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ABSTRACT	OF	THE	THESIS	

Development	and	preliminary	testing	of	MOVit:		
An	exercise-enabling	control	interface	for	power	wheelchair	users	

	
by	
	

Gerard	Moreso	Subirats	
	

Master	of	Science	in	Mechanical	and	Aerospace	Engineering	
	

	University	of	California,	Irvine,	2017	
	

Professor	Dr.	David	Reinkensmeyer,	Chair	
Dr.	Joan	Lobo	Prat,	Daily	Advisor	

Power	wheelchair	users	have	a	high	level	of	sedentarism,	which	negatively	impacts	health.	

If	they	could	exercise	while	driving	their	chair	they	could	potentially	improve	their	health	

through	integrated	daily	exercise.	This	dissertation	presents	the	development	of	MOVit,	a	

novel,	 arm	 exercise-enabling,	 wheelchair	 control	 interface	 and	 the	 results	 of	 three	

preliminary	 tests	 with	 unimpaired	 subjects.	 MOVit	 consists	 of	 two	 custom-made,	

instrumented	mobile	arm	supports	that	replace	the	armrests	of	a	normal	power	wheelchair.	

Instead	of	using	a	joystick	to	drive	the	wheelchair,	the	user	moves	the	arm	supports	with	his	

or	her	arms	through	a	cyclical	motion.	MOVit	was	first	tested	in	a	stationary	setting	with	five	

healthy	 individuals	 (two	 expert	 users	 and	 three	 naïve	 users)	 to	 determine	 if	 they	 could	

achieve	increasing	levels	of	exercise	by	increasing	the	frequency	and	range	of	motion	of	arm	

movement,	and	decreasing	 the	amount	of	weight	 support.	Secondly,	driving	performance	

using	 MOVit	 was	 evaluated	 with	 the	 same	 subjects	 on	 a	 long,	 straight	 track.	 Third,	

maneuverability	 with	 MOVit	 was	 evaluated	 for	 the	 expert	 users.	Heart	 rate	 and	 oxygen	

consumption	 significantly	 increased	 as	 the	 level	 of	 exercise	 intensity	 increased	 in	 the	

stationary	 setting.	 Driving	 performance	 for	 the	 long,	 straight	 track	 and	 for	 the	
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maneuverability	 test	 were	 comparable	 to	 the	 performance	 achieved	 using	 a	 standard	

joystick	for	the	two	expert	users,	but	was	worse	for	the	three	novice	users.	In	conclusion,	

MOVit	can	modulate	exercise	 intensity	during	power	wheelchair	driving.	For	experienced	

users,	 driving	 performance	 and	 maneuverability	 is	 comparable	 to	 that	 achieved	 with	 a	

standard	joystick.		
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1. INTRODUCTION	

 Use	of	power	wheelchairs	

The	World	Health	Organization	estimates	that	there	are	around	65	million	people	worldwide	

who	use	a	wheelchair.	Depending	on	the	level	of	impairment,	different	types	of	wheelchairs	

are	used.	Each	type	of	wheelchair	requires	a	certain	amount	of	physical	activity	from	the	user	

(Figure	1):	manual	wheelchairs	require	a	higher	level	of	physical	activity	compared	to	power	

wheelchairs,	 which	 only	 require	 small	 hand	 movements	 from	 the	 user	 to	 operate	 the	

joystick.		

	The	United	States	Census	conducted	in	2010	showed	that	there	were	3.6	million	wheelchair	

users,	approximately	30%	of	those	using	power	wheelchairs	or	scooters.	Similar	data	was	

reported	 for	 Europe.	 Furthermore,	 power	wheelchair	 use	will	 likely	 increase	 due	 to	 the	

changing	 demographics	 such	 as	 an	 ageing	 population	 and	 an	 increase	 in	 chronic	 health	

conditions	[1].	Therefore,	it	is	important	to	ensure	that	power	wheelchairs	meet	wheelchair	

users’	needs.			

While	the	use	of	a	power	wheelchair	facilitates	mobility	in	people	with	disabilities,	it	also	

results	 in	 high	 levels	 of	 sedentarism	 compared	 to	 manual	 wheelchair	 users	 [2]-[3].	

Numerous	research	indicates	that	sedentary	behavior	results	in	the	decrease	of	the	overall	

health	and	increases	the	risk	for	secondary	health	problems	such	as	obesity,	diabetes	and	

cardiovascular	 disease[4].	 Furthermore,	 a	 positive	 association	 has	 been	 found	 between	

physical	fitness	and	quality	of	life	in	wheelchair	users	[5].	When	the	ability	to	be	physically	

active	 is	 compromised,	 independence	 is	 lost	 and	 emotional	 well-being	 is	 reduced	 [6].	
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Therefore,	there	is	an	increased	interest	in	the	role	of	physical	activity	to	avoid	problems	

related	to	sedentarism	in	the	power	wheelchair	users’	population.		

	

 Review	of	exercise	devices	for	wheelchair	users	

		In	order	to	counter	the	negative	effects	of	sedentary	behavior,	different	exercise	devices	

have	been	designed	to	provide	wheelchair	users	the	ability	to	exercise.	Exercise	devices	for	

wheelchair	users	are	typically	stationary	devices,	which	means	that	the	user	needs	to	drive	

to	them	and	then	exercise.	This	type	of	device	does	not	provide	the	ability	to	do	integrated	

daily	exercise	(IDE),	which	has	proven	to	be	one	of	 the	most	effective	ways	of	promoting	

Figure	1.	Illustration	of	the	activity	level	associated	with	different	wheelchairs.	Depending	on	the	level	of	
impairment,	different	types	of	wheelchairs	are	used.	Each	type	of	wheelchair	requires	a	certain	amount	
of	physical	activity	from	the	user:	manual	wheelchairs	require	a	higher	level	of	physical	activity	compared	
to	power	wheelchairs,	which	only	require	small	hand	movements	to	operate	the	joystick.	
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health	[7]–[10].	IDE	is	exercise	that	is	integrated	in	other	daily	life	activities,	such	as	walking	

to	 work.	 Moreover,	 the	 existing	 mounted	 exercise	 devices	 are	 designed	 for	 manual	

wheelchair	users,	and	do	not	provide	any	way	to	modulate	the	amount	of	exercise	one	 is	

achieving	when	driving	(Figure	2).	No	exercise	devices	were	found	that	could	facilitate	arm	

exercise	for	power	wheelchair	users	while	providing	mobility.						

	

	

Figure	2.	Illustration	showing	exercise	device	for	wheelchair	users	classified	into	mobile	and	stationary	
and	lower	and	upper	body.	The	exercise	type	the	device	provides	is	also	included.	Few	mobile	exercise	
devices	have	been	designed	for	wheelchair	users,	and	none	exist	for	power	wheelchair	users.	All	manual	
mobile	exercise	devices	are	not	feasible	to	use	for	a	power	wheelchair	user,	since	their	use	requires	a	
higher	effort	than	driving	a	manual	wheelchair,	something	power	wheelchair	users	are	not	able	to	do.	
Figure	reproduced	from	work	done	by	Yasmeen	K.	Abuzeid.	
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 Problem	definition	and	proposed	solution	

Current	 exercise	 devices	 for	 power	 wheelchair	 users	

require	the	user	to	drive	their	wheelchair	up	to	them,	and	

then	exercise	during	a	fixed	time	period	[6].	 In	contrast,	

for	 people	 without	 disabilities,	 there	 are	 ample	

opportunities	 for	 “integrated	 daily	 exercise”	 (e.g.	 by	

biking	to	work,	 taking	the	stairs,	achieving	10,000	steps	

etc.).	Similarly,	manual	wheelchair	users	often	have	a	high	

level	 of	 fitness	 because	 they	 self-propel	 their	 chairs	

through	the	day	[11].	It	is	well	established	that	integrated	

daily	 exercise	 is	 one	 of	 the	 most	 effective	 ways	 of	

promoting	health	and	well-being	[7]–[10].	The	goal	of	this	project,	therefore,	is	to	provide	

similar	access	to	IDE	for	people	with	DMD	who	use	power	wheelchairs,	using	an	innovative	

control	interface	for	their	wheelchair.		

MOVit	 consists	 of	 two	 custom-made,	 instrumented	mobile	 arm	supports	 that	 replace	 the	

armrests	of	a	normal	power	wheelchair	(Figure	3).	Instead	of	using	a	joystick	to	drive	the	

wheelchair,	the	user	moves	the	arm	supports	with	his	or	her	arms	through	a	cyclical	motion,	

while	the	software	simulates	a	“virtual	lever	drive”	chair.	By	using	MOVit	to	sense	the	overall	

amount	of	arm	exercise	that	has	been	achieved	each	day,	and	adaptively	changing	the	arm	

range	of	motion/cycle	speed	required	to	drive	the	chair,	it	is	hypothesized	that	MOVit	can	

intelligently	provide	an	appropriate,	long-term	dose	of	dynamic	physical	training.		

