2003. The more upright posture adopted by females might also be correlated to a
larger UCM value, since shoulder UCM among females here was larger than among

males.

Following ankle LMF, COM UCM increased in the Mlirection and decreased in the

AP direction, which indicates a directional dependency of fatigue effects. An increased
shoulder UCM was also observed in the ML direction following fatigue, though this
differences only approached significance (p=0.075% aAwhole, these results suggest
that the whole body control variable in the ML direction increased, but decreased in the

AP direction, because of fatigue of the ankle plafiesdors. Based on the definition of
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UCM, the increased UCM value means that phgjection of varianceé"# , accounts

for a larger percentage of the projection of variance orthogonal tt#the, which also
indicates that the goal of a specific task can be more likely achiBlazk etal., 2007h.

As such, the decreased UCM in the AP direction is likely a direct detrimental effect from
ankle fatigue, whereas the increased UCM in ML direction may be an adaptive effect

possibly aimed to compensate for adverse effd@gidantarflexor fatigue.

Results also varied between age groups following ankle LMF, in tham#am time
interval among older adults decreased, whereas it increased for young adults. Since the
increase iMmean time intervak related tareducedevel ofjoint coordnation, themean

time intervalincrease for the young participants indicates that they are less able to
maintain postural stability through joint coordination. This finding also indicates that
ankle LMF created a less substantial impairment of coordimdtir older adults. One
underlying factor related to this outcome could be the physiological changes in muscle
fibers (in particular, thencreasein fatigueresistant Type | muscles) that occur with
aging (Chan et al., 2000 A similar subsequent study also reported that muscular
metabolic anaerobic pathways change with agingjclwhresults in more fatigue
resistance among older adulkent-Braun et al., 2002 Because localized ankle muscle
fatigue affected rather distal joint coordination here (i.e., anébal coordination), it
would appear that joint coordination involvesmultaneousrather thanindependent
muscuar control. In other words, compromised performance in one joint due to LMF
can affect tweoint coordination. It is important to note that ankle LMF here was only

induced unilaterally. This might help to explain why there were no significant
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differenes between preatigue and postatigue ankletrunk and anklknee wavelet

coherence values, and these may be compeahtug bilateral ankle LMF.

Another result of this investigation was that shoulder and head UCM values were >1 in
both the AP and ML diions. In contrast, the COM UCM values were smaller <1 in
both directions. As indicated by a prior study, if a task variable of UCM is <1, the task
variability is structured in such a way as not to minimize-effielctor variability(Scholz

and Schsner, 1999 Therefore, our results indicate that whole body COM is unlikely to
be a principal control variable during upright stanceppsuting evidence from by
previous researcfHsu et al., 2007Zhang et al., 2007 Instead, our findings suggest that
the shoulder and/or head are more likely to be relevant control variables in both the
sagital and frontal planes. This might be because the arms (both left and right), which
contribute substantially to the center of mass position, play only a limited role in
maintaining quiet upright stance. In contrast, the ankle and trunk, which are inwrolved
manipulating the shoulder and head positions, play an important role in maintaining

upright stancéCreath et al., 2005

There are several limitations associated with this research that should be noted. First, and
as noted above, only unilateral ankle LMF was involved. This protocol likely led to
bilateral differences in atd& motion control and possible consequent changes in-ankle
knee, ankldrunk, and anklehead coordinatiorSince the magnitude of ankle motion in

quiet upright stance is small, however, it was assumed that the influences of unequal

fatigue on joint coordiation were limited. Second, and regardingrtteantime interval
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equation (Eg. b the number of intermittent intervals was computed using an empirical
local search method. It is possible that this method did not yield reliable results for some
higher fequency intermittent intervals, due to the fact that rapid changes of the intervals
are smaller than the limit of the local search area. However, only frequencies up to 4Hz
were used for calculatinghean time intervaland as such any computational errors
associated with the empirical local search method should be small. Third, UCM
magnitudes reported here differ from previous studies, which have given UCM values of

2 3(Qu,2012,15 5(Wuetal, 2009 and 3 >20(Hsu et al., 200 While

care was taken to ensure the accuracy of COM, shouldeheapositions and UCM
calculations, it is still possible that the differences in UCM results are related to some

inherent kinematics errors associated with the small magnitudes of sway motion.

3.5 Conclusions

In this research, anklenee, ankldgrunk, and anklehead coordination, as well as whole

body coordination, were investigated during upright stance. The effects of ankle LMF,
aging, and gender on coordination were also evaluated. Wavelet coherence and UCM
methods were applied in this analysis ofofwint coordination and wholbody
coordination. Results confirmed that ankleee, ankldrunk, and ankldhead wavelet
coherence are intermittent rather than continuous. The langan timeinterval
associated with older adults suggests that this pgrasas less able to use joint
coordination for maintaining upright stance. It was also evident that (perhaps eounter
intuitively) ankle LMF had more adverse effects on young adults, suggesting that they

had a reduced ability to use joint coordination fatabce maintenance. One gender
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related finding was the larger phase ratio identified among females, and which was
possibly related to their more erect posture. Based on UCM analysis, the head and
shoulder appeared more likely to be significant contrabbées for maintaining upright
stance, rather than whole body COM. It should be stressed, however, that this study
focused exclusively on ankleentered (anklgknee, ankldrunk, and ankldead) body
coordination. Future studies should investigate tdte and/or influence of other two

joint coordination strategies. Additionally, inducing bilateral ankle LMF would also
contribute to a more comprehensive understanding of the effectskigf BMF on

coordination.

66



References

Alexandrov A, Frolov A, Massion J (1998) Axial synergies during human upper trunk
bending. Experimental Brain Research 118:220.

Barry BK, Riek S, Carson RG (2005) Muscle coordination during rapid force production
by young and older adults. The Joals of Gerontology Series A: Biological
Sciences and Medical Sciences 60:23D.

Black DP, Smith BA, Wu J, Ulrich BD (2007a) Uncontrolled manifold analysis of
segmental angle variability during walking: preadolescents with and without
Down syndrome. Expanental Brain Research 183:5521.

Black DP, Smith BA, Wu JH, Ulrich BD (2007b) Uncontrolled manifold analysis of
segmental angle variability during walking: preadolescents with and without
Down syndrome. Exp Brain Res 183:5321.

Bloomberg JJ, Peters BEmith SL, Huebner WP, Reschke MF (1997) Locomotor-head
trunk coordination strategies following space flight. Journal of vestibular
research: equilibrium & orientation 7:161.

Bonnard M, Sirin AV, Oddsson L, Thorstensson A (1994) Different Strategies to
Compensate for the Effects of Fatigue Revealed by Neuromuscular Adaptation
Processes in Humans. Neuroscience Letters 16@:051

Bottaro A, Casadio M, Morasso PG, Sanguineti V (2005) Body sway during quiet
standing: Is it the residual chattering of an imt#tent stabilization process?
Human movement science 24:5885.

Chan KM, Raja AJ, Strohschein FJ, Lechelt K (2000) -fegJated changes in muscle
fatigue resistance in humans. The Canadian Journal of Neurological Sciences
27:220228.

Creath R, Kiemel T, Brak F, Peterka R, Jeka J (2005) A unified view of quiet and
perturbed stance: simultaneousepasting excitable modes. Neuroscience letters
377:7580.

Davidson BS, Madigan ML, Southward SC, Nussbaum MA (2011) Neural Control of
Posture During Small Magnitle Perturbations: Effects of Aging and Localized
Muscle Fatigue. Biomedical Engineering, IEEE Transactions on 581534.

Decker MJ, Torry MR, Wyland DJ, Sterett WI, Richard Steadman J (2003) Gender
differences in lower extremity kinematics, kineticglanergy absorption during
landing. Clinical Biomechanics 18:6&59.

DiFabio RP, Emasithi A (1997) Aging and the mechanisms underlying head and postural
control during voluntary motion. Physical Therapy 77-458.

Ferry M, Matrtin L, Termoz N, Cote J, Roe F (2004) Balance control during an arm
raising movement in bipedal stance: which biomechanical factor is controlled?
Biological Cybernetics 91:160414.

Fitzpatrick R, Burke D, Gandevia SC (1996) Loop gain of reflexes controlling human
standing measureavith the use of postural and vestibular disturbances. J
Neurophysiol 76:3994.

Forestier N, Nougier V (1998) The effects of muscular fatigue on the coordination of a
multijoint movement in human. Neuroscience Letters 252115Y.

Gawthrop P, Loram I, Laki® (2009) Predictive feedback in human simulated pendulum
balancing. Biological Cybernetics 101:1346.

67



Grinsted A, Moore JC, Jevrejeva S (2004) Application of the cross wavelet transform and
wavelet coherence to geophysical time series. Nonlinear Prauh@d.:561566.

Hsu WL, Chou LS, Woollacott M (2012) Agelated changes in joint coordination
during balance recovery. AGEL.

Hsu WL, Scholz JP, Schsner G, Jeka JJ, Kiemel T (2007) Control and estimation of
posture during quiet stance depends on moirttijcoordination. J Neurophysiol
97:3024.

KentBraun JA, Ng AV, Doyle JW, Towse TF (2002) Human skeletal muscle responses
vary with age and gender during fatigue due to incremental isometric exercise.
Journal of Applied Physiology 93:181823.

Keshner EA(2003) Heaerunk coordination during linear anteriposterior translations.

J Neurophysiol 89:1891901.

Kiemel T, Elahi AJ, Jeka JJ (2008) Identification of the plant for upright stance in
humans: multiple movement patterns from a single neural sfratdg
Neurophysiol 100:3394.

Krafczyk S, Schlamp V, Dieterich M, Haberhauer P, Brandt T (1999) Increased body
sway at 3.8 Hz in patients with phobic postural vertigo. Neuroscience letters
259:149152.

Krishnamoorthy V, Latash ML, Scholz JP, Zatsiorsky RD0O3) Muscle synergies
during shifts of the center of pressure by standing persons. Experimental Brain
Research 152:28292.

Krishnamoorthy V, Yang JF, Scholz JP (2005) Joint coordination during quiet stance:
effects of vision. Experimental Brain Reseat@4:1-17.

Kumar P, FoufoulaGeorgiou E (1997) Wavelet analysis for geophysical applications. Rev
Geophys 35:38812.

Ledebt A, WienerVacher S (1996) Head coordination in the sagittal plane in toddlers
during walking: Preliminary results. Brain Researchl&ird 40:371373.

Lin D, Nussbaum MA, Seol H, Singh NB, Madigan ML, Wojcik LA (2009) Acute effects
of localized muscle fatigue on postural control and patterns of recovery during
upright stance: influence of fatigue location and age. European Journgblegdhp
Physiology 106:425134.

Loram ID, Lakie M (2002) Direct measurement of human ankle stiffness during quiet
standing: the intrinsic mechanical stiffness is insufficient for stability. The journal
of physiology 545:1041.

Loram ID, Maganaris CN, Lakie M2004) Paradoxical muscle movement in human
standing. The journal of physiology 556:6889.

Martin V (2005) A dynamical systems account of the uncontrolled manifold and motor
equivalence in human pointing movements. Unpublished doctoral dissertation,
RuhrUniversitSt Bochum.

Massion J, Popov K, Fabre JC, Rage P, Gurfinkel V (1997) Is the erect posture in
microgravity based on the control of trunk orientation or center of mass position?
Experimental Brain Research 114:3849.

Maurer C, Mergner T, Peterka 006) Multisensory control of human upright stance.
Experimental Brain Research 171:2330.

Mezzarane RA, Kohn AF (2007) Control of upright stance over inclined surfaces.
Experimental Brain Research 180:33g8.

68



Mouchnino L, Aurenty R, Massion J, Ped@{t(1992) Coordination between equilibrium
and headrunk orientation during leg movement: a new strategy build up by
training. J Neurophysiol 67:158598.

Nishihori T, Aoki M, Jian Y, Nagasaki S, Furuta Y, Ito Y (2011) Effects of aging on
lateral stabity in quiet stance. Aging clinical and experimental research.

Paillard T (2012) Effects of general and local fatigue on postural control: A review.
Neuroscience and biobehavioral reviews 36:162.

Patel M, Fransson PA, Karlberg M, Malmstrom E, Magnusso2M ) Change of body
movement coordination during cervical proprioceptive disturbances with
increased age. Gerontology 56:2830.

Peterka RJ (2000) Postural control model interpretation of stabilogram diffusion analysis.
Biological Cybernetics 82:33843.

Peterka RJ, Loughlin PJ (2004) Dynamic regulation of sensorimotor integration in human
postural control. J Neurophysiol 91:4403.

Pinter 1J, Van Swigchem R, van Soest AJK, Rozendaal LA (2008) The dynamics of
postural sway cannot be captured using asmggment inverted pendulum model:

a PCA on segment rotations during unperturbed stance. J Neurophysiol 100:3197
3208.

Porter MM, Vandervoort AA, Lexell J (1995) Aging of human muscle: structure,
function and adaptability. Scandinavian journal of medicinec&nce in sports
5:129142.

Qu X (2012) Uncontrolled manifold analysis of gait variability: Effects of load carriage
and fatigue. Gait Posture.

Qu X, Nussbaum MA, Madigan ML (2009) Moedehsed assessments of the effects of
age and ankle fatigue on the tmh of upright posture in humans. Gait Posture
30:518.

Reisman DS, Scholz JP, Schoner G (2002) Coordination underlying the control of whole
body momentum during sib-stand. Gait Posture 15:45.

Rodacki ALF, Fowler NE, Bennett SJ (2001) Midagment gordination: fatigue
effects. Medicine and Science in Sports and Exercise 33:1167.

Rodacki ALF, Fowler NE, Bennett SJ (2002) Vertical jump coordination: fatigue effects.
Medicine & Science in Sports & Exercise 34:105.

