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Figure 5.2: Experiment setup of PWC navigation human trials by-abldied subjects: (a) Plan of
the obstacle course showingttimensions and approximate PWC trajectory, (b) eTDS
prototype Gef8 worn by an abkbodied subject to wirelessly control a PWC, and (c)
The GUIs for the TDS?WC control developed in LabVIEW environmeunt............. 59
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Figure 5.4: (a) Mouse cursor path recorded during the maze navigation experiment superimposed on
the GUI track. (b) Mean values and 95% confidence intervalagsed time for five
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Figure 5.5: PWC navigation experimental results using the eTDS-&evith different control
strategies: (a) Average navigation time, (b) Number of collisions, (c) Number of issued
commaumls (NIC), and (d) Subjective rating of three PWC control strategies based on a
guestionnaire filled by the subjects after the trials. The mean values along with their 95%
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Figure 5.6: Average number of issued command (NIC) vs. the trial nuntlvezaich control strategy.
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Figure 6.2: Magnet attachment for the clinical tria:thin string of dental floss is attached to the
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Figure 6.3: (a) A subject with SCI at level C4, wearing the eTDS prototype and navigating a
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SUMMARY

Themain objectiveof the pesentedesearch is tdesign, fabricate, fully characterize,
and assess the usability and fuoctlity of a novel wireless tongu®peratedassistive
technology,called Tongue Drive System (TDSthat allows individuals with severe
physical disabilities(such asquadriplegicy to effectively access computersdrive
powered wheelchairand control emronmens using their voluntary tongue motiofhe
systemc an wirelessly detect usersodéo tongue
and a magnetic tracer secured on the tongue, and translate them into a sed&finesbr
commands in real time, hich can then be used tommunicate with target devices in
user so6 e nThe priocipah @advdntage of the TDS is thatcambination of
magnetic sensors and a smadirmanent magnet carapture a large number of tongue
movements, each of which can repentone specific command. A set of dedicated
tongue movements can lwenfigured as specific commands feach individual user
based on his/her preferences, lifestyle, and remaining abilifss a result,this
technologycan benefit a wide range of potith users with different types of disabilities.

The work carried out in this dissertatiois largely split into threeportions (1)

Development, fabrication and characterizationegfernal TDS (eTDS) prototypes to

mo v

verify the conceptof TDS that isdetect ng and e x tinteationtthrough theirs e r 6 s

voluntary tongue motigrutilizing a combination of magnetic sensors and a small magnet

as well asthe application of this idem the context of assistive technolo@wis part of

thework is presented i€haptes IV, V andVI. (2) Assessment of tHEDS performance

in medium term usage for both computer access and wheelchair control. The main

Xiv



purpose otthis work was to gain valuable insighinto the TDS learning process and its
current limiting factorswhich ould lead the wayn designing new generatisof TDS

with improved usability This portion ofthe work is describedin Chapter VII. (3)
Development and performance assessment of a multimodal TDS (miha&)perates
based on the information collect from two independent input channellse tongue
motion and speeciThis multimodal systeraxpand the access beyond one input channel
and thereforeimproves the speed of access by increasing the information transfer
bandwidth between users and comput@&tss part ofthe work is presenéd in Chapter

VIl and IX.

This dissertation has contributed to the innovation and advancemertiheof
startof-the-art assistive technologyesearch by exploringealizing and validatinghe
use of tongue motion as aluotary motor output to substitute some of tbst arm and
hand functionsin people with severe disabilities faromputer accesswheelchair

navigation,and environmental control.

XV



CHAPTER |

INTRODUCTION

AWhile working towards a cure, there are millianfspeople with disabilities who deserve
an improved quality of life. It is my passion to help disabled individuals, their families
and caregivers in ways that will more immediately give them increased independence,

day-to-day happiness, and improved accessDana Reeve

A recent study initiated by the Christopher and Dana Reeve Foundation fountbtieat
than 54 million people in the U.S., almost one in 50, are living with paralfsigire1.1
shows the major causes of par&@yom spinal cord injuries (SCI) to neuromuscular
disorders16% of theparalyzed population@bout one millionare complaininghat they
are completely unable to move and cannot live without continuougtelpach year,
more than 50 million people provide care for those who are living with paralysis, which is
valued at an annual cost of $306 billidforeover, he National Institutes of Heal{iNIH)
reports that 11,000 cases of severe SCI from automatieidents, acts of violence, and
falls add to this population every ye8adly,55% of these SCI victims are between 16 and
30 years old, who will need lifelong special care services for the rest of theiflives
Considering these important factarssearch towards improving the quality of life for this
underserved population can potentially have a large societal impact.

Assistive technologiegATs) can enable individuals with severe disabilities to
communcate their intentions to other devices, particularly computers, as a mean to

control their environmentShiswi | | ease the individual sbo
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Other 526,000 9%  Causes of Paralysis
N= 5,596,000

Post-Polio Syndrome
272,000 5%

Stroke
’, 1,608,000 29%

—— Unspecified
Birth Defect
110,000 2%

Cerebral Palsy
412,000 7%
Neurofibromatosi:l

212,000 4%

Traumatic Brain
Injury 242,000 4%

Multiple Sclerosis

. i 939,000 17%
Spinal Cord Injury

1,275,000 23%

Figure 1.1: Causes of paralysis in the U.g1].

help, thus reducing the burden on their family members, sielgatheir dedicated
caregivers, and reducing their healthcare and asdisieg costs. It may also help them
to be employed and experience active, independent, and productive lives.

It is generally accepted that an individual with disability plusaty@opriateassistive
technology can function as a person without limitafih In addition, computing and
internet technologies are great equalizers enabling all individuals to have similar
vocational andreerat i on all opportunities. Once an i n
to access a computer, he/she patentiallydo everything that an abledied individual
can do with that computer. This includes controlling other devices such as powered
wheelchairdPWC), assistive robotic manipulators, and other home/office appliances that
are connected to a local area network (LAHI). Even the individual ¢
prosthetic limbs can be manipulated to makeavarby employing functional electrical
stimulation(FES)[5].

Despitethe fact thata wide variety ofassistive devices are available for people with
lower levels of disabilitiesthose with severe disabilitiessich asigh level SCI patients

who need ATs the most, have very limited options. Even the existing ATsshave



comings and i mpose | i mit atrForexampleguongidlse usSe.!
those providing alternative control for computer ascesmd wheeled mobility are
considered the most mpor t ant f o r sinde dheyacard otentiallyf ilmpsovey | e
u s e quality of life by easing two major limitations: effective communication and
independent mobility2], [6]. Unfortunately, none of the existing ATs can effectively and
safely address both applications. Therefore, users are burdened with learning how to use
multiple ATs for various tasks, and switcgimmong them often with the help of a
caregiver.

The main objectiveof the presentedesearch is t@advance the state of the art in
assistive technology bgesigrnng, fabricaing, characterimg, and exploing the usability
of a novel wireless control devce, called Tongue Drive System (TDS) that allow
individuals with severe paralysis (quadriplegia) to effectively access computers, drive
wheelchairs, and control environments using their voluntary tongue motion with
minimum physical, emotional, or psychosdcburden. This new technologycan
wirelessly detecu s er s6 v ol i t i on mdide the aral) spacetiliziogvae me nt s
array of magnetic sensors and a permanent magnetic mankketranslate them into a set
of userdefined commands in real time withtorequiring the tongue to touch or press
against anything. These commands can then be used to access a copguatier,&@WC,
or control other devicesn user$ environment The systemcan offer its end user
multiple control functions over a wide vanteof devices, thus, releasing them from the

burden of learning to ussend switching amondifferent ATs.



CHAPTER Il

ORIGIN AND HISTORY OF THE PROBLEM

2.1 What is Assistive Technoloyg?

According to the TechnologiRelated Assistance for Individuals with Bislities Act of
1988 (Public Law 10@&07)[7],as si sti ve technology is fdany i
product system whether acquired commercially off the shelf, modified, or customized that
is used to increase, maintain wnprove functional capabilities of individuals with
di s abiTha eéxamplesoafmodern assistive technologies (A include but not
limited to wheelchairprosthetidimbs, hearing aidandBraille alphabetgFigure2.1).

The growth and development ahodernassistive technology is dotted with events
beginning in the 19th century. In 1808, Iégtino Turri of Italy built the firsttypewriter
for his blind friendto help hemvrite legibly.In 1821, Louis Braille developed@dat cell
basedanguagefor blind people to read and writethich later named as Braille system
revolutionized written communication for the blidduring the Civil War in the United
States, great strides were made in the development of prostheses, lgdpectiad lower
limb. A socket developedby Dubois L Parmelee in 1863 featured the first suction
attachment ofower limb prosthess [8]. Hearing aids, that amplify sounds for people
with hearing impairments, were first pated in the 189Qslts major function of
amplifying sound has not changed over the yebrs1933, Harry Jennings and his
disabled friend Herbert Everest, both mechanical engineers, invented the first lightweight,
steel, foldable wheelchair[9], which was the earliest wheelchair similar to what is in

modern use today.
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Figure 2.1: Examples of modern assistive technology: (a) Wheelchaitb) Prosthetic limbs,
(c) Hearing aid, and (d) Braille Alphabets.

The modern assistive technolp@ppliancesand industrieshave grown rapidlyover
the past decades due the innovatios in new materals and technologies Significant
efforts have been made to improve the quality of (@®L) of the people withsevere
disabilities, such as individuals completely paralyzed as a result of injury aiaogioal
diseasesMany researchers are working tangs helping this population by leveraging the
recent advancements in the neurosciences, material sciences, microelectronics, wireless
communications, and computing in developing advanced assistive technolduss.
technologieswill potentially enable mdividualswith severe disabilities to communicate
their intentions toother devices, particularly computers, as a mean to control their
environmentsATs will alsoeas e t he i nsdor redeidingadngndousnhel@ d
thus reducing the burden on thé&mily members, releasing their dedicated caregivers,
and reducing their healthcare and assiitedg costs. It may also help them to be

employed and experience active, independent, and productive lives.
2.2 State-of-the-Art Assistive Technologies

Up untl now, very few hightech ATs have made a successful transition outside of the
research laboratories into the consumer market to be widely used by severely disabled

individuals. Many factors including financial, technical, psychophysical, and ease of use



determine the acceptance rate of an assistive device.

One category f assistive technologies rely on
brains, which are either completely unaffected or only partially impaired by the
neurologicalinjuries ordiseasesto establish an indirect communication channel between
the userso6é6 brain and t aimsigredcramiatnenves arsrar¢hye . g .
affected even in the most severe cases of SCI, because of being well protected in the skull
[10]. Therefore, the majority of SCI patients have normal vision, speech, and facial
muscle control. A key advantage of such technologiesitiizing the reasonable
bandwidth that is available through those natural pathways, while remainimyasize.

As a compromise, they may not cover a small percentage of the target population, who
has absolutely no motor abilities, such as those suffering from locksghdrome[11].
Sip-andpuff switches, head pointers, eyadkers, electromyography (EMG) switches,
and speech recognition software are examples of devices in this category.

2.2.1 Sip-n-puff

Sip-n-puff is a simple, low costswitch basedAT, which allows its useto control a
powered wheelchairPWC) by blowing and swkking through a strawm(Figure 2.2).
Although sipn-puff has simple operating principéad easy to usé,is slow, cumbersome

for complicated commands, aoéfers very limited flexibility, degrees of freedorfDoF)

and adaptabilt to user abilitiesIt only hasa limited number of direct choices (4
commands), which should be entered in sefl23, [13]. Anothermajor limitation of
sip-n-puff is the lack of proportional ctnol, as opposed to a joystick, which can provide a
much easier and smoother control over different movements, such as acceleration and

deceleration of #WC. Sip-n-puff also requires diaphragm control and may not benefit
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Figure 2.2: Sip-n-puff devices require users to suck and blow through a strawto contr

powered wheelchais[12], [13].

thosewho continuously use ventilators.

2.2.2 HeadControllers

Another group of assistive technologies, known as heattolless,are based oreplacing

hand or finger movements witiead novementsMany of these devicesere developed

to control the computer mousarsor bycorrelaing the head movementsgith the cursor
movemensg on the computer scre¢h4]-[18]. Figure2.3 shows a variety asuchdevices

that arebased on differentacking mechanism3.he Boost Tracer ifigure2.3a operates
based on sensing acceleration of the head while tilting or turning using miniature
gyroscopes and accelerometdr8]. Headmastershownin Figure2.3b, has an ultrasonic
transmitter that should be placed in front of the uBdr,e posi ti on of t he
determind from the intensity of theultrasonicwavesreceived bythree head mounted
microphone [20]. HeadMouse and Tracker Prokigure2.3c andFigure2.3d detect the

head positiorby tracking an infrarediR) beam reflected from a reflector dot attached on

t he us er glassebpphath-2.drackIR in Figure2.3e has a activelR unit
thatclips to the side of the headsets and is powered by USB, projectingRhbeams
directly atthe IR receivermounted on a monitoj23]. CameraMouse (Figure 2.3f),

QualiEye, HandiEye, EyeTwjdraton Facial, and Holograaneall similar webcarrbased
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Figure 2.3: Different types of head movement basedassistive devices: (a) Boost Trac
based on head acceleration measured by gyroscopd®], (b) Headmaster based orthe
intensity of ultrasonic sounds received bythree head mounted microphones [20], (c)
Headmousebased on infrared reflection received from a headlot [21], (d) Tracker Pro
based on infrared reflection similar to Headmouse[22], () TracklR based on infrared
emission received from an active unit mounted on the headdet3], (f) Camera Mousebasec
on tracking the movements ofa userdefined facid feature within a webcam field of viev
[24], (g) Head array wheelchair controller based on proximity sensorf26], and (h) Magitek
wheelchair controller based on head movements measured by acceleeters[27].

software, whichoperate based on trackimgspecificuserdefined facial feature dnead
movementsvithin the webcanfield of view [24]-[25].

There are alsteadcontrolled deviceslevelopedfor PWC operation[26]-[28]. For
example, a switclhased head array froMidaptive Switch Lab (Figure 2.3g) utilizes
three proximity sensors placed inside a headrest for control BM&. The semors
mounted inside the right and left wings control movement in those directions while the
sensor mounted inside the back pad of the headrest controls movement in the forward or
the forward/reverse directid@6]. Magitek (Figure2.3h) [27] and another similar system

developed by Craig et aJ28] use accelerometarto track the head movements and

associate them with different wheelchair contmhmands.



One limitation of headontrolledassistive devices is that only disabled individuals
whom headmovement is notinhibited may benefit from them. However, many
guadriplegicsand lockedin patients do not have good head movements and therefore
cannot benefit from any of these devices. Another limitation of these devices is that the
user 0s head s therangedvithinlthe eacts of theeassistive device sensors.
Otherwise the device cannot be used. Also, the use ofdwedblledassstive devices
for a long period of time can be quifatiguingsi nce they exhaust
muscles, which may already beakeas a result of the disability.

2.2.3 EyeTrackers

Anothergroupof assistive devices operate by tracking eye movements andiegeoyg
more precisely speaking by detectingrneal reflections and tracking pupil position
[29]-[36]. In these devices, a computapunted camera placed in front of the usersa
miniature optial sensor woriby theusers captures the light, usually, infrared, reflected
from the cornea, lens or retinal blood vedg8@l. The informationis furtheranalyzedo
extract the eye movement frahme change of reflectioard istranslated to move@ursor

on thecomputerscreen Electraculograms(EOG) have also beantilized for detecting

the eye movements to generate control commdodsboth computer access and
wheelchaircontrol [37]-[42]. The eyes are the origin of a steady electric potential field,
which can be modelely a dipole with its positive pole at the cornea and its negative pole
at the retinaEye movements can cause the change in the orientation @ipthle, which
result in a change ithe electric potential fieldround the eyeHOG potentiakignak).

EOG signat can be measured using two pairs of skin electrodes placed at periorbital

positions around one eyBy recording andanalyzing thechangesn EOG signad, eye



Figure 2.4: Different eye tracking devices (a) Wearable EOG basedeye tracker operate:
by interpreting bioelectrical signalsrecorded using surface electrodes attéed to the skin:
around userts eyes[42], (b) Lightweight wearable eyetracking headgear tracks the e
movement using a micrelens camera[33], (c) iView X HED wearable videobased ey
tracker from SensoMotoric Instruments (SMI) works by tracking the pupil position base
on corneal reflection[34], and (d) EyeTech TM3 computermounted eye tracker based c
corneal reflection similar to iView [36].

movements can be trackadd used to move the curgde].

Since eyes have evolved as sensory parts of our body, a drawback of-trecleye
systems is that they affectthescus s 6 nor mal vi sion by requiri
sometimes interfere with the usersé visual
touch problem, which results in unintended commands being issued when the user just
looks at some point anché system considers that as a command, hagetdieen
entirely resolved forthe eye tracking devices[43]. The EOGbasedmethod, shown in
Figure 2.4a, requires facial surface EOG electrodesl bulkysignal processing unit
attached to the goggliat are unsightly and give the user a strange look. This might
make the user feel uncomfortable in public pladée wearableideo-baseceye trackes
[33], [34] in Figure2.4b andFigure2.4c requirebulky headgear which impose the same
appearance issue as EM@seddevices. The computer mounteeye tracking method
[36], shown inFigure2.4d, alwaysrequiresa camera or display in front of the users for

detection or visual feedback, respectiv@lirerefore, it has the same limitations as the

headcontrolled devices requiring the users head termain within a certain rangén
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general camerabased eye tckers aresensitive to the ambient light condition and
therefore are not suitable foutdoor wheelchair controlt is worthy to consider that eye
trackers are mostly very expensiusually mae than$10,000, which in turn limit their
target population.

2.2.4 Electromyography (EMG) Based Controllers

An electromyogren (EMG) signal is the spatiemporal summation of the electrical
signals that are generated from several muscle fibers associatedf@rtntmotor units
during muscle contractigd4]. EMG-based control systems monitor EMG signals feom
targeted group ahuscles, typicallyacial [44], [45], neck[46], or shoul@ér muscled47],
which are associated withemovements that the userstill able toperform.Customized
signal processinglgorithms can recognize the EMG patterns associated with e
movementand produce a set of discrete gohtommands that can be used to mangise
cursor and perform selectioior computer interactiorj44]-[46], or repla@ joystick
functionto manipulatea PWC[47]-[49].

EMG-based systems are relatively efppone and need complex muscular
interactions[48]. These systemsequire highly specialized hardware and sopicited
signal process algorithms, therefore raaglin low portability [50]. Additionally, the
facial electrode attachmesuffersthe same cosmetic problem as EO&ed eye tracker.

2.2.5 Voice Controllers

\oice recognition softwe, such as Dragddaturally Speakingb1] and TalkingDesktop
[52], are effective in particular aspects of computer access such as texHemtgyer,
they arenot efficientin cursor navigatioand sensitive to accents and dialedisere are

nonspeech sound based voice controllers, i.e. Vocal Joy&Bjkdeveloped for cursor

11



control by mapping the different sounds to specific cursor movement direstvainile
asso@ting theenergy loudnes}of thevoiceto the velocity of cursor movemei.these
devices, language specificity and accent sensitivity has been removed. However, users
might feel uncomfortable and even awkward wheimgsuch devices in quiet but pumbl
places.There are researchers working on developioigerbased controllers foPWC
manipulatior{54]-[57]. These devicesan provideeasonableandwidth and haerelative
short response time-dowever, they are not safe enough to opetat wheelchair
independentlyandthereforehave to rely on additia autonomous navigation system to
avoidcollisions. A common problem associated wdahmost allvoice-basedcontrollers is
thatthey canwork properlyin the indoor and quiet environmetut become inefficient
andeven completelyselessn the outdoor or nojsenvironment.

2.2.6 Brain-Computer Interfaces

A group of assistive devices, known as breemputer interfaces (BCIs), directly tap into

the ®urce of volitional control, the central nervous syst&uchBCls can potentially

provide a broad coverage among users. However, depending on how close the electrodes

are placed with respect to the brain, there is always a compromise between invasiveness

and bandwidth. Noninvasive BCIs, which utiliegher electroencephalographic (EEG)

brain activity omear infrared (NIR) signdFigure2.5ai 2.5c), have not become popular

among users despite being under research and developmeni nc e [58]d68]l v 7 0 6 ¢
Limited bandwidth and susceptibility to noise and interference have previrase
devicesfrom being used for important tasks such as navigaBigCs in outdoor
environments, which need short reaction times and high reliability. There are also other

issues such as the need for learning and concentration, considerable time for setup and

12



Figure 2.5: Some of the existingorain computer interfaces BCIs): (a) Noninvasive surfac
EEG based BCI, (b) BSI-Toyota EEG based BCI for wheelchair control [66], (c) Honda
BCI system combining EEG with NIR [67], (d) Invasive BCIs utilizing dectrocorticogram
(ECoG) signal[70], and (e) BrainGate invasive BCI based on theeural signals detected b
intracranial microelectrodes[73].

removal, and poor aestheti{&9].

Invasive BCIs utilize signals recorded from skull screws, miniature glass cones,
subdural electrode arrayBSigure2.5d), and intracorticainicroelectrodeg469]-[72]. They
have been studied mainly in rbaman primates and more recently lanited human
subjecs (Figure 2.5e) [73]. Invasive BCls can achieve higher spatial and temporal
resolution compared to thedEGbased counterparts. They can also benefit from higher
characteristic amplitudes, leading to less vulnerability to artifacts and ambienfG8jise
However,these BClIs are costly and highly invasiVéerefore, they may nde desired
by the majority of end users, when less invasive alternatives are availaéte.are also
severaltechnical issues thatill need to be resolved such as electrode lifetime, implant

size, robust transcutaneous wireless link, efficient nesigal processing, finding
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Figure 2.6: Tongue-operated assistive technologies(@) Tongue Touch Keypad (TTK)[74],
(b) Tongue point[75], (c) Tongue mousd76], (d) Inductive sensor based tongue controlls
[78], (e) Tongue gesture detectowusing infrared optical sensors[80], (f) Think-A-Move
based onear canal pressure change$8l], (g) Jouse2, a combination of sim-puff and
mouth operated joystick[82], and (h) Integra Mouse[83].

optimal target neural populations, and highly portable processing hardware.

2.2.7 Tongue-Operated Devices

There are a group daiongueoperated ATssuch as Tongu&ouchKeypad® (TTK)
Tongue Poinand Tonge MousgFigure2.6a,2.6b and2.6¢) [74]-[76]. The TTK consists

of 9 switches built onto a mouthpiece that fits in¢b#ing of theoral cavityand activates

by the toub o f t he (7d]eDedpde beirg nngavative for the time it was
introduced in early 90s, TTK has not been widely adopted because of being bulky and
obtrusive[77]. Tongue Point is anoth&T based on the IBM TrackPoint device used in
laptops, which is a small pressure sensitive joystick placed inside the f@éluitven
though this device provides proportional control, it is always restricted to a joystick
opeition and any selection or clicking operation should be performed through additional

switches. The tip of the joystick also protrudes about 1 cm into the mouth, which could
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interfere with speech and ingestion functionse Tonguanouse, shown ifrigure 2.6¢
has a sensor module incorporating piezoelectric cersenisors and conductive adhesives
to connect the sensors to the electrofif®. The sensors form a matrix, the elements of
which can detecttgength and position of touch by the tongue. The sensor module is fitted
within the oral cavity as a conventional dental plate. However, the sensor module plate is
ratherlargeandprevents the usérom eating or talking while using this device.

Recently, an inductive sensor based tongue control{éigure 2.6d) has been
developed athe University of Aalborg, Denmarf/8], [79]. This deviceis similar to
TTK with 18 inducive switches that aractivated with a metallic activation unit in the
form of a tongue studHowever, itmore or less resembles TTK and Tongue Point in
treating tongue as a fingemstead of taking advantage it ergonomic abilitiesSaponas
et al.[80] havedevelopedan optical tongue gesture detector, whitdesinfrared optical
sensors embedded within an orthodontic dental retainer to sense tongue ¢Esjures
2.66). A potential problem withthis device is the high probability of unintended
commands during speech or ingestieng. i Mi das t o u cThitk-A-Moveg b | e m.
shown inFigure2.6f, measureshe pressurehanges in the ear cared a result ofongue
movementd81]. It offersonly one dimensionatontrol with limiteddegree of freedom
Most of these devices require bulky objects inside the mouth, which may interfere with
speech, ingestion, and sometimes breathing.

There are also a mber of tongueor mouthoperated joysticks such as Jouse2 and
Integra MousgFigure 2.6g and2.6h) [82], [83]. These devices can only be used when
the user is in the sittg position and require a certain level of head movement to grab the

mouth joystick. They also require tongue and lip contact and pressure, which may cause
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fatigue and irritation over lonterm use.
2.3 Summary

A considerable amounf ongoing researchémvebeen dedicated aevelopingadvanced
assistive technologies that can potentiaityprove the quality of life for individuals with
severe disabilities. Howevehe existing ATs either provide their users with very slow and
limited control over their envanment or they are highly invasive and in early stages of
development. Therefore, there is cleanyusgentneed to explore alternative means to
develop novel ATs that would take advantage of the most recent advancements in sensor
technology, computing, nal wireless communicationgp provide severely disabled
individualswith effective access to the computers, and from that channel, access to their
PWC, and surrounding environmelnt.addition toall thesetechnology advancements, the

new ATs shouldalsobe unobtrusive, low cost, honinvasiveosmetically inconspicuous

andt ake patientso nsetdtheyicanbewidelpaccepted,eise@ddnd o n

appreciated by their end users.
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CHAPTER Il

TONGUE DRIVE SYSTEM

3.1 Why Tongue?

The motor homunculus Figure3.1 shows that tongue and mouth occupsignificant
amount of sensory and motor cortex in the human brain that rivals that of the fingers and
the hands. Hence, they are inherently capable of sophisticated motor camdrol
manipulation tasks with many degrees of freedavhich is evident from its role in
speech and ingestidd0]. The tongue is connected to the brain via hypoglossal nerve,
which generally escapes severe damagespmal cordinjuries SCl§ and most
neuromuscular diseasess a result, even patients with high level SCls stilintain

intact tongue control capabilitie¥he bngue can move rapidly and accurately within the
oral cavity, which indicate its capacity for widebamdirect communication with the
brain. Its motion is intuitive and unlike EEl&asedorain computer interfaceBCls), does

not require thinking or concentration. The tongue muscle has a low rate of perceived
exertion and does not fatigue eadily]. Therefore, a tongue based device can be used
continuously for several hours as long as it allows the tongue to freely move within the oral
space.The motoneurons controlling tongue muscles receiweath of vestibular input

and he position of the tongue body is reflexively adjusted with changes in the body
position. Therefore, unlike many other devices, which require the user to sit in front of a
camera or on a wheelchair to be able to use the ddvitgye operated deviceanbe

easily used anywhere, and in any position, such as lying inAreather advantage of

using tongue is that the tongue location inside the mouth can afford its users considerable
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Vocalization

Figure 3.1: Tongue and mouthin the motor homunculus [10].

privacy, which isespeciallyimportant for peole with disabilities, who do not want to be
considered different from their abl®died counterparFinally, unlike some BClIs that

use neural signals from the motor cortex, which require implanting electrode arrays on
the surface of the brain, noninvasigecess to the tongue motion is readily available

without penetrating the skin.
3.2 Tongue Drive System Overview

Tongue Drive System (TDS) is a minimally invasiweobtrusive,tongueoperated,
wireless,and wearableassistive technologyAl) that canenable pople with severe
disabilitiesto control their environment, such as access computers or driving wheelchairs
using nothing but only their volitional tongue movemeiitse systenwirelessly detest
severalspecifictongue position®r movementsnside the cal space, and translatdhem
into a set oluserdefinedcommands in real time without requiring the tongue to touch or
press against anything. These commands can then be ugs®driainicate with a variety
of devices in[84]58r sbé6 environment

Conceptually, DS consists of an array of magnetic sensors, either mounted on a

dental réainer inside the mouth, similar to an orthodontic brace réiotal TDS,
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Figure 3.2: Block diagram of Tongue Drive System: (a) intraoral TDS with magneti
sensors and control unit located on a dental retainer, and (b) exthal TDS with magnetic
sensors and control unit mounted on a headset.

Figure 3.2a) or on a headset outside the mouth, similar to a-tvead microphone

(external TDS,Figure 3.2b), and a small permanent magnetic tracer, secured on the

tongue. The magnet can be temporarily attachekdet@éangue using tissue adhesives. For

long term usage, however, the user should receive a tongue piemthgvear a
customized magnetic tongue stwith the magneembeddedAlternatively, the magnet

can be coated with biocompatible materials, such asidtn or gold, and implanted

under the tongue mucosa. The magnetic field generated by the tracer varies inside and

around the mouth with the tongue movemeBiasce the human tissue is transparent to

DC or low frequency magnetic fieldhdése variationgan be detected by the magnetic

sensors and wirelessly transmitted to a smart phone, such as an, i@hanersonal
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computer PC), which can be worn by the user or attached to hiptheered wheelchair
(PWQ). A sensor signal processin§3P) algorithm ruring on thePC or smartphone
classifies the sensor signals and converts them intcdeseed control commands,
which are therwi r el essly communi cated to the targe

[84]-[90].
3.3 Significance of the Pesent&l Technology

The principal advantage of the TDS is that a few magnetic sensors and an inherently
wireless small permanent magnet can capture a large number of tongue movements, each
of which can represent a specifiommand. A set of dedicated tongue movements can be
tailored for each individual user based on hisfneuth anatomypreferences, lifestyle,

and remaining abilities, and mapped onto a set of customized functions for environmental
access. Therefore, TD@m benefit a wide range of potential users with different types of
disabilities because of its adaptive operating mechamgntracking tongue movements

in real time, TDS also has the potential to provide its users with proportional control,
which is easr, smoother, and more natural than the switabed control for complex

tasks such driving a PWC in confined spaf®y, [92]. The tongue gestures associated

with the TDScommandsan be definedhi a way that they are sufficiently different from
tongue motions originated fromvoluntary or reflexive tongue movements resulted from
speech, swallowing, coughing, or sneezin@gddition, a specific tongue command can be
defined to switch the TDS bet&n standby and operational modes when the ugend

to eat or engage in a conversatiés. a result, théi Mi das t ou aiichispor ob |l em
important reliability issue and has not been completely resolved in some other ATs such as

eye trackers, can lavoided in TDSUsing TDS does not require us@éiengue to touch or
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push against anything. This can significantly reduce the tongue fatigue, which is an
important factor thaaffects the acceptability of ATs, and therefore result in gremster
satisfadion and technology adoptiomte The TDS headset can be equipped with
additional transducers, such asmicrophoneor motion sensorsand combined with
commercial voice recognition softwaaedcustomizedyraphical user interface (GUt)

cr eat e omtegfatedmulginhodal, multifunctionakystem which can be used in a

variety of environments for multiple purposes.
3.4 ResearchOutline

Thepresentedesearclonthe Tongue Drive Systerhas mainly focuses on two areék)
Technology development. Thgat of work was dedicated taevelopng and refining
external TDS (eTDS) prototypeboth hardware and softwanecluding miniature and
low power electronicggliable wireless communication lingyustomizedsSPalgorithms,
ergonomic headset design as vadlusefriendly GUIs[84]-[88]. The goal was ttake
advantageof the latesttechnology advancements sensor, microelectronics, wireless
communication, signal pressing and mobile computing to develmew low power
wireless wearablassistive devic¢hat issmaller,faster,more powerful,more accuracy
andmore reliable thamany ofits competitors(2) Performance valuationand usability
assessmenthis is thenontechnical aspect of the project, in whitte functionality and
usability of TDS in both computer access and PWC contrat extensively evaluatdxy
ablebodies subjects and the patients with high level §&7$-[90]. This work is as
important if not more important than the technology developnpamt of the research
sincethe valuable data and users feedback yielded tlemse human trialare the best

guidane to lead the way in developing and improvihg next generation othe TDS
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technologylt is well acceptedhat it is not onlythe functionality of the technologiself,
but also theusability, thecost,and even theppearancall together that determe the

acceptance rate of an assistive device.
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CHAPTER IV

DEVELOPMENT OF EXTERNAL TONGUE DRIVE SYSTEM

Over last five years, weavesuccessfullyonverted th@ongue Drive SystenTOS) from
a mere concept to a fully functional system and constantlyowepr its performance
throughfive generationsKigure4.1), by shrinking the size and power consumption of the
hardware, enhancing theensor signal processin3P algorithm and improving its
ergonomic factorsThe eternal TDS (eTDS) prototypesGenl to Gen4 (Figure4.lai
4.1d)are considered as early generations and designed to verify and validate the idea of
TDS, e.g. using a combination of magnetic sensors and a magnet tcedatect e x t r a c t
intention through their voluntary tongue movementseyl were using the same type of
digital magnet-inductivesensors and sharsdnilar design in the wireless control units
The latest version ofeTDS prototype Gen5 (Figure 4.1e), is based on analog
magneteresistive sensors and features much higher speed (sensor sampling rate)
compared to itpredecesssr The design of Geh mainly focued on improving the
s y s t fanutidrsality, reliability, mechanicaktability, sensor posibn adjustability,and
battery lifetime. Gen5 has been usaédthe TDS mediuntermperformance assessmémnt
studythe learn process of using TDS fmsth computer access and wheelchair control.
Although thee prototypes look quite different from each dker, ther major
components have not changaad remain the same over generatiditeese components
include 1) A small permanent magnetic tracer attached to the tongue using tissue
adhesives, clipping, piercing, or implantation, 2) A wireless heatis¢thouses and

mechanically supports a group of sensors as well as other electronics, 3) An assortment of
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Figure 4.1: Different generations of the TDS prototypes: (a) Geil built on a helmet
including a reference compass, (b) Gef built on a hardhat using stereedifferential
external magnetic field interference EMI) cancellation, (c) Gen3 built on a headgear
with smaller PNI sensors,(d) Gen4 built on a wireless headset and used for clinica
evaluation, and (e) Gerb built on a headgear with miniature Honeywell AMR sensors to
evaluate TDS performance in medium term usage with tongue piercing.

small and low power magnetsensorgo detect the tongue motion plus their interfacing
circuitry, 4) A wireless control unito fuse, packetize, and wirelessly transmit the
digitized magneticsensorsamples, 5) A wirelesgeceiver unit that is connected to or
included in thePC or smartphone (eventually will include iPhone, Blackberry, Android,
and Windows phones) to wirelesshiceive the TDS data packets from the headset and
deliver them to the PC or smartphone, 6) A driver software running on the
PC/smartphone that includes high throughput data communication drivers through 1/O
ports (such as USBand7) SSP algorithm andraphical user interfaceGUI), which
recognizes the position of the magnetic tracer, hence, the position of the tongue within the
oral space.

Each of these componenisdll be described in details in the following sections.
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4.1 Permanent Magnetic Tracer

The magnetic tracer used in eTDS prototypessmall permanent magnet, which is an
object made of a material that is magnetized and creates its own persistent magnetic field.
The main parameters used to describe the characteaftcpermanent magnet are the
residual induction B;), coercive force H¢), and peak energy densitBHmnay. Br is a
measure of the residual magnetic strength of a permanent magnet after the external
magnetization field is removedt is directly relatedto the field generated by the
permanent magnet. For a cylindrical magnet, showkignre4.2a, the onaxis magnetic

field strengthat distanceal from a pole of the magnet can be calculated from:

5 (d+L) d

B(d) =
W=E R Rja2@ 4y B* Ja 78 D%

(4.1)

whereB(d), in Gauss, is the magnetic field at distadcd. and D are the length and
diameter of the magneg¢spectivelyall in cm.Figure4.2a also shows thahé calculated
B(d)-d curveclosely agregwith the measurement results obtained in the lab environment

therefore validates the equation.4riorder to minimize the size of the magnetic traBer,
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Table4.1: Magnetic Tracer Specifications

Specification Value
Source and type K&J Magneticsrare-earth super magne
Magnetic naterial Neodymiumlron-Boron NdFeB
Size (diameter/length) A 5.0mm?3 1.6 mm
Residual magnetic strength | B, = 14,800 Gauss
Peak energy density BHa =52 MGOe
Coercive force H. > 11,200 Oersted
Surface Field: B,= 4,022 Gauss
Weight 0.2g¢
Operationtemperature Upto 176 F (80 €)

should be maximized, is mainly dominatedby the materials of the magn€&igure4.2b,
which shows the relative size of the most common permanent magnets to generate the
same output, indicates that NdFeB, knoasirare earth magnet,tiee matewl of choice.
Table 4.1 summarizes the specifications of the permanent madted (Magnetics,
Jamison, PAthat was used itheeTDS prototypes

The magnetic tracer can tdngue witetmequoadlzesv | v at
To eliminatethe riskof the magnetic tracer being detached and inadvertehgyed,
swallowed, or aspiratech thin but strong string, such as dental floss, is attached to the
magnet using super glue before coating the magnet with medical grade apadxy
silicone (seeFigure 4.3a). The other end of the string is knotted to #d@®S headset.
With the string in place, even if the user swallows or aspirates the magnet, it can be easily
extracted.

Another way to attach the magné ¢ tr acer to the usersoé t
piercing Figure4.3b). In this case, small magnetic tracers are completely encased in a
laser welded titanium bead or vacuum set dental acrylic in an otherwise standard straight

tongue stud (also known as tongue ring or tongue jewelry). The magnetic bead has been
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Figure 4.3: Three different ways for attaching the magnetic tracer to the tongue: (i
adhesives(b) tongue piercing, and (c) tongue implantation.

welded to the post. The lower bead is screwed on with a large number of fine threads.
There are also smaller magnets (41.6 mm x0.8 mm) cowiaibravailable with the

same residual magnetic strength. These smaller magnets can be directly injected under

the tongue mucosa using a medical syringe and a hypodermic needle after they are coated

with inert biocompatible materials, such as Parylengjimpale, silicone, gold, titanium,

platinum, or ceramics, as shownHigure4.3c.
4.2 Wireless Headset

Wireless headset is a key component of the TD®ntairsa group ofmagneticsensors to
detect the tongue motion, plus a waed control unit to packetize and wirelessly transmit

the magnetiddatasamples We have used commercially availal@quipment such as
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Figure 4.4: The major components of the eTDS prototypeGen-5 wireless headsetbuilt
using only commercial offthe-shelf components, including d@eadgeat

baseball helmet (Geb), hard hat (GeR), headgear (GeBand Gerb), and a commercial

wireless headset (Gef) as the main structure of the headsammechanicallyhouse and

support the electronicEigure4.4 showsthe latest version &TDS prototypdGenb) as

an exampleln this prototype, the wireless headsetquipped with a pair of goosenecks,

each of which bilaterally holds twmagneteresistive sensoms e ar t he subj ect ¢
symmetrical to the sagittal plan& miniaturized control uniis located on top of the

headset anteceives its power from a pairf)AAA batteriesenclosedn thesame box

4.2.1 Magnetic Sensors

Small magnetic sensors have been widely integrated in vehicles, mobile phones, medical
devices, and etc. for navigation, speed, position and angular sensifige other
applications of magnetic seors include mesuring currents, correctindpe drifts of
gyroscopes, detecting unexploded ordnance, space exploration, and measuring the

magnett fields generated by the brgd®B]-[95]. Figure4.5 shows sme of the common
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Figure 4.5: Magnetic sensing technologies: magnetic properties (inimum measurable
field and dynamic ranges) and applicationg93].

magnetic sensing technologiesxdcompares thie magnetic characteristidga terms of
minimum detectable fieldnd dynamic rangg3]. There are rany factors other than
sensitivity such as cost, frequency response, size, and power requirements that determine
which sensor is best suited for an applicaft]. Among these technologies, Haffect,
anisotropic magneteesistive (AMR), and magnetimductive(MI) sensors areonsidered
as good candidates ftine TDS applicationbecause otheir small size, high sensitivjty
reasonable power consumptj@md low cost

The Hall Effect sensas operate based on Hdfffect, discovered by Edwin H. Hall
more than 100 years ago. Hall Effect is a physical phenontéabean be described as
small voltage (Hall voltage) is generated across an electrical conductor, transverse to an
electric currenin the conductor when a magnetield is presented perpendicular to the
current[96]. The commercial ofthe-shelf (COTS) HalEffect sensors contain the sensor
element as described above plus a high gain integrated circuit (IC) amplifier in a single

packageSome sensors also includa on-chip analogto-digital conveter (ADC) anda
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digital interface todirectly communicate with rmexternalmicrocontroller.Hall Effect
sensors are low cost and can operate across a wide range of tempkiauaeer, the
sensiivity of commercial silicorbasedHall Effect sensors igelativdy low, usually in
the range ofl0° to 0.1 T [97]. Most COTSHall Effect sensors are singler dualaxes,
and can only measure magnetic field componentsatbgterpendicular to their sensitive
surface. Only one triaxial Hall Effect sensoris available from Melexis (MLX90333)
[98]. However,this sensoonly providescomputed angular information instead of raw
magnetic field in its outputs Hall Effect sensors are also available at Allegro
Microsystem Inc.

Anisotropic magnetoesistive(AMR) sensoiis based on the magnetesistive effect
in ferromagnetic metals that was fidiscoveredoy William ThompsorandLord Kelvin
in 1856[99]. The sensor is made of a nickiebn (Permalloy) thin film deposited on a
silicon wafer and is patterned as a resistive strip. The properties of the AMR thin film
result inresistancehangeby 2-3% in the presence tiie magnetic field. Typically, four
of these resistors are connected in a Wheatstone bridge configuration so that both
magnitude and direction of a field along a single axis can be meadided AMR
sensor typically has large mdwidth (5 MHz), since the reaction of the
magneteresistive effect is very fast and not limited by coils or oscillating frequen&ies.
typical measurable field of AMR sensor is in the rangé td 5000¢ Twith openrloop
read out circuitry. With closetbop feedback readout electronic methods, the minimum
detectable field can be reducedtd nT for limited bandwidth97]. One of theconcerns
for AMR sensor is that the sensbecomessaturated when it is exposed d@ostrong

disturbingmagnetic field, and as a result the performanab@$ensor degrades in terms
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of both sensitivity and linearityA short and high currerdget/reset pulse is needed to
recoverthe sensor propees. This requiresxtraset/reset circuitry and increasbe size

and costof the system.Another drawback of AMR sensois that they are highly
temperature dependent. Thus, while they can operate over a huge temperature range, their
temperature sensiity coefficients can be as high 8 %&£ [93]. AMR sensors are
available from Philips, HL Planar, and Honeyw&D1].

Magnetoeinductive (MI) sensors are relatively new with the first patesued in
1989 [102]. The sensor incorporatea solenoidageometry coil wrapped around a
high-permeability magnetic corewvhich inductance changewith the appliedexternal
magnetic field In the readout circuitrythe sense caiis the inductance element in a L/R
relaxationoscillator which varies the oscillatioftfequencyproportional tothe change of
the coil inductance By measuring the time to complete a fixed number of oscillations
(periods), it is possible to derive theemgth of the applied magnetic fie]dl03]. The
observed frequency shift can be as masli00% as the sensor is rotated 90 degrees from
theapplied magnetic fiel{ft00]. The measurable field &fll sensors is in the range bd
to 1000 ¢ TThesesensorsaresimple in design, low cost, and low poweowever,they
are relatively slow since the maximum sampling eatdresolution are inverselelated
The commercial MI sensors are only availablenfr@recision Navigation, Inc. (PNI
Santa Rosa, Cpand used in compass applicati¢h@4]. PNI does not provide integrated
version of three axial Ml sensors. Therefore, a discrete Z s¢hdox 2.2 x 6.0 mn)
has to be usedithh anon-chip 2axial sensor modul@ x 7 x 1.35 mni) which results in
much higher profile than other solution¥able 4.2 summarizessome important

specifications othe COTS3-axisHall Effect, AMR and MI sengs.

31



Table4.2: Commercial Off-The-Shelf Magnetic Seners

. Full Range | Resolution | Sampling | Current .
Magnetic Sensors Size (mn) Output
uT) (nT) Rate (Hz) (mA)
Hall Effect Angular
450000 N/A 5k 135 6 x5x1.6
(MLX90330) [98] Data Only
AMR
600 12 5M 10 3x3x14 Analog
(HMC1043)[101]
MI (MS2100 + 7 x7x1.35 .
#100 55 <100 5 Digital SPI
SEN-S)[104] 2.1 x2.2 x6

MI sensors have been used in eTDS prototgpe 1 to Gen4 for its high resolution

and simplicity to interfacat thecost oflimited sampling rat€13 Hz) In eTDS Gerl, a

pair of 2D PNI magnetic sensor modules waeurted symmetrically at right angle @n

baseballh e |

me t

faceguard

c | (Figaire 4.14) (84].tEAhch madiee r 6 s

contains a pair of orthogonal sensaesulting inone, one, and two sensansthe X, Y,

and Zaxes with respect to the helmet coordinates, respectiVélgse two sensors

measures the magnefield v ar i at i on

around

user sao

mout h

of the magnetic tracer on the tongue, whild D magnetic sensor modulensounted on

top of the helmet as a referent® measureambient magnetic fieldThe reference

compass output igsedto predict and cancel out the interfering magnetic fields at the

location of the main sensor modul&his interference cancellation tectjoe will be

explainedn more detailsn sectior4.4.1

In eTDS Ger2 to Gen4, a pair of 3axial Ml sensor modulemcludingone MS2100

2-D sensor(X-Y) andone discreteSEN-S sensor Z), was mountedn the headset to

measurehe magnetic field around the mouirhese 3axial sensor modules can measure

magnetic field vector in three directiorfX, Y, and Z) and therefore provide more

information compared to their-R counterpart.The reference sensor module was no
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longer needa in this casesince a efficient stereo differential noise cancellation
algorithm was implemented to minimize the interference of external magneti¢nietd
details laterin section4.4.1). This significantly reduced the per consumption and
simplified the system design.

In eTDS prototype Geb, four 3-axial HMC1043 AMR sensors were useditaprove
the sampling rate (up to 50 Hz) for fast tongue motion detecéind to increase the
detection range withiarger number of sesors By carefuly designng the interfacing
circuitry and implementinga smart sensor duty cycling algorithm imicrocontroller
firmware, we were also able to reduite power consumption and the physical size of the
sensor modulesThe tradeoff was theslightly lower resolution, which was partially
compensated by usingore sensoras well as improving theensor signal processing
algorithns.

4.2.2 Wireless Control Unit

The main function othe wireless control units to readthe magneticsensor outpuis
asemble them into data packeand then wirelessly senldemto anearbysmartphone or

PC for further processingThe wireless control unit also includes power management
circuitry to duty cycle the sensor modules to reduce the power consungiioe. simp

data processing algorithm, such as adaptive sampling and standby mode switching, can be
implemented in local control unit too. Teenphasis ofontrol unitcircuit designs onthe

low power consumption, smalbrm factor and high reliability.So far, vo different
versions of wireless control units have been developed, one for early versions of eTDS
(Gen1 to Gend) utilizing a MSP430 microcontrolleiféxas Instrumentfallas, TX) as

its main processorand the other for eTDS Gén with a systerron-chip (SoC)
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Figure 4.6: The block dlagram of eTDS prototype Gem wireless headset.

microcontroller CC2510GhipconTexas Instrumentfallas,TX) as its coreThedetailed
architectures anthe operational principlesf these two control unitwill be presented
separatelyn following sections

Figure 4.6 shows the block diagram ttie eTDS Gerd headsetan example of early
eTDS prototypeslin this prototype an ultra-low power MSP43F1232 microcontroller
(MCU) is used to directly interface with two digitalaxial Ml sensomodulesthrough
serial peripheral interface (SPIThe MSP430 microcontrolletakes 13 sampleper
secondfrom each sensahroughSP| while activating only one sensor at a time to save
power.After all sensorsre read, their samples are packaged in at& flame, andent
to a 2.4 GHASM-bandtransceivenRF24.01 (Nordic Semiconductor, Norwayhirough
another SPI interfacelhe nRF24L01 transceiver assembles a wireless data packet by
adding necessary preamble, network address and ID to the originélashaéa and then
wirelessly transmits it to a nearby Pthe nRF24L0%ransceiver igurnedon only when
a wireless data frame is ready for transmission. Most of the time, the transceiver is in

deep sleep mode, which only conssma UA current, to reducthe power consumption.
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Table4.3: External Tongue Drive SystemGen-4 Specifications

Specification Value
Control Unit
Microcontroller Texas InstrumentsMSP430F1232
Sampling rate per sensor | 13 Hz (operational), 1 Hz (standby)
Wirelesstransceiver Nordic nRF24.01

Wireless band / data rate | 2.4 GHz / 2.0 Mbps
Operating voltage / current | 2.2V /~4 mA
Weight 5 gr without batteries

Magnetic Sensor Module

Type Magretoinductive (PNI Corp., CA)
MS2100 (X and Y): 2 73 1.5 mnt
SEN-S65 (2): 6.3 2.33 2.2 mnt
Sensor module dimensions| 253 233 13 mn?

Sensor dimensions

Resolution MS2100: 0.0261T, SEN-S65: 0.0151r
Range 1100mT

Sensitivity (programmable) | 0.3- 67 countstT

Weight 3gr

Table4.3 summarizes some important specifications of eTDS-Getreless headset.

In the latest version of eTDGen5 headsetwhich diagram is shown ifigure4.7,
the differential output signals from each HMC1043 sensor bridge dedicated to each axis
are multiplexed locally on the sensor module. Outputs from the two modules on each side
(a total offour in this prototypg are further muiplexed on the control unit to yield a
single time division multiplexed differential input voltage. The time division multiplexed
signal is amplified by a lowpower, lownoise and high bandwidthnstrumentation
amplifier (INA), INA331 (TI, Dallas, TX), vith a gain of 200 V/V.The high bandwidth
of INA331 is favored to reduce the settling time of INA output after multiplexirigs
canfurtherredue the systenpower consumption by shortening the sefsactive time.
The output of INA331 passes througlirat-order RC lowpass filter (LPF) to limit the
noise bandwidtibefore beingsampled bya low power SoC MCU containing abuilt-in

analogto-digital converter (ADC) and 2.4 GHz RF transcei(@€2510,Tl, Dallas, TX).
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Figure 4.7: The block diagram of eTDS prototype Gen-5 wireless headset.

The CC23.06 12-bit on-chip deltasigma ADC features much lower noise and theredore
higher effective number of bits (ENOBs) thame 12-bit successiv@pproximation
register (SAR) ADC available in most MSP4B0CUs. CC2510samples each sensor
output at 50 Hz, wike turning on only one sensor at a time to save power. Each sensor is
duty cycled at 2%, which results in a total duty cycle of 8% fofoait sensor modules.
To avoid sensor sensitivity and linearity degradation in the presence of strong fields (> 20
Gauss) when the magnetic tracer is very close to the sendocrfy, the MCU generates
a sharp 2 e€s pulse to reset the AMR sensor
sampled

The MCU always compares the Wslack side module outputs with a predefined
threshold value to check if the user has issuedraisydon command. This threshold is
defined as the minimum sensor output when the magnetic tracer is held from the sensor at
1 cm distance. If users hold the tongue close to thdodefik module (<L cm) for more

than three secondsthe TDS status switchdsetween operational and standby modes.
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Table4.4: External Tongue Drive SystemGen-5 Specifications

Specification Value
Control Unit

Microcontroller Texas Instruments CC2510
Wirelesstransceiver CC2510 buikin
Wireless band / data rate 2.42 GHz /500kbps
Number of sensors / duty cyclel 4 / 8%
Sampling rate per sensor 50 Hz (operational), 1 Hgstandby)
Operating voltage / current 25V /~6.5mA
Weight 14 gr without batteries

Magnetic Sensor Module
Honeywell HMC1043

Type Magneteresistive sensor
Sensor dimensions 3333 15mnt

Sensor module dimensions 383 63 3mnt
Resolution 0.012 mr

Sensitivity/ Range 8 LSB/nT / £600 nT
Weight 1.1gr

When the system is in the operational mode, all four sensor outputs are sampled at 50 Hz,
and the results are packed into the data frame that is ready for RF transmission. When the
standbymode is activated, the MCU only samples thelitk side module axes at 1 Hz
and turn off the RF transceiver to save power.

The power management circuitry includes a pair of AAAWNI batteries, a voltage
regulator, a lowvoltage detector, and a bagtethargerThe systentonsumesoughly6.5
mA at 2.5 V supply, and can run for more tH#0 hours following a full chargeTable

4.4 summarizes some of the key specifications oElfieS Gen5 wireless headset
4.3 WirelessReceiver

Two types of wirelesseceiver prototypes have been built to interfa@®S headsetsith

bothcomputers and powered wheelchairs (PWC).
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Figure 4.8: The wireless USB receiver dongle for eTDS prototyp&en-5.

4.3.1 USBReceiver

The first type ofreceiveris in the form of a USB dongléesignedor compute access.
Figure4.8 shows a prototype of suchceiverequipped with a USB port to communicate
sensor data with a laptop.

In eTDS early generations,MMSP430MCU anda low power transceiver nRF24L01
are usedn the USB receiverto wirelessly receivéhe sensor data from the headSéte
NRF24L01 is configured in RX mode and continuoushecksfor any incoming data
packets. If a valid TDS data packet with matched netvagidressand ID is detected,
NnRF24L01 will dissemble the pleet, extract the payload, and save $sle@sordata in its
local buffer. It then generates an interrupt request to notify the MSP430 that a valid
wireless data packet is ready to read. The MSP430 communicates with nRF24L01
through SPI interface to read tAi®S data packet and then sends the data to a laptop
through USBconnection for further processing

In eTDS Gerb, a SoC MCU CC2510s used to substitute the combination of
MSP430 and nRF24L01 in previous generations, resulting nmre compact design.

Similarly, the CC2510 MCU wirelessly receives the sensor data from the eTDS headset
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Figure 4.9: TDS-wheelchair interfaces: (a) Block diagram and signal flow graph of the
TDS-PWC interface version 1 to substitute VR2 joystick controllerused in the lowenc
commercial PWCs and (b) TDS-PWC interface version 2connecting alaptop to a PWC
controller, available in mostadvanced PWCs,via USB and standard DB9 connectors
respectively.

and delivers them to a PC through USB. The communication between the CC2510 and
the computer is viea RS232 serial port, while a FT232R sertalUSB converter
changsthe physical form of the connectortm USB.

4.3.2 Powered WheelchairController

The second type of wirelessceiver isthe TDS-wheelchair TDS-PWCQC) controller which
is designedo controlPWGCs through alaptop The TDS-PWC interfaces attached to a
laptopvia USB andcommunicates with theTDS headset using the same mechanism as
the USBreceiver. In addition, th&DS-PWC controllerreceives the control commands
from the laptop angrovides multiple channels of analog output signatotdrol a PWC

Two TDS-PWC controller modules have been developed to operate PWCs from
different vendors. The first module is built to substitute a VR2 joystick controller from
PG Drives Technology, which is widely used in the Hemd commercial PWCs from
Quantum, Pride, Golden Technology, €tigure4.9a shows the block diagram and signal

flow graph of thiscontrol module. eTDS control commands, once detected from the
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sensors data, are sent from the laptop to a microcont{M&P430)in the interface
module to determine the amplitudes of the PWC control signals througdtit 12
digital-to-analog converters (DAC). These DC levels are chopped by an analog switch to
be synchronized with the VR2 controller master clock before sulrsgjtits joystick
input signals. The lower amplitudes of chopped signals change between 0 and 5 V, and
upper levels always stay at 5 V. The direction and speed of the two PWC electric motors
can smoothlyecontrolled by changing the lower amplitudes &g signal§109].
Alternatively, some advanced wheelchairs such as C500 (Permobil, Lebanon, TN) and
Q6000 (Pride Mobility, Exeter, PA), are equipped with special wheelchair control units
which can receive control signals froaltternative controllers through a standard DB9
interface[110], [111]. The compatible signals for such control units are a set of DC
analog voltage levels the range o#.8 ~ 7.2 V without choppg or synchronization.
The secondcontrol module(shown in Figure 4.9b) generates these signals using a
microcontroller (MSP43®r CC2510 and alzbit DAC. During the normal operation,
data packets that are wirelessly sent by T¥S headset are received by tR®VC
controller and sent toa laptopthrough USB for further sensor data extraction and
processing. The SSP algorithm running onl#popinterprets the commands issued by
the users based on the received sensor @aesecommands are used to modify the
speed and rotation vectors that are associ
rate. State vectors are then sent ftbmlaptopo theTDS-PWCreceiver to be converted
to multichannel analog signals that are conigatwith the PWC universal controller
using an offchip DAC, AD5724 (Analog Device, Norwood, MA), driven by thiee

microcontroller. These analog signals that are in the range 6f 48V are applied to
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the PWC universal control unit through its BBoonnector to control the wheelchair
movements.

To improve safety, a watchdog timer is added to both -PBEC interfaces. If the
wireless link is broken due to a malfunction in the eTDS or electromagnetic interference,
or if the laptop freezes, the slowdownreceiving control commands is detected by the
watchdog. In this case, the microcontroller will reset all control signals to bring the PWC
to standstill. It will not respond to any new incoming control commands until a normal

command rate is resumed.
4.4 Sersor Signal Processind\lgorithm

The main function of sensor signal processing (SSP) algorithm is to process the magnetic
sensor outputs, and extract specific tongue commands based on the pattern of magnetic
field variations. The SSP algorithismdevelopedn the MATLAB environment, compiled

in to C DLL library, and then embedded the LabVIEWGUIs for real time command
detection. The algorithm habree major componentgxternal magnetic interference
(EMI) cancellation feature extraction (FE), and comndamlassification.The EMI
cancellation isa data preprocess procedute clean up the sensor outfutd enhance the
signatto-noise ratio (SNR)y eliminating the interference from the ambient magnetic
field. The FE component is used to extract the nmaportant features from the magnetic
sensor data, while the command classificatidarpretsthe dataasdifferent commands
based on the correlation between the extracted features and a set of predefined features.

4.4.1 External Magnetic Interference Cancellaton

Due to their high sensitivitynagnetic sensomae inevitably affected by tHeMI such as

the earth magnetic field (EMF). This results in a poor SNR at the sensor outputs, which
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degrades the performance of tB&P algorithm. Therefore, eliminating thEMI is
necessary to enhance the TDS performance, and reduce the probability of errors in
command interpretatiofwo different methods were implement@dsblve this problem

(1) using a referencelectronic compass[84], and (2) using a stereo differential
cancellatioralgorithm[86].

In eTDS Genl, a 3axis electronic compass module was used as a refetence
minimize the effects dEMI. The reference compass was placed on top dighreet (see
Figure4.1a) to be far from the tongue magnet and only measure the ambient magnetic
field. The reference compass output was then used to predict and cancel out the
interfering magnetic field at the location of the main sensor nes@@4]. This method is
straightforward and easy to implement. However, addnga reference electronic
compassncreases the size dfie TDS andmore importantly itburns morepower. In
addition, this method becomes leseefive when the EMF around reference compass is
disturbed by nearby metal objects or active magnetic sources, such as computer monitors
or speakers.

Alternatively, a differential magnetic field measurement technigag proposed and
proved to banherenty robust against EMIIn this method the outputs of each-&«ial
sensor module are transformed, athé sensowas oriented in parallel to the opposite
module, and subtracted from those outputs. As a result, the comoa#g components in
the sensor outs, which are mainly resulted from the EMte cancelled out, while the
differentiakmode components, mainly resulted from the movements of the local magnetic
tracer, areetaired and even magnifig86].

Figure4.10a depicts the relative position and orientation of thex&l sensor modules
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Figure 4.10: (a) Relative 3D position and orientation of the bilateral 3axis sensor module
and t he per manent magnetic tracer att

transformed, and differential outputs of the Z-axis sensors when the subject issues t
LEFT commands while walking in the lab.

and the magnetic tracer aX,tYaaodZeate the thred he u s
axes of the left module, arXk, Yr andZg are those of the right one. Since the relative

position and orientation of the two modules are knowach module can be
mathematically rotatbéto create a virtual module at the same location but parallel to the
module on the opposite side using coordinadémsformation theory105]. The linear

relationship between the original and the virtual rotated modulebecanpressed in the

matrix form:

?XL =a, X, +t2<LYL € 4 QL
YLI = ayL XL +Q:L Y '?L Z ‘91 (4'2)
Z|I_ a, X, "'szYL € 4 Q'L

—_—) — —

wherea, b, c and d are the linear coefficients, which indicate the relative orientation and
gain differences between the two sensor modules. These coefficients can be found using
multi-linear regression algorithfd06].

Oncethe linear relationship between the two modules is setup, any source of EMI,
which is usually far from the sensors, will result in equal outputs among each module and

its virtual replica on the opposite side. On the other hand, the two module outputs
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resuted from the movements of the strong nearby magnetic tracer would be quite
different unless the magnet moves symmetrically along the sagittal plane. Therefore, if
the outputs of each senswesubtractedrom its associated virtual sensor on the opposite
side, the EMI components will be canceled out or significantly diminished, while the
tracer components are likely to be amplified. As a result, the effects of EMI will be
minimized and the SNR will be greatly improvi&y].

Figure4.10b shows the output waveforms of tAeandZi sensors on the left and right
modul e when the user, wearing the TDS pr o
walking in the lab. This figure also shows the transformegduiiZ; § and the differential
signal,Zr 1 Z.§ which is much cleaner than the two original raw signals.

4.4.2 Feature Extraction

The feature exactionHE) algorithm, which is based on principal component analysis
(PCA), is used to reduce the dimensions of itte®ming sensor datand accelerate
computationg107].

During the feature identification (or training) session, the user associates a preferred
tongue movement or position to each TDS command, and repeats that command for 10
times in 3second intervals by moving his/her tongue from its resting positiothe
desired positiorafter receiving a visual cue from a G{$keFigure4.11a). A total of 18
samples (3 per sensor) are collected in arvak@abke vector in each repetition, and
labeled with the executed command. The FE algorithm calculates the eigenvectors and
eigenvalues of the covariance matrix that consists of the trainingrigble vectors,
offline. Three eigenvectory1, v2, v3 with the hrgest eigenvalues are then chosen to

construct the PCA feature matrix, V ¥l v2, v3 This is equivalent to extracting the
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Figure 4.11. (a) The visual presentation of tongue commands on a mouthadel, indicating
the positions that user should hold their tongue to train different commands(b) The
extracted PCA feature space containing Left, Right and Resting commands.

most significant features of the sensor output waveforms for each specific command in
order to reducéhe dimensions of the incoming data from 18 to 3. The labeled samples
are then used to form a cluster in thB 3eature space for each commaAd.example of
extracted feature space containing Left, Right and Resting commands, is shégurén
4.11b.
During the normal TDS operatio,consecutive samples at any time from each of the

6 individual sensorsreused to construche 18variable incoming raw sensor vectors,
Mo, which arethenreflected onto the-B feature space usj

M =VT1IM, 4.3
whereM is the 3 x 1 principal components vector. TheseaBable vectors, