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Abstract	

	

Design	of	Low	Profile,	Modular	Lower	Extremity	Exoskeletons	

by	

Yoon	Jung	Jeong	

Doctor	of	Philosophy	in	Engineering	‐	Mechanical	Engineering	

University	of	California,	Berkeley	

Professor	H.	Kazerooni,	Chair	

	

Studies	have	shown	that	walking	for	as	little	as	30	minutes	of	a	day	can	improve	overall	
health.	However,	more	than	250,000	people	in	the	United	States	are	paralyzed	due	to	spinal	
cord	injuries	(SCI),	and	can	no	longer	walk	without	support.	Most	of	the	SCI	patients	rely	on	
wheelchairs	after	their	injuries,	and	suffer	from	secondary	injuries	caused	by	prolonged	
sitting.	Moreover,	the	patients’	reduced	mobility	often	brings	negative	effects	to	their	
independence	and	social	life.		

The	primary	research	objective	is	to	develop	practical	and	effective	exoskeleton	technology	
that	enables	paralyzed	individuals	to	achieve	mobility	and	gain	independence	in	their	daily	
lives.	In	this	dissertation,	I	discuss	designs	of	low	profile	and	modular	exoskeletons,	with	an	
emphasis	on	different	design	attributes	that	increase	device	usability.			

A	minimally‐actuated	medical	exoskeleton	was	developed	with	powered	hip	joints	and	
passive	knee	joints.	The	low	profile	actuation	units	used	for	this	exoskeleton’s	hip	actuation	
allowed	the	wearer	to	achieve	propulsion	and	walk	through	narrow	passageways.	In	fact,	
this	exoskeleton	became	the	first	powered	medical	exoskeleton	that	weighs	less	than	
twenty	pounds.	This	exoskeleton	continued	to	evolve	into	a	system	with	increased	
modularity	that	meets	various	user	needs	based	on	different	physical	conditions.	The	
modular	design	allows	easy	customization	via	its	versatile	support	level	configurations	for	
different	individuals.	As	a	part	of	this	research,	comprehensive	user	studies	of	these	
devices	and	the	user	interface	were	conducted	to	create	a	positive	user	experience	and	a	
comfortable	link	between	the	user	and	the	exoskeleton.			

Paralyzed	patients	who	participated	in	this	study	corroborated	that	the	compact	and	
lightweight	design	of	the	system	enhances	their	mobility	and	maneuverability.	The	
modularity	in	design	opens	assistive	opportunities	to	various	people,	such	as	the	elderly	
and	other	people	with	intact	mobility.	I	expect	that	assistive	exoskeleton	technology	will	
continue	to	advance	and	enhance	the	quality	of	life	for	a	wide	spectrum	of	communities	in	
our	aging	society.			
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1.	Introduction		 	

1.1	Motivation	
As	of	2013,	there	were	more	than	273,000	individuals	suffering	from	spinal	cord	injuries	
(SCI)	in	the	United	States.	More	than	100,000	of	them	are	paraplegia,	paralyzed	in	their	
lower	body	without	the	ability	to	walk	or	stand	upright.	Once	they	lose	the	ability	to	walk	
or	stand,	they	mainly	rely	on	a	wheelchair	for	mobility	[1].		However,	due	to	the	nature	of	
the	human	body,	SCI	patients	who	spend	extensive	amount	of	time	sitting	in	wheelchairs	
significantly	increase	their	risks	of	incurring	secondary	injuries,	which	include	the	
following	[2]:		

 Urinary	tract	infections.	
 Blood	clots.	
 Reduced	cardiovascular	function.	
 Decreased	bone	mineral	density,	bone	density	loss,	and	osteoporosis.		
 Acute	pressure	ulcer	development.	
 Muscular	atrophy,	muscle	spasticity,	and	decreased	joint	range	of	motion.	
 Reduced	digestive	and	bowl	functions.	

It	has	been	shown	that	the	best	way	to	delay	the	onset	of	secondary	injuries	is	to	delay	
wheelchair	usage	and	start	rehabilitation	as	soon	as	possible	after	an	injury	[3].	Moreover,	
being	able	to	stand	upright	and	walk	brings	positive	psychological	and	social	impacts.	
Being	in	an	upright	position	for	several	hours	a	day	not	only	decreases	the	chances	of	
sustaining	secondary	injuries,	but	also	increases	the	SCI	patients’	overall	quality	of	life	and	
life	expectancy	[4].	For	this	reason,	rehabilitation	therapy,	which	comprises	various	types	
of	equipment	and	lower	extremity	orthoses,	is	strongly	recommended	for	SCI	patients.						

1.2	Research	Objectives	
Both	passive	and	powered	state‐of‐the‐art	exoskeletons	have	limitations	that	prevent	their	
widespread	use.	While	passive	orthoses	provide	health	benefits	at	lower	costs,	both	their	
performance	and	inherent	characteristics	which	demand	more	upper	body	strength	inhibit	
long‐term	use.	Powered	exoskeletons	have	been	developed	in	an	effort	to	improve	the	
performance	of	passive	devices	that	require	less	user	strength.	However,	drastically	
increased	costs	limit	their	accessibility,	while	significantly	higher	device	weights	and	sizes	
decrease	system	portability.	More	importantly,	larger,	heavier	devices	impede	users’	
maneuverability	in	confined	spaces.	This	not	only	reduces	device	usability,	but	also	
significantly	affects	users’	independence.		

In	addition	to	the	abovementioned	characteristics,	existing	exoskeletons	have	low	usability	
due	to	their	limited	customizable	features.	Their	designs	are	intended	for	patients	with	
specific	physical	conditions.	Therefore,	a	broader	patient	range	with	varying	levels	of	
injuries	and	physical	conditions	needs	to	be	addressed	to	allow	this	technology	to	benefit	a	
wider	population.							
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Thus,	the	primary	research	objective	is	to	increase	the	usability	of	assistive	exoskeleton	
systems.	To	achieve	this	goal,	the	research	explores	three	major	design	topics:	

1)	Development	of	low	profile	powered	exoskeletons	that	provide	improved	mobility	and	
user	independence	in	daily	life.		

2)	Increases	in	modularity	and	adjustability	in	the	exoskeleton	design	to	enhance	
customization	and	satisfy	comprehensive	user	needs.		

3)	Exploration	of	user	interface	(UI)	design	to	provide	an	intuitive,	comfortable	link	
between	the	user	and	the	machine.		

1.3	Outline	of	the	Dissertation			
This	dissertation	is	organized	as	follows:	

1) Chapter	2	provides	background	on	the	topic	of	spinal	cord	injuries	(SCI)	and	
exoskeleton	rehabilitation.	This	chapter	also	provides	a	brief	overview	of	the	
biomechanics	human	walking.		

2) Chapter	3	presents	the	design	of	a	low	profile	exoskeleton	system.	It	focuses	on	the	
role	of	low	profile	hip	actuation	units.	The	design	process,	hardware	design,	and	an	
assembly	overview	are	discussed.	

3) Chapter	4	presents	the	design	of	a	modular	exoskeleton	system.	It	elaborates	on	the	
design	of	lockable,	modular	joint	systems	that	provide	customizable	support	for	
users	with	different	needs.		

4) Chapter	5	discusses	the	exoskeleton	UI	design.	It	presents	the	user	study	with	a	
glove‐type	UI	prototype	for	people	with	varying	needs.	Design	recommendations	
from	in‐depth	user	interviews	and	usability	tests	are	also	discussed.	

5) Chapter	6	describes	user	testing	procedures	and	analyses	based	on	Human‐
Computer‐Interaction	(HCI)	theories.	Interactions	among	agents	involved	in	user	
testing	as	well	as	the	patients’	“activities	of	re‐learning	to	walk”	are	discussed.		

6) Chapter	7	discusses	limitations	and	future	work	for	low	profile	design,	modularity,	
and	UI	design.		

7) Chapter	8	concludes	this	dissertation	with	a	summary	of	results,	contributions,	and	
future	work	on	the	assistive	exoskeleton	technology.			
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2.	Background		

2.1	 	Spinal	Cord	Injury	
A	SCI	consists	of	damage	or	trauma	to	the	spinal	cord	and	results	in	function	impairment	or	
loss,	which	causes	reduced	mobility	or	feeling.	Common	causes	of	damage	can	be	car	
accidents,	gunshots,	falls,	sports	injuries,	or	various	diseases,	which	include	Transverse	
Myelitis,	Polio,	Spina	Bifida,	and	Friedreich’s	Ataxia	[5].		

The	spinal	cord	is	a	major	bundle	of	nerves	that	carries	nerve	impulses	to	and	from	the	
brain	to	the	rest	of	the	body	[6].	It	is	about	18	inches	in	length	and	extends	from	the	base	of	
the	brain	to	the	waist,	along	the	middle	of	the	back.	Fig.	1	shows	the	spinal	cord	and	the	
effects	of	the	location	of	injury	on	remaining	extremity	function.	The	level	of	injury	can	be	
more	specifically	described	by	indicating	the	injured	vertebra.	“C”	indicates	cervical,	“T”	
indicates	thoracic,	“L”	indicates	lumbar,	and	“S”	indicates	sacral.	The	classification	of	
completeness	in	SCI	is	provided	by	the	American	Spinal	Injury	Association	(ASIA)	and	is	
based	on	neurological	responses.	“A”	indicates	a	"complete"	spinal	cord	injury	in	which	no	
motor	or	sensory	function	is	preserved	at	S4‐S5.	“B”	indicates	an	"incomplete"	spinal	cord	
injury	where	sensory	but	not	motor	function	is	preserved	at	S4‐S5.	“C”	indicates	an	
"incomplete"	spinal	cord	injury	where	motor	function	is	reduced.	“D”	indicates	an	
"incomplete"	spinal	cord	injury	where	motor	function	is	marginally	reduced	below	the	
level	of	injury.	“E”	indicates	"normal"	motor	and	sensory	function	[7].	 			

	
Figure	1.		Spinal	cord	injury	levels	and	remaining	extremity	function.		
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2.2	 Conventional	Rehabilitation	with	Passive	Orthoses		
Passive	orthoses	are	often	strongly	recommended	by	doctors	for	SCI	patients.	Here,	two	of	
the	most	commonly	used	passive	orthoses	are	introduced,	with	a	focus	on	their	benefits	
and	limitations.		

2.2.1	Knee‐Ankle‐Foot‐Orthoses	(KAFO)	

The	most	basic	type	of	passive	lower	limb	orthoses	are	knee‐ankle‐foot‐orthoses	(KAFO),	
which	are	also	known	as	long	leg	braces.	KAFO	are	some	of	the	earliest	and	still	most	
common	assistive	devices	designed	to	restore	bipedal	mobility.	Due	to	their	multiple	health	
benefits	and	relatively	lower	costs,	KAFO	are	commonly	prescribed	to	SCI	patients	and	
highly	recommended	by	doctors	[8].	As	shown	in	Fig.	2	(a),	these	braces	are	rigidly	
fastened	to	the	user’s	legs	to	lock	both	the	knee	and	ankle	joints	against	knee	flexion,	ankle	
dorsiflexion,	and	plantar	flexion.	The	user	can	achieve	a	quasi‐bipedal	gait	with	these	
constrained	joint	degrees	of	freedom	and	the	assistance	of	crutches,	walkers,	or	parallel	
bars.	However,	swinging	one	leg	in	front	of	the	other	while	wearing	KAFO	requires	a	great	
deal	of	upper	body	strength	and	abdominal	control.		

2.2.2	Reciprocating	Gait	Orthoses	(RGO)	

Reciprocating	gait	orthoses	(RGO)	are	an	advanced	variation	of	KAFO,	with	a	torso	unit	
extended	to	the	user’s	upper	body	(Fig.	2	(b)).	RGO	have	a	metal	link	mounted	at	the	back	
of	the	torso	unit	that	acts	as	a	torque‐transferring	unit,	which	reciprocally	couples	the	
motion	of	the	two	hip	joints.	This	passive	transmission	system	provides	the	coupled	hip	
motion	–	i.e.,	when	one	hip	extends,	the	energy	is	used	to	drive	the	other	hip	to	flex,	and	
vice	versa.	With	this	mechanism,	a	longer	stride	length	can	be	attained	with	reduced	energy	
consumption,	as	compared	to	the	manual	leg	swing	with	KAFO	[9	‐11].	However,	studies	
have	shown	that	ambulation	with	the	assistance	of	RGO	is	still	energetically	inefficient,	
requiring	approximately	14	times	more	work	in	comparison	to	normal	ambulation	[12,	13].	
It	appears	that	user	fatigue	and	slow	ambulation	contribute	to	a	low	long‐term	adoption	
rate,	despite	a	high	level	of	physical	health	improvements.	Sykes	et	al.	showed	that	only	29	
percent	of	RGO	users	were	still	using	the	devices	after	an	average	of	5.4	years	[14].	The	
shortcomings	of	passive	rehabilitation	devices	often	overshadow	their	benefits,	preventing	
a	long‐term	adoption	rate.		
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																																										(a)																																																																			(b)	

Figure	2.		Most	common	passive	leg	orthoses.	(a)	Long	leg	braces	(KAFO),	(b)	RGO.	
	

2.3	 Powered	Medical	Exoskeletons		
Even	though	passive	orthoses	provide	health	benefits	with	relatively	low	costs,	the	state‐
of‐the‐art	technology	does	not	provide	a	level	of	performance	and	usability	that	enables	
their	widespread	use	and	long‐term	adoption	among	paralyzed	patients.	As	an	alternative,	
research	groups	have	investigated	powered	medical	exoskeleton	technology,	and	some	of	
these	devices	have	made	significant	advancements	that	are	emerging	in	the	commercial	
market.		

2.3.1	Powered	Medical	Exoskeletons	on	the	Market	

Fig.	3	shows	the	four	most	well‐known	powered	exoskeletons	on	the	market:	Rex	by	Rex	
Bionics	in	New	Zealand,	ReWalkTM	by	Argo	Medical	Technologies	in	Israel,	Indego®	by	
Indego	group,	which	is	a	Vanderbilt	University	spin‐off,	and	EksoTM	by	Ekso	Bionics	in	
California.	More	specifically,	EksoTM	evolved	from	military	exoskeleton	development	of	the	
Berkeley	Lower	Extremity	Exoskeleton	(BLEEX),	and	Human	Universal	Load	Carrier	(HULC)	
[15‐17]	in	the	Berkeley	Robotics	and	Human	Engineering	Laboratory	at	the	University	of	
California	at	Berkeley.	The	aforementioned	powered	medical	exoskeletons	are	designed	for	
rehabilitation	and	walking	outside	the	clinic.	They	have	4	to	10	powered	electric	joints	that	
align	to	a	patient’s	biological	joints.	These	powered	joints	are	pre‐programmed	to	mimic	
the	human	gait	and	ambulate	the	wearer	in	a	manner	similar	to	that	of	natural	walking	as	
the	user	commands.	The	biggest	differences	among	these	exoskeletons	lie	in	their	actuation	
systems	and	UIs.	ReWalkTM	contains	powered	knees	and	hips,	and	executes	steps	by	
sensing	the	tilt	of	the	user’s	torso	[18].	Indego®	operates	in	a	similar	fashion,	by	utilizing	
hip	and	knee	actuation.	It	takes	steps	by	measuring	the	wearer’s	center	of	pressure	change	
according	to	his/her	upper	body	movement	[19].	EksoTM	also	contains	powered	knee	and	
hip	joints,	and	has	various	operating	methods.	While	pushbuttons	are	used	for	initial	
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trainings,	more	implicit	ways	of	detecting	user	intent	exist	to	execute	steps,	using	multiple	
sensors	on	the	pilot's	arms	and	crutches	[20].	Rex,	on	the	other	hand,	requires	no	balancing	
aid	and	has	a	joystick‐type	UI	located	on	the	arm	rest.	With	a	total	of	ten	actuated	joints	to	
power	the	hip,	knee,	and	ankle	along	both	the	frontal	and	sagittal	planes,	Rex	provides	self‐
balancing	of	the	device	and	wearer.	However,	these	additional	features	also	come	with	
tradeoffs	such	as	slower	ambulation,	increased	weight	and	price	due	to	the	more	complex	
actuation	systems	[21,	22].	Table	1	summarizes	the	specifications	of	the	abovementioned	
powered	exoskeletons	as	well	as	those	of	the	RGO	for	comparison.		