Saffer M, Kiemel T, Jeka J (2008)oherence analysis of muscle activity during quiet
stance. Experimental Brain Research 185:226.

Sasagawa S, Ushiyama J, Kouzaki M, Kanehisa H (2009) Effect of the hip motion on the
body kinematics in the sagittal plane during human quiet standingo$édence
letters 450:2731.

Scholz JP, Schsner G (1999) The uncontrolled manifold concept: identifying control
variables for a functional task. Experimental Brain Research 128289

Sjsbeck M, DahlZn S, Englund E (1999) Neuronal loss in the brainstain a
cerebellunN part of the normal aging process? A morphometric study of the
vermis cerebelli and inferior olivary nucleus. The Journals of Gerontology Series
A: Biological Sciences and Medical Sciences 54:BB388.

Sparto PJ, Parnianpour M, Reinsel TEm&n S (1997) The effect of fatigue on
multijoint kinematics, coordination, and postural stability during a repetitive
lifting test. Journal of Orthopaedic & Sports Physical Therapy-23:3

69



Ting LH, Macpherson JM (2005) A limited set of muscle synergieddice control
during a postural task. J Neurophysiol 93:&1%3.

Torrence C, Compo GP (1998) A practical guide to wavelet analysis. Bulletin of the
American Meteorological Society 79:4B.

TorresOviedo G, Ting LH (2010) Subjespecific muscle synergsein human balance
control are consistent across different biomechanical contexts. J Neurophysiol
103:3084.

Trivedi H, Leonard JA, Ting LH, Stapley PJ (2010) Postural responses to unexpected
perturbations of balance during reaching. Experimental BrainaRgs202:485
491.

Vandervoort AA (2002) Aging of the human neuromuscular system. Muscle & nerve
25:17-25.

VernazzaMartin S, Tricon V, Martin N, Mesure S, Azulay J, Le Pelldaller A (2008)
Effect of aging on the coordination between equilibrium and mewenwhat
changes? Experimental Brain Research 187265

Vieira TM, Loram ID, Muceli S, Merletti R, Farina D (2012) Recruitment of motor units
in the medial gastrocnemius muscle during human quiet standing: is recruitment
intermittent? What triggers regtment? J Neurophysiol 107:6&76.

Welch TDJ, Ting LH (2008) A feedback model reproduces muscle activity during human
postural responses to suppsutrface translations. J Neurophysiol 99:1032.

Winter DA, Patla AE, Rietdyk S, Ishac MG (2001) Ankle masstiffness in the control
of balance during quiet standing. J Neurophysiol 85:2630.

Wu J, McKay S, AnguldBarroso R (2009) Center of mass control and ragiment
coordination in children during quiet stance. Experimental Brain Research
196:329339.

Zharg Y, Kiemel T, Jeka J (2007) The influence of sensory information on two
component coordination during quiet stance. Gait Posture 282863

70



Appendix A

Wavelet Transform

) !\Ez:[”!;i!”! ot =]

Where! |, ,, is the joint angle k at time n, wherg is ankle angle!| is knee angle! |
is trunk angle, andl{ is neck angle.! [(! H !)%] is wavelet function, n is localized

time index,(!'! 1) is time coefficient of the weelet function¢, which isa Morlet

function in our study, and s (OEL17) is the scale of the wavelet transforr;r}g is used

to normalize the wavelet function.
Center of Mass Determination
Center of Mass (COM) equation is:
COM =31, , —# |

Where M is the whole body masmd! , and!"# , are the mass and center of mass of
each body segment.

The geometric model of whole body COM in theéPAdirection, which is in sagittal plane
is
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The geometric model of COM in the-Mdirection, which is in frontal gine is:
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The shoulder positions in AP and ML directions:
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Uncontrolled Manifold Determination

An gpproximation of task variable with respect to the changes of joint angle is

Lt =rahHyarnh

where T is task variable matr&xcenter of mass, head, and shoulder positions in sagittal
and frontal planes! (! ') is the Jacobian maxt which is the firstorder derivative othe
center of mass, head, and shoulder postath respect to joint angles. After obtaining
the Jacobian matrix(! '), the null space of the Jacobian matrjsshould satisfy the
following equation.

aHn=0

Any motion restricted to the null space of the manipulator Jacobian is called- a self
motion or internal motion because it leads to no displacement of therectdr(Martin,

2005.

74



Projection of the joint angle variance on the null space gives the parallel component of
the uncontrolled manifold.

=X, e D

Where!, is Jacobian matrix, n is the total number of degrees of freedom in the system,
is the joint angle! is the average of joint angle,! !l constructs the deviation matrix,

and!, is the basis vector of the null spacecan be found in Figurg.1.

The perpendicular component of the uncontrolled manifold is:

L=t DLy,

The variability per degree of freedom within the uncontrolled manifold is

SN (RRPEEIT

Where d is the task variable dimension and N is the number of trials.

The variability per degree of freedom perpendicular to the uncontrolled manifold is

P# :W
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Chapter 4 Development of an Intermitent Control Model for Evaluating Aging

and Muscle Fatigue Effects on Human Upright Stance

Abstract

Previous experimental evidence has suggested that human upright stance is maintained or
controlled intermittently, rather than continuously. Several nmtégnt postural control
models have been proposed, however most of models are explorative, many of these are
rather complex and do not provide estimates of physicalgvant parameters (e.g., joint
kinematics/kinetics). Here, a sliding mode control slogas developed for assessing
quiet upright stance, and which was evaluated using data from both young and older
participants and pre/post unilateral ankle plafieator fatigue. The model was able to
track, with reasonable accuracy, important expertaiemeasures, including center of
mass (COM) kinematics and ankle torque. However, COM angular acceleration and
ankle torque tracking errors were larger among older adults. The model also enabled
separate estimates of passive and active ankle torquis,regpective contributions
estimated to be 97% and 3% of the total ankle torque. While both age groups had similar
passive ankle torques, older adults and males displayed larger active ankle torque. With
respect to ankle fatigue, larger increases iivacinkle torque were observed among
males and older adults. In summary, a sliding mode intermittent controller was able to
track upright stance kinematics and kinetics with reasonable accuracy, though tracking
results did vary with age, gender, and fadg Such a model may have future utility in

undersanding human postural control.
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4.1 Introduction

Human (bipedal) upright stance is known to be inherently unstable, and muscle force
(joint torque) has to be generated to maintain this po$tMneter et al., 2008 Several

recent studies have investigated the generation of muscle torque, kdsclibeen
described hypothetically as a continuous process requiring feedBatérka, 2002
Maurer and Peterk&005 Van Der Kooij and De Viugt, 20QNette et al., 200y
Diverse afferent inputs are involved in the control of upright stdriceluding those

from foot plantar pressure sensors, semicircular canals, and ankle proprid¢eyitbrs

the central nervous system relying on a fusion of these sensory channels for upright
stance contro{(Mergner et al., 2003 As such, it has been argued that an optimal and
multisensory feedback mechanism exists to eliminate the inaccuracy caused by neural
time delays that are on the order of ~10@uas der Kooij et al., 20Q1 The reliance on
feedback control sigfmmay also be varied and-weighted depending on any available
sensory or spatiarientation information (e.g., different visual and proprioceptive input)
and environmental condition®eterka, 2002 A later study byPeterka and Loughlin
(2004 described that closddop integratio of sensory information and reweighting of

diverse sensory input were both important for determining corrective torques.

Some researchers, however, have challenged the notion that feedback control is solely
responsible for maintaining upright standeor example, Winter et al. (2001) suggested

that upright stance can be sufficiently maintained through passive ankle stiffness only,
which essentially is a form of opéoop control. In other work, both opéoop and

closedloop control mechanisms haveeoeinferred during upright stan¢€ollins and
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Luca, 1993Collins et al., 1996 (Fitzpatrick et al., 1996also questioned the Ofeedback
onlyO control mechanism for maintaining upright stance and balance, suggesting instead
that a feedorward mechanism must be involved to compensate for insufficient control
torque and to maintain a bounded postural sway. Finally, contributions of the vestibular
system and the proprioceptive system have been documented as likely sources of feed

forward control signalgvan der Kooij et al., 2001

With advancements in measurement equipment, muscle activities can now be measured
with higher resolution and precision. For example, researchers have reported that calf
muscles are actively adjusted 2.6 times per second and 2.8 times per unidirectignal sw
of the body center of mass (CON)oram et al., 2005b It is these small (FBOO #m)

calf muscle movements that provide impulsive, ballistic regulation of GaiMement
(Loram et al.,, 20060nambele et al., 2006 Given that shomtange passive ankle
stiffness is lager than gravitationabrque, these findings suggest that it is unnecessary
for the ankle musckendon complex to continuously activate to control human upright
stanceg(Loram et al., 200/ A later study by bram et al. (2009) observed that drele
muscles contract during sway away from the equilibrium position, but lengthen when the
body sways back to the equilibrium position. This intermittent muscle activation yields a
OdropcatchO andtibow-catchO pattern of sway motion during upright stance, also
known as a ballistitike intermittent motion(Loram and Lakie, 2002ICasadio et al.,

2005.
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Based on these experimental findings, intermittent and predictive postural control models
have been developgd@ottao et al., 2008 Asai et al., 2009Gawthrop et al., 2009
However, a number of these intermittent control methods have been problematic, since
theyinvolve the use of complex techniques while yielding few results that are physically
relevant, such as balance corrective torques and joint giiglaset al., 2009Gawthrop

et al., 2009. Typically, the core of an intermittenbratrol model is a phasic controller,
which has previously been implemented as a GbangO controlle(Bottaro et al.,

2008. The feed forward control signal is an efferent signal used to activate muscles in
the bangbang controller. In their controller, Bottaro et(@008)used a heuristic method

to generate the phasiteed forward control signals, which, however, could not
subsequently be generalized. For example, the control signal burst frequency-was pre
determined at around 250ms, and the signal amplitude was empirically dependent on
sway angle and ankle torque. tWdugh this approach was suitable for certain upright
stance scenarios, it was unclear whether it could be generalized to a wider range of
control conditions. In general, an intermittent control model that does not rely on a

limited intermittent controlignal generator is preferred.

Localized muscle fatigue (LMF) has been reported to compromise postural control during
quiet upright stance, as evidenced by decreased single limb stance time and increased
variability of stability during walking (Helbostad et al., 2010Paillard, 2012
Additionally, it has been demonstrated that center of pressure (COP) velocity increases
following localized ankle muscle fatigy&ribble and Hertel, 200#line et al., 2006

Several other balance measures such as COP, COM, andotoendary are also
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influenced by ankle MF (Lin et al., 2009. Moreover, a moddbased approach has
suggested that the control feedback signal time delay is longer due to ankIEQLIMIE

al., 2009. In contrast, relatively few studies have used the intermittent control modeling
approach to clarify changes in biomechaniedted parameterfollowing ankle LMF.

For instance, potential changes in the relative contributions of the passive and active joint

torque associated with ankle LMF have not been described.

A substantial body of research has investigated the compromising effectngf @ui
postural control. Relatively poorer postural control among older adults is associated with
numerous factors, including the following: impaired cognitive resources, a stronger
reliance on visual information to maintain balaeeulain and Giraudet, 2008educed
concurrent cognitive performanc@sacour et al., 2008 lowered capability to process
complex cognitive task@BernardDemanze et al., 2009and a decline in joint range of
motion, stimulus reaction timgpint proprioception, and overall physical strength
(Schultz, 1992Wojcik et al., 2001 Perry et al., 2007 These ageelated physical and
motor control changes have also been associated with adverse health outcomes.
Lihavainen et al. (2010) described reduced physical capacity due to musculoskeletal
illness and musculoskeletal pain, while Shaffer and Harrison (2007) reported on the
functional declines of the somatosensory system, which are closely associated with
postural control. Despite numerous prior studies, d@ffects of aging on a postural

controller,and in particular, an intermittent postural controller, rentaigely unknown.
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Sliding mode control is a method developed for controlling a nonlinear system, and
which is proficient at dealing with unknown or inaccurate system dynamics, thereby
ensurirg control robustneq$iernandez et al., 2011 Sliding mode control has been used

in a variety of studiesa$igned to model humanoid robot postural control, such as biped
robot gait stability contro(Wang et al., 2001 human motion synthes{Spiers et al.,
2010, knee joint actuator(Bae et al 201Q, and cooperative humanoid robots
(Moosavian et al., 2031 Sliding mode control is particularly useful in that it is able to
track both linear and nonlinear system dynanffguiar and Hespanha, 200Guan et

al., 2005. Additionally, sliding mode may be the underlying controller for both simple

and complex human movemeljtsm et al., 2@3, Mohammed et al., 2005

The purpose of the current research was to develop a sliding mode control model to
simulate upright stance and postural sway, with a particular focus on whether such a
model could do so with reasonable accuracy, as well as account for the effects of age and
LMF. Through implementation of this modeling strategy, the tracking performances of

body kinematics (e.g., COM angle, angular velocity, and angular acceleration) and

kinetics (e.g., ankle torque) were evaluated. The sliding mode control model was also
used to examine both passive and active contributions to ankle torque and their roles in

intermittent control.

4.2 Methods

4.2.1 Experiment Procedures
Data from an edier experiment(Lin et al., 2009 were used here, and which were

obtained from a genddralanced pool of 16 young and 16 older adults. As described in
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the noted study, participants completed repeated tfadgiiet upright stance on a force
platform (AMTI OR67-1000, Watertown, MA, USA) before any experimental
interventions (i.e., Opfatigue,0) and then following a protocol designed to induce
unilateral muscle fatigue in the ankle plantar flexors (i.eos@atigueO).During these

trials, participantswere instructed to stand (without shoes) as still as possible with their
feet together, arms by their sides, head upright, and eyes closed. Each trial lasted 75
seconds, with at least one minute betweem ¢ansecutive trials. A total of 14 trials (3
prefatigue and 11 podatigue) were completed. Only data from the first three-post
fatigue trials were used here, which were obtained 0.75, 2, and 4 min after the fatigue

protocol.

Joint positions were astated using 18 spherical reflective markers attached over bony
landmarks. Marker locations were sampled (at 20 Hz) usirgaan@ra motion capture
system (Vicon 460, Lake Forest, CA, USA). COP time series were obtained from triaxial
forces and momentampled (at 100 Hz) from the force platform. Both COP and joint
kinematics were lowpass filtered (Butterworth, 5 Hz eoff frequency, 4th order, zero

lag) and the first 10 s and the last 5 s were removed. Mean values of extremity joint
centers were obitged across the bilateral values, which yielded a 2D representation. The
obtained surface marker kinematics needed to be adjusted to locate joint centers, and this

process is described in Appendix A.
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Using the estimated joint kinematics, the whole b@@yM angle (from vertical) was
calculated (see Appendix A). For simplicity, a singggment inverted pendulum model
of the body was employed (Figutel), the plant dynamics for which are:

e gL (1)
where! is thewhole body COM angle (or, ankle angle from vertical)epresents whole
body COM angular acceleratioi, indicates body masg,is the gravitational constarit,
indicates the distance between the COM and ankle joint, Targpresents the torque

generatd by the ankle.

\

Figure4.1: Singlesegment inverted pendulum model of human upright stance.

4.2.2 Sliding Mode Controller

The goal of sliding mode control is to reduce ahdxder system to a™order system,
thereby reducing the nonlinearity and uncertainty of the underlying control dynamics
(Slotine and Li, 1991) Sliding mode control encapsulates multiple control dimensions to
a single dimension, by creating a controberas evidenced in the following equation:

FUOLUI, LI F o D! (2)
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whereq is the state variable (here, ankle angle and!, is the desired state. In our
case, we chose n = 2. We constructeddliding surface as follows:

LD F+r (3)
where ! is a positive numeric value that could affect the rate of estimate state
convergence to desired stéBtotine and Li, 1991)

This sliding surface is of first order, wheleetstate variable is also of first order. The

sliding surface needs to satisfy the following equation:

Lt (4)
where! is strictly positive. This equation specifies that the control trajectory must point
towardsthe sliding surface. Once the trajectory converges onto the sliding surface, it
remains on the surface. The objective of sliding mode control is to force the initial
trajectory to converge from an arbitrary position to the invariant sliding surfacej whic
typically also the desired trajectory. Convergence of the trajectory to the invariant sliding
surface (s = 0) is demonstrated in Figdt2. As shown, there is a strong chattering
motion around the invariant sliding surface, which is caused byniitent switching of

the control signals. This chattering is due to the intermittent control inputs that force the

diverged trajectory back the invariant sliding space.
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Chattering

\
<

Figure 4.2 Sliding control surface, in which the chattering is a result of the intermittent

switch of the control signals.

The firstorder derivative of the squared sliding surface is:

Lty m ()

Given the sliding surface! I +! I, the firstorder derivative of the sliding surface is:
P, 4r (6)

From Equation 1, the plant dynamics of the inverted penduhodel are:

e sy (7)
By substitution forf*, the firstorder derivative of the sliding surface becomes:

r :('”.—#(')” !!!—)-.r'! I+ 1 F (8)
The best estimated ankladoe!, which makeg ! ! is thus:

C=ar o umEr o rrgQ) 9)
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To account for both the imprecision of the system dynamics and the chattering behavior,
the control lawT has to be discontinuoy$lotine and Li, 291), where a sign torque
function of s is introduced as:

T=0-1"%$%() (10)
Where

"# (N)I=+1ifs>0

I"# (1)l=-1if s<0

K'is the control gain.

T can be further decomposed into passive torque and active torques:

Pipoggop =1 0" TR (1) (11)
Digsooe =110 10 I F L 1"H#$% (1) (12)

To achieve stability, the secowdder derivative of the sliding surface has to satisfy the

sliding mode condition as stvn in Equation 4.

Lty g (13)
The left part of the equation is equal to:

Lty (14)
By considering Equation 8, we can obtain the following equation:

Tl [(l ! !"'# ( )” !!I_! e I“)]:I [(' !!I"# ¢ )!! !!!!"!! e e !!'I'# O mEs% (1) !

I R]

! I(MQ:I ST ITTRATT (15)
Compare the left and right part of tHe!I—ll [T 11 1]!|lsegment. In order to make the

formula hold, K must be larger than zero. As such, the controlkyanust be positive
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for achieving stable postural control. The following control gain was chosen to reduce
chattering and make the traject@rgmoother.
K= 1"rrn (16)

where! 1| |

Total ankle torques, in the sagittal plane, were calculated based on force plate data,
including COP, the vertical and horizontal (AP) forces, and foot moment (see &igure

For this, the ertical force Fy and horizontal force Fz were available from a force plate.
Similarly, COPx and COPYy represent the center of pressure coordinates, which are also
obtained from the force plate measures. The foot mass Mfoot and footCM (distance
between footenter of mass to ankle) were obtained from anthropometry tdbhlega,

2008. Ankle height (AH)was obtained from marker data.

Human Body

T_ankle-AP = Fz * COPAP + Fy
* AH B Mfoot*g*FootCM

A

A

cop-AP| Fz

\ AH
Mfoot Y
FootCM \

Fy

Figure4.3: lllustration of methods used to determine experimental ankle torque (T- ankle

AP).
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The steps used to calculate COM angle, COM angular velocity, COM angular
acceleration, ahankle torque are shown in Figutd, along with the steps involved in
applying the sliding mode control method to model upright stance. These same steps
were used to process each trial. The Matlab ODE4 solver was used to formulate the
upright stance yhamics model, which also producad estimated COM angle, COM

angular velocity, COM angular acceleration, and passive and active ankle torque.

For one sway trial, set initial Note: ODE4 solver is a
values of COM angle, COM Matlab function to solve
angular velocity, and simulation ODE equations.

time for ODE4 solver

Calculate experimental ankle
torque, COM angle, and COM
angular velocity

Calculate differences between

—> . .
estimated and experimental
COM angle and angular velocity
In ODEA4 solver, #
solve estimated Calculate estimated ankle
ankle torque, torque
COM angle,
COM angular L
velocity. S
’ Calculate sliding surface and
and COM ar)gular Sign torque function
acceleration L
Calculate estimated COM
L angular acceleration

'

Calculate torque differences
(TD) between estimated and
experimental ankle torque

A
Finish

Figure 4.4: Flow chart for using gling mode control to model and simulate upright

stance

To evaluate the tracking performance of the sliding mode controller, root mean square

errors (RMSESs) between experimental and modeled ankle kinematics and torques were
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determined for each trial. Sp@cally, RMSEs for COM angle, angular velocity, angular
acceleration, and total ankle torque were obtained. In addition, Pearson {nadoent
correlation coefficients were calculated to compare experimental and modeled ankle
torques.A correlation cofficient that wasgreater than 0.9 asinterpretedto bestrong

Within each trial, mean results for both passive and active predicted ankle torque were
determined, along with the associated mean passive/active torque ratio. Phase
relationships betweenapsive ankle torque and COM angle, was well as active ankle
torque and COM angular acceleratimere also obtained. The main purpose of the latter

was to determine if there was phase coherence between the pairs of variables.

4.2.3 Statistical Analysis

Respective withirsubject means for the dependent variabiles, COM angle, angular
velocity, and angular acceleration, total ankle torque tracking errors, modeled and
experimental ankle torque correlation, passive ankle torque, active ankle torquae and t
passive/active ankle torque ratio) were obtained for the thremafigae and three post
fatigue trials. These mean values were subsequently used in statistical analyses. The
effects of age and gender were evaluated foffagirgue trials with sepata twoway
ANOVAs for each of the dependent variables. The differential effects of fatigue
associated with age and gender were analyzed using separat@ywaNCOVAS on
change scores (pefdtigueb pre-fatigue) for each dependent variable, with indeeend
variables of age and gender, and thefptigue measure as a covariate. The level of
significance for all tests was set@mk 0.05, and all statistical analyses were performed

using JMP 9.02 (SAS Inc., Cary, NC, USA).
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4.3 Results

4.3.1 Representativdrial

The sliding surface and firstrder derivative of the sliding surface for a representative
trial are shown in Figurd.5. It shows despite a large overshoot to about 0.15 for both
sliding surface and its first order derivative at the initial stgrpoint (T=0) due to the

large difference between initial desired and estimated ankle kinematics, the close to zero
values are evident for both of these values through the entire simulation. The phase plot
of the sliding surface also quickly convergedzeyo with small oscillations. It is also
apparent that the phase starts from 0.15 for both sliding surface and its first order
derivative;it thenquickly converges to zero and also maintains its position around zero

during the simulation period.
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Figure 4.5: Sliding surface (top), first order derivative of sliding surface (middle), and

phase plot of the sliding surface (bottom) for a representative trial.

The tracking performare of the sliding mode for this same trial is illustrated in Figures

4.6 and4.7, which indicate relatively small errors between the modeled and experimental
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COM kinematics. Both modeled and experimental ankle torque results for this trial are
shown in Fgure 4.8, which indicates that modeled ankle torque results followed

experimental values with only a small tracking error.

1.5¢
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=
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Figure4.6: Modeled and experimental COM angle (togagular velocity (middle), and

angular acceleration (bottom) for a representative trial
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Figure 4.7: COM angle (top), angular velocity (middle), and angular acceleration

(bottom)tracking errordor a representative trial.
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Figure4.8: Modeled and experimental ankle torque for a representative trial.

Results for passive ankle torque and COM angle fotrikleare shown in Figuré.9, and
active ankle torque and COM angular acceleration are shown in Hdifie These
figures confirm that passive ankle torque and COM angle, as well as active ankle torque

and COM angular acceleration, were both stronglyetated and kphase.
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Figure4.9: Passive ankle torque and COM angle for a representative trial
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Figure4.10: Active ankle torque and COM angular acceleration for a representative trial.
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4.3.2 Statistical Results

A summary of statistical results for both gatigue and fatiguenduced outcomes on
both controller tracking performance and passive/actinkle torques is provided in
Table 4.1, which also includes summary statistics for-pard posffatigue measures.
Additional details are presented below, separately foifgirgue and fatiguénduced

effects.

Table4.1: Summary of statistical resultp Yalues) for the effects of age (A), gender (G),

and ankle LMF. M/E = Modeled/Experimental. Significant effepts (0.05) are bolded.

Pre Fatigue Fatigue
Mean(std Mean(std
COM Angle (sd) A G AXG A G AXG (std)
Tracking Error
(degree) 0.51(0.24) 0.57 0.24 0.17 0.21 0.54 0.63 0.59(0.29)
COM Angular Velocity
Tracking Error 0.41(0.19) 0.12 0.40 0.020 0.19 0.37 0.23 0.42(0.17)
(degree/sec)
Controller | erati
Tracking CoMAnguar Q,Aéf;fra“on 094028 00032 072 0071 0020 00062 041  1.01(0.28)
Performance (degree/secn?)
Ankle Torque Tracking ~ 2-71(2.13) 0.018 0.0064 0.36 0.46 0.18 0.59 3.44(2.38)
Error (N.m)
M/E Ankle Torque 0.95(0.04) 012 089 075 0.85 0.026 044  0.93(0.04)
Correlation
Passive (/'\\lnklt)e Torque  3417(13.06) 0.86 0.52 0.0093 0.47 0.36 0.48  31.93(13.31)
.m
Passive & Active Ankle Torque 0.91(0.48) 0.0006 0.0004  0.022 0.0270  0.0083  0.19 0.97(0.5)
Active (N.m) ' :
PaSSiVG/QCtti_Ve Torque 44.45(23.56)  0.0069 <0.0001  0.12 0.31 0.85 0.43  40.68(23.54)
atio

4.3.3 Pre Fatigue
While COM angle anld tracking errors and modeled vs. experimental ankle torque
correlations were consistent across the groups, other measures of controller tracking

performance differed. Specifically, errors in COM angular velocity tracking were larger
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for older males, fobwed by older females and younger females, and smallest among
younger males (Figurd.11-1). Similarly, COM angular acceleration tracking errors
were larger in the older group (Figu#ell-2), while ankle torque tracking errors were

greater in the olderrgup and among males (Figuwd 2).

(1) (2)

1.4 1
c 1.2 A
. §e
4%\ - 0.6 -Es- /(\T 1.0
o3 5 s
[ L OV
> o 0.4 1 (SR
85 <o
=) S 04
D T 0.2 =0
cC ~ S o
< o) ~—=— 0.2
c
0.0 - < o0
F M F M F M F M
Young Older
Young Older Age Group
Age Group

Figure4.11: Prefatigue results for tracking errors in (1) angular velocity and (2) angular

acceleration. Among them, (2) is significandijfferentbetween young and older adults.
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F M F M

Young Older
Age Group

Figure 4.12. Prefatigue tracking errors for ankle torque. Young and older adult active
ankle torque are significantlyifferent A andB denoteactive ankle torque differences

between genders.

Passive ankle torque was larger among young females, followed by (in order) older
females, older males, and younger males (Figui€-1). Active ankle torque was
greatest in the older group as Wwvak among males (Figu413-2); in contrast, the
passive versus active ankle torque ratio was larger in the younger group and among

females (Figurd.13-3).

98



(1) )

50 1
/é\ 40 _ 1.5 1
z £ ) .
() 30 T é 1 0 N
5 .
3 S A
o 20 1 o
= o
— 0.5
10
07 0.0 1
F M F M F M F M
Young Older Young Older
Age Group Age Group
®3)
A
80 1
A
60 1 B
B
40 A
20 1
0 .
F M F M
Young Older
Age Group

Figure 4.13. Prefatigue (1) passive ankle torque, (2) active ankle torque, and (3)
passive/active ankle torque ratio. Among them, (2) and (3) are significifidyent
between young and older aduls.and B denote that (2) and (3) are diffgrbetween

genders.
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4.3.4 Post Fatigue

All measures of controller tracking performance changed-fatigue (Table4.1),
suggested a slight degradation in model tracking performance. Specifically, kinematic
and torque tracking errors increased, and there was a decreasearr¢hegion between
measured and experimental ankle torques. These changes were generally consistent
across age and gender groups, with a few exceptions. COM angular acceleration tracking
errors were larger in the younger group and among males (Fdi#d), and females

had larger decreases in péatigue correlations between modeled vs. experimental ankle
torque (Figure4.14-2). The passive ankle torque contribution decreasedfaigte,
consistently across age and gender groups. In contrasttitve @ntribution increased,

and a larger increase occurred among the young group and among males4(Eg8)e
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Figure 4.14: Postfatigue changes in (1) COM angular acceleratracking errors, (2)
Active ankle torque, and (3) the correlation between modetedeaperimental ankle
torque. Among them, (1) and (2) are significantljfferent between young and older

adults. A and B denote that (1) and (2) are differed betwestege
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4.4 Discussion

The purpose of this study was to apply sliding mode control theory to model human
upright stance. As noted above, this work was motivated by recent reports suggesting
that upright stance is intermittently (vs. continuously) cdiettio(Loram et al., 2009
Gawthrop et al., 2011Loram et al.,2011 Loram et al.,, 2012Vieira et al., 201p
Because sliding mode is essentially an intermittent control method, it was considered
appropriate fomodeling upright stance. It should be noted that the current model is
based on the assumption that the human balance controller controls the body based on a
sliding surface condition. Thus, the control objective was to force the sliding surface to
reman as close to zero as possible, thereby retaining control stability. Any perturbations
that force the sliding surface away from zero would be pushed back to zero by the control
input. Essentially, the sliding surface always oscillated at azezarvaleN although

not equal to zero. Therefore, the control input also oscillated at approximately zero, thus

yielding an intermittent force or moméhnhamely, an intermittent controller.

In this study, tracking errors were quantified (as root mean squars)emath results
showing tracking errors between (1) experimental and estimated COM angle and (2)
angular velocity that may be considered acceptable. Specifically, the mean tracking
errors for these two kinematics measures were in the following respeatiyes: [0.45,

0.7] degree and [0.33, 0.53] degree/s. Considering that the mean COM angle 8vas 2
degrees, these tracking errors were comparatively small. Since angular velocity tracking
errors account for ®10% of experimental angulaelocity, this means that the sliding

mode control was able to reasonably track the desired COM angle and angular velocity.
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The sliding mode controller tracking performance was compa¥ahleact, slightly
smalleN in comparison to the bargang intermittent controlleteveloped by Bottaro et

al. (2008). In terms of differences related to age and gender, COM angular velocity
tracking errors were largest among older males and smallest for younger males. We
attribute the reduced tracking performance among older maéggetelated differences,

such as the greater watsthip ratio and larger intrabdominaladiposity among older
adults (Borkan et al., 1983Schwartz et al., 199Hughes et al., 2004 and which
resulted in a loss of accuracy when estimating COM angle. Mean COM angular
acceleration errors were 0.72 degre2/®¥ older males, and 1.17 degree/s”2 for younger
males, which accounted for 2040 % of the experimental angular acceleration. The
angular acceleration tracking performance was lower than that of either angle or angular
velocity. This difference iskely tied to the fact that in the sliding mode controller the
angle and angular velocityased sliding surface condition was built into the controller.
This design decision was made based on available literature suggesting that angle and
angular velocityare important reference signals for a postural contr@eterka, 2002
Masani et al., 20Q3Qu et al., 200Q Consistent with angular velocity tracking results,
and likely for the same reason, COM angular acceleration tracking errors were also larger

for older adults.

Tracking errors between experimentadasimulated ankle torque were also relatively
small. Specifically, the mean ankle torque tracking error was in the range of4l45%
Nm. In comparison to overall ankle torque, which was in the range o##26Nm, this

error only accounted for 56% (and a maximum of 10%) of the entire ankle torque. A
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high correlation between experimental ankle torque and modeled ankle torque was also
found. As a whole, these results support that the sliding mode approach can track
experimental ankle torque whilegiling relatively small tracking errors. Similar to
kinematics tracking performance, ankle torque tracking performance was comparable to
that of the bandpang controlle(Bottaro et al., 2008 Ankle torque tracking errors were

also larger for males in both age groups. This difference may be linked to the different
COM ande calculation errors for the two age and gender groups. Additionally, males
typically have greater skeletal muscle mass, especially in the uppefJaodgen et al.,
2000. Thus, the different COM angle estimates we obtained in this study are probably
related to differences in mass distributions between genders, and which affected the

centerof mass position.

With respect to passive and active ankle torque, from the sliding mode torque equation
(Eq 9),

FEL P I E s (1) 1" 11 ()

where! = 11"FI1 1 11 |

it is apparent that the fourth terth, / !'!" (1 )llwhich corresponds to gravitational torque,

is linearly proportional to the sway angty.( Such a linear relationship can either be due

to continuous feedback from ankle angle or to passive ankle elasticity, which acts like a
spring. With respe to upright stance, it has been suggested that there is no continuous
feedback used to control sway stabilityoram et al., 2009a as such, gravity torque
should not be attributed to feedback control mechanisms. As indicated by Bottaro et al.,

(2008), the only possible physical source for gravity torque is related to the ankle
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passive stiffness struceyrthe series elastic elements (SEE), which is a primary source of
ankle passive stiffness and damping. The other three terms in the torque equation above
are related to desired angular acceleratibn (1% term), the difference between the
dested angle and the present state of angle (2" term, angle feedback), and the
sliding surface control terii#$% (1) (3 term). These three variables are related to
desired ankle angular acceleration, the derivative of desired and expeatiraakle
angular velocities, and active control gain, which are all associated with overall active
ankle torque. We showed earlier that passive ankle torque is well correlated to the COM
angle (Figure4.9). In contrast, active torque is closely coretato the COM angular
acceleration (Figurd.10). These findings indicate that active ankle torque is used to
correct sway acceleration direction, by actively increasing or decreasing the ankle angular
acceleration as indicated earl@atsiorsky and King, 19971.oram and Lakie, 2003b

In contrast, passive ankle torque acts more like a linear elastic spring.

The mean passive (intrinsic) ankle torque generated by the sliding mode was roughly
97% of the total torque for young adults; for older adults, the corresponding proportion
was somewhat smaller (93%). This suggests a predominant contribution of passive
torque during upright stance. Passive ankle torque is provided by a number of series
elastic elements (SEE), including ankle muscles, the aponeurosis, Achilles tendons, and
foot structures. Previous research has shown that SEE elements at the asthlevang

close tdN or even overconié the critical ankle torque needed to maintain upright stance
stability (Winter et al., 2001Loram et al., 2005a However, our results suggest that

active ankletorque still plays a role (even if a small one) during upright stance. Similar
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proportions of active vs. passive contributions were reported e@rbesm and Lakie,
20023, specifically that passive torque accounts for 91 £ 23% of critical toppling torque.
However, our estimate of passive ankle torque was significantly larger than a more recent

estimde of 64 = 7.8 % for critical toppling torq@€asadio et al., 2005

The differences between the current results and prior studies, in terms of active and
passive ankle stiffness, can be attributed to the use of imposed external perturbations.
Casadio et al., (20Q05have argued that larger external perturbations induce smaller
passive stiffness. Moreover, both Loram and Lakie (2002a) and Casadio et al. applied
two specific perturbation magnitudes (0.055j and 1j, respectively) to ugmtghte in

their studies. They found that passive stiffness tended to decrease due to increases in
perturbation magnitude. It is likely, therefore, that even small perturbations (e.g., as
small as 0.055j) can alter the actual underlying passive and aatie stiffness. Due to

these perturbations, the response mechanisms associated with upright stance could
chang®l perhaps with increased muscle actiftihereby further increasing active ankle
torque. Other perturbatiesssociated changes such as joodrdination have also been
reported to alter the COM angle compared to apenturbation scenari(Patel et al.,

2010. Since the COM angle is linearly proportional to passive ankle torque, any external

perturbations could change the ratio of passive versus active ankle torque.

Here, older adults displayed greater acimkle torque compared to younger adults. We

attribute this finding to the fact that increased active ankle torque is needed to maintain

upright stance stability, which is compromised due to aging. And indeed, numerous
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studies have suggested that amomdgoladults postural control is compromised by a
variety of factors: diminished postural sensory sensitivity and latésicymwayCook

and Woollacott, 2000Speers et al., 200Ru et al., 2000 increased muscle response
latency (Woollacott et al., 1986L Sturnieks et al., 2008 decreased lower extremity
strength(Wolfson et al., 1996Brown et al., 200f) and stronger demands fasgnitive
attention to maintain postural balan@rown et al., 1999Redfern et al., 200 Huxhold

et al.,, 200p. As such, the increased active ankle torque observed in the older group
could reflect compensation for a loss of peripheral sensory sensitivity and decreased
cognitive capacity. In contrast, the inased active ankle torque found here does not
appear to be associated with the magnitude of passive ankle torque among older adults,

which did not differ from the younger group.

With respect to gender differences, males had larger active ankle torgueferales,

and this gender difference was more pronounced in the older group. It is unclear as to
why this was found and whether such a difference is consistent with postural control
performance. Regarding the latter, some studies have shown thafeoiddes are at
greater risk for(Wolfson et al., 199% while other studies have suggested the opposite
(Masui et al., 2006 Moreover, Bryant et al. (2005) was unable to document that either
gender was at greater risk for falls. Our results, however, seem to support that males
utilize more control resourcBspossiby an indicator of the increased risk of falls. Even
though we could not account for all possible contributing factors, the greater active ankle
torque observed among older males could be associated with ¢paseer differences in

the neuromuscular systethat play a role in physiological respon@édanter, 2009.
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Following ankle LMF, active ankle torque increased more among young adults. This
finding means that ankle LMF resulted in more adverse efiedtss group, eliciting a

larger active ankle torque response. Studies have suggested that older adults have
increased endurance (or resistance to muscle fatigue) because they rely less on anaerobic
metabolic pathways fdiKent-Braun et al., 2002 Additionally, several researchers have
descibed the higher percentage of type | (slower and fatiggestant) muscle fibers in

older adult§Chan et al., 20QMitor and Hicks, 2000Baudry et al., 2007 Other factors

such as joint coordination could also play a role in explaining the higher active ankle
torque among young adults. As recently reporte®@jlard (2012), older adults might

rely on a OhigenteredO strategy to counteract the adverse effects of ankle muscle
fatigue. The ageelated differences in poe$dtigue active torque changes might not be
attributed to the ankle fatigue protocol, sirmmnsistent levels of absolute soiaximal
voluntary contractions done by different age groups was found not lead-telaigel

differences in fatiguéHunter et al., 2005

Compared with females, males displayed larger-fadgjue active ankle torque changes,
which is consistent with a previous rep@dentBraun et al., 2002 Multiple factors
could account for this finding: lower musct®ntraction forces, greater oxidative
metabolism capacity, less likelihood to experience central fat{§adlard, 2012
reduced intramuscular pressures, and leskision of muscle blood flowDe Ruiter et

al., 2007. Additionally, as reported by Hunter et al. (2004), females were able to

perform longer duration sumaximal elbow contractions, even when accounting for
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muscle contraction strength difference between genders. This finding indicates that
metabolc pathways are more likely to account for geruksed differences in fatigue
endurancgEnoka and Duchateau, 2008n contrast to HunterOs (2009) report okder
females have reduced fatigue endurance compared with older males, the older females in
our study displayed smaller changes in active ankle torque than older males following

ankle LMF.

There are several limitations associated with this study that meuscknowledged. We
identified the hip joint center and L5/S1 locations, which provided essential data for this
work, using ASIS surface markers. We acknowledge that even though care was used to
ensure precision in locating these positions, some catipoél errors could be
embedded in this process. As indicated in Appendix A, a constrained optimization
process was utilized for three reasons. First, the hip joint center and L5/S1 positions
differ between individual¢De Leva, 1995 Therefore, it was necessary to generalize
these values across all participants, which presents some inherent drawbacks. Second, a
small anatomical adjustment to the ASIS marker was performed. However, the
maguitude and orientation of this adjustment correspond to previously described
anatomical constraints used by other researchers (see Appendix A). Third, we argue that
the adjustment used in this study still ensures a strong correlation between modeled ankle
torque and experimental ankle torque both before and after the adjustment. In fact, the
resulting COM angle following the adjustment process was consistent with prior reports.
For example, our results showed that the COM angle was larger among femmatés,

was also reported yPanzer et al., 1995
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Another limitation inthis study is that we simplified the model by using a sksgigment
inverted pendulum to represent human upright stance. Even though such a simplification
has been criticized in the literatufidsu et al., 2007/Kiemel et al., 2008 other studies

have used similar strategi@soram and Lakie, 2002eterka and Loughlin, 200Qu et

al., 2009. Additionally, there are good reasons to support this decision, including
relatively small hip, trunk, shoulder, and neck motionsirdurquiet upright stance.
Nonetheless, the use of a singkgment inverted pendulum modidely resulted in

some errors, and did not allow for inclusion of potentially important trunk and shoulder
contributions to the intermittent postural controllefhus, subsequent studies would
benefit by employing a tweegment (or more) inverted pendulum model in sliding mode

control.