	

Figure	3.	Picture	of	the	first	prototype	
of	MOVit 
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 Research	question	and	outline	

This	paper	presents	the	development	of	the	MOVit	device	and	a	preliminary	testing	with	five	

healthy	subjects.	The	research	questions	of	this	study	were:	

1. Can	people	experience	various	levels	of	exercise	intensity	when	moving	the	arms	using	

MOVit?	

It	is	hypothesized	that	by	changing	the	characteristics	of	the	arm	movements,	i.e.	speed	and	

amplitude,	different	levels	of	exercise	will	be	observed	in	healthy	individuals.	

2. Do	people	have	an	acceptable	driving	performance	when	exercising	with	MOVit?	And	

how	does	the	performance	compare	with	standard	joystick	control?	

It	is	hypothesized	that	MOVit	can	use	exercise	movements	to	drive	the	wheelchair	without	a	

significant	decrease	of	driving	performance	compared	to	a	standard	joystick.		

In	section	2,	the	MOVit	device	will	be	thoroughly	described.	That	includes	defining	the	device	

itself,	but	also	the	way	it	is	used	to	control	the	wheelchair.	In	section	3,	the	methods	used	to	

evaluate	the	exercise	and	the	driving	performance	will	be	stated	as	well	as	the	experiment	

that	was	used	to	prove	the	hypothesis	previously	stated.	Section	4	shows	the	results	of	that	

experiment,	which	will	be	discussed	in	the	section	5.	Section	6	is	the	conclusion	of	the	study	

and	an	appendix	is	the	last	section	of	the	document.	
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2. DESIGN	OF	MOVit	

 Requirements		

			Table	1.	Requirements	for	the	MOVit	device.	ROM:	Range	of	Motion,	DOF:	Degree	of	Freedom.	

Requirement	 Minimum	 Desired	 Units	

ROM	 25x45x25	 30x50x30	 cm	

Weight	Support	 3	 3-3.5	 kg	

Size	 -	 Does	not	change	wheelchair	size	 cm	

DOF	 1	 3	 -	

	

Several	requirements	were	defined	for	the	design	of	MOVit	(Table	1).	The	MOVit	device	has	

to	 allow	 natural	 arm	 movements	 in	

everyday	 tasks.	 A	 study	 on	 natural	 arm	

movements	 [12]	 showed	 that	 90%	 of	 the	

locations	visited	by	a	typical	subject’s	wrists	

stay	on	the	y	axis	within	the	waist	and	the	

shoulder,	on	the	z	axis	between	the	middle	

part	of	the	torso	and	the	shoulder	and	on	the	x	axis	between	the	torso	and	the	full	extension	

of	the	arm	(see	Figure	4).	Therefore,	the	range	of	motion	(ROM)	of	MOVit	was	designed	so	

this	movements	could	be	achieved.	The	requirement	 for	 the	weight	support	 is	 that	 it	can	

compensate	the	average	weight	of	a	human	arm.	Since	this	weight	ranges	from	3	to	3.5	kg,	

those	were	the	values	used	for	the	requirements	of	MOVit.	It	is	also	a	requirement	that	the	

x 

y 

z 

y 

Figure	 4.	 ROM	 of	 natural	 arm	 movements.	 Source:	
[12]	
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supported	weight	can	somehow	be	adjusted	to	adapt	to	the	user’s	characteristics.	Since	the	

device	will	be	mounted	on	a	wheelchair,	it	is	a	requirement	that	the	size	of	the	device	does	

not	significantly	increase	the	size	of	the	wheelchair,	which	would	make	maneuvers	like	going	

through	doors	or	narrow	corridors	difficult.	Ideally,	the	outer	dimensions	of	the	wheelchair	

should	 not	 be	 affected	when	mounting	MOVit	 to	 it.	 Ideally	 the	 device	 should	 have	 three	

degrees	of	freedom	(DOF).	Since	the	main	purpose	of	MOVit	is	facilitating	exercise	for	people	

with	muscular	weakness,	a	device	with	two	or	even	one	DOF	could	also	be	used,	with	the	

limitation	 that	 some	 movements	 cannot	 be	 used	 for	 sensing	 exercise	 and	 driving	 the	

wheelchair.			

Another	requirement	for	the	device	is	that	it	is	wheelchair	mountable.	MOVit	is	intended	as	

an	exercise	device	 for	 IDE,	which	means	 that	 it	 should	allow	people	 to	do	exercise	while	

doing	 activities	 with	 a	 different	 purpose	 like	 moving	 from	 one	 place	 to	 another.	

Consequently,	 the	 device	 cannot	 be	 stationary	 since	 then	 that	 goal	 would	 not	 be	

accomplished.		

There	 also	 are	 other	 requirements	 related	 to	 usability	 of	 the	 device.	 It	 has	 to	 be	 safe,	

comfortable	and	easy	to	use	and	set	up.	To	address	those	issues,	the	device	will	be	totally	

passive.	 A	 passive	 device	 is	 thought	 to	 be	 suitable	when	 its	main	 purpose	 is	 facilitating	

exercise,	along	with	giving	assistance	in	daily	life	activities.	Moreover,	a	passive	device	has	

significantly	less	safety	issues	since	there	are	no	active	components	like	motors	that	could	

be	a	risk.		
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 Mechanical	Design	

2.2.1. Kinematic	Architecture	

The	kinematic	architecture	of	MOVit	was	designed	according	to	the	requirements	set	in	the	

previous	section.		A	parallelogram	mechanism	was	used	due	to	its	simplicity,	the	fact	that	its	

motion	is	well	known	and	that	it	provides	a	straight	motion	which	is	simpler	to	perform	by	

the	user.	Furthermore,	the	structure	is	stiffer	than	a	two-link	mechanism	and	can	be	spring-

actuated	 for	 arm	 weight	 support.	 The	 device	 endpoint	 manipulator	 has	 two	 degrees	 of	

freedom,	 allowing	 free	movement	 on	 the	 x-y	 plane	 shown	 in	 Figure	 5.	 All	 the	 joints	 are	

revolute	joints,	more	information	on	its	design	can	be	found	on	the	Appendix	8.1.	

Figure	5.	Left)	Simplified	representation	of	the	MOVit	mechanism.			 	Right)	Picture	of	the	actual	mechanism.	
The	MOVit	device	consists	of	a	mechanism	conformed	by	4	bars	joined	using	revolute	joints.	One	of	these	joints	
is	fixed,	meaning	that	the	end	effector	has	two	degrees	of	freedom.		Two	springs	are	used	to	compensate	the	
weight	of	the	arm.	These	are	attached	using	a	pulley	and	string	arrangement	to	the	mechanism	on	the	marked	
points.	The	pretension	of	these	springs	can	be	adjusted	by	changing	d1	and	d2	to	change	the	compensation	
force.	
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Table	2.	Dimensions	of	the	links.	See	figure	5.	

Magnitude	 Value	 Units	

L1	 6	 cm	

L2	 32	 cm	

L3	 28	 cm	

L4	 24	 cm	

L5	 6.5	 cm	

L6	 3.5	 cm	

	

The	kinematic	equations	that	describe	the	location	of	the	end	effector	relative	to	the	origin	

can	be	derived	as	follows:	

X" = L% cos θ* + L, + L- cos θ% 					(1)	

Y" = L% sin θ* + L, + L- sin θ% 							(2)	

Because	 of	 the	 geometry	 of	 the	 part	 holding	 the	mechanism	 in	 the	 origin,	which	will	 be	

described	later,	the	joint	angles	θ*	and	θ%	range	from	the	values	described	in	the	following	

table.	 Using	 the	 previously	 stated	 equations,	 the	maximum	X	 and	 Y	 positions	 of	 the	 end	

effector	can	be	calculated	to	see	what	is	the	range	of	motion	of	the	arm	support	in	the	x-y	

plane.		
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											Table	3.	Range	of	motion	of	the	end	effector.	ROM:	Range	of	motion	

Magnitude	 Minimum	 Maximum	 ROM	

q1	(º)	 60	 120	 60	

q2	(º)	 -30	 40	 70	

Xe	(cm)	 36	 68	 32	

Ye	(cm)	 6	 65.42	 59.42	

The	ROM	introduced	in	the	requirements	section	is	verified	for	the	x	and	y	directions.	In	the	

following	figure,	we	can	see	the	bounds	that	describe	the	range	of	motion	of	MOVit.		

