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Abstract	

Minimization	of	metabolic	energy	cost	is	often	thought	of	as	a	fundamental	principle	of	

legged	locomotion.	The	objectives	of	human	walking,	however,	are	unlikely	to	be limited 

to minimizing metabolic demands. Among alternative (or concurrent) criteria, stability	

preservation	 and	 neuromechanical	 factors	 are	 objectives	 warranting	 further	

investigation.	 Through	 a	 series	 of	 three	 studies	 this	 thesis	 examines	 multifactorial	

control	strategies	adopted	by	 locomoting	humans	and	the	hierarchical	nature	of	key	

prioritization	criteria.	The	over-arching	aim	of	this	dissertation	is	to	explore	and	refine	

energetic	cost-based	hypotheses	of	prioritization	in	walking,	to	embrace	the	adapted,	

goal-directed,	locomotor	behavior	of	healthy	adults.	

Whole-body	center	of	mass	(COM)	control	has	been	thought	 to	preserve	mechanical	

and	 metabolic	 economy	 during	 gait,	 however	 the	 sensorimotor	 mechanisms	

responsible	 for	 this	 simplistic	 control	 strategy	 remain	 unknown.	 Chapter	 Three	

therefore	questioned	whether	the	COM	could	serve	as	a	literal	target	of	control	during	

human	walking,	 or	whether	 control	 of	 lower-level	 structures	 (i.e.	muscles)	 is	more	

likely.	Here,	joint	mechanics,	which	are	more	representative	of	muscle-mechanics	than	

COM	equivalents,	were	investigated	as	an	alternative	control	target.	Normal	treadmill	

walking	 was	 compared	 to	 ‘perturbed’	 walking,	 induced	 via	 an	 imposed	 leg	 length	

asymmetry	 (uneven	 footwear	 heights).	 When	 participants	 (N=15)	 used	 their	 ‘self-

selected’	 perturbed	 walking	 gait,	 joint	 mechanical	 work	 (assessed	 through	 inverse	

dynamics)	 was	 maintained	 at	 values	 closer	 to	 normal	 walking	 compared	 to	 COM	

mechanical	work	(p<0.05).	Furthermore,	only	joint	mechanical	parameters	(total	joint	

work	and	support	moments),	and	not	COM	mechanical	parameters	(COM	work,	percent	

pendular	 energy	 recovery,	 and	 vertical	 range)	 were	 minimized	 in	 self-selected	

perturbed	walking	compared	to	other	possible	gait	solutions.	Lower-level	structures	

therefore	appear	to	serve	as	a	more	likely	target	of	control	for	minimizing	mechanical	

effort	compared	to	the	COM	when	an	asymmetrical	leg	length	perturbation	is	applied	

to	walking	 humans.	 This	work	 demonstrates	 a	 less	 simplistic	 control	 strategy	 than	

would	be	expected	upon	analysis	of	the	existing	literature.	Furthermore,	it	indicates	the	

importance	of	lower-level	mechanisms	in	determining	gait	behaviors.	
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Amongst	 the	 strongest	 support	 for	metabolic	prioritization	 in	walking	 are	 previous	

observations	 detailing	 a	 close	 alignment	 between	 the	 minimum	 cost	 of	 transport	

(energy	 used	per	 unit	 distance	 traveled),	 and	 the	 naturally	 self-selected	 (preferred)	

walking	 speed	 of	 humans.	 Chapter	 Four	 further	 investigated	 the	 cost	 of	 transport-

velocity	 relationship	 by	 examining	 treadmill	 walking	 with	 an	 imposed	 leg-length	

asymmetry	(via	uneven	footwear	heights)	across	a	range	of	walking	speeds.	This	study	

questioned	 whether	 metabolic	 energy	 cost	 is	 an	 acute	 priority	 in	 continuously	

perturbed	treadmill	walking,	or	whether	the	ability	 to	attenuate	small	perturbations	

over	 time	 (local	 dynamic	 stability)	 is	 an	 equal	 or	 stronger	 criterion	 dictating	 gait	

behavior.	In	this	case,	inter-stride	speed	regulation	(i.e.	regulating	stride	speed	errors	

to	match	treadmill	belt	speed,	thus	avoiding	drift	off	the	treadmill	ends)	was	used	as	a	

representative	 measure	 of	 local	 stability.	 When	 perturbed,	 participants	 (N=21)	

demonstrated	a	significant	increase	in	the	metabolic	energy	cost	of	walking	across	all	

speeds	(p<0.05),	and	a	significantly	(~2x)	greater	over-correction	of	inter-stride	speed	

errors	 (goal	 equivalent	 manifold	 analysis;	 p<0.05).	 While	 the	 perturbed	 condition	

exhibited	a	U-shape	relationship	between	metabolic	cost	of	 transport	and	speed,	 the	

self-selected	 speed	was	 slower	 than	 the	metabolic	minimum	 speed	 (p<0.05).	 Error	

regulation	was	found	to	be	speed	independent.	Thus,	neither	energetics	nor	our	metric	

of	 local	 dynamic	 stability	 appear	 to	 be	 acutely	 prioritized	 after	 imposed	 leg	 length	

asymmetry	walking.		

Our	enhanced	understanding	of	the	importance	of	peripheral	control	targets	(Chapter	

Three)	 coupled	 with	 questions	 surrounding	 alternative	 criteria	 that	 dictate	 speed	

selection	in	perturbed	walking	(Chapter	Four)	motivated	the	final	study	of	the	thesis.	

Chapter	Five	examined	the	importance	of	neuromuscular	determinants	of	gait	selection	

experimentally	by	‘pitting’	lower	limb	total	muscle	activation	cost	and	the	distribution	

of	the	total	activation	cost	across	muscles	(estimated	from	electromyography	in	eight	

lower-limb	muscles)	against	global	(organismal)	energetic	cost.	This	was	achieved	by	

having	participants	(N=10)	select	between	a	series	of	five	treadmill	incline	conditions	

(primarily	 affecting	 metabolic	 cost)	 and	 crouched	 walking	 (primarily	 affecting	

neuromuscular	activation	and	the	distribution	of	activation	across	individual	muscles).	

Over	 short	 time	 frames,	 healthy	 young	 adults	 prioritize	 minimization	 of	 total	
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neuromuscular	activation	and	a	more	even	distribution	of	 the	total	activation	across	

individual	 muscles	 at	 the	 expense	 of	 an	 elevation	 in	 organismal	 metabolic	 energy	

expenditure	(by	selecting	incline	walking	over	crouch	walking;	p<0.05).	Only	when	the	

incline	condition	reached	a	level	providing	no	neuromuscular	activation	advantage,	did	

participants	select	 the	energy-minimizing	mode	 (crouching).	These	 findings	 support	

neuromechanical	factors	as	strong	prioritization	objectives	in	gait.	

When	taken	together,	the	aforementioned	studies	challenge	the	dominant	paradigm	of	

energetic	 prioritization	 in	 human	 walking	 and	 highlight	 the	 importance	 of	

neuromechanical	 factors,	 in	particular	muscle	activation.	These	 studies	also	 indicate	

that	the	target	of	control	of	walking	may	be	more	directly	associated	with	lower-level	

mechanics	 as	 opposed	 to	 the	 resulting	 COM	mechanics.	 This	 work	 has	 particularly	

relevant	implications	to	the	design	of	assistive	technologies	for	gait	augmentation	and	

rehabilitation,	which	often	target	global	metabolic	and	mechanical	energetics,	and	less	

frequently	consider	lower-level	objectives.
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Chapter	One: General	Introduction	

1.1. Background	

The	principal	target	of	control	is	often	thought	to	be	the	center	of	mass	(COM)	in	human	

walking,	 and	 the	prioritization	objective	 satisfied	by	 this	 control	 is	 considered	 to	be	

energetic	 minimization.	 The	 following	 thesis	 challenges	 these	 biomechanical	 and	

physiological	 dogmas.	We	 firstly	 investigate	 the	 possibility	 of	 a	 lower-level	 control	

strategy.	 Additionally,	 among	 a	 plethora	 of	 conceivable	 prioritization	 criteria,	 those	

that	have	been	selected	for	further	exploration	in	the	current	dissertation	include;	1)	

minimization	 of	 energetic	 losses	 (metabolic	 and	 mechanical),	 2)	 maximization	 of	

stability,	and	3)	minimization	of	neuromechanical	load	(activation	cost	and/or	injury	

risk).		

1.1.1. 	Mechanical	target	of	control	and	objective	prioritization	in	locomotion	

A	 large	 number	 of	 limbed	 terrestrial	 animals	 exhibit	 highly	 comparable	 COM	

mechanical	behaviors	at	 low	(walking)	and	high	speeds	(running;	Blickhan	and	Full,	

1987;	Cavagna	et	al.,	1977,	1976;	Farley	and	Ko,	1997;	Griffin	et	al.,	2004;	Griffin	and	

Kram,	2000;	Heglund	et	al.,	1982;	Rubenson	et	al.,	2004).	Key	characteristics	of	these	

COM	profiles	have	also	previously	been	‘discovered’	by	an	uninformed,	simple	bipedal	

model,	when	its	objective	function	is	set	to	minimize	the	mechanical	cost	of	locomotion	

(Srinivasan	 and	 Ruina,	 2006).	 Furthermore,	 humans	 and	 other	 animals	 have	 been	

observed	 to	 adjust	 joint-level	 parameters	 in	 order	 to	 maintain	 COM	 or	 whole-limb	

dynamics	(Chang	et	al.,	2008;	Ferris	et	al.,	1999;	Ferris	and	Farley,	1997;	Panizzolo	et	

al.,	2017;	Yen	et	al.,	2009).	Taken	together,	these	findings	support	the	importance	of	

higher-level	mechanical	control	in	gait.	However,	the	extent	of	sensorimotor	feedback	

at	 the	 COM-level	 is	 unknown	 and	 there	 exists	 some	 empirical	 data	which	 could	 be	

considered	to	indirectly	support	targeted	control	of	peripheral	structures.	For	example,	

Kao	and	colleagues	(2010)	show	conserved	total	ankle	joint	moments	during	exposure	

to	a	powered	exoskeleton	device,	while	others	have	found	average	positive	mechanical	

work	distribution	to	be	conserved	across	the	ankle,	knee	and	hip	joints	within	normal	

walking	and	running	speeds,	despite	vastly	different	requirements	 for	work	at	 these	

speeds	(Farris	and	Sawicki,	2012).		
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1.1.2. Energetic	prioritization	

Energetic	cost	minimization	is	generally	accepted	as	a	determining	principle	of	animal	

locomotion	 (Alexander,	1989;	Blake,	1991).	A	 large	body	of	 research	underpins	 this	

locomotor	dogma.	For	example,	in	humans	and	other	animals,	a	U-shaped	relationship	

exists	 between	 walking	 velocity	 and	 metabolic	 cost	 of	 transport	 (COT;	 volume	 of	

oxygen	consumed,	per	kilogram	of	body	mass,	per	unit	distance	 traveled;	Abe	et	 al.,	

2015;	Gomeñuka	et	al.,	2014;	Margaria,	1938;	Raffalt	et	al.,	2017;	Ralston,	1958;	Wickler	

et	al.,	2000;	Willis	et	al.,	2005).	When	tasked	with	selecting	a	preferred	walking	speed	

(PWS),	intermediate	velocities	coinciding	with	the	minimal	COT	are	typically	favored	

(Browning	et	al.,	2006;	Ralston,	1958;	Wickler	et	al.,	2000;	Willis	et	al.,	2005).	Humans	

also	respond	similarly	when	selecting	preferred	step/stride	frequencies	(Cavagna	and	

Franzetti,	 1986;	 Minetti	 et	 al.,	 1995;	 Zarrugh	 and	 Radcliffe,	 1978)	 and	 step	widths	

(Donelan	 et	 al.,	 2001).	 Furthermore,	 in	 a	 recent	 study	 by	 Selinger	 and	 colleagues	

(2015),	 optimal	 step	 frequency	 was	 manipulated	 via	 a	 robotic	 knee	 exoskeleton.	

Investigators	 found	that,	 irrespective	of	 the	adjustment	direction	(‘higher’	or	 ‘lower’	

than	normal)	 subjects	quickly	 identified	and	converged	on	 the	new	COT-minimizing	

frequency.	Gravitation	to	more	energetically	favorable	states	has	also	been	observed	

when	 adapting	 to	 asymmetrical	 split-belt	 treadmill	 speeds	 (Finley	 et	 al.,	 2013)	 and	

when	learning	to	walk	with	a	powered	exoskeleton	(Galle	et	al.,	2013).		

1.1.3. Alternative	prioritization	objectives	

The	 strength	 of	 a	 prioritization	 criterion	 is	 seen	 in	 its	 ability	 to	 predict	 behavioral	

responses.	While	metabolic	 cost	minimization	 generally	meets	 this	 requirement	 for	

stable	laboratory	walking,	its	robustness	to	more	complex	and	challenging	locomotor	

environments	remains	 largely	unknown.	There	are	some	previous	cases	where	non-

energetically	optimal	behaviors	have	been	observed	in	human	locomotion	(Ackermann	

and	van	den	Bogert,	2010;	Hunter	et	al.,	2010;	Miller	et	al.,	2011;	Sánchez	et	al.,	2017).		

In	addition	to	energetics,	here	we	consider	two	alternative	objectives	relevant	to	sub-

maximal	 intensity	 locomotion,	 namely	 local	 dynamic	 stability	 and	 neuromuscular	

activation	 costs.	Like	energy	minimization,	 these	 criteria	have	a	 logical	 evolutionary	

basis.	A	 locally	stable	system	is	capable	of	attenuating	small	disturbances	over	time,	
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thus	 promoting	 successful	 task	 execution	 for	 cyclic	motions	 such	 as	 gait.	 Enhanced	

neuromuscular	activation	could	incur	muscle	fatigue,	increased	perceived	exertion,	and	

under	conditions	of	very	high	local	stress,	may	even	lead	to	consequent	muscle,	tendon	

and/or	skeletal	damage.	

Unlike	metabolic	COT,	components	of	local	dynamic	stability	have	been	observed	to	be	

independent	of	speed	when	assessed	via	analysis	of	fluctuations	in	motor	performance	

near	a	goal	equivalent	manifold	(Dingwell	et	al.,	2017,	2010).	To	date,	this	has	only	been	

determined	for	stable	laboratory	conditions	and	therefore	further	analysis	of	stability	

as	a	prioritized	objective	 in	 the	 face	of	 a	mechanical	 gait	perturbation	 is	warranted.	

Neuromuscular	 factors	 have	 received	 growing	 attention	 as	 potential	 prioritization	

criteria.	 As	with	metabolic	 rate	 (Zarrugh	 et	 al.,	 1974;	 Zarrugh	 and	Radcliffe,	 1978),	

muscle	activity	has	been	found	to	be	minimized	near	the	preferred	stride	 frequency	

(Russell	 and	 Apatoczky,	 2016).	 Carrier	 and	 colleagues	 (2011)	 also	 observed	 an	

alignment	between	intermediate	walking	speeds	(similar	to	the	PWS)	and	the	minimal	

cumulative	activation	per	unit	distance	traveled	for	several	major	lower	limb	muscles.	

Due	 to	 the	 highly	 coupled	 nature	 of	 global	 (organismal)	 metabolic	 cost	 and	 local	

musculoskeletal	activation	costs,	these	studies	are	difficult	to	interpret	in	the	context	

of	the	hierarchy	of	locomotor	prioritization.		

Several	 studies	 have	 referenced	 alternate	 psychological	 motivators	 for	 locomotor	

behavior	such	as	pain	and	discomfort	(Xiang	et	al.,	2010;	Yandell	and	Zelik,	2016),	social	

pressures	 (Bornstein	 and	 Bornstein,	 1976;	 Wagnild	 and	 Wall-Scheffler,	 2013),	 or	

cognitive	factors	(Rosenbaum	et	al.,	2014).	Whilst	important	to	our	holistic	explanation	

of	locomotor	behavior,	they	are	outside	the	scope	of	the	current	thesis.	

1.2. Statement	of	the	problem	and	principal	aims	

The	overarching	aim	of	the	current	dissertation	is	to	explore	and	refine	energetic	cost-

based	hypotheses	of	prioritization	in	walking,	to	embrace	the	adapted,	goal-directed,	

locomotor	behavior	of	healthy	adults.	Above,	we	highlight	two	sets	of	questions	which	

could	benefit	from	further	exploration.	Firstly,	where	does	the	target	of	control	reside	

in	 human	 walking?	 Does	 it	 reside	 at	 the	 COM,	 as	 previously	 suggested,	 or	 do	 the	

seemingly	well-controlled	COM	mechanics	represent	a	by-product	of	some	lower-level	
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control	strategy?	Secondly,	what	are	the	primary	objectives	this	control	is	attempting	

to	 satisfy?	 Whilst	 there	 is	 mounting	 speculation	 regarding	 the	 role	 of	 alternative	

prioritization	 criteria	 in	 unperturbed	 and	 perturbed	 locomotion,	 no	 experimental	

studies	 appear	 to	 have	 systematically	 compared	 any	 such	 criteria	 to	 energetic	

minimization.	Here,	in	an	attempt	to	better	understand	the	multi-objective	control	of	

human	 walking,	 we	 identify	 two	 criteria	 that	 warrant	 investigation;	 local	 dynamic	

stability	and	neuromechanical	load	as	estimated	from	muscle	activation.		

1.3. Outline	of	the	thesis	and	specific	research	aims	and	hypotheses	

Chapter	Two	provides	a	comprehensive	review	of	the	relevant	literature.	From	here,	

the	investigation	takes	the	form	of	three	experimental	studies	(Chapters	Three,	Four	

and	Five),	described	in	detail	below.	Chapter	Six	provides	a	general	discussion	with	the	

aim	to	synthesize	findings,	collate	conclusions	and	discuss	limitations,	applicability	and	

recommendations	 for	 future	 work.	 This	 thesis	 is	 presented	 as	 a	 series	 of	 papers	

(supported	 format	 of	 The	 University	 of	Western	 Australia),	 and	 therefore	 Chapters	

Three,	Four	and	Five	have	been	prepared	as	independent,	stand-alone	pieces	of	work,	

intended	to	be	suitable	for	peer-review	publication.	

1.3.1. Study	One	

The	aim	of	the	first	study	of	the	dissertation	(Chapter	Three)	was	to	examine	the	target	

of	control	in	human	walking.	We	investigated	acute	locomotor	control	strategies	during	

exposure	to	a	continuous	mechanical	gait	perturbation	(imposed	leg-length	asymmetry	

via	 uneven	 footwear	 heights)	 and	 questioned	 whether	 conservation	 of	 COM	 or	

peripheral	(in	this	case,	joint-level)	mechanics	would	be	prioritized	in	healthy	adults.	

We	hypothesized	that	joint	mechanics	would	present	as	a	higher-order	control	priority	

than	COM	mechanics.	

1.3.2. Study	Two	

Our	 findings	 from	 Study	One	 shed	 light	on	 locomotor	 control	 strategies,	 suggesting	

lower-level	mechanics	are	more	likely	to	serve	as	a	principal	control	target	than	COM	

mechanics.	 The	 second	 study	 (Chapter	 Four)	 also	 utilized	 an	 imposed	 leg-length	

asymmetry	 to	 perturb	 gait	 mechanics.	 We	 sought	 to	 determine	 what	 locomotor	
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objectives	 the	 acute	 peripheral-level	 control	 could	 be	 satisfying.	 Energetic	

minimization	seemed	likely,	given	the	highly	conserved	joint	mechanical	work.	Thus,	

we	 proceeded	 to	 investigate	 the	 hierarchical	 prioritization	 of	 energetics	 and	 inter-

stride	 speed	 regulation	 (a	 component	 of	 local	 dynamic	 stability);	 given	 our	

perturbation	had	the	potential	to	effectively	disrupt	both	prioritization	criteria.	

Here	 we	 explore	 energetic	 and	 stability	 objectives	 from	 two	 angles.	 Firstly,	 we	

questioned	whether	a	U-shaped	 relationship	between	COT	and	speed	would	prevail	

under	 conditions	 of	 perturbation,	 and	 if	 so,	 would	 PWS	 selection	 continue	 to	 favor	

energetic	 cost	 minimization?	 Secondly,	 we	 questioned	 whether	 regulation	 of	 goal-

relevant	speed	errors	would	be	substantially	degraded	by	the	perturbation.	We	also	

asked	if	error	regulation	would	maintain	its	speed-independence	(Dingwell	et	al.,	2017,	

2010)	and	if	not,	would	PWS	be	selected	in	favor	of	stability	prioritization?	Through	

these	 questions	 we	 investigate	 the	 relative	 importance	 of	 metabolic	 cost	 and	 local	

dynamic	stability	in	perturbed	walking	prior	to	adaptive	motor	learning.	

1.3.3. Study	Three	

The	results	from	Study	Two	could	not	be	explained	in	the	context	of	energetic	or	local	

stability	 prioritization.	 It	 appeared	 an	 alternative	 criterion	 was	 responsible	 for	 the	

locomotor	 behavior	 exhibited	 by	 participants.	 Given	 our	 lower-level	 control	 finding	

from	Study	One,	we	questioned	whether	this	unexplained	factor	(or	factors)	dictating	

locomotor	gait	behavior	may	be	related	to	neuromechanical	load.	Therefore,	our	final	

study	(Chapter	Five)	used	a	unique	experimental	design	to	‘pit’	energetic	and	muscle	

activation	 costs	against	 each	other,	 such	that	minimization	of	 the	two	variables	was	

mutually	exclusive.		

We	aimed	to	determine	whether	metabolic	cost	or	neuromuscular	factors	(total	muscle	

activation	cost	and	its	distribution)	are	prioritized	in	a	population	of	healthy	adults.	It	

was	hypothesized	that	participants	would	accept	high	muscle	activation	costs	in	order	

to	avoid	an	elevated	metabolic	penalty.	
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1.3.4. Concluding	statement	

The	current	thesis	explores	targeted	control	in	human	locomotion	and	the	objectives	

this	 control	 serves.	 Energetic,	 stability	 and	 neuromechanical	 load	 factors	 are	

investigated	 in	 relation	 to	 their	 potential	 for	 prioritization	 in	 stable	 and	 perturbed	

environments.	 Here,	 we	 challenge	 the	 dogma	 of	 energy	 cost	 minimization	 as	 the	

principal	gait	determinant	and	provide	support	 for	multi-objective	control	 in	human	

walking.	 Findings	 from	 this	 work	 improve	 our	 general	 understanding	 of	 basic	 and	

applied	 aspects	 of	 movement	 control.	 Additionally,	 many	 human	 performance	

augmentation	and	rehabilitation	exoskeletons	emphasize	reduced	metabolic	costs	as	a	

key	outcome	measure	or	a	primary	design	objective	(Collins	et	al.,	2015;	Galle	et	al.,	

2013;	 Malcolm	 et	 al.,	 2013;	 Mooney	 et	 al.,	 2014a,	 2014b).	 However,	 as	 discussed,	

metabolic	cost	minimization	may	not	be	the	highest-order	prioritization	objective	of	

the	 central	 nervous	 system	 in	 all	 contexts,	 and	 therefore	 a	 reorientation	 toward	

context-dependent	dominant	criteria	would	be	beneficial.	This	is	also	applicable	to	the	

design	of	our	built	environment	and	certain	other	assistive	technologies	(e.g.	lower	limb	

prostheses),	 which	 could	 also	 be	 erroneously	 targeting	 energetics.	 Furthermore,	

predictive	 models	 of	 animal	 movement	 (and	 their	 evolution)	 may	 benefit	 from	 an	

enhanced	understanding	of	multi-objective	control.	
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Chapter	Two: Review	of	the	Literature	

The	 evolutionary	 goal	 of	 survival	 and	 reproduction	 requires,	 among	 other	 factors,	

sourcing	energy	(food),	hydration	and	shelter,	mate	finding	and	predator	evasion.	From	

a	locomotion	perspective,	an	effective	biological	system	should	therefore	be	capable	of	

performing	bouts	of	prolonged	endurance-related	movement,	and	bouts	of	potentially	

‘high-risk’	 maximal	 performance.	 Well-defined	 prioritization	 criteria	 will	 aid	 in	

predicting	how	a	biological	system	achieves	these,	and	other,	locomotor	task	goals.		

While	 a	 multitude	 of	 criteria	 exist,	 energetic	 cost	 minimization	 (metabolic	 and	

mechanical)	has	received	far	greater	attention	from	the	movement	science	community	

than	any	proposed	alterative.	What	remains	 largely	unclear	 is	how	energetic	 factors	

compare	and	relate	 to	other	 locomotor	objectives.	The	current	dissertation	explores	

prioritization	in	walking,	with	respect	to	the	following	three	criteria;	1)	minimization	

of	energy	losses,	2)	maximization	of	stability,	and	3)	minimization	of	neuromechanical	

load.	 Stability	 and	 neuromechanical	 load	 (estimated	 from	 muscle	 activation)	 were	

selected	 because	 they	 arguably	 represent	 among	 the	 most	 consequential	 factors	

influencing	locomotor	behavior	and	performance.	Indeed,	the	ability	to	maintain	stable	

and	 safe	 (injury	 free)	 movement	 are	 undoubtedly	 important	 for	 the	 evolutionary	

success	of	a	locomoting	species	(e.g.	a	fall	or	musculoskeletal	injury	will	inflate	the	risk	

of	prey	capture,	impair	foraging,	etc.).		

2.1. Mechanical	energy	

The	total	mechanical	work	of	the	body	during	gait	(Wtot)	can	be	estimated	as	the	sum	

of	 external	 (Wext)	 and	 internal	 mechanical	 work	 (Wint;	 Cavagna	 and	 Kaneko,	 1977;	

Willems	et	al.,	1995).	Wext	refers	to	work	required	to	accelerate/decelerate	the	center	

of	mass	(COM).	For	Wext	 to	be	generated,	a	ground	reaction	 force	(GRF;	an	 ‘external’	

force)	 is	 typically	 required.	 In	 contrast,	 Wint	 is	 the	 work	 required	 to	

accelerate/decelerate	 the	 body	 segments	 relative	 to	 the	 COM.	 Such	movements	 are	

mainly	the	result	of	forces	‘internal’	to	the	body	(e.g.	muscle	force).	

Multiple	 studies	 have	 contributed	 to	 the	 current	 understanding	 of	 whole-body	

mechanical	work	production	(Cavagna	et	al.,	2000,	1977,	1976,	1964,	1963;	Cavagna	
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and	Kaneko,	 1977;	Donelan	 et	 al.,	 2002a;	 Fenn,	 1930;	Minetti,	 1998;	Willems	 et	 al.,	

1995;	Winter,	1979).	The	application	of	Kӧnig’s	 theorem	states	 that	 the	total	kinetic	

energy	(KE)	of	a	system	is	comprised	of	the	KE	of	the	whole-body	COM	and	the	KE	of	

the	 segments	 relative	 to	 the	 COM.	 The	 combined	 COM	 KE	 and	 COM	 gravitational	

potential	 energy	 (GPE)	 produce	 a	measure	 of	 total	 COM	energy.	 The	 change	 in	 this	

energy	with	respect	to	time	determines	Wext.	The	rotational	and	translational	KE	of	the	

segments	about	the	COM	produce	a	measure	of	body	segment	energy.	It	follows	that	the	

change	in	this	energy	with	respect	to	time	determines	Wint.	

Wext	can	be	calculated	either	from	kinematic	data	of	the	body	COM	(Minetti	et	al.,	1999;	

Rubenson	 et	 al.,	 2004)	 or	 calculated	 using	GRF	data	 via	 the	 combined	 or	 individual	

limbs	methods	(Donelan	et	al.,	2002a).	This	technique	calculates	limb	power	as	the	dot	

product	of	limb	force	and	COM	velocity,	followed	by	integration	to	compute	COM	work.	

Donelan	et	al.	(2002a)	suggest	the	combined	limbs	method	is	likely	to	underestimate	

Wext	and	propose	the	individual	limbs	method	offers	several	improvements	on	previous	

techniques.	Specifically,	it	eliminates	the	error	associated	with	simultaneous	positive	

and	negative	mechanical	work	production	by	the	trailing	and	leading	legs,	respectively,	

which	occurs	during	the	double	support	phase.	There	are	several	other	sources	of	error	

in	 Wtot	 calculations	 including	 the	 effect	 of	 equal	 and	 opposite	 vertical	 segment	

movements	 (e.g.	 opposite	motion	 of	 arms),	 elastic	 energy	 contributions,	 transfer	 of	

energy	 between	 segments,	 and	 inertia	 of	 the	 limbs	 during	deceleration	 of	 the	 COM.	

Regardless,	the	study	of	Wtot	has	been	pivotal	in	the	development	of	the	fundamental	

paradigms	which	underpin	human	gait.	

2.1.1 Gait	templates	and	locomotor	efficiency	

Most	 terrestrial	 animals	 exhibit	 highly	 comparable	 COM	 mechanical	 behaviors	 at	

relatively	low	velocities,	concomitant	with	the	distinct	gait	pattern	of	walking.	A	more	

diverse	 range	 of	 gaits	 can	 be	 observed	when	 animals	 locomote	 at	 higher	 velocities,	

including	 grounded	 and	 aerial	 running,	 hopping,	 trotting	 and	 galloping	 (Hoyt	 and	

Taylor,	1981;	Rubenson	et	al.,	2004;	Wickler	et	al.,	2000).	On	 level	surfaces,	a	 linear	

increase	in	speed	will	produce	consistent	COM	mechanical	behaviors	within	a	given	gait	

pattern.	However,	at	the	abrupt	transition	between	gait	patterns,	COM	dynamic	profiles	
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are	drastically	altered	(Alexander,	1989).	Such	transitions	are	an	 inherent	 feature	of	

locomotion	and	occur	at	remarkably	similar	Froude	numbers	(v2/gl	where	v	is	forward	

velocity,	l	is	resting	leg	length	and	g	is	acceleration	due	to	gravity;	9.81m·s 2;	Alexander	

and	Jayes,	1983;	Alexander,	1989;	Kram	et	al.,	1997).	

The	study	of	Wext	(Cavagna	et	al.,	1964,	1963;	Fenn,	1930)	led	to	the	creation	of	two	

related	 gait	 ‘templates’,	 defined	 by	 Full	 and	 Koditschek	 (1999)	 as	 ‘a	 pattern	 that	

describes	and	predicts	the	behavior	of	the	body	in	pursuit	of	a	goal’.	Firstly,	the	inverted	

pendulum	template	of	walking	is	characterized	by	out-of-phase	fluctuations	of	KE	and	

GPE.	 This	 system	 can	 be	 modeled	 as	 a	 point	mass	 vaulting	 over	 a	 massless	 spring	

(Cavagna	et	al.,	1976).	At	midstance,	the	body’s	COM	possesses	high	GPE,	and	low	KE.	

As	 the	 COM	 falls	 forward	 and	 downward	 during	 the	 step,	 GPE	 decreases	 and	 KE	

increases.	 This	 out-of-phase	 fluctuation	 of	 GPE	 and	 KE	 results	 in	 an	 energy-saving	

exchange	(Figure	2.1).	Humans	(Cavagna	et	al.,	1977,	1976;	Cunningham	et	al.,	2010;	

Malatesta	et	al.,	2009)	and	a	diverse	range	of	animals	from	lizards	(Farley	and	Ko,	1997)	

to	 ostriches	 (Rubenson	 et	 al.,	 2004),	 are	 thought	 to	 utilize	 these	 passive	 energy	

exchanges	to	conserve	up	to	80%	of	the	Wext	required	during	walking	(Cavagna	et	al.,	

1977,	1976;	Griffin	et	al.,	2004;	Griffin	and	Kram,	2000;	Heglund	et	al.,	1982).		

Figure	2.1	Kinetic	(red),	gravitational	potential	(blue),	and	total	(black;	sum	of	red	and	blue)	center	of	

mass	mechanical	energy	profiles	for	a	typical	walking	stride	in	humans.	0%	and	100%	are	defined	as	

heel	strike.	Data	taken	from	Chapter	Three	(mean±SD).	
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One	metric	that	describes	the	effectiveness	of	the	inverted	pendulum	mechanism	is	the	

percent	pendular	energy	recovery:	

%	#$%&'$() = 	+
,-+,/ +,0 −,2-3

4

,-+,/+,0
5100 (2.1)	

where	Wx,	Wy	and	Wz	are	COM	work	in	the	anteroposterior,	vertical	and	mediolateral	

directions,	 respectively,	 although	 Cavagna	 et	 al.	 (1963)	 suggest	 work	 in	 the	 lateral	

direction	is	negligible	in	linear	walking	gait.	Essentially,	the	numerator	is	an	estimate	

of	the	work	required	to	accelerate	the	COM	had	there	been	no	exchange	of	GPE	and	KE,	

minus	the	actual	positive	Wext.	Hence,	in	a	walking	gait	if	the	fluctuations	of	GPE	and	KE	

were	to	be	equal	in	magnitude	but	exactly	out-of-phase,	the	percent	pendular	energy	

recovery	would	be	100%.	In	contrast,	if	the	fluctuations	of	GPE	and	KE	were	equal	but	

exactly	in-phase	(i.e.	running)	the	percent	pendular	energy	recovery	would	be	0%.	The	

efficacy	 of	 the	 inverted	 pendulum	mechanism	 in	 reducing	 metabolic	 cost	 has	 been	

tested	experimentally	in	humans.	Ortega	and	Farley	(2005)	and	Massaad	et	al.	(2007)	

reported	an	increase	in	metabolic	cost	concomitant	with	imposed	minimization	of	COM	

vertical	 motion	 across	 a	 range	 of	 speeds.	 These	 authors	 attribute	 this	 finding	 to	

disturbed	 pendular	 energy	 transfer,	 resulting	 in	 attenuation	 of	 passive	 gains	 and	

subsequent	compensation	from	skeletal	muscle	contraction.		