4.5 Conclusions

For this study, a sliding mode intermittent controller was used to model upright stance.
This work was motivatedby experimental evidence suggesting that upright stance is
under intermittent control. The modeling results demonstrated that the sliding mode was
able to track experimental COM angle, COM angular velocity, and COM angular
acceleration reasonably welMoreover, the sliding mode controller was able to track
experimental ankle torque with reasonable accuracy. The sliding mode controller was
also used to estimate ankle torque, from which passive ankle torque and active ankle
torque can be directly deriven analytical form. Our results for passive and active ankle

torque were consistent with previous research findings. Use of a sliding mode
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intermittent controller is considered to a fruitful approach for understanding human

postural control
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Appendix A

Determination of Hip Joint Center and L5/S1 Positions

Accurately locéing joint centers through surface markers is critical for ensuring the
precision of whole body COM location estimates. In the experiment from which the
current data were obtained, reflective markers were attached to the following bony
landmark positionsanklemalleoli, knee lateral femoral epicondyles, shoulder acromion,
and head temple. The kinematics results showed that these markers are located
superficially near the ankle, knee, shoulder joint centers, and head COM, respectively, in
both the anterposterio (AP) and vertical directions, and which did not need position
adjustmentgMajeske and Buchanan, 1984olden and Stanhope, 19%ruening et al.,

2008. Specifically, for the head marker, preliminary analysis showed that the head
reflective marker should be located about 12cm from the top of hel@ am from the

back of head, supporting a prior report showing that the head CMS is locateAch®

from the top of head and&79 cm from the back of hegtfoganandan et al., 20P9 As

such, the head reflective markersion was also not adjusted.

For each patrticipant, the hip joint center and L5/S1 positions were obtairedjusting

the locations of two markers attached to the anterior superior iliac spine (ASIS) via an

optimization process. The marker adjustment process assumed negligible joint center
migration during quiet upright stance. Therefore, any pelvis ootatias not accounted

for during this adjustment process and only horizontal and vertical translations in the AP

plane were conducted. These joint centers differ on an individual(Besiseva, 996),

suggesting that a universal adjustment of the marker positions across participants that was
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utilized could have resulted in a faulty estimation of the joint centers. Accordingly, and
to locate the hip joint center and L5/S1 based on the ASISigusa constrained

optimization process was undertaken (Fighi®).

Constrained optimization goal: minimize the torque error between modeled ankle
torque and experimental ankle torque

Constraints:
(1) Distance and orientation between ASIS and hip joint center meet anatomy

requirements.

(2) Distance and orientation between ASIS and L5/S1 meet anatomy
requirements.

(3) Modeled and experimental ankle torque correlation is strong (>0.9).
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Figure4.15: The constrained optimization process used to determine the hip joint center

and L5/S1 positios based on ASIS markers
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The optimization process started with an initial rough estimate of the hip joint center and
L5/S1 positions relative to ASIS. Based on this rough estimate, we then obtained an
error associated with modeled ankle torque and rerpatal ankle torque.
Subsequently, we attempted to minimize the error between experimental ankle torque and
modeled ankle torque. Noted constraints were that the hip joint center and L5/S1
distances and orientations to ASIS had to be within acceptettiboes as described in

the literaturgMajeske and Buchanan, 19&kidel et al., 1995

To satisfy anatomical constraints, starting from the ASIS, the hip joint center was located
about 34% (about ® 9cm) from the pelvic depth posterior and 79% (abo&t&m)

from the pelvic height inferiofSeidel et al., 1995 The ASIS marker position was also
used to project to the location of L5/S1, based on reports that L5/S1 shdolchtesl

about 40% to 50% of the distance of the ASIS (beginning) to the postaperior iliac

spine (PSIS) (end), and about 1.0cin5cm superior starting from the AS(8Backinnon

and Winter, 1993Reed et al., 199% ariviere et al., 2001 Another important constraint

was that a strong correlation (adly >0.9) between modeled and experimental ankle
torque had to be ensured. The hip joint center and L5/S1 adjustment magnitudes and

directions relative to the ASIS marker in the Adfane are shown in Figuel6.
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Figure4.16. Adjustments of ASIS marker to hip joint center and L5/S1 in the AP plane

Within this optimization process, a constant magnitude of adjustment was performed
along the vertical direction, since it was fdumhat the small amount of vertical
adjustment (within 7cm) in the AP direction did not result in any significant variability in
the joint angle. However, the joint angle in the AP plane was extremely sensitive to the
joint center positions in the AP daton, indicating that their accuracy would greatly
affect joint angle. As such, the adjustment in the AP direction was undertaken with a
small step length (0.1cm) through an iterative process. In each step of the iteration, the
root mean square error MSE) of the modeled ankle torque and experimental ankle
torque was calculated. The final hip and L5/S1 positions were those that yielded the

minimum of the RMSE.
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Determination of COM Position

Following the surface marker position adjustment, the whotly center ofmass (COM)

angle along in the sagittal plane was calculated according to the following equation:
S THE

whereM is the whole body mass, ahd, and!"# , are the mass and center of mass

location of ealh body segment.
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Chapter 5 A New Method to Asses$assive and ActiveAnkle Stiffness during Quiet

Upright Stance

Abstract

Both passive and active ankle torqeantribute to postural stability during quiet upright
stance, yet directly measuring their relative contributions is difficult. In this res@arch,
new method was developed to estimate passive and active ankle stiffness (ST) and
damping (DA). In contrast to earlier approaches, the proposed method does not require
external mechanical or sensory perturbations. Instead, the method is based on the
asumption that upright stance is intermittently controlled, and that active ankle torque is
in-phase coherent with ankle angular acceleration. Thus, identifying the local maxima of
ankle angular accelerations facilitates the identification of time windbafsinclude
substantial active ankle torque. After identifying these local maxima and associated
windows, estimates of passive and active ankle ST and DA were obtained using linear
regression analyses. Influences of age and gender on estimated pagsiceve ankle

ST and DA were assessed, as well as the effects of localized muscle fatigue at the ankle.
Consistent with earlier work, passive ankle torque was estimated to account for%4

of the total ankle torque, and to have linear relationshitisthe ankle angle and angular
velocity. Older adults and males both had larger active and passive ankle ST and DA.
Fatigue influenced active ankle torque, particularly among young adults and males. In
conclusion, a new approach was developed to sspassive and active torque
contributions, and which appears to be a promising tool to investigate individual

differences and tastelated effects such as fatigue.
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5.1 Introduction

Control of balance during upright stance is achieved through corretciigees at
multiple joints in the bodyCholewicki et al., 199/uillerme et al., 2002Schieppati et

al., 2003 Gribble and Hertel, 2004Kiemel et al.,, 2008 and which are generated
through intrnsic passive, reflexive, and active voluntary muscular contractions. Among
these, passive ankle torque is associated with viscoelastic characteristics of muscle,
tendon, aponeurosis, and joint connective tissues, when these are stretched in the absence
of reflex or voluntary recruitment of muscle un{tsoram and Lakie, 2003a Active

ankle torque is geerated through two mechanisms, active intrinsic stiffness and reflex
stiffness(Sinkj%ar and Magnussen, 19irbagheri et al., 2001Galiana et al., 2005
Specifically, active intrinsic stiffness is developed through the recruitment of muscle
fibers through feedback and/or feed forward pathw&izpatrick et al., 1994 Reflex
stiffness is presumably activated through spinal or centraxretthways that innervate

muscle fibers during upright stan@doorhouse and Granata, 2007

Both pasive and active components of ankle torque are responsible for the control of
upright stance and postural stability. Previous muscle modeling utilized to simulate quiet
upright stance suggested that passive ankle torque alone might be insufficienttéanmai
upright stancgMorasso and Sanguineti, 2002 Because the passive ankle torque is
smaller tharthe gravitational torque, the use of only passive ankle torque can lead to a
significant and impractical time delay in position control and thus increase instability,
rendering the need for active cont(bbkie et al., 2008 A number of studies have also

confirmed the existence of active control torque durdpright stancéLoram and Lakie,
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2002a Loram et al., 2005b In terms of reflex activity, it occurs in response to tonic
stretch due to the lengthening of a muscle during s@dybagheri et al., 2000
However, this reflex activity remains quite difficult to measure, due to the minimal
muscular activity associated with quiet upright stafkgtzpatrick, 2003 In fact, ankle

reflex activities have not been detected for small perturbations during quiet upright stance

(Loram and Lakie, 2003a

Research efforts have been made to quantify ankle stiffness and damping. Ankle
stiffness has been measured in different postures, mostly involving the use of external
mechanical or sensory perturbations. For instance, studies have employed supine
postures$with plantafflexion and dorsiflexion ankle motion$subjected to sequential

and random perturbations, wherein passive, active, and reflexive ankle stiffness was
measued (Kearney et al., 1997Galiana et al., 2005 Previous work also measured
passive ankle stiffness in a seated posture, using an ankle robot for generating plantar
flexion/dorsiflexion and inversion/eversion ankle moti¢Rsy et al, 201]). Passive and

active ankle stiffness has also been measured in upright stance postures: 1) standing on a
rotating force plate with very small-phasic random rotational perturbatidhsram and

Lakie, 2002% 2) standing on a rotating platform, with a relatively larger random
rotational perturbationfCasadio et al., 20053) standing on the ground, with stof

sines functional isual scene perturbations appligdemel et al., 2008

It is evident that most of these studies have involved the use of sequential or random

perturbations. The use of such perturbations to estimate passive, active, and reflex
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muscular stiffness can ensure separation of the passive and active compaments fr
reflexive aspects of corrective ankle torque. However, ankle stiffness is dependent on its
operating states and the magnitude of the external mechanical perturfMess et al.,

1988 Latash and Zatsiorsky, 1998earney et al., 1997 .oram and Lakie, 2002a

Active ankle stiffness measured with perturbations is larger than what has been obtained
without using perturbations (i.e., during quiet upright stance scenarios). This difference
is attributed to the fact that during perturbations the active antrend reflex pathways
constitute a greater percentage of the total joint stiff(ladagheri et al., 2000 and

much larger muscular responses are elicited than in quiet upright stance conditions

(Loram et al., 2004Casadio et al., 2005

As noted, several existing studies have applied somewhat substantial perturbations to
upright stance, which induced large active intrinsic corrective torques and likely led to
unreliable estimatesf joint stiffness during quiet upright stance. To resolve this, other
researchers have applied very small (i.e., 0.05 degree, 1 degree/s) impulse perturbations
to upright stanc€Loram and Lakie, 2003a These magnitudes were considered to be
close to the magnitude of noise naturally present during quiet upright stance. Regardless
of the magnitude, thdifferences between small perturbations versuspeatrbations

on joint corrective torques are not well understood. The former are likely to induce
elevated voluntary muscle activities, which hence could lead to imprecise estimates of
actual joint sfifness and damping during quiet upright stance. As such, an identification
method that does not use perturbation is considered most appropriate for estimating

passive and active ankle stiffness during quiet upright stance.
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Localized muscle fatigue (LMFaffects multiple aspects of the neuromuscular system,
including: muscle relaxation rate, motor neuron discharge rate, excitatmraction
coupling, metabolic pathways, and force capafipoka and Stuart, 1992 Most of
these physiological changes are related to muscular mechanical performance, stiffness,
and dampindEnoka and Stuart, 1992 For example, musclefiex, contraction, and €o
contraction level influence trunk stiffneg&ranata and Marras, 199%ranata and
Marras, 2000 Moorhouse and Granata, 2007 Following repeated stretahortening
cycle exercises, the peak eccentric stiffness of the soleus muscle déahedal and
Komi, 199§. Similarly, ankle and knee joint stiffness alsocréased following
exhausting stretebBhortening cycle exercis¢kuitunen et al., 2002 In contrast, a prior
study found that joint stiffness, damping, and inertia remain unchandedifeg LMF
(Weiss et al., 1998 Nevertheless, to our knowledge, no prior studies have been
specifically dedicated to addressing whetjunt stiffness and damping change due to

LMF during quiet upright stance, which is one goal of our research.

Aging has adverse to detrimental effects on muscular mechanical properties, inducing
muscle atrophy, reduction of muscle fiber size and myéasnction, reduced muscle
mass/volume and cross sectional area, and decreased contractile d&auciby and
Saltin, 1983 Bruce et al., 1989Akagi et al., 2009Canepari et al., 20)0 Aging also
causes motor neuron changes leading to decreased motor uhirgesaates and
increased motor unit discharge variability, decreased lumbosacral spinal cord motor
neurons and numbers of motor neur@fRsos et al., 1997Doherty, 2003 Muscle

mechanical performance and motor neurons are associated with passive and active joint
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stiffness. As such, joint stiffnes®uld change with age. Indeed, it was demonstrated
that older adults have larger passive joint stiffness during wal(lSiider et al., 2008

Due to loss of general muscle strength during locomotion, the active control of plantar
flexors was compromised, inducing an increase of passive hip stiffness among older
adults (Goldberg and Neptune, 2007 Despite these studies, agdated changes in
passive and active ankle stiffness and damping were nostudibed and still need to be
investigated, specifically for the quiet upright stance condition and considering the effects

of ankle LMF.

The primary purpose of this work was to create a method to estimate passive and active
ankle stiffness and dampingurihg quiet upright stance without the use of external
perturbations. Secondary to this main goal, this new method was used to assess the
effects of aging, gender, and ankle LMF on joint stiffness, damping, and inertia. The
method was motivated by someisgting studies suggesting that quiet upright stance is
under intermittent contrdlLoram and Lakie, 2002k.oram etal., 2005h Loram et al.,

2017). Based on the theory of intermittent control of upright stance, and our earlier work
(Chapter 4), we developed a new algorithm to separate the passive and active ntsnpone

of active ankle torque.

5.2 Methods

5.2.1 Experimental and Modeled Ankle Torque
The experimental data used in this study were obtained from a previouglstudyal.,
2009, in which trials of quieupright stance were completed; relevant procedures were

provided in Chapter 4. These data included wihol@y kinematics and ground reactions
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forces. Using the model described below, an estimate apkle torque, in
plantar/dordiexion, was calculated wh a threesegment model (leg, torso, and head).
The modeled ankle torque was calculated using adom inverse dynamics approach,
where the ankle, trunk, and head angles were estimated based on reflective markers in the
existing dataset (Figurg.l B A; details in Appendix A). Actual (experimental) ankle
torque was used to validate the modeled ankle torque, and was determined using a 2D
model (Figures.1 - B). In this latter model, foot mass and center of mass location were
obtained from existing antbpometric datdEnoka, 2008 Center of pressure location

was determined from ground reaction forces obtained from a force platfdre
experimental ankle torque was solely used for validating modeled ankle torque, and the
modeled ankle torque was involved in the calculation of passive and active ankle
stiffness. As such, estimates of passive and active ankle stiffness were bagbdeen a
segment model considered able to reasonably represent upright (stancet al., 2007

Kiemel et al., 2008
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Figure5.1: Approach for determining modeled and experimental ankle torques,«{A) T
modeled ankle torque,-us.,: ankle angle! 4g0,: trunk angle! . : head angle; (B)l
experimental ankle torque,y:Fhorizontal ground reaction force,:Fvertical ground
reaction force, COfg COP location in the AP direction,.-Hankle height, Mo mass of

foot, CMoi: center of mass of foot.

5.2.2 Passive and Active Zones and Ankle Torque

Previous studies indicate that quiet upright stance is controlled intermit(eakie et

al., 2003 Loram et al., 20056 and which involves only intermitte OburstsO of active
(muscular) control of upright stance. In the absence of active control, there are passive

contributions, due to tissue stretch and/or deformation. In turn, this intermittency in
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active control implis that distinct OzonesO or time windows should exist, which involve
either passive (P) or passive + active (P+A) control.  While they maskisty the
respective lengths of the passive and active zones are different. Active zones only exist
when intermitent muscle bursts are present. In contrast, passive zones exist throughout a
period of postural sway, excepting those situations near a neutral joint configuration. In
P zones, while some active ankle torque might be present, the magnitude is li&ikly sm
relative to in the P+A zone. This latter assumption is supported by results from Loram
and Lakie (2002b), indicating that the soleus muscle contracts intermittently and no that

major muscle activities could be detected between these intermitterde=piso

Because active zones involve bursts of muscle activity, one approach is to measure such
activity directly. In the current method, an alternative method was used to identify the
P+A zones. Based on our earlier results using a sliding mode cawtdel (Chapter 4),

active ankle torque (J is strongly inphase coherent with ankle angular acceleraign (

a0), as demonstrated in Figug2. Thus, local maxima of active ankle torglie
associated with muscle activity are coincident with local maxia of Azac. By
identifying local maxima in the absolute valuesAgf., then the temporal centers of P+A
zones can be identified, and these zones should range (temporally) on both sides of the

local maxima.
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Figure 5.2: A sample of modeéstimated active ankle torquej Tand ankle
angular acceleration (AJ).

Three steps were used to determine, in each trial, the temporal location and size of the
P+A zones (Figur®&.3). First, as noted earlier, the center points of each P+A zone were
identified using local maxima of absolute valuesAgf. time series. Second, the size
(duration) of each P+A zone was determined. As the experimental data were sampled at
20Hz, the intervabetween data points is 50ms. As such, the size of a P+A window can
only be in increments of 100 ms. From earlier wrtram and Lakie, 2002t.akie et

al.,, 2003 Loram et al., 2005bLoram et al., 2011 the time interval between soleus
muscle contractions during upright stance is 383 £ 55 ms. To yieldarabie intervals

here (i.e., 20 400 ms), the P+A window size was set to 200 ms (see below for a
sensitivity analysis). Third, and given the locations/durations of the P+A zone, the P

zones were simply the time windows adjacent to P+A zones.
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Figure5.3: Steps used to determine the local maxima, passive (P) zones, and passive +
active (P+A) zones. The P+A zone size is fixed in size (200 ms), yet the P zone sizes
vary. Step lidentify the local maxima of absolute values of ankle angular acceleration

(Aaad; Step 2: Determine the locations of P+A zones; Step 3: determine the locations of

P zones.

After identifying the locations of the P and P+A zones, these zones were magpédet
torque. Specifically, passive ankle torque was extracted from the P zones, and combined

passive plus active ankle torque was extracted from the P+A zones.

5.2.3 Passive and Active Ankle Stiffness and Damping
Following the procedures demonstratedove, numerous P zones, P+A zones, and
passive and active ankle torques are available. It is thus possible to undertake regression

analyses between ankle kinematics and kinetics, and thereby estimate stiffness and
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damping contributions to ankle torque.Preliminary analysis showed that linear
regression models were appropriate. In P zones, there is only passive ankle torque, and
passive ankle torqueTy) has the following relationship with ankle angle and angular
velocity:

R T T A O TR prmen 1)
In P+A zones, there are both passilig and active T,) ankle torque contributions, thus:
Py =1+

(2)

with I, represented as:

! !
Po UMDy g Dirugon DM 10y pagop g ! 1

rwsos U1 s (3)
where

I'' . Passive ankle torque in P zones

I'' - Active ankle torque in P+A zones

't Ankle torque in P+A zones (passive + aetankle torque)

I s - Ankle angle! g0, : Ankle angular velocity,: Ankle angulamacceleration
I'magoe - Trunk angle

I'| : Passive ankle stiffness

I'i1 rasos - Active ankle stiffness related to ankle angle

i1 rass - Active ankle stiffness related to trunk angle

I, : Passive ankle damping

I, I Active ankle damping

I: leg moment of inertia
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For linear regression analyséise Matlab regressfunction was used and®Rndp values

were obtaned for evaluation of model fits. The specific predictor variables in the
equations above were determined using an iterative explorative method. For both passive
and active ankle torque equations (equations 1 and 3), the first step included only ankle
argle and ankle angular velocity. For passive ankle torque (equation 1), inclusion of only
these two predictors was sufficient to obtain significance of the mpdelQ.05) and

high R values (>0.9). For active ankle torque (equation 3), using only the 8&0
predictors was not effective {R 0.01,p>0.05). Adding trunk angle was more effective
(R*~ 0.3- 0.6,p<0.05) as was adding ankle angular acceleratién- (R590.8,p<0.05),

and thus these two were included in the model. Addition of othedigtors and
interactive effects, sUCh aSug0,! ! g0 » | rugoe ! | irwsoe Liew o Liew o ! wse, o did NOt
substantially improve the model predictions. In contrast, removal of any of the other

predictors in the equations above substdigtimpaired model predictions.

To verify the P+A zone identification process described above, a sensitivity analysis was
conducted to determine the effects of assumed P+A zone size on passive and active ankle
stiffness and damping, and leg inertia. Wsed earlier, the P+A zone sizes start from
100ms and can increase in 100 ms increments (given the data available). Here, there are
only three possible choices of the time window (i.e. 100, 200, and 300ms) that still allow
for reasonable time intervalsetween muscle bursts (P+A zones). None of the noted
variables were highly sensitive to the specific time window size in this range (Bidure

As an additional assessment, specifically of the intermittency of modeled postural
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control, the mean time terval between P+A zones was obtained in each trial (see
Results).

(1) )
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Figure 5.4: The influences of assumed P+A time window size (A:100ms, B:200ms,

C:300ms) on estimated passive lenkstiffnessEk, (Nm/rad) and dampingm,
(Nms/rad) (1), and active ankle stiffnéSEaankie Katrunk, ankle dampingm,, and leg

inertiaE | (N.m.s/rad) for a representative trial.

5.2.4 Analysis

To evaluate the current approach, root mean square errorsE)RaME coefficients of
determination (B were obtained between modeled and experimental ankle torques in
each trial. Also for each trial,’Rvas obtained to assessing the quality of the fitted
passive and active ankle torque regression equations (Eqd B)a Two groups of
dependent variables were obtained: 1) passive ankle torque, stiffness, and damping of the
ankle; and 2) active ankle torque, stiffness, damping, and moment inertia of the leg.

Respective means of the dependent variables were obtamdée: three préatigue and

136



three posfatigue trials, and these means were used subsequently in statistical analyses.
Effects of age and gender were evaluated infgirgue trials using separate tway
ANOVAs. Differential effects of fatigue assated with age and gender were analyzed
using separate twaway ANCOVAs on change scores (péstigue B prefatigue) for

each dependent variable, with independent variables of age and gender, and the pre
fatigue measure as a covariate. The level of saanfie for all tests was setpak 0.05,

and all statistical analyses were performed using JMP 9.02 (SAS Inc., Cary, NC, USA).

5.3 Results

5.3.1 Representative Trial

Both modeled and xperimental total ankle torquare shown in Figuréb5 for a
representate trial. In this, the torque values represent the summed contribution from
both ankles. A small difference is evident between modeled and experimental ankle

torques (RMSE = 1.1 Nm,’R 0.93).
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Figure5.5: Modeled and experimental ankle torque for a representative trial.

Ankle A-AC, ankle torque, and the passive and P + A zones for the same representative
trial are shown in FigurB.6. It is evident that all of local maxintave been identified as
indicated by the assistant curve (top Figure). The distribution of the local maxima is also
fairly uniform through the duration shown. The mean time interval between the P+A

zones (muscle bsts) was 545ms for this trial.
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Figure5.6: Passive and passive + active zonesapkle angular acceleration and ankle
torque for a representative trial. (Time interval refers to the mean time interval for the

trial).

The relationships between ankle angle and passive ankle torque, as well as between ankle
angular acceleration and active ankle torque, are shown in Figdre A linear
relationship between passive ankle torque and ankle angle is evident, with a strong

comrespondence between the two measures. Some linear correspondence also exists
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between ankle angular acceleration and active ankle torque. The low correspondence,
though, indicates that other predictors are needed (e.g., ankle angle and angular velocity

ard trunk angle). Similar outcomes were found in the majority of trials.

n o
T T

Passive Ankle Torque (N.m)
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Figure 5.7: Relationships between ankle angle and passive ankle torque, and ankle

angular acceleration dractive ankle torque, for a representative trial.

For the same representative trial, both experimental and predicted passive and active
ankle torques are presented in Fig8, where the latter were obtained from the

prediction equations (1 and 3). timis trial, a high correspondence was found between

140



the two sets of passive torques, and a somewhat weaker correspondence for active

torques.
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Figure 5.8: Experimental and précted passive (top) and active (bottom) ankle torques

for a representative trial.
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5.3.2 Model Performance

Across all trials, the mean (SD) coefficient of determinatidrb&ween experimental
and modeled ankle torques was 0.89 (0.25). Root mean squane (RMSE) between
modeled and experimental ankle torques were 2.75 (2.12) N&D¥8 of overall ankle
torque). Coefficients of determinatiorf flom passive and active ankle torque model fits
were 0.91 (0.08) and 0.61 (0.15), respectively. The timevaite between identified

P+A zones was 548(27) ms.

5.3.3 Statistical Results

A summary of statistical results, regarding the effects of age, gender, and fatigue, is
presented in Table.l. These results are presented in more detail below, separately for
prefatigue trials and regarding the effects of fatigue on passive stiffness, passive
damping, passive torque, active stiffness (ankle contribution), active stiffness (trunk

contribution), active damping, active torque, and leg inertia.
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Table5.1: Summary of statistical results. For each dependent measure, summary statistics are give
and posffatigue trials, along with the effects of age (A) and gender (G) offiatigeie masures and fatigu
induced changes. Significamt € 0.05) effects are bolded, and those approaching significanc®.06) ar
underlined. k passive stiffness, ;k active stiffness, f passive torque, e active stiffness (ank
contribution), kqunk active stiffness (trunk contribution),,;active damping, ¥ active torque, |I: mome

inertia of the leg.

Pre-Fatigue Fatigue
Mean(Std) A G AXG A G AXG Mean(Std)
Kp 661(199) 0.0087 <0.0001 0.29 0.39 0.65 0.46 669(199)
(N.m/rad)
Passive Mp 27.7(28.0)  0.010 0.0073 0.64 0.17 0.79 0.12 31.5(35.8)
(N.m.s/rad)
(NTnF)’ 33.8(134) 058 078 0016 066 030 056 31.3(13.4)
Ka-ankie 102(44.8) 0.0007 0.0005 0.079 0.09 050  0.057 97.9(40.3)
(N.m/rad)
ka-t/rurék 104(83.8) 052 <0.0001 0.36 049 081 0.13 106(79.5)
Active (N.m/rad)
Ma  192(194) 0088 00027 052 023 0.92 0.13  24.3(23.2)
(N.m.s/rad)

| 2900188 0051 00017 018 072 067 072  286(182)
(N.m.s"2/rad)

Ta 1.07(0.64) 0.003 0.0004 0.0206 0.033 0.33 0013 1.16(0.63)
(N.m)

5.3.4 PreFatigue

Age and gender had significant main and/or interactive effects on all of the dependent
measures, with specific quantitative differences summarized in b@blePassive ankle
stiffness and damping were both larger among older adults and among fak=sve

ankle torque was substantially higher among older vs. young males, with a smaller and
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opposite age effect evident when comparing between older and young females. Active
ankle stiffness (ankle contribution) was larger among older adults. Matebidlaer

values of active ankle stiffness (both ankle and trunk contributions), damping, and leg
inertia. Active ankle torque was higher among males in both age groups, though this
gender difference was more substantial in the older group. Furthegdusty and older
females had comparable values, whereas older males had much larger values than young
males. Though only approaching significance, leg inertia was higher among older vs.

young adultsgg = 0.05).

Table5.2: Summary of age and gender differences in the dependent measures (see Table
5.1 legend). Only significant pratigue differences (between age groups and genders)

are presented.

Passive Active

kp Mp Ka-ankle Ka-trunk My | Ta
(N.m/rad) (N.m.s/rad) (N.m/rad) (N.m/rad) (N.m.s/rad) (N.m.s"2/rad) (N.m)
589 20.8 97.4 0.81
Young 139 (14.3) (33.5) (0.31)
1.33

732 346 105
Older (224 (35.9) (53.4) (0.78)
| 775 355 129 137 26.1 36.3 1.34
Male (224) (32.0) (44.2) (98.9) (20.9) (20.9) (0.66)
Female 555 20.6 75.3 72.9 12.9 23.9 0.82
(224) (21.8) (25.8) (50.9) (15.5) (14.4) (0.53)
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5.3.5 Effects of Fatigue

Only passive ankle torque was significantly affected by fatigue, and which decreased by
~7%. While not a significant fatigue effect overall, active ankle torque increased, and the
magnitude of this increase was influenced by age and the age x gender int¢fadtien

5.3). Fatigue led taan increased active ankle torquéthin the young group and
slightly lower active torque in the older group. Within age groups, the effects of fatigue
were divergent between genders. While only approaching significancefféiots of
fatigue on active ankle stiffness (ankle contribution) was more pronounced among males

in comparison to females, and the divergence is more substantial in the older group (p =

0.057).
Table5.3: Active ankle torque during prand postfatigue trials.
Active Ankle Torque (Nm)
Pre Fatigue Post Fatigue Post - Pre Post - Pre
0.81 1.03 0.23 Male  0.39 (0.44)
Young (0.31) (0.56) (0.36)
Female 0.053 (0.12)
Older 1.33 1.28 -0.052 Male -0.17 (0.17)
(0.78) (0.67) (0.18)
Female 0.068 (0.095)
1.34 1.46 0.11
Male (0.66) (0.61) (0.44)
0.82 0.88 0.06
Female (0.53) (0.49) (0.11)
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5.4 Discussion

This study sought to develop a new method (model) for calculating passive and active
ankle stiffness and damping during quiet upright stance. In cotdrasisting methods,

this new approach does not require the application of external mechanical or sensory
perturbations. It was motivated primarily by experimental findings that upright stance is
intermittently controlled by lower extremity muscle groypsram and Lakie, 2003b
Results using a sliding mode control model (Chapter 4) also contributed, and which
indicated that ankle antar acceleration is #phase coherent with active ankle torque. In
this new method, several OzonesO were identified, specifically involving passive or
passiveplus-active contribution, and associated passive and active ankle torques.
Subsequently, pass and active ankle stiffness and damping were calculated by fitting

regression models between ankle kinematics and kinetics.

The proposed method requires identifying the passive and active zones to determine the
passive and active ankle torques. Adaated from the results, the local maxima of the
ankle angular acceleration were identified with acceptable accuracy, i.e. majority of local
maximum values of the ankle angular acceleration have been identified (Figut@p).

Across trials, the timenterval between P+A zones, which corresponds to the intermittent
voluntary muscle contraction interval during quiet upright stance, was ~ 580 ms.

This value is larger than, but comparable to, previous estimates indicating that the soleus
muscle comaction time interval is about'! ! ! ms during quiet upright stance
(Loram and Lakie, 2002h._akie et al., 2003Loram et al., 2005d_oram et al., 20111

Considering that there is a time delay between muscle contraction and the resultant joint
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motion, 540- 550 ms nay represent an acceptable intermittent control time interval. The
difference between sets of values indicates that the time delay between voluntary muscle

contraction and thpint motion is ~ 150 ms.

Our results indicated that passive ankle torque waded for ~ 9497% of total ankle

torque. This estimate is similar to (although larger than) prior results indicating that
passive torque accounts for ~ 9123% of critical toppling torquéLoram and Lakie,

20028. The current estimate also exceeds two other reported estimates+o8%4
(Casadio et al., 2005nd 50D 60% (Kiemel et al., 2008 and which are explained as
follows. As described bZasadio et al. (2005)krger mechanical perturbations induced
greater active muscular responses, thereby increasing muscular activity and associated
active ankle torque For example, 0.055j and 1j perturbations were useddogm and

Lakie (2002a) and Casadio et al(2005) respectively. The).055; perturbation was
considered to be very small, with a magnitude close to that of hemodynamic noige durin
quiet upright stance; as a result, the measured passive ankle stiffness waKiamet.

et al. (2008 applied visual scene perturbations to quiet upright standinigh induced
relatively large Ig and trunk muscle activity that was easily detectable through EMG.
As such, it revealed an even greater active ankle torque and subsequently smaller passive
ankle torque. In the current study, however, no perturbations were employed, which in
turn likely resulted in a larger passive ankle torque than prior studies, but also likely

represented passive ankle torque more validly.
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Both passive and active ankle torque contridumvard maintaining upright stance.
Here, passive ankle torque had peaksoup7 Nm (single ankle contribution) and active
ankle torque was ~41.5 Nm. The question emerges as to why such a small magnitude
of active ankle torque is important for upright stance stability control. Due to the very
small, slow, and bounded sway tom, active torque (even small) is likely to be
responsible for influencing the sway motion acceleration direction, thereby altering the
motion direction. This rationale has already been demonstrated (and supported) by the
GLP algorithm(Zatsiorsky and King, 1997 which essentiallwiewed upright stance
motion as a series of accelerating and braking segments. Furthermore, quigt uprigh
stance has also been decomposed into a series of ballistic-ahdmatch motions,
consisting of small accelerating and braking motion compongmisam and Lakie,
2002B. As such, during quiet upright stance passive joint torque is used primarily to
counteract the bodyOs gravity toppling torque, while active joint torque is principally
associated with changing the sway direction msponding tdhemodynamics noise (and

other small perturbations)

Results from the current study also confirmed that passive ankle torque has a linear
relationship with ankle angle, and indicating the primarily stiffiessed control of
upright stanceas indicated by Winter et al. (2001). In contrast to this simple linear
relationship, though, the relationship between active ankle torque and ankle angle was
rather complex. We found that active joint torque has a linear relationship with multiple
variablesN namely, joint angle, angular velocity, and angular acceleration. Interestingly,

we found that not only was the ankle angle involved, but the trunk angle as well. Such
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multiple linear relationships between active ankle torque an ankle and trunls angle
suggest that active ankle torque is dependent on both ankle and trunk motion indicating
the possible existence of arktlenk interaction and coordination. This finding may also
reinforce the argument that anklenk interaction/coordination is essiht for
maintaining quiet upright stance, as indicated by earlier stydiesath et al., 2005
Krishnamarthy et al., 2005 Hsu et al., 200/ The leg moment of inertia also
contributed to active ankle torque. This is likely because active ankle torque has a strong
correlation with ankle angular accelecatj which in turn is related to leg moment of
inertia (Figure5.2). Furthermore, previous research showed that joint torque is often
governed by a secoratder function of joint motion, indicating the importance of leg or
trunk inertia in the active comtr model (Hunter and Kearney, 198®1oorhouse and

Granata, 2007

Resuts from this study also confirmed that passive and active ankle torque and stiffness
varies by age and gender. For example, older adults had greater passive ankle stiffness
and damping, and greater aetiankle torque and stiffnesEhe increase in pas&ikactive

ankle torque, stiffness, and damping due to aging has been noted by other studies, which
have indicated that older adults have larger active ankle plantar flexor muscle stiffness
(Ochala et al., 2004 greater active lower extremity stiffnefdortobgyi and DeVita,

1999, and greater passive ankle dorsiflexor stiffné¥andervoort et al., 1992a
Gajdosik et al., 2004 In contrast, smaller passive planfigxion torque(Simoneau et

al., 2009, ankle tendon stiffne@darici and Maganaris, 2006 and passive ankle torque

(Gajdosik et al., 1999 have also been reged among older adults. Several

149



considerations are offered to address these contrasting results. First, it should be noted
that the decrease in ankle tendon stiffness noteNdnci and Maganaris, 2006 not

equal to the decrease in muscle tendon related stiffness, the structures of which become
stiffer in the older grougVandervoort et al., 1992&ubo et al., 200l Additionally,

older adults generally experience smaller ranges of ankle motion, meaning that the aging

ankles are stiffer and less compligandervoort et al., 1992l65ajdosik et al., 2004.

Second, thougemallerankle torquevas observedmongolder adultdan Gajdosik et al.,

(1999, it does not necessarily lead to smaller stiffness and damping. This is because

ankle stiffness depends on both ankle torque and ankle angle; a smaller ayldector

be associated with even smaller ankle angle and thereferated ankle stiffness.

Regarding gendeaelated differences, this study showed that males had greater passive
ankle stiffness and damping, active ankle torque, active ankle stifineits ankle and

trunk contributions), active ankle damping, and leg inertia. Such gender differences in
stiffness have also been identified across several {emteemity muscle groups by prior
studies. For example, females typically have smaller ab@estring and quadriceps
muscle stiffness and leg stiffness than m&@sanata et al., 2002while males have
greater passive and active knee flexor muscular stiff(@lsskburn et al., 2004and

larger cecontractionbased active knee torque than fem&&'sjtys et al., 2002 Males

also havelarger passive ankle dorsiflexion, and full stretch ankle torque and stiffness
(Vandenoort et al., 1992aGajdosik et al., 2006 These gender differences correspond

to injury epidemiology, for example the evidence that female athletes have a 25% greater

risk of ankle sprain injury ah older females accounted for over 70% of -femal
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unintentional fall related injuries during emergency department visits in @0@sa et
al., 2000 Stevens and Sogolow, 2005Though other factors can also contribute to this
gender difference, this difference in injury risk may be related to the relatively smaller

passive and aste ankle stiffness and damping among females.

In the presence of ankle LMF, passive ankle torque decreased, indicating compromised
performance related to passive ankle viscoelastic tissues, and which is also in agreement
with previous work(Kuitunen et al., 2002 Apart from the noted changes in terms of
passive ankle torque, a larger increase in active ankle torque was evident among young
adults. Additionally, the increase with faie was more pronounced in young vs. older
males. Such differences may be attributed to the higher percentage of fatigue resistant
(Type 1) muscle fibers and altered anaerobic metabolic pathways present among older
adults(Chan et al., 20QM@itor and Hicks, 2000Baudry et al., 200/KentBraun, 200%.

Ankle LMF also affected active ankle torque differently between genders, with a
substantially greater impact on young males than young females. Multiple factors could
be associated with this gender differencehia effects of fatigue, including underlying
gender differences in contractile capacity, oxidative metabolic capacity, blood flow
occlusion, and central fatigyBarry and Enoka, 20QPaillard, 2012 The gender and

age differences resulting from the fatigue highlight the need to distinguish the
intervention strategies for these populations regarding the occupational fall preventions
(Courtney et al., 20Q1Layne and Pollack, 200Mitchell etal., 2010 Schwatka et al.,

2012).
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Several limitations associated with this study should be discussed. First, we simplified
the entire body to a thresegment linkage, and which viewed the &neint as a rigid

unit. This assumption could lead to imprecise estimates of ankle torque. However, since
the relative motion between the knee and ankle or trunk joints during quiet upright stance
is small, the loss of precision should thereby be sm&kcond, ankle LMF was
conducted only unilaterally; however, both ankles were averaged into one ankle joint in
the threesegment inverse dynamics model. This potential limitation might introduce
some bias to the ankle torque calculation. During quieighip stance, though, the
magnitude of ankle motion is small so that such bias is likely minimal. Third, the hip
joint center and L5/S1 locations were determined based on existing literature, with an
optimization process described in Chapter 4. The fatgnmprecise estimates of these
locations could introduce some errors to both the modeled ankle torque and the ankle
angle, which are essential for estimating passive and active ankle torque, stiffness, and
damping. Methods were w0 reduce such Bars, as described earlier, but such errors
still likely had adverse effects on model predictions. Finally, during the iterative process

of determining passive plus active zone size, the iterative step size was limited t& 50ms

the time interval between sgle, and which was imposed by sampling frequency of
20Hz. A higher sampling frequency would allow for a small step size, and which could

improve the resolution of the P+A zone identification process.

5.5 Conclusions

Thus study sought to create a methiod calculating passive and active ankle torque,

stiffness, and damping without using external mechanical and sensory perturbations. A
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new method motivated by intermittent control theory was proposed to accomplish this
goal. With the new method, passied active ankle torques were separately estimated,
after which passive and active ankle stiffness were calculated based on multiple linear
regression equations. The results showed that passive ankle torque accounted for a large
percentage of total ankterque. Interestingly, we found that active ankle torque may be

not solely a function of ankle angle, but dependent on trunk angle as well. Results also
showed that passive and active torque, stiffness, and damping were larger among males,
with more submntial divergence between genders within the older group. Following
ankle LMF, a larger increase of active ankle torque among young adults and males was
evident indicating the need of age and gender specific interventions for occupational fall

preventiors.
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Appendix A

In this section, the inverse dynamics model employed in the study is briefly presented.
Only ankle, trunk, and neck joints are considered in the model. During quiet upright
stance, knee joint motion is relatively small refatto ankle motion, and as such the knee
joint is treated as a rigid link.

The three segment inverse dynamics free body diagram is shown in 5=Rjure

ay2

Ltrunk

Ltrunk

Gtrunk

Figure5.9 The forcesand moments of a three segment inverse dynamics model.
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Where the notations are listed as follows:

1! g IS the ankle moment; g0, IS the trunk momernt;, - is the neck moment;

2.1 1y is the leg weightt 40, IS the leg weightt | .4 IS the neck weight;

3.!, and!, are ground reaction forces;, and!,, are trunk joint forced;,, and!,, are
neck joint forces;

4N ys00, D imugo 1! 1gg lare theankle angle, trunk, and neck angles;

5.1 e, | g are the angular acceleration of the leg, trunk, and neck;

6.!, is the leg center of mass linear acceleration along the sagittal plaisethe leg
cente of mass linear acceleration along the frontal plange;is the trunk center of mass
linear acceleration along the saggital plahe; is the trunk center of mass linear
acceleration along the frontal plane; is the neck center of ma$isear acceleration

along the saggital plane;, is the neck center of mass linear acceleration along the
frontal plane;

7.1 is the leg lengtht .4, » is the distance of the leg center of mass to anklgge,

is the tunk length;! 14g001 1+ 1 IS the distance of trunk center of mass to the proximity end

of the trunk.

For ankle, trunk, and neck, the following force and moment equilibrium equations are

applicable.

Z!!!!
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In these equations, the force plate forlgeand!, are ground reaction foes, which were
obtained from the force platform reaction forces measurement. The joint angle, angular
velocity, and angular acceleration as well as the segment linear acceleration are obtained
from reflective marker data. The other parameters, sucheasetiment mass, center of

mass position, and segment length, were obtained from the litef@hoka, 2008

A top (neck) to down (ade) approach was employed when calculating joint forces and
moments. It was assumed that by applying adimpn approach, errors in estimated
neck torques could be reduced, which would otherwise be sensitive to inaccuracies in

estimated trunk and leg nses.
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Chapter 6 Conclusions, Limitations, and Future Research

6.1 Research Revis#

In this dissertationthree studies were conducted that investigated joint coordination, the
central postural controller, and passive and active ankle stiffness cortgpoidrough
separate analyses were conducted, modeling the control of upright stance was central to
all three. In this work, majors goal were to help understand better the mechanisms of
postural control, to identify the effects of localized muscle fatigeader, and aging on

the postural control process, and to quantify the roles of ankle stiffness in the postural
control pathway. It is expected that the results of these studies may facilitate the design
of new theoretical postural control models andsgiloly offer some insights to fall
prevention training programs. The major research conclusions, limitations, and

suggested directions for futuresearch are discussed below.

6.2 Research Conclusions

6.2.1 TwaJoint and Whole Body Coordination

Joint (orbody segment) coordination is important for achieving effective postural control,
or balance, in diverse daily and occupational activities. It has been suggested that the
ankle, trunk, shoulder, and head are coordinated together in various postures such a
upright stance and sib-stand movementsScholz and Schsner, 199Black et al., 200,/

Hsu et al., 200/ While a fundamental understanding has been gained regarding
coordination patterns in time or frequency domains separately, little is known in the time

frequency domain. To address this, f@mt coordinationwas studied using a wavelet
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coherence method, with the goal to characterize the coordination patteroih itinie

and frequency domains.

Results from this method indicated that the wavelet coherence oflardde anklerunk,

and anklehead were signidant over a wide frequency range (i.e; & Hz).
Furthermore, the wavelet coherence was not continuous, but rather was intermittent with
a time interval of about 1 sec between instances of significant wavelet coherences. The
phase relationship betwegairs of joints also appeared intermittent, with botiphase

and antiphase behaviors appearing at certain frequencies. Such an intermittgmntwo
coordination pattern was identified for both adjacent joints (akké=) and nomdjacent

joints (anke-head), suggesting that joint coordination is possibly governed by both
mechanical constraints and certain central control mechanisms. With respect to the
effects of aging, older adults displayed a larger akikke timeinterval in the sagittal
plane,as well as a larger ankteunk timeinterval in the frontal plane, suggesting an-age

related redction of joint coordination.

In addition to twejoint coordination analysis, whole body coordination was studied using

the uncontrolled manifold (UCM) method he shoulder, head, and whaledy center of

mass (COM) were analyzed, to assess whether one or more of these might serve as the
control goal(s) of whole body coordination. Both shoulder and head UCM values were
greater than 1, whereas the COM UCM esluvere smaller than 1. Based on earlier
literature, if a variableOs UCM is smaller than 1 then it is unlikely that the variable is the

control goal of the whole body coordinati¢cholz and Schsner, 199Black et al.,
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2007. Hence, the current results suggest that the shoulder or heambrardikely the
control goals, as opposed to the whotely COM. These findings differed from
previous research results, which demonstrated that the Awbdie COM is likely the
coordination control gogBlack et al., 200,/Hsu et al., 200/ As such, further research
is needed to investigate whether COM is indeed the whole baalglination control

goal.

Following localized muscle fatigue (LMF) at theké the intermittent time interval
generally increased, indicating reduced 4ot coordination postatigue. This fatigue
induced decrease in coordination was especially notable in young adults. Such an age
related difference is in agreement with \poais studies, which showed that exercise
induced muscle fatigue is more substantial among young vs. older @diitts et al.,

2000 Ditor and Hicks, 2000Kent-Braun et al., 2002 A similar outcome was also
evident for the results of UCM analysis, as the values were significantly decreased

following ankle LMF,and implying a postatigue decrease in whole body coordination.

6.2.2 TwaJoint and Whole Body Coordination: Implications

Reduced joint coordination induced by fatigue and aging may suggest a reduced ability
for detecting and/or recovering from fallg fact, the importance of joint coordination in

fall prevention has also been noted by previous research. It is known, for example, that
training programs that emphasize body flexibility and coordination, such as Tai Chi and
dynamic walking, are usefubf fall prevention(Li et al., 2005 Gregory and Watson,
2009. Hence, the current results provide some explamatind a potential basis

regarding such fall prevention and péat rehabilitation programs among older adults.
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Furthermore, since muscle fatigue also compromises whole body coordination which
suggests a potential increase in postural instability fatigwprolonged and/or
physicallydemanding work, occupational fall prevention programs might need to
emphasize joint coordination to reduce the risks of occupational falls, especially among

older workers.

6.2.3 An Intermittent Sliding Mode Postural Controller

Quiet upright stance has been modeled using continuous postural confkalierd 995
Peterka and Loughlin, 2@, Kiemel et al., 2008 However, previous experimental have
also indicated that quiet upright stance is likely maintained through intermittent rather
than continuous control mechanisth®ram and Lakie, 20Q2.oram et al., 20042005

Loram et al., 2011 Inspired by these experimental findings, an intermittent postural
controller was constructed and applied to model human upright stance. Specifically, a
singlesegment inverted pendulum was used, and coofréhis was modeled with a
sliding mode intermittent controller. The motion of the sliding mode controller was
driven by an intermittent control signal, which was used to minimize errors between

desired and estimed trajectories.

Based on the results @ined, the sliding mode controller can reasonably track upright
stance (e.g. the COM angle, angular velocity, and angular acceleration time series).
Furthermore, the model yielded estimates of required ankle torques that were consistent
with the actual akle torques derived from experimental data. The estimated ankle
torques were also decomposed into passive and active components, based on whether the

torque was associated with feedback control signals (passive: no feedback; active: with
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feedback). Ovall, the estimated passive component of ankle torque accounted for 97%
of the entire ankle torque, which was in a good agreement with estimates reported

previously(Loram and Lakie, 20QZasadio et al., 2005

Following the onset of ankle LMF, an increase of the error in ankle angular acceleration
tracking was evident. The reduced correlation between modelegkpadmental ankle
torques suggests that the control model implemented here may be insufficient to account
for the effects of fatigue. Despite this, and based on the outputs from the postural control
model, males and young adults may have larger increasastive ankle torque post
fatigue. As suggested previougitevens and Sogolow, 2Q@evens et al., 2009such
differences in active ankle torque with respect to age and gender can aid in the design

targeted falprevention taining programs.

6.2.4 Intermittent Controller: Implications

This study demonstrated a relatively high tracking performance of the sliding mode
controller. It is thus feasible that the sliding mode could, at least abstractly, represent the
actual underlyng postural controller for upright stance. Alternatively, the sliding mode
controller could be comparable to the actual body controller in terms of its kinematic and
kinetic performance. In addition, it appears that the passive component of ankle torque
plays a critical role (97% of the entire ankle torque) in maintaining quiet upright stance.
As such, fall prevention training programs may benefit from attention to improving
passive musculoskeletal mechanics to enhance posture stability aiceé tbd 15ks of

falls.
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6.2.5 A New method for Calculating Passive and Active Ankle Torque, Stiffness, and
Damping

Both passive and active ankle torques contribute to maintaining upright gtéo@sso

and Sanguineti, 200Kiemel et al, 2008. In this study, a new method was developed to
separate the passive and active ankle torque contributions. This method is novel in that it
does not require complex experimental settings to deliver mechanical and (or) sensory
perturbations, as as required in previous studies. Instead, it is based only on
measurements of whole body kinematics and ground reaction forces during quiet upright

stance.

This new method was based on the assumption of intermittent postural control, as
discussed aboveActive ankle torque was assumed to be developed intermittently and to
exist only during contractions of skeletal musdlesram et al., 204, 2005. Based on
earlier modeling results using the sliding mode controller, it was also assumed that active
ankle torque is coherent with ankle angular acceleration. Thus, intermittent actige zone
were identified from regions around local maxima of ankle angular acceleration, and
estimates of passive and active ankle toreyeee extracted from the identified passive
and active zones. Subsequently, linear regression models were used to estanate pa

and active ankle stiffness from segmental kinemaincksextracted torque data

In additional to the current approach, passive and active ankle torques were also
calculated using the sliding mode controller. Although quite divergent methods were
used, the results were very similar, indeed almost identical between the two studies,

supporting the accuracy of the new method. From applying this new approach, larger
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passive and active ankle stiffness and damping were evident among older adults and
males. Following the onset of ankle muscle fatigue, active ankle torque increased,
particularly among young adults and males. Furthermore, the estimated time intervals
between active zones was slightly larger but still comparable to an earlier report of

measired intervals between muscle buiétsram et al., 2006

6.2.6 Passive and Active Ankle Torque, Stifiess and Damping: Implications

A new method was developed to estimate passive and active ankle torques, stiffness, and
damping. The method is relatively easy to implement and is computationally efficient.
Importantly, this new method does not require pedtions and so is also considered

experimentally efficient.

Larger passive and active stiffness and damping were evident among older adults. These
results are seemingly in contradiction to the general lower muscle strength with age, and
thus the potentlly lower ankle torque among older adul#®nes et al., 199®%ewman et

al., 2003. However, very low levels of muscle activity are needed to maintain quiet
upright stancéRungeet al., 1999Loram et al., 2004 and thus muscle strength does not
appear to contribute greatly to active ankle stiffness during quiet upright stance. The
greater ankle stiffness predicted among oktlults may be due to the use of more rigid

and less coordinated postures, which was also demonstrated through the earlier study of

two-joint and whole body coordination.

Given the increased ankle stiffness among older adults, one relevant questiothes whe

this difference is also associated with a higher risks of (allSturnieks et al., 2008
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Lacour et al., 2008 As reported earlier, a higher stiffness is associated with less
flexibility of the underlying systenfLatash and Zatsiorsky, 1993 Thus, higher ankle
stiffness in the older group may indicate that the physical system of older adults is more
rigid and thus less able to counteract anyxpeeted environmental perturbations such as
slips and trips. However, larger ankle stiffness is unlikely a sole predictor of risks of
falls, since the current results also indicated that males (especially older males) have
larger passive and active anklgfness, yet males also have less risks of {&lEnnan et

al., 1995 Kiely et al., 1998Stevens and Sogolow, 2005As such, ankle stiffness should

be used in conjunction with other measures such cognitive resources and muscle strength

for predicting risks of falls.

6.3 Research Limitations

6.3.1 ExperimentLimitations

The results of this investigation are subjected to some limitations that warrant discussion,
andin particular, two limitationghat are consistent across thk studies are notable.

Both were somewhat unavoidable in the current work, simcexasting dataset was
employed throughout. First, the ankle plantar flexors were fatigued unilaterally, yet the
control of bilateral upright stance requires both legs. As such, any conclusions regarding
the effects of fatigue from the current work magt generalize to bilateral fatigue
conditions. Second, during kinematic/kinetic modeling the anterior superior iliac spine
(ASIS) was used to quantify the pelvis kinematics. This made it difficult to estimate the
true hip joint and L5/S1 location. Whileare was taken, through estimating these

locations by referencing to  anatomical literature and  geometrical
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assumptions/relationships, it is still possible that some errors occurred during the

estimation process.

6.3.2 Methodological Limitations

Regardng the methods used here, one limitation related to the use of only a single
segment inverted pendulum model to assess quiet upright stance. Though several other
studies have used a similar approé€ho, 1995 Peterka and Loughlin, 200Maurer et

al., 2006 Qu and Nudgsaum, 2019 even for the small motions involved during quiet
upright stance a mulBegment approach can provide higher accuracy for estimating joint
kinematics and kinetic&iemel et al., 2008 As such, a multiple segment approach is
expected to address the limitation, and thus should be one focus ef fes@arch. A
second important limitation is related to the wavelet coherence analysis, during which
coherence associated with only frequencies of 2.5z was analyzed, despite evidence
that other frequency bands may also be either interesting ortanp@isu et al., 2007

As such, futue investigation of lower and higher frequency bands would be of benefit.

6.4 Future Work

All three of these studies built upon an assumptions that human upright stance involved
intermittent instead of continuous postural control. In turn, the thregestprovided
support for this assumption. First, tyant coordination appeared intermittent. Second,

an intermittent sliding mode controller was able to track upright stance motions with
good accuracy. Third, and inspired by the intermittent cotiteary, a new method was

used to estimate passive and active ankle torque, stiffness, and damping, and the results

were comparable to other studies using other methods.
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Building on this, and on related studies by other researchers, several directiwomsréor

work are recommended. Moving beyond existing studies, which only measured a few of
the ankle muscles using ultrasound techniques, activities of additional muscles should be
measured, both within the ankle but also more generally in the loweméytend trunk.
Through measurements of these muscle groups, both ankle and trunk muscle activities
can be obtained, which can be used to validate d@nkh coordination patterns, which

have not otherwise been experimentally verified. In additioni$ ithalso can provide
experimental evidence for future modeling of quiet upright stance usingegment
inverted pendulum models. The new method described here for calculating passive and
active ankle stiffness can also be extended to the trunk Owerall, such work can help
contribute to validating intermittent control theory and/or may inspire new and improved

intermittent posturatontrol theories and models.
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