  
Figure	6.	a)	Schematic	ROM	of	the	mechanism				b)	ROM	compared	to	the	actual	mechanism	

These	mechanism	configurations	correspond	to	the	four	configurations	of	q1	and	q2	using	

the	minimum	and	maximum	joint	angles.		

In	order	to	get	movement	outside	the	x-y	plane,	another	revolute	joint	has	been	added	to	the	

base	of	the	arm	cuff,	which	allows	rotation	in	the	y	axis.	Hence,	the	hand	can	move	in	three	
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degrees	of	freedom	and	daily	activities	can	be	performed.	

Since	the	end	effector	will	only	be	used	when	using	MOVit	

for	exercise,	it	only	moves	in	the	two	degrees	of	freedom	

described	 to	 achieve	 a	 greater	 simplicity	 of	 the	

mechanism.		

	

	

	

2.2.2. Weight	compensation	mechanism	

One	of	 the	 requirements	of	 the	device	was	 that	 it	 compensated	 the	weight	of	 the	arm	 to	

facilitate	arm	movement	in	a	natural	range	of	motion.	To	achieve	this,	static	balancing	was	

accomplished	by	using	two	springs	attached	to	different	parts	of	the	mechanism	(see	Figure	

5)	that	compensate	the	weight	of	the	arm.	These	springs	are	connected	to	the	mechanism	by	

using	cables.	These	cables	go	through	a	pulley	located	bellow	the	device.	For	a	more	accurate	

description	of	these	system,	see	Figure	5.	

	The	endpoint	of	the	springs	(d1	and	d2)	can	be	adjusted	from	0	to	d,	so	the	pretension	of	the	

springs	is	changed.	This	spring	adjustment	system	provides	the	ability	to	remove	assistance	

in	the	vertical	direction	as	well	as	add	resistance	to	the	horizontal	direction	of	the	movement.		

The	 force	 produced	 on	 the	 arm	 then	 depends	 on	 the	 stiffness	 of	 the	 two	 springs,	 the	

geometry	of	the	mechanism	and	the	displacements	d1	and	d2.	This	system	was	adapted	from	

Figure	 7.	 Picture	 showing	 a	 user	
reaching	his	mouth	with	the	aid	of	
MOVit	
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the	one	by	Herder	et	al.	in	[13].	The	system	used	in	that	publication	is	described	in	Figure	8.	

For	that	case,	the	equations	that	describe	the	static	balancing	are	the	following:		

 
𝑚𝑔𝐿* = 𝑘*𝑎*𝑟*			(3)	

	
𝑚𝑔𝐿% = 𝑘%𝑎%𝑟%			(4)	

	

Which	means	that	only	one	value	of	m	works	for	a	

given	 configuration,	 so	 the	 arm	 support	 only	

compensates	perfectly	one	specific	weight.	In	[13],	

the	support	was	changed	by	changing	the	distance	

“a”	to	compensate	for	different	arm	weights.	In	the	

case	 of	 MOVit,	 the	 system	 is	 very	 similar,	 with	

some	 minor	 differences.	 To	 satisfy	 size	

requirements,	the	cables	first	go	through	a	pulley	

and	then	into	the	springs.	That	allows	to	place	

the	 springs	 horizontally,	 reducing	 the	 vertical	 size	 of	 the	 device.	 Also,	 the	 weight	

compensation	can	be	adjusted	by	changing	 the	pretension	of	 the	spring.	The	system	that	

allows	that	is	described	in	the	Appendix	8.2.		

Using	equations	3	and	4	to	calculate	the	mass	that	MOVit	compensates	when	the	springs	have	

zero-free	 length,	 it	 results	 in	 3.25	 Kg,	 which	 fulfills	 the	 requirement	 previously	 set.	 The	

springs	 that	 were	 used	 have	 the	 same	 constant,	 which	 is	 1489	 N/m.	 The	 force	 the	 arm	

support	generates	was	measured	to	be	3	Kg	when	d1	and	d2	are	set	so	the	springs	have	zero-

free	length.			

Figure	 8.	Weight	 compensation	mechanism	 from	
[13]	
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 Control	

2.3.1. Sensors	and	Control	Hardware	

Figure	1	shows	the	position	of	sensors	on	the	lever	arm.	There	are	two	absolute	encoders	

(10-bit,	RMB20,	RLS)	mounted	on	the	two	joints,	which	detect	the	angle	and	output	analog	

signal	 from	0	 to	5	V.	The	pressure	 sensor	 (ASDX	 series,	Honeywell)	 is	 located	 inside	 the	

handle	and	has	analog	output	signal	from	0.5	V	to	4.5	V.	The	accelerometer	(ADXL335)	is	

mounted	 below	 the	 handle,	 which	 detects	 the	 acceleration	 of	 the	 end	 point	 inside	 the	

movement	of	the	mechanism	plane	and	outputs	analog	signal	from	-1.3	V	to	1.3	V	for	each	

axis.		

	

	
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure	9.	Sensors	on	the	arm	support.	The	device	is	equipped	with	two	encoders	that	allow	to	know	the	position	
of	the	end	effector.	The	handle	is	equipped	with	an	accelerometer	to	know	its	movement,	and	a	pressure	sensor	
is	included	to	read	the	grip	force	of	the	user.	
 

Besides	the	sensors	on	the	arm	support,	there	is	an	accelerometer	(ADXL335)	mounted	on	

the	 wheelchair,	 which	 detects	 the	 acceleration	 of	 wheelchair	 itself.	 Also,	 there	 are	 two	
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incremental	encoders	(HEDL5540,	Avago)	mounted	at	the	back	of	wheelchair	motors,	for	the	

purpose	of	measuring	the	rotation	of	the	wheel,	and	therefore	getting	odometry	data	when	

driving	the	wheelchair.		

All	the	data	is	collected	and	sent	to	a	controller	through	Data	Acquisition	Card	(NI	PCI-6221),	

with	a	sampling	frequency	of	1000	Hz.	The	Controller	 is	programmed	in	Matlab	Simulink	

2016b	running	in	a	Windows	Operation	System	(Windows	10,	64-bit)	and	compiled	to	run	

on	a	Simulink	XPC	Target	computer.		The	Controller	will	determine	the	speed	and	direction	

of	the	wheelchair	by	sending	two	analog	signals	through	the	R-Net	Omni.	Both	signals	range	

from	3	V	to	9	V.	Omni	is	a	universal	specialty	controls	interface	for	power	wheelchairs	which	

accepts	 signals	 from	 many	 different	 types	 of	 input	 devices	 and	 translates	 them	 into	

commands	compatible	with	the	PG	Drives	Technology	Pilot+	control	system.	

2.3.2. Passive	and	Active	Safety	

The	 wheelchair	 combines	 passive	 methods	 (skin	 biocompatible	 materials,	 mechanical	

restriction	 of	 ROM,	 etc.)	 and	 active	 methods	 (watchdog,	 grip	 stop	 and	 emergency	 stop	

button)	to	guarantee	the	safety	of	subjects	when	driving	and	exercising.		

For	the	passive	part,	the	status	of	the	seat	can	be	adjusted	(e.g.	height	of	the	seat,	backrest	

angle,	seat	reference	plane,	shank-rest	angle,	etc.)	to	ensure	a	stable	driving	condition	for	

users.	Besides,	the	materials	that	touch	the	users	(e.g.	backrest,	handle,	arm	cuff,	etc.)	are	

soft	and	comfortable.	Also,	the	arm	supports	mechanically	restrict	the	range	of	motion	of	the	

arms	in	the	way	stated	in	the	previous	section.		
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For	the	active	part,	the	Controller	allows	users	to	stop	the	XPC	from	running	by	squeezing	

handles	over	a	certain	amount	pressure	(evaluated	via	pilot	tests),	since	when	an	emergency	

happens	(e.g.	wheelchair	crashing	towards	walls),	an	intuitive	reaction	of	a	user	could	be	to	

squeeze	the	object	they	are	holding	(i.e.	handles).	Once	the	program	is	stopped,	there	will	be	

no	signals	sent	to	the	Omni	(i.e.	no	signal	to	motors)	and	the	wheelchair	will	stop	moving.		

To	prevent	a	crush	if	the	XPC	freezes,	which	would	result	in	a	dangerous	situation	where	the	

motors	 act	 in	 an	 uncontrollable	 way,	 the	 power	 of	 Omni	 is	 supervised	 by	 a	 hard-coded	

watchdog	receiving	100	Hz	service	pulses	from	the	XPc	target	computer.	If	it	were	to	freeze,	

the	watchdog	would	shut	off	the	power	of	Omni.	Thus,	there	is	no	signal	sent	to	the	motors	

and	the	wheelchair	will	stop	moving.	