	

	
																									(a)																																		(b)																																								(c)																																												(d)	
Figure	3.		Powered	mobile	medical	exoskeletons	that	are	available	on	the	market	(a)	ReWalkTM,	(b)	
Indego®,	(c)	EksoTM,	(d)	Rex.	
	

Table	1.	Powered	exoskeletons	and	RGO	comparison	chart.	

Name	 Powered	Degrees	of	Freedom Weight	 Approximate	Cost	

ReWalkTM	 4	(1	Hip,	1	Knee)	 45	Pounds $100,000	

Indego®	 4	(1	Hip,	1	Knee)	 27	Pounds $140,000	

EksoTM	 4	(1	Hip,	1	Knee)	 45	Pounds $100,000	

Rex	 10	(2	Hip,	1	Knee,	2	Ankle)	 85	Pounds $150,000	

RGO	 0	 15	Pounds $10,000	

	

2.3.2	Powered	Medical	Exoskeletons	in	Academic	Development		

Several	research	institutions	have	developed	assistive	exoskeletons	for	various	purposes.	
Fig.	4	shows	two	exoskeletons	used	for	ambulating	paralyzed	individuals.	AUSTIN	(Fig.4	(a))	
was	developed	in	the	Robotics	and	Human	Engineering	Lab	at	the	University	of	California	
at	Berkeley.	AUSTIN	contains	a	pair	of	powered	hip	actuators	with	a	coupled	hip‐and‐knee	
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gait	generation	mechanism.	The	knee	joints	are	driven	by	powered	hip	joints	through	the	
coupled	gait	generation	mechanism,	which	is	operated	by	a	button‐integrated	UI	on	a	
walker	handle.	This	is	the	first	exoskeleton	system	equipped	with	only	two	powered	joints	
that	has	ambulated	a	paraplegic	patient	[23,	24].	AUSTIN	executes	steps	when	the	wearer	
commands	each	step	via	buttons	on	the	walker	grip.	Mina	(Fig.	4	(b))	was	developed	by	the	
Florida	Institute	for	Human	and	Machine	Cognition.	Mina	contains	four	identical	actuators	
for	the	hip	and	knee	joints.	These	actuators	are	pre‐programmed	with	gait	trajectories,	
which	are	obtained	by	an	able‐bodied	person	walks	while	wearing	Mina.	At	Mina’s	current	
development	stage,	steps	are	commanded	by	a	control	operator	(practitioner),	while	the	
wearer	provides	verbal	and	gestural	cues.	The	practitioner	uses	a	Musical	Instruments	
Digital	Interface	(MIDI)	to	control	each	step,	and	the	controller	can	trigger	a	single	step	or	
continuous	steps,	as	well	as	adjust	the	walking	speeds	[25].									

	
																																																															(a)																																							(b)	
Figure	4.	(a)	AUSTIN	Exoskeleton	from	UC	Berkeley	(b)	Mina	Exoskeleton	from	the	Florida	Institute	

for	Human	and	Machine	Cognition	

2.4	Overview	of	Human	Walking	
In	this	section,	a	brief	introduction	of	human	walking	is	covered	to	aid	the	understanding	of	
the	following	chapters.	More	specifically,	we	discuss	body	planes	and	joint	angle	definitions,	
the	human	gait	cycle,	clinical	gait	analysis,	and	power	consumption	during	the	gait	cycle.	

2.4.1	Body	Planes		

As	shown	in	Fig.	5	(a),	three	reference	planes	are	used	to	describe	various	joint	motions.	
The	coronal	plane,	also	known	as	the	frontal	plane,	vertically	slices	through	the	body	
width‐wise,	and	passes	through	both	the	arms	and	legs.	The	transverse	plane	horizontally	
slices	through	the	body	parallel	to	the	ground	plane.	Finally,	the	sagittal	plane	is	a	vertical	
plane	that	orthogonally	slices	the	coronal	plane,	and	runs	through	from	the	front	to	the	
back	of	the	body.	
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2.4.2	Lower	Extremity	Joint	Angles	

Flexion	and	extension	are	terms	commonly	used	to	describe	joint	motion.	They	describe	
whether	a	particular	relative	joint	angle	increases	or	decreases	in	the	sagittal	plane.	These	
standards	are	illustrated	in	Fig.	5	(b)	for	the	knee	and	hip.		

	

			 	
																																																			(a)																																																												(b)	

Figure	5.		(a)	Reference	planes	of	the	body	[26].	(b)	Joint	angle	definitions.		
		

2.4.3	Gait	Cycle	

Human	walking	is	a	cyclical	process.	There	are	two	fundamental	states	that	each	leg	can	
have:	stance	and	swing.	In	the	stance	phase,	the	foot	is	planted	on	the	ground.		During	the	
swing	phase,	the	leg	swings	forward	with	the	foot	off	of	the	ground.	The	first	part	of	the	
swing	is	characterized	by	a	positive	acceleration	of	the	hip	flexion	(forward),	and	flexing	of	
the	knee	backward	to	allow	the	swing	foot	to	clear	the	ground.	The	latter	segment	of	the	
swing	involves	negative	acceleration	of	the	hip	as	the	knee	extends	to	prepare	for	heel‐
strike,	which	is	when	the	leg	again	enters	the	stance	phase.	This	walking	cycle	is	illustrated	
in	Fig.	6.	Throughout	the	process,	the	two	legs	alternate	roles	between	stance	and	swing.	
When	walking	at	slower	speeds,	there	are	periods	when	both	legs	are	in	stance.	These	
periods	are	referred	to	as	double‐stance	or	double‐support.	There	are	two	double‐stance	
periods	that	constitute	about	10%	of	the	gait	cycle	when	walking	at	1	meter	per	second.	
Thus,	the	pure	swing	period	constitutes	about	40%	of	the	walking	cycle.	As	a	person’s	
walking	speed	increases,	double‐stance	time	decreases	until	there	is	no	time	spent	in	
double‐stance.	Running	involves	periods	of	flight	where	both	legs	are	in	swing.	The	
relationship	between	the	swing	and	stance	periods	at	different	speeds	of	ambulation	is	
shown	in	Fig.	7.	For	each	condition,	the	bar	graph	begins	at	the	initial	contact	of	the	left	leg	
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and	represents	two	complete	gait	cycles.	White	bars	indicate	time	spent	in	swing,	and	blue	
bars	indicate	time	spent	in	stance	[27].	

2.4.4	Clinical	Gait	Analysis	(CGA)	

The	joint	angle	data	throughout	the	gait	cycle	are	available	from	many	biomechanics	
laboratories.	Typically,	a	video	is	captured	as	a	participant	walks,	and	leg	joint	motions	in	
the	sagittal	plane	are	extracted	using	a	motion	capture	system.	This	is	referred	to	as	
Clinical	Gait	Analysis	(CGA)	data.		Fig.	8	shows	CGA	data	for	knee	and	hip	joint	angles	in	the	
sagittal	plane	throughout	the	gait	cycle,	as	collected	by	Winter,	Kirtley,	and	Linskell	[28‐30].	

	
Figure	6.		Illustration	of	a	normal	walking	cycle	[26].	

	

	
Figure	7.		Variations	in	the	swing	and	stance	periods	as	walking	speed	increases.	Image	adapted	from	

[27].	
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																																																		(a)																																																																								(b)	 	

Figure	8.	Winter,	Kirtley,	and	Linskell	Clinical	Gait	Analysis	data	at	the	(a)	knee,	(b)	hip.	
	

2.4.5	Power	Consumed	in	a	Joint	during	Walking	

D.A.	Winter	and	other	researchers	have	investigated	power	consumption	in	joints	during	
walking.	A	joint’s	angular	velocity	is	calculated	from	joint	angle	data	recorded	over	time,	
while	a	joint’s	moment	is	derived	from	inverse	dynamics.	Joint	power	is	then	computed	as	
the	inner	product	of	the	velocity	and	moment	vectors.		

Fig.	9	shows	the	power	of	the	ankle,	knee	and	hip	joints	during	level	walking.	Joint	power	
can	be	a	negative	or	positive	quantity.	Power	is	positive	when	the	joint’s	moment	of	force	
and	direction	of	movement	(rotation)	are	in	the	same	direction,	meaning	the	energy	is	
generated	by	a	concentric	action	in	muscles	crossing	at	that	joint.	In	contrast,	power	is	
negative	when	the	joint’s	moment	and	direction	of	movement	are	in	opposite	directions.	In	
this	case,	energy	is	absorbed	by	an	eccentric	muscle	action	and/or	elongation	of	other	soft	
tissues	crossing	that	point.	Because	the	knee	joint	is	used	for	motion	damping,	knee	power	
is	relatively	low	and	often	negative.	Meanwhile,	a	significant	portion	of	the	gait	cycle	
comprises	a	highly	positive	hip	power	that	provides	the	propulsive	force	[31,	32].		
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Figure	9.		Knee	and	hip	joint	powers	during	level	walking.	Powers	are	normalized	by	body	weight.	
Image	adapted	from	[31].		
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3.	Low	Profile	Exoskeleton		

In	addition	to	addressing	the	mechatronic	constraints,	the	design	must	account	for	
acceptance	among	users	when	developing	assistive	exoskeletons.	Here	are	a	few	quotes	
from	the	paraplegic	patients	who	have	participated	in	usability	testing:		

“I	had	to	crawl	to	my	seat	in	the	airplane	because	my	wheelchair	didn’t	fit	the	narrow	aisle.”	

“I	wouldn’t	wear	the	exo	on	the	street	because	I	don’t	want	to	look	like	I	am	wearing	a	robot.”	

From	the	feedback	above,	it	is	clear	that	the	form	factor	of	exoskeletons	plays	a	huge	role	in	
device	usability.	The	bulkiness	of	the	device	not	only	restricts	a	user’s	ability	to	navigate	
narrow	passages,	but	also	his/her	ability	to	blend	in	with	a	crowd	of	able	bodied	people.	
Only	low	profile	exoskeletons	can	provide	independence	throughout	the	day	by	allowing	
the	wearer	to	pass	through	narrow	aisles,	use	regular	computer	chairs	with	armrests,	and	
be	mobile	in	daily	life	without	assistance.	Besides	providing	independence,	exoskeletons	
with	smaller	form	factors	allow	patients	to	wear	the	device	under	their	clothes	–	respecting	
one’s	form	of	personal	expression.	Moreover,	minimal	hardware	of	the	exoskeleton	reduces	
its	weight,	which	can	increase	the	efficiency	of	the	overall	system	as	a	mobile	device.		

As	discussed	in	Chapter	1,	human	hip	and	ankle	joints	provide	positive	propulsive	power,	
whereas	knee	joints	are	used	to	dampen	the	motion	with	negative	power.	However,	in	
below‐knee	amputee	gaits,	it	was	observed	that	propulsion	from	a	(prosthetic)	ankle	is	
very	small,	and	compensated	by	propulsive	energy	from	hip	extension	[33].	From	this	gait	
data,	knee	power	curves	are	very	close	to	zero	in	below‐knee	amputee	gaits,	despite	the	
presence	of	knee	muscles.	Also,	studies	have	demonstrated	that	the	amplitudes	of	muscle	
activation	around	the	ankle	joint	scarcely	change	when	walking	with	either	a	mechanical	or	
powered	ankle–foot	orthoses	(AFO)	[34].	It	appears	that	a	high	level	of	bipedal	mobility	is	
attainable	using	hip	joints	as	the	main	source	of	propulsive	power.	Therefore,	to	achieve	a	
low	profile,	the	exoskeleton	design	in	this	chapter	uses	powered	electric	hip	actuators,	and	
lacks	any	powered	actuators	at	the	knee	and	ankle	joints.	This	low	profile	exoskeleton	has	a	
similar	ambulation	strategy	to	that	of	the	amputee	gait,	and	maximizes	the	use	of	
propulsive	power	from	the	hip	joints.		

As	the	only	powered	unit	for	propulsion,	hip	actuators	are	the	significant	weight	and	size	
factors	for	the	device.	Therefore,	to	develop	low	profile	exoskeletons,	it	is	critical	to	achieve	
a	lightweight,	slim	form	factor	for	the	hip	actuation	units.	This	chapter	discusses	the	design	
of	minimally	profiled	hip	actuation	units	that	permit	ambulation	of	paralyzed	individuals.	
The	actuation	units	are	used	with	passive	knee	joints	in	a	“minimally‐actuated	medical	
exoskeleton”.	With	low	profile	hip	actuators,	passive	knee	joints,	and	standard	ankle‐foot‐
orthoses,	this	exoskeleton	became	the	first	powered	exoskeleton	that	weighs	less	than	20	
pounds.		Furthermore,	its	compact	form	factor	more	closely	resembles	an	RGO	than	other	
powered	exoskeletons.		
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3.1	Hip	Actuation	Units	Hardware	Design	Overview	
The	low	profile	hip	actuation	units	discussed	in	this	chapter	comprise	a	brushless	DC	
(BLDC)	motor,	transmission	system,	sensors,	load‐bearing	interfacing	components,	and	
enclosure	components.	Bare	components	of	a	BLDC	motor	and	strain	wave	gear	systems	
are	integrated	into	a	pancake	actuation	unit	with	custom‐made	interfacing	parts,	and	pairs	
of	off‐the‐shelf	radial	and	angular	ball	bearings.	As	a	single	integrated	unit	without	any	
redundant	bearing	structures,	the	system’s	load	rating	and	form	factor	are	optimized	and	
this	minimizes	the	system’s	size	and	weight.	The	overall	design	procedure	is	illustrated	in	
Fig.	10.		Design	decisions	during	each	process	and	a	brief	overview	of	DC	motor	dynamics	
and	strain	wave	gearing	mechanics	are	covered	in	this	section.	

	

	

Figure	10.		Low	profile	actuation	unit	design	process	flow	chart.	
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3.1.1	Brushless	DC	Motor	and	Strain	Wave	Gear		

The	required	performance	curve	for	a	200‐pound	paraplegic	person’s	walking	was	derived	
from	CGA	data,	amputee	gait	data,	and	empirical	analysis.	Assuming	that	a	nominal	50	volts	
are	applied	using	lithium‐ion	batteries,	a	BLDC	motor	and	strain	wave	gear	were	selected	
to	fulfill	the	performance	criteria.		

Out	of	all	the	off‐the‐shelf	BLDC	motors	that	meet	the	required	specifications,	the	Emoteq	
HT03000‐J01‐Z	frameless	electric	motor	was	selected	due	to	its	relatively	small	size.	This	
BLDC	motor	consists	of	a	3‐phase,	27‐slot	stator,	and	a	12‐pole	rotor	(Fig.	11.	(a),	(b)).	
Meanwhile,	the	Harmonic	DriveTM	(CSD‐25‐160‐2A‐GR‐SP)	160‐to‐1	unhoused	strain	wave	
gear	components	(Fig.	11.	(c))	were	chosen	for	the	transmission	system.	As	illustrated	in	
Fig.	12,	the	actuator	dynamics	line	encompasses	the	required	performance	curve	in	the	plot,	
which	implies	that	the	selected	components	satisfy	the	speed	and	torque	requirements	of	a	
200‐pound	person’s	walking.	Technical	specifications	of	these	components	from	
manufacturers	are	summarized	in	Table	2.	The	fundamentals	of	motor	dynamics	are	
detailed	below	to	aid	understanding	of	this	plot.				

	
																																(a)																																									(b)																																																				(c)			

Figure	11.		The	BLDC	motor	and	strain	wave	gear	used	for	the	actuator	design.	(a)	12‐pole	rotor	
magnet.		(b)	3‐phase,	27‐slot	stator.	(c)	Strain	wave	gear	components	[35].		

	
Figure	12.		Actuator	performance	line	satisfying	the	requirement	for	walking.	
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Table	2.	Motor	and	Transmission	Characteristics.	

R	(Ω)	 KT	
(Nm/A)	

KB	
(V/rad/s)

KM	
(Nm/√ )

TPR	
(oC/W)	

Gear	
Ratio	

6	 0.2	 0.2	 0.082	 2.89	 160	

	

3.1.1.1	DC	Motor	dynamics	 	
The	dynamics	of	a	DC	motor	are	typically	characterized	by	the	first	order	differential	
equation:	

	 V ,	 (1)

	
where	V	is	the	voltage	across	a	motor	winding,	L	is	the	motor	inductance,	R	is	the	
resistance,	 	is	the	back	electromotive	force	constant	("back	EMF"),	and	 	is	the	rotational	
velocity	of	the	motor	shaft.		Excluding	the	effect	of	inductance	at	steady‐state,	the	voltage	
equation	(1)	becomes	
	 V . (2)
	
The	BLDC	motor	is	powered	by	a	current	control	amplifier	with	an	internal	feedback	loop	
to	track	a	commanded	current	within	an	acceptable	range.	Therefore	it	is	assumed	that	the	
motor	current	can	be	directly	controlled.	The	motor	torque	generated	is	a	function	of	the	
supplied	current		
	 T , (3)
	 	
where	T	is	the	torque	and	KT	is	the	torque	constant,	which	is	a	motor‐specific	parameter	
along	with	K .	Substituting	for	 	in	equation	(2)	from	equation	(3)	results	in	equation	(4)	
	
	

,	
(4)

	
where:			 .	 	 	 	

	is	referred	to	as	the	motor	constant.	 	is	the	slope	of	the	motor	winding	line	in	Fig.	13,	
which	is	a	motor‐specific	parameter.	The	interception	of	the	line	with	the	horizontal	axis	is	
called	the	no‐load‐speed,	which	is	the	speed	when	there	is	zero	torque	on	the	motor.		The	
intercept	of	the	line	with	the	vertical	axis	is	the	peak	torque,	which	is	the	torque	that	can	
stop	the	motor	shaft	from	spinning.	

	 	 	 	 	

	 	
	

	

The	motor	winding	line	that	connects	the	no‐load‐speed	and	the	peak	torque	defines	the	
boundaries	of	the	motor	performance.	Note	that	for	a	given	motor,	the	slope	of	the	line	
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	 	does	not	change	when	different	voltages	are	applied.	This	is	because	 	is	a	
function	of	motor	volume,	and	states	the	motor’s	ability	to	dissipate	heat	for	a	given	
amount	of	torque.	A	higher	 	represents	a	better	ability	to	dissipate	heat.	For	a	given	
motor,	the	motor	performance	line	translates	according	to	different	voltages,	while	
maintaining	the	same	slope.	The	slope	of	this	line	changes	when	a	gear	reduction	is	applied	
to	the	motor.	Motor	performance	can	be	improved	by	applying	a	higher	voltage	within	its	
heat	dissipation	ability.	To	ensure	a	properly	designed	actuation	unit,	the	desired	system	
performance	‐	torque	versus	angular	velocity	profile	‐	should	be	encompassed	under	the	
motor	performance	line	(Fig.	13).		

	
Figure	13.	Motor	performance	plot	of	torque	versus	angular	velocity.				

	

On	the	performance	limit,	excessive	heat	may	cause	damage	to	the	motor’s	internal	
components.	To	account	for	this,	power	dissipation	(W)	in	the	motor	must	be	calculated	as	

	
W

1
.	 (5)

	

A	complete	form	of	equation	(5)	can	be	written	as	

	
W

1
,	 (6)

	

where	 	is	the	damping	through	the	motor.	The	average	power	dissipation	over	the	time	
interval	∆t	is	
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	 W
1 1
∆

∆ 1
∆

∆

,	 (7)

	 W
1

,	 (8)

	
where	 is	the	root	mean	squared	(RMS)	torque	and	 	is	the	RMS	speed.	Continuous	power	
limits	can	be	obtained	with	a	simple	relationship:	

	 ∆
,	 (9)

	
where	∆T	is	an	admissible	temperature	increase	and	TPR	is	the	temperature	rise	per	watt.		

In	this	low	profile	hip	actuation	unit,	the	selected	BLDC	motor	allows	a	peak	torque	of	
266.7	Nm	and	a	no‐load‐speed	of	1.4	rad/sec	with	a	160:1	gear	reduction.	However,	when	
operating	the	motor,	maximum	continuous	stall	torque	of	the	motor	should	also	be	
considered	according	to	the	heat	dissipation	limit.	Maximum	continuous	stall	torque	is	
defined	as:	

	
Maximum	continuous stall torque

∆
∙ .	

	

(10)

TPR	is	given	by	a	motor’s	specifications	and	∆T	is	often	decided	by	the	insulation	rating	of	
the	wire.	In	the	Emoteq	HT03000‐J01‐Z,	a	temperature	rise	to	125 	is	admissible	for	an	
RMS	of	1.8	amperes.	This	results	in	a	maximum	continuous	stall	torque	of	82.07	Nm.	In	
addition	to	the	maximum	continuous	stall	torque,	the	momentary	maximum	torque	
permitted	to	the	transmission	system	should	also	be	considered.	The	maximum	
momentary	peak	torque	of	the	Harmonic	Drive	CSD‐25‐160‐2A‐GR‐SP	is	152	Nm,	which	is	
limited	by	the	flexspline	[35].		Further	information	on	the	strain	wave	gear	system	is	
discussed	below.			

3.1.1.2	Strain	Wave	Gearing	System		
A	strain	wave	gear,	the	Harmonic	Drive	CSD‐25‐160‐2A‐GR‐SP,	was	used	in	the	low	profile	
hip	actuation	unit.		The	main	reasons	for	choosing	a	strain	wave	gearing	system	are	its	
capability	of	a	high	gear	reduction	ratio	in	a	small	volume	and	its	light	weight.	A	gear	
reduction	ratio	up	to	320:1	is	possible	with	strain	wave	gears,	while	plantery	gears	can	
only	produce	a	10:1	gear	ratio	in	the	same	space.	Other	types	of	gears	such	as	worm	gears	
were	excluded	from	consideration	due	to	their	low	efficiency	and	limited	gear	ratio	in	a	
confined	space.						

A	strain	wave	gear	comprises	three	components:	a	wave	generator,	a	flexspline,	and	a	
circular	spline.	The	wave	generator	is	a	thin‐raced	ball	bearing	fitted	onto	an	elliptical	plug,	
which	serves	as	a	torque	convertor.	The	flexspline	has	a	non‐rigid,	shallow	cup	structure	
with	external	teeth.	The	sides	of	the	flexspline	are	very	thin,	but	the	bottom	is	thicker	and	
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rigid.	This	results	in	wall	flexibility.	The	flexspline	fits	tightly	over	the	wave	generator,	and	
is	held	in	an	elliptical	shape.	The	circular	spline	is	a	rigid	ring	with	teeth	on	the	inner	side.	
These	teeth	engage	with	the	teeth	on	the	outer	side	of	the	flexspline	across	the	major	axis	
of	the	wave	generator.		

	

Figure	14.	Strain	wave	gear	components	[35].	
	

While	there	are	multiple	configurations	of	strain	wave	gear	structures,	the	following	
configuration	was	used	in	the	low	profile	actuation	unit	discussed	in	this	chapter:	the	wave	
generator	is	connected	to	the	rotor,	while	the	circular	spline	is	rigidly	attached	to	the	
enclosing	structure.	The	rotation	of	the	flexspline	is	used	as	the	output	rotation	of	the	
actuation	unit.	The	mechanism	of	this	configuration	is	illustrated	in	Fig.	15.	

As	the	wave	generator	rotates,	the	flexspline	teeth	engagement	with	the	circular	spline	
teeth	change;	i.e.,	the	major	axis	of	the	flexspline	rotates.	Because	there	are	fewer	teeth	on	
the	flexspline	than	the	circular	spline,	every	full	rotation	of	the	wave	generator	results	in	a	
slight	backward	rotation	of	the	flexspline	relative	to	the	circular	spline.	Thus,	the	rotation	
speed	of	the	flexspline	is	much	slower	than	that	of	the	wave	generator,	which	creates	a	high	
gear	reduction.	The	gear	reduction	ratio	is	calculated	by:		

Gear	Reduction	Ratio 	
	 	 	 	 	

	 	 	
.	

For	example,	if	there	are	202	teeth	on	the	circular	spline	and	200	teeth	on	the	flexspline,	
the	gear	reduction	ratio	is	‐0.01.	This	means	the	flexspline	spins	at	1/100	of	the	speed	of	
the	wave	generator	in	the	opposite	direction.		

In	addition	to	the	strain	wave	gears’	lightweight,	compact	design,	and	high	gear	reduction	
ratio,	other	advantages	include	no	backlash,	high	efficiency,	back‐drivability,	good	
resolution,	and	high	repeatability.	Meanwhile,	disadvantages	include	high	cost	and	
flexibility	in	their	mechanical	structures,	which	can	result	in	potential	degradation	such	as	
the	ratcheting	phenomenon	from	environmental	and	mechanical	shocks	[36,	37].	The	
ratcheting	phenomenon	can	occur	when	an	excessive	torque	(at	or	above	the	ratcheting	
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torque)	is	applied	while	the	gear	is	in	motion.	The	teeth	between	the	circular	spline	and	
flexspline	may	not	engage	properly	and	lose	their	concentricity	(Fig.	16).	This	may	damage	
the	flexspline	and	lower	its	lifespan,	as	well	as	the	ratcheting	torque.	Ratcheting	torque	is	a	
critical	factor	that	must	be	considered	when	designing	an	actuation	unit	with	a	strain	wave	
gear.		

	

Figure	15.	Strain	wave	gear	operation.	
	

	 	

	

Figure	16.		Ratcheting	phenomenon	[35].	
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3.1.2	Shaft	Design	and	Sensor	Mounting	

There	are	two	shafts	in	this	actuation	system,	the	“inner	shaft”	and	the	“outer	shaft”.	The	
outer	shaft,	illustrated	in	blue	in	Fig.	17	(a),	transmits	torque	and	rotation	from	the	rotor	
(colored	in	yellow)	to	the	strain	wave	gear	input,	which	is	the	wave	generator	(colored	in	
light	green).	Four	screws	clamp	the	outer	shaft;	the	screws	cross	through	the	wave	
generator,	outer	shaft,	and	rotor	with	threaded	holes	on	the	rotor’s	steel	body.	Rotation	is	
supported	by	two	radial	bearings	located	on	the	outer	and	inner	side	of	the	outer	shaft	
(colored	in	black).	The	inner	shaft,	illustrated	in	orange,	is	used	to	encode	the	rotational	
angle	data	of	the	actuation	unit’s	final	output	(i.e.,	the	hip	joint	angle).	A	magnet	(colored	in	
red)	for	the	absolute	rotary	magnetic	encoder	is	pressed	on	the	tip	of	inner	shaft.	This	
magnet	provides	angular	rotation	data	to	Austria	Microsystem’s	AS5145B	12‐bit	encoder,	
while	rotating	with	the	enclosing	component	(colored	in	pink)	and	the	flexspline	(colored	
in	dark	green)	‐	the	output	of	the	actuation	unit.	The	inner	shaft	locates	itself	inside	the	
outer	shaft,	and	becomes	a	single	entity	with	the	output	of	the	entire	actuation	unit	when	
fully	assembled.	Locating	the	inner	shaft	inside	the	outer	shaft	has	two	advantages:		

1) It	reduces	the	overall	thickness	of	the	actuation	system	by	utilizing	the	space	inside	
the	hollow	outer	shaft	for	the	encoder	versus	adding	an	external	encoder	mounting	
structure.		

2) It	allows	the	system	to	efficiently	route	wires	by	placing	the	wires	from	the	absolute	
encoder	and	BLDC	motor	close	to	the	wearer’s	lower	back,	where	the	controller	
circuit	board	and	batteries	are	located.	Fig.	17	(b)	shows	a	complete	assembly	of	a	
low	profile	hip	actuation	unit	installed	on	the	exoskeleton.	With	this	configuration,	
the	encoder	and	motor	connect	to	the	controller	circuit	board	and	batteries	without	
exposing	any	wires.		

3.1.3	Bearings	to	Hold	External	Loads	

In	addition	to	a	pair	of	radial	ball	bearings	that	take	the	internal	loads,	a	pair	of	angular	
contact	ball	bearings	was	used	to	withstand	external	loads.	Here,	we	assume	that	the	
worst‐case	external	loading	scenario	occurs	when	the	wearer	leans	to	the	side	with	his/her	
body	weight	in	the	frontal	plane	(Fig	18).	In	this	case,	calculation	of	the	moment	applied	to	
the	actuation	unit	is	rather	simple.	We	start	by	assuming	that	the	wearer’s	weight	is	200	
pounds	and	the	distance	between	the	mid‐planes	of	the	hip	actuators	on	each	side	(parallel	
to	the	sagittal	plane)	is	20	inches.	In	this	loading	scenario,	we	neglect	the	axial	load	applied	
to	the	system.	Therefore,	the	moment	applied	to	the	system	purely	results	from	the	radial	
load	from	the	wearer’s	upper	body.	Knowing	that	the	wearer’s	upper	body	weight	is	55%	
of	the	whole	body	weight	[38]	and	the	moment	arm	length	is	10	inches,	we	calculate	the	
moment	applied	to	the	bearings	to	be	1,100	lb‐in,	or	about	125	Nm.	A	pair	of	angular	
contact	bearings,	Kaydon	Bearing	KA035AR0,	was	chosen	and	installed	with	a	back‐to‐back	
or	O‐configuration	such	that	the	actuation	units	safely	sustain	the	system	under	this	
loading	and	prevent	structural	failure,	which	can	be	injurious	to	the	wearer.	These	selected	
bearings	are	able	to	take	552	lb	of	dynamic	radial	load	and	1,350	lb	of	dynamic	axial	load.		
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																																				(a)																																																																																										(b)	

Figure	17.	(a)	Cross‐sectional	view	of	an	actuation	unit.	(b)	A	patient	wearing	a	low	profile	
exoskeleton	system.	

	

	

Figure	18.		Load	diagram	for	an	actuation	unit	with	a	pair	of	angular	bearings	installed	back‐to‐back.	
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3.2	Assembly	Process	and	Design	Consideration	for	Safety		
With	considerations	for	achieving	a	low	profile	system	and	design	for	assembly	[39,	40],	a	
total	of	seven	custom‐made	components	were	designed.	With	systems	that	require	
assembly	processes,	it	is	important	to	consider	ease	of	assembly	early	in	the	design	stage.	
In	section	3.2.1,	the	recommended	assembly	process	of	the	low	profile	hip	actuation	units	
is	discussed.	Section	3.2.2	covers	the	design	considerations	taken	into	account	for	safety.		

3.2.1	Assembly	of	a	Hip	Actuation	Unit		

There	are	three	enclosing	components	(EC)	and	two	interfacing	components	(IC)	in	the	hip	
actuation	unit.	These	five	custom‐made	parts	were	fabricated	out	of	either	Aluminum	
7075‐T6	or	Stainless	Steel	17‐4	PH.	Cross‐section	and	side	views	are	shown	in	Fig.	20,	
while	an	exploded	view	is	shown	in	Fig.	21.	Design	for	assembly	was	considered	from	an	
early	stage	in	the	design,	and	the	recommended	assembly	process	is	as	follows:	
	

1) Install	the	radial	bearing	(large)	on	the	outer	shaft	(press	fit),	and	slide	IC	#2	along	
the	outer	race	of	the	radial	bearing.	

2) Install	the	circular	spline	on	the	IC	#1.	
3) Slide	IC	#2	from	step	1)	over	IC	#1.	
4) Install	one	angular	bearing	on	EC	#2,	and	the	other	angular	bearing	on	IC	#1;	make	

sure	the	orientation	of	angular	bearings	forms	a	back‐to‐back	configuration.	
5) Combine	the	products	of	step	3)	and	4).		
6) Install	the	radial	bearing	(small)	on	the	inner	race	of	the	outer	shaft.	
7) Press	in	the	stator	on	IC	#2;	make	sure	the	wire	alignment	is	correct.	
8) Assemble	the	wave	generator,	outer	shaft	(assembled	with	IC	#2	and	the	radial	

bearing),	and	rotor.	
9) Press	the	encoder	magnet	onto	the	inner	shaft.	
10) 	Slide	the	product	of	step	9)	through	the	inner	race	of	the	radial	bearing,	which	was	

installed	in	step	6).	
11) 	Assemble	the	bearing	retainer	to	the	rotor.	
12) 	Install	the	absolute	encoder	module	on	the	EC	#3.	
13) 	Assemble	EC	#3	and	IC	#2.	
14) 	Preload	the	angular	bearing.	
15) 	Assemble	EC	#1	and	the	flexspline.	
16) 	Assemble	the	product	of	15)	with	the	inner	shaft	and	EC	#2.		

	
When	assembled,	EC	#3	is	connected	to	the	torso	adaptor	with	safety	stops,	which	is	
explained	in	section	3.2.2.				
	



23	
	

	
Figure	19.	An	assembled	low	profile	hip	actuation	unit.	
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3.2.2	Design	Considerations	for	User	Safety		

Multiple	motor	test‐runs	were	conducted	without	a	human	test	pilot	before	exoskeleton	
system	integration.	To	simulate	natural	human	walking	and	verify	the	hip	actuation	unit’s	
performance,	an	experimental	setup	was	arranged	as	shown	in	Fig.	22.	Compensatory	
weights	were	attached	to	the	thigh	and	shank	links	to	match	a	200‐pound	person’s	leg	
weight.	Although	the	exoskeleton	was	intended	to	have	passive	knee	joints,	a	hip	actuator	
was	used	to	simulate	knee	joint	movement	in	this	setup	to	facilitate	the	experiment,	while	
the	passive	knee	joint	technology	was	under	development.	This	test	provided	empirical	
validation	that	the	hip	actuation	unit	could	provide	sufficient	speed	and	torque	during	the	
swing	phase	of	walking.			

Aside	from	test‐running	the	hip	actuators	under	comparable	loads,	mechanical	hard	stops	
were	designed	into	a	torso	adaptor	unit.	This	is	to	ensure	the	hip	actuator’s	range	of	motion	
is	limited	to	a	natural,	biological	range	of	motion	in	the	sagittal	plane	(Fig.	23).	However,	
unexpected	collisions	with	the	hard	stops	can	create	high	momentary	torques	to	the	hip	
actuator,	which	can	potentially	cause	ratcheting	of	the	strain	wave	gear.	Therefore,	in	
addition	to	mechanical	hard	stops,	it	is	important	to	have	electric	safety	stops	in	the	
controller	to	limit	the	current	provided	to	the	actuator.		

	
Figure	22.	Experimental	setup	for	testing	the	hip	actuation	unit.	
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Figure	23.		Mechanical	hard	stops	for	hip	extension	and	flexion.	
	

3.3	Integration	into	a	Minimally‐Actuated	Exoskeleton	
A	pair	of	low	profile	hip	actuation	units	was	integrated	into	a	minimally‐actuated	medical	
exoskeleton	(Fig.	24).	This	exoskeleton	also	consists	of	passive	knee	joints	and	a	carbon	
fiber	torso	frame,	which	contains	a	controller	circuit	board	and	batteries.	Also,	a	set	of	
standard	leg	braces	custom‐molded	for	each	patient	was	used.	Details	of	the	passive	knee	
joint	design	can	be	found	in	[41].		

This	device	was	tested	by	a	test	pilot	who	was	a	28‐year‐old	male,	5’	10”	tall	and	170	
pounds,	who	had	sustained	a	complete	T12	injury	for	12	years.	When	worn	by	the	test	pilot,	
the	actuators	were	able	to	provide	a	speed	of	up	to	1	second	per	step,	with	varying	step	
sizes	from	14	to	16	inches.	The	overall	walking	speed	of	the	exoskeleton	wearer	varied	
significantly	according	to	the	balancing	time	between	each	step,	which	appeared	to	be	
related	to	the	wearer’s	physical	conditions.	In	this	study,	the	test	pilot	was	able	to	walk	at	a	
speed	of	0.22	m/s.	The	torque	provided	from	the	actuators	proved	to	be	sufficient	for	
walking,	as	well	as	for	providing	moderate	assistance	during	sitting	and	standing	(with	the	
help	of	balancing	aids).		

The	geometry	of	the	actuators	was	of	a	sufficiently	low	profile	to	allow	the	wearer	to	sit	in	a	
regular	computer	chair	with	armrests,	partially	conceal	the	device	under	his	clothing,	and	
walk	through	narrow	aisles	(Fig.	25).	The	total	weight	of	the	actuator	is	3.5	pounds,	which	
enables	the	weight	of	the	whole	exoskeleton	system	to	be	19.5	pounds.	This	exoskeleton	is	
the	lightest	powered	exoskeleton,	weighing	less	than	20	pounds,	with	a	compact	form	
factor	that	more	closely	resembles	an	RGO	than	other	powered	exoskeletons.				
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Figure	24.		Low	profile,	minimally‐actuated	medical	exoskeleton.		

	

	 	
Figure	25.	With	low	profile	actuators,	the	test	pilot	was	able	to	walk	through	the	narrow	aisle	of	a	

local	store.	This	medical	exoskeleton	is	worn	partially	underneath	his	clothing.				
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3.4	Low	Profile	Hip	Actuator	Design	–	Second	Revision		
Low	profile	hip	actuation	units	with	the	Emoteq	HT03000‐J01‐Z	and	Harmonic	DriveTM	
CSD‐25‐160‐2A‐GR‐SP	allow	a	compact	profile,	light	weight,	and	high	user	maneuverability.	
In	fact,	given	their	specifications,	the	actuation	units	discussed	in	this	chapter	are	the	most	
compact	units	compared	to	other	actuation	units	on	the	market.	Meanwhile,	the	design’s	
disadvantages	include	its	complicated	assembly	process	and	high	cost	due	to	many	custom‐
made	components.	To	improve	upon	these	shortcomings,	another	set	of	hip	actuators	was	
developed	(Fig.	26).	These	actuators	use	off‐the‐shelf	housed	components:	a	Maxon	EC	90	
Flat	motor	and	Harmonic	DriveTM	SHD‐20‐100‐2SH.	As	a	result,	the	actuator	contains	fewer	
custom‐made	parts,	and	has	an	easier	assembly	and	disassembly	process.	As	a	tradeoff,	
adopting	these	actuation	units	resulted	in	an	increase	in	the	exoskeleton	hip	width	of	about	
1.9	inches	and	a	decreased	user	weight	limit	due	to	the	strain	wave	gear’s	bearings.	
Technical	specifications	are	summarized	in	Table	3.	The	characteristics	of	the	Maxon	EC	90	
Flat	motor	are	comparable	to	the	Emoteq	HT03000‐J01‐Z,	and	the	gear	ratio	was	selected	
to	be	100:1	instead	of	160:1,	to	achieve	a	more	optimal	dynamic	swing	of	the	passive	knee	
joints.	Although,	neither	actuation	unit	requires	any	modification,	except	for	the	
disassembly	and	re‐assembly	process	for	interchanging	the	strain	wave	gears	between	
100:1	and	160:1.		

While	the	design	uses	an	off‐the‐shelf	BLDC	motor	and	strain	wave	gear	that	have	the	shaft	
and	bearings	integrated,	some	modifications	on	the	BLDC	motor	structure	were	made	to	
optimize	interfacing	with	minimal	thickness.	The	recommended	assembly	and	modification	
process	of	this	actuation	unit	is	described	below.	

1) Mill	out	the	hole	pattern	and	shoulder	on	the	metal	interface	of	the	Maxon	EC	90	flat	
motor	for	the	strain	wave	gear.		

2) Cut	the	shaft	length	of	the	Maxon	EC	90	to	0.592	in.	
3) Press	IC	#2	onto	the	shaft	of	the	Maxon	EC	90.		
4) Assemble	IC	#1	and	the	wave	generator	of	the	strain	wave	gear.	
5) Align	the	flexspline	and	circular	spline	assembly	with	the	hole‐pattern	from	1).	
6) Install	IC	#3	on	the	product	of	step	5).		
7) Slide	the	product	of	step	4)	onto	the	product	of	step	3),	and	fasten	the	screws.		
8) Press	the	magnet	onto	the	Output	Link.	
9) Install	the	product	of	step	8)	onto	the	product	of	step	5)	
10) 	Install	the	absolute	magnetic	encoder	on	EC	#1.	
11) 	Install	the	product	of	step	10)	onto	IC	#3.		

A	comparison	of	the	two	hip	actuation	units	is	summarized	in	Table	4.	Future	work	
remains	to	further	develop	cost‐effective	and	low	profile	actuation	units	that	can	be	used	
by	users	who	weigh	more	than	170	pounds.	 			

Table	3.		Maxon	EC	90	Flat	Motor	Characteristics	

R	(Ω)	 KT	
(Nm/A)	

KB	
(V/rad/s)

KM	
(Nm/√ )

TPR	
(oC/W)	

2.26	 0.217	 0.217	 0.144	 2.99	
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Figure	26.	Cross‐sectional	view	of	an	actuation	unit	with	the	Maxon	EC	90.	
	

Table	4.	Comparison	of	Two	Motor	Designs	

	

DC	Motor	 Emoteq,	Frameless	 Maxon	EC	90,	Housed	

Strain	Wave	Gear	 Unhoused	Components	 Housed,	Assembled	Gearset	

Assembly	 Complicated	 Simple	

Diameter	 4.5”	 3.8”		

Thickness	 1.8”	 2.5”	+	cover	(not	shown,	0.25”)	

Weight	 3.5	lb	 3	lb	

User	Weight	Limit	 200	lb	 170	lb	



31	
	

4.	Modular	Exoskeleton	

Target	users’	specific	conditions	and	needs	must	be	thouroughly	considered	to	develop	an	
effective,	widely	accepted	mobile	exoskeleton	system.	Among	paralyzed	individuals,	one	
crucial	user	need	that	varies	significantly	is	the	amount	of	support	required	from	the	
exoskeleton	for	balancing.	Even	within	a	paraplegic	patient	group,	there	is	a	broad	range	of	
patient	abilities	for	sustaining	upper	body	control	after	injury.	While	a	given	amount	of	
support	from	the	exoskeleton	might	not	suffice	for	certain	patients	(in	which	case	the	
patient	may	not	be	able	to	use	the	device),	the	same	amount	of	support	could	be	excessive	
and	impeding	for	other	patients	who	sustain	more	muscle	control.	

Human	hip	joints	are	often	described	as	ball	joints,	which	have	degrees	of	freedom	in	all	
three	body	planes:	flexion	and	extension	in	the	sagittal	plane,	adduction	and	abduction	in	
the	frontal	plane,	and	external	and	internal	rotation	in	the	transverse	plane.	While	hip	
extension	and	flexion	are	the	main	sources	of	bipedal	locomotion,	ab/adduction	and	
internal/external	rotation	also	contribute	to	numerous	kinds	of	maneuvers	and	balancing,	
as	long	as	the	individual	retains	the	control.	Being	able	to	provide	an	adequate	level	of	
support	and	freedom	based	on	the	wearer’s	physical	condition	is	critical	for	device	
usability.		

Existing	powered	exoskeletons	have	a	“one	exoskeleton	for	all”	approach,	with	a	fixed	
amount	of	support.	This	limits	the	user	group	to	those	who	need	the	exact	level	of	support	
the	device	provides,	which	oftentimes	is	not	optimal	for	patients.	Moreover,	being	able	to	
change	the	support	levels	is	beneficial	for	both	users	and	practitioners.	This	allows	
practitioners	to	recommend	first	time	users	to	start	with	full	support,	then	gradually	lower	
the	support	level	for	more	natural	movement	as	the	patient	gets	accustomed	to	the	device	
and	develops	balancing	skills.		

In	light	of	this,	a	trunk	exoskeleton	module	that	comprises	powered	hip	actuators	and	
lockable	joints	that	provide	different	support	levels	was	developed.	This	exoskeleton	
module	can	be	used	either	by	itself	or	with	other	knee	modules.	Its	configurable	
architecture	creates	versatile	support	levels	for	patients	and	non‐injured	users.	The	trunk	
exoskeleton	module,	a	pair	of	knee	modules,	and	a	pair	of	AFO	can	be	combined	to	form	a	
full	body	exoskeleton.	This	chapter	discusses	an	overview	of	the	hardware	design	and	
possible	configurations	of	the	design,	which	opens	assistive	opportunities	to	several	types	
of	users	which	includes	non‐injured	people.			

4.1	Mobility	Spectrum	
As	briefly	explained	above,	it	appears	that	each	paralyzed	patient’s	sustaining	mobility	
level	varies	significantly.	Therefore,	the	recommended	device’s	range	of	motion	has	to	be	
fitted	according	to	an	individual’s	injury	level	and	physical	conditions.	Fig.	27	illustrates	the	
“mobility	spectrum”	to	aid	in	the	understanding	of	the	different	user	conditions	and	needs.	
The	color	density	of	the	spectrum	stands	for	the	mobility	of	the	user.	For	example,	a	
paralyzed	user	group	with	a	high	injury	level	and	low	residual	muscle	control	falls	on	the	
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left	side	of	the	spectrum.	Patients	in	this	user	segment	may	require	a	larger	amount	of	
support	from	the	device	which	can	constrain	their	uncontrolled	movements	with	higher	
device	rigidity.	This	is	achieved	using	locked	joints	(except	for	the	hip	and	knee	during	
extension	and	flexion),	shoulder	straps,	a	corset,	shin	guards,	etc.	Patients	with	lower	
injury	levels	who	sustain	greater	muscle	control	fall	on	the	right	side	of	the	spectrum.	A	
limited	range	of	motion,	locked	joints,	and	additional	strappings	may	impede	their	natural	
movements.			

	

	

Figure	27.		Mobility	spectrum	of	the	injured	user	group.	
	
It	was	noted	that	patients	attaining	high	mobility	who	are	on	the	very	right	side	of	the	
mobility	spectrum	in	Fig.	27	have	similar	needs	as	the	elderly,	or	those	who	are	not	
severely	injured	yet	require	an	assistive	exoskeleton	system.	This	overlap	in	needs	and	
preferences	despite	being	under	different	physical	conditions	naturally	raises	a	question	to	
us	‐	what	if	we	further	extend	this	mobility	spectrum	to	the	right	side?	To	the	right	side	of	
this	mobility	spectrum,	there	will	be	individuals	with	higher	mobility,	such	as	industry	
workers	and	soldiers	(Fig.	28).		

	

Figure	28.		Extended	mobility	spectrum.	
	
Currently,	technology	exists	only	for	a	few	discrete	segments	of	this	spectrum.	However,	
design	modularity	can	fulfill	the	full	range	of	the	spectrum	and	fill	gaps	in	device	
availability	between	segments	on	the	spectrum.			

Exoskeletons	for	paralyzed	patients	were	discussed	in	Section	2.3	and	Chapter	3.	As	
mentioned	in	previous	sections,	they	have	limited	use	for	patients	with	certain	conditions.	
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Fig.	29	(a)	shows	the	Human	Universal	Load	Carrier	(HULC)	[42],	an	exoskeleton	for	
soldiers.	HULC	evolved	from	the	UC	Berkeley’s	Berkeley	Lower	Extremity	Exoskeleton	
(BLEEX)	[15‐17],	and	is	licensed	to	the	Lockheed	Martin	Corporation.	The	HULC	uses	
hydraulic	actuators	with	high	power	density	to	help	soldiers’	heavy	loads	carrying.	Fig.	29	
(b)	shows	Honda’s	Stride	Management	Assist.	It	has	two	electric	hip	actuators	without	knee	
joints,	and	assists	flexion	during	walking	[43].	It	is	designed	for	“individuals	with	weakened	
muscles	who	are	still	able	to	walk”	[44],	and	is	currently	undergoing	a	clinical	trial	for	
stroke	rehab	at	the	Rehabilitation	Institute	of	Chicago.	Even	though	Honda’s	original	target	
user	group	includes	people	with	various	physical	conditions,	the	device	does	not	include	
customizable	features	in	terms	of	range	of	motion	and	level	of	support	for	different	
individuals	[45].		

	
																																																											(a)																																																												(b)	

Figure	29.		(a)	Human	Universal	Load	Carrier	(HULC)	[42].	(b)	Stride	Management	Assist	[44].	
	
Table	5	shows	the	major	differences	among	exoskeleton	systems	for	different	user	groups	
which	require	varying	ranges	of	motion,	levels	of	balancing	support,	speeds	of	walking,	and	
types	of	user	interfaces.	For	example,	a	limited	range	of	motion	and	a	substantial	amount	of	
balancing	support	is	required	for	a	paraplegic	patient	with	a	high	injury	level.	For	this	
patient,	the	recommended	walking	speed	would	be	slower	than	that	of	a	soldier.	The	
suggested	user	interfaces	for	these	two	users	are	also	highly	different.	For	the	paraplegic	
patient,	it	is	recommended	that	more	cautious	steps	be	taken	when	the	user	or	practitioner	
explicitly	commands	the	step,	for	instance,	by	pressing	buttons.	In	contrast,	a	soldier	with	
complete	muscle	control	and	high	agility	would	prefer	to	walk	without	explicit	step	
commands	to	the	device.	Among	these	four	varying	device	characteristics,	three	features	–	
recommended	range	of	motion,	level	of	support,	and	speed/power	–	are	closely	related	to	
the	hip	joint	design.	Therefore,	the	trunk	exoskeleton	module	with	lockable	joints,	which	
essentially	creates	varying	levels	of	support	and	ranges	of	motion,	was	designed	to	satisfy	
different	user	needs	without	requiring	completely	re‐customized	systems	for	each	user.			
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Table	5.		Different	Exoskeleton	Features	for	Different	User	Groups.	

	
*	Refer	to	Chapter	5	for	more	information	on	explicit	and	implicit	UIs.		

4.2	Hardware	Design	Overview	
To	differentiate	device	support	levels	for	users	with	varying	mobility,	the	device	should	
include	all	biological	degrees	of	freedom,	but	allow	users	to	disable	any	degrees	of	freedom	
at	any	time.	One	way	of	achieving	this	function	is	through	powered	actuators	which	are	
controlled	by	a	user	or	practitioner.	Most	powered	exoskeletons,	including	the	minimally‐
actuated	low	profile	exoskeleton	discussed	in	Chapter	3,	already	have	this	powered	
actuation	for	hip	extension	and	flexion.	However,	adding	additional	powered	degrees	of	
freedom	increases	size,	weight,	and	cost	of	the	device	due	to	additional	required	
infrastructure	such	as	batteries,	sensors,	and	controllers.	Since	hip	adduction,	abduction,	
and	rotation	have	little	influence	on	bipedal	ambulation,	it	was	decided	to	achieve	these	
additional	degrees	of	freedom	via	passive,	unactuated	mechanical	joints	with	locking	
features.	This	minimizes	the	size,	weight,	and	cost	of	the	device	while	allowing	different	
device	support	levels.		

Ideally,	all	joints	that	provide	degrees	of	freedom	should	be	located	within	the	biological	
hip	joint	to	achieve	natural	movement.	However,	orthotic	devices	(unlike	prosthetics)	have	
geometric	limitations	which	require	offsetting	the	device	joint	from	the	biological	joint	in	
the	frontal	plane.	Also,	it	is	very	challenging	to	create	a	ball	joint	system	with	comparable	
size	and	weight	that	mimics	the	human	hip	joint	with	partially	powered	and	partially	
passive	components.	Therefore,	it	was	decided	to	locate	the	hip	adduction	and	abduction	
joints	at	two	different	places	on	the	exoskeleton	–	one	on	the	lower	back	and	the	other	on	
the	upper	thigh	as	close	as	possible	to	the	hip	joint.	While	the	lower	back	abduction	joint	
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provides	limited	abduction	and	adduction,	the	additional	joint	on	the	upper	thigh	is	
equipped	with	a	higher	range	of	motion	to	compensate	for	inaccuracies	in	device	
movements.	A	rotational	joint	is	also	located	on	the	upper	thigh	in	conjunction	with	the	
abduction	joint	(Fig.	30,	Fig.	31).	

These	joints	are	all	free,	passive,	mechanical	joints	that	comply	with	the	wearer’s	motion	
without	impeding	or	amplifying	movement.	Specific	degrees	of	freedom	can	be	constrained	
by	inserting	pins	into	pre‐designed	locations	on	the	device.		

	

Figure	30.	Overview	of	the	hip	module	with	additional	abduction,	adduction,	and	rotation	joints.	
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Figure	31.		Abduction,	adduction,	and	rotation	joints.	
	
This	trunk	exoskeleton	module,	which	is	equipped	with	additional	lockable	joints,	can	be	
worn	either	by	itself	or	in	combination	with	multiple	different	knee	technologies,	which	
were	developed	in	the	Berkeley	Robotics	and	Human	Engineering	Lab	at	UC	Berkeley.	
Certain	types	of	patients	(such	as	patients	who	retain	control	in	their	lower	legs	or	the	
elderly)	can	benefit	from	the	trunk	exoskeleton	module	by	itself,	without	added	knee	and	
ankle	supports.	Similarly,	any	able‐bodied	user	with	mobility	can	receive	gait	assistance	
and	lower	energy	consumption,	as	the	similar	effect	was	achieved	in	previous	military	
exoskeleton	systems	using	hydraulic	actuators	[15‐17].	The	device	can	also	provide	
assistance	or	augment	various	user	maneuvers	associated	with	industrial	work.	The	
configurable	architecture	and	programmable	controller	of	the	system	allow	industry	
workers	to	wear	this	exoskeleton	to	gain	support	for	repetitive,	strenuous	work	
movements–	for	example,	lifting	work	in	a	warehouse	or	assembly	work	in	a	
manufacturing	facility	where	the	worker	needs	to	bend	his/her	back.	However,	further	
development	of	different	modes	of	operation	according	to	the	user’s	posture	is	required	for	
these	applications.		
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Fig.	32	summarizes	example	of	the	uses	of	the	trunk	exoskeleton	module	with	additional	
lockable	joints.	The	design	accommodates	various	combinations	of	actuation	units	with	
different	power	levels,	and	several	kinds	of	knee	modules.		

	
	

	
1. Gait	Assist	Knee	Module	is	a	passive	knee	module	developed	for	

a	low	profile	exoskeleton,	discussed	in	Chapter	3.	
2. Squat	Assist	Knee	Module	is	a	passive	knee	module	developed	in	

the	Berkeley	Robotics	and	Human	Engineering	Lab.		
Figure	32.		Example	uses	of	the	trunk	exoskeleton	module,	by	itself	and	in	combination	with	two	

different	knee	modules.	

4.3	Assessment	of	the	Modular	System		
The	trunk	exoskeleton	module	was	tested	by	a	32‐year‐old	male	who	retained	partial	
muscle	control	in	his	legs	after	his	T9	incomplete	SCI.	For	this	individual,	the	abduction	and	
rotation	joint	on	the	upper	thigh	(6	in	Fig.	30	and	Fig.	31)	were	disabled,	while	the	
ad/abduction	joint	on	the	lower	back	(1)	was	activated.	Fig.	34	shows	photos	of	the	hip	
module	worn	by	the	test	pilot	while	walking	with	the	trunk	exoskeleton	module.		

The	device’s	range	of	motion	and	degrees	of	freedom	were	experimentally	verified	by	two	
healthy	individuals	without	mobility	disorders.	When	joints	1,	5,	and	6	were	activated,	
able‐bodied	wearers	were	able	to	perform	various	movements	and	achieve	different	
postures	without	device	impedance.	Some	of	the	postures	are	shown	in	Fig	33.		
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Figure	33.		The	trunk	exoskeleton	module	worn	by	a	healthy,	non‐injured	individual.	
	

	
Figure	34.		The	trunk	exoskeleton	module	worn	by	an	incomplete	T9	SCI	patient.	

	

However,	when	the	able‐bodied	wearer	fully	squatted	with	his/her	hips	abducted,	the	
device	conformation	was	not	ideal.	With	joints	1,	5,	and	6	activated,	the	device	was	not	able	
to	fully	comply	with	a	squatting	posture	even	though	the	wearer	was	able	to	achieve	and	
maintain	the	posture.	Throughout	this	empirical	analysis,	it	was	found	that	additional	
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abduction	joints	along	axis	9	in	Fig.	35	with	a	limited	range	of	motion	significantly	increase	
conformity	to	the	wearer	during	squatting.	The	benefit	of	a	full	range	of	freedom	on	joints	9	
and	1	remains	debatable.		

	

Figure	35.		Overview	of	the	hip	module	with	a	compensated	abduction	joint	axis	indicated.	
	
System	modularity	simplifies	the	customization	for	each	user’s	specific	needs	by	merely	
adding	or	swapping	different	modules	based	on	user	abilities.	Accurately	aligning	device	
joints	to	the	wearer’s	biological	hip	joints	while	providing	propulsion	assistance	with	
powered	actuators	appears	to	be	a	challenging	problem.	Especially	in	regard	to	hip	
abduction	and	adduction	for	able‐bodied	users,	it	is	critical	to	comply	with	joint	
movements	to	augment	endurance.	Therefore,	exploring	more	possibilities	for	joint	
locations	to	permit	various	movements,	such	as	squatting,	lunging,	and	hip	abduction	
walking,	and	diversifying	actuation	units	remain	as	future	work.	Enhancing	modularity	in	
design	will	not	only	augment	available	mobility	solutions	for	various	kinds	of	individuals,	
but	also	fill	the	gaps	of	available	devices	across	the	mobility	spectrum.		 	
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5.	User	Interface	Module	Design		

State‐of‐the‐art	medical	exoskeletons	use	various	user	input	receiving	methods	which	can	
be	categorized	into	two	different	groups:		

1) Sensing	a	user’s	intent	to	walk	from	his/her	posture.		For	example,	the	system	can	
measure	the	ground	reaction	force,	center	of	pressure,	etc.			

2) Receiving	explicit	commands	from	the	wearer	via	direct	user	input,	such	as	buttons.		

The	advantage	of	the	first	method	is	that	it	requires	minimal	user	effort	to	issue	commands.	
However,	because	of	the	limited	mobility	and	muscle	control	of	the	intended	users,	this	
implicit	UI	has	the	potential	risk	of	misinterpreting	the	wearer’s	posture,	which	can	result	
in	falling.	Studies	have	shown	that	the	implicit	UI	of	ReWalkTM	results	in	a	unique	pattern	of	
control	for	walking	in	individuals	with	SCI;	patients	with	lower	injury	levels	show	better	
walking	performances	and	also	progress	more	rapidly	[46].	Meanwhile,	explicit	UIs	such	as	
the	systems	used	in	Rex	and	AUSTIN,	require	more	user	effort	to	command	steps	via	
joysticks	or	buttons.	Still,	they	are	the	preferred	exoskeleton	operation	methods	for	
patients	with	higher	injury	levels	because	they	minimize	the	mistriggering	risks	resulting	
from	the	user’s	weakened	motor	control.	Yet,	this	device‐coupled	UI	design	also	could	
result	in	limited	usability	by	different	users	whose	hand/finger	sizes	vary	(Fig.	36).		

As	mentioned	in	Chapter	4,	design	modularity	increases	device	usability	by	providing	
opportunities	to	augment	solutions	for	different	user	groups.	Therefore,	this	chapter	
discusses	an	explicit,	user‐coupled	UI	design	as	an	exclusive	module	for	paralyzed	
individuals.	Here	the	term	coupled	derives	from	the	term	coupling	of	mechanical	
components	in	mechanical	engineering.	In	particular,	we	focus	on	a	user	study	that	consists	
of	interviews	and	usability	tests	of	a	prototype.	Based	on	observations	and	interviews	
conducted	as	a	part	of	this	study,	the	primary	user	needs	for	a	UI	are	defined	as	follows:	

1) Intuitiveness		
:	The	interface	should	be	easy	to	learn	and	use.		

2) Comfort		
:	The	physical	interface	should	be	comfortable	and	comply	with	the	user’s	body	
shape	and	skeletal	structure.		

3) Information	feedback		
:	Information	feedback	allows	the	wearer	to	better	engage	with	the	exoskeleton	
system.	Unlike	the	closed‐loop	nervous	system	of	the	human	body,	exoskeletons	are	
external	and	artificial.	Ideally,	the	feedback	system	will	compensate	for	a	user’s	
impaired	perception	of	his/her	own	position,	pressure,	and	orientation	with	respect	
to	gravity	for	balancing.	Moreover,	for	safety,	the	user	should	be	able	to	monitor	and	
maintain	full	control	over	the	motion	of	the	exoskeleton.		

4) Independence		
:	The	UI	should	interfere	minimally	with	the	user’s	other	natural	movements	and	
allow	the	user	to	don,	doff,	and	operate	the	exoskeleton	by	himself/herself.		
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Figure	36.		An	example	of	a	device‐coupled	UI.	A	two‐way	button	is	attached	on	a	walker	handle.	Note	
that	the	switch	is	integrated	into	a	walker	handle	(device‐coupled).	The	two‐way	switch	gives	two	

different	signals	according	to	the	direction	a	user	triggers	the	switch	(up	or	down).		

5.1	Schematics	of	Explicit	User	Interface		
The	explicit	UI	of	the	exoskeleton	switches	the	state	of	the	machine	from	one	state	to	the	
other	when	the	user	issues	input	commands	via	means	of	input,	such	as	buttons.	In	a	
simple	form	of	walking	operation	with	exoskeletons,	there	are	four	different	states	of	the	
machine:	1)	left	leg	forward,	2)	right	leg	forward,	3)	feet	together	(standing),	and	4)	seated	
down.	With	the	walking	scheme	shown	in	Fig.	37,	at	least	two	buttons	‐	the	simplest	way	of	
giving	two	different	signals	‐	are	required	for	the	user	to	switch	between	states.	For	
example,	when	the	wearer	is	standing	(feet	together),	he/she	can	press	either	button	A	to	
start	walking	by	moving	his/her	left	leg	forward,	or	button	B	to	sit	down.	With	this	walking	
scheme,	the	user	can	sit	down	only	if	his/her	feet	are	together,	and	the	wearer	always	must	
start	walking	with	his/her	left	leg.	Clearly,	there	are	multiple	approaches	to	mapping	these	
commands,	possibly	using	more	buttons.				

Two	different	exoskeleton	finite	state	machines	(i.e.,	walking	operation	schemes)	were	
suggested	and	evaluated	via	usability	tests	and	interviews.	The	first	finite	state	machine	is	
called	“Singleton”,	as	shown	in	Fig.	36.	In	the	Singleton	method,	the	user	presses	the	same	
button	for	each	step.	For	example,	the	user	presses	button	A	for	the	first	step	→	button	A	
again	for	the	second	step	→	(continue)	→	button	B	to	stand	up	(feet	together)	→	button	B	
again	to	sit	down.		

The	second	finite	state	machine	is	called	“Alternating”,	because	the	user	alternates	buttons	
as	 his/her	 stepping	 legs	 alternate.	 Essentially,	 different	 buttons	 are	 used	 to	 step	 with	
different	legs.	For	example,	in	an	alternating	scheme,	the	user	presses	button	A	for	the	left	
step	→	button	B	for	the	right	step	→	button	A	again	for	the	left	step	→	(continue)	→	both	
buttons	(or	an	allocated	third	button,	button	C)	to	bring	the	feet	together	and	sit	down.	This	
procedure	is	illustrated	in	Fig.	38.	
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Figure	37.		An	exoskeleton	finite	state	machine	(Singleton).		
	

	

Figure	38.		Alternating	finite	state	machine.	
	

The	two	aforementioned	methods	were	suggested	and	evaluated	by	eight	individuals	with	
mobility	disorders,	via	interviews	and	usability	tests	with	the	low‐fidelity	UI	prototype,	
which	is	described	in	the	following	sections.	Because	the	potential	users’	preference	in	
walking	schemes	may	highly	affect	the	hardware	design,	it	was	important	to	identify	the	
preferred	mapping	prior	to	high‐fidelity	prototype	development.		
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5.2	Overview	of	UI	Prototype	
Several	versions	of	low‐fidelity	prototypes	have	been	developed	to	simulate	a	new	UI	and	
elicit	feedback	from	potential	users	during	the	testing	phase.	Internal	concept	scoring	was	
conducted	to	select	the	new,	user‐coupled	UI	concept.	The	scoring	used	criteria	based	on	
the	primary	user	needs	–	intuitiveness,	comfort,	feedback,	and	independence.	Throughout	
this	process,	a	“glove	UI”	featuring	a	glove	with	buttons	attached	to	the	fingertips	and	an	
LED	display	mounted	on	the	inside	of	the	wrist	(Fig.	39	(a))	was	selected	as	a	proposed	
next	generation	UI	for	medical	exoskeletons.	This	glove	UI	retains	the	concept	of	using	the	
wearer’s	fingers	to	operate	an	exoskeleton,	while	it	is	no	longer	device‐coupled	as	it	was	in	
the	previous	UI	design.	Fig.	39	(b)	shows	a	wheelchair	user	wearing	the	prototype.	This	
prototype	uses	white	stripes	for	better	visualization	of	the	black	glove,	while	buttons	are	
attached	to	all	five	fingers	to	determine	preferred	button	locations.		