In	contrast	to	walking,	the	COM	GPE	and	KE	fluctuate	in-phase	during	running,	resulting	

in	little	pendular	energy	exchange.	Instead,	GPE	has	been	said	to	be	converted	to	elastic	

potential	energy	(EPE)	in	the	structures	of	the	limb	during	COM	deceleration	in	each	

step.	 This	 EPE	 is	 subsequently	 converted	 back	 to	 COM	 GPE	 and	 KE	 as	 the	 COM	

accelerates	upwards	and	forwards	in	the	second	half	of	the	step.	This	form	of	energy-

saving	gait	is	referred	to	as	spring-mass	running,	or	a	‘bouncing’	gait	(Blickhan,	1989;	

Cavagna	et	al.,	1964;	Geyer	et	al.,	2006;	Rubenson	et	al.,	2004),		

Locomotor	efficiency	has	been	a	useful	metric	in	helping	to	uncover	the	elastic	energy	

contributions	in	gait.	It	is	calculated	as	the	ratio	of	mechanical	to	metabolic	work:	

8&%&9&:&(	;<<=%=$>%) =
,2-3+,?@3

A$:	B$:CD&E=%	,&(F
(2.2)	
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where	 net	 metabolic	 work	 (typically	 derived	 from	 net	 oxygen	 consumption)	 is	

expressed	in	J·kg 1·m 1	(using	a	measured	or	assumed	metabolic	equivalent	of	oxygen	

based	off	the	respiratory	quotient;	e.g.	1ml	of	O2	=	20.1J	at	a	respiratory	quotient	of	0.8).	

The	 maximum	 known	 mammalian	 muscle	 efficiencies	 are	 approximately	 25-30%	

(Barclay	 et	 al.,	 2010).	 This	 value	 has	 been	 corroborated	 in	 human	walking	 studies,	

where	maximum	locomotor	efficiencies	of	0.35-0.4	have	been	reported	(Cavagna	and	

Kaneko,	1977;	Farris	and	Sawicki,	2012).	However,	locomotor	efficiency	is	substantially	

higher	in	running	humans	(0.45-0.8).	This	discrepancy	led	Cavagna	and	Kaneko	(1977)	

to	 conclude	 that	 positive	 work	 in	 running	 is	 heavily	 assisted	 by	 the	 stretch-recoil	

mechanism	of	elastic	tissues	that	function	passively	to	reduce	muscular	(fiber)	energy	

requirements.	It	would	also	appear	elastic	energy	contributions	are	present	in	walking	

but	 to	 a	 lesser	 extent	 than	 running	 (Cavagna	 and	Kaneko,	 1977;	Geyer	 et	 al.,	 2006;	

Sasaki	 and	Neptune,	2006).	Both	human	and	non-human	research	has	 revealed	 that	

tendons	and	 ligaments	 (in	particular	 in	 the	arch	of	 the	 foot)	 are	 the	primary	elastic	

energy	source	(Alexander,	1988;	Biewener	and	Baudinette,	1995;	Ker	et	al.,	1987).	

2.1.2 Mechanical	energy	prioritization	

The	percent	pendular	recovery	has	been	 shown	 to	be	 speed-dependent,	 such	 that	 it	

exhibits	an	inverted-U	relationship	with	speed.	Interestingly,	the	peak	recovery	occurs	

at	a	speed	similar	to	the	naturally	selected	‘preferred’	walking	speed	(PWS;	Cavagna	et	

al.,	1977,	1976;	Cavagna	and	Kaneko,	1977;	Rubenson	et	al.,	2004;	Willems	et	al.,	1995).	

Wext,	as	normalized	to	distance	traveled	(J·kg 1·m 1),	is	minimized	at	walking	velocities	

marginally	lower	than	pendular	recovery	(Cavagna	et	al.,	1976;	Willems	et	al.,	1995),	

whilst	Wint	per	meter	displays	an	increasing	trend	with	walking	speed	(Willems	et	al.,	

1995).	 Results	 vary	 when	 total	 mechanical	 power	 (rate	 of	 doing	 work;	 Wu tot)	 is	

determined	across	a	 range	of	 stride	 frequencies.	Minetti	 et	 al.	 (1995)	 found	optimal	

total	mechanical	power	values	to	occur	at	the	preferred	stride	frequency,	while	Cavagna	

and	Franzetti	(1986)	and	Umberger	and	Martin	(using	a	joint	work	approach;	2007)	

report	mechanical	power	optimization	at	lower	than	preferred	frequencies.	Umberger	

and	Martin	(2007)	also	observed	maximal	muscle	work	efficiencies	to	occur	at	higher	

than	preferred	frequencies.	These	authors	elaborate,	suggesting	this	misalignment	may	

be	 responsible	 for	 producing	 a	 generally	 flat	metabolic	 curve	 around	 the	 preferred	
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frequency	region.	This	is	advantageous	because	a	highly	specific	optimal	frequency	is	

unrealistic	for	negotiating	the	various	locomotor	environments	humans	are	exposed	to.		

Several	 studies	 support	 mechanical	 energetic	 prioritization	 behaviors	 in	 human	

locomotion.	 Interestingly,	 when	 Srinivasan	 and	 Ruina	 (2006)	 imposed	 mechanical	

energy	cost	minimization	onto	a	simple,	inelastic	bipedal	model,	the	model	discovered	

inverted	pendulum	(walking)	and	impulsive	bouncing	(running)	gait	solutions	at	low	

and	high	velocities,	respectively.	COM	motion	in	hopping	and	running	humans	is	also	

maintained	when	they	are	exposed	to	changes	in	surface	stiffness	(Ferris	et	al.,	1999,	

1998;	Ferris	and	Farley,	1997;	Grimmer	et	al.,	2008;	Kerdok	et	al.,	2002;	Moritz	and	

Farley,	 2003).	 Additionally,	 lower	 limb	 amputees	 and	 older	 adults	 have	 both	 been	

observed	to	match	the	COM	mechanical	work	of	young,	healthy	adults,	despite	known	

changes	in	the	metabolic	profiles	of	these	populations	(Gitter	et	al.,	1995;	Ortega	and	

Farley,	2007).	

Similarly,	when	exposed	to	abrupt,	unanticipated	perturbations,	other	animal	species	

have	been	shown	to	rapidly	control	their	COM	mechanics	(Daley	and	Biewener,	2006;	

Jindrich	 and	 Full,	 2002).	 Adjusting	 joint-level	 behaviors	 to	 maintain	 higher-level	

mechanics	(COM	and	whole-limb)	is	a	control	strategy	that	has	been	observed	during	

unperturbed	walking	(Toney	and	Chang,	2016,	2013),	continuous	hopping	in	humans	

(Chang	et	al.,	2008;	Yen	et	al.,	2009),	and	after	peripheral	nerve	injury	in	walking	cats	

and	rodents	(Bauman	and	Chang,	2013;	Chang	et	al.,	2009).		

There	is	some	evidence	to	support	prioritization	of	joint-	and	muscle-level	mechanical	

parameters	 via	 conservation.	 For	 example,	 Farris	 and	 Sawicki	 (2012)	 applied	 an	

inverse	dynamics	approach	to	assess	average	positive	mechanical	power	contributions	

of	 the	 ankle,	 knee	 and	 hip	 joints	 during	 human	 walking	 and	 running.	 The	 authors	

reported	no	 change	 in	 joint	proportional	 contribution	within	each	gait	pattern,	only	

between	 them.	 Ebrahimi	 et	 al.	 (2017)	 also	 reported	 consistent	 positive	 work	

distribution	 across	 the	 hip	 and	 knee	 joints	 during	 walking.	 However,	 the	 authors’	

advanced	six	degree-of-freedom	analysis	incorporating	a	foot	segment,	did	not	detect	

conservation	of	positive	relative	work	at	the	ankle.	Conservation	of	mechanical	function	
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the	 proportionally	 greater	 contribution	 of	 BMR	 to	 COT	 at	 a	 low	 velocity,	 and	 large	

iliopsoas	and	glutei	musculature	contributions	at	faster	speeds	because	these	muscles	

often	 operate	 concentrically	 and	 receive	 comparatively	 lower	 elastic	 energy	

contributions	than	other	major	lower	limb	muscles.	

2.2.1. Distribution	of	metabolic	energy	expenditure		

Metabolic	 costs	 observed	 during	 walking	 are	 considered	 to	 result	 mostly	 from	

muscular	force	generation	and	work	production,	which	together,	satisfy	the	following	

locomotor	 objectives;	 body	 weight	 support,	 vertical	 and	 horizontal	 center	 of	 mass	

(COM)	 redirection	 and	 acceleration,	 limb	 swing,	 and	 active	 lateral	 stabilization	

(Donelan	et	al.,	2004;	Gottschall	and	Kram,	2005;	Grabowski	et	al.,	2005;	Griffin	et	al.,	

2003).	Gottschall	 and	Kram	 (2003)	 applied	horizontal	 assistive	 forces	 to	 isolate	 the	

expenditure	 required	 for	 forward	 propulsion.	 These	 authors	 determined	metabolic	

costs	could	be	reduced	by	as	much	as	47%	when	such	forces	were	present.	A	similar	

study	attributed	28%	of	the	metabolic	cost	to	body	weight	support,	and	a	further	45%	

to	producing	COM-related	work	(Grabowski	et	al.,	2005).	The	latter	value	overlaps	with	

the	aforementioned	propulsive	costs.	Additionally,	Donelan	et	al.	(2004)	attribute	~9%	

of	expenditure	to	lateral	stabilization	requirements.	

Umberger	 (2010)	 investigated	 the	 distribution	 of	 metabolic	 cost	 within	 a	 stride.	

Computational	modelling	predicted	a	27%	muscular	metabolic	cost	of	the	double-limb	

support	 phase,	 while	 a	 further	 44%	 was	 attributed	 to	 single-limb	 support.	 The	

remaining	 29%	 reflects	 the	 energy	 required	 during	 swing	 phase	 (Umberger,	 2010).	

This	 finding	 is	 supported	 by	 Doke	 et	 al.	 (2005)	 who	 used	 experimental	 data	 from	

human	subjects	to	predict	swing	costs	equate	to	one	third	of	total	energy	expenditure	

in	walking	(~33%),	and	also	by	Marsh	et	al.	(2004),	Ellerby	et	al.	(2005),	and	Ellerby	

and	Marsh	 (2006)	who	used	blood	 flow	measurements	 to	determine	a	 swing	phase	

energy	consumption	of	approximately	25%	of	the	total	metabolic	cost	in	guinea	fowl,	

independent	of	 locomotion	 speed.	The	energy	cost	of	 leg	swing	 in	walking	has	been	

estimated	 to	 be	 lower	 (10%	 of	 net	metabolic	 expenditure)	when	 a	 leg-swing	 assist	

device	 was	 used	 to	 initiate	 and	 propagate	 leg	 swing	 (Gottschall	 and	 Kram,	 2005).	

Umberger	(2010)	also	considered	an	additional	phase	of	gait;	the	transition	between	
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steps,	 which	 he	 found	 to	 account	 for	 approximately	 37%	 of	 total	 muscular	 energy	

expenditure.	Other	research	places	greater	emphasis	on	step-to-step	transitions	(up	to	

70%;	Donelan	et	al.,	2002b;	Kuo	et	al.,	2005).		

In	 their	review	of	muscle	energetics,	Umberger	and	Rubenson	(2011)	assess	energy	

consumption	 of	 muscles	 grouped	 by	 joint	 action,	 during	 walking.	 Hip	 extensors	

consumed	 40%	 of	 the	 total	 muscle	 energy	 expenditure,	 with	 the	 knee	 extensors	

accounting	 for	18%	and	 the	ankle	extensors	 contributing	27%	 in	a	human	model.	A	

further	15%	was	devoted	 to	 joint	 flexors	 in	 swing	phase.	These	authors	also	 report	

remarkably	consistent	joint	distributions	in	a	walking	guinea	fowl	model.	

In	quantifying	the	above	allocation	of	whole-body	and/or	muscular	energetic	costs,	it	

is	technically	difficult	to	isolate	these	overlapping	gait	components.	As	such,	the	values	

often	exceed	100%	when	summed.	Nonetheless,	these	analyses	provide	useful	insight	

into	energetic	burdens	during	walking.		

2.2.2. Metabolic	energy	prioritization	

2.2.2.1. Preferred	walking	speed	

Metabolic	 COT	minimization	 is,	 by	 far,	 the	most	 highly	 cited	 prioritization	 criterion	

applied	 to	human	walking.	 In	1958,	 a	pivotal	study	by	Ralston	 reported	energy	 cost	

(cal·kg 1·m 1)	 over	 a	 range	 of	walking	 velocities.	 A	U-shaped	 curve	 of	 gross	 COT	 vs.	

speed	was	reported,	with	the	group	minimum	occurring	at	an	intermediate	velocity	of	

1.23m·s 1.	 When	 Ralston	 instructed	 a	 single	 participant	 to	 walk	 at	 their	

‘natural/comfortable’	 speed	 he	 noted	 a	 close	 alignment	 between	 the	 selected	 value	

(1.22m·s 1)	and	the	speed	at	which	the	group	curve	reached	its	minimum.	The	naturally	

chosen	 speed	 referenced	 by	 Ralston	 (1958)	 has	 since	 been	 coined	 the	 ‘preferred	

walking	speed’	(PWS;	Figure	2.3),	and	is	considered	the	speed	at	which	humans,	and	

other	 terrestrial	 animal	 in	 general,	 choose	 to	 walk	 for	 a	 given	 task,	 in	 a	 given	

environment.	 In	Ralston’s	case,	 the	task	was	to	complete	continuous	10min	bouts	of	

overground	 walking,	 in	 a	 stable,	 laboratory	 setting	 (Ralston,	 1958).	 Under	 similar	

conditions,	PWS	values	of	approximately	1.2-1.4m·s 1	have	been	observed	for	healthy	
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young	adults	(Dingwell	and	Marin,	2006;	Kang	and	Dingwell,	2008;	Raffalt	et	al.,	2017;	

Willis	et	al.,	2005).		

Since	the	landmark	study	of	Ralston	(1958),	U-shaped	COT-velocity	curves	have	been	

replicated	for	a	variety	of	walking	conditions	and	across	numerous	human	populations	

and	other	species.	Examples	 include	walking	overground	(Lejeune	et	al.,	1998),	on	a	

treadmill	(Abe	et	al.,	2015;	Raffalt	et	al.,	2017;	Willis	et	al.,	2005),	on	incline/decline	

gradients	(Abe	et	al.,	2015;	Gomeñuka	et	al.,	2014;	Wickler	et	al.,	2000),	whist	carrying	

load	(Bastien	et	al.,	2005;	Gomeñuka	et	al.,	2014;	Wall-Scheffler	and	Myers,	2013),	on	

sand	 (Lejeune	et	 al.,	 1998),	 and	on	stilts	 (Leurs	et	 al.,	 2011).	Populations	have	been	

assessed	on	the	basis	of	age	(DeJaeger	et	al.,	2001;	Martin	et	al.,	1992;	Peterson	and	

Martin,	2010),	sex	(Browning	et	al.,	2006),	physical	activity	status	(Martin	et	al.,	1992),	

fat	 mass	 (Browning	 et	 al.,	 2006;	 Browning	 and	 Kram,	 2005),	 and	 neurological	 and	

musculoskeletal	conditions,	for	example	Down	Syndrome	(Agiovlasitis	et	al.,	2011)	and	

above	 knee	 amputees	 (Ralston,	 1958).	 Additionally,	 this	 phenomenon	 has	 been	

observed	in	non-human	species	(Hoyt	and	Taylor,	1981;	Watson	et	al.,	2011;	Wickler	et	

al.,	2000).	

Of	the	studies	listed	above,	several	went	on	to	compare	PWS	selection	and	COT-velocity	

curve	minima	 (i.e.	 the	optimal	value,	often	exacted	 from	a	 second-order	polynomial	

curve	 fitted	 to	 a	 moderate	 number	 of	 sampled	 velocities).	 Healthy	 young	 adults	

generally	 select	 PWSs	 similar	 to	 the	 speed	 at	 which	 the	 minimum	 COT	 is	 attained	

(Browning	et	al.,	2006;	Browning	and	Kram,	2005;	Holt	et	al.,	1995;	Raffalt	et	al.,	2017;	

Ralston,	1958;	Willis	et	al.,	2005;	Figure	2.3).	Such	energy-prioritizing	behaviors	have	

also	been	demonstrated	by	individuals	with	Down	syndrome	(Agiovlasitis	et	al.,	2011),	

and	amongst	populations	of	obese	males	and	females	(Browning	et	al.,	2006;	Browning	

and	 Kram,	 2005).	 Data	 on	 PWS	 from	 older	 adults	 are	 variable,	 with	 some	 authors	

describing	a	 reduced	PWS	 (Himann	et	 al.,	1988;	Martin	et	 al.,	 1992;	Panizzolo	et	 al.,	

2013),	and	others	reporting	no	change	between	healthy	young	and	older	adults	(Kang	

and	 Dingwell,	 2008;	 Peterson	 and	 Martin,	 2010).	 Older	 adults	 do	 appear	 to	 have	

increased	COT	across	a	 range	of	 treadmill	speeds	 (Martin	et	 al.,	1992;	Peterson	and	

Martin,	2010).	One	group	who	identified	reduced	PWS	in	their	older	participant	sample	

also	observed	no	simultaneous	shift	in	the	cost-minimizing	speed	of	the	curve,	perhaps	
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demonstrating	 non-energetic	 prioritization	 strategies	 concomitant	 with	 the	 aging	

process	(Martin	et	al.,	1992).	

The	 alignment	 of	 preferred	 and	 COT-minimizing	 walking	 speeds	 has	 provided	 key	

support	to	the	notion	of	metabolic	energy	cost	as	a	dominant	prioritization	criterion.	

However,	upon	closer	review	of	the	existing	literature	the	biological	significance	of	an	

exact	match,	or	lack	thereof,	between	PWS	and	COT-minimizing	speed	is	not	conclusive.	

More	 specifically,	 it	 remains	unclear	whether	 the	 differences	 between	PWS	 and	 the	

speed	 at	which	 the	 curve	minimum	exists,	 elicit	meaningful	 differences	 in	 COT.	 For	

example,	 authors	 often	 compare	 the	 predicted	 curve	 minimum	 speed	 to	 the	 PWS,	

neglecting	COT	comparisons	(Browning	and	Kram,	2005;	Martin	et	al.,	1992;	Peterson	

and	 Martin,	 2010),	 which	 are	 essential	 in	 determining	 whether	 a	 meaningful	 and	

biologically	relevant	cost	difference	exists	between	the	PWS	and	the	COT-minimizing	

speed.	Other	groups	describe	the	close	proximity	of	PWS	and	optimal	speeds,	with	no	

reference	to	statistical	testing	of	whether	PWS	and	the	energetic	minimum	speed	are	

different	or	not	(Browning	et	al.,	2006;	Raffalt	et	al.,	2017;	Ralston,	1958).	

Likewise,	 various	 authors	 fail	 to	 report	 the	 velocity	 range	 over	 which	 statistically	

similar	COTs	are	obtained	(Abe	et	al.,	2015;	Agiovlasitis	et	al.,	2011;	Bastien	et	al.,	2005;	

Browning	et	al.,	2006;	Browning	and	Kram,	2005;	Lejeune	et	al.,	1998;	Leurs	et	al.,	2011;	

Peterson	and	Martin,	2010;	Wall-Scheffler	and	Myers,	2013).	Of	the	studies	to	consider	

a	main	effect	of	speed,	Martin	et	al.	(1992)	do	not	specifically	discuss	the	PWS	in	relation	

to	the	seven	speeds	tested.	Raffalt	et	al.	(2017)	compare	‘theoretical	PWS’	COT,	a	value	

they	find	to	be	significantly	lower	than	the	COT	at	20%,	40%	and	180%,	but	not	160%	

of	this	speed.	Additionally,	Willis	et	al.	(2005)	collect	COT	data	for	a	limited	number	of	

intermediate	speeds.	These	authors	do	not	compare	PWS	COT	and	instead	utilize	the	

COT	of	the	nearest	recorded	speed	to	the	average	PWS.	They	do	not	report	statistically	

significant	changes	in	COT	within	84-132%	of	this	‘nearby’	speed	(Willis	et	al.,	2005).	

2.2.2.2. Preferred	stride	frequency	and	width	

Additional	to	PWS,	the	preferred	stride/step	frequencies	(Minetti	et	al.,	1995;	Molen	et	

al.,	 1971;	 Selinger	 et	 al.,	 2015;	 Snaterse	 et	 al.,	 2011;	 Umberger	 and	 Martin,	 2007;	

Zarrugh	et	al.,	1974;	Zarrugh	and	Radcliffe,	1978)	and	step	widths	(Donelan	et	al.,	2001)	
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of	 walking	 humans	 have	 also	 been	 suggested	 to	 be	 metabolically	 prioritized.	

Step/stride	frequency	in	particular,	has	been	observed	to	form	a	U-shaped	relationship	

with	metabolic	rate,	similar	to	that	of	velocity	and	COT.	Moreover,	preferred	frequency	

appears	to	align	closely	with	the	metabolic	curve	minimizing	frequency	(Minetti	et	al.,	

1995;	 Umberger	 and	 Martin,	 2007).	 Yandell	 and	 Zelik	 (2016),	 however,	 recently	

observed	 preferred	 barefoot	 step	 frequencies	 to	 be	 non-universally	 optimal	 across	

their	 participant	 sample.	 This	 provoked	 a	 more	 in-depth	 analysis	 of	 the	 literature	

which,	 similar	 to	 the	 COT-velocity	 studies	 discussed	 above,	 appeared	 to	 be	 less	

conclusive	than	initially	assumed.	These	authors	discuss	several	limitations	detected	

among	previous	literature	in	this	area,	including	small	sample	sizes,	limited	number	of	

mid-range	 frequencies	 collected,	 and	missing	 statistical	 analyses	 (Yandell	 and	 Zelik,	

2016).	

2.2.3. Further	support	for	non-energetic	prioritization	

Finley	and	colleagues	(2013)	independently	manipulated	left	and	right	treadmill	belt	

speeds	 on	 a	 split-belt	 treadmill.	 Their	 participants	 were	 required	 to	 walk	 in	 this	

environment	 for	12	minutes,	by	the	end	of	which	the	authors	observed	a	significant	

decrease	 in	 bilateral	 stride	 length	 difference	 and	 a	 significant	 net	metabolic	 power	

reduction.	 While	 these	 authors	 initially	 interpreted	 this	 as	 support	 for	 metabolic	

prioritization,	 recent	 work	 has	 revealed	 that	 symmetrical	 step	 lengths	 are	 not	 the	

optimal	 energetic	 solution	 (metabolically	 or	 mechanically)	 under	 such	 conditions	

(Sánchez	et	al.,	2017).	Similarly,	studies	reveal	 tendencies	 for	humans	to	exert	more	

energy	 than	 minimally	 required	 during	 upper	 and	 lower	 limb	 movement	 tasks	

(Balasubramanian	 et	 al.,	 2009;	De	Rugy	 et	 al.,	 2012;	Huang	 et	 al.,	 2012;	Huang	 and	

Ahmed,	 2014;	Hunter	 et	 al.,	 2010;	Kistemaker	 et	 al.,	 2010;	Westling	 and	 Johansson,	

1984).		

It	 does	 seem	 likely	 that	 humans	 adopt	 walking	 velocities	 and	 step	 frequencies	 in	

unperturbed	laboratory	environments	to	achieve	favorable	metabolic	costs,	however	

this	should	be	interpreted	cautiously.	The	shape	of	the	COT-velocity	and	energy	rate-

frequency	curves	indicate	we	choose	PWSs	and	preferred	step	frequencies	to	prioritize	

energetics.	Nevertheless,	the	location	of	these	curves	in	two-dimensional	space,	has	not	
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yet	been	 shown	 to	be	optimal.	Humans	may	devote	energetic	 resources	 to	promote	

alternate	 locomotor	 objectives,	 thus	 raising	 the	 curves’	 location	 on	 the	 Y-axis.	 Two	

simulation	 studies	 provide	 support.	 Ackermann	 and	 van	 den	Bogert	 (2010)	 applied	

energy-minimizing	 cost	 functions	 to	 a	 musculoskeletal	 model	 and	 observed	 their	

resulting	 human	walking	 simulation	 to	 avoid	knee	 flexion	 throughout	 stance	 phase.	

This	 straight-legged	 walk	 was	 less	 representative	 of	 actual	 human	 gait	 than	 the	

simulation	output	using	a	 fatigue-minimizing	cost	 function.	Furthermore,	Miller	and	

colleagues	 (2011)	 showed	 more	 realistic	 running	 data,	 including	 COT,	 when	 their	

musculoskeletal	simulations	were	set	to	minimize	the	muscular	activity	as	opposed	to	

metabolic	COT.	

2.3. Stability	

‘Stability’	 essentially	 describes	 a	 system’s	 ability	 to	 attenuate	 the	 magnitude	 of	 a	

perturbation.	 Loss	 of	 stability	 may	 have	 a	 more	 immediate	 consequence	 (e.g.	 fall)	

compared	to	energetics	in	locomoting	humans.	The	term	can	be	further	categorized	into	

‘global’	 and	 ‘local’	 stability,	 with	 the	 former	 detailing	 the	 resistance	 to	 a	 gait-

terminating	 event	 (a	 fall),	 and	 the	 latter	 quantifying	 the	 resistance	 to	 small	

perturbations	over	larger	time	scales	(Dingwell	et	al.,	2001).	

2.3.1. Global	stability	

Various	approaches	to	maintaining	global	stability	have	been	reported	throughout	the	

literature.	 Several	 studies	 have	 described	 response	 strategies	 to	 combat	 a	 single	

perturbation.	Ferber	and	colleagues	(2002)	systematically	applied	unexpected	forward	

perturbations	(anteriorly	moving	surface)	to	healthy	young	adults	at	heel	strike	during	

overground	 walking	 trials.	 The	 authors	 observed	 large	 co-activation	 of	 the	 vastus	

lateralis	 and	 biceps	 femoris	 muscles,	 which	 they	 suggest	 is	 a	 mechanism	 used	 to	

stabilize	 the	 knee	 joint.	 Additionally,	 increased	 activity	 of	 the	 ipsilateral	 tibialis	

anterior,	and	decreased	activity	of	 the	 ipsilateral	gastrocnemius	have	been	recorded	

when	perturbed	 gait	 (surface-level)	 is	 compared	 to	 unperturbed	 gait	 (Ferber	 et	 al.,	

2002;	 Nashner,	 1980;	 Tang	 et	 al.,	 1998).	 It	 would	 appear	 that	 the	 impact	 of	 the	

perturbation	is	attenuated	by	the	 lower	limb	muscles,	 in	particular,	 the	eccentrically	

contracting	rectus	femoris.	Muscles	of	the	trunk	are	therefore	not	required	to	adjust	
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their	activation	in	response	to	ground-level	perturbations	(Tang	et	al.,	1998).	A	similar	

strategy	 is	 seen	 in	 running	 guinea	 fowl	 who	 primarily	 respond	 to	 a	 ‘step-down’	

perturbation	 by	 adapting	 distal	 joint	 mechanics	 (ankle	 and	 tarsometatarso-

phalangeal),	while	the	more	proximal	hip	joint	maintains	its	unperturbed	mechanical	

function	(Daley	et	al.,	2007).	

Two	well	documented	mechanisms	of	increasing	global	stability	during	perturbation	

exposure	are	an	‘ankle	strategy’	and	a	‘hip	strategy’	(Horak,	1987;	Maki	and	McIlroy,	

1997;	Nashner	and	McCollum,	1985;	Winter,	1995).	Both	mechanisms	can	only	operate	

during	 stance	 phase	 and	 involve	 the	 generation	 of	 a	 joint	 torque	 to	 oppose	 the	

perturbation,	ultimately	redirecting	the	center	of	gravity	(COG)	back	toward	the	base	

of	 support.	 An	 ankle	 strategy	 involves	 torque	 generation	 at	 the	 ankle	 joint	 and	 is	

typically	adopted	to	counteract	small,	slow	perturbations	where	the	contact	surface	is	

flat	and	broad	(Horak	et	al.,	1989;	Huxham	et	al.,	2001).	The	mechanical	delay	of	this	

mechanism	is	approximately	0.2s,	however	it	can	only	shift	the	center	of	pressure	up	to	

0.02m	(Hof	et	al.,	2010).	For	greater	or	faster	perturbations,	or	those	occurring	on	a	

narrow	or	compliant	surface,	a	hip	strategy	is	exhibited	(Horak	et	al.,	1989;	Huxham	et	

al.,	 2001;	 Nenchev	 and	 Nishio,	 2008).	 The	 hip	 flexors/extensors	 and	

abductors/adductors	play	a	predominant	role	in	opposing	the	unbalancing	moments	

created	by	movement	of	the	head,	arms	and	trunk	(Winter,	1995;	Winter	et	al.,	1990).	

When	negotiating	uneven	terrain,	Panizzolo	and	colleagues	(2017)	similarly	reported	

ankle-	 and	 hip-based	 response	 strategies	 in	walking	 humans,	which	 appeared	 to	 be	

dependent	on	the	properties	of	the	surface	‘bump’	they	were	traversing.		

From	 a	 spatiotemporal	 perspective,	 ‘stepping	 strategy’	 is	 an	 additional	 reactive	

mechanism	 employed	 by	 the	 central	 nervous	 system	 to	 attenuate	 the	 effect	 of	

perturbations	in	walking	(Hof	et	al.,	2010;	Horak,	1987;	Horak	et	al.,	1989;	Maki	and	

McIlroy,	 1997).	 This	 method	 realigns	 the	 base	 of	 support	 under	 the	 COG	 and	 is	

particularly	useful	for	very	strong	and/or	fast	perturbations	(Horak,	1987;	Horak	et	al.,	

1989;	Nenchev	and	Nishio,	2008),	however	evidence	also	exists	to	support	its	use	under	

low	perturbation	intensities	(Maki	and	McIlroy,	1997).	Stepping	strategy	can	only	be	

employed	by	the	swing	limb	if	the	perturbation	occurs	during	single	limb	support	and	
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although	it	would	appear	to	have	a	slower	mechanical	delay	of	0.3s,	stepping	strategy	

can	potentially	realign	the	COG	and	base	of	support	by	0.2m	(Hof	et	al.,	2010).		

Global	 stability	 in	 continuous	 gait	 is	 commonly	 quantified	 by	 considering	 the	

extrapolated	COM	relative	to	the	base	of	support	(i.e.	the	area	enclosed	by	the	feet).	This	

is	known	as	the	‘margins	of	stability’	approach	and	is	a	representative	measure	of	the	

probability	 of	 falling	 (Hof	 et	 al.,	 2005).	 This	 method	 is	 derived	 from	 the	 inverted	

pendulum	model	of	walking	and	considers	the	position	and	velocity	of	 the	COM,	the	

eigenfrequency	 of	 the	 pendulum,	 and	 the	 base	 of	 support	 area.	 In	 response	 to	

intermittent	mediolateral	 shifts	 in	 treadmill	 surface,	 PWS	 appears	 unaffected	while	

wider	steps	of	decreased	length	and	time	are	strategically	adopted	to	enhance	margins	

of	 stability	 (Hak	 et	 al.,	 2012).	 Decreased	 step	 lengths	 were	 also	 observed	 when	

Voloshina	and	colleagues	(2013)	had	human	subjects	walk	on	a	custom-made	treadmill	

with	uneven	terrain.	Conversely,	these	authors	did	not	report	an	increase	in	step	width	

but	they	did	describe	increased	positive	knee,	negative	knee	and	positive	hip	joint	work.	

Hak	et	al.	(2013)	assessed	the	impact	of	a	change	in	walking	velocity	on	global	stability	

measures.	These	authors	determined	velocity	had	no	effect	on	mediolateral	margins	of	

stability,	however	increased	velocity	resulted	in	increased	anteroposterior	margins	of	

stability,	 i.e.	 increased	 stability.	 Multiple	 studies	 have	 also	 considered	 the	 effect	 of	

global	 stability	 augmentation,	mostly	 via	 externally	 supportive	 spring-like	 cords,	on	

spatiotemporal	 gait	parameters.	 Step	 length	does	not	appear	 to	 change	 (Dean	et	 al.,	

2007;	 Donelan	 et	 al.,	 2004;	 Ijmker	 et	 al.,	 2013),	 however	 in	 one	 study	 step	 length	

variability	 decreased	 (Donelan	 et	 al.,	 2004).	 Additionally,	 several	 authors	 have	

investigated	 the	 effect	 of	 external	 lateral	 stabilization	 on	 preferred	 step	 width	 in	

walking,	finding	that	enhanced	support	results	in	narrower	steps	and	a	reduced	step	

width	 variability	 for	 both	 able-bodied	 and	 clinical	 populations	 (Dean	 et	 al.,	 2007;	

Donelan	et	al.,	2004;	Ijmker	et	al.,	2013;	IJmker	et	al.,	2014).	In	summary,	the	nature	of	

gait	 adjustments	 vary	 drastically	 in	 response	 to	 changes	 in	 task,	 environment,	 and	

temporal	nature	(abrupt,	single	event	vs.	continuous)	of	the	global	stability	challenge.	
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2.3.2. Local	stability	

Local	dynamic	stability	describes	the	regulation	of	small	disturbances	over	time.	Upon	

commencing	 a	 discussion	 of	 stability	 analyses,	 it	 is	 important	 to	 acknowledge	 that	

variability	in	gait	parameters	neither	implies	instability,	nor	represents	it.	Gait	stability	

and	variability	 are	 independent	metrics	 (Dingwell	 and	Marin,	2006;	Li	 et	 al.,	 2005),	

which	Hamill	and	colleagues	(2006)	explain	may	have	been	confused	by	early	literature	

detailing	 increased	variability	 in	pathological	populations.	 In	 some	cases,	 variability	

may	 be	 considered	 beneficial	 to	 motor	 performance	 (Wilson	 et	 al.,	 2008).	 It	 may	

facilitate	 robustness	 of	 the	 system	 to	 varying	 task	 conditions,	 and	 likely	 enables	

exploration	of	stability	boundaries	(Van	Emmerik	and	van	Wegen,	2000).	Movement	

variability	may	also	help	protect	biological	tissues	from	repetitive	loading	(Hamill	et	al.,	

2006,	1999).	

One	popular	metric	contributing	to	our	understanding	of	local	stability	in	human	gait	is	

based	upon	finite	time	Lyapunov	exponents	(Benettin	et	al.,	1980a,	1980b;	Brown	et	al.,	

1991;	Dingwell	et	al.,	2001)	which	represent	the	average	logarithmic	rate	of	divergence	

of	nearby	trajectories	in	state	space	over	multiple	strides.	There	is	evidence	to	suggest	

a	 reduction	 in	 speed	 is	 accompanied	 by	 improved	 local	 stability	 as	 quantified	 by	

maximum	 finite-time	 Lyapunov	 exponents	 applied	 to	 trunk	 and	 pelvis	markers,	 hip	

angle,	 knee	angle	and	ankle	angle	 (Dingwell	 and	Marin,	2006;	England	and	Granata,	

2007;	Kang	and	Dingwell,	2008).	This	analysis	applies	non-linear	dynamics	concepts	to	

human	 gait.	 The	 method	 was	 initially	 developed	 to	 study	 deterministic	 dynamical	

systems,	however,	 human	movement	 is	 not	 deterministic;	 it	has	 a	 strong	 stochastic	

component.	Additionally,	maximum	 finite-time	Lyapunov	exponents	do	not	 consider	

the	role	of	goal-orientation	in	movement.	

Cusumano	and	colleagues	(2014;	2006;	2013)	developed	the	goal	equivalent	manifold	

(GEM)	approach	to	address	this	(Figure	2.4).	In	treadmill	locomotion,	the	task	goal	has	

been	identified	as:	 ‘maintain	velocity’,	 i.e.	match	COM	forward	speed	to	the	treadmill	

speed	(Dingwell	et	al.,	2010;	Dingwell	and	Cusumano,	2015).	Combinations	of	stride	

lengths	and	times	which	satisfy	the	task	goal	of	maintaining	a	given	walking	velocity	

are	 considered	 to	 fall	 on	 the	 GEM	 (Cusumano	 and	 Cesari,	 2006;	 Cusumano	 and	
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Multiple	approaches	have	been	used	to	examine	the	fluctuations	about	the	GEM	defined	

for	different	motor	tasks.	Detrended	Fluctuation	Analysis	(DFA)	has	previously	been	

applied	 to	gait	data	 (Dingwell	 et	 al.,	 2017;	Dingwell	 and	Cusumano,	2015),	however	

John	and	colleagues	(2016),	observed	that	congruent	information	about	the	structure	

of	 observed	 fluctuations	 could	 be	 obtained	 using	 DFA,	 lag-1	 autocorrelations	 and	

eigenanalysis	 in	a	shuffleboard	movement	task.	The	work	described	 in	Chapter	Four	

applies	the	eigenanalysis	approach	to	human	gait	data.		

This	 method	 requires	 a	 relatively	 large	 data	 set	 by	 gait	 analysis	 standards	 (150+	

consecutive	stride	lengths	and	corresponding	times).	 It	begins	by	creating	a	discrete	

linear	 map	 between	 consecutive	 strides	 on	 the	 length-time	 plane.	 Eigenvalues	 and	

eigenvectors	 are	 then	 determined;	 the	 magnitudes	 of	 the	 eigenvalues	 indicate	 the	

strength	of	regulation,	that	is,	how	‘strongly’	deviations	from	the	mean	were	corrected	

at	the	next	stride.	Thus,	values	close	to	zero	indicate	stronger	regulation,	while	values	

with	magnitudes	approaching	1	(from	below)	represent	weak	regulation.	Eigenvalue	

magnitudes	>	1	indicate	instability,	and	thus	are	not	observed	experimentally.	Finally,	

an	 important	 part	 of	 the	 process	 involves	 confirming	 the	 directionality	 of	 the	

eigenvectors	 by	 computing	 the	 smallest	 angle	 between	 each	 eigenvector	 and	 a	 unit	

vector	tangential	to	the	GEM.	The	weakly	stable	eigendirection	is	expected	to	produce	

an	angle	in	close	proximity	to	zero	(that	is,	to	be	nearly	tangent	to	the	GEM),	while	the	

strongly	 stable	 direction	 is	 expected	 to	 produce	 a	 significantly	 non-zero	 value	

(Cusumano	and	Dingwell,	2013).	

The	strength	of	the	eigenanalysis	approach	is	that	the	analysis	is	‘unaware’	of	the	GEMs	

position	in	the	stride	length	and	time	task	space,	so	when	the	weakly	stable	eigenvector	

displays	geometrical	alignment	with	the	GEM,	the	data	is	independently	supporting	the	

validity	of	the	goal	function.		

Unlike	 energetic	 COT,	 error	 regulation	 performance	 appears	 to	 be	 independent	 of	

walking	velocity.	Dingwell	 and	colleagues	 (2017,	2010)	observed	regulation	of	 goal-

relevant	speed	errors	in	a	group	of	healthy	young	adults	and	found	this	to	be	constant	

across	a	range	of	speeds.	Interestingly,	these	authors	also	reported	no	differences	in	

speed	 regulation	 between	 young	 and	 older	 adults,	 perhaps	 indicating	 the	 central	
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nervous	system	exerts	a	high-level	of	control	over	speed	regulation	performance	during	

human	locomotion	(Dingwell	et	al.,	2017).	

2.3.3. Stability	prioritization	

As	 a	 locomotor	 prioritization	 criterion,	 stability	 has	 received	 far	 less	 attention	 than	

metabolic	 cost.	Unlike	 locomotor	energetics,	PWS	selection	 in	a	 standard	 laboratory	

environment	does	little	to	shed	light	on	GEM-derived	local	stability	prioritization	due	

to	its	aforementioned	speed	independence	(Dingwell	et	al.,	2017,	2010).	However,	this	

metric	 has	 yet	 to	 be	 applied	 in	 an	 environment	 with	 the	 potential	 to	 impair	 error	

regulation	(e.g.	under	conditions	of	perturbation).	

On	 a	 global	 stability	 scale,	 two	 studies	 have	 considered	 the	 relationship	 between	

stability	and	metabolic	cost	 in	healthy	young	adults	walking	downhill	 (Hunter	et	al.,	

2010;	Monsch	et	al.,	2012).	Hunter	and	colleagues	(2010)	asked	participants	to	adopt	

their	‘normal’	gait	or	a	‘relaxed’	gait	when	navigating	a	slope.	They	concluded	that,	at	a	

certain	 threshold	 value	 of	 slope	 gradient,	 normal	 metabolic	 costs	 are	 significantly	

greater	than	relaxed,	and	therefore	humans	employ	excessive	stabilization	mechanisms	

at	the	detriment	of	their	metabolic	expenditure.	However,	they	did	not	quantify	local	or	

global	stability,	and	using	a	similar	protocol,	Monsch	et	al.	(2012)	could	not	replicate	a	

significant	difference	between	normal	and	relaxed	energy	costs.		

2.4. Neuromechanical	load	prioritization	

2.4.1. Muscle	activation	costs	

Interestingly,	 the	 aforementioned	 study	 by	 Finley	 and	 colleagues	 (2013)	 noted	 a	

simultaneous	reduction	 in	muscle	activity	parameters	(integrated	electromyography	

amplitude	 per	 stride)	 with	 metabolic	 power	 during	 adaptation	 to	 asymmetrical	

treadmill	 belt	 speeds.	 Carrier	 and	 colleagues	 (2011)	 also	 showed	 minimization	 of	

cumulative	 muscle	 activation	 per	 kilometer	 at	 walking	 speeds	 similar	 to	 the	 PWS.	

Likewise,	Russell	and	Apatoczky	(2016)	found	reduced	muscle	activity	at	the	preferred	

stride	frequency	in	walking	humans.	Muscle	activity	patterns	may	also	be	responsible	

for	the	transition	between	gait	patterns	(Prilutsky	and	Gregor,	2001;	Stenum	and	Choi,	

2016).	 Neuromechanical	 measures	 however,	 have	 received	 little	 attention	 as	
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prioritization	criteria,	most	likely	because	they	are	considered	to	be	highly-related	to	

global	energetic	cost.	This	begs	the	question;	does	metabolic	cost	minimization	drive	

gait	behavior,	or	is	it	a	result	of	neuromuscular	cost	minimization?	

To	study	prioritization	in	human	running,	Miller	and	colleagues	(2011)	simulated	gait	

using	metabolic-	and	muscle	activation-minimizing	cost	functions.	These	authors	found	

higher	congruence	between	experimental	data	(joint	kinematics	and	muscle	activity)	

and	 their	 simulations	 when	 muscle	 activation	 was	 minimized.	 Furthermore,	

minimizing	activation	produced	a	COT	closer	to	the	experimental	data	than	simulations	

minimizing	COT	itself.	This	would	suggest	that	humans	do	not	necessarily	run	with	a	

COT-minimizing	technique,	however	this	is	very	difficult	to	test	in	vivo.		

2.4.2. Musculoskeletal	injury	avoidance	

Computer	simulation	methods	have	also	identified	non-energy	minimizing	behavior	in	

human	walking.	Ackermann	and	van	den	Bogert	(2010)	applied	energy-	and	fatigue-

minimizing	 cost	 functions	 to	 a	 musculoskeletal	 model	 and	 found	 their	 fatigue-

orientated	 simulations	 better	 replicated	 gait	 dynamics.	 Such	 fatigue-minimizing	

strategies	 may	 support	 a	 musculoskeletal	 injury	 avoidance	 optimality	 criterion.	

Furthermore,	Perry	and	colleagues	(1988)	indicate	peak	muscle	stress	may	dictate	PWS	

selection	across	vertebrae	species,	and	several	other	studies	suggest	musculoskeletal	

load	minimization	may	trigger	gait	transition	in	goats,	horses	and	humans	(Biewener	

and	Taylor,	1986;	Farley	and	Taylor,	1991;	Hreljac	et	al.,	2008).	However,	gait	transition	

may	be	related	to	mechanical	joint	work	(Pires	et	al.,	2014),	perceived	effort	(Hreljac,	

1993)	and/or	metabolic	 cost	minimization	 (Hoyt	and	Taylor,	1981;	Rubenson	et	 al.,	

2004).	

A	series	of	studies	on	grounded	running	birds	provides	substantiating	evidence	for	the	

proposed	prioritization	of	musculoskeletal-related	parameters	in	a	biological	system.	

These	 animals	 are	 particularly	 good	 at	 attenuating	 the	 effects	 of	 a	 single-step	

perturbation	(raised	obstacle	or	drop	in	surface	height)	within	a	few	steps	(Birn-Jeffery	

and	Daley,	2012;	Blum	et	 al.,	 2014;	Daley	et	 al.,	 2009).	When	 the	perturbation	 is	 an	

anticipated	‘step-up’	obstacle,	a	range	of	cursorial	bird	species	have	been	observed	to	

adapt	gait	dynamics	in	a	manner	that	promotes	reduced	leg	loading,	irrespective	of	the	
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impact	on	COM-related	parameters	 (Birn-Jeffery	et	 al.,	 2014;	Birn-Jeffery	and	Daley,	

2012;	 Blum	 et	 al.,	 2014).	 Such	 obstacle	 negotiation	 strategies	 are	 concomitant	with	

musculoskeletal	injury	avoidance	prioritization.	

2.5. Alternative	prioritization	criteria	

We	 acknowledge	 that	 many	 psychosocial	 factors	 impact	 human	 gait	 behavior.	 For	

example,	people	may	choose	to	walk	with	reduced	awareness	of	their	environment	(e.g.	

cell	 phone	 use)	 and	 may	 adapt	 their	 path	 to	 avoid	 undesirable	 environmental	

conditions	 (e.g.	 taking	 a	 longer	 route	 to	 avoid	 a	 flooded	 pathway).	 They	may	 carry	

unnecessary	 loads,	don	unstable,	non-energetically	optimal	 footwear	(Cronin,	2014),	

and	are	also	known	to	perform	acute	bouts	of	 locomotion	purely	 for	 the	purpose	of	

energy	 expenditure	 (e.g.	 recreational	 exercise	walking/running).	 Humans	 have	 also	

been	known	to	adapt	gait	speed	to	accommodate	a	walking	partner	(Wagnild	and	Wall-

Scheffler,	 2013)	 and	 people	 walking	 in	 cities	 with	 higher	 populations	 appear	 to	

naturally	select	faster	walking	speeds	(Bornstein	and	Bornstein,	1976).	Perhaps	one	of	

the	most	intriguing	observations	of	human	gait	selection	was	made	by	Rosenbaum	and	

colleagues	 (2014),	who	 tasked	participants	with	picking	up	one	of	 two	buckets	and	

carrying	it	to	the	end	of	a	walkway.	Their	participants	chose	a	bucket	placed	farther	

from	 the	 end	 of	 the	 walkway,	 whilst	 neglecting	 the	 bucket	 a	 short	 distance	 from	

walkway’s	end.	Carriage	of	the	extra	load	was	proposed	to	represent	a	‘pre-crastination’	

strategy	in	which	participants	satisfy	a	sub-goal	earlier,	thus	reducing	cognitive	load.	

While	most	subjective	variables	remain	untested	in	relation	to	gait	prioritization,	pain	

and	 discomfort	 avoidance	 have	 received	 mention	 as	 possible	 prioritization	 criteria	

(Xiang	et	al.,	2010;	Yandell	and	Zelik,	2016).	More	investigation	into	these	areas	will	

prove	important,	however	the	current	dissertation	only	addresses	non-psychological	

locomotor	objectives.	
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Chapter	Three: Is	the	center	of	mass	a	control	target	in	human	walking?	Insights	
from	leg	length	asymmetry	experiments	

3.1. Abstract	

Many	 limbed	 terrestrial	 animals,	 including	humans,	 appear	 to	 exercise	 tight	 control	

over	their	center	of	mass	(COM)	mechanics	during	locomotion.	This	COM	control	has	

been	thought	to	preserve	mechanical	and	metabolic	economy	during	gait.	However,	it	

remains	unclear	whether	sensorimotor	feedback,	and	thus	direct	regulation,	actually	

occurs	at	 the	 level	of	 the	COM.	We	posit	 that	peripheral	 limb	structures	(e.g.	muscle	

level)	instead	serve	as	more	realistic	control	targets	by	which	mechanical	effort	can	be	

regulated	during	walking,	and	that	conserved	COM	mechanics	are	a	secondary	effect.	

As	an	initial	test	of	this	hypothesis	we	examined	whether	joint	mechanics	are	conserved	

to	a	greater	extent	than	COM	mechanics	(given	the	close	association	between	muscle	

and	joint	mechanics),	in	a	locomotor	task	where	simultaneous	conservation	of	COM	and	

joint	mechanics	is	not	feasible.	To	test	this,	healthy	adults	(N=15)	walked	normally	and	

with	 an	 imposed	 leg-length	 asymmetry	 (uneven	 footwear	 heights)	 while	 three-

dimensional	motion	capture	and	ground	reaction	forces	were	collected.	Positive	joint	

mechanical	 work,	 as	 assessed	 through	 inverse	 dynamics,	 was	maintained	 at	 values	

closer	to	normal	walking	than	COM	mechanical	work	(p<0.05).	Furthermore,	compared	

to	our	cumulative	measures	of	COM	mechanics	(work,	vertical	displacement,	pendular	

energy	recovery),	our	joint-level	variables	(integrated	total	support	moment	and	joint	

work)	 appeared	 to	 be	 more	 highly	 conserved	 overall	 when	 the	 participants’	 self-

selected	gait	was	assessed	against	other	possible	gait	solutions.	We	suggest	it	is	likely	

that	mechanical	and	metabolic	effort	 is	minimized	via	 targeted	control	of	peripheral	

structures,	and	not	at	the	level	of	the	COM,	as	previously	thought.	We	also	demonstrate	

that	joint	mechanics	may	provide	a	more	accurate	representation	of	underlying	human	

locomotor	control	targets	than	the	COM.	
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3.2. Introduction	

There	are	a	multitude	of	conceivable	ways	a	locomoting	animal	could	achieve	forward	

progression	 of	 their	 center	 of	mass	 (COM).	 Yet	 remarkably,	most	 limbed	 terrestrial	

animals	 exhibit	 a	 highly	 conserved	 COM	 mechanical	 behavior	 during	 locomotion.	

Indeed,	mammalian	(including	humans),	avian,	reptilian	and	even	arthropod	species	

have	 been	 described	 as	 using	 an	 ‘inverted	 pendulum’-style	 gait	 at	 slow	 speeds	

(walking)	and	a	spring-like	‘bouncing’	gait	at	faster	speeds	(running;	Blickhan	and	Full,	

1987;	Cavagna	et	al.,	1977,	1976;	Farley	and	Ko,	1997;	Griffin	et	al.,	2004;	Griffin	and	

Kram,	2000;	Heglund	et	al.,	1982;	Rubenson	et	al.,	2004).	Both	locomotor	patterns	are	

characterized	by	mechanical	energy	conservation,	achieved	through	exchange	between	

COM	gravitational	potential	energy	and	kinetic	energy	in	the	case	of	pendular	walking,	

and	between	gravitational	potential	energy	and	elastic	potential	energy	in	the	case	of	

spring-like	running.	

The	stereotypical	COM	mechanical	energy	profile	displayed	across	limbed	terrestrial	

species	has	led	some	to	regard	COM	mechanics	as	a	target	of	control	that	is	regulated	

by	the	central	nervous	system	to	achieve	locomotor	economy	(a	‘target	of	control’	is	

defined	 here	 as	 a	 variable	 that	 is	 sensed/monitored	 and	 regulated	 to	 achieve	 a	

locomotor	task	goal).	Indeed,	several	studies	indicate	that	spring	mass	dynamics	and	

COM	 behavior	 are	 largely	 conserved	 when	 normal	 locomotion	 is	 challenged.	 For	

example,	irrespective	of	whether	humans	are	faced	with	anticipated	or	unanticipated	

changes	in	surface	stiffness,	they	adjust	leg	stiffness	to	maintain	overall	COM	motion	

during	bouncing	gaits	(Ferris	et	al.,	1999,	1998;	Ferris	and	Farley,	1997;	Grimmer	et	al.,	

2008;	Kerdok	et	al.,	2002;	Moritz	and	Farley,	2003).	Similarly,	when	exposed	to	abrupt,	

unanticipated	perturbations,	 animals	have	been	 shown	 to	rapidly	 control	 their	COM	

mechanics	 (Daley	 and	 Biewener,	 2006;	 Jindrich	 and	 Full,	 2002).	 Clinically	 focused	

studies	have	also	demonstrated	conservation	of	COM	mechanics.	COM	mechanical	work	

during	 walking	 has	 been	 observed	 to	 be	 largely	 maintained	 between	 lower	 limb	

amputees	walking	with	a	prosthetic	 limb	and	able-bodied	counterparts	(Gitter	et	al.,	

1995),	as	well	as	between	young	and	old	adults	(Ortega	and	Farley,	2007).	
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The	 notion	 that	 the	 COM	 is	 a	 target	 of	 control	 for	 economical	 locomotion	 is	

strengthened	by	simulation	studies,	many	of	which	capture	salient	features	of	limbed	

locomotion	when	 using	 COM	mechanical	 energetics	 as	 their	 objective	 function.	 For	

example,	in	an	attempt	to	determine	why	humans	select	walking	and	running	gaits	from	

the	myriad	of	possible	biomechanical	variations,	Srinivasan	and	Ruina	(2006)	utilized	

a	basic	bipedal	pendular	model	onto	which	they	 imposed	the	goal	of	minimizing	the	

mechanical	cost	of	transport.	Interestingly,	this	simple	model,	void	of	elastic	properties,	

discovered	 walking	 (inverted	 pendulum)	 and	 running	 (impulsive	 bouncing)	 gait	

solutions	at	low	and	high	velocities,	respectively.	The	spring-loaded	inverted	pendulum	

template,	which	 can	be	used	 to	model	both	gait	patterns,	has	 inspired	a	plethora	of	

locomotion	models	(Garcia	et	al.,	1998;	Geyer	et	al.,	2006;	Kajita	et	al.,	2001;	Kuo,	2001;	

Kuo	et	al.,	2005;	McGeer,	1990;	Srinivasan	and	Ruina,	2007).		

Yet	despite	the	conserved	COM	mechanics	observed	experimentally	and	 in	modeling	

studies,	some	have	questioned	whether	maintaining	COM	mechanics	is	a	direct	target	

of	control	during	gait.	Full	and	Koditschek	(1999)	suggest	any	substantial	shift	in	COM	

behavior	 from	the	original	 ‘template’	 indicates	 that	COM	mechanics	are	not	a	 ‘literal	

control	 target	 for	 the	 musculoskeletal	 system’	 (Full	 and	 Koditschek,	 1999).	 More	

recently,	Birn-Jefferey	et	al.	(2014)	provided	experimental	data	across	a	large	range	of	

bipedal	bird	 species	 indicating	 that	maintaining	COM	 trajectory	may	not	be	a	direct	

control	 target	 when	 negotiating	 visible	 single-step	 obstacles.	 From	 a	 sensorimotor	

perspective,	it	is	debatable	whether	COM	mechanics	can	actually	serve	as	a	direct	target	

of	control.	Any	parameter	functioning	as	a	control	target	must	be	rapidly	sensed	and	

processed	 within	 the	 nervous	 system.	 It	 is	 conceivable	 that	 the	 vestibular	 system	

provides	 this	 necessary	 sensory	 input,	 but	whether	 it	 can	 represent	 the	 body	 COM	

acceleration	 accurately	 is	 not	 clear.	 Alternatively,	 integrated	 sensory	 input	 from	

peripheral	 (lower-level)	 structures	 such	 as	muscles	 and	 joints	may	 provide	 a	more	

direct	control	target	by	which	locomotor	energetics	can	be	regulated.	COM	mechanics	

may	thus	not	be	the	control	target	itself,	but	may	serve	as	a	sufficient	proxy,	capturing	

the	underlying	proprioceptive	control	of	movement.		

An	 understanding	 of	 central	 vs.	 peripheral-level	 control	 is	 hard	 to	 derive	 from	 the	

literature	 because	 disruptions	 in	 COM	mechanics	 and	 joint/muscle	mechanics	 often	
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occur	 in	 parallel	 (Birn-Jeffery	 et	 al.,	 2014).	 Here	 we	 devise	 an	 approach	 to	 more	

explicitly	 test	 COM	 mechanics	 and	 a	 first	 approximation	 of	 lower-level	 peripheral	

control,	namely	joint	mechanics.	We	generated	a	gait	perturbation	where	simultaneous	

conservation	 of	 COM	 and	 joint	 mechanics,	 in	 particular	 parameters	 that	 affect	

locomotor	 economy	 (work	 and	 joint	 loading),	 was	 not	 feasible.	 Specifically,	 we	

hypothesized	joint	mechanical	work	would	be	better	conserved	between	normal	and	

perturbed	walking	than	COM	mechanical	work.	This	hypothesis	was	motivated	by	prior	

work	 detailing	 the	 close	 association	 between	 joint-level	 mechanics	 and	 peripheral	

muscle	 mechanics	 (Sasaki	 et	 al.,	 2009),	 where	 the	 highest	 abundance	 of	 direct	

locomotor	control	targets	likely	reside.	Additionally,	joint	mechanical	behavior	appears	

to	be	closely	related	to	organismal	energetics	(Selgrade	et	al.,	2017b,	2017a),	which	

further	 contributed	 to	 our	 hypothesis,	 given	 the	 role	 of	 metabolic/mechanical	

minimization	as	a	governing	principle	of	locomotion.	

3.3. Methods	

3.3.1. Participants	

Fifteen	healthy	adults	(8F,	7M;	age	24.4±3.0	years;	mass	71.8±11.3	kg;	height	1.75±0.5	

m;	mean±SD)	were	included	in	this	study.	Participants	were	required	to	have	no	history	

of	serious	lower	limb	injuries	in	the	past	year,	and	no	previously	or	currently	diagnosed	

balance,	 stability	 or	 coordination	 diseases,	 disorders	 or	 conditions.	 They	were	 also	

required	 to	be	within	 the	 shoe	 size	 range	of	US	7-11	 (8.6±1.2)	 to	accommodate	 the	

custom-made	 platform	 footwear	 (described	 below).	 Participants	 provided	 written	

informed	consent	for	this	study,	approved	by	the	Human	Research	Ethics	Committee	at	

the	University	of	Western	Australia	(RA/4/1/7336).	

3.3.2. Experimental	design	

Asymmetric	 walking	 was	 induced	 by	 having	 participants	 walk	 with	 a	 custom-

manufactured	~90mm	platform	shoe	on	their	dominant	limb	only	(equal	to	9.7±0.4%	

of	 limb	 length).	 The	 shoe	 design	 is	 described	 in	 detail	 below.	 Participants’	 gait	

mechanics	were	 recorded	 during	 continuous	walking	 on	 a	 force	 plate-instrumented	

motorized	 treadmill	 under	 four	 conditions:	 1)	 normal	 walking	 in	 standardized	
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footwear;	 2)	 walking	 in	 the	 asymmetrical	 footwear	 using	 the	 participant’s	 ‘self-

selected’	 technique;	 3)	 walking	 in	 the	 asymmetrical	 footwear	 using	 an	 instructed	

‘crouching’	technique	(Figure	3.1);	and	4)	walking	in	the	asymmetrical	footwear	using	

an	instructed	‘vaulting’	technique	(described	below;	Figure	3.1).	

	

Comparison	 between	 conditions	 1	 and	 2	 was	 used	 to	 assess	 whether	 COM-level	

mechanics	 or	 joint-level	 mechanics	 are	 more	 closely	 conserved	 between	 normal	

walking	 and	 continuous	 self-selected	 walking	 with	 an	 asymmetric	 leg	 length	

perturbation.	While	we	do	not	 specifically	 test	muscle-level	 control,	 focusing	on	 the	

joints	allows	us	to	test	a	mechanism	peripheral	to	the	COM	mechanics	that	has	direct	

proprioceptive	feedback	(Riemann	and	Lephart,	2002).	Furthermore,	joint	mechanics,	

although	 they	 do	 not	 necessarily	 mirror	muscle	 mechanics,	 are	 known	 to	 be	 more	

closely	 associated	 with	 muscle	 mechanics	 than	 the	 COM	 (Sasaki	 et	 al.,	 2009).	 Our	

experimental	design	is	therefore	a	first	approach	at	exploring	whether	COM	or	lower-

level	 mechanisms	 better	 represent	 the	 target	 of	 control	 in	 human	 locomotion.	

Conditions	3	and	4	served	as	a	secondary	assessment	of	whether	COM-	or	peripheral	

mechanics	are	more	directly	controlled	after	perturbation.	Our	rationale	was	that	the	

self-selected	technique	will	result	 in	better	conservation	of	COM	or	 joint	mechanical	

Figure	3.1	Crouch	(left)	and	vault	(right)	technique	near	midstance	of	the	gait	cycle. 
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work,	 and	 additional	 complementary	 mechanical	 variables,	 compared	 to	 other	

plausible	 gait	 solutions	 if	 they	 represent	 the	 underlying	 control	 target.	 If	 the	 self-

selected	gait	choice	leads	to	greater	deviations	in	COM	or	joint	mechanics	compared	to	

non-preferred	gaits,	it	follows	that	these	variables	are	weakly	controlled	for.	The	latter	

two	 conditions	 also	 allowed	 us	 to	 explore	 the	 spectrum	 of	 possible	 COM	 vertical	

displacement	 solutions.	 All	 trials	 were	 conducted	 at	 1.3	 m·s 1,	 consistent	 with	 the	

average	 preferred	walking	 speed	 of	 previous	 treadmill	 studies	 (Martin	 et	 al.,	 1992;	

Mohler	 et	 al.,	 2007;	 Panizzolo	 et	 al.,	 2013;	 Van	 Emmerik	 et	 al.,	 2005).	 Because	

participants	 had	 a	 comparable	 height	 and	 leg	 length	 we	 did	 not	 normalize	 to	 a	

dimensionless	speed	(Froude	number).	

3.3.3. Testing	protocol	

Limb	dominance	(12R,	3L)	was	established	by	asking	participants	to	stand	on	one	leg,	

with	 the	 raised	 leg	deemed	dominant	 (Young	et	 al.,	 2013).	 Subsequently,	 a	 series	of	

retro-reflective	 markers	 were	 affixed	 to	 the	 participant’s	 trunk	 and	 lower	 limbs	 in	

accordance	with	Besier	et	al.	(2003).	Three-dimensional	kinematic	data	were	collected	

using	 a	 ten-camera	 Vicon	 MX	 system	 (250	 Hz;	 Oxford	 Metrics,	 Oxford,	 UK),	

synchronized	 to	 a	 split-belt	 (2x6	 channel)	 instrumented	 treadmill	 (2000	Hz;	 Bertec	

Corporation,	Columbus,	OH,	USA).	In	standardized	footwear,	participants	completed	a	

three-minute	warm	up	walk,	followed	by	static	and	functional	trials	used	to	compute	a	

joint	coordinate	system	which	included	a	functional	hip	joint	center	and	mean	helical	

knee	 axis	 (Besier	 et	 al.,	 2003).	 For	 this,	 participants	moved	 their	 right	 and	 left	 feet	

(separately)	into	the	following	approximate	positions	whilst	maintaining	an	extended	

knee;	directly	anterior	(0°),	45°,	90°,	135°,	directly	posterior	(180°),	and	completed	five	

consecutive	mid-range	squats,	respectively.	

First,	a	two-minute	walking	trial	in	normal	footwear	was	completed	with	the	treadmill	

belt	speed	set	to	1.3	m·s 1	(the	‘normal’	condition).	The	dominant	limb	shoe	(only)	was	

replaced	 by	 a	 ~90	 mm	 ‘platform’	 shoe	 and	 the	 participant	 began	 a	 three-minute	

exploration	 period	 in	which	 they	were	 free	 to	 discover	 their	 preferred	 gait	 pattern	

under	no	instruction.	Longer	familiarization	time	was	intentionally	avoided	to	observe	

immediate	prioritization	response	to	the	perturbation.	At	the	end	of	the	exploration,	all	
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participants	were	deemed,	by	observation,	 to	have	 reached	a	 ‘consistent’	 technique;	

that	 is,	 displaying	 no	 major	 variation	 in	 stride-to-stride	 technique	 (e.g.	 foot	 strike	

pattern,	vertical	movement	of	the	COM).	A	two-minute	trial	was	collected	to	assess	the	

self-selected	 technique	when	walking	 in	 the	 asymmetrical	 footwear.	 Following	 this,	

participants	completed	the	two	imposed	techniques;	‘crouching’	and	‘vaulting’.		

For	 crouching,	 participants	 were	 asked	 to	 flex	 their	 knee	 as	 they	 walked	 over	 the	

platform	 shoe	 so	 that	 their	 peak	 hip	 height	 (from	 the	 treadmill)	 resembled	 that	 of	

normal	walking.	For	vaulting,	participants	were	asked	to	vault	over	the	platform	shoe,	

extending	 their	 knee	 as	 per	 midstance	 of	 normal	 walking.	 In	 this	 case,	 they	 were	

instructed	that	their	peak	hip	height	relative	to	their	foot	should	be	the	same	as	that	

during	normal	walking	(i.e.	their	peak	hip	height	should	equal	normal	walking	peak	hip	

height	plus	the	height	of	the	shoe	platform).	Crouching	and	vaulting	conditions	were	

completed	 independently,	 the	 order	 of	 which	 was	 reversed	 for	 each	 consecutive	

participant.	

3.3.4. Data	processing	

Five	 representative	 strides	 from	 each	 condition	 were	 randomly	 selected	 from	 the	

recorded	data.	Marker	trajectory	and	ground	reaction	force	data	were	low-pass	filtered	

using	a	zero-lag	fourth-order	Butterworth	filter,	with	the	same	cut-off	frequency	of	15	

Hz	(to	avoid	artefacts	in	joint	kinetics;	Kristianslund	et	al.,	2012).	Stride	events	(heel	

strike	 and	 toe-off)	 were	 determined	 from	 the	 vertical	 ground	 reaction	 force.	 In	 all	

computations	to	follow,	we	define	x,	y	and	z	directions	as	anteroposterior,	vertical	and	

mediolateral,	respectively.		

3.3.4.1. Computation	of	center	of	mass	mechanical	variables	

To	 characterize	 COM	mechanics	 we	 examined	 three	 variables	 across	 the	 stride;	 1)	

external	COM	work	(Wext,	normalized	to	body	mass	and	distance	traveled;	 J·kg 1·m 1;	

Eqn	3.1	and	Eqn	3.2),	2)	COM	trajectory	in	the	vertical	and	mediolateral	directions	(Eqn	

3.7	and	Eqn	3.8,	respectively)	and	3)	percent	pendular	energy	recovery	(Eqn	3.9).	These	

variables	were	 computed	 from	 ground	 reaction	 force	 data.	 COM	work	 per	 distance	

traveled	was	analyzed	as	opposed	to	the	COM	work	per	step	because	differences	in	step	
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frequency	may	arise	between	conditions	and	therefore	work	per	distance	will	better	

represent	 the	 effect	 of	 gait	 on	 overall	 COM	work	 requirements	 and	 thus	 locomotor	

economy.	In	computing	Wext,	the	combined	limbs	method	was	chosen	to	quantify	the	

overall	resultant	COM	work,	exclusive	of	individual	limb	collision	costs	(Donelan	et	al.,	

2002):	
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where	Fr	is	the	resultant	ground	reaction	force,	vC	is	the	resultant	COM	velocity,	and	ti	

and	 tf	 are	 initial	 and	 final	 time	 boundaries	 for	 the	 stride.	 The	 resultant	 force	 was	

computed	as	 the	 instantaneous	sum	of	 the	two	treadmill	 force-plate	recordings	(the	

force-plate	corresponding	to	the	flat	shoe	limb	(f)	and	the	force-plate	corresponding	to	

the	platform	shoe	 limb	 (p);	Fxr	=	 Fxf	+	 Fxp,	Fyr	 =	 Fyf	+	 Fyp	 and	Fzr	=	 Fzf	+	 Fzp).	The	COM	

velocities	(vxC,	vyC,	and	vzC)	were	computed	by	integrating	the	respective	components	of	

the	combined	force	recordings	and	applying	integration	constants:		
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where	 Ff	 and	 Fp	 are	 the	 force	 plates	 corresponding	 to	 the	 flat	 and	 platform	 limbs,	

respectively,	with	force	components	denoted	by	x,	y,	z.	Body	mass	and	gravity	(9.81	m·s
2)	are	represented	by	m	 and	g,	 respectively,	whilst	ti	and	tf	are	 initial	 and	final	 time	

boundaries	 of	 the	 stride	 (heel	 strike	 to	 heel	 strike).	 Integration	 constants	were	 set	
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according	 to	 Donelan	 et	 al.	 (2002).	 Briefly,	 the	 integration	 constant	 for	 vxC	 was	

computed	by	necessitating	the	mean	vxC	over	a	stride	equaled	the	treadmill	velocity	and	

the	integration	constants	for	vyC	and	vzC	were	computed	by	necessitating	the	mean	vyC	

and	vzC	over	a	stride	equaled	zero,	respectively.	

To	 compute	COM	displacement	 (sx,	 sy	 and	 sz)	 the	vxC,	vyC	 and	vzC	 traces	were	 further	

integrated:	

U-M = G '-M
3N

3?
O:	 (3.6)	

U/M = G '/M
3N

3?
O:	 (3.7)	

U0M = G '0M
3N

3?
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where	ti	and	 tf	are	 initial	and	final	 time	boundaries	of	 the	stride	(heel	strike	to	heel	

strike).	

The	percent	pendular	energy	recovery	was	computed	as:	

%	#$%&'$() = 	+
,-+,/ +,0 −,2-3

4

,-+,/+,0
5100 (3.9)	

where	Wx	is	work	required	to	accelerate	the	COM	forward,	Wy	is	the	work	required	to	

accelerate	 the	 COM	 vertically	 (against	 gravity),	 and	 Wz	 represents	 mediolateral	

requirements	(deemed	to	be	negligible;	Cavagna	et	al.,	1963).	Essentially,	lower	values	

of	 actual	 positive	 work	 done	 (,2-3
4 )	 result	 in	 proportionally	 higher	 passive	

contributions.		

Finally,	horizontal	(KEx)	and	vertical	(KEy)	kinetic	energy	and	gravitational	potential	

energy	(GPE)	were	computed	as:	

V;- = 0.59'-MY (3.10)	

V;/ = 0.59'/MY (3.11)	
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Z[; = 9TU/M (3.12)	

where	body	mass	and	gravity	(9.81m·s 2)	are	represented	by	m	and	g,	respectively.	As	

above,	 vxC,	 vyC	 and	 syC	 are	 anteroposterior	 COM	 velocity,	 vertical	 COM	 velocity	 and	

vertical	COM	displacement,	respectively.	

3.3.4.2. Computation	of	joint	mechanical	variables	

To	 characterize	 joint	 mechanics	 (ankle,	 knee	 and	 hip)	 we	 examined	 four	 sets	 of	

variables	across	stance	phase;	1)	joint	angles,	2)	net	joint	and	total	support	(Winter,	

2009,	1980)	moments	normalized	to	body	mass	and	distance	traveled	per	step	(Nm·kg

1·m 1),	3)	 instantaneous	body	mass-specific	 joint	power	(W·kg 1),	 and	4)	body	mass-

specific	 joint	 work	 (Eqn	 3.13	 and	 Eqn	 3.14)	 per	 unit	 distance	 (J·kg 1·m 1).	 Joint	

kinematic	and	inverse	dynamics	calculations	were	performed	on	both	limbs	(‘flat’	and	

‘platform’)	and	computed	in	Vicon	Nexus	software	(Vicon,	Oxford	Metrics,	Oxford,	UK).	

Custom	inertial	properties	of	the	foot	segment	were	input,	taking	into	consideration	the	

added	 mass	 of	 the	 footwear.	 A	 combined	 total	 value	 for	 positive	 joint	 work	 was	

computed	as:	

,\]?@3
4 = G B^N_^N + G B`N_`N

3N

3?
+ G BaN_aN

3N

3?

3N

3?
+ (3.13)	

G B^S_^S + G B`S_`S
3N

3?
+ G BaS_aS	

3N

3?

3N

3?
	

For	values	of	B_	>	0	

where	M	represents	the	joint	moment,	ω	is	joint	angular	velocity,	for	the	non-platform	

shoe	(‘flat’)	ankle	(Af),	knee	(Kf)	and	hip	(Hf),	and	the	platform	shoe	ankle	(Ap),	knee	

(Kp)	and	hip	(Hp),	and	ti	and	tf	are	initial	and	final	time	boundaries	of	the	stance	phase	

(heel	strike	to	toe-off).	

The	same	procedure	was	applied	for	the	total	negative	joint	work:	
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,\]?@3
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For	values	of	B_	<	0	

Supporting	 body	 weight	 has	 been	 demonstrated	 to	 affect	 the	 metabolic	 cost	 of	

locomotion	 (Kram	 and	 Taylor,	 1990).	 The	 ‘support	 moment’	 represents	 the	 total	

moment	 required	 to	 support	 the	 body	 weight	 and	 is	 comprised	 of	 the	 antigravity	

moments	at	the	individual	joints	(extension	at	the	hip	and	knee	and	plantarflexion	at	

the	ankle;	Winter,	2009,	1980).	The	support	moment	thus	serves	as	a	useful	costing	of	

the	overall	weight	support	during	gait.	The	integrated	net	total	support	moment	from	

each	limb	was	computed	before	being	normalized	to	distance	traveled.	The	two	limbs	

were	 then	 summed	 to	 produce	 a	 single	 combined	 support	 moment	 per	 distance	

traveled	(iTSM;	Nm·kg 1·m 1):	

=bcB =	G PB^N + B`N +BaNQ +	
3N

3?
G (B^S +B`S + BaS)
3N

3?
(3.15)	

where	ti	and	tf	are	initial	and	final	time	boundaries	of	the	stance	phase	(heel	strike	to	

toe-off).	

The	 percent	 change	 from	normal	walking	was	 also	 calculated	 for	 COM	positive	 and	

negative	 work,	 pendular	 energy	 recovery,	 vertical	 COM	 range,	 total	 positive	 and	

negative	joint	work,	and	the	integrated	total	support	moment.		

3.3.5. Shoe	design	

The	platform	shoe	was	a	modified	version	of	the	footwear	worn	in	the	normal	condition	

(lightweight,	 zero	 heel-to-toe	 gradient,	minimally	 cushioned	with	 a	 rubber	 sole	 and	

canvas	upper;	Volley,	Brand	Collective,	Australia).	A	block	of	semi-rigid	 foam,	with	a	

height	 of	 approximately	 90	 mm,	 was	 secured	 to	 the	 sole	 of	 the	 platform	 shoe	 via	

adhesive.	The	foam	was	crafted	to	mirror	the	shape	of	the	sole.	However,	to	increase	

the	base	of	support	and	reduce	the	risk	of	a	fall,	20	mm	of	additional	width	was	provided	
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at	the	point	of	treadmill	contact	(shoe-ground	interface).	The	height	of	the	foam	block	

as	 a	 percentage	 of	 dominant	 limb	 length	 (916.2±31.9	mm),	 ranged	 from	9.1-10.2%.	

Shoe	mass	was	standardized	to	ensure	equal	shoe	mass	in	all	four	conditions.	In	the	flat	

shoes,	this	was	achieved	by	sewing	small	packages	of	lead	fishing	weights	to	the	medial	

and	lateral	aspects	of	the	canvas	upper.	

3.3.6. Statistical	analyses	

All	data	were	screened	for	normality.	To	assess	whether	COM	or	joint	mechanics	were	

prioritized	 by	 our	 participants,	 we	 utilized	 two	 approaches.	 First,	 we	 determined	

whether	significant	changes	between	the	four	conditions	(normal,	self-selected,	crouch,	

vault)	existed	for	the	collection	of	COM-	and	joint-level	variables.	Analysis	of	variance	

(ANOVA;	parametric)	and	Friedman	test	(non-parametric)	repeated	measures	statistics	

were	used	accordingly,	with	alpha	levels	set	at	0.05	for	all	analyses.	Significance	was	

followed	 up	 with	 post	 hoc	 comparisons;	 Bonferroni	 correction	 (parametric)	 or	

Wilcoxan	 tests	 (non-parametric)	 with	 appropriately	 adjusted	 significance	 (non-

parametric	 p=0.0125).	We	 also	 tested	 for	 differences	 in	 temporal	 parameters	 using	

similar	ANOVA	methods.	

Secondly,	we	compared	the	percent	difference	between	the	normal	condition	and	the	

three	asymmetrical	 leg	 length	conditions	(self-selected,	 imposed	crouching,	 imposed	

vaulting).	For	positive	and	negative	COM	work	and	joint	work	statistical	comparisons	

of	 the	 percent	difference	 between	 the	 perturbed	 and	 normal	 conditions	were	made	

with	two-tailed	repeated	measures	t-tests.	

From	the	analyses	above,	those	data	that	presented	with	non-normal	distributions	are	

highlighted	below	(denoted	by	an	asterisk),	however	where	no	reference	to	normality	

is	made,	 the	data	has	been	processed	using	parametric	 tests.	SPSS	21.0	(Chicago,	 IL,	

USA)	was	used	to	perform	all	statistical	analyses.	
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3.4. Results	

3.4.1. Temporal	data	

Stride	rate	(non-normally	distributed)	was	assessed	for	all	conditions	and	presented	

with	an	ANOVA	main	effect.	While	crouching	stride	rate	(1.00±0.10)	exceeded	normal	

(0.93±0.04;	 p=0.012*),	 self-selected	 (0.95±0.06;	 p=0.002*),	 and	 vaulting	 (0.92±0.06;	

p=0.001*),	no	other	significant	differences	were	present	between	the	four	conditions.	

Stance	 phase	 duration	 of	 flat	 and	 platform	 shoe	 limbs	 across	 the	 four	 conditions	

produced	an	interaction	effect.	On	the	flat	side,	normal	walking	(0.68±0.03	s)	exceeded	

the	self-selected	(0.65±0.04	s;	p=0.017)	and	vault	(0.64±0.04	s,	p=0.044)	conditions,	

and	on	the	platform	side,	the	crouch	stance	phase	was	shorter	(0.63±0.05	s)	than	both	

the	self-selected	(0.67±0.05	s;	p=0.024)	and	vault	(0.71±0.05	s;	p<0.001)	techniques.	

While	crouching	produced	equal	stance	durations,	the	platform	limb	stance	was	longer	

than	the	flat	for	both	the	self-selected	and	vault	conditions	(p<0.022).	

3.4.2. Center	of	mass	mechanics	

3.4.2.1. Center	of	mass	displacement	

COM	mechanical	parameters	are	displayed	in	Table	3.1.	A	main	effect	of	condition	was	

detected	 for	 vertical	 COM	 displacement.	 This	 measure	 confirmed	 our	 participants	

generated	a	range	of	COM	vertical	displacements	across	the	self-selected,	crouching	and	

vaulting	 conditions	 (Figure	3.2A).	When	compared	 to	normal	walking	 (0.05±0.01	m	

vertical	 COM	 displacement),	 the	 crouch	 condition	 was	 not	 significantly	 different	

(p>0.999).	 The	 self-selected	 and	 vault	 conditions	 on	 the	 other	 hand	 displayed	 a	 far	

greater	 COM	 vertical	 range	 compared	 to	 normal	 walking	 (53%	 and	 129%	 change,	

respectively;	p<0.001;	Figure	3.4).	Self-selected	asymmetric	walking	produced	a	higher	

COM	vertical	 range	 than	 the	 crouch	condition	(p=0.009)	but	a	 lower	 range	 than	 the	

vault	(p<0.001).	Mediolateral	COM	range	was	also	calculated,	however	no	significant	

differences	were	observed	between	the	four	conditions	(p>0.216;	Figure	3.2B).	



	

64	

3.4.2.2. Pendular	mechanics	

Mechanical	energy	profiles	are	displayed	in	Figure	3.3.	A	main	effect	was	detected	for	

pendular	energy	recovery.	Post	hoc	testing	found	reduced	recovery	across	all	leg	length	

asymmetry-perturbed	 conditions	 (self-selected,	 crouch,	 vault)	 relative	 to	 normal	

walking	(Table	3.1),	indicating	impaired	inverted-pendulum	mechanics	(p<0.019).	Of	

all	the	asymmetric	gaits,	pendular	energy	recovery	in	the	self-selected	condition	was	

the	closest	to	that	of	the	normal	walking	condition	(14%	change).	However,	the	self-

selected	 condition	was	not	 statistically	different	 from	 the	 crouch	 (p=0.068)	or	vault	

(p=0.064)	conditions,	with	both	exhibiting	similar	reductions	when	compared	to	the	

pendular	energy	recovery	of	normal	walking	(23%	reduction;	Figure	3.4).	

3.4.2.3. Center	of	mass	work	

The	positive	COM	Wext	(main	effect	of	condition	present)	was	elevated	above	normal	

walking	during	the	self-selected	condition	by	55%	(p<0.001;	Figure	3.4).	The	positive	

COM	Wext	was	also	elevated	above	normal	walking	in	the	vaulting	condition,	but	to	an	

even	 greater	 extent	 (88%	 change;	 p<0.001).	 Unlike	 the	 other	 two	 asymmetry	

conditions,	 the	COM	Wext	 in	 the	crouch	condition	was	not	statistically	different	 from	

normal	walking	 (p=0.135).	The	differences	 in	negative	COM	Wext	 exhibited	a	 similar	

pattern	to	those	of	positive	COM	Wext	(non-normally	distributed;	Table	3.1).	

3.4.3. Joint	mechanics	

Crouched	 walking	 was	 characterized	 by	 platform-limb	 flexed	 hip	 and	 knee	 joint	

postures	throughout	stance	phase	(Figure	3.5).	The	near-isometric	behavior	of	the	knee	

joint	was	accompanied	by	an	increased	net	extensor	moment,	deviating	considerably	

from	 normal	 gait	 mechanics	 (Figure	 3.6).	 Conversely,	 vaulting	 appears	 to	 utilize	

platform	limb	knee	and	hip	joint	extension	during	the	second	half	of	stance	phase	to	

increase	 vertical	 COM	 displacement.	 As	would	 be	 expected,	 the	 resulting	 kinematic	

traces	 in	 the	 vaulting	 stance	 leg	 closely	mirror	 that	 of	 normal	walking	 (Figure	 3.5).	

Furthermore,	around	the	period	of	double-support,	vertical	ascent	onto	the	platform	

shoe	 is	 assisted	 by	 an	 earlier	 onset	 of	 flat	 limb	 positive	 ankle	 power,	 coupled	with	

increased	platform	limb	positive	hip	power	 (Figure	3.7).	The	self-selected	 condition	
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was	 associated	 with	 midrange	 hip	 and	 knee	 extension	 relative	 to	 the	 imposed	

techniques.	The	 large	knee	moment	and	ankle	power	associated	with	crouching	and	

vaulting,	respectively,	were	avoided	during	the	self-selected	gait.	

3.4.3.1. Total	joint	work	

Total	 positive	 (normally	 distributed)	 and	 negative	 (non-normally	 distributed)	 joint	

work	are	presented	in	Table	3.1.	Main	effects	were	detected	for	both	measures.	Post	hoc	

analyses	revealed	increases	in	positive	and	negative	work	in	all	leg	length	asymmetry	

conditions	when	compared	to	values	of	normal	walking	(p<0.003).	The	self-selected	

technique	produced	the	closest	result	 to	normal	walking,	with	a	change	of	17%	and	

31%	in	positive	and	negative	work,	respectively	(Figure	3.4).	These	differences	were	

further	exaggerated	in	crouch	(positive:	20%,	negative	44%)	and	vault	(positive:	36%,	

negative	57%)	conditions	(Figure	3.4).	Total	positive	work	was	greater	when	vaulting	

than	in	both	the	self-selected	and	crouch	trials	(p<0.009),	which	were	not	significantly	

different	 from	 one	 another	 (p=0.959).	 Total	 negative	 work	 was	 lower	 in	 the	 self-

selected	than	both	the	crouch	and	vault	techniques	(p<0.006*)	whilst	the	two	imposed	

conditions	did	not	vary	statistically	significantly	(p=0.088*).	

3.4.3.2. Work	distribution	between	joints	

The	 distribution	 of	 positive	 and	 negative	 work	 across	 the	 joints	 did	 not	 differ	

substantially	when	walking	with	the	leg	length	asymmetry	perturbation	compared	to	

normal	walking.	In	the	normal	condition,	ankle,	knee	(non-normal	distribution)	and	hip	

joint	 positive	 work	 contributions	 of	 35.9±4.1%,	 22.9±5.7%,	 41.2±4.9%	 to	 the	 total	

mechanical	work	of	the	limbs	(the	sum	of	the	work	in	each	joint	from	both	limbs)	were	

observed,	 respectively.	 The	 ankle,	 knee	 and	 hip	 (non-normal	 distribution)	 joint	

negative	 work	 accounted	 for	 32.9±8.8%,	 43.4±9.2%,	 and	 23.7±8.3%,	 respectively.	

Significance	testing	revealed	the	ankle	positive	work	contribution	was	greater	in	the	

normal	 condition	 than	 the	 vault	 (p=0.002).	 This	 was	 the	 only	 percentage	 work	

contribution	(including	both	positive	and	negative	values)	to	deviate	significantly	from	

normal	walking	across	all	measured	joints.	
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3.4.3.3. Integrated	net	total	support	moment	

Support	moment	parameters	are	displayed	in	Table	3.1.	A	main	effect	of	condition	was	

detected	 for	 the	 iTSM.	 All	 asymmetrical	 gaits	 produced	 greater	 iTSM	 than	 normal	

walking	(p<0.001),	with	no	significant	difference	detected	between	self-selected	and	

vault	 conditions	 (p=0.139).	 Both	 the	 self-selected	 and	 the	 vaulting	 asymmetry	

techniques	however,	displayed	significantly	(p<0.05)	 lower	 iTSM	than	the	crouching	

condition.	The	percent	change	between	the	asymmetry	conditions	and	normal	walking	

were	 61%,	 132%	 and	 49%,	 for	 the	 self-selected,	 crouch	 and	 vault	 conditions,	

respectively	(Figure	3.4).	

3.4.4. Relative	(percentage)	effect	of	center	of	mass	vs.	joint	mechanics	

Percent	changes	between	normal	walking	and	the	self-selected	condition	for	pendular	

energy	recovery,	COM	positive	and	negative	work,	vertical	COM	range,	 total	positive	

and	 negative	 joint	work,	 and	 the	 integrated	 total	 support	moment	 are	 presented	 in	

Figure	3.4.	Statistical	analyses	compared	changes	in	COM	and	joint	work.	The	percent	

increase	in	positive	COM	work	between	normal	and	self-selected	asymmetrical	walking	

(36%)	was	significantly	greater	than	that	of	positive	joint	work	(17%;	p=0.010).	When	

the	 same	 analysis	 was	 conducted	 for	 negative	 COM	 vs.	 joint	 work,	 no	 statistically	

significant	difference	was	detected	(p=0.070).	Both	positive	and	negative	COM	vs.	joint	

work	 percent	 increases	 were	 statistically	 equivalent	 when	 crouching	 (p=0.076	 and	

p=0.948,	respectively).	However,	vaulting	produced	significantly	greater	increases	in	

positive	 and	 negative	 COM	work	 compared	 to	 the	 associated	 joint	 work	 (p<0.002;	

Figure	3.4).
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Figure	3.3	Mechanical	energy	profiles.	Kinetic	(red),	gravitational	potential	(blue),	and	total	(black;	sum	
of	 red	 and	 blue)	 center	 of	 mass	 mechanical	 energy	 profiles	 (body	 mass	 normalized)	 for	 a	 stride	
[beginning	and	ending	at	the	normal	limb	(non-platform	shoe)	heel	strike .	Data	presented	as	mean±SD	
(shaded	regions).	
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Figure	3.5	Joint	angles	during	stance	phase	for	the	flat	(red)	and	platform	(blue)	 limb	with	a	normal	
walking	(black)	trace	for	comparison.	The	traces	begin	and	end	at	heel-strike	of	the	respective	limb.	Data	
presented	as	mean±SD	(shaded	regions).	
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Figure	3.6	Net	mass-specific	joint	moments	during	stance	phase	for	the	flat	(red)	and	platform	(blue)	
limb	with	a	normal	walking	(black)	trace	for	comparison.	The	traces	begin	and	end	at	heel-strike	of	the	
respective	limb.	Data	presented	as	mean±SD	(shaded	regions).	
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Figure	3.7	Net	mass-specific	joint	powers	during	stance	phase	for	the	flat	(red)	and	platform	(blue)	limb	
with	 a	 normal	walking	 (black)	 trace	 for	 comparison.	 The	 traces	 begin	 and	 end	 at	 heel-strike	 of	 the	
respective	limb.	Data	presented	as	mean±SD	(shaded	regions).	
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3.5. Discussion	

The	 current	 study	 aimed	 to	 investigate	 the	 response	 strategies	 of	 humans	 while	

walking	with	a	continuous	asymmetrical	perturbation	in	the	form	of	uneven	leg	length	

(footwear	heights).	We	attempted	to	determine	whether	the	COM	or	factors	peripheral	

to	 the	 COM,	 in	 this	 case	 joint	mechanics,	 reflect	 targets	 of	 control	 regulated	 by	 the	

central	nervous	system	in	order	to	maintain	 locomotor	economy.	This	was	assessed	

indirectly	by	quantifying	the	efficacy	at	which	COM	and	joint	mechanical	parameters	

(selected	on	the	basis	of	their	ability	to	influence	locomotor	energetics)	were	conserved	

relative	to	normal	walking.	To	 further	test	 this	question,	we	 imposed	two	additional	

techniques	 for	negotiating	the	perturbation,	namely	 ‘crouching’	and	 ‘vaulting’.	These	

conditions	were	intended	to	span	the	spectrum	of	possible	COM	vertical	displacement	

solutions.	If	COM	and/or	joint	mechanics	represent	underlying	targets	of	control,	and	if	

they	are	adjusted	to	meet	the	objective	of	locomotor	economy,	we	expected	they	would	

be	less	affected	in	the	self-selected	condition	compared	to	the	imposed	conditions.	Our	

hypothesis	 that	conservation	of	COM	mechanics	would	be	weaker	than	that	of	 joint-

level	 mechanics	 was	 supported.	 The	 self-selected	 technique	 minimized	 joint-level	

disturbances	 compared	 to	 the	COM.	This	 finding	 indicates	objectives	other	 than	 the	

literal	 regulation	 of	 the	 whole-body	 COM	 may	 be	 given	 precedence	 in	 the	

neuromuscular	 control	 scheme	 of	 walking,	 at	 least	 in	 the	 acute	 response	 to	

perturbation	prior	to	motor	learning	and	longer-term	adaptation.	It	must	be	stressed	

that	our	findings	do	not	conclusively	point	to	the	joints	as	the	principal	target	of	control.	

Rather,	the	stronger	conservation	of	joint	mechanics	observed	here	is	likely	motivated	

by	a	preference	to	prioritize	lower-level	muscle	mechanics	and	energetics.	

3.5.1. Center	of	mass	vs.	peripheral	(joint)	targets	of	control	

Studies	specifically	comparing	COM	and	joint	(or	lower)-level	objectives	are	sparse	and	

offer	 conflicting	 findings.	 On	 the	 one	 hand,	 it	 has	 been	 suggested	 variation	 in	 joint	

mechanics	 is	 a	 strategy	 to	 conserve	 higher-level	 mechanics	 including	 whole-limb	

trajectories	and	power	generation,	and	COM	motion.	This	observation	has	been	made	

during	 unperturbed	 walking	 (Toney	 and	 Chang,	 2016)	 and	 continuous	 hopping	 in	

humans	 (Chang	 et	 al.,	 2008;	 Yen	 et	 al.,	 2009),	 and	 after	 peripheral	 nerve	 injury	 in	
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walking	cats	and	rodents	(Bauman	and	Chang,	2013;	Chang	et	al.,	2009).	Panizzolo	et	

al.	(2017)	likewise	showed	that	individual	joint	mechanics	(ankle,	knee,	hip)	adapt	to	

various	 unanticipated	 terrain	 disturbances	 in	 ways	 that	 maintain	 total	 positive	

mechanical	 work	 of	 the	 lower	 limb,	 irrespective	 of	 the	 type	 of	 perturbation.	 These	

studies	 indicate	the	nervous	system	may	prioritize	conservation	of	COM	rather	than	

joint-level	mechanics.	Work	on	ground	running	birds	paints	a	more	complex	picture.	In	

a	comprehensive	series	of	studies	on	guinea	fowl,	Daley	and	colleagues	indicate	that	

COM	spring	dynamics	are	often	(but	not	always)	controlled	for	during	unanticipated	

step	perturbations,	and	that	individual	joints	may	underscore	this	regulation	(Daley	et	

al.,	 2007;	 Daley	 and	 Biewener,	 2006).	 Furthermore,	 when	 step	 perturbations	 are	

anticipated,	 avian	 bipeds	 show	 stronger	 control	 for	 limb	 loading	 and	 locomotor	

economy	at	the	expense	of	disrupted	COM	trajectories	(Birn-Jeffery	et	al.,	2014;	Birn-

Jeffery	and	Daley,	2012).		

The	 present	 study	 similarly	 indicates	 that	 the	 COM	 is	 not	 a	 direct	 target	 of	 control	

during	human	locomotion.	There	are	several	lines	of	evidence	suggesting	conservation	

of	 lower-level	 peripheral	 factors,	 as	 represented	 by	 joint	 mechanics,	 are	 likely	

prioritized	over	conservation	of	COM	mechanics	after	induced	leg	length	asymmetry.		

3.5.1.1. Joint	work	conservation	

First,	we	demonstrate	that	positive	work	at	the	joints	is	more	strongly	conserved	after	

perturbation	compared	to	positive	COM	work.	This	is	especially	important	considering	

minimization	of	mechanical	work	has	been	described	as	the	underlying	factor	behind	

COM	 mechanical	 control	 (Srinivasan,	 2010;	 Srinivasan	 and	 Ruina,	 2006).	 The	

conservation	 of	 joint	 work	 over	 COM	 work	 has	 a	 mechanistic	 basis	 if	 energy	

minimization	 is	 the	 task-level	 objective.	 Joint	work,	 unlike	 COM	work,	 accounts	 for	

simultaneous	positive	and	negative	work	at	the	joints	(Zatsiorsky,	2002),	similar	to	how	

the	individual-limbs	COM	work	approach	captures	simultaneous	positive	and	negative	

work	of	the	limbs	(Donelan	et	al.,	2002).	Therefore,	joint	work	is	arguably	more	strongly	

associated	with	muscle	and	metabolic	energetics	compared	to	COM	work	and	thus	may	

reflect	more	direct	control	targets	at	the	muscle	level.	
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3.5.1.2. Joint	mechanical	conservation	across	conditions	

Secondly,	 while	 we	 did	 not	 compute	 all	 possible	 mechanical	 parameters,	 joint	

mechanics	are	clearly	 less	affected	across	a	spectrum	of	gait	solutions	(self-selected,	

crouching,	 vaulting;	Figure	3.4),	providing	 further	evidence	 that	 joint	mechanics	are	

more	strongly	related	to	locomotor	control	than	COM	mechanics.	In	particular,	positive	

joint	 work	 remains	 significantly	 less	 affected	 than	 positive	 COM	 work	 in	 the	 self-

selected	 condition,	 emphasizing	 more	 direct	 regulation	 of	 lower-level	 peripheral	

factors	as	opposed	to	COM	mechanics.	Equivalent	or	stronger	conservation	of	positive	

joint	 work,	 compared	 to	 positive	 COM	 work,	 is	 also	 present	 in	 the	 crouching	 and	

vaulting	conditions,	respectively.	

3.5.1.3. Prioritization	of	joint	mechanics	in	self-selected	vs.	imposed	conditions	

Thirdly,	the	self-selected	solution	to	the	imposed	leg	length	asymmetry	did	not	result	

in	smaller	changes	in	COM	mechanics	compared	to	the	imposed	techniques	(crouch	and	

vault).	 COM	positive	 and	 negative	work,	 and	 vertical	 COM	 range,	 were	 significantly	

lower	during	crouch	walking	compared	to	the	self-selected	asymmetric	gait	(Table	3.1).	

Additionally,	these	parameters	remained	significantly	closer	to	normal	walking	during	

the	crouch	compared	to	the	self-selected	condition	(Figure	3.4).	In	contrast,	the	effect	

on	 joint	 work	 and	 support	 moments	 was,	 in	 fact,	 minimized	 in	 the	 self-selected	

condition.	 These	 results	 offer	 evidence	 that	 direct,	 purposeful	 control	 of	 COM	

mechanics	is	not	necessarily	a	characteristic	of	human	gait.	Instead,	the	target	of	control	

during	walking	is	more	likely	to	reside	in	lower-level	peripheral	structures	as	indicated	

by	conservation	of	joint	mechanics.	

Given	 the	 COM	 displayed	 favorable	 profiles	 in	 the	 crouch	 condition,	 why	 did	

participants	 avoid	 a	 crouching	 gait	 for	 their	 preferred	 technique?	 This	 can	 be	

understood	when	 examined	 in	 context	with	 joint	mechanics.	Whilst	 crouching	 best	

maintained	 almost	 all	 COM	mechanical	 variables	 measured	 in	 this	 study	 (with	 the	

exception	 of	 pendular	 energy	 recovery),	 it	was	 also	 found	 to	 produce	 an	 iTSM	 that	

deviated	substantially	from	normal	walking	values	(Figure	3.4).	This	elevation	in	iTSM	

is	 expected	 to	 incur	 a	 considerable	 increase	 in	 the	 activation	 and	 force	 required	 by	

muscles	 (Abitbol,	 1995;	 Carey	 and	Crompton,	2005).	 Previous	 analyses	of	 crouched	
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walking	 confirm	 increases	 in	magnitude	and	duration	of	muscle	activity	 required	 to	

accelerate	the	COM	vertically	and	anteroposteriorly	(Hicks	et	al.,	2008;	Hsu	et	al.,	1993;	

Perry	 et	 al.,	 1975;	 Steele	 et	 al.,	 2013,	 2010).	 Biewener	 (1989)	 likewise	 suggests	

increased	muscle	forces	are	required	to	overcome	larger	joint	moments	associated	with	

less	upright	postures,	a	function	of	segment	orientation	relative	to	the	ground	reaction	

force	vector.	The	higher	support	moments	observed	in	the	present	study,	and	the	likely	

elevation	in	muscle	activation	and	force,	are	expected	to	increase	the	metabolic	cost	of	

locomotion	 since	 force	 by	 itself	 is	 also	 an	 important	 determinant	 of	 locomotor	

energetics	 (Kram,	 2000;	 Kram	 and	 Taylor,	 1990;	 Roberts	 et	 al.,	 1997).	 Similarly,	

imposed	minimization	of	vertical	COM	movement,	below	those	of	normal	walking,	have	

previously	been	shown	to	 increase	the	energy	cost	of	walking	(Massaad	et	al.,	2007;	

Ortega	 and	 Farley,	 2005).	 These	 elevations	 in	 activation,	 force	 and	 metabolic	

requirements	offer	a	clear	disadvantage	in	terms	of	the	metabolic	and	neuromuscular	

effort	crouching	requires.		

Additionally,	given	the	increase	in	muscle	force	requirements,	injury	risk	attenuation	

may	be	another	factor	responsible	for	our	participants’	decision	to	avoid	a	crouched	

posture.	 Birn-Jeffery	 et	 al.	 (2014)	 referenced	 ‘crouching’	 and	 ‘vaulting’	 as	 two	

contrasting	 techniques	by	which	 cursorial	birds	 can	negotiate	a	 single-step	obstacle	

(Birn-Jeffery	 et	 al.,	 2014).	 These	 authors	 describe	 the	 resulting	 gait	 as	 a	 ‘consistent	

balance	between	vaulting	and	crouching	that	minimizes	fluctuations	in	leg	posture	and	

leg	loading	across	multiple	steps’.	The	selected	gait	in	avian	bipeds	undergoing	a	single	

step	perturbation	similarly	reflects	a	prioritization	for	maintaining	joint	and	limb-level	

mechanics	rather	than	control	of	COM	movements.	

3.5.1.4. Conserved	distribution	of	joint	work	

Finally,	 the	 distribution	 of	 work	 between	 joints	 across	 normal	 walking	 and	 the	

asymmetry	 walking	 conditions	 provide	 further	 evidence	 that	 joint	 mechanics	 are	

largely	 conserved	 in	 response	 to	 a	 leg	 length	 asymmetry	 perturbation.	While	 total	

positive	joint	work	was	found	to	increase	in	all	conditions	relative	to	normal	walking,	

the	distribution	of	positive	joint	work	remained	unchanged	between	the	normal,	self-

selected	and	crouch	techniques,	while	only	the	ankle	decreased	significantly	between	
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the	normal	and	vault	conditions.	In	general,	decreases	in	positive	ankle	contribution	on	

the	platform	shoe	side	were	compensated	 for	by	 increases	on	the	normal	shoe	side,	

allowing	the	ankle	to	continue	to	contribute	an	average	positive	power	of	~36%.	This	

conserved	 joint	 work	 distribution	 supports	 previous	 studies	 that	 highlight	 the	

importance	 of	 the	 ankle	 joint	 as	 a	 source	of	 positive	 power	 generation	 during	 level	

walking	(Neptune	et	al.,	2008,	2004,	2001;	Winter,	1983;	Zajac	et	al.,	2003).	Farris	and	

Sawicki	 (2012)	 suggest	 positive	 power	 distribution	 is	 also	 independent	 of	 walking	

speed,	 a	 finding	 further	 supported	 by	 human	 walking	 simulations,	 which	 report	

proportional	 increases	 in	muscle	work	with	 increased	 speed	 (Neptune	et	 al.,	 2008).	

Conversely,	six	degree-of-freedom	inverse	dynamics	approaches	found	consistent	work	

distributions	only	for	the	knee	and	hip	joint	(Ebrahimi	et	al.,	2017).	Our	approach	was	

limited	 to	 three	 degrees-of-freedom,	 therefore	 further	 insight	 could	 be	 gained	 from	

models	incoporating	both	rotational	and	translational	power	terms	(Zelik	et	al.,	2015).	

3.5.2. Are	joint	kinematics	and	kinetics	both	conserved	after	induced	leg	length	
asymmetry?	

It	is	conceivable	that	overall	support	moments	and	joint	mechanical	work	are	optimally	

conserved	after	perturbation	whilst	joint	kinematics	are	altered.	Compensation	of	joint	

kinematics,	for	example,	has	been	suggested	to	be	a	control	strategy	by	which	higher-

level	 gait	 features,	 including	 whole-limb	 kinematics,	 are	 maintained	 following	

neuromuscular	injury	(Bauman	and	Chang,	2013;	Chang	et	al.,	2009).	Our	analyses	of	

individual	joint	kinematics,	moments	and	powers	provide	insight	into	the	conservation	

of	 overall	 joint	 moments	 and	 work.	 Similar	 to	 Chang	 et	 al.	 (2009),	 we	 observed	

modification	 of	 all	 joint	 angles	 during	 the	 self-selected	 gait	 solution	 to	 induced	 leg	

length	asymmetry,	both	for	the	limb	on	the	platform	shoe	side,	and	on	the	flat	shoe	side.	

Unlike	 joint	 moments	 and	 work,	 these	 joint	 kinematic	 modifications	 were	 not	

minimized	 in	 the	 self-selected	 condition;	 the	 smallest	 deviation	 in	 joint	 angles	was	

observed	 in	 the	 vaulting	 condition	 (Figure	 3.5).	 Thus,	 motor	 redundancy	 of	 joint	

kinematics	may	aid	in	the	conservation	of	joint	kinetic	variables.	It	is	important	to	note,	

however,	that	whilst	there	is	clearly	a	larger	offset	in	joint	angle	(posture	change)	in	the	

self-selected	 gait	 compared	 to	 vaulting,	 the	 angular	 excursion	 and	 velocity	 over	 the	

stance	phase	are	greater	during	vaulting.	This	can	contribute	to	both	the	increase	in	the	
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moments	and	work	required	at	the	joints	during	the	vaulting	gait	(Figure	3.6	and	Figure	

3.7).	When	comparing	individual	joint	moment	and	powers,	some	deviation	is	evident	

during	the	self-selected	gait	condition	compared	to	normal	walking.	Nevertheless,	these	

deviations	 are	 smallest	 overall	 in	 the	 self-selected	 condition	 compared	 to	 the	 two	

imposed	conditions	(crouching	and	vaulting).	This	observation	is	consistent	with	the	

overall	 minimal	 effect	 on	 joint	 work	 and	 net	 support	moments	 in	 the	 self-selected	

condition.	

3.5.3. Limitations	

While	 COM	 and	 joint	 work	 both	 serve	 as	 useful	 tools	 in	 the	 analysis	 of	 animal	

locomotion,	we	acknowledge	that	neither	accurately	represent	the	underlying	muscle	

work	due	to	several	limitations	(Sasaki	et	al.,	2009;	Umberger	and	Martin,	2007).	Joint	

work	 however,	 is	more	 closely	 related	 to	musculotendon	work	 (Sasaki	 et	 al.,	 2009;	

Zatsiorsky,	 2002)	 and	 was	 used	 as	 a	 first	 approximation	 of	 muscle-level	 control.	

Nevertheless,	we	do	not	know	whether	the	target	of	control	is	at	the	joint	or	muscle	

level	and	further	investigation	contrasting	these	potential	peripheral	targets	of	control	

in	walking	is	warranted.	For	example,	the	avoidance	of	high	muscle	forces	associated	

with	crouched	walking	may	represent	a	muscle-level	optimization.	From	an	energetics	

perspective,	 muscle	 activity	 minimization	 behaviors	 have	 been	 observed	 in	 both	

walking	and	running	(Carrier	et	al.,	2011;	Miller	et	al.,	2011;	Russell	and	Apatoczky,	

2016)	 while	 minimization	 of	 neuromuscular	 effort	 may	 also	 predict	 walk	 to	 run	

transition	velocities	(Prilutsky	and	Gregor,	2001;	Stenum	and	Choi,	2016).	

No	 asymmetrical	 footwear	 familiarization	 was	 provided	 to	 participants	 prior	 to	

attending	 the	 laboratory,	 and	was	only	minimally	provided	prior	 to	 testing.	Limited	

familiarization	 allowed	 us	 to	 determine	 acute	 control	 responses,	 which	 was	 our	

intended	objective.	However,	 future	work	could	 consider	 the	effect	of	 adaptation	 to	

identify	 shifts	 in	 control	with	 training.	 Finally,	 a	 consideration	 of	 swing-phase	 joint	

mechanics	when	walking	with	induced	leg	length	asymmetry	may	also	provide	a	more	

complete	understanding	of	control	strategies.		
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3.6. Conclusion	

We	posit	that	the	stronger	conservation	of	joint	mechanics	reflects	a	target	of	control	

that	resides	in	peripheral	structures	as	opposed	to	direct	COM	control.	It	is	possible	that	

joint	mechanics	are	sensed	and	provide	proprioceptive	information	that	is	used	in	the	

locomotor	 control	 scheme.	 We	 do	 not	 conclude,	 however,	 that	 joint	 mechanics	

themselves	are	necessarily	a	direct	target	of	control.	Instead,	joints	may	better	reflect	

the	underlying	muscle	mechanics	that	serve	as	the	principal	locomotor	control	targets.	

Further,	if	COM	mechanics	were	a	direct	target	of	control	of	the	locomoting	human	we	

would	expect	crouching	to	be	the	selected	gait	pattern	because	this	gait	mode	resulted	

in	minimal	COM	changes.	 Instead,	 the	 substantial	 increase	observed	 in	 iTSM	 for	 the	

crouching	technique	has	likely	been	avoided	in	favor	of	lower	net	joint	moments	and	

the	resulting	reduction	in	muscle	force	and	energy	cost.	

In	summary,	COM	mechanics	serve	as	a	useful	metric	capturing	fundamental	features	

of	legged	locomotion.	However,	the	central	nervous	system	appears	to	exercise	greater	

control	 over	 peripheral	 mechanics	 in	 the	 acute	 response	 to	 gait	 perturbation.	 We	

suggest	that	joint	mechanics	are	a	better	proxy	for	the	underlying,	lower-level	targeted	

control	of	muscle.	Thus,	joint	mechanical	constraints	may	offer	advantages	over	those	

applied	to	the	COM	when	modelling	human	locomotion.	Finally,	the	results	from	this	

study	also	have	 implications	 for	bio-inspired	 robots	and	wearable	 technologies	 (e.g.	

exoskeletons)	where	locomotor	control	is	a	critical	design	feature.	
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Chapter	Four: Multi-objective	control	in	human	walking:	insight	gained	through	
simultaneous	degradation	of	energetic	and	motor	regulation	systems	

4.1. Abstract	

Minimization	of	metabolic	energy	cost	is	often	considered	a	fundamental	principle	of	

legged	 locomotion.	 Some	 of	 the	 most	 convincing	 empirical	 support	 is	 provided	 by	

studies	 describing	 an	 alignment	 between	 the	 naturally	 selected	 preferred	 walking	

speed	(PWS)	of	humans	and	the	locomotor	velocity	incurring	the	lowest	metabolic	cost	

of	transport	(COT).	Here	we	explore	an	alternate	prioritization	criterion,	namely	speed	

regulation.	Healthy	adults	(N=21)	walked	on	an	instrumented	treadmill	under	normal	

conditions,	and	while	negotiating	a	continuous	mechanical	gait	perturbation	(imposed	

leg	length	asymmetry	via	uneven	footwear	heights).	For	each	condition,	six	five-minute	

trials	were	performed	at	speeds	ranging	from	0.6-1.8m·s 1,	including	a	single	trial	at	the	

PWS	unique	 to	 that	 condition.	Oxygen	 consumption	 and	 ground	 reaction	 force	 data	

were	 continuously	 sampled.	 Both	 metabolic	 and	 speed	 regulation	 measures	 were	

significantly	disrupted	by	the	perturbation	(p<0.05),	with	participants	demonstrating	

an	approximately	two-fold	increase	in	over-correction	of	stride	length	and	time	errors.	

Perturbed	walking	COT	produced	a	typical	U-shaped	relationship	with	speed,	however	

PWS	selection	did	not	display	a	preference	for	energetic	prioritization.	Similarly,	PWS	

selection	 did	 not	 support	 prioritization	 of	 speed	 regulation,	which	was	 found	 to	 be	

speed-independent	 in	 both	 conditions.	 It	 would	 therefore	 appear	 that	 during	 acute	

exposure	to	a	mechanical	gait	perturbation	of	imposed	leg-length	asymmetry,	humans	

neither	minimize	energetic	cost	nor	speed	regulation	errors.	This	finding	alludes	to	the	

importance	of	multi-objective	control	in	human	walking.	
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4.2. Introduction	

Classic	 locomotion	 experiments	 have	 led	 to	 the	 popular	 view	 that	 minimization	 of	

energy	cost	is	a,	if	not	‘the’,	determining	principle	underpinning	human	gait	selection.	

One	such	example	is	the	U-shaped	relationship	between	walking	velocity	and	metabolic	

cost	of	transport	(COT).	When	humans	are	tasked	with	selecting	a	preferred	walking	

speed	(PWS),	they	typically	favor	intermediate	velocities	which	coincide	with	minimal	

energetic	 expenditure	 per	 unit	 distance	 traveled	 (Abe	 et	 al.,	 2015;	 Browning	 et	 al.,	

2006;	 Raffalt	 et	 al.,	 2017;	 Ralston,	 1958;	Willis	 et	 al.,	 2005).	 Humans	 also	 respond	

similarly	 when	 selecting	 preferred	 step/stride	 frequencies	 (Cavagna	 and	 Franzetti,	

1986;	Minetti	et	al.,	1995;	Zarrugh	and	Radcliffe,	1978)	and	step	widths	(Donelan	et	al.,	

2001).	

The	objectives	of	locomotion,	however,	are	likely	not	limited	to	minimizing	metabolic	

demands.	 Across	 upper	 limb	 and	 lower	 limb	 movement	 tasks,	 humans	 have	 been	

observed	to	exert	more	effort	than	minimally	required,	most	frequently	during	motor	

adaptation	 (Balasubramanian	 et	 al.,	 2009;	 De	 Rugy	 et	 al.,	 2012;	 Finley	 et	 al.,	 2013;	

Huang	et	al.,	2012;	Huang	and	Ahmed,	2014;	Hunter	et	al.,	2010;	Kistemaker	et	al.,	2010;	

Sánchez	 et	 al.,	 2017;	 Westling	 and	 Johansson,	 1984).	 One	 criterion	 that	 may	 help	

explain	 non-energetically	 favorable	 movements,	 especially	 those	 occurring	 prior	 to	

energetic	and	motor	adaptation,	is	stability.	Gait	stability,	i.e.	the	attenuation	of	small	

disturbances	over	time,	has	obvious	consequences	on	 locomotor	performance	and	 it	

seems	 logical	 that	 it	 plays	 an	 important	 role	 in	 movement	 control.	 However,	 as	 a	

prioritization	 criterion,	 stability	 is	 less	 studied,	 and	 results	remain	 inconclusive.	For	

example,	Hunter	and	colleagues	(2010)	asked	participants	to	adopt	their	‘normal’	gait	

or	a	 ‘relaxed’	 gait	when	navigating	a	downhill	 slope.	At	 a	 certain	 threshold	of	 slope	

gradient,	normal	metabolic	 costs	significantly	exceed	 those	 in	 the	relaxed	condition,	

and	 therefore	 the	 authors	 concluded	 that	 humans	 employ	 enhanced	 stability	

mechanisms	 at	 the	 detriment	 of	metabolic	 cost.	 However,	 using	 a	 similar	 protocol,	

Monsch	 et	 al.	 (2012)	 could	 not	 confirm	 the	 difference	 between	normal	 and	 relaxed	

gaits.	Experiments	involving	a	split-belt	treadmill	with	asymmetrical	belt	speeds	have	

also	been	utilized	to	explore	prioritization.	Finley	and	colleagues	(2013)	imposed	an	

asymmetrical	perturbation	on	a	group	of	young	adults	during	walking.	A	 significant	
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decrease	 in	 bilateral	 stride	 length	 difference,	 and	 a	 significant	 net	metabolic	 power	

reduction	were	observed	as	the	participants	adjusted	their	gait	over	time.	These	results	

indicate	 metabolic	 prioritization	 during	 locomotor	 adaptation.	 However,	 whether	

regulating	 energy	 cost	 is	 the	 dominant	 task	 objective	 in	 asymmetrically	 perturbed	

walking	remains	debated.	Indeed,	a	recent	follow-up	study	revealed	symmetrical	step	

lengths	are	not	the	metabolically	optimal	solution	with	which	to	approach	asymmetric	

belt	speeds	(Sánchez	et	al.,	2017).	

It	may	be	that	optimal	stride	parameters	in	asymmetric	walking,	including	step	lengths	

and	frequencies,	are	governed	in	part,	by	principles	of	local	dynamic	stability,	that	is,	

by	 the	 locomotor	 system’s	 capacity	 to	 regulate	 small	disturbances.	 In	 this	work,	we	

focus	on	a	one	specific	aspect	of	local	stability,	namely	the	regulation	of	walking	speed.	

During	motorized	treadmill	walking,	foot	placements	result	in	a	series	of	stride	lengths	

and	 times,	 and	 one	 can	 quantify	 the	 regulation	 of	 walking	 speed	 by	 studying	 the	

temporal	variation	in	these	quantities	(Dingwell	et	al.,	2010).	Specifically,	to	maintain	a	

given	stride	speed	(v;	the	ratio	of	stride	length	L	and	stride	time	T)	the	stride	lengths	

and	times	must	lie	on	a	straight	line	in	the	(T,	L)	plane,	L	=	vT.	This	constant-speed	line	

is	the	goal	equivalent	manifold	(GEM)	for	the	walking	task	(Cusumano	and	Cesari,	2006;	

Cusumano	and	Dingwell,	2013;	Dingwell	et	al.,	2017,	2010;	Dingwell	and	Cusumano,	

2015).	Fluctuations	in	stride	length	and	time	away	from	this	line	(that	is,	perpendicular	

to	the	GEM)	are	goal-relevant	in	that	they	change	the	stride	speed,	whereas	fluctuations	

along	the	line	are	goal-equivalent,	in	that	they	do	not	change	the	stride	speed.	Thus,	for	

speed	 regulation	 during	 treadmill	 walking,	 one	 expects	 that	 goal-relevant	 errors	

(normal	to	the	GEM)	will	be	strongly	corrected	from	one	stride	to	the	next,	because	they	

directly	 impact	 the	 speed-maintenance	 goal.	 In	 contrast,	 we	 expect	 goal-equivalent	

errors	 (along	 the	GEM)	 to	 be	 only	weakly	 corrected.	 These	 expectations	 have	 been	

confirmed	in	prior	studies	(Dingwell	et	al.,	2017,	2010;	Dingwell	and	Cusumano,	2015).	

Unlike	 energetic	 COT,	 the	 strength	 of	 speed	 regulation	 is	 highly	 conserved	 during	

treadmill	walking.	Dingwell	and	colleagues	(2017,	2010)	examined	how	well	a	group	of	

healthy	young	adults	regulated	goal-relevant	errors,	showing	this	factor	to	be	constant	

across	a	range	of	speeds.	Interestingly,	these	authors	also	reported	no	differences	in	

speed	regulation	between	young	and	older	adults,	despite	the	higher	overall	variability	
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of	the	latter	group,	suggesting	that	the	central	nervous	system	exerts	a	consistent	level	

error	regulation	performance	during	human	locomotion,	even	when	facing	age-related	

increases	of	physiological	noise	(Dingwell	et	al.,	2017).	

Within	 a	 single	 experimental	 design,	 the	 hierarchical	 nature	 of	 the	 relationship	

between	energy	and	stability	prioritization	 is	yet	 to	be	uncovered.	While	aging	may	

favor	stability	preservation	(Dingwell	et	al.,	2017;	Martin	et	al.,	1992),	both	the	short-	

and	longer-term	prioritization	strategies	of	healthy	young	adults	is	largely	unknown.	

Therefore,	we	specifically	aimed	to	determine	whether	local	stability,	quantified	here	

by	an	analysis	of	stride-to-stride	speed	regulation,	is	acutely	prioritized	over	metabolic	

COT	 when	 healthy	 young	 adults	 are	 exposed	 to	 a	 continuous	 mechanical	 gait	

perturbation	 in	 the	 form	 of	 imposed	 asymmetrical	 leg	 lengths	 (the	 ‘perturbed’	

condition).	 This	 perturbation	 was	 chosen	 as	 it	 had	 the	 potential	 to	 disrupt	 both	

energetics	and	motor	regulation,	and	thus,	the	observed	behaviors	would	likely	provide	

insight	 into	 the	 interplay	 of	 short-term	 regulatory	 prioritization	 and	 longer-term	

adaptive	responses.	Acute	gait	adjustments	reflect	the	prioritization	of	the	most	critical	

motor	control	needs	over	those	of	less	immediate	importance	that	can	be	adjusted	over	

an	 adaptive	 time-frame.	 In	 this	 sense,	 stride-to-stride	 speed	 is	 especially	 important	

because	poor	regulation	can	result	in	immediate	task-level	failures	(e.g.	drifting	off	the	

treadmill).	 We	 also	 retested	 the	 COT	 and	 speed	 regulation	 criteria	 without	 the	

asymmetrical	leg-lengths	(the	‘normal’	condition),	for	comparison	with	the	perturbed	

condition.	

Following	the	above,	we	asked	two	primary	sets	of	questions	regarding	the	adaptation	

to	perturbed	walking:	1)	Does	the	mechanical	perturbation	result	in	increased	energy	

cost?	 If	so,	does	the	energy	cost	of	walking	still	exhibit	a	U-shaped	relationship	with	

speed,	 and	 do	 participants	 select	 the	 most	 energetically	 favorable	 speed	 in	 both	

conditions?	2)	Does	the	efficacy	of	speed	regulation	in	the	perturbed	condition	decrease	

below	the	values	attained	 in	normal	walking?	Does	 it	maintain	speed-independence,	

and	if	not,	do	participants	select	a	speed	that	prioritizes	local	stability	(that	is,	strong	

speed	regulation)?	
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These	sets	of	questions	were	intended	to	tease	out	the	relative	importance	of	energetic	

and	stability	prioritization	in	perturbed	walking	prior	to	nervous	system	adaptation	or	

learning.	

4.3. Methods	

4.3.1. Participants	

Healthy	young	adults	(N=21,	11F,	10M;	age	27.4±5.7	years;	mass	71.6±10.0	kg;	height	

1.75±0.63	 m)	 provided	 their	 informed	 written	 consent	 before	 participating	 in	 this	

study,	which	was	approved	by	the	Human	Research	Ethics	Committee	at	the	University	

of	Western	Australia	(RA/4/1/7336).	They	were	required	to	have	suffered	no	serious	

lower	 limb	 injuries	 in	 the	 previous	 year,	 and	 to	 be	 free	 of	 medically	 diagnosed	

conditions	that	may	impair	their	coordination	or	stability.	They	were	also	required	to	

be	within	the	shoe	size	range	of	US	7-11	(8.6±1.2)	to	accommodate	the	custom-made	

platform	footwear	(described	below).	

4.3.2. Experimental	protocol	

Participants	completed	six	five-minute	walking	trials	in	normal	footwear	(the	‘normal’	

condition;	Volley,	Brand	Collective,	Australia).	They	then	completed	a	further	six	five-

minute	trials	wearing	one	normal	shoe	and	one	custom-made	platform-shoe	with	an	

additional	 foam	sole	attachment	equal	 to	10.5±0.5%	of	 the	participant’s	 lower	 limb	

length	(the	‘perturbed’	condition;	modified	Volley,	Brand	Collective,	Australia;	Figure	

4.1).	The	total	mass	of	the	normal	footwear	was	standardized	to	the	platform	shoe	using	

packages	of	small	lead	weights	secured	to	the	shoe’s	canvas	upper.	For	the	treadmill	

trials,	speeds	were	set	to	0.6,	0.9,	1.2,	1.5	and	1.8m·s 1,	with	an	additional	trial	collected	

at	 the	participant’s	 self-selected	PWS	 (footwear-specific).	Prior	 to	 commencing	each	

condition,	this	PWS	value	was	determined	using	the	method	outlined	by	Dingwell	and	

Marin	 (2006;	 see	 Appendix	 A4).	 At	 the	 conclusion	 of	 the	 perturbed	 condition,	 the	

perturbed	PWS	was	retested	in	a	subset	of	participants	in	order	to	assess	the	effect	of	

familiarization	(N=14).	
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Conditions	and	trials	were	performed	in	a	randomized	order	on	a	split-belt	force	plate	

instrumented	 treadmill	 (2000Hz	 sampling	 frequency;	 Bertec	 Corp,	 Columbus,	USA).	

Preceding	data	collection,	a	single	retro-reflective	marker	was	placed	centrally	on	the	

lower	 heel	 counter	 of	 the	 normal	 shoe	 that	 would	 remain	 consistent	 between	

conditions.	The	marker	trajectory,	captured	by	a	ten-camera	Vicon	MX	system	(250Hz;	

Oxford	Metrics,	Oxford,	UK),	was	used	in	conjunction	with	ground	reaction	force	data	

to	 determine	 stride	 lengths	 and	 times	 (~150-200	 strides	 were	 collected	 per	 trial).	

Oxygen	consumption	data	was	also	collected	simultaneously	via	a	portable	Cosmed	K5	

device	(Cosmed,	Rome,	Italy).	

4.3.3. Data	processing	

Steady-state	 oxygen	 consumption	 values	 were	 extracted	 from	 the	 final	 minute	 of	

recorded	data.	Gross	metabolic	COT	(inclusive	of	resting	values;	resting	values	were	

measured	in	five-minute	trials	standing	quietly	on	the	treadmill)	for	each	trial	was	then	

quantified	by	considering	the	volume	of	oxygen	consumed,	per	kilogram	of	body	mass,	

per	 meter	 traveled	 (ml	 O2·kg 1·m 1).	 Second	 order	 polynomials	 were	 fitted	 to	 each	

participant’s	 COT	 data	 (normal	 and	 perturbed),	 from	 which	 a	 minimum	 COT	 was	

extracted.	These	values	were	then	compared	to	the	COT	measured	at	the	PWS	for	each	

condition.	95%	confidence	 intervals	bands	 for	the	group	minimum	COT	values	were	

determined.	

Figure	4.1	Custom-made	platform	shoe	with	a	~100mm	additional	foam	sole.	The	width	of	the	base	was	
reinforced	for	safety,	providing	an	additional	20mm	around	the	middle	third	of	the	shoe,	with	a	natural	
gradient	progressing	 to	 the	most	anterior	and	posterior	aspects	 in	a	manner	such	 that	no	additional	
length	was	added.	
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Linear	interpolation	was	applied	to	the	marker	trajectory	and	GRF	data	(two	frames	

surrounding	heel	strike).	This	method	was	used	to	increase	the	fidelity	of	stride	length	

and	corresponding	time	values	(Dingwell	et	al.,	2010).	Of	the	252	potential	trials,	19	

were	 eliminated	 from	 stability	 analyses	 because	 of	 a	 hardware	 malfunction	 that	

resulted	in	incomplete	data	collection.	Final	stride	lengths	and	times	were	input	to	a	

custom	Matlab	 function	 to	 compute	 fluctuation	 dynamics	 (below;	 MathWorks,	 Inc.,	

Natick,	USA;	see	Appendix,	A2).		

We	assessed	 the	 inter-stride	 speed	 regulation	using	a	previously	developed	method	

based	on	the	analysis	of	fluctuations	in	motor	performance	near	the	GEM	(Cusumano	

et	al.,	2014;	Cusumano	and	Dingwell,	2013;	John	et	al.,	2016).	In	this	case,	the	GEM	is	

defined	by	the	task	goal	of	treadmill	walking,	namely	to	walk	with	constant	stride	speed,	

L/T,	 where	 L	 is	 the	 stride	 length	 and	 T	 is	 the	 stride	 time	 (Dingwell	 et	 al.,	 2010).	

Mathematically,	this	is	represented	by	the	line	L	=	vT	in	the	stride	time-length	plane,	

where	v	 is	 the	treadmill	speed	(Figure	4.2).	The	data	 from	each	trial,	consisting	of	a	

series	of	points	(T,	L)	is	then	plotted	in	this	plane	and	analyzed.	The	mean	value	of	(T,	

L),	 i.e.	 the	 ‘operating	point’,	was	 then	determined,	 and	deviations	 (δT,	δL)	 from	 this	

mean	were	 computed.	Regression	analysis	was	used	 to	 create	a	discrete	 linear	map	

acting	 on	 deviations	 between	 consecutive	 strides,	 providing	 a	 simple	model	of	 how	

fluctuations	 about	 the	 mean	 were	 regulated	 from	 one	 stride	 to	 the	 next.	 The	

eigenvalues	and	eigenvectors	for	the	map	were	then	determined	in	each	case.	

The	magnitudes	 of	 the	 eigenvalues	 indicate	 the	 strength	 of	 regulation,	 that	 is,	 how	

‘strongly’	deviations	from	the	mean	were	corrected	at	the	next	stride:	magnitudes	close	

to	zero	indicate	strong	regulation,	while	values	with	magnitudes	approaching	1	(from	

below)	represent	weak	regulation.	Eigenvalue	magnitudes	>1	indicate	instability,	and	

thus	 are	 not	 observed	 experimentally.	 We	 therefore	 ordered	 the	 two	 eigenvalues	

according	to	 |λSS|	<	 |λWS|,	where	the	subscript	 ‘SS’	 indicates	 ‘strongly	stable’	and	the	

subscript	‘WS’	indicates	‘weakly	stable’	(Figure	4.2).		

Directionality	of	 the	 eigenvectors	was	 specified	 by	 the	 smallest	 angle	 between	 each	

eigenvector	 and	 a	 unit	 vector	 tangential	 to	 the	 GEM	 (êt;	 Figure	 4.2).	 Following	 the	

assumption	 of	 speed	 regulation	 organized	 around	 the	 GEM,	 the	 weakly	 stable	
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eigendirection	(Cusumano	and	Dingwell,	2013)	was	expected	to	produce	an	angle	 in	

close	proximity	to	zero	(that	 is,	 to	be	nearly	tangent	 to	 the	GEM),	while	 the	strongly	

stable	direction	was	expected	to	produce	a	significantly	non-zero	value	(Cusumano	and	

Dingwell,	 2013).	 Note,	 however,	 that	 these	 orientations,	 while	 predicted	 under	 the	

hypothesis	of	‘GEM	aware’	speed	regulation,	are	not	in	any	way	predetermined	by	the	

eigenanalysis	itself.		

The	significance	of	these	directions	in	terms	of	speed	regulation	are	as	follows:	given	

that	 one	 expects	 the	 weakly	 stable	 direction	 to	 be	 aligned	 with	 the	 GEM,	 only	

fluctuations	 in	 the	 strongly	 stable	 direction	will	 affect	 stride	 speed,	 and	 hence	 task	

performance.	In	this	context,	we	can	interpret	the	magnitude	of	λSS	as	representing	the	

proportion	of	speed	error	that	would	remain	from	one	stride	to	the	next	were	the	next	

stride	to	be	free	from	physiological	noise.	Thus,	λSS	is	a	measure	of	the	strength	of	speed	

regulation,	with	values	closer	to	zero	indicated	stronger	regulation.	In	contrast,	because	

they	do	not	impact	the	stride	speed,	we	expect	fluctuations	along	the	GEM	to	be	weakly	

controlled,	so	that	λWS	≈	1	(Dingwell	et	al.,	2017,	2010).	

Positive	eigenvalues	indicate	that	a	fluctuation	on	one	side	of	the	mean,	along	a	given	

eigendirection,	 is	 followed	 by	 a	 smaller	 fluctuation	 on	 the	 same	 side.	 In	 contrast,	

negative	 eigenvalues	 indicate	 ‘over-correction’,	 that	 is,	 fluctuations	 along	 an	

eigendirection	change	their	sign	at	the	next	step.	In	particular,	more	negative	values	of	

λSS	 indicate	 a	 greater	 degree	 of	 over-correction	 as	 the	 motor	 system	 attempts	 to	

regulate	 stride	 speed.	 Optimum	 speed	 regulation	 would,	 on	 average,	 completely	

eliminate	errors,	corresponding	to	λSS	=	0.	Thus,	values	of	λSS	away	from	zero,	whether	

positive	or	negative,	indicated	less	optimal	speed	regulation.	

All	data	 conformed	 to	requirements	 (see	Appendix	A3	 for	eigenvector	directionality	

and	Figure	4.4	for	eigenvalue	confirmation).	

4.3.4. Statistical	analysis	

Two-way	repeated	measures	analysis	of	variance	(ANOVA)	with	Bonferroni	post	hoc	

tests	were	conducted	to	assess	the	effect	of	condition	and	speed.	Repeated	measures	t-

tests	and	one-way	ANOVAs	were	conducted	to	follow	up	an	interaction	effect.	A	further	
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4.4.2. Metabolic	cost	

When	 all	 experimental	 speeds	were	 compared,	 the	 perturbed	 condition	 resulted	 in	

significantly	 higher	 gross	 COT	 values	 than	 normal	 walking	 (p<0.001	 main	 effect	

collapsed	 across	 all	 comparisons;	 Figure	 4.3).	 An	 interaction	 effect	 was	 detected	

between	condition	and	speed	 for	metabolic	COT	 (p=0.001).	 Intra-condition	analyses	

found	 mirroring	 trends	 for	 both	 the	 normal	 and	 perturbed	 conditions	 at	 the	 two	

slowest	speeds;	0.6m·s 1	significantly	increased	metabolic	demands	relative	to	all	faster	

speeds	(p<0.001),	while	0.9m·s 1	significantly	increased	metabolic	demands	above	all	

(p<0.001)	but	1.8m·s 1	(p>0.999),	for	both	normal	and	perturbed	walking.	

For	normal	and	perturbed	walking,	COT	at	1.2m·s 1	was	not	significantly	different	from	

1.5m·s 1	 (p>0.999).	However,	 the	 COT	 in	 normal	 and	 perturbed	walking	 at	 1.2m·s 1	

(p=0.004	and	p=0.014,	respectively)	and	1.5m·s 1	(p=<0.001	and	p=0.002,	respectively)	

were	 significantly	 lower	 than	 that	 at	 1.8m·s 1.	 Normal	 COT	 at	 the	 PWS	 was	 also	

significantly	lower	than	1.8m·s 1	(p=0.002),	however	it	was	statistically	equivalent	to	

values	 observed	 at	 1.2m·s 1	 and	 1.5m·s 1	 (p>0.999).	 PWS	 COT	 in	 the	 perturbed	

condition	was	significantly	higher	than	that	at	1.2m·s 1	(p=0.026)	and	not	significantly	

Figure	4.3	Group	speed	vs.	cost	of	transport	during	normal	(black),	and	perturbed	walking	(one	flat,	one	
platform	shoe;	red).	95%	confidence	intervals	for	the	quadratic	curve	minimums	from	N=21	participants	
are	 displayed	 (transparent	 red	 and	black	 bars).	 Error	 bars	 represent	 speed	 (horizontal)	 and	 cost	 of	
transport	(vertical)	standard	deviations.	 
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different	 from	 the	 COT	 at	 both	 1.5m·s 1	 and	 1.8m·s 1	 (p=0.735	 and	 p=0.364,	

respectively).	

Through	residual	analysis,	it	was	determined	that	second	order	polynomials	provided	

an	 appropriate	 fit	 for	 each	 participant’s	 normal	 and	 perturbed	 data	 (group	 data	

illustrated	 in	Figure	4.3).	Minimum	COT	values	extracted	 from	the	normal	condition	

curve	(0.170±0.02	mlO2·kg 1·m 1),	were	not	different	 from	the	PWS	COT	(0.174±0.02	

mlO2·kg 1·m 1;	p=0.153).	However,	the	perturbed	curve	minimum	(0.229±0.03	mlO2·kg
1·m 1)	was	significantly	lower	than	the	PWS	COT	(0.248±0.03mlO2·kg 1·m 1;	p<0.001).	

Furthermore,	while	the	mean	PWS	COT	of	the	normal	condition	was	found	to	fall	within	

the	95%	confidence	interval	bands	of	the	minimum	(0.162-0.179	mlO2·kg 1·m 1),	this	

was	not	the	case	for	the	perturbed	condition	(0.217-0.241	mlO2·kg 1·m 1;	Figure	4.3).	

The	 initial	 and	 retest	 (0.246±0.02	mlO2·kg 1·m 1)	PWS	COT	values	 for	 the	perturbed	

condition	were	not	significantly	different	from	one	another	(p=0.211).	However,	when	

the	 95%	 confidence	 interval	 bands	 were	 readjusted	 for	 the	 subsampled	 retest	

population	 (N=14),	 the	 mean	 retest	 value	 did	 fall	 within	 the	 limits	 (0.216-0.250	

mlO2·kg 1·m 1).	

4.4.3. Speed	regulation	analysis	

In	 the	 strongly	 stable	 direction,	 there	was	 a	main	 effect	 of	 condition	 only,	with	 the	

perturbation	 producing	 greater	 error	 over-correction	 (values	 of	 λSS	 were	 more	

negative)	and	weaker	(and	therefore	less	optimal)	speed	regulation	(the	magnitudes	of	

λSS	 were	 farther	 from	 0	 and	 closer	 to	 1)	 than	 normal	 walking	 (p<0.001),	 however	

perturbed	 values	 were	 similar	 across	 all	 speeds	 (Figure	 4.4).	 Mean	 and	 standard	

deviations	are	presented	in	Table	4.1.	While	an	interaction	effect	was	determined	in	the	

weakly	stable	direction,	this	was	not	pursued	due	to	the	weak	regulation	indicated	by	

values	close	to	1	(group	mean	across	both	conditions	and	six	speeds:	0.9995±0.001).		

In	 the	 strongly	 stable	 direction,	 there	was	 a	main	 effect	 of	 condition	 only,	with	 the	

perturbation	 producing	 greater	 error	 over-correction	 (values	 of	 λSS	 were	 more	

negative)	and	weaker	speed	regulation	(magnitudes	of	λSS	are	farther	from	0	and	closer	

to	1)	than	normal	walking	(p<0.001),	however	perturbed	values	were	similar	across	all	
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speeds.	Mean	and	standard	deviations	are	presented	in	Table	4.1.	While	a	weakly	stable	

interaction	effect	was	determined,	 this	was	not	pursued	due	 to	 the	weak	 regulation	

indicated	 by	 values	 close	 to	 1	 (group	mean	 across	 both	 conditions	 and	 six	 speeds:	

0.9995±0.001).		

The	geometry	of	local	stability	was	found	to	be	as	predicted	by	the	general	theory	of	

fluctuation	dynamics	near	a	GEM	(Cusumano	and	Dingwell,	2013;	John	et	al.,	2016).	In	

particular,	 across	 all	 subjects	 and	 conditions	 the	 weakly	 stable	 eigenvector	 was	

directionally	 very	 close	 to	 êt	 (<	 0.05°).	 This	 is	 consistent	 with	 speed	 regulation;	

relatively	 little	effort	 is	exerted	to	correct	 fluctuations	 in	stride	 length	and	time	that	

have	 no	 effect	 on	 stride	 speed.	 At	 the	 same	 time,	 the	 strongly	 stable	 eigenvector	

directions	were	 found	 to	 be	 between	 46°	 and	95°	of	 êt	 (group	 averages),	 indicating	

regulation	of	 goal-relevant	 fluctuations	 that	 actually	 change	 the	walking	 speed	 (see	

Appendix,	A3).	The	results	of	this	fluctuation	analysis	for	a	typical	subject,	along	with	

the	corresponding	GEMs	for	both	the	normal	and	perturbed	conditions	are	displayed	in	

Figure	4.5.	

	

	

Figure	4.4	Group	speed	vs.	strength	of	error	correction,	as	quantified	by	the	strongly	stable	eigenvalue	
(λSS)	of	inter-stride	fluctuations:	(black)	for	normal	walking;	and	(red)	for	perturbed	walking	with	one	
flat	 and	 one	 platform	 shoe.	 Values	 closer	 to	 zero	 represent	 stronger	 regulation,	 while	 increasingly	
negative	 values	 indicate	 greater	 over-correction.	 For	 comparison,	 optimal	 regulation	 corresponds	 to	
values	 that	are	exactly	zero.	Error	bars	 represent	 speed	 (horizontal)	and	cost	of	 transport	 (vertical)	
standard	deviations.	
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Table	4.1	Error	correction,	as	quantified	by	the	strongly	stable	eigenvalue	of	inter-stride	fluctuations.	

	 0.6m·s-1	 0.9m·s-1	 1.2m·s-1	 1.5m·s-1	 1.8m·s-1	
Preferred	walking	

speed		
(m·s-1)	

Condition	 Mean	 SD	 Mean	 SD	 Mean	 SD	 Mean	 SD	 Mean	 SD	 Mean	 SD	
Normal	 -0.1806	 0.1318	 -0.1834	 0.1282	 -0.1401	 0.1535	 -0.1384	 0.1816	 -0.1053	 0.2059	 -0.1159	 0.1338	
Perturbed	 -0.3307*	 0.1108	 -0.3199*	 0.1121	 -0.2480*	 0.1089	 -0.2398*	 0.1732	 -0.2540*	 0.1380	 -0.3009*	 0.1121	

	

*Significantly	different	than	the	normal	condition	
	

Figure	4.5	A	typical	illustration	of	the	Goal	Equivalent	Manifolds	(GEM)	and	fluctuation	eigenstructure	produced	for	a	single	subject	walking	at	their	
preferred	walking	speed	during	both	normal	(black;	1.22m·s-1)	and	perturbed	walking	(one	flat,	one	platform	shoe;	red;	0.94m·s-1).	Strongly	stable	
eigenvectors	are	indicated	by	a	green	solid	line,	whilst	weakly	stable	eigenvectors	are	indicated	by	a	solid	blue	line.	Eigenvalues	(λSS,	λWS)	are	
presented	near	their	associated	eigenvector.	
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4.5. Discussion	

Energetics	 have	 been	 established	 as	 a	 dominant	 prioritization	 criterion	 governing	

human	locomotion	(e.g.	Alexander,	1989).	Minimization	of	metabolic	COT	is	frequently	

used	to	predict	walking	behavior,	including	PWS	selection	in	healthy	adults	negotiating	

a	 stable	 laboratory	environment	 (Browning	et	 al.,	 2006;	Browning	and	Kram,	2005;	

Martin	et	al.,	1992;	Raffalt	et	al.,	2017;	Ralston,	1958;	Willis	et	al.,	2005).	We	aimed	to	

determine	how	speed	regulation,	quantified	here	by	analyzing	how	fluctuations	near	

the	speed	GEM	change	from	one	stride	to	the	next,	is	factored	into	the	hierarchy	of	gait	

prioritization	criteria.	During	unperturbed	walking,	goal-relevant	error	regulation	has	

been	observed	to	be	minimally	affected	across	speed	(Dingwell	et	al.,	2017,	2010),	thus	

analysis	of	PWS	selection	under	normal	conditions	makes	understanding	the	potential	

interplay	between	energetics	and	stability	difficult.	By	simultaneously	disrupting	both	

energetic	cost	and	speed	regulation	through	a	perturbed	walking	condition,	we	sought	

to	gain	further	insights	into	this	question	of	prioritization.	

4.5.1. Neither	 cost	 of	 transport	 nor	 speed	 regulation	 explain	 observed	
adjustments	in	preferred	walking	speed	during	perturbed	walking	

Our	 results	 confirmed	 the	mechanical	 gait	 perturbation	 (imposed	 asymmetrical	 leg	

lengths)	substantially	degraded	both	energetics	and	the	regulation	of	inter-stride	speed	

errors	(Figure	4.3	and	Figure	4.4).	Using	this	framework,	we	set	out,	in	part,	to	answer	

whether	 the	 elevated	 COT	 during	 perturbed	 walking	 would	 exhibit	 a	 U-shape	

relationship	with	speed	and,	 if	 so,	whether	participants	would	self-select	 their	most	

economical	 speed.	Under	 conditions	of	 perturbation,	 COT	was	 elevated	 by	 a	 similar	

amount	at	each	speed	compared	to	that	of	normal	walking.	Thus,	the	perturbed	curve	

retained	 its	 U-shape	 whilst	 exhibiting	 minimum	 COT	 at	 a	 speed	 similar	 to	 that	 of	

unperturbed	walking	(Figure	4.3).	This	increase	in	COT	is	likely	a	consequence	of	the	

additional	 joint	 work	 required	 to	 ‘step’	 onto	 the	 higher	 shoe,	 combined	 with	

destabilizing	 effects	 and	 disrupted	 inverted	 pendulum	 mechanics.	 Temporally	

asymmetric	gait	has	also	been	associated	with	higher	metabolic	COT,	which	may	have	

been	 a	 contributing	 factor	 (Ellis	 et	 al.,	 2013).	 No	 significant	 difference	 in	 COT	 was	

detected	 between	 1.2	 and	 1.5m·s 1	 for	 both	 perturbed	 and	 unperturbed	 walking.	
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However,	unlike	unperturbed	walking,	the	participants’	perturbed	PWS	did	not	align	

with	the	energetically	minimal	speed	(Figure	4.3).	Here	we	show	that	in	a	mechanically	

perturbed	walking	gait,	humans,	at	least	initially,	do	not	adjust	their	PWS	to	prioritize	

energetics.	 This	 finding	 supports	 a	 growing	 collection	 of	 studies	 to	 report	 non-

energetically	 optimal	 responses	 to	 various	 locomotor	 tasks	 over	 short	 time-scales	

(Finley	 et	 al.,	 2013;	 Selinger	 et	 al.,	 2015)	 as	well	 as	 a	 handful	 of	 studies	 that	 have	

observed	a	lack	of	longer	term	energetic	prioritization	(Ackermann	and	van	den	Bogert,	

2010;	Hunter	et	al.,	2010;	Miller	et	al.,	2011;	Morgan	et	al.,	1994).	

We	also	set	out	to	answer	how	changes	in	stride-to-stride	speed	regulation	are	affected	

by	a	gait	perturbation	and	whether	they	provide	an	explanation	for	the	PWS	selected	

by	 participants	 during	 the	 experiments.	 The	 strength	 of	 speed	 regulation	 was	

significantly	 reduced	when	healthy	young	adults	were	exposed	 to	a	mechanical	 gait	

perturbation.	 In	 addition,	 when	 perturbed	 the	 amount	 of	 over-correction	

approximately	 doubled	 at	 every	 speed	 (Figure	 4.4),	 consistent	 with	 less	 optimal	

regulation	requiring	more	‘control	effort’.	As	in	previous	studies	(Dingwell	et	al.,	2017,	

2010)	 the	 strength	of	 speed	 regulation	was	not	highly	dependent	on	walking	speed	

(Table	4.1)	meaning	there	 is	no	speed	that	provides	an	advantage	 in	regard	to	 local	

stability.	 In	 short,	 our	 participants’	 initial	 response	 to	 a	 perturbation	 that	

simultaneously	 degraded	 energetics	 and	 error	 regulation	 did	 not	 indicate	 either	

metabolic	or	local	stability	prioritization.	

Our	results	suggest	 the	reduction	 in	PWS	observed	during	the	experiments	does	not	

occur	 to	 improve	 speed	 regulation.	 However,	 other	 metrics	 of	 stability	 may	 better	

explain	 the	observed	behavior.	For	example,	 global	stability,	 i.e.	 resistance	 to	a	gait-

terminating	 event	 such	 as	 a	 fall	 (Dingwell	 et	 al.,	 2001;	 Hof	 et	 al.,	 2005),	 may	 be	

prioritized.	Likewise,	alternate	locomotor	objectives	may	have	influenced	the	reduction	

in	PWS.	Musculoskeletal	factors	such	as	minimization	of	muscle	activity	and/or	muscle	

fatigue,	 and	 avoidance	 of	 musculoskeletal	 injury	 have	 been	 proposed	 as	 possible	

prioritization	criteria	in	gait	(Ackermann	and	van	den	Bogert,	2010;	Birn-Jeffery	et	al.,	

2014;	Miller	et	al.,	2011;	Perry	et	al.,	1988;	Russell	and	Apatoczky,	2016;	Sánchez	et	al.,	

2017;	 Xiang	 et	 al.,	 2010;	 Yandell	 and	 Zelik,	 2016).	 Our	 perturbation	 mechanism	

(imposed	asymmetrical	leg	length	via	footwear	height)	has	also	been	shown	to	incur	
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high	knee	extensor	moments	during	stance	phase	(Chapter	3).	These	elevated	moments	

are	likely	alleviated	by	reduced	walking	speed	(Goldberg	and	Stanhope,	2013;	Lelas	et	

al.,	 2003)	 provided	 speed	 changes	 are	 not	 the	 result	 of	 stride	 frequency	 alone	

(Ardestani	 et	 al.,	 2016).	 The	 prioritization	 of	musculoskeletal	 factors	may	 therefore	

serve	as	a	possible	explanation	for	our	observed	results.	

4.5.2. Does	disrupting	speed	regulation	impair	cost	of	transport	minimization?	

Understanding	the	mechanistic	 link	between	speed	regulation	and	metabolic	energy	

expenditure	is	challenging	(Dingwell	et	al.,	2010),	and	beyond	the	scope	of	the	current	

study.	 Increases	 in	 joint	work	and	moment	production	are	 likely	responsible	 for	the	

majority	 of	 the	 increase	 in	 metabolic	 cost	 in	 the	 perturbed	 walking	 condition.	

Nevertheless,	 the	 impact	of	altered	speed	regulation	 likely	has	some	direct	effect	on	

energy	use.	We	have	seen	that	the	platform	shoe	induces	weaker	and	less	optimal	speed	

regulation,	 and	 it	 is	 therefore	 plausible	 that	 this	 additional	 impediment	might	 have	

interfered	with	energy	prioritization.	 In	unperturbed	walking,	both	young	and	older	

adults	display	markedly	stronger	speed	regulation	than	in	the	perturbed	condition	of	

the	current	study.	Although	speculative,	it	is	an	intriguing	possibility	that	subjects	had	

to	 exert	 more	 effort	 (both	 perceptual	 and	 motor)	 to	 regulate	 speed,	 and	 that	 this	

deprioritized	energy	minimization.	Future	studies	that	systematically	alter	the	strength	

of	speed	regulation	could	assess	whether	there	is	a	local	stability	threshold	above	which	

energy	minimization	is	no	longer	possible,	or,	at	least,	no	longer	a	priority	in	the	neural	

control	of	walking.		

4.5.3. Temporal	response	to	the	gait	perturbation	

The	changes	in	PWS	found	here	were,	of	course,	limited	to	the	study’s	duration:	this	

study	was	 not	 designed	 to	 examine	motor	 adaption	 over	 longer	 time	 periods.	 Prior	

work	 has	 demonstrated	 that,	 if	 provided	 time	 to	 acclimate	 to	 certain	 perturbations	

(including	walking	with	asymmetrical	treadmill	split-belt	speeds	and	imposed	shifts	in	

optimal	stride	frequency),	humans	can	attain	COT	values	approaching	pre-perturbation	

results	(Finley	et	al.,	2013;	Selinger	et	al.,	2015).	The	return	to	energetically	preferred	

states	appears	to	occur	via	adjustments	in	a	limited	number	of	key	gait	parameters	(e.g.	

speed,	step	frequency),	both	at	a	gross	level	over	shorter	time	scales	(fast	processes)	



	

104	

and	through	finer	adjustments	over	larger	time	scales	(slow	processes;	Pagliara	et	al.,	

2014;	 Snaterse	 et	 al.,	 2011).	 Together	 these	 processes	 typically	 combine	 to	 recover	

walking	speed	and/or	step	frequency	after	imposed	disruption,	to	preferred	values	in	

under	90	s	(Pagliara	et	al.,	2014;	Snaterse	et	al.,	2011).	We	suspect	the	unfamiliarity	of	

the	speed/frequency	landscape	(i.e.	lack	of	prior	exposure	to	all	possible	gait	solutions)	

challenged	 this	 timeline	 for	 our	 asymmetric	 gait	 perturbation.	 When	 a	 subset	 of	

participants	(N=14)	were	retested	at	the	conclusion	of	the	perturbed	condition	(~30	

minutes	later;	PWS	‘retest’)	we	found	PWS	to	increase	to	a	more	energetically	favorable	

state	(COT	value	extracted	from	the	fitted	curve	fell	within	the	95%	confidence	interval	

bands	 for	 the	 subsampled	 population	 COT	 minimum).	 Here,	 it	 appears	 the	 slow	

processes	acted	over	a	longer	time	scales	than	observed	in	prior	literature	(Pagliara	et	

al.,	 2014;	 Snaterse	 et	 al.,	 2011)	 to	 optimize	 metabolic	 values,	 whilst	 the	 temporal	

profiles	of	error	regulation	optimization	remain	unknown.	A	systematic	examination	of	

energetic	 and	 motor	 regulation	 over	 longer	 time	 periods	 is	 a	 logical	 next	 step	 in	

elucidating	the	links	between	gait	behavior	and	longer-term	prioritization	goals.	Such	

work	 should	 consider	 the	 temporal	 nature	 of	 1)	 adaptation,	 i.e.	 the	 order	 in	which	

criteria	are	addressed	by	 the	 central	nervous	system	during	 the	 learning	phase	of	 a	

novel	 gait	 task,	 and	 2)	 optimization,	 i.e.	 the	 order	 in	 which	 criteria	 achieve	 their	

predicted	optimum	values.	While	speed	regulation,	or,	more	generally,	local	stability,	

must	adapt	almost	instantaneously	(to	avoid	falling	off	the	treadmill),	it	may	optimize	

slowly,	quickly,	or	not	at	all.	

4.5.4. Mechanical	 gait	 perturbation	degrades	 inter-stride	 speed	 regulation	but	
remains	insensitive	to	walking	speed	

This	 is	 the	 first	 study	 to	 show	 impaired	 motor	 regulation	 in	 walking	 humans	 via	

analysis	 of	 stride	 length	 and	 time	 fluctuations	 near	 the	 speed	 GEM.	 However,	 our	

findings	recover	the	previously	observed	speed-independence	of	this	regulation	during	

unperturbed	 walking	 (Dingwell	 et	 al.,	 2017,	 2010)	 and	 provide	 new	 evidence	 of	 a	

similar	 behavioral	 response	 under	 conditions	 of	 perturbation.	 Interestingly,	 goal-

relevant	error	regulation	has	also	been	observed	to	be	constant	across	a	range	of	speeds	

in	 older	 adults,	 who	 display	 unaltered	 regulation	 performance	 compared	 to	 their	

younger	counterparts	(Dingwell	et	al.,	2017).		



	

105	

It	is	also	worth	mentioning	here	that	attaining	optimal	values	of	any	walking	parameter	

over	a	very	narrow	portion	of	its	operational	range	is	exceptionally	limiting	within	real-

world	scenarios.	The	robustness	of	goal-relevant	error	regulation	is	a	trait	not	shared	

with	metabolic	cost,	which	is	heavily	influenced	by	speed	(Abe	et	al.,	2015;	Browning	

et	al.,	2006;	Martin	et	al.,	1992;	Ralston,	1958),	step	frequency	(Cavagna	and	Franzetti,	

1986;	Minetti	et	al.,	1995;	Zarrugh	and	Radcliffe,	1978),	and	step	width	(Donelan	et	al.,	

2001).	This	observation	may	offer	additional	support	to	local	stability	as	a	high	order	

control	priority.	Further	investigation	is	required	to	probe	the	limits	of	local	dynamic	

stability,	as	measured	via	speed	GEM	fluctuations.	

4.6. Conclusion		

PWS	selection	in	stable	laboratory	environments	favors	COT-minimizing	speeds,	while	

strength	of	speed	regulation	has	been	confirmed	to	be	independent	of	mean	operating	

speed.	The	main	purpose	of	the	current	study	was	to	quantify	the	short-term	effect	on	

energetic	 cost	 and	 speed	 regulation	 of	 humans	 in	 the	 presence	 of	 a	 continuous	

mechanical	 perturbation.	 We	 found	 that	 energetics	 and	 speed	 regulation	 are	

simultaneously	 disrupted	 and	 that	 PWS	 is	 reduced	 to	 a	 non-energetically	 optimal	

speed.	 Interestingly,	 the	 strength	 of	 speed	 regulation	 continued	 to	 exhibit	 speed-

independence	in	perturbed	environments	irrespective	of	its	reduced	strength	and	two-

fold	increase	in	over-correction.		
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Chapter	Five: Decoupling	 the	 metabolic	 and	 neuromuscular	 prioritization	
criteria	of	human	walking	

5.1. Abstract	

Many	stable	laboratory-based	studies	have	suggested	humans	walk	in	a	manner	that	

minimizes	metabolic	 cost.	However,	 a	 growing	 collection	 of	work	 demonstrates	 the	

importance	of	neuromuscular-related	factors	as	criteria	dictating	gait	mechanics.	Due	

to	 the	highly	 coupled	nature	of	whole-body	 (organismal)	metabolic	 cost	 and	muscle	

activation	 costs,	 it	 is	difficult	 to	discern	 the	hierarchical	 relationship	 between	 these	

locomotor	 objectives.	 Here	 we	 implement	 a	 unique	 experimental	 design	 ‘pitting’	

metabolic	 cost	 against	neuromuscular	 factors	 including	 total	 activation	 cost	 and	 the	

distribution	 of	 activation	 cost	 across	muscles	 (estimated	 from	 electromyography	 of	

eight	lower	limb	muscles).	Healthy	adults	(N=10)	chose	between	walking	on	one	of	five	

levels	of	incline	(0-24%;	primarily	affecting	metabolic	cost)	and	walking	in	a	crouched	

posture	 (primarily	 affecting	 activation	 cost	 and	 its	 distribution).	 In	 total,	 five	

comparisons	were	made;	one	at	each	incline	gradient.	The	selective	behaviors	of	our	

participants	revealed	a	clear	preference	to	avoid	neuromuscular	penalties	(both	in	total	

activation	cost	and	its	distribution)	despite	incurring	large	metabolic	penalties	in	the	

process.	A	16%	reduction	in	metabolic	cost	was	forgone	to	avoid	elevated	activation	

costs	and	an	uneven	distribution	of	this	activation	across	a	few	select	muscles	(p<0.05).	

Through	 a	 partial	 decoupling	 of	 metabolic	 and	 muscle	 activation-related	 costs,	 we	

provide	what	may	be	the	first	empirical	evidence	of	humans	embracing	non-energetic	

prioritization	in	favor	of	a	clearly	defined	alternate	neuromuscular	objective.		
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5.2. Introduction	

It	 is	 generally	 accepted	 that	 humans,	 along	with	many	 other	 animal	 species,	 select	

movement	behaviors	 that	minimize	metabolic	energy	expenditure	(Alexander,	1989;	

Blake,	1991).	Among	the	strongest	evidence	 for	 locomotor	energetic	prioritization	 is	

the	 finding	 that	 preferred	 (naturally	 selected)	walking	 speeds	 of	 humans	 and	 other	

animals	align	closely	with	their	minimal	metabolic	cost	of	transport	(COT;	the	metabolic	

expenditure	per	unit	distance	traveled;	Browning	et	al.,	2006;	Hoyt	and	Taylor,	1981;	

Raffalt	et	al.,	2017;	Ralston,	1958;	Wickler	et	al.,	2000;	Willis	et	al.,	2005;	Watson	et	al.,	

2011).	Energy-minimizing	behaviors	have	since	been	observed	to	extend	well	beyond	

preferred	 level-ground	walking	 speed	 selection.	 Humans	 exhibit	 energy-minimizing	

speeds	on	inclines	and	declines	(Abe	et	al.,	2015)	and	during	hypoxia	(Abe	et	al.,	2017)	

that	 align	 closely	 with	 typical	 walking	 speeds.	 They	 (and	 other	 animals)	 also	

spontaneously	 transition	 between	 walking	 and	 running	 gaits	 in	 a	 manner	 that	

minimizes	COT	(Hoyt	and	Taylor,	1981;	Margaria	et	al.,	1963;	Rubenson	et	al.,	2004;	

Watson	et	al.,	2011)	a	finding	that	extends	to	incline	locomotion	(Minetti	et	al.,	1994).	

Furthermore,	humans	typically	select	step/stride	frequencies	that	minimize	metabolic	

cost	(Cavagna	and	Franzetti,	1986;	Minetti	et	al.,	1995;	Zarrugh	and	Radcliffe,	1978).	

Even	when	faced	with	disrupted	gait	mechanics,	humans,	 if	provided	adequate	time,	

appear	remarkably	adept	at	optimizing	energy	expenditure	(Finley	et	al.,	2013;	Galle	et	

al.,	 2013;	 Selinger	 et	 al.,	 2015;	 see	 Chapter	 Four	 for	 acute	metabolic	 adjustment	 to	

stability	perturbed	gait).		

Given	these	observations,	 it	 is	 tempting	to	conclude	that	energy	prioritization	 is	 the	

dominant	 factor	 dictating	 human	 gait	 behavior.	 Other	 nervous	 system	 objectives,	

however,	such	as	neuromuscular	cost,	stability,	and	fatigue	and/or	injury	mitigation	are	

also	 logical	 control	 variables.	 Of	 these,	 neuromuscular	 cost,	 specifically	 muscle	

activation,	has	recently	been	shown	to	be	minimized	in	several	self-selected	locomotor	

tasks	in	a	manner	akin	to	energetic	prioritization.	For	example,	walking	at	preferred	

stride	frequency	has	been	found	to	reduce	muscle	activity,	as	measured	by	integrated	

electromyography	(iEMG;	Russell	and	Apatoczky,	2016).	Minimizing	muscle	activation	

may	also	trigger	the	transition	between	walking	and	running	in	humans	(Prilutsky	and	

Gregor,	 2001;	 Stenum	and	Choi,	2016).	Furthermore,	 Carrier	 and	 colleagues	 (2011)	
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determined	the	cumulative	activation	per	unit	distance	traveled	for	multiple	lower	limb	

muscles	as	participants	walked	at	a	range	of	speeds.	These	authors	reported	minimized	

activity	across	a	spectrum	of	intermediate	walking	speeds	for	the	majority	of	sampled	

muscles.	 It	 was	 suggested	 that	muscles	which	 did	 not	 follow	 this	 trend	were	 likely	

specialized	for	other	movement	tasks;	e.g.	incline	walking,	acceleration	(Carrier	et	al.,	

2011).	

Both	metabolic	cost	and	neuromuscular	cost	have	presented	as	potential	prioritization	

criteria	in	walking,	yet	the	highly	coupled	relationship	between	these	variables	makes	

it	difficult	to	discern	their	hierarchical	rank	in	locomotor	prioritization	and	control.	In	

an	effort	to	tease	apart	the	relative	importance	of	several	prioritization	criteria,	Miller	

et	al.	(2011)	found	that	they	could	better	predict	experimental	gait	data	with	computer	

simulations	 that	 minimized	 muscle	 activation,	 as	 opposed	 to	 COT	 during	 running.	

Whilst	 their	 simulation	 approach	 is	 elegant,	 due	 to	 the	 lack	 of	 experimental	 data	

directly	 contrasting	 these	 control	objectives,	 it	 remains	unclear	whether	 the	 central	

nervous	 system	 prioritizes	 neuromuscular	 cost,	 and	 if	 so,	 under	 what	 conditions.	

Alternatively,	as	the	large	volume	of	previous	data	would	suggest,	is	whole-body	energy	

expenditure	indeed	the	over-arching	control	objective	of	human	locomotion?	

The	current	study	addressed	these	questions	by	utilizing	a	unique	experimental	design	

in	which	energetic	and	muscle	activation	costs	were	 ‘pitted’	against	each	other	such	

that	 minimization	 of	 the	 two	 variables	 was	 mutually	 exclusive.	 In	 other	 words,	 a	

metabolic	 advantage	 could	 be	 gained	 only	 by	 accepting	 a	muscle	 activation	 penalty	

(penalizing	both	total	activation	cost	and	the	distribution	of	this	cost)	and	vice	versa.	

This	 was	 achieved	 by	 allowing	 participants	 to	 explore	 an	 prioritization	 landscape	

where	 crouched	walking	 (high	 activation	 cost,	moderate	metabolic	 cost)	was	 pitted	

against	normal,	upright	walking	on	a	range	of	incline	levels	(increasing	metabolic	cost).	

Using	 this	 framework,	 we	 aimed	 to	 determine	 whether	 metabolic	 cost	 or	

neuromuscular	factors	(total	muscle	activation	cost	and	its	distribution)	are	prioritized	

during	walking	in	a	population	of	healthy	adults.	In	doing	so,	we	present	what	may	be	

the	first	experimental	data	to	directly	question	whether	humans	will	volitionally	forego	

whole-body	 energetic	 minimization	 in	 favor	 of	 a	 neuromuscular-related	 objective.	

Given	 the	 strong	 support	 for	 metabolic	 cost	 minimization,	 we	 hypothesized	
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participants	would	accept	high	muscle	activation	costs	in	order	to	avoid	an	elevated	

metabolic	cost	(‘metabolic	penalty’).	

5.3. Methods	

5.3.1. Participants	

Ten	healthy	adults	(5F,	5M;	age	31.1±7.2	years;	mass	69.6±11.1	kg;	height	1.70±0.07	

m)	participated	in	this	study	after	providing	informed	consent.	The	study	was	approved	

by	 the	 Institutional	 Review	 Board	 at	 The	 Pennsylvania	 State	 University	 (PSU;	

STUDY00007539,	 and	 received	 reciprocal	 approval	 by	 the	 Human	 Research	 Ethics	

Committee	 at	 the	 University	 of	Western	 Australia;	 RA/4/1/9255).	 Volunteers	were	

required	 to	 be	 free	 from	 medical	 conditions	 that	 could	 make	 moderate-intensity	

exercise	unsafe	(e.g.	heart	condition,	respiratory	issues,	bone/joint	pain).	

5.3.2. Experimental	design	

During	 separate	 trials,	 participants	 were	 required	 to	 determine	 their	 preference	

between	crouched	walking	(on	0%	incline)	and	a	series	of	five	(random	order)	incline	

gradients	 (0-24%)	 for	which	 they	walked	upright	 (‘selection	 trials’;	 Figure	5.1).	We	

expected	 crouched	 walking	 would	 incur	 a	 substantial	 neuromuscular	 cost	 burden	

(Steele	et	al.,	2013)	and	a	moderate	metabolic	one	(pilot	data).	We	expected	metabolic	

cost	 to	 be	 strongly	 affected	 by	 the	 increasing	 incline	 (Minetti	 et	 al.,	 2002)	 but	 less	

severely	penalized	 in	 the	neuromuscular	sense	 (pilot	data).	Pilot	data	determined	a	

suitable	crouch	level	that	elicited	a	high	activation	cost	and	a	metabolic	cost	that	lay	

midway	between	that	of	the	lowest	and	highest	incline	conditions.	This	allowed	us	to	

design	a	set	of	incline	vs.	crouch	selections	where	a	low	metabolic	cost	could	only	be	

achieved	 by	 selecting	 a	 high	 muscle	 activation	 cost,	 and	 vice	 versa	 (Figure	 5.1).	

Participants	 were	 able	 to	 freely	 explore	 the	 incline	 and	 crouch	 conditions	 in	 each	

selection	 trial	 for	 three	 minutes,	 after	 which	 they	 were	 required	 to	 select	 their	

preferred	 mode	 and	 continue	 to	 walk	 for	 an	 additional	 five	 minutes.	 The	 steepest	

incline	that	was	selected	over	crouch	walking	was	referred	to	as	 the	 ‘pre-transition’	

incline.	The	first	incline	condition	for	which	the	crouch	condition	was	preferred	was	

referred	to	as	the	‘post-transition’	incline.	The	experiment	commenced	and	concluded	
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Figure	5.2	Experimental	setup	for	crouched	walking	with	silhouette	and	ceiling	projection.	

	

At	 the	 beginning	 of	 each	 experiment	 participants	 were	 provided	 a	 crouching	

familiarization	trial.	Participants	walked	at	a	set	speed	of	1.0m·s 1,	crouching	below	the	

virtual	ceiling.	They	were	instructed	to	keep	their	head	below	the	virtual	ceiling	while	

maintaining	a	moderately	upright	trunk	posture	to	ensure	a	substantial	neuromuscular	

penalty	was	incurred	by	lower	limb	muscles.	After	three	minutes	of	crouched	walking	

with	unlimited	silhouette-ceiling	collisions,	the	participant	was	informed	that,	to	end	

the	familiarization	session,	they	must	perform	one	minute	of	walking	with	no	recorded	

collisions.	

All	participants	achieved	the	one-minute	benchmark	and	progressed	to	the	next	phase	

of	 data	 collection,	 in	 which	 their	 crouched	 preferred	 walking	 speed	 (PWSCW)	 was	

assessed	 in	accordance	with	the	method	outlined	by	Dingwell	and	Marin	(2006;	see	

Appendix	A4).	

5.3.4. Whole-body	energetics	and	electromyography	measurements	

During	each	crouching	and	incline	condition,	gross	metabolic	COT	(inclusive	of	resting	

values;	 resting	 values	 were	 measured	 in	 five-minute	 trials	 standing	 quietly	 on	 the	

treadmill)	 was	 assessed	 using	 oxygen	 consumption	measurements	 (ml	O2·kg 1·m 1).	

Surface	electromyography	 recordings	were	made	 simultaneously	across	eight	 lower	

limb	muscles.	Metabolic	data	was	continuously	sampled	throughout	the	conditions	at	a	
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15	 second	 epoch	 using	 a	 portable	metabolic	 system	 (Cosmed	K4b2,	 Rome,	 Italy).	 A	

portable	metabolic	device	was	necessary	to	allow	free	crouching	movement	without	

obstruction	from	metabolic	tubing.	The	final	minute	of	each	condition	was	averaged	to	

represent	a	steady-state	COT	for	that	condition.	

Electromyography	(EMG)	signals	were	recorded	using	silver-tipped	surface	electrodes	

placed	 over	 the	muscle	 bellies	 of	 gluteus	medias	 (Gmed),	 gluteus	maximus	 (Gmax),	

biceps	femoris	(BF),	rectus	femoris	(RF),	vastus	medialis	(VM),	medial	gastrocnemius	

(MG),	 soleus	 (SOL)	 and	 tibialis	 anterior	 (TA).	 Signals	were	 recorded	 using	 a	 Bortec	

Octopus	AMT-8	 system	(AB,	Canada).	Twenty	 strides	of	EMG	data	were	 collected	at	

2000Hz.	 Ground	 reaction	 forces	 (GRF)	 from	 the	 instrumented	 treadmill	 were	 also	

obtained	(2000	Hz)	to	determine	foot	contacts	and	later	used	to	crop	the	EMG	data	into	

strides	during	processing.	

5.3.5. Crouch	vs.	incline	selection	trials	

A	 five-minute	 trial	 of	 crouched	walking	was	 initially	 recorded	 at	 the	 PWSCW	 (initial	

crouch).	 In	a	randomized	order,	 five	 levels	of	 incline	(0%,	6%,	12%,	18%	and	24%)	

were	individually	‘pitted’	against	the	non-inclined	crouched	walking	gait.	All	conditions	

were	administered	at	the	PWSCW	so	as	to	not	disadvantage	metabolic	energy	use	in	the	

crouched	condition.	

Each	selection	trial	(crouched	walking	vs.	a	single	incline	level)	commenced	with	30s	of	

crouched	walking	 and	 30s	 of	 incline	walking	 (the	 order	 of	which	was	 reversed	 for	

consecutive	trials),	followed	by	a	further	two	minutes	where	the	participant	was	free	

to	explore	either	state.	During	the	two-minute	exploratory	period,	transition	between	

the	crouched	and	incline	states	was	verbally	requested	by	the	participant	and	manually	

initiated	by	the	investigator.	The	transition	between	crouch	and	incline	took	less	than	

ten	seconds.	

At	the	conclusion	of	the	exploratory	period,	the	participant	verbally	expressed	the	state	

(crouched	or	incline)	in	which	they	would	prefer	to	walk	for	the	following	five	minutes.	

The	preferred	 state	was	 imposed	 for	a	 five-minute	period,	during	which,	metabolic,	

EMG,	 and	 GRF	data	were	 collected.	 The	 combination	 of	 a	 three-minute	 exploratory	
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period	and	a	five-minute	recording	period	allowed	enough	time	for	the	participant	to	

familiarize	 to	 the	 condition	 without	 inducing	 fatigue	 in	 the	 condition	 or	 across	

successive	conditions.	In	most	trials	a	three-minute	exploratory	period	was	more	time	

than	 required	 for	participants	 to	 conclusively	decide	on	a	preferred	condition.	Once	

crouched	walking	had	been	compared	to	the	five	incline	percentages,	an	additional	five-

minute	 crouched	walking	 trial	was	recollected	 to	account	 for	 fatigue/familiarization	

effects	(final	crouch).	Any	unchosen	incline	levels	(trials	where	crouched	walking	was	

chosen)	were	 then	 completed	 at	 PWSCW,	 each	 for	 five	minutes	 (randomized	 order).	

When	describing	the	protocol,	participants	were	made	aware	of	the	maximum	number	

of	potential	walking	trials	and	maximum	potential	duration	of	 the	session.	However,	

the	 nature	 of	 the	 trials	 following	 the	 comparison	 tests	 were	 not	 revealed	 to	 the	

participants	to	ensure	it	did	not	influence	their	prior	decisions	(with	this	knowledge,	

they	could	have	avoided	an	additional	~25	minutes	of	walking).	

5.3.6. Data	processing	

Mean	rates	of	oxygen	consumption	per	kilogram	of	body	mass	were	extracted	from	the	

final	minute	of	recording.	The	EMG	signal	was	DC	offset,	band-pass	filtered	(20Hz	 	350	

Hz)	to	remove	any	movement	artefact	and	high	frequency	noise,	and	full-wave	rectified.	

A	linear	envelope	was	applied	to	the	rectified	EMG	data	using	a	low-pass	filter	with	6Hz	

cut-off	 frequency.	 All	 data	 filtering	 utilized	 fourth-order	 Butterworth	 underdamped	

filters.	Five	individual	strides	per	trial	were	extracted,	and	each	stride’s	linear	envelope	

was	integrated	to	produce	a	scalar	value	(iEMG).	

Total	 activation	 cost	was	 determined	 by	 applying	 a	weighting	 to	 each	 of	 the	major	

muscle	 groups	 according	 to	 the	muscle	 volumes	 documented	 in	 the	 supplementary	

material	of	Handsfield	et	al.	(2014).	These	weightings	were	0.11,	0.29,	0.07,	0.09,	0.15,	

0.09,	 0.15,	 0.05	 for	 Gmed,	 Gmax,	 BF,	 RF,	 VM,	 MG,	 SOL,	 and	 TA,	 respectively,	 and	

represent	each	muscle’s	volume	as	a	proportion	of	 the	sum	of	all	eight	muscles.	The	

weighted	iEMG	was	then	normalized	to	distance	traveled,	and	further	normalized	to	the	

0%	incline	trial	(normal	walking)	to	represent	the	relative	activation	per	unit	distance	

above	normal	level	walking.	The	normalized	weighted	iEMG	were	summed	across	all	

muscles	to	represent	the	total	muscle	activation	cost	(SWiEMG·m 1).	
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Weighting	 was	 not	 required	 when	 determining	 individual	 muscle	 effort	 and	

distribution	 of	 activation	 cost	 between	 muscles.	 iEMG	 was	 simply	 normalized	 to	

distance	and	the	0%	incline	trial,	with	change	in	activation	relative	to	normal	walking	

serving	as	a	surrogate	for	individual	muscle	cost,	and	the	standard	deviation	of	the	eight	

muscles	providing	a	neuromuscular	cost	distribution	metric.	For	each	variable,	three	

values	were	computed;	mean	crouch	(the	mean	value	between	initial	and	final	crouch	

trials),	 pre-transition	 incline	 (the	 steepest	 incline	 level	 which	 was	 selected	 over	

crouching)	and	post-transition	 incline	 (the	 first	 incline	 level	which	was	not	selected	

over	 crouched	 walking;	 this	 was	 always	 the	 steepest	 incline	 recorded	 for	 each	

participant).	

5.3.7. Statistical	analyses	

Summary	statistics	(mean±SD)	were	computed	for	rate	of	oxygen	consumption,	total	

activation	cost	and	activation	distribution	for	the	crouch	condition	and	the	five	incline	

conditions.	For	normally	distributed	data,	one-way	repeated	measures	(crouch,	pre-,	

and	post-transition	conditions)	analysis	of	variance	(ANOVA)	tests	were	used	to	assess	

differences	 in	 rate	 of	 oxygen	 consumption,	 total	 activation	 cost,	 activation	 cost	

distribution	as	well	as	the	volume-weighted	activation	cost	for	each	individual	muscle.	

Post	hoc	testing	was	used	with	Bonferroni	correction.	The	equivalent	non-parametrical	

tests	 (Friedman	 and	 follow-up	 Wilcoxan)	 were	 used	 when	 data	 was	 non-normally	

distributed.	 In	 the	 Results	 section	 below,	 such	 cases	 are	 denoted	 by	 an	 asterisk	 as	

significance	 was	 adjusted	 according	 to	 factor	 size	 (p=0.017).	 All	 other	 analyses	

employed	a	standard	0.05	alpha	level.	SPSS	21.0	(Chicago,	USA)	was	used	to	perform	all	

statistical	 analyses.	 Note,	 references	 to	 a	 percent	 difference	 in	metabolic	 cost,	 total	

activation	 cost	 and/or	 distribution	 of	 activation	 cost	 in	 the	 following	 Results	 and	

Discussion	 sections	 represent	 the	 crouch	 condition	 relative	 to	 the	 pre-	 or	 post-

transition	value.	
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5.4. Results	

Of	the	ten	participants,	three	chose	to	transition	to	crouched	walking	at	18%	incline,	

while	 the	 remaining	 seven	 chose	 to	 transition	 at	 24%.	 Our	 statistical	 analysis	was	

conducted	only	on	crouching	vs.	pre-	and	post-transition	incline	data	only	to	elucidate	

the	 trigger	 for	 transition	 between	 incline	 and	 crouching	 states.	 However,	 we	 also	

present	 descriptive	 group	 data	 in	 Figure	 5.3,	 for	 which	 the	 mean	 transition	 speed	

occurs	at	a	gradient	of	22.2±2.9%.	Metabolic	cost	(Figure	5.3A),	 total	activation	cost	

(Figure	 5.3B),	 and	 cost	 distribution	 (Figure	 5.3C)	 are	 successively	 increased	 with	

increasing	incline	level.	The	crouch	condition	is	most	comparable	to	the	metabolic	cost	

at	12%	incline,	the	total	activation	cost	at	18-24%	incline,	and	the	cost	distribution	at	

24%	incline.		

In	the	results	described	below	the	crouching	data	represent	the	mean	of	the	initial	and	

final	crouch	trials	as	compared	to	pre-	and	post-transition	incline	levels.	The	one-way	

repeated	measures	(condition)	ANOVA	demonstrated	a	main	effect	for	metabolic	cost	

and	 total	 activation	 cost	 (p<0.010;	 Figure	 5.4).	 The	 metabolic	 cost	 incurred	 during	

crouched	walking	was	significantly	lower	than	both	the	pre-	(16%;	p=0.002)	and	post-	

(33%;	p<0.001)	transition	incline	levels,	which	were	also	significantly	different	from	

one	 another	 (p<0.001;	 Figure	 5.4A).	 Total	 activation	 cost	 for	 the	mean	 crouch	was	

significantly	 greater	 than	 pre-transition	 (23%;	 p=0.048)	 but	 not	 post-transition	

(p>0.999),	 with	 pre-	 and	 post-transition	 inclines	 producing	 significantly	 different	

activation	costs	(p=0.026;	Figure	5.4B).		

Traces	of	the	EMG	linear	envelope	across	the	gait	cycle	(normalized	to	the	0%	incline	

condition)	 are	 presented	 in	 Figure	 5.5	 and	 the	 distribution	 is	 plotted	 graphically	 in	

Figure	5.4C.	The	 local	muscular	distribution	metric	 followed	a	 similar	 trend	 to	 total	

activation	cost.	The	one-way	repeated	measures	(condition)	ANOVA	demonstrated	a	

main	effect	for	activation	distribution	(p<0.010;	Figure	5.4C).	The	standard	deviation	

of	the	iEMG·m 1	for	the	mean	crouch	walking	was	1.63±0.55,	which	was	significantly	

greater	than	the	pre-transition	incline	(119%;	p=0.013),	and	statistically	equivalent	to	

the	 post-transition	 incline	 (p=0.122).	 The	 post-transition	 standard	 deviation	 of	 the	

iEMG·m 1	was	also	significantly	greater	than	the	pre-transition	condition	(p=0.002).		 	
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Figure	 5.5	Linear	envelope	 of	 the	 raw	 electromyography	 signal	 of	eight	 lower	 limb	muscles;	 gluteus	
medias	(Gmed),	gluteus	maximus	(Gmax),	biceps	femoris	(BF),	rectus	femoris	(RF),	vastus	medialis	(VM),	
medial	gastrocnemius	(MG),	soleus	(SOL)	and	tibialis	anterior	(TA).	Presented	is	a	mean	stride	(±SD)	
from	the	group	of	ten	participants,	each	with	five	averaged	strides	per	trial.	Mean	crouched	walking	data	
(black)	is	compared	to	both	pre-	(red)	and	post-transition	(blue)	incline	trials	(i.e.	the	last	incline	level	
that	was	chosen	before	transitioning	to	the	crouch,	and	the	first	incline	level	that	was	neglected	in	favor	
of	crouching,	respectively).	All	trials	were	normalized	to	peak	normal	walking	values	obtained	at	0%	
incline.	
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The	one-way	repeated	measures	(condition)	ANOVA	did	not	demonstrate	a	main	effect	

of	 non-volume-weighted	 activation	 for	 Gmed	 (p=0.289),	 BF	 (p=0.407)	 and	 TA	

(p=0.670;	Table	5.1).	However,	main	effects	were	detected	for	all	other	muscles.	The	

VM	aligned	with	the	total	activation	cost	and	activation	distribution	pattern.	The	mean	

VM	iEMG·m 1	in	crouch	walking	was	significantly	greater	than	the	pre-transition	incline	

(p=0.009)	 and	 not	 significantly	 different	 from	 the	 post-transition	 incline	 (p=0.087).	

Again,	values	increased	significantly	between	the	pre-	and	post-transition	incline	trials	

(p=0.029).	The	RF	pre-	and	post-transition	incline	values	were	both	significantly	lower	

than	the	mean	crouch	(p=0.005*	and	p=0.007*,	respectively)	but	were	not	different	from	

one	another	(p=0.093).	In	contrast,	the	MG	pre-	and	post-transition	inclines	incurred	

significantly	greater	activation	cost	than	mean	crouch	(p<0.001	for	both	comparisons).	

Pre-	and	post-transition	incline	MG	activation	were	not	statistically	different	(p=0.235).	

Similarly,	 SOL	mean	 crouch	 activation	 cost	was	 significantly	 lower	 compared	 to	 the	

post-transition	incline	condition	(p=0.009*).	For	Gmax,	the	only	significant	difference	

in	activation	cost	was	an	increase	between	pre-	and	post-transition	inclines	(p=0.007).	

Task	performance	was	not	affected	between	 the	 initial	 and	 final	 crouch	 trials.	Total	

number	 (precrouch:	 1.2±1.5;	 postcrouch:	 2.3±2.4)	 and	 duration	 (precrouch:	

0.11±0.15s;	 postcrouch:	 0.22±0.25s)	 of	 ceiling-silhouette	 collisions	 did	 not	 change	

significantly	throughout	data	collection	(p=0.154	and	p=0.082,	respectively).	
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Table	 5.1	 Integrated	 linear	 envelope	 electromyography	 (iEMG)	normalized	 to	 distance	 traveled	 during	 crouched	walking,	and	pre-	 and	post-
transition	incline	walking.	Mean	crouched	walking	data	is	compared	to	both	pre-	and	post-transition	incline	trials	(i.e.	the	last	incline	level	that	was	
chosen	before	transitioning	to	the	crouch,	and	the	first	incline	level	that	was	neglected	in	favor	of	crouching,	respectively).	All	trials	were	normalized	
to	mean	normal	walking	values	obtained	at	0%	incline.	

 

*Significantly different than pre-transition incline trial 
^Significantly different than post-transition incline trial

	

Gluteus	
Medias	

(iEMG·m-1)	

Gluteus	
Maximus	
(iEMG·m-1)	

Biceps	
Femoris	
(iEMG·m-1)	

Rectus	
Femoris	
(iEMG·m-1)	

Vastus	
Medialis	
(iEMG·m-1)	

Medial	
Gastrocnemius	
(iEMG·m-1)	

	
Soleus	

(iEMG·m-1)	

Tibialis	
Anterior	
(iEMG·m-1)	

Mean	 SD	 Mean	 SD	 Mean	 SD	 Mean	 SD	 Mean	 SD	 Mean	 SD	 Mean	 SD	 Mean	 SD	

Mean	
Crouch	 1.592	 0.363	 2.886	 1.213	 2.207	 1.286	 3.327	 1.442	 4.486	 2.085	 0.653	 0.363	 1.204	 0.251	 1.474	 0.456	

Pre-
Transition	 1.551	 0.435	 2.162	 0.612	 2.013	 1.298	 1.821*	 0.500	 2.542*	 1.055	 1.752*	 0.390	 1.814	 0.889	 1.260	 0.286	

Post-
Transition	 1.419	 0.406	 3.111^	 1.026	 2.313	 1.478	 1.971*	 0.416	 3.359^	 1.538	 2.050*	 0.528	 2.061*	 0.763	 1.523	 0.254	
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5.5. Discussion	

5.5.1. Energy	vs.	activation	prioritization		

Over	 the	 past	 half-century,	 empirical	 evidence	 has	 accumulated	 such	 that	 energy	

minimization	is	widely	regarded	as	a	principle	of	animal	locomotion	(Alexander,	1989;	

Ralston,	 1958;	 Selinger	 et	 al.,	 2015;	 Zarrugh	 et	 al.,	 1974).	 By	 partially	 dissociating	

metabolic	and	neuromuscular	costs	(total	activation	cost	and	distribution	of	cost)	we	

provide	 among	 the	 first	 direct	 experimental	 evidence	 that	 global	 metabolic	 energy	

minimization	 is	not	always	the	primary	control	objective	 in	human	gait.	When	faced	

with	 the	 dilemma	 of	 minimizing	 energy	 expenditure	 at	 the	 expense	 of	 penalizing	

muscle	activation,	participants	did	not	choose	to	do	so.	 Instead,	and	contrary	to	our	

hypothesis,	 we	 show	 that	 muscle	 activation	 was	 systematically	 prioritized	 at	 the	

expense	of	metabolic	cost.	Both	the	sum	of	the	activation	cost,	and	the	uniformity	of	the	

cost	distribution,	were	prioritized	by	the	task	selection	behavior.	

Orderly	gait	selection	favoring	muscle	activation	can	be	seen	when	inspecting	Figure	

5.3.	 Crouched	walking	was	 associated	with	 a	moderate	metabolic	 cost,	 a	 high	 total	

neuromuscular	cost	and	a	poor	distribution	of	neuromuscular	cost	across	eight	lower	

limb	 muscles.	 At	 low	 incline	 levels,	 when	 metabolic	 and	 activation	 costs	 are	 both	

relatively	low	compared	to	crouching,	there	was	a	clear	metabolic	and	neuromuscular	

advantage	 for	 avoiding	 crouching.	 The	 low	 to	 moderate	 incline	 selections	 of	 all	

participants	 were	 predicted	 by	 this	 lack	 of	 conflict	 between	 prioritization	 criteria.	

However,	 as	 incline	 increased	 participants	 opted	 to	 incur	 a	 substantial	 metabolic	

penalty	of	16%	by	avoiding	the	now	more	economical	crouched	walking.		

Activation	minimization	was	accepted	at	 the	expense	of	energetic	non-prioritization.	

Indeed,	 the	 pre-transition	 incline	 selection	 alleviated	 a	 roughly	 equivalent	 (23%)	

penalty	in	total	activation	cost,	and	a	substantially	higher	penalty	in	cost	distribution	

(119%)	 when	 crouching	 was	 considered	 relative	 to	 pre-transition	 incline	 values.	

Remarkably,	when	a	transition	to	crouching	was	finally	selected	upon	further	incline	

elevation,	any	activation	advantage	had	been	 lost.	When	choosing	between	the	post-

transition	incline,	both	total	activation	cost	and	the	cost	distribution	were	not	different	

from	crouch	walking.	However,	there	was	now	a	33%	metabolic	cost	advantage	to	be	



	

126	

gained	by	 switching	 to	a	 crouched	gait.	Much	 like	 low-incline	 conditions,	 the	 lack	of	

conflict	between	energetic	and	muscle	activation	minimization	at	the	steepest	incline	

selection	predicted	the	crouch	selection	in	nine	out	of	our	ten	participants.	

It	should	be	stressed	that	our	results	do	not	preclude	energy	minimization	as	a	strong	

criterion	for	human	movement.	It	is	possible	that	under	typical	movement	conditions	

preferred	 gait	 patterns	 achieve	 energy	 minimization	 without	 negatively	 impacting	

other	prioritization	criteria.	Alternatively,	energy	minimization	may	occur	 in	normal	

gait	 as	 a	 by-product	 of	 closely	 related	 prioritization	 criteria	 (Miller	 et	 al.,	 2011).	

Nevertheless,	our	results	provide	new	and	compelling	evidence	to	suggest	an	energy-

minimizing	strategy	has	limits.	There	are	other	examples	where	energy	minimization	

does	 not	 necessarily	 predict	 observed	 gait	 behavior	 (e.g.	 Ackermann	 and	 van	 den	

Bogert,	2010;	Hunter	et	al.,	2010;	Morgan	et	al.,	1994;	Sánchez	et	al.,	2017).	Further	to	

these	earlier	studies,	we	show	unambiguously	that	energy	minimization	can,	in	fact,	be	

superseded	by	other	apparently	stronger	(higher	priority)	criteria	if	these	are	in	direct	

conflict	with	energetic	cost.	Our	experimental	design	produced	an	almost	equivalent	

increase	in	total	metabolic	cost	(incline)	vs.	total	muscle	activation	cost	(crouch).	This	

supports	the	notion	that	in	a	direct	quid	pro	quo	exchange	between	muscle	energy	use	

and	activation,	it	is	the	latter	that	dictates	movement	behavior.	It	must	be	noted	that	

whether	one	variable	was	closer	to	its	physiological	maximum	than	the	other	(e.g.	VO2	

max,	maximal	 activation)	 remains	 unknown.	An	 imbalance	 in	 the	 variables’	 relative	

scope	(to	their	maximum)	may	impact	the	priority	for	minimizing	that	variable.	In	this	

sense	 it	 is	 possible	 that	 selectively	 impairing	 other	 (more)	 important	 prioritization	

criteria	through	energetic	minimization	will	only	occur	in	situations	where	a	very	high	

metabolic	cost	needs	to	be	avoided.	

5.5.2. Does	total	muscle	activation	cost	or	the	distribution	of	muscle	activation	
cost	dictate	gait	selection?		

Our	finding	that	minimizing	total	muscle	activation	predicted	gait	behavior	provides	

support	 to	 the	 consideration	 of	 neuromuscular	 factors	 as	 potential	 prioritization	

criteria	 in	 locomotion.	Musculoskeletal	 simulations	 have	 long	 used	minimization	 of	

activation	as	a	control	objective	(Ackermann	and	van	den	Bogert,	2010;	Anderson	and	
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Pandy,	2001;	Prilutsky	and	Zatsiorsky,	2002).	Similarly,	Miller	et	al.	(2011)	found	that	

minimizing	muscle	activation	may	be	a	more	important	control	parameter	in	human	

running	than	COT	minimization.	Our	data	support	this	view	and	indicates	that	muscle	

activity	prioritization	may	be	a	more	far-reaching	criterion	in	human	movement	than	

previously	 thought	 (Carrier	 et	 al.,	 2011;	 Miller	 et	 al.,	 2011;	 Russell	 and	 Apatoczky,	

2016).	

Our	 data	 supports	 the	 important	 role	 of	 total	 muscle	 activation	 in	 dictating	 gait	

selection,	however	we	cannot	determine	the	relative	importance	of	total	activation	cost	

compared	to	the	altered	distribution	of	this	total	activation	cost	among	muscles.	There	

is,	 nevertheless,	 some	 indication	 to	 support	 activation	 distribution	 as	 a	 dominant	

criterion	driving	our	participants’	decision	to	avoiding	crouching.	First,	we	observed	a	

substantially	 poorer	 distribution	 of	muscle	 activation	 in	 crouch	 vs.	 incline	walking.	

Within	 crouched	 walking,	 the	 penalty	 in	 activation	 distribution	 was	 considerably	

greater	 than	 that	 of	 total	 activation.	 The	 high	 total	 activation	 cost	 associated	 with	

crouched	walking	was	dominated	by	increased	quadriceps	(RF	and	VM)	muscle	activity	

(in	agreement	with	previous	crouched	walking	studies;	Steele	et	al.,	2013).	The	high	

quadriceps	activity	is	the	major	contributor	to	the	poorer	cost	distribution	in	crouch	

walking,	 along	 with	 concomitant	 reductions	 in	 plantarflexor	 activity	 (MG	 and	 SOL;	

Figure	5.5).		

Further	substantiating	the	importance	of	activation	distribution,	we	note	that	VM,	the	

muscle	 carrying	 the	 heaviest	 cost	 burden,	 could	 independently	 predict	 orderly	 gait	

selection	 between	 incline	 and	 crouch	 conditions.	 When	 the	 VM	 is	 considered	 in	

isolation	we	observe	avoidance	of	an	85%	increase	in	activation	through	selection	of	

the	 last	 incline	 condition	 over	 crouching	 (pre-transition	 condition).	 As	 with	 total	

activation	cost,	we	observe	a	loss	of	the	VM	activation	advantage	when	comparing	the	

post-transition	 incline	condition	to	crouching.	The	study	of	Ackermann	and	van	den	

Bogert	(2010)	provides	indirect	support	for	the	distribution	of	muscle	activation	as	a	

determinant	of	gait	selection.	This	study	simulated	walking	with	muscular	‘effort’	and	

‘fatigue’	 cost	 functions.	 Effort	minimization	 is	 related	 to	muscle	 energy	 expenditure	

with	 applied	 volume	 weightings	 and	 is	 comparable	 to	 the	 current	 study’s	 total	

activation	cost	metric.	Fatigue	estimates,	related	to	unweighted	percentage	of	activated	
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fibers,	was	more	representative	of	our	distribution	metric.	The	authors	determined	that	

the	fatigue	minimization	approach	produced	more	realistic	gait	dynamics	(Ackermann	

and	 van	 den	 Bogert,	 2010).	 Therefore,	 avoiding	 high	 activation	 burdens	 in	 a	 small	

subset,	or	a	single	muscle,	is	likely	a	key	factor	dictating	the	observed	gait	behavior.		

Whilst	our	 findings	support	a	muscle	activation	distribution	effect,	 it	 is	also	possible	

that	 they	 alternatively	 (or	 concurrently)	 represent	 avoidance	 of	 high	 local	 muscle	

energy	expenditure.	Both	a	high	local	activation	and	metabolic	energy	use	will	likely	

translate	to	discomfort.	Albeit	subjective,	it	is	possible	that	this	sensation	of	discomfort	

is	an	underlying	factor	that	drove	the	selective	behavior.	It	is	interesting	to	note	that	

individual	muscle	energy	use	assessed	from	blood	flow	measurements	in	guinea	fowl	

indicate	that	the	most	economical	speeds	correspond	to	the	most	even	distribution	in	

muscle	energy	use	(Ellerby	et	al.,	2005).	

5.5.3. Energetic	non-prioritization	has	far-reaching	implications		

Energetic	prioritization	is	a	central	principle	of	animal	locomotion	and	eco-physiology.	

Energy	not	expended	for	movement	is	available	for	vital	functions	such	as	reproduction	

and	growth.	This	reasoning	is	the	basis	for	the	long-held	theory	that	natural	selection	

favors	 musculoskeletal	 mechanics	 and	 locomotor	 behaviors	 that	 minimize	 energy	

expenditure.	Here	we	offer	some	caution	to	this	interpretation.	Over	longer	timeframes,	

such	as	the	growth	span	of	an	animal,	it	is	logical	that	minimizing	energy	losses	will	

provide	 an	 advantage	 for	 the	 success	 of	 an	 individual	 and	 species.	 However,	 over	

shorter	timescales,	energy	minimization	may	be	sacrificed	in	order	to	avoid	penalizing	

other	key	criteria	that	have	immediate	consequences.	Mitigating	high	local	activation	

may	alleviate	 injury	risk	(a	clear	negative	effect	on	species	success).	Thus,	observed	

locomotor	behavior	may	not	always	reflect	 long-	or	short-term	energy	minimization	

goals,	as	demonstrated	in	this	study.	

In	addition	to	its	biological	significance,	our	findings	have	important	implications	to	the	

design	 of	 assistive	 technologies.	 For	 example,	 the	 recently	 popularized	 stream	 of	

exoskeleton	research	considers	human	performance	augmentation	and	rehabilitation	

requirements.	 In	 such	 studies,	 metabolic	 cost	 minimization	 often	 serves	 as	 a	 key	

dependent	variable	or	is	even	considered	the	main	functional	aim	of	the	device	(Collins	
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et	 al.,	 2015;	 Malcolm	 et	 al.,	 2013;	 Mooney	 et	 al.,	 2014a,	 2014b).	 The	 current	work	

suggests	 an	 integrated	 neuromuscular-energetic-orientated	 approach.	 Targeting	

reduced	muscle	activity	across	the	lower	limb	may	be	more	beneficial	than	decreasing	

whole-body	 global	 energetic	 cost	 in	 certain	 situations.	 Furthermore,	 distribution	 of	

neuromuscular	 costs	may	 be	 impacted	 by	 devices	which	 alleviate	 activity	 around	 a	

single	joint	(e.g.	reduced	ankle	plantarflexor	requirements).	The	efficacy	of	such	passive	

and	 powered	 exoskeletons	may	 be	 improved	 by	 applying	 uniform	 reductions	 at	 all	

joints.	 Prior	 to	 such	 alterations	 however,	 more	 research	 is	 required	 to	 determine	

whether	 total	 cost	 or	 its	distribution	 is	of	 higher	 priority	 to	 the	 locomoting	 human.	

Similar	 considerations	 may	 be	 applied	 to	 prosthetic	 devices,	 and	 clinical	 assistive	

technologies,	 especially	 in	 populations	 who	 display	 non-metabolically	 optimal	

behaviors	(e.g.	older	adults;	Martin	et	al.,	1992).	

5.5.4. Limitations		

When	selecting	incline	or	crouched	walking	at	each	comparison	level,	participants	were	

required	to	explore	both	states	and	express	a	verbal	decision.	This	element	of	the	data	

collection	 may	 have	 been	 influenced	 by	 psychological	 factors,	 for	 example	

discomfort/pain	 avoidance,	 which	 have	 been	 proposed	 as	 alternate	 locomotor	

prioritization	 criteria	 (Xiang	et	 al.,	 2010;	Yandell	 and	Zelik,	2016).	No	qualitative	or	

quantitative	psychological	data	was	collected	in	the	current	study,	and	therefore	future	

research	would	benefit	from	incorporating	these	measures.	

We	 acknowledge	 crouched	 walking	 may	 have	 been	 negatively	 biased	 by	 a	 lack	 of	

exposure	 to	 this	mode	of	walking.	However,	 if	 this	were	 the	 case,	we	would	 expect	

incline	 to	 be	 consistently	 favored	 over	 crouched	 walking,	 regardless	 of	 the	 slope	

gradient.	 Fatigue-related	 factors	 may	 have	 also	 influenced	 the	 current	 data	 set	

however,	 we	 predominantly	 considered	 the	mean	 crouch	 trial	 and	 randomized	 the	

order	of	 incline	 levels	 to	 avoid	order	 effects.	 Adequate	 rest	 between	 trials	was	 also	

provided.	Finally,	we	do	not	consider	possible	concomitant	prioritization	criteria	such	

as	peak	muscle	stress,	fatigue	minimization,	or	safety-related	factors	(Ackermann	and	

van	den	Bogert,	2010;	Birn-Jeffery	et	al.,	2014;	Perry	et	al.,	1988;	Xiang	et	al.,	2010).	
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5.6. Conclusion	

In	 conclusion,	 neuromuscular	 factors,	 in	 particular	 muscle	 activation,	 appear	 to	 be	

prioritized	 over	 metabolic	 costs	 during	 walking	 for	 a	 population	 of	 healthy	 adults.	

While	 both	 total	 activation	 cost,	 and	 the	 distribution	 of	muscle	 activation	 exhibited	

behavior	 concomitant	with	 prioritization,	 further	 research	 is	 required	 to	 determine	

whether	organismal	or	local	muscle	effects	are	of	greater	importance.	
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Chapter	Six: General	Discussion	

6.1. Overview	of	findings	

Countless studies have probed the limits of energetic prioritization in human walking	(see	

Chapter	Two	for	a	comprehensive	review).	However, few have systematically challenged 

the dogma of metabolic cost minimization as a governing locomotor control objective. Those 

that have typically go on to provide substantiating evidence in favor of energetics (Finley et 

al., 2013; Selinger et al., 2015). Interestingly, such experiments are typically conducted under 

stable laboratory conditions that do not adequately represent the inherent challenges of many 

natural locomotor environments. Local	dynamic	stability	and	neuromuscular	activation	

costs	are	amongst	a	plethora	of	alternative	criteria	which	could	 logically	be	 factored	

into	a	model	of	multi-objective	control.	The	over-arching	aim	of	the	current	dissertation	

was	therefore	to	explore	and	refine	energetic	cost-based	hypotheses	of	prioritization	in	

walking,	to	embrace	the	adapted,	goal-directed,	locomotor	behavior	of	healthy	adults. 

This	aim	was	addressed	in	a	series	of	three	studies.	

Chapter	Three	began	by	investigating	mechanical	control	strategies	in	walking	humans.	

Much	 insight	 into	 animal	 locomotion	 can	 be	 gained	 from	 analysis	of	 center	of	mass	

(COM)	 behavior.	 The	 basic	 mechanics	 are	 remarkably	 similar	 across	 many	 limbed	

terrestrial	species	and	can	be	modeled	as	a	spring-loaded	inverted	pendulum	(Blickhan	

and	Full,	1987;	Cavagna	et	 al.,	 1977,	1976;	Farley	and	Ko,	1997;	Griffin	et	 al.,	 2004;	

Griffin	and	Kram,	2000;	Heglund	et	 al.,	 1982;	Rubenson	et	 al.,	 2004).	While	 there	 is	

strong	 support	 for	 a	 COM	 control	 strategy	 in	 animal	 locomotion	 it	 remains	 unclear	

whether	the	COM	is	a	realistic	target	for	sensorimotor	control	or	whether	regulation	of	

peripheral	structures	(e.g.	muscle	mechanics)	is	more	likely.	Here,	we	systematically	

‘pitted’	 joint	 mechanics	 (our	 proxy	 for	 a	 peripheral	 control	 target)	 against	 COM	

mechanics	 during	 walking.	 We	 aimed	 to	 determine	 which	 would	 be	 more	 tightly	

conserved	during	exposure	to	a	continuous,	cyclical	gait	perturbation.	

During	 acute	 exposure	 to	 leg	 length	 asymmetry	 (via	 uneven	 footwear	 heights),	

participants	 (N=15)	 responded	 with	 their	 ‘self-selected’	 walking	 technique.	 When	

compared	to	positive	COM	work,	joint	work	(assessed	through	inverse	dynamics)	was	

better	conserved	in	the	self-selected	technique	relative	to	normal	walking.	To	further	
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test	our	question	regarding	COM-	vs.	peripheral-level	control,	we	asked	participants	to	

walk	in	the	perturbed	state	under	two	prescribed	techniques;	1)	‘crouching’	over	the	

‘platform’	shoe	with	 flexed	knee	postures,	 to	minimize	disruption	to	COM	trajectory,	

and	2)	 ‘vaulting’	over	 the	platform	shoe	 to	maintain	more	natural	kinematics	of	 the	

stance	 limb.	 Crouched	walking	 produced	 favorable	 COM	parameters,	while	 vaulting	

improved	neither	COM	nor	 joint	mechanics	compared	to	the	self-selected	technique.	

Therefore,	 if	 the	COM	was	a	direct	 target	of	control	 in	 locomoting	humans,	 the	 ‘self-

selected’	technique	should	be	a	crouching	strategy.	This	was	not	the	case,	with	the	COM	

being	substantially	more	disrupted	in	favor	of	joint-level	mechanics	in	the	self-selected	

condition.	 This	work	 demonstrates	 a	 less	 simplistic	 control	 strategy	 than	would	 be	

expected	 upon	 analysis	 of	 the	 existing	 literature.	 Furthermore,	 it	 highlights	 the	

importance	of	lower-level	mechanisms	in	determining	gait	behaviors.		

COM	trajectories	were	not	highly	conserved	by	the	participants’	self-selected	strategy	

for	negotiating	the	asymmetrical	leg-length	perturbation	in	Chapter	Three.	Large	COM	

displacements	have	previously	been	suggested	to	represent	diminished	global	stability	

(Birn-Jeffery	et	al.,	2014).	However,	it	appears	our	participants	did	not	actively	avoid	

increased	 COM	 fluctuations.	 Interestingly,	 they	 seem	 to	 favor	 conservation	 of	 joint	

mechanics	which,	 given	 the	 close	 link	 to	metabolic	 cost,	may	 allude	 to	 an	 energetic	

prioritization	(Umberger	and	Rubenson,	2011;	Zatsiorsky,	2002).	While	the	intention	

of	Chapter	Three	was	not	to	directly	address	energetics	vs.	stability,	we	were	motivated	

to	 probe	 this	 interaction	 in	 the	 study	 that	 followed.	Moreover,	we	were	 specifically	

interested	 in	 local	dynamic	stability,	 as	 it	 represents	 the	resistance	of	 the	 system	 to	

small	perturbations	over	 larger	 time	scales.	While	participants	were	possibly	not	at	

high	risk	of	experiencing	a	‘gait-terminating’	event	(global	stability)	in	Chapter	Three,	

we	expected	the	perturbation	had	the	potential	to	negatively	impair	inter-stride	speed	

regulation	(a	component	of	local	stability).	Therefore,	in	Chapter	Four,	we	again	utilized	

an	 imposed	 leg	 length	 asymmetry	 approach	 to	 study	 energetic	 vs.	 local	 dynamic	

stability	prioritization	in	walking.	

Much	 of	 the	 empirical	 research	 supporting	 the	 locomotor	 dogma	 of	 metabolic	 cost	

prioritization	 describes	 a	 U-shaped	 relationship	 between	 cost	 of	 transport	 (COT;	

expenditure	 per	 unit	 distance	 traveled)	 and	 walking	 velocity.	 Humans,	 and	 other	
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animal	 species,	have	 been	 observed	 to	 select	 a	 preferred	walking	 speed	 (PWS)	 that	

aligns	closely	with	the	COT-velocity	curve’s	minimum	(Browning	et	al.,	2006;	Hoyt	and	

Taylor,	1981;	Raffalt	et	al.,	2017;	Ralston,	1958;	Wickler	et	al.,	2000;	Willis	et	al.,	2005).	

On	the	other	hand,	a	component	of	local	dynamic	stability,	as	measured	by	fluctuations	

in	motor	performance	near	a	goal	equivalent	manifold,	appears	to	be	independent	of	

speed	 under	 stable	 laboratory	 conditions	 (Dingwell	 et	 al.,	 2017,	 2010).	 The	 aim	 of	

Chapter	Four,	was	therefore	to	determine	whether	metabolic	COT	remains	a	priority	in	

acutely	perturbed	treadmill	walking,	or	whether	local	dynamic	stability	presents	as	an	

equal	or	stronger	criterion	than	energetics.		

Participants	(N=21)	walked	at	a	range	of	treadmill	speeds,	from	0.6-1.8m·s 1,	both	in	

normal	 footwear,	and	when	walking	with	the	 imposed	 leg-length	asymmetry	(again,	

achieved	 via	 custom-made	 footwear	 of	 uneven	 heights).	 Under	 conditions	 of	

perturbation,	 we	 observed	 simultaneous	 impairments	 to	 metabolic	 cost	 and	 local	

stability,	 as	 measured	 by	 inter-stride	 speed	 regulation	 (i.e.	 regulating	 stride	 speed	

errors	 to	 match	 treadmill	 belt	 speed,	 thus	 avoiding	 drift	 off	 the	 treadmill	 ends).	

Participants	 demonstrated	 a	 significant	 increase	 in	 the	 metabolic	 energy	 cost	 of	

walking	across	all	speeds	(p<0.05),	and	a	significantly	(~2x)	greater	over-correction	of	

stride	speed	error.	COT	maintained	its	U-shaped	relationship	with	speed,	however	PWS	

selection	in	the	adapted	footwear	did	not	favor	the	energetic	minimum.	Interestingly,	it	

also	did	not	favor	local	stability	as	this	metric	maintained	its	speed-independence	when	

perturbed.	 It	would	 therefore	 appear	 that	humans	 prioritize	 neither	 energetics,	 nor	

local	 stability	 in	 response	 to	 an	 acute	mechanical	 gait	 perturbation.	 The	 concurrent	

degradation	 of	 both	 metrics	 may	 indicate	 a	 coupling	 between	 these	 two	 potential	

prioritization	criteria.	One	possibility	is	that	a	diminished	ability	to	minimize	metabolic	

cost	could	be	the	result	of	impaired	local	stability,	however	further	research	is	required	

to	fully	dissect	this	relationship.	

Whilst	Chapter	Four	provides	a	novel	comparison	of	two	important	gait	objectives,	it	is	

not	the	first	time	non-metabolically	optimal	movement	behaviors	have	been	identified	

in	the	context	of	human	locomotion	(Finley	et	al.,	2013;	Hunter	et	al.,	2010;	Morgan	et	

al.,	 1994;	 Selinger	 et	 al.,	 2015).	 One	 commonality	 shared	 between	 these	 previous	

studies,	 however,	 is	 a	 lack	 of	 evidence	 supporting	 alternative	 prioritization	 criteria.	



	

138	

Motivated	by	persisting	questions	surrounding	the	unidentified	prioritization	criterion	

dominating	our	participants’	response	in	Chapter	Four,	we	proposed	our	third,	and	final	

study	of	the	dissertation.		

Chapter	 Five	 questioned	 the	 importance	 of	 neuromuscular	 determinants	 of	 gait	

selection.	Muscle	activity-related	costs	have	been	observed	to	be	prioritized	to	various	

extents	 in	a	small	collection	of	 locomotion	studies	(Finley	et	al.,	2013;	Prilutsky	and	

Gregor,	2001;	Russell	and	Apatoczky,	2016;	Stenum	and	Choi,	2016).	However,	due	to	

the	highly	coupled	nature	of	global	(organismal)	metabolic	cost	and	lower	limb	muscle	

activity,	 the	 relative	 importance	 of	 these	 factors	 has	 yet	 to	 be	 uncovered.	 Here,	 we	

systematically	 incremented	 global	 energy	 expenditure	 through	 five	 levels	 of	 incline	

walking;	0,	6,	12,	18	and	24%	gradients.	Each	 level	was	 individually	 ‘pitted’	 against	

crouched	 walking,	 for	 which	 participants	 (N=10)	 were	 required	 to	 avoid	 a	 virtual	

ceiling	 (93%	 of	 their	 standing	 height)	 projected	 in	 front	 of	 them	 (note,	 all	 data	

collection	 was	 conducted	 in	 standard	 exercise	 footwear).	 Crouching	 incurred	 a	

moderate	metabolic	cost,	and	for	all	subjects	this	fell	approximately	midway	between	

the	 highest	 and	 lowest	 metabolic	 values	 obtained	 on	 the	 incline	 trials.	 However,	

walking	crouched	is	associated	with	a	substantial	neuromuscular	burden	(Steele	et	al.,	

2013).	Not	only	does	it	incur	a	high	total	neuromuscular	cost,	determined	as	the	total	

activation	cost	of	eight	lower	limb	muscles,	but	it	also	results	in	a	poor	distribution	of	

this	cost	between	muscles,	particularly	penalizing	the	vastus	medialis.	

Through	 a	 partial	 decoupling	 of	 metabolic	 and	 muscle	 activation-related	 costs,	 we	

provide	what	may	be	the	first	empirical	evidence	of	humans	embracing	non-energetic	

prioritization	 in	 favor	 of	 a	 clearly	 defined	 alternate	 neuromuscular	 objective.	 Our	

participants	did	not	ubiquitously	favor	energetically	optimal	conditions,	as	would	be	

predicted	by	the	metabolic	prioritization	paradigm.	Instead,	nine	out	of	ten	participants	

accepted	a	significant	metabolic	penalty	(p<0.05),	in	order	to	mitigate	a	neuromuscular	

one	(p<0.05).	Statistical	analysis	of	the	gait	transition	point	(incline	to	crouching)	could	

not	conclusively	differentiate	between	total	neuromuscular	cost	and	the	distribution	of	

muscle	activation	as	the	trigger	for	crouch	gait	selection.	However,	we	do	discuss	some	

observations	that	support	activation	distribution	as	a	dominant	criterion	driving	our	

participants’	decision	to	avoid	crouching.	For	example,	we	show	activation	of	vastus	
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medialis,	 the	most	 heavily	 burdened	muscle	 during	 crouching,	 could	 independently	

predict	 the	 transition	 point.	 There	 was	 also	 a	 substantially	 greater	 penalty	 in	

distribution	(119%)	vs.	total	activation	cost	(23%)	of	crouching,	compared	to	the	last	

incline	 level	 before	 transition.	 The	 more	 pronounced	 advantage	 in	 avoiding	 poor	

distribution	 of	 activation	 among	 muscles	 suggests	 that	 this	 may	 be	 the	 strongest	

incentive	to	avoid	crouching	in	favor	of	the	energetically	expensive	incline	condition.	

Participants	 eventually	 transitioned	 to	 crouching	 when	 the	 advantage	 to	 both	

neuromuscular	variables	was	no	longer	present	during	incline	walking	(p>0.05).	These	

findings	support	neuromuscular-related	factors,	in	particular	at	a	local	muscle	level,	as	

strong	prioritization	criteria	in	gait.	

Whilst	 our	 key	 neuromuscular	 outcomes	 were	 related	 to	 activation	 costs,	 we	

acknowledge	these	metrics	could	represent	a	desire	to	1)	minimize	the	local	metabolic	

burden	at	the	muscle	level,	2)	minimize	the	risk	of	fatigue	and	musculoskeletal	injury,	

and/or	3)	minimize	the	pain	or	discomfort	associated	with	the	crouched	posture.	We	

speculate	 healthy	 adults	 may	 be	 motivated	 to	 minimize	 the	 risk	 of	 fatigue-

/musculoskeletal	 injury	during	 locomotion.	 In	 support,	Perry	and	colleagues	 (1988)	

suggest	peak	muscle	stress	may	dictate	PWS	selection	across	vertebrae	species.	Fatigue,	

muscular	effort,	musculoskeletal	 force	reduction	and	activity	minimization	have	also	

been	discussed	by	multiple	groups	with	respect	to	walking	and	running	(Ackermann	

and	van	den	Bogert,	2010;	Miller	et	al.,	2011;	Xiang	et	al.,	2010),	and	in	reference	to	the	

transition	between	these	gait	patterns	(Farley	and	Taylor,	1991;	Pires	et	al.,	2014).	‘Leg	

safety’	 is	an	additional	criterion	 introduced	by	Birn-Jeffery	et	al.	 (2014)	during	their	

study	of	obstacle	negotiation	strategies	in	cursorial	birds.	

6.2. Synthesis	of	findings;	towards	a	theoretical	model	for	understanding	multi-
objective	prioritization	in	locomotion	

In	summary,	the	current	dissertation	draws	several	important	conclusions	related	to	

the	mechanics	and	energetics	of	human	walking.	Firstly,	the	target	of	locomotor	control,	

long	 thought	 to	 exist	 at	 the	 level	 of	 the	 COM,	 may	 in	 fact	 reside	 with	 lower-level	

mechanics.	 Here,	 joint	 mechanics	 were	 deemed	 a	 higher	 control	 priority	 during	

conditions	of	perturbation	(imposed	asymmetrical	leg	length).	Secondly,	we	challenged	
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the	dogma	of	energetic	prioritization	in	walking.	We	began	by	systematically	comparing	

metabolic	cost	to	local	dynamic	stability,	again	utilizing	the	same	perturbation	method.	

Local	stability	did	not	appear	to	be	prioritized	in	the	short	term	when	walking	with	a	

mechanical	gait	perturbation,	and	surprisingly,	neither	did	energetics.	Therefore,	the	

regulation	of	 joint	mechanics	seen	 in	Chapter	Three	 likely	 serves	 to	attenuate	 loads	

induced	by	the	perturbation.	While	it	could	be	argued	that	it	serves	to	minimize	global	

metabolic	 costs	 (Umberger	 and	 Rubenson,	 2011;	 Zatsiorsky,	 2002),	 the	 same	

perturbation	method,	 applied	 to	a	 similar	population,	resulted	 in	a	 lack	of	 energetic	

prioritization	 (Chapter	 Four).	 With	 this	 in	 mind,	 we	 next	 ‘pitted’	 global	 energetics	

against	 neuromuscular	 cost	 in	 walking	 and	 identified	 neuromuscular	 factors	 (total	

activation	 costs,	 and	 cost	 distribution	 among	muscles)	 to	 be	 of	 higher	 priority	 than	

global	 energetics.	 This	 finding	 could	 be	 considered	 as	 support	 for	 a	 local	 (muscle)	

energetic	 prioritization	 or	may	 fall	 under	 a	 ‘minimization	 of	 neuromechanical	 load’	

objective.	Considering	our	three	studies	together,	we	believe	it	is	more	likely	to	be	the	

latter	 that	 is	 responsible	 for	 dictating	 human	 gait	 behavior	 in	 our	 experiments.	

Therefore,	 another	 major	 outcome	 of	 this	 dissertation	 is	 the	 proposal	 that	 a	

minimization	 of	 neuromechanical	 load	 criterion	 may,	 in	 certain	 circumstances,	

supersede	energetic	prioritization,	especially	under	conditions	of	perturbation	which	

challenge	the	musculoskeletal	system	(e.g.	the	crouch-like	limb	postures	present	in	all	

studies	of	the	dissertation).	Finally,	we	propose	multi-objective	control	is	an	inherent	

feature	of	locomotion.	This	is	especially	applicable	when	a	walking	human	is	removed	

from	 the	 stable	 laboratory	 setting	 and	 must	 negotiate	 the	 obstacles	 of	 their	 daily	

environment.	The	highly	coupled	nature	of	energetics	and	stability	was	presented	in	

Chapter	Four,	and	the	tight	association	between	metabolic	and	neuromuscular	factors	

is	noted	in	Chapter	Five.	Multi-objective	control	should	therefore	be	embraced	when	

considering	prioritization	in	human	walking.	

We	 consider	 human	 locomotion	 to	 be	 governed	 by	 a	 cost-function	 (C)	 as	 described	

below:	

! = #$% + #'( + #)* +⋯#,-	 → 012 (6.1)	
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Here,	 E	 represents	 energetic	 cost	 optimization,	 S	 stability	 optimization,	 N	

neuromechanical	 optimization	 and	 P	 optimization	 of	 psychological	 factors	 (e.g.	

comfort),	 however	 many	 other	 objectives	 could	 be	 incorporated.	 The	 dynamic	

weighting	factors	associated	with	each	variable	(x1-x4)	represent	the	emphasis	of	the	

related	criterion.	These	weightings	vary	with	1)	environment	(e.g.	walking	over	rough	

terrain	 may	 challenge	 stability	 and	 subsequently	 elicit	 an	 increase	 in	 x2);	 2)	 task	

requirements	(e.g.	operating	near	the	anaerobic	threshold	may	challenge	the	metabolic	

system	and	subsequently	elicit	an	increase	in	x1);	and	3)	initial	conditions	(i.e.	‘reserve’	

size;	e.g.	if	energy	is	sparse,	such	as	during	fasted	locomotor	performance,	x1	will	also	

likely	increase).	In	each	case,	the	relative	importance	of	all	other	criteria	is	reduced	as	

the	sum	of	all	weightings	must	equal	1.0.	Our	model	of	multi-objective	control	reflects	

a	system	governed	by	a	dynamic	hierarchy	of	several	concurrent	prioritization	criteria.	

We	present	empirical	evidence	in	support	of	a	 ‘competition’-based	model	in	Chapter	

Five,	whereby	one	locomotor	criterion	was	prioritized	at	the	expense	of	another.	

6.3. Limitations	and	delimitations	

The	work	across	Chapters	Three,	Four	and	Five	delimited	participant	characteristics	to	

young,	healthy	adults.	Knowledge	of	the	control	priorities	of	this	population	contributes	

to	a	foundational	understanding	of	non-pathological	locomotion,	from	which	normative	

comparisons	can	be	made.	All	data	collections	were	conducted	on	a	motorized	split-belt	

treadmill.	 We	 acknowledge	 differences	 in	 treadmill	 and	 overground	 walking	

energetics/mechanics	may	limit	the	applicability	of	the	current	findings.		

Each	of	the	three	studies	presented	here,	introduce	non-familiarized	gait	techniques.	In	

Chapters	Three	and	Four,	participants	walked	with	an	imposed	asymmetric	leg	length.	

This	was	achieved	via	uneven	footwear	heights,	with	one	shoe	customized	to	include	a	

90-100mm	foam	sole	attachment.	Chapter	Five	introduces	crouched	walking,	for	which	

participants	were	shown	a	real-time	video	display	of	their	silhouette	and	required	to	

crouch	under	a	virtual	ceiling	set	to	93%	of	their	standing	height.	The	current	body	of	

work	 has	 addressed	 acute	 responses	 to	 these	 locomotor	 challenges	 and	 does	 not	

consider	the	effect	of	 familiarization	and	consequential	motor	learning.	The	primary	

advantage	gained	from	assessing	acute	vs.	chronic	adaptation	is	the	ability	to	quantify	
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immediate	 prioritization	 behavior.	 Parameters	 which	 adapt	 quickly	 may	 represent	

high-order	system	objectives.	For	example,	in	the	case	of	treadmill	walking	which	has	a	

pre-determined	goal	(match	mean	 locomotor	speed	with	treadmill	belt	speed),	 local	

stability	 must	 adapt	 almost	 instantaneously	 to	 regulate	 stride	 speed,	 ultimately	

preventing	the	participant	from	drifting	off	the	treadmill.	The	short-term	response	of	

energetic	 parameters	 do	 not	 have	 the	 same	 immediate	 consequence	 on	 gait	 (e.g.	

depleted	 energy	 stores	 occurs	 over	 a	 longer	 time	 frame).	 Longer-term	 analyses	

incorporating	 familiarization	 requires	 choosing	 a	 secondary	 time-point	 at	 which	 to	

analyze	 movement	 behavior.	 Differences	 in	 temporal	 scales	 of	 prioritization	 are	

unknown.	For	example,	local	dynamic	stability	prioritization	in	continuously	perturbed	

environments	 may	 take	 several	 months	 to	 achieve	 as	 it	 involves	 a	 motor	 learning	

component,	however	energetics	may	converge	quickly	onto	new	metabolically	optimal	

solutions	over	a	matter	of	minutes	(Selinger	et	al.,	2015).		

6.4. Future	focus	

Below	we	list	several	important	topics	that	would	benefit	from	further	research.	

1. A	temporal	assessment	of	prioritization	criteria	during	long-term	exposure	to	

previously	unfamiliar	locomotor	tasks.		

2. Investigation	of	multi-objective	control	responses	when	prioritization	criteria	

are	taxed	to	varying	levels	of	their	maximum	capacity.	For	example,	metabolic	

cost	may	be	prioritized	differently	depending	the	state	of	energetic	resources	

during	task	execution	(e.g.	data	collection	in	a	fasted	vs.	non-fasted	state,	at	low	

intensity	workloads	vs.	workloads	closer	to	the	anaerobic	threshold).		

3. An	 exploration	 of	 other	 potential	 prioritization	 criteria	 not	 included	 in	 the	

current	dissertation	(e.g.	psychological	factors).	

4. Further	muscle	 level	analyses;	relevant	 to	both	the	target	of	control	question	

(e.g.	does	the	target	of	control	reside	with	the	muscles	as	opposed	to	the	joints,	

as	identified	in	Chapter	Three?),	and	the	study	of	prioritization	criteria	(e.g.	were	

the	findings	of	Chapter	Five	motivated	by	avoidance	of	a	local	muscle	activation	

cost,	or	the	risk	of	tissue	injury?).	
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5. Investigation	of	structure-function	relationships	between	biological	tissues	and	

their	 potential	 role	 in	 neuromechanical	 load	 reduction	 (e.g.	 do	 tendons	

primarily	function	to	reduce	muscle	energetic	requirements	or	to	buffer	loads	

to	reduce	muscle	injury	risk)?	

6. Exploration	 of	 the	 biological	 sensors	 involved	 in	 regulating	 various	

prioritization	criteria.		

7. Study	across	pathological	populations	to	assess	differences	in	the	hierarchical	

nature	of	prioritization	compared	to	healthy	young	adults.	

6.5. Basic	and	applied	relevance	

The	 findings	 from	 the	 current	 dissertation	 challenge	 dogmas	 of	 COM	 control	 and	

energetic	 prioritization	 in	 human	 walking.	 We	 provide	 evidence	 of	 multi-objective	

control	 in	 human	 locomotion,	 enhancing	 our	 basic	 biological	 understanding	 of	 gait.	

How	multi-objective	control	has	influenced	the	evolution	of	gait	will	be	a	rich	source	of	

future	study.	Furthermore,	we	suggest	examining	structure-function	relationships	will	

be	key	to	determining	links	between	neuromuscular	parameters	and	their	influence	on	

the	prioritization	of	animal	movement.	

Perhaps	the	most	exciting	application	of	the	current	work	is	in	the	design	of	assistive	

technologies.	For	example,	studies	concerning	human	performance	augmentation	and	

rehabilitation	devices	(e.g.	exoskeletons)	typically	collect	metabolic	expenditure	as	an	

outcome	variable,	or	in	some	cases,	even	use	it	to	drive	the	design	process	(Collins	et	

al.,	2015;	Malcolm	et	al.,	2013;	Mooney	et	al.,	2014a,	2014b).	This	dissertation	supports	

an	 integrated	 approach.	 Reducing	 total	muscle	 activity	 or	 improving	 distribution	 of	

muscle	activity	across	 the	 lower	 limb	may,	 at	 least	 in	 some	circumstances,	be	more	

beneficial	than	decreasing	whole-body	global	energetic	cost	alone.	

Our	 findings	 may	 also	 have	 implications	 to	 clinical	 populations	 who	 are	 assessed,	

amongst	 other	 things,	 on	 the	 basis	 of	 their	 ability	 to	 minimize	 energetic	 cost	 (e.g.	

elderly,	 cerebral	 palsy)	 where	 prioritization	 of	 alternate	 criteria	 may	 be	 of	 greater	

importance.	 Finally,	 we	 believe	 our	 results	 have	 implications	 to	 musculoskeletal	

modeling	 of	 human	 movement,	 for	 which	 multi-objective	 control	 is	 an	 important	

consideration.	
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A.2 Speed	regulation	Matlab	function	

function [DXws,DXss,nStride,betaws,betass]=plotLT(X,Y,speed) 

%{ 

 

INPUTS: 

X        double, nx2: pairs of stride times (column 1) and stride 

        lengths (column 2) 

Y        double, nx1: numerical order of the input data series points 

        (X),relative the originally collected data 

        e.g. Y = [1;2;3;5;6;9;10]...etc would indicate that data points 

        1-3,5-6,9-10 represent consecutive data 

        NB: X and Y must be same length 

speed      1x1: trial speed (treadmill speed) 

 

OUTPUTS: 

DXws      nx1: stability multiplier, weakly stable direction 

DXss      nx1: stability multiplier, strongly stable direction 

nStride     nx1: number of strides incorporated into the analysis after 

        elimination of non-consecutive strides 

betaws     nx1: eigenvector directionality check in weakly stable direction 

        expected value: approximately zero 

betass     nx1: eigenvector directionality check in strongly stable direction 

        expected value: non-zero 

 

References: John, J., Dingwell, J.B., Cusumano, J.P., 2016. Error correction and the 

structure of inter-trial fluctuations in a redundant movement task. PLoS Comput. Biol. 12, 

e1005118. 

 

%} 

Create	initial	plot	

close all 

 

% Mean L, T data 

mX=mean(X); 

 

% Average stride speed (this should match the trial speed) 

vX=mean(X(:,2)./X(:,1)); 

if vX > speed + 0.1 || vX < speed - 0.1 

  fprintf('average stride speed = %.2f, expected speed = %.2f',vX,speed); 

end 

 

% Get scale of stride time data for plot 

Tmin=min(X(:,1)); 

Tmax=max(X(:,1)); 

deltaT=Tmax-Tmin; 

T=linspace(Tmin-deltaT,Tmax+deltaT); 

 

% Scatter plot of data with GEM 
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figure 

h=plot(X(:,1),X(:,2),'go',mX(1),mX(2),T,vX*T,'k--'); 

axis image 

set(h,'markersize',6,'markerfacecolor','w') 

xlabel('stride time (s)') 

ylabel('stride length (m)') 

Single-step	fluctuation	dynamics	

% Prepare X0 and X1 based on Y 

count = 0; 

for i=1:length(Y)-1 

  if Y(i+1,1)==Y(i,1)+1 

    count=count+1; 

    X0(count,:)=X(i,:); 

    X1(count,:)=X(i+1,:); 

  end 

end 

nStride = count; 

 

% Do regression to find map 

AX=(X1\X0)'; 

 

% Eigenanalysis 

[VX, DX]=eigs(AX); 

DXws = DX(1,1); % Regulation: weakly stable direction 

DXss = DX(2,2); % Regulation: strongly stable direction 

Confirm	direction	of	eigenvectors	

ews = VX(:,1); 

ess = VX(:,2); 

et = [1;vX]/(sqrt(1+vX^2)); 

betaws = acosd(et'*ews); 

if betaws > 10 

  betaws = 180-betaws; 

end 

betass = acosd(et'*ess); 

Plot	eigendirections	

dTs=deltaT*VX(:,1)'/2; 

dTw=deltaT*VX(:,2)'/2; 

hold on 

s1=plot([mX(1)-dTs(1) mX(1) mX(1)+dTs(1)],[mX(2)-dTs(2) mX(2) mX(2)+dTs(2)],'b',... 

  [mX(1)-dTw(1) mX(1) mX(1)+dTw(1)],[mX(2)-dTw(2) mX(2) mX(2)+dTw(2)],'r'); 

set(s1, 'linewidth', 2) 

 

legendtext = {'data points','GEM',sprintf('weakly stable eigenvector\n(eigenvalue = 



	

157	

%s)',... 

  num2str(DX(1,1),4)), sprintf('strongly stable eigenvector\n(eigenvalue = 

%s)',num2str(DX(2,2),4))}; 

legend([h(1);h(3);s1],legendtext,'location','eastoutside') 

 

legend boxoff 

set(gca, 'box', 'off') 

set(gcf,'Color','w') 

hold off 

	

Figure	A.1	Output	from	Matlab	function.
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A.4 Preferred	walking	speed	test	

Preferred	walking	 speed	 values	 referenced	 in	 Chapter	 Four	 and	 Chapter	 Five	were	

obtained	using	the	 following	test	which	has	been	adapted	 from	Dingwell	and	Marin,	

(2006).	

1. The	subject	commences	treadmill	walking	at	0.7m·s 1	

2. The	investigator	gradually	increases	treadmill	speed	in	increments	of	0.1m·s 1	

until	 the	 subject	 verbally	 states	 the	 speed	 they	 are	walking	 at	 is	 ‘faster	 than	

preferred’	

3. The	treadmill	speed	is	increased	a	further	0.1m·s 1		

4. The	investigator	gradually	decreases	treadmill	speed	in	increments	of	0.1m·s 1	

until	 the	subject	verbally	states	 the	speed	they	are	walking	at	 is	 ‘slower	than	

preferred’	

5. The	treadmill	speed	is	decreased	a	further	0.1m·s 1	

6. Steps	2-5	are	repeated	twice	more	

7. The	mean	value	of	the	six	speeds	(three	higher	and	three	lower	than	preferred)	

is	computed	and	considered	the	preferred	walking	speed	of	the	subject	
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