Besides	the	above	two	methods,	 the	wheelchair	 is	also	equipped	with	an	emergency	stop	

button,	 which	will	 be	 held	 by	 a	

research	 staff	 when	 users	 are	

driving.	 If	 an	 emergency	 is	

detected	and	the	stated	systems	

were	 to	 fail,	 pressing	 the	

emergency	 button	 will	 shut	 off	

the	 power	 of	 Omni,	 which	 will	

stop	the	wheelchair.	

	

	

Active	safety

Battery

0
0

Omni
controller

XPC Watchdog

Manual	
Emergency	

Stop

Figure	 10.	 Active	 safety	 system	diagram.	 The	 power	 going	 to	 the	
motor	 controller	 (Omni)	 is	 removed	 either	 when	 the	 emergency	
stop	is	pressed	or	the	watchdog	detects	a	failure	of	the	XPc.	
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2.3.3. Signal	Processing	and	Control	Algorithms	

The	control	strategies	were	designed	trying	to	mimic	the	movement	one	would	do	using	a	

manual	wheelchair.	In	that	case,	the	manual	wheelchair	is	propelled	forward	by	grasping	the	

wheel	push	rims	and	moving	them	forwards,	then	releasing	them	to	go	back	and	grasp	them	

again.	In	effect,	the	hands	act	like	a	clutch,	attaching	the	arms	to	the	push	rim.	With	MOVit,	

users	will	control	the	wheelchair	by	using	the	pressure	sensor	to	activate	a	virtual	clutch.	

The	 user	 grasps	 the	 pressure	 sensor,	 moves	 the	 arm	 support	 and	 the	 wheelchair	 goes	

forward.	 Then	 the	 pressure	 sensor	 needs	 to	 be	 released,	 the	 arms	moved	 back,	 and	 the	

sequence	started	again.	Each	arm	support	corresponds	to	the	movement	of	its	corresponding	

wheel,	 so	 to	go	backwards	 the	pressure	will	have	 to	be	applied	when	 the	arm	support	 is	

moving	backwards.	To	turn,	the	user	just	moves	faster	with	one	arm	than	the	other,	giving	

that	wheel	more	speed	and	thus	making	him	turn	in	the	opposite	direction.	The	speed	of	the	

wheelchair	was	controlled	to	be	proportional	to	the	speed	of	each	arm	support,	as	described	

next.		

2.3.3.1. Control	algorithm:	Acceleration	based	

Data	from	the	accelerometer	gives	the	acceleration	in	x	and	y	of	the	endpoint	(𝑥?@A).	The	

data	 from	 the	 encoders	 gives	 the	 value	 of	q2,	which	 indicates	 the	 orientation	 of	 the	 end	

effector.	That	can	be	used	to	remove	the	gravity	component	of	the	acceleration.	Then,	the	

data	from	the	wheelchair	accelerometer	is	also	subtracted	to	obtain	the	pure	acceleration	of	

the	arm	support.	Since	the	effect	of	gravity	cannot	be	totally	compensated	using	the	data	

from	the	encoders,	a	high	pass	filter	(first	order,	cutoff	frequency	1	Hz)	was	used	to	remove	
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the	remaining	error.	Then,	 this	signal	was	compared	 to	 the	pressure	 (phdl)	 to	 include	 the	

clutching.	That	is	done	by	setting	a	threshold	for	the	signal	coming	from	the	pressure	sensor	

and	assigning	to	that	signal	a	value	of	0	when	it	is	below	that	threshold	and	a	value	of	1	when	

it	is	above.	Then	the	speed	of	the	arm	support	is	multiplied	by	this	signal.	That	will	give	a	

signal	that	is	proportional	to	the	speed	of	the	arm	support	when	the	handle	is	pressed	and	0	

when	it	is	not.	A	first	order	damping	system	was	used	to	smooth	the	signal.	The	result	of	this	

is	used	as	the	velocity	of	each	wheel	(𝑥@BC),	and	then	these	signals	are	converted	into	signals	

the	Omni	can	read	to	drive	the	wheelchair.		

	
Figure	11.	Acceleration	based	control	diagram	
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2.3.3.2. Control	Algorithm:	Pseudo	joystick	

Another	control	algorithm	was	also	designed	that	facilitates	indoor	driving.	That	was	done	

so	the	speed	of	the	wheelchair	is	proportional	to	the	position	of	the	arm	supports.	In	other	

words,	 MOVit	 acts	 as	 a	 pseudo-joystick	 when	 pressing	 any	 of	 the	 two	 handles.	 Turning	

depends	on	the	position	of	one	arm	support	with	respect	 to	 the	other.	Each	arm	support	

controls	 its	 corresponding	 wheel,	 therefore	 when	 both	 arm	 supports	 have	 the	 same	

displacement,	 both	 wheels	 will	 rotate	 at	 the	 same	 speed	 moving	 the	 chair	 forwards	 or	

backwards.	When	the	displacement	of	one	arm	is	greater	than	the	other,	its	corresponding	

wheel	will	spin	faster	than	the	other	making	the	wheelchair	turn	to	the	opposite	side.		
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3. METHODS	

 Participants	

Five	 unimpaired	 participants	 took	 part	 in	 this	 study.	 All	 participants	 were	 considered	

healthy.	Healthy	participants	were	used	in	this	stage	to	get	preliminary	data	before	testing	

with	impaired	individuals.	Two	of	the	subjects	were	very	familiar	with	the	system	while	the	

other	three	were	naïve	and	were	given	a	standardized	time	of	practice	of	5	min	driving	the	

wheelchair	before	doing	the	driving	experiment.		

 Experimental	Setup	and	Protocol	

The	experiment	was	split	into	three	parts	with	each	corresponding	to	one	research	question.	

Part	1	focuses	on	evaluating	the	exercise	intensity	depending	on	the	type	of	arm	movement.	

Part	2	focuses	on	evaluating	if	the	wheelchair	can	be	driven	while	doing	exercise	and	part	3	

evaluates	if	the	user	can	also	drive	in	a	constrained	space	indoors	were	maneuvers	are	more	

complicated.		

	

Figure	12.	Three	parts	of	 the	experimental	 setup:	 a)	 Stationary	 position	 tracking	 task,	b)	Driving	 long	and	
straight	distances,	c)	Maneuvering	

a) c) 
b) 

27	m 1.5	m 2.5	m



20	
	

	

3.2.1. Part	1:	Stationary	position	tracking	task	

The	wheelchair,	with	MOVit	mounted	on	it,	was	stationary	(motors	were	not	running)	and	

located	in	front	of	a	computer.	The	subject	was	asked	to	move	his	or	her	arms	in	a	certain	

way	following	a	target	in	the	computer	screen.	The	visual	target	was	a	red	ball	moving	in	a	

certain	amplitude	of	motion	and	frequency.	The	user	could	control	a	blue	ball	by	moving	his	

arms	back	and	forth,	and	was	asked	to	follow	the	target	ball	as	good	as	he	could.	Baseline	

together	with	three	conditions	were	tested	(table	4).	To	obtain	a	baseline,	the	subject	was	

asked	to	rest	for	5	min.	For	the	first	conditions	the	lower	frequency	and	ROM	were	used.	

Also,	 the	 spring	 pretension	 was	 at	 the	 higher	 level,	 which	 means	 the	 arm	 support	 was	

perfectly	 balancing	 the	 weight	 of	 the	 arm	 and	 the	 user	 did	 slow	movements	 with	 total	

assistance.	 For	 the	 next	 5	minutes	 the	 frequency	 and	 ROM	were	 increased	 to	make	 the	

subject	move	faster	while	the	assistance	was	decreased.	Finally,	the	assistance	was	totally	

removed	and	resistance	was	added	and	frequency	and	ROM	were	increased	even	more.	The	

force	the	subjects	had	to	do	in	the	x	and	y	directions	to	move	his	arms	was	always	increased	

through	the	test.	

	

	

Figure	 13.	 Timeline	 of	 the	 experiment.	 On	 day	 one	 the	 exercise	 intensity	 was	 recorded	 changed	
parameters	of	the	arm	movement	for	three	different	levels.	On	day	2	and	3	data	from	driving	with	four	
different	control	strategies	was	collected	to	see	if	there	were	significant	differences	when	using	MOVit	
to	control	the	wheelchair.	
 

Day	1:	
Screen-based tracking	task

Day	2:	
Indoor driving

Day	2:	
Outdoor driving

Rest
5	min

Low
5	min

Medium
5	min

High
5	min

J
6 laps

P
6 laps

AC1
6 laps

AC2
6 laps

J
5	laps

P
5	laps

AC1
5	laps

AC2
5	laps
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Table	 4.	 Part	 1	 of	 the	 experiment	 protocol.	 The	 subjects	were	 asked	 to	 perform	 the	described	movements	
corresponding	to	low,	medium	and	high	level	of	exercise.	

Frequency	(Hz)	 ROM	(cm)	 Pretension	 Force	(x,y)	(N)		

0.5	 10	 High	 (0,0)	

1	 20	 Medium	 (22,15)	

1.5	 30	 Low	 (31,30)	

 

The	main	outcome	measure	was	the	heart	rate	of	the	subject	and	his	oxygen	consumption	

(VO2),	which	were	used	for	quantifying	energy	expenditure	and	measured	using	a	metabolic	

cart.	Secondary	outcome	measures	included	characteristics	of	the	arm	movements	measured	

by	the	sensors	on	the	arm	support,	which	were	compared	to	the	target	movement	set	by	the	

red	ball	to	see	if	the	subject	was	really	doing	the	desired	movements.	During	the	experiment,	

the	range	of	motion	and	the	 frequency	of	 the	movement,	and	the	spring	pretension	were	

changed	to	see	if	they	had	an	effect	on	the	user’s	heart	rate	and	oxygen	consumption.		
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3.2.2. Part	2:	Driving	Long	and	Straight	Distances		

The	subjects	were	asked	to	drive	the	wheelchair	using	the	device	to	see	if	it	can	be	effectively	

used	 to	 control	 the	wheelchair	while	 doing	 exercise.	 This	

was	used	to	see	if	the	driving	performance	was	affected	by	

the	 modulation	 of	 the	 energy	 expenditure.	 The	 main	

outcome	measure	 for	 this	 test	 was	 the	 velocity	 and	 path	

related	metrics	that	evaluate	how	well	someone	drives	the	

wheelchair	and	whether	it	is	controllable	or	not.		Secondary	

outcome	 measures	 included	 characteristics	 of	 the	 arm	

movements	measured	by	 the	sensors	on	the	arm	support.	

The	circuit	that	the	users	drove	on	consisted	of	a	long	line	of	

27	m	 to	 simulate	outdoor	driving.	At	 the	 end	of	 the	 line	

they	were	asked	 to	 turn	and	do	 it	 the	other	way	 for	6	 times	with	each	 control	 interface.	

Pseudo-joystick	 and	 acceleration	 based	 control	 with	 a	 high	 and	 low	 gain	 were	 used.	

Moreover,	 the	 subjects	 were	 also	 asked	 to	 drive	 with	 the	 wheelchair	 joystick	 to	 have	 a	

reference.	 The	 gains	 for	 the	 acceleration	 based	 control	 were	 set	 so	 that	 when	 the	 user	

performed	the	arm	movements	corresponding	to	 the	medium	and	high	exercise	 intensity	

from	part	1	the	wheelchair	would	go	at	its	maximum	speed.	

3.2.3. Part	3:	Maneuvering	

To	test	the	maneuverability	of	the	wheelchair	in	small	spaces	another	driving	test	indoors	

was	performed.	Since	the	data	from	the	wheel	encoders	of	the	wheelchair	cannot	be	used	to	

accurately	determine	wheelchair	position	when	a	lot	of	turning	is	involved	due	to	slipping	of	

Figure	 14.	 Example	 of	 part	 2	 of	 the	
experiment	
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the	wheels,	an	active	motion	capture	system	consisting	of	8	cameras	and	2	LEDs	mounted	on	

the	wheelchair	was	 used	 to	 capture	 the	movement	 of	 the	wheelchair.	 The	 subjects	were	

asked	 to	 do	 a	 figure	 8	 shape	 five	 times,	 then	 to	 go	 straight,	 spin	 in	 place	 360º	 and	 go	

backwards.		That	includes	key	maneuvers	one	can	do	with	a	wheelchair.	They	were	asked	to	

do	that	for	each	control	interface.	For	safety	reasons,	and	after	seeing	part	2,	only	the	two	

subjects	that	were	familiar	with	the	system	performed	the	test.	The	main	outcome	measure	

for	this	test	was	velocity	and	path	related	metrics	that	will	evaluate	how	well	someone	drives	

the	wheelchair	and	whether	it	is	controllable	or	not.			
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 Data	Analysis	

3.3.1. Performance	Metrics	

Heart	rate	and	oxygen	consumption	data	were	used	to	evaluate	the	level	of	exercise.	ROM	

and	frequency	were	used	to	evaluate	the	arm	movements.	The	ROM	was	calculated	taking	

the	envelope	of	the	displacement	of	the	handle	in	the	x	direction	over	time	and	the	frequency	

was	 evaluated	 using	 the	 Fast	 Fourier	 Transform	 (FFT).	 	 Clutch	 efficiency	 was	 used	 to	

evaluate	if	the	subjects	were	squeezing	the	handle	at	the	right	time	(Figure	15).	

	

	

	

	

	

Driving	performance	was	evaluated	using	root	mean	square	error	(RMSE),	average	speed	

[14]–[16]	and	SPARC	[17].	SPARC	is	a	measure	of	the	smoothness	of	a	trajectory	that	uses	

the	 spectral	 arc	 length.	 	 The	 data	was	 parsed	 into	 straight	 lines	 so	 this	metric	 could	 be	

calculated.		

If	we	consider	a	straight	vertical	line	(x=0)	to	be	the	ideal	path,	the	RMSE	can	be	calculated	

with	the	following	equations:	

1211.3 1211.4 1211.5 1211.6
0.4

0.6

0.8

1

1211.3 1211.4 1211.5 1211.6
-0.1

0

0.1

Time	(s)

P h
dl

x fi
lt

..

Figure	15.	Clutch	efficiency.	Clutch	was	done	right	(green)	when	the	handle	was	pressed	(phdl>0.75)	while	the	
acceleration	was	positive	or	when	it	was	not	pressed	(phdl<0.75)	when	the	acceleration	was	negative.	For	any	
other	combination,	the	clutch	was	done	wrong	(red).	Clutch	efficiency	was	calculated	as	the	percentage	of	time	
clutch	was	done	right	over	the	total	time	during	a	straight	line.	
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𝑅𝑀𝑆𝐸 =
(𝑥H)

%

𝑛 					(5)			

For	data	that	is	not	following	a	straight	line,	path	efficiency	was	used,	which	can	be	defined	

as:	

𝑃𝐸 =
𝑙𝑒𝑛𝑔𝑡ℎ	𝑜𝑓	𝑖𝑑𝑒𝑎𝑙	𝑝𝑎𝑡ℎ
𝑙𝑒𝑛𝑔𝑡ℎ	𝑜𝑓	𝑟𝑒𝑎𝑙	𝑝𝑎𝑡ℎ 𝑥100					(6)	

3.3.2. Statistics	

Since	the	same	subjects	were	used	for	all	the	experiments,	repeated	measures	ANOVA	was	

used	to	analyze	the	data.	Statistical	significance	was	considered	for	p-values	of	p<0.05.	Post-

hoc	analyses	were	performed	using	the	Bonferroni	correction.		

Table	5.	Performance	metrics	used	to	evaluate	the	movements	of	the	arm	and	the	trajectory	of	the	wheelchair	

Performance	
metric	 Context	 Definition	

Velocity	

Driving	
Performance	

Average	speed	of	the	wheelchair	during	
the	trajectory.	

RMSE	
Measure	that	quantifies	how	much	does	
the	followed	trajectory	deviates	from	the	

ideal	trajectory.		

SPARC	
Measure	that	quantifies	the	smoothness	of	
the	trajectory	by	calculating	the	arc	length	

of	the	Fourier	transform.	
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PE	
Measure	that	quantifies	the	efficiency	of	
the	path	compared	to	ideal	one	using	the	

length	of	the	trajectories	

ROM	

Arm	
movement	
performance	

Amplitude	of	the	movement	performed	by	
the	arms	of	the	subject	

Frequency	
Frequency	of	the	movement	performed	by	
the	arms	of	the	subject,	evaluated	with	the	

highest	peak	of	the	FFT.	

Clutch	
efficiency	

Time	that	the	subject	was	clutching	at	the	
appropriate	time	over	total	time	
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4. RESULTS	

 Part	1:	Screen-based	position	tracking	task	

Figure	16	shows	the	data	from	the	arm	movements	of	one	subject	across	the	three	different	

levels.	

		

	
	
	
	
	
	
	
	
	
	
 
	
 
 

The	 subject	 followed	 the	 instructions	with	 accuracy	 and	moved	 his	 arms	 at	 the	 desired	

frequency	and	ROM.			

		

	

	

Figure	16.Position	and	FFT	for	the	three	levels	tested	in	part	1	of	the	experiment.	Low,	medium	and	high	level	
are	in	blue,	orange	and	yellow	respectively.	The	subject	was	asked	to	move	his	arms	in	increasing	range	of	
motion	and	frequency	for	periods	of	5	min	to	observe	the	effects	in	exercise	level	experienced.		

Figure	17.	ROM	and	frequency	for	the	five	subjects	and	three	levels	of	exercise	of	part	1	of	the	experiment	
and	target.	All	five	subjects	performed	the	task	they	were	asked	to	do	and	tracked	the	visual	stimulus	with	
acceptable	accuracy.	
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Figure	17	 shows	 that	 all	 subjects	performed	 the	 screen-based	 tracking	 tasks	with	 a	high	

accuracy	 (ROM:	11.93±1.23,	 18.87±1.79,	 28.5±1.84,	 Freq:	0.52±0,	1.04±0.002,	1.55±0.04)	

moving	their	arms	at	the	target	ROM	and	Frequency.		

	

	

	

	

	

	

Figure	18	shows	the	results	of	the	heart	rate	and	oxygen	consumption.	The	results	from	the	

statistical	analysis	showed	that	there	was	a	significant	difference	across	the	three	levels	of	

exercise	 and	 resting	 condition	 for	 both	 heart	 rate	 and	 VO2,	 p=0.0225	 and	 p=0.0054	

respectively.	The	post-hoc	analysis	showed	that	these	differences	were	significant	 for	the	

high	level	with	all	others	in	heart	rate	and	for	all	levels	except	resting	and	low	for	oxygen	

consumption.	 The	 values	 for	 the	 high	 exercise	 level	 (HR:	 95±10,	 VO2:	 0.66±0.17)	 are	

comparable	to	walking	at	a	comfortable	free	speed	(~1.4	m/s)[18],	[19].	

Figure	18.	Top)	Heart	Rate	(HR)	and	oxygen	consumption	(VO2)	for	the	5	subjects	and	average	across	the	
three	levels.	In	red,	average	of	all	the	subjects,	and	standard	deviation(shaded).	Bottom)	Boxplots	showing	
significant	differences	across	resting	and	the	three	exercise	levels.		
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 Part	2:	Driving	Long	and	Straight	Distance	Outdoors	

4.2.1. Driving	performance	

The	plots	of	the	straight	lines	for	a	naïve	and	expert	subject	are	shown	in	figure	19.		

 	

	

	

Figure	20	shows	there	was	no	significant	difference	in	the	driving	performance	for	any	of	the	

metrics	with	the	three	MOVit	controls	and	the	standard	joystick	for	the	expert	subjects	(p-

values	were	0.22,	0.25	and	0.5	for	velocity,	RMSE	and	SPARC	respectively).	Differences	were	

not	observed	for	naïve	subjects	in	RMSE	and	smoothness	(p=0.26,	p=0.29)	but	were	found	

in	 velocity	 (p=0.01),	with	 naïve	 subjects	 driving	 about	 half	 as	 fast	 for	 the	AC	 controllers	

(Figure	20	left).		

Figure	19.	Plots	of	the	trajectories	when	trying	to	follow	a	straight	line	for	an	expert	and	naïve	user	with	the	
different	 control	 strategies	 used.	 J=joystick,	 P=pseudo	 joystick,	 AC1=acceleration	 control	with	 low	 gain,	
AC2=acceleration	control	with	a	high	gain.		Shown	overlaid	are	six	attempts	to	drive	the	27	m	straight	line.	
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4.2.2. Arm	movement	performance	

Figure	21	shows	that	no	differences	were	observed	in	the	range	of	motion	or	frequency	when	

driving	for	the	expert	and	naïve	subjects	that	could	explain	the	differences	in	average	speed	

among	 the	 two	 groups.	 However,	 the	 clutching	 efficiency	 of	 the	 two	 groups	 was	 found	

different,	i.e.	the	expert	group	had	a	10%	to	15%	better	clutching	efficiency.	It	was	also	seen	

that	when	the	gain	of	the	acceleration	based	control	was	changed,	the	subjects	adapted	to	it	

by	increasing	or	decreasing	the	frequency	of	their	arm	movements,	while	they	did	not	change	

the	ROM.		

  

Figure	20.	Performance	metrics	for	the	four	different	controls	and	the	two	groups.	J=joystick,	P=pseudo	
joystick,	AC1=acceleration	control	with	low	gain,	AC2=acceleration	control	with	a	high	gain	

Figure	 21.	 Characteristics	 of	 the	 arm	movements	 for	 the	 acceleration	 based	 control	 algorithm.	
AC1=acceleration	control	with	low	gain,	AC2=acceleration	control	with	a	high	gain	
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Figure	 22	 shows	 that	 the	 clutching	 efficiency	 had	 a	 strong	 correlation	with	 the	 speed	 at	

which	the	subject	was	driving	the	wheelchair	(R=0.89,	p=0.0006),	while	ROM	and	frequency	

do	not	(R=-0.65,	p=0.069	and	R=-0.5,	p=0.142).	

	

Analysis	of	the	clutch	efficiency	data	revealed	that	10%	of	the	time	the	naïve	subjects	did	not	

release	 the	 clutch	 at	 the	 right	 time	 which	 removed	 “virtual	 energy”	 that	 had	 just	 been	

transmitted	 into	 the	 system.	We	 also	 found	 that	 with	 a	 60-65%	 of	 clutch	 efficiency	 the	

maximum	wheelchair	velocity	could	be	easily	reached	due	to	its	saturation,	and	therefore	

subjects	were	not	rewarded	when	performing	a	more	optimal	clutch.		

Figure	23	shows	the	heart	rate	for	the	expert	group	driving	with	the	pseudo	joystick	and	two	

gains	of	the	acceleration	control.	Increases	in	heart	rate	are	observed	for	both	subjects	when	

using	the	acceleration	control,	with	the	higher	one	corresponding	to	the	low	gain.	

	

Figure	22.	Correlation	between	the	arm	movement	metrics	and	the	speed	of	the	wheelchair.	A	stronger	
correlation	(R=0.89)	was	 found	between	the	ability	to	clutch	at	 the	appropriate	time	and	the	average	
speed	of	 the	wheelchair,	while	ROM	and	 frequency	do	not	seem	 to	have	a	direct	 relationship	with	the	
wheelchair	velocity.	The	naïve	users	are	plotted	in	red	and	the	experts	in	blue,	both	with	AC1	and	AC2.	
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Figure	23.	Heart	rate	for	the	two	expert	subjects	when	driving	in	the	straight	line	using	the	three	
control	 interfaces	that	use	MOVit.	P=pseudo	joystick,	AC2=acceleration	control	with	a	high	gain,	
AC1=acceleration	control	with	a	low	gain	
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 Part	3:	Maneuvering		

Figure	24	shows	the	figure	8	trajectories	for	one	subject	with	the	4	different	controls.		

	

	
	
Figure	24.	Trajectories	followed	by	one	subject	with	the	four	control	interfaces.		
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Figure	 25	 shows	 that	 no	 significant	 difference	was	 found	 between	 the	 four	 controls	 for	

velocity	or	smoothness	of	the	trajectory,	p=0.0868	and	p=0.33	respectively.	However,	the	

path	efficiency	was	significantly	different	between	the	four	controls	(p=0.01),	being	lower	

for	the	acceleration	based	control.		

Figure	26	shows	that	there	were	no	significant	differences	between	the	four	controls	for	the	

spinning	in	place	test	(p=0.11,	p=0.12	and	p=0.53)	

	

  

Figure	25.Comparison	of	the	velocity,	path	efficiency	and	smoothness	of	driving	in	figure	8.	J=joystick,	
P=pseudo	joystick,	AC1=acceleration	control	with	low	gain,	AC2=acceleration	control	with	a	high	gain	

Figure	 26	 Comparison	 of	 the	 time	 and	 smoothness	 of	 driving	 straight,	 spinning	 in	 place	 and	 driving	
backwards.	J=joystick,	P=pseudo	joystick,	AC1=acceleration	control	with	low	gain,	AC2=acceleration	control	
with	a	high	gain		
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5. DISCUSSION	

 Mechanical	design	on	MOVit	

The	MOVit	device	allows	arm	movements	in	the	parasagittal	planes	with	a	large	ROM.	Here	

we	proved	this	design	was	suitable	for	the	task	of	controlling	the	wheelchair	with	cyclic	arm	

movements.	Although	healthy	subjects	were	able	to	reach	their	mouth	with	MOVit,	this	might	

not	be	possible	for	subjects	with	muscle	weakness	because	of	the	lack	of	support	of	elbow	

extension.	The	static	balancing	mechanism	was	able	to	support	almost	perfectly	a	weight	of	

3	kg.	Small	balancing	errors	(~	2.5	N)	were	 found	and	probably	due	to	 the	weight	of	 the	

mechanism	that	was	not	taken	into	account	 in	the	static	balancing	calculations.	However,	

since	the	force	due	to	the	weight	of	the	arm	that	the	mechanism	experiences	depends	on	the	

position/orientation	 of	 the	 arm,	 (i.e.	 the	 weight	 the	 shoulder	 carries	 changes,	 and	 the	

position	 of	 the	 combined	 center	 of	 mass	 changes)	 perfect	 static	 balancing	 is	 not	 a	

requirement.		

 Part	1:	MOVit	can	provide	different	exercise	intensity	levels	

The	data	 from	part	1	of	 the	experiment	showed	that	 the	subjects	were	able	to	accurately	

follow	 the	 target	 movements	 during	 the	 screen	 tracking	 task.	 It	 was	 shown	 that	 these	

subjects	 experienced	 significantly	 different	 exercise	 levels	when	moving	 their	 arms	with	

different	conditions.	Data	from	heart	rate	and	oxygen	consumption	showed	small	increases	

in	healthy	individuals,	which	can	make	one	think	that	it	would	show	significant	increases	in	

the	 exercise	 intensity	 level	 for	 impaired	 individuals.	 Therefore,	 the	 characteristics	 of	 the	

movements	one	can	do	using	MOVit	can	be	used	to	modulate	the	exercise	intensity.	Exercise	
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levels	compared	to	those	of	walking	were	achieved	for	healthy	individuals,	which	are	known	

to	provide	a	positive	impact	on	overall	health	[20].		

 Part	2:	Driving	performance	using	MOVit	was	comparable	to	standard	

joystick	control	with	experienced	users	when	performing	long	and	

straight	distances	outdoors.	

The	data	from	part	2	showed	that	subjects	familiar	with	the	control	of	the	device	did	not	

show	 a	 significantly	 different	 driving	 performance	 in	 terms	 of	 velocity,	 RMSE	 and	

smoothness	when	using	MOVit	than	when	using	a	standard	joystick	to	drive	the	wheelchair.	

However,	subjects	that	were	naïve	showed	a	significantly	decreased	driving	performance	in	

the	velocity	when	using	the	acceleration	based	control.	After	evaluating	the	arm	movements	

that	the	subjects	were	performing,	it	was	seen	that	the	clutch	efficiency	was	the	only	metric	

that	was	significantly	different	across	the	expert	and	naïve	groups.	It	was	shown	that	there	

was	a	strong	correlation	between	clutch	efficiency	and	the	average	speed	of	the	wheelchair,	

which	suggests	that	the	ability	to	clutch	at	the	right	time	is	necessary	to	drive	the	wheelchair	

at	 its	 maximum	 speed.	 Moreover,	 it	 was	 observed	 that	 small	 differences	 in	 clutching	

efficiency,	 10%	 to	 15%,	 had	 a	 great	 impact	 on	 driving	 performance,	 mostly	 due	 to	 not	

releasing	the	clutch	at	the	right	time	and	removing	“virtual	energy”	from	the	system.		

 Part	3:	Precise	Maneuvering	Indoors	using	MOVit	is	possible	

Part	3	showed	that	expert	users	had	a	similar	driving	performance	when	using	MOVit	or	a	

standard	joystick	for	different	types	of	indoor	maneuvering,	since	no	significant	differences	

were	found	in	terms	of	velocity	and	smoothness	of	the	trajectory	using	MOVit	and	with	a	
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standard	 joystick.	 Note	 that	 non-significance	 may	 have	 been	 found	 due	 to	 the	 loss	 of	

statistical	power	because	of	the	low	number	of	subjects.	Significant	differences	were	found	

in	terms	of	path	efficiency	when	doing	the	figure	8	but	not	on	the	spinning	in	place	test.		

 How	does	the	control	gain	affect	driving	performance,	the	arm	

movements	and	the	experienced	exercise	level?	

Changing	the	gain	had	no	significant	effects	in	the	driving	performance	of	the	expert	subjects,	

while	it	had	the	effect	on	the	subjects	of	changing	the	frequency	of	their	arm	movements.	

Also,	 the	clutch	efficiency	was	reduced	for	a	higher	gain	since	the	maximum	speed	of	 the	

wheelchair	is	easier	to	reach	due	to	its	saturation,	and	therefore	subjects	were	not	rewarded	

when	performing	a	more	optimal	clutch.		Since	the	experienced	exercise	level	depends	on	

the	 frequency	of	 the	 arm	movement,	 the	 control	 gain	 seems	 to	 be	 a	 useful	 parameter	 to	

modulate	 the	 exercise	 level.	The	heart	 rate	data	 from	 the	 experts’	 subjects	while	driving	

suggests	that	these	is	true.	When	the	gain	was	decreased,	the	expert	subjects	increased	the	

frequency	of	their	arm	movements	and	an	increase	in	their	heart	rate	was	observed.		
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6. CONCLUSION	

The	MOVit	device	was	a	useful	tool	to	provide	assistance	in	doing	exercise	while	driving	a	

power	wheelchair.	The	device	can	be	used	so	different	 levels	of	exercise	are	experienced,	

achieving	similar	energy	costs	to	walking	in	healthy	individuals.	The	driving	performance	

did	not	significantly	decrease	 for	subjects	who	were	 familiar	with	the	device,	so	with	the	

right	amount	of	training	one	can	use	MOVit	to	effectively	drive	a	power	wheelchair	while	the	

exercise	 intensity	 he	 or	 she	 experiences	 can	 be	 changed.	 The	 results	 of	 this	 study	 give	

promising	perspectives	 to	power	wheelchair	users	 for	 customized	 IDE	according	 to	 their	

needs	while	still	permitting	a	high	level	of	mobility.		 	



39	
	

7. REFERENCES	

[1]	 D.	Kairy	et	al.,	“Exploring	powered	wheelchair	users	and	their	caregivers’	

perspectives	on	potential	intelligent	power	wheelchair	use:	A	qualitative	

study,”	Int.	J.	Environ.	Res.	Public	Health,	vol.	11,	no.	2,	pp.	2244–2261,	

2014.	

[2]	 M.	S.	Tremblay	et	al.,	“Sedentary	Behavior	Research	Network	(SBRN)	–	

Terminology	Consensus	Project	process	and	outcome,”	Int.	J.	Behav.	Nutr.	

Phys.	Act.,	vol.	14,	no.	1,	p.	75,	2017.	

[3]	 J.	H.	Rimmer,	W.	Schiller,	and	M.-D.	Chen,	“Effects	of	Disability-Associated	

Low	Energy	Expenditure	Deconditioning	Syndrome,”	Exerc.	Sport	Sci.	

Rev.,	vol.	40,	no.	1,	pp.	22–29,	2012.	

[4]	 D.	B.	Foundation,	“Journal	of	NeuroEngineering	and	Rehabilitation	

Unfavorable	physical	behavior	in	persons	with	aneurysmal	

subarachnoid	hemorrhage :	in-depth	objective	measures	of	physical	

activity	and	sedentary	behavior.”	

[5]	 S.	Hoekstra,	L.	Valent,	D.	Gobets,	L.	van	der	Woude,	and	S.	de	Groot,	

“Effects	of	four-month	handbike	training	under	free-living	conditions	on	

physical	fitness	and	health	in	wheelchair	users,”	Disabil.	Rehabil.,	vol.	39,	

no.	16,	pp.	1581–1588,	2017.	

[6]	 L.	M.	Widman,	C.	M.	McDonald,	and	R.	T.	Abresch,	“Effectiveness	of	an	



40	
	

upper	extremity	exercise	device	integrated	with	computer	gaming	for	

aerobic	training	in	adolescents	with	spinal	cord	dysfunction,”	J.	Spinal	

Cord	Med.,	vol.	29,	no.	4,	pp.	363–370,	2006.	

[7]	 F.	J.	Penedo	and	J.	R.	Dahn,	“Exercise	and	well-being:	A	review	of	mental	

and	physical	health	benefits	associated	with	physical	activity,”	Curr	Opin	

Psychiatry,	vol.	18,	no.	2,	pp.	189–193,	2005.	

[8]	 Y.	ANTERO	KESANIEMI	(Chair),	E.	DANFORTH,	M.	D.	JENSEN,	P.	G.	

KOPELMAN,	P.	LEF??BVRE,	and	B.	A.	REEDER,	“Dose-response	issues	

concerning	physical	activity	and	health:	an	evidence-based	symposium,”	

Med.	Sci.	Sports	Exerc.,	vol.	33,	no.	Supplement,	pp.	S351–S358,	2001.	

[9]	 W.	L.	Haskell	et	al.,	“Physical	activity	and	public	health:	Updated	

recommendation	for	adults	from	the	American	College	of	Sports	

Medicine	and	the	American	Heart	Association,”	Med.	Sci.	Sports	Exerc.,	

vol.	39,	no.	8,	pp.	1423–1434,	2007.	

[10]	 C.	A.	Wagner,	F.	Lang,	S.	Bro,	A.	Carsten,	F.	Lang,	and	S.	Bro,	“Waging	war	

on	modern	chronic	diseases:	primary	prevention	through	exercise	

biology,”	J.	Appl.	Physiol.,	vol.	88,	no.	2,	pp.	774–787,	2001.	

[11]	 M.	L.	Tolerico	et	al.,	“Assessing	mobility	characteristics	and	activity	levels	

of	manual	wheelchair	users.,”	J.	Rehabil.	Res.	Dev.,	vol.	44,	no.	4,	pp.	561–

571,	2007.	



41	
	

[12]	 I.	S.	Howard,	J.	N.	Ingram,	K.	P.	Körding,	and	D.	M.	Wolpert,	“Statistics	of	

natural	movements	are	reflected	in	motor	errors.,”	J.	Neurophysiol.,	vol.	

102,	no.	3,	pp.	1902–1910,	2009.	

[13]	 J.	L.	Herder,	N.	Vrijlandt,	T.	Antonides,	M.	Cloosterman,	and	P.	L.	

Mastenbroek,	“Principle	and	design	of	a	mobile	arm	support	for	people	

with	muscular	weakness,”	J.	Rehabil.	Res.	Dev.,	vol.	43,	no.	5,	p.	591,	2006.	

[14]	 H.	Mahajan,	D.	M.	Spaeth,	B.	E.	Dicianno,	D.	M.	Collins,	M.	L.	Boninger,	and	

R.	A.	Cooper,	“Comparison	of	virtual	wheelchair	driving	performance	of	

people	with	traumatic	brain	injury	using	an	isometric	and	a	conventional	

joystick,”	Arch.	Phys.	Med.	Rehabil.,	vol.	92,	no.	8,	pp.	1298–1304,	2011.	

[15]	 D.	M.	Spaeth,	H.	Mahajan,	A.	Karmarkar,	D.	Collins,	R.	A.	Cooper,	and	M.	L.	

Boninger,	“Development	of	a	Wheelchair	Virtual	Driving	Environment:	

Trials	With	Subjects	With	Traumatic	Brain	Injury,”	Arch.	Phys.	Med.	

Rehabil.,	vol.	89,	no.	5,	pp.	996–1003,	2008.	

[16]	 I.	S.	MacKenzie,	T.	Kauppinen,	and	M.	Silfverberg,	“Accuracy	measures	for	

evaluating	computer	pointing	devices,”	Proc.	SIGCHI	Conf.	Hum.	factors	

Comput.	Syst.		-	CHI	’01,	pp.	9–16,	2001.	

[17]	 S.	Balasubramanian,	A.	Melendez-Calderon,	A.	Roby-Brami,	and	E.	

Burdet,	“On	the	analysis	of	movement	smoothness,”	J.	Neuroeng.	Rehabil.,	

vol.	12,	no.	1,	p.	112,	2015.	



42	
	

[18]	 M.	P.	Murray,	G.	B.	Spurr,	S.	B.	Sepic,	G.	M.	Gardner,	and	L.	A.	Mollinger,	

“Treadmill	vs.	floor	walking:	kinematics,	electromyogram,	and	heart	

rate.,”	J.	Appl.	Physiol.,	vol.	59,	no.	1,	pp.	87–91,	1985.	

[19]	 J.	S.	Gottschall,	“Energy	cost	and	muscular	activity	required	for	

propulsion	during	walking,”	J.	Appl.	Physiol.,	vol.	94,	no.	1,	pp.	1766–

1772,	2003.	

[20]	 D.	E.	R.	Warburton,	C.	W.	Nicol,	and	S.	S.	D.	Bredin,	“Health	benefits	of	

physical	activity:	the	evidence.,”	CMAJ,	vol.	174,	no.	6,	pp.	801–9,	2006.	

 

  



43	
	

8. APPENDIX	

 Revolute	joints	design	

The	revolute	joints	were	designed	so	there	was	minimum	friction	in	the	mechanism.	Each	

joint	consists	of	two	different	parts,	one	with	the	shape	of	a	U	that	acts	as	housing	for	two	

bearing,	and	another	one	with	the	shape	of	a	T	that	goes	inside	the	U.	The	T	shape	has	a	whole	

in	the	middle,	and	a	shoulder	screw	goes	inside	that	whole	and	the	two	bearing	of	the	U	shape	

to	hold	the	two	parts	together.	To	make	sure	that	the	shoulder	screw	always	rotates	with	the	

T	shape,	a	set	screw	was	used.	That	is	important	because	the	data	from	the	encoders	that	

indicates	the	position	of	the	mechanism	will	only	be	valid	if	the	shoulder	and	the	T	shape	are	

always	moving	together.	This	joint	can	be	seen	in	the	next	figure.			

		 											 	

Figure	27.	Picture	of	the	revolute	joint	
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 Spring	pretension	adjuster	system	

The	 spring	 adjuster	was	 designed	 in	 order	 to	 give	 pretension	 to	 the	 springs	 and	 enable	

perfect	static	balancing,	as	well	as	having	the	chance	to	give	a	resistance	to	movement	by	

giving	the	spring	a	greater	pretension.	The	spring	is	located	inside	a	tube,	and	attached	to	a	

nut.	This	nut	is	inserted	into	a	led	screw,	which	can	be	turned	from	the	end	of	the	tube.	The	

spring	cannot	rotate	inside	the	tube,	since	there	are	two	shoulder	screws	connected	to	the	

nut	that	slide	across	two	rails	that	were	made	on	the	tube.	Since	the	spring	cannot	rotate,	

when	the	lead	screw	is	turned	the	spring	will	move	forwards	or	backwards	along	the	rail.	

This	system	can	be	seen	in	the	next	figure.	

	

Figure	28.	Picture	of	the	spring	pretension	adjuster	system	
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 Velocity	based	control	algorithm	

A	 velocity	 based	 control	 algorithm	 was	 also	 designed	 but	 the	 acceleration	 based	 was	

selected.	The	data	from	the	encoders	(q1	and	q2)	can	be	transformed	to	position	(x	and	y)	of	

the	 handle	 using	 the	 forward	 kinematics	 equations.	 That	 signal	 is	 then	 differentiated	 to	

obtain	speed	and	low	pass	filtered	(first	order,	cutoff	frequency	5	Hz)	to	eliminate	the	noise	

coming	from	the	encoders,	which	is	amplified	after	taking	the	derivative.	Then	this	signal	is	

compared	to	the	pressure	to	include	the	clutching.	That	is	done	by	setting	a	threshold	for	the	

signal	coming	from	the	pressure	sensor	and	assigning	to	that	signal	a	value	of	0	when	it	is	

below	that	threshold	and	a	value	of	1	when	it	is	above.	Then	the	speed	of	the	arm	support	is	

multiplied	by	this	signal.	That	will	give	a	signal	that	is	proportional	to	the	speed	of	the	arm	

support	 when	 the	 handle	 is	 pressed	 and	 0	 when	 it	 is	 not.	 To	 smooth	 this	 signal	 so	 the	

wheelchair	 moves	 in	 a	 nice	 and	 natural	 way,	 a	 damper	 system	 was	 added	 after	 the	

comparison	with	the	pressure.	A	first	and	second	order	system	were	used	and	compared,	

and	the	second	order	one	was	selected	due	to	the	final	signal	being	smoother	and	less	noisy.	

Finally,	the	signals	are	converted	to	signals	that	the	Omni	can	read.		

	
Figure	29.	Velocity	based	control	algorithm	
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 Energy	expenditure	raw	data	for	all	the	subjects	

	

Figure	30.	Raw	data	for	part	1:	Subject	1	

	

Figure	31.	Raw	data	for	part	1:	Subject	2	
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Figure	32.	Raw	data	for	part	1:	Subject	3	

	

Figure	33.	Raw	data	for	part	1:	Subject	4	
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Figure	34.	Raw	data	for	part	1:	Subject	5	
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 Path	and	arm	movement	data	for	all	subjects	in	part	2	

	

	

	

	

	

	

	

Figure	35.	Arm	movement	and	path	analysis	for	part	2:	subject	1	

Figure	36.Arm	movement	and	path	analysis	for	part	2:	subject	2	
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Figure	37.	Arm	movement	and	path	analysis	for	part	2:	subject	3	

	
Figure	38.	Arm	movement	and	path	analysis	for	part	2:	subject	4	
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Figure	39.	Arm	movement	and	path	analysis	for	part	2:	subject	5	