This	new	UI	concept	is	designed	to	be	more	user‐centered	than	previous	device‐coupled	
UIs,	and	accommodates	different	users’	hand	sizes	and	gripping	preferences.	Also,	it	is	
intended	to	provide	visual	feedback	to	the	user	via	a	display	monitor.	Information	shown	
on	the	monitor	includes	On/Off	status,	battery	life,	and	quick	instructions	for	exoskeleton	
operation.	

	

	 	

																																																	(a)																																																																																(b)	
Figure	39.		(a)	The	three	components	of	the	Glove	UI	prototype.	(b)	A	participant	wearing	the	

prototype.	
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5.3	Glove	UI	Evaluation:	Methods	
The	goal	of	this	evaluation	was	to	find	the	potential	users’	preferences	regarding	glove	
types,	button	numbers,	display	locations,	and	walking	schemes.	Our	hypothesis	was	that	
the	potential	users	would	prefer	to	have	the	simplest	hardware	and	walking	scheme	with	
limited	maneuvers,	rather	than	more	complex	walking	schemes	with	more	elaborate	
maneuvers.		

5.3.1	Patricipants	Overview	

A	total	of	eight	individuals	with	mobility	disorders	participated	in	this	evaluation.	A	brief	
profile	of	the	participants	is	as	follows:	

1) Participant	1:	30‐year‐old	male	and	relatively	new	crutch	user	due	to	his	recent	
ankle	injury.		

2) Participant	2:	28‐year‐old	male	and	12‐year	crutch	user	after	SCI	resulting	from	a	
snowboarding	accident.	

3) Participant	3:	34‐year‐old	female	and	lifetime	cane	or	single	crutch	user	due	to	
congenital	leg	abnormalities.		

4) Participant	4:	24‐year‐old	male	and	5‐year	manual	wheelchair	user	after	SCI	
resulting	from	a	car	accident.			

5) Participant	5:	27‐year‐old	male	and	12‐year	wheelchair	user	after	SCI	resulting	from	
a	motorcycle	accident.	

6) Participant	6:	24‐year‐old	female	and	2‐year	wheelchair	user	after	SCI	resulting	
from	a	car	accident.	

7) Participant	7:	42‐year‐old	male	and	20‐year	powered	wheelchair	user	after	SCI	
resulting	from	a	car	accident.	

8) Participant	8:	33‐year‐old	female	and	2‐year	single	crutch	and	KAFO	user	after	knee	
injury.		

	
Feedback	was	collected	from	all	the	participants	via	interviews	and	usability	tests	with	
participants	1),	2),	3),	and	4).	

5.3.2	Interviews		

Interviews	were	conducted	at	several	locations	where	people	with	mobility	disorders	
frequently	visit.	One	of	these	places	is	the	Ed	Roberts	Campus	located	in	Berkeley,	California.	
Both	guerilla	and	scheduled	interviews	were	conducted	with	a	variety	of	potential	users	
with	mobility	disorders.	A	short	list	of	questionnaires	was	prepared	to	obtain	basic	
demographic	data	from	the	participants	before	the	interviews.	Given	the	relatively	small	
sample	size,	it	was	critical	to	coordinate	in‐depth	interviews	such	that	they	were	
immediately	followed	by	usability	tests	to	thoroughly	explore	opinions	on	the	glove	UI	
prototype.			
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5.3.3	Usability	Tests:	Materials	and	Procedure	

Usability	tests	were	conducted	with	four	individuals	with	mobility	disorders	–	participants	
1),	2),	3),	and	4).	For	usability	testing,	the	participants	were	given	the	glove	UI	prototype	
shown	in	Fig.	39,	and	asked	to	demonstrate	how	they	would	walk	with	their	mobility	aid	
while	wearing	the	glove	UI.	Detailed	foci	on	the	usability	test	are	described	as	follows:		

1)	Glove	Type	
The	glove	prototype	used	for	this	usability	test	is	shown	in	Fig.	39.	The	participants	were	
asked	for	their	opinions	on	the	glove	material.	In	particular,	whether	the	fabric	was	too	
thick	or	thin,	and	whether	the	coverage	of	the	glove	over	the	hand	was	too	much	or	too	
little.		

2)	Grip	and	Buttons	
The	grip	used	by	individuals	with	mobility	disorders	to	hold	their	crutches	or	walkers	
varies	widely	with	hand	size,	mobility	aid	type,	and	grip	type.	Depending	on	these	factors,	a	
user’s	preference	for	button	locations	may	differ	for	ease	of	use	and	accurate	triggering.	To	
determine	their	preferences,	participants	were	asked	to	hold	the	grip	of	their	mobility	aid	
while	wearing	the	glove	UI	prototype,	and	to	select	their	preferred	buttons	among	those	
attached	to	the	fingertips	of	the	glove	UI	prototype.		

The	participants	were	also	asked	for	their	opinions	on	the	numbers	and	types	of	buttons.	
They	were	asked	to	choose	at	least	two	buttons	for	simple	operations,	and	more	buttons	
for	other	possible	functions	or	more	elaborate	exoskeleton	maneuvers.	

3)	UI	Scheme,	or	Walking	Method	Preference	
Two	different	UI	schemes	described	in	Section	5.1	were	explained	to	the	participants.	Then,	
participants	were	asked	to	simulate	walking	with	the	two	different	schemes	using	their	
button	preferences	from	the	previous	part	of	the	usability	test.	The	participants	were	asked	
to	follow	each	walking	scheme	in	Fig.	37	and	Fig.	38	three	times.	After	this	simulation,	the	
participants	were	asked	to	describe	their	preferences	and	opinions	regarding	the	two	
different	schemes.		

4)	Feedback	Display	Module	Position	
The	display	module	contains	an	LED	screen	that	is	capable	of	displaying	various	types	of	
information,	such	as	the	system	status,	battery	life,	wireless	connectivity,	and	error	
diagnostics	when	applicable.	The	participants	were	asked	to	find	the	position	of	the	display	
module	where	they	could	receive	information	at	a	glance	while	operating	the	exoskeleton.	
This	test	was	intended	to	learn	the	users’	preferences	for	locations	of	the	display	module,	
which	may	differ	from	the	type	of	mobility	aid	and	its	grip.		
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Figure	40.		Usability	test	of	the	glove	UI	prototype.	

5.4	Results	and	Design	Recommendations	
Based	on	feedback	from	the	interview	and	usability	test	user	research,	design	suggestions	
regarding	four	different	components	of	the	next	generation	glove	UI	are	summarized	in	this	
section	(Table	6).			

5.4.1	Glove	Type	

Based	on	findings	from	the	usability	tests	and	interviews,	adopting	one	type	of	all‐inclusive	
glove	for	this	application	to	meet	various	user	needs	appears	to	be	challenging	due	to	
conflicting	preferences	among	potential	users.	Manual	wheelchair	users	preferred	thick,	
durable	gloves	to	protect	their	hands	while	using	a	wheelchair	and	wearing	a	medical	
exoskeleton.	However,	a	full	glove,	even	with	thin	material	was	not	favored	by	other	user	
groups	because	of	its	unnecessary	coverage	which	can	cause	unpleasant	heating	of	the	
user’s	hand.	Therefore,	finger	sleeves	are	recommended	instead	of	a	full	glove.	Finger	
sleeves	better	facilitate	variations	in	users’	hand	sizes,	grip	preferences,	and	preferences	
for	glove	material	for	both	wheelchair	users	and	non‐wheelchair	users	by	offering	the	
option	of	wearing	the	glove	UI	on	top	of	any	other	gloves.		

5.4.2	Number	of	Buttons	

All	participants	responded	favorably	toward	tactile	feedback	from	momentary	switches	on	
the	prototype.	Given	the	possible	finite	state	machines	of	an	exoskeleton,	at	least	two	
buttons	are	required	(as	stated	in	Section	5.1).	For	more	elaborate	maneuvering	of	the	
machine,	three	buttons	can	be	considered.	However,	it	appears	that	potential	users	prefer	
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two	buttons	due	to	its	inherent	simplicity	and	minimal	interface.	Six	out	of	eight	
participants	responded	that	they	would	prefer	to	have	a	simple,	minimal	UI	with	limited	
function	rather	than	more	buttons	with	additional	maneuvers.	Regarding	the	potential	
users’	limited	control	of	their	lower	body	and	lack	of	experience	with	exoskeleton	
technology,	simplicity	should	be	considered	as	one	of	the	most	important	attributes	in	UI	
design.				

5.4.3	Walking	Operation	Scheme	

The	Singleton	method	was	the	preferred	walking	operation	scheme;	a	majority	of	test	
participants	perceived	the	Singleton	method	as	more	intuitive	and	easier	to	operate.	
Despite	its	flexibility,	the	Alternating	method	was	deemed	too	complicated	for	beginners.	
An	argument	remains	to	keep	the	Alternating	method	as	an	option	for	more	experienced	
users.	Key	quotations	from	the	participants	on	these	potential	walking	schemes	are	as	
follows:	

“I’m	thinking	about	a	computer	game.	Some	people	prefer	using	fewer	but	more	intuitive	
commands,	but	I	like	to	use	more	granular	ones.	But	for	right	now,	I	like	the	Singleton	option	
since	I	am	new	to	this	system.”		

“After	a	while	if	it	was	something	that	I	had	to	do	regularly,	like,	say,	drive	a	car,	it	would	
probably	just	become	second	nature	because	I	would	train	myself	to	click	only	one.”		

Similar	to	the	result	of	the	previous	user	testing,	it	appeared	that	simplicity	and	
intuitiveness	were	the	key	factors	for	the	potential	users’	preferences,	especially	for	those	
who	have	no	experience	wearing	exoskeletons.								

5.4.4	Display	Module	Position	

Participants	showed	different	preferences	regarding	the	display	module’s	angle	and	
position.	Walker,	crutch,	and	wheelchair	users	view	the	display	from	different	angles	due	to	
their	different	grips.	Therefore,	it	is	recommended	to	have	an	adjustable	display	module	
position	with	easy	attachment	methods,	such	as	Velcro.		
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Table	6.	Summary	of	UI	Assessment	

	

	

5.5	Implementation	of	the	User	Study		
Finger	gloves,	two	buttons,	the	singleton	walking	method,	and	an	adjustable	display	
position	were	the	final	design	recommendations	based	on	the	UI	assessment.	A	high‐
fidelity	prototype	was	developed	to	incorporate	most	of	these	results	of	this	user	study.	
Details	of	the	electric	components	used	in	this	design	can	be	found	in	[47].	As	shown	in	Fig.	
41	and	42,	this	UI	contains	two	buttons	(1)	attached	to	finger	sleeves	(2),	and	is	a	Singleton	
finite	state	machine.	It	further	comprises	a	display	module	(5)	and	controller	box	(6)	which	
encloses	a	controller	that	wirelessly	communicates	with	the	main	controller	of	the	
exoskeleton	(3).	The	controller	box	also	contains	a	vibration	motor	to	provide	haptic	
feedback	to	the	wearer	(not	shown).	Two	finger	sleeves	can	be	worn	on	any	fingers	of	the	
user’s	preferred	hand.	The	display	module	(5)	provides	the	status	of	the	exoskeleton	to	the	
wearer	as	visual	feedback.	Information	may	include	swing/stance	leg	states,	knee	joint	
status,	and	battery	life.		

With	further	implementation	of	sensors,	this	UI	can	provide	further	information	on	the	
wearer’s	center	of	pressure,	which	could	aid	with	balance	for	wearers	with	higher	injury	
levels.	Other	future	work	on	this	UI	design	includes	preventing	mistrigger	via	a	time‐out	
lock	and/or	object‐dependent	trigger,	and	modifying	the	design	to	easily	relocate	the	
display	module	to	each	user’s	preferred	location.	
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Figure	41.		Finger	glove	UI	overview.	
	

	

Figure	42.		Finger	Glove	UI	with	visual	and	haptic	feedback.	

	 	



50	
	

6.	Discussions	on	Exoskeleton	User	Testing		

This	chapter	covers	user	testing	of	the	minimally‐actuated	medical	exoskeleton	and	the	
trunk	exoskeleton	module	with	paraplegic	individuals.	A	brief	overview	of	test	participants	
is	given,	and	details	of	user	testing	procedures	are	discussed	to	provide	a	user	testing	
guideline.	Six	archetypal	personas	based	on	user	testing	are	introduced	at	the	end	of	this	
chapter.		

To	the	best	of	our	knowledge,	there	is	no	fundamental	analysis	of	user	testing	procedure	
for	medical	exoskeletons	with	paralyzed	patients.	The	goal	of	the	user	testing	is	to	not	only	
test	the	performance	of	the	exoskeletons	devices,	but	also	to	provide	user	experience	of	
“re‐learning	to	walk”	via	field	of	promoted	action.	Thus,	the	importance	of	the	effective	and	
structured	early	stage	user	testing,	or	patients’	learning	processes,	should	be	
acknowledged.	Also,	the	user	testing	process	as	well	as	the	outcomes	should	be	considered	
during	the	design	stage	to	facilitate	learning	and	testing.		

Exoskeleton	wearers	tend	to	learn	at	their	own	pace,	which	can	range	from	relatively	fast	
to	relatively	slow.	Learning	curves	can	be	influenced	by	various	factors,	such	as	users’	
injury	levels,	physical	conditions,	times	of	injury,	past	rehabilitation	experiences,	and	
motivations.	During	medical	exoskeleton	training,	patients	develop	new	utilization	
schemas	via	scaffolded	interactions	that	are	mediated	by	the	technology,	and	guided	by	the	
trainers	consisting	of	engineers	who	developed	the	medical	exoskeleton.	Here	the	term	
scaffolded	is	used	from	scaffolding	theory	[48]	introduced	by	J.	Bruner,	a	cognitive	
psychologist.	In	his	scaffolding	theory,	instructional	scaffolding	is	a	learning	process	
designed	to	promote	a	deeper	level	of	learning.	Scaffolding	theory	was	developed	to	better	
understand,	explain	and	facilitate	children’s	learning	procedures.	Scaffolding	is	the	support	
given	during	the	learning	process,	which	is	tailored	to	the	needs	of	the	student	with	the	
intention	of	helping	the	student	achieve	his/her	learning	goals	[49].	When	applied	to	
exoskeleton	training,	scaffolding	theory	allows	engineers’/trainers’	training	sessions	to	
become	better	structured	and	facilitate	a	patient’s	learning.	In	medical	exoskeleton	user	
testing,	a	patient	(student)	uses	(or	learns	how	to	use)	an	exoskeleton	to	stand	up,	walk	
and	achieve	health	benefits	(the	learning	goals).		

In	this	process	of	learning	activity	with	exoskeletons,	the	following	agents	participate	as	
scaffolding,	and	interact	with	the	patient	(student).	This	is	also	shown	in	Fig.	43.	

1) Tether;	the	wearer	is	tethered	with	the	exoskeleton	structure	to	ensure	fall	safety.	
2) Parallel	bars;	the	wearer	holds	onto	the	parallel	bars	to	balance	himself/herself.			
3) Two	trainers;	to	spot	the	wearer	in	front	and	behind.	
4) A	practitioner;	to	operate	the	exoskeleton,	and	tune	the	gait	trajectory.	
5) Designers	of	the	technology.	
6) An	exoskeleton.	

Note	that	3),	4),	and	5)	can	be	interchangeable,	for	example,	one	of	the	trainers	in	3)	can	be	
a	practitioner	or	a	designer	of	the	technology.	Throughout	the	user	testing,	or	the	patients’	
relearning	to	walk	procedure,	human	agents	fulfill	a	variety	of	roles;	they	take	some	of	the	
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distributed	actions,	such	as	manipulating	the	device,	spotting,	taking	actions,	and	cueing	for	
actions.		

	
Figure	43.		Scene	of	first	time	exoskeleton	trial.	

6.1	Minimally‐Actuated	Medical	Exoskeleton	User	Testing		
In	many	senses,	the	minimally‐actuated	medical	exoskeleton	user	testing	is	akin	to	the	
process	of	learning	to	ride	a	bicycle.	Both	involve	learning	via	motor	problem	solving,	
rather	than	repetition	throughout	the	scaffolded	learning	process,	until	the	wearer	
achieves	the	ability	to	balance	himself/herself	and	walk	(ride).			

6.1.1	Test	Participant	Overview	

For	the	minimally‐actuated	medical	exoskeleton,	it	is	easier	to	work	with	individuals	
without	joint	contracture,	spasticity,	and	muscle	tone.	They	act	as	external	factors	that	
increase	anatomic	joint	damping,	and	often	negatively	affect	the	behavior	of	passive	knee	
joints	of	minimally‐actuated	medical	exoskeletons.	The	knee	joints	may	create	aggressive,	
moderate,	or	hampered	swing	extension	depending	on	the	wearer’s	anatomic	joint	
damping.	Aggressive	swing	extension	can	be	tuned	by	adding	damping	elements	to	the	
knee	joints	[41].	While	hampered	swing	extension	can	be	tuned	by	modifying	the	hip	swing	
trajectory	to	match	the	patient’s	specific	conditions	and	can	compensate	for	anatomic	
damping	to	a	certain	degree,	anatomic	joint	damping	should	not	be	significant	enough	to	
lock	up	the	knee	joints	to	achieve	effective	ambulation.		

Three	individuals	with	paralysis	in	their	lower	body	have	tried	the	minimally‐actuated	
medical	exoskeleton.	They	have	varying	degrees	of	injury	levels,	upper	body	strength,	
physique,	and	experience	with	previous	rehabilitation.		

1) Test	pilot	#1	‐	is	a	28‐year‐old	male,	5’10”	tall,	and	170	lbs.	He	sustained	a	complete	
T12	injury	12	years	prior	to	the	testing.	Instead	of	a	wheelchair,	his	main	mobility	
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comprises	a	swing‐through	gait	using	crutches	and	passive	leg	braces.	Because	of	
this	prior	experience,	his	balancing	skills	are	exceptionally	high.	He	has	a	moderate	
amount	of	muscle	tone,	but	has	no	signs	of	spasticity	or	joint	contracture.		
	

2) Test	pilot	#2	‐	is	a	27‐year‐old	male,	6’	tall,	and	110	lbs.	Although	he	sustained	a	
complete	T10	injury	eight	years	prior	to	the	first	testing,	he	maintained	abdominal	
control.	He	has	a	substantial	muscle	atrophy,	which	means	his	knee	joints	have	
minimal	muscle	tone	resistance.	Since	discontinuing	his	rehabilitation	with	leg	
braces	about	six	years	ago	due	to	excessive	physical	exertion,	he	has	primarily	relies	
on	a	wheelchair.		
	

3) Test	pilot	#3	‐	is	a	24‐year‐old	female,	5’2”	tall,	and	140	lbs.	She	sustained	a	
complete	T5	injury	level	three	years	prior	to	the	first	testing.	She	has	very	little	to	
almost	no	abdominal	control,	and	a	comparatively	high	amount	of	muscle	tone.	She	
is	currently	participating	in	a	stem	cell	clinical	trial.	She	is	testing	the	exoskeleton	as	
a	potential	method	for	rehabilitation.		

6.1.2	User	Testing	Procedures	and	Guideline	

When	a	patient	dons	the	minimally‐actuated	medical	exoskeleton	for	the	first	time,	there	
are	three	critical	points	that	need	to	be	satisfied	before	the	patient	can	start	taking	steps.		

First,	the	distances	between	the	patient’s	hip	and	knee	joints,	as	well	as	knee	and	ankle	
joints	need	to	be	measured	in	advance.	In	addition,	the	length	of	the	exoskeleton’s	thigh	
and	shank	links	must	be	adjusted	accordingly.	The	trainer	can	verify	the	accuracy	by	
checking	the	knee	joint	alignment	between	the	exoskeleton	and	the	person	in	the	sagittal	
plane	while	the	patient	is	sitting,	as	shown	in	Fig.	44	(a).	This	alignment	can	be	achieved	
only	if	both	thigh	and	shank	length	are	correct,	and	is	critical	for	enabling	the	wearer	to	
both	stand	up	and	use	the	exoskeleton	properly.			

The	second	critical	point	is	to	re‐check	this	alignment	when	the	patient	stands	up.	Standing	
with	an	exoskeleton	at	first	may	require	some	effort	by	utilizing	the	mechanical	advantage	
of	exoskeleton	legs	and	auxiliary	balancing	with	his/her	arms	(Fig	44	(b)).	When	the	
wearer	is	standing	with	the	exoskeleton,	the	device’s	knee	joint	should	be	fully	extended	
and	aligned	to	the	biological	knee	joint.	If	the	device’s	knee	joint	is	not	fully	extended,	the	
thigh	and	shank	link	lengths	of	the	exoskeleton	need	to	be	adjusted	accordingly.	The	
device’s	knee	joint	alignment	should	be	verified	in	both	the	frontal	and	sagittal	planes.	If	
the	joints	are	not	aligned	when	extended,	strappings	or	padding	on	the	thigh	and	calf	brace	
may	have	to	be	adjusted.	Ideally,	there	should	be	no	gap	between	the	wearer’s	thigh	and	
the	exoskeleton’s	thigh	brace.	The	same	holds	for	the	calf.	Using	a	pair	of	KAFO	bracings	
that	is	custom	made	for	the	patient	is	recommended	for	the	best	result.	Utilizing	accessible	
technologies,	such	as	3‐dimensional	scanning	and	printing,	is	also	an	option	for	providing	
highly	functional	bracings.	The	amount	of	padding	should	be	addressed	so	that	wearing	the	
exoskeleton	does	not	cause	any	excessive	pressure.	Especially	for	paralyzed	patients	who	
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lack	tactile	sense	in	their	lower	bodies,	unnoticed	excessive	pressure	can	be	prolonged,	
causing	secondary	injuries	such	as	pressure	sores.		

The	final	point	that	needs	to	be	addressed	at	the	beginning	of	user	testing	is	the	adjustment	
of	the	default	ankle	angle	and	torso	angle.	Once	these	angles	are	adjusted,	the	integrated	
system	of	the	wearer,	exoskeleton,	and	balancing	aid	can	achieve	a	state	of	static	
equilibrium	in	the	sagittal	plane,	so	that	the	wearer	can	hold	a	standing	position	more	
comfortably	with	little	effort.	These	angles	need	to	be	tuned	for	different	wearers,	since	the	
physique	of	each	wearer	and	exoskeleton	paddings	create	different	centers	of	mass	for	the	
integrated	system.	Fig.	45	(b)	shows	test	pilot	#3	described	in	Section	6.1.1	standing	at	the	
static	balancing	point.	

As	soon	as	a	wearer	is	comfortable	with	the	standing	position	and	all	alignments	are	tuned,	
taking	steps	can	be	initiated.	To	take	effective	steps,	the	patient	must	learn	to	constantly	
shift	his/her	body	weight	between	the	swing	leg	and	stance	leg	efficiently.	This	is	at	first	
obtained	via	exaggerated	weight	shifting	movements	from	side	to	side,	requiring	rather	
slow,	exaggerated	movements	with	pauses	in	between.	Fig.	46	(a)	shows	this	activity	of	test	
pilot	#3.	At	this	stage	of	testing,	it	is	recommended	to	have	the	wearer	supported	by	a	
tether,	with	at	least	one	person	spotting	and	another	person	operating	the	exoskeleton	
while	cueing	the	signal	to	the	wearer	for	taking	steps.			

As	the	patient	gets	accustomed	to	this	activity,	exaggerations	in	weight	shifting	and	
balancing	reduce	and	become	more	natural.	As	the	wearer	gains	experience	with	side‐to‐
side	weight	shifting,	he/she	will	also	learn	how	to	control	his/her	upper	body	movements	
back	and	forth	in	the	sagittal	plane.	As	mentioned	in	Chapter	3,	the	minimally‐actuated	
exoskeleton	has	passive	knee	joints,	which	are	dynamically	driven	by	hip	actuations.	Thus,	
placement	of	the	wearer’s	torso	can	change	the	step	length	by	affecting	this	dynamic	swing.	
For	example,	step	size	will	be	smaller	if	the	wearer	leans	farther	backwards	than	the	
normal	standing	angle.	Until	the	wearer	is	able	to	shift	his/her	weight	naturally,	it	is	
recommended	to	have	the	wearer	tethered	and	in	between	parallel	bars	while	a	trainer	
operates	the	exoskeleton	and	cues	the	wearer.						

As	soon	as	the	patient	overcomes	exaggerated	weight	shifting,	he/she	can	take	steps	
outside	the	parallel	bars,	with	either	crutches	or	a	walker.	The	wearer	can	now	operate	
himself/herself.	As	the	wearer	learns	how	to	operate	the	device	and	walk	with	it,	the	tether	
can	be	removed	and	he/she	may	only	need	one	individual	for	spotting.	In	other	words,	the	
number	of	supporting	agents,	or	scaffolds,	is	now	reduced	compared	to	the	beginning	of	
testing.	The	amount	of	the	training	necessary	to	reach	this	stage	varies	substantially	with	
patients’	various	conditions.	From	this	stage	of	training	on,	the	decision	maker	in	the	
activity	of	walking	starts	to	become	the	wearer	himself/herself,	rather	than	the	trainer.	Fig.	
46	(b)	shows	test	pilot	#1	(described	in	Section	6.1.1)	walking	on	the	street	using	a	medical	
exoskeleton	after	three	months	of	training.	Here,	the	decision	maker	in	this	activity	of	
continuous	walking	is	the	wearer	himself,	with	engineers’	knowledge	encoded	in	the	device.		
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																																									(a)																																																																																		(b)	

Figure	44.		(a)	Checking	knee	joint	alignment	before	standing.	(b)	The	first	time	standing	up.	

	

	

		 	
																																											(a)																																																																															(b)	
Figure	45.		(a)	Checking	knee	joint	alignment	after	the	first	time	standing	up.	(b)	After	adjusting	torso	

and	ankle	angles,	the	patient	stays	balanced	more	easily.	
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																																																								(a)																																																																											(b)	
Figure	46.		(a)	A	paraplegic	patient	taking	her	first	steps.	(b)	Another	paraplegic	patient	wearing	an	

exoskeleton	walking	on	the	street	without	any	assistance.		

6.2	Trunk	Exoskeleton	User	Testing	

6.2.1	Test	Participant	Overview	

The	trunk	exoskeleton	module	discussed	in	Chapter	4	was	tested	by	a	32‐year‐old	male,	5’	
6”	tall,	and	135	lbs.	He	is	a	T9	incomplete	paraplegic	patient	with	reduced	sensory	and	
motor	functions	due	to	Transverse	Myelitis.	The	trunk	exoskeleton	module	without	a	knee	
module	was	applicable	to	this	patient	over	the	minimally‐actuated	exoskeleton	for	two	
reasons:		

1)	The	full	body	exoskeleton	is	cumbersome	for	the	patient	who	retains	controls	of	his	
lower	leg.		

2)	The	patient	is	a	less	ideal	candidate	for	an	exoskeleton	with	passive	knee	joints	because	
he	exhibits	spasticity	and	a	substantial	amount	of	uncontrolled	joint	damping	in	his	knees.	
This	anatomic	damping	hampers	the	performance	of	passive	knee	joints	used	in	the	
minimally‐actuated	exoskeleton.	

6.2.2	User	Testing	Procedure	and	Guideline	

Since	the	patient	exhibits	substantially	higher	muscle	control	compared	to	test	pilots	#1,	
#2,	and	#3	in	Section	6.1.1,	fewer	supporting	agents	were	required	for	this	testing.	Also,	
because	this	device	setup	does	not	include	the	knee	module,	the	length	adjustment	to	
achieve	knee	joint	alignment	is	no	longer	necessary.	However,	it	should	be	noted	that	
without	an	AFO,	the	wearer	supports	the	device	weight,	as	opposed	to	the	full‐body	
medical	exoskeleton.	Thus,	the	level	of	comfort	in	the	upper	body	is	critical.	Specifically,	the	
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lower	back	and	shoulders	are	the	primary	contact	surfaces	where	the	wearer	supports	the	
load	of	the	device.	In	the	testing	with	the	aforementioned	patient,	memory	foam	padding	
for	the	lower	back	and	light‐duty,	elastic	shoulder	suspenders	were	used.	Regarding	his	
level	of	upper	body	control,	the	shoulder	straps	used	for	the	minimally‐actuated	medical	
exoskeleton	were	not	necessary	and	found	to	be	cumbersome	to	the	wearer.					

The	order	of	operations	would	be	similar	to	the	one	for	testing	the	medical	exoskeleton	
discussed	in	Section	6.1.	The	length	of	the	thigh	link	and	the	fitting	of	braces	need	to	be	
verified	before	the	wearer	can	take	any	steps.	Also,	the	torso	angle	must	be	adapted	to	the	
wearer’s	comfortable	standing	posture.	Although	the	wearer	retains	sensory	and	motor	
functions	in	his	lower	body,	it	is	recommended	to	start	testing	while	the	wearer	is	tethered	
with	the	exoskeleton	and	in	between	parallel	bars,	with	individuals	spotting	the	wearer.	
Once	the	wearer	is	comfortable	with	standing	and	balancing	while	wearing	the	exoskeleton,	
a	trainer	can	initiate	step	taking.	After	the	wearer	is	accustomed	to	taking	steps	and	
shifting	weight	side‐to‐side	and	back	and	forth,	he/she	can	try	taking	steps	outside	of	the	
parallel	bars,	operating	the	exoskeleton	by	himself/herself.	As	the	wearer	improves	
balancing	and	operating	the	exoskeleton	while	walking,	the	tether	can	be	removed.	Now	
the	wearer	becomes	the	decision	maker	of	the	walking	activity	by	operating	the	device	and	
interacting	with	the	device	encoded	by	engineers.							

6.3	Design	Considerations	for	Future	User	Testing	
Throughout	the	user	testing,	it	was	found	that	certain	design	features	and	training	
strategies	significantly	facilitate	the	user	testing.	These	considerations	should	be	taken	into	
account	for	future	generations	of	exoskeleton	designs	and	user	testing	setups	to	accelerate	
the	learning	experience.				

1) Design	features	for	tethering	and	spotting:	In	the	early	stage	of	user	testing,	the	
patient	should	always	be	tethered	and	spotted.	A	feature	for	tethering	and	spotting	
should	be	incorporated	into	exoskeleton	design.	For	tethering,	it	is	important	to	
include	an	adapter	that	can	take	the	weight	of	both	the	exoskeleton	and	the	patient.	
For	spotting,	the	torso	frame	should	include	a	sufficient	amount	of	surface	area	that	
a	trainer	can	hold	during	testing.		
					

2) Easy	adjustment:	As	described	in	Section	6.1.2,	there	are	many	adjustments	that	
have	to	be	made	for	different	patients	–	length	adjustments	to	align	biological	joints	
with	device	joints,	padding	amount	adjustments,	and	the	angle	adjustments	for	
comfortable	standing.	It	is	critical	for	the	design	to	include	easy	access	and	simple	
procedures	for	necessary	adjustments.			
	

3) Patient’s	turn‐around	maneuver:	It	should	be	noted	that	there	are	space	constraints	
in	the	laboratory	when	using	a	tether	and	parallel	bars.	Often	times,	the	patient	
needs	to	turn	180	degrees	at	the	end	of	the	parallel	bars	or	when	the	tether	rope	
reaches	its	end	of	travel.	In	the	beginning	stages	of	learning,	the	turn‐around	
maneuver	can	be	very	challenging	for	patients.	Therefore,	it	is	highly	recommended	
for	trainers	to	plan	the	walking	path	in	advance	to	minimize	this	maneuver.		
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6.4	Archetypal	Personas	in	Each	User	Categories	
Throughout	the	user	testing,	the	exoskeleton	devices	were	evaluated	by	different	
individuals	with	varying	injury	levels.	Structured	user	testing	provided	“re‐learning	to	walk”	
experiences	to	patients,	while	allowing	patients	to	actively	engage	with	the	devices,	
trainers	and	designers.	However,	the	user	testing	was	limited	to	four	individuals	with	
varying	levels	of	paralysis,	even	though	there	are	other	segments	of	user	groups	who	can	
potentially	benefit	from	this	technology.			

Here,	six	archetypal	personas	are	developed	to	represent	each	potential	user	group	
segment.	As	one	of	the	human‐centered‐design	methodologies,	creation	and	use	of	
archetypal	personas	that	represent	important	classes	of	users	provide	a	clear	way	to	define	
target	users	who	share	common	desires,	goals,	and	behaviors,	and	who	will	benefit	from	
the	technology	[50‐53].	The	personas	are	based	on	the	results	of	exoskeleton	user	testing,	
medical	exoskeleton	UI	usability	testing,	and	other	interviews	with	industry	workers	and	
soldiers.	Table	7	summarizes	the	six	archetypal	personas	with	their	key	attributes.			

6.4.1	Kevin,	a	powered	wheelchair	user	

Kevin	is	a	35‐year‐old	male,	an	incomplete	T3	quadriplegic	patient	with	a	central	cord	
syndrome	from	a	car	accident	eight	years	ago.	Although	he	retains	a	limited	amount	of	
sensory	and	motor	function	in	his	lower	body	including	abdominal	control,	the	injury	
resulted	in	the	loss	of	arm	function.	Because	of	his	impaired	arm	function,	he	has	been	
using	a	powered	wheelchair	since	the	injury.	Unfortunately,	his	physical	condition	of	
impaired	upper	body	control	precludes	the	use	of	the	minimally‐actuated	medical	
exoskeleton	or	the	trunk	exoskeleton	module.	Moreover,	the	longer	he	stays	in	a	powered	
wheelchair,	the	higher	his	likelihood	of	muscle	contracture	and	reduced	range	of	joint	
motions,	which	will	make	Kevin	an	even	less	ideal	exoskeleton	wearer	candidate.				

6.4.2	Jennifer,	a	wheelchair	user	

Jennifer	is	a	31‐year‐old	female,	a	complete	T9	paraplegic	patient	from	a	motorbike	
accident	one	year	ago.	She	is	currently	participating	in	rehabilitation	with	an	RGO.	As	of	
now,	her	upper	body	strength	is	not	high	enough	to	support	and	ambulate	herself	with	an	
RGO.	Even	though	she	is	aware	of	the	necessity	to	continue	rehabilitation	activities	to	delay	
the	onset	of	secondary	injuries,	she	is	considering	discontinuing	the	rehab	due	to	an	
excessive	amount	of	physical	exertion.	She	uses	a	wheelchair	as	her	main	mobility	aid	
except	for	the	times	in	rehab	when	she	uses	an	RGO,	which	is	five	hours	per	week.	A	
minimally‐actuated	medical	exoskeleton	can	potentially	be	a	useful	rehabilitation	tool	and	
motivation	for	Jennifer	to	continue	her	rehab	activity,	because	powered	exoskeleton	use	
will	not	require	as	much	upper	body	strength.	Her	experience	using	an	RGO	will	accelerate	
her	learning	experience	with	the	medical	exoskeleton	in	terms	of	balancing	and	weight	
shifting.		
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6.4.3.	Samuel,	a	crutch	user	

Samuel	is	a	27‐year‐old	male,	a	complete	T12	paraplegic	patient	as	a	result	of	an	accident	
while	snowboarding	ten	years	ago.	He	has	been	participating	in	various	rehab	activities	
with	a	KAFO	since	his	accident.	He	has	been	using	a	KAFO	and	crutches	as	his	main	mobility	
aid	instead	of	a	wheelchair,	which	keeps	him	more	active	and	provides	health	benefits.	His	
athletic	lifestyle	before	the	injury	coupled	with	his	balancing	ability	acquired	from	his	
extensive,	professional	snowboarding	experience	greatly	contributed	to	his	rehabilitation.	
Samuel	is	a	good	candidate	for	the	minimally‐actuated	medical	exoskeleton.	Although	he	is	
already	able	to	achieve	a	high	level	of	ambulation	with	his	KAFO	and	crutches,	the	
exoskeleton	will	alleviate	his	exhaustive	upper	body	use,	and	enable	him	to	travel	longer	
distances	without	getting	tired.					

6.4.4	Mary,	a	senior	citizen		

Mary	is	a	60‐year‐old	female	senior	citizen	and	a	retired	accountant.	She	has	not	sustained	
any	serious	diseases	or	injuries,	although	she	has	a	light	amount	of	arthritis	due	to	aging.	
Her	previous	occupation	demanded	sitting	for	long	hours	during	work,	and	she	has	not	
been	regularly	working	out	for	the	last	35	years.	As	a	result,	her	body	strength	is	relatively	
low	and	she	wishes	she	were	more	fit	to	play	with	her	grandkids	at	the	playground.	The	
trunk	exoskeleton	module	with	extra	lockable	degrees	of	freedom	is	ideal	for	Mary,	either	
with	or	without	a	knee	module,	depending	on	her	preference.			

6.4.5	Tom,	an	industry	worker	

Tom	is	a	40‐year‐old	male	who	works	for	a	logistics	company	delivering	packages.	He	has	
maintained	a	good	physique,	but,	at	the	end	of	the	day,	he	has	pain	in	his	lower	back	from	
repetitive	bending	and	lifting	activities	during	his	workday.	His	job	does	not	demand	lifting	
heavy	boxes	that	are	more	than	50	pounds,	but	repetitive	bending,	squatting,	and	walking	
throughout	the	day	tires	him	out.	For	Tom,	the	trunk	exoskeleton	module	is	recommended	
for	assisting	his	bending	and	walking,	because	it	features	more	degrees	of	freedom	which	
allow	various	movements	using	modified	software	for	different	finite	state	machines.		

6.4.6	Andrew,	a	military	soldier	

Andrew	is	a	25‐year‐old	male	rifleman	who	serves	in	the	U.S.	Army	Infantry.	On	patrol,	the	
average	weight	he	carries	is	about	100	pounds.	He	must	carry	these	heavy	weight	long	
distances,	which	often	exhausts	him	even	though	he	has	very	high	physical	strength	and	
endurance.	He	feels	that	the	weight	of	the	load	he	carries	impedes	his	mobility	and	agility,	
and	places	him	at	risk	of	injury	when	traversing	uneven	terrain.	The	ideal	exoskeleton	for	
Andrew	is	similar	to	Tom’s	(6.3.5),	but	with	higher	performance	in	terms	of	power	and	
range	of	motion.	Also,	for	Andrew,	a	full‐body	exoskeleton	is	highly	recommended	to	
reduce	the	load	he	carries	by	transferring	it	to	the	ground	through	the	exoskeleton.	
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7.	Limitations	and	Future	Work	

This	chapter	discusses	limitations	and	future	work	for	enhancing	the	practicality	and	
usability	of	assistive	exoskeletons.		

7.1	Hip	Actuators	
Low	profile	hip	actuators	and	passive	knee	joints	increase	medical	exoskeletons’	
practicality	and	usability.	As	discussed	in	Chapter	3,	two	different	actuation	units	were	
developed	for	this	purpose:	1)	A	design	with	bare	components	of	BLDC	motors	and	strain	
wave	gears:	the	Emoteq	HT03000‐J01‐Z	and	Harmonic	DriveTM	CSD‐25‐160‐2A‐GR‐SP	and	
2)	A	design	with	off‐the‐shelf	housed	components:	the	Maxon	EC	90	Flat	motor	and	
Harmonic	DriveTM	SHD‐20‐100‐2SH.	The	first	design	has	the	most	compact	profile	
compared	to	available	products	on	the	market	with	comparable	specifications.	Meanwhile,	
the	design’s	disadvantages	include	its	complicated	assembly	process	and	high	cost	due	to	
many	custom‐made	components.	The	second	design	improves	upon	these	shortcomings,	
with	fewer	custom‐made	parts	and	an	easier	assembly	and	disassembly	process.	As	a	
tradeoff,	adopting	these	actuation	units	results	in	an	increase	in	the	exoskeleton	hip	width	
of	about	1.9	inches	and	a	decreased	user	weight	limit	due	to	the	strain	wave	gear’s	bearings.	
Future	work	remains	to	improve	on	both	designs’	limitations.	Given	the	currently	available	
products	on	the	market,	it	is	anticipated	that	increasing	the	user	weight	limit	with	a	housed	
strain	wave	gear	will	most	likely	further	increase	the	form	factor	of	the	actuation	unit.	
Therefore,	reducing	the	number	of	custom	made	parts	of	the	first	design	and	simplifying	
the	assembly	process	is	recommended.	Exploring	other	combinations	of	motors	and	
transmissions,	for	example,	utilizing	the	Maxon	EC	90	motor	with	the	CSD	series	strain	
wave	gears,	is	needed	to	further	optimize	the	device	profile	and	cost.						

7.2	Modularity	
As	discussed	in	Chapter	4,	it	is	important	to	provide	easy‐to‐use	customization	features	to	
meet	users’	different	conditions	and	needs.	The	trunk	exoskeleton	module	with	additional	
lockable	joints	allows	simple	but	versatile	configurations	for	different	users	with	varying	
mobilities.	However,	accurately	aligning	ab/adduction	device	joints	to	the	wearer’s	
biological	hip	joints	while	providing	propulsion	assistance	is	a	challenging	problem.	This	is	
critical,	especially	to	augment	the	endurance	of	able‐bodied	users.	Exploring	more	
possibilities	for	joint	locations	to	permit	various	movements	such	as	squatting,	lunging,	hip	
abduction,	walking,	and	diversifying	actuation	units	remain	as	future	work.	Enhancing	
modularity	as	well	as	developing	various	kinds	of	modules	for	different	users	will	augment	
mobility	solutions	and	fill	gaps	in	device	availability	across	the	mobility	spectrum.		

7.3	User	Interface	
A	glove	type	user‐coupled	UI	design	for	medical	exoskeletons	provides	flexibility	in	the	grip	
and	feedback	from	the	exoskeleton	to	the	user.	However,	further	implementing	sensors	
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and	improving	communications	between	the	exoskeleton	and	the	UI	module	remain	as	
future	work.	Utilizing	inertial	measurement	units	(IMU)	or	pressure	sensors	to	detect	a	
wearer’s	balancing	status	and	transmit	the	signal	to	the	user	in	an	energetically	efficient	
manner	will	be	beneficial	for	users	with	high	injury	levels.	Also,	preventing	false	triggers	
with	a	time‐out	lock	or	device‐dependent	trigger,	as	well	as	locating	the	display	module	at	
the	user’s	desired	position	are	important	future	work	to	mature	this	technology.	Currently,	
the	display	module	is	designed	to	be	located	on	a	user’s	wrist.	However,	being	able	to	
adjust	this	location	based	on	the	user’s	preference,	or	project	on	an	optical	head	mount	
display	(OHMD)	will	further	increase	the	usability	of	this	device.	Finally,	modifying	this	UI	
to	be	modular	–	i.e.,	separating	the	glove	and	feedback	display	module	–	so	that	a	
practitioner	can	wear	the	glove	to	operate	an	exoskeleton	while	feedback	is	given	to	the	
wearer	would	be	highly	beneficial	for	first	time	wearers’	re‐learning	to	walk	activities.		
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8.	Concluding	Remarks		

This	dissertation	covered	three	different	design	topics	that	contribute	to	increasing	the	
usability	of	assistive	lower	extremity	exoskeleton	systems.	A	design	of	a	minimally‐
actuated	medical	exoskeleton	was	introduced,	with	special	emphasis	on	“low	profile	hip	
actuation	units”.	The	low	profile	hip	actuation	units	enabled	the	system	to	be	the	most	
compact	powered	medical	exoskeleton,	and	first	of	its	kind	to	weigh	less	than	twenty	
pounds.	This	exoskeleton	evolved	to	an	exoskeleton	system	with	increased	modularity	and	
adjustable	degrees	of	freedom.	The	modular	design	opens	an	opportunity	to	expand	user	
segments	to	individuals	with	various	conditions	and	needs	by	allowing	easy	customization	
by	means	of	combining	different	modules.	A	comprehensive	user	study	of	the	exoskeleton	
UI	was	conducted	in	an	effort	to	create	a	comfortable,	intuitive	link	between	the	user	and	
the	machine.	The	intent	of	the	research	was	not	only	to	develop	assistive	devices,	but	also	
to	create	positive	user	experiences	by	providing	structured	learning	activities	where	the	
patients,	devices,	and	engineers	who	developed	the	devices	actively	interact.		

The	minimally‐actuated	medical	exoskeleton	uses	the	low	profile	hip	actuation	units	and	
passive	knee	joints.	The	passive	knee	joints	are	dynamically	driven	by	the	momentum	
created	by	the	hip	actuation	units.	Three	individuals	with	complete	SCI	with	injury	levels	
ranging	from	T5	to	T12	were	able	to	achieve	bipedal	locomotion	and	a	higher	level	of	
maneuverability	with	extended	use.	It	should	be	noted	that	the	system	is	very	minimal	with	
only	one	pair	of	powered	actuators,	which	provides	simple	ambulation	with	a	joint	
coupling	mechanism	with	compact	and	lightweight	hardware.	Even	though	it	does	not	
provide	any	elaborate	joint	movements,	such	as	self‐balancing,	stair	ascending,	and	stair	
descending,	this	ambulation‐centric	technology	can	provide	higher	levels	of	freedom	and	
maneuverability	thanks	to	its	lightweight	and	compact	size.	

The	trunk	exoskeleton	module	includes	simple	customizing	features	that	permit	and	
increase	modularity	in	design,	with	simple	customizing	features.	Lockable	features	allow	
various	types	of	users	–	from	complete	paraplegic	patients	to	individuals	with	intact	
mobility	–	to	benefit	from	this	technology.	Its	modularity	and	capabilities	for	exclusive	use	
enable	easy	customization	by	combining	different	knee	modules	for	different	purposes.	
Developing	various	modules	with	distinctive	finite	state	machines	and	exploring	more	
design	options	for	complying	with	various	movements	associated	with	the	human	hip	joint	
remain	as	future	work.								

A	conceptual	UI	prototype	that	contains	the	key	components	for	evaluation	was	created	
and	assessed	by	potential	users.	Three	research	methods	were	used	in	this	research:	
interviews,	guerilla	tests,	and	usability	tests.	Eight	interviewees	and	user	test	participants	
were	drawn	from	those	working	with	the	Berkeley	Robotics	and	Human	Engineering	
Laboratory	and	the	Ed	Roberts	Campus	for	the	disabled	in	Berkeley,	California.	Even	with	
this	small	number,	it	was	possible	to	find	distinct	user	needs	and	preferences.	Throughout	
the	user	tests,	design	recommendations	were	drawn,	and	a	high‐fidelity	prototype	was	
developed.	The	UI	prototype	user	study	addresses	the	next	generation	UI	design	for	
medical	exoskeletons,	which	can	improve	their	usability	and	learnability.		
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Future	work	in	the	field	of	assistive	exoskeletons	includes	performance	enhancements	and	
various	module	developments	that	further	expand	the	user	groups	who	can	benefit	from	
the	technology.	Currently,	the	technology	is	still	limited	to	individuals	who	retain	a	certain	
level	of	upper	body	control,	excluding	Kevin	from	the	personas	in	Section	6.3.	Safety	
features,	such	as	reliable	self‐balancing	while	maintaining	the	low	profile	of	the	system,	
would	be	highly	beneficial	to	those	who	suffer	from	higher	levels	of	SCI.	Also,	increased	
ambulation	speed	would	increase	practicality	for	the	daily	use	of	medical	exoskeletons.	
Applying	machine	learning	adaptation	for	experienced	wearers	to	gradually	accelerate	the	
ambulation	speed	is	a	promising	solution.	With	performance	enhancement	and	modularity,	
the	exoskeleton	technology	can	further	extend	its	benefits	to	a	more	diverse	population,	
including	paralyzed	individuals	with	higher	injury	levels,	the	elderly,	industry	workers,	and	
soldiers.	I	hope	that	the	assistive	exoskeleton	technology	will	continue	advancing	to	
enhance	the	quality	of	life	for	a	wide	spectrum	of	communities	with	a	diverse	array	of	
needs.				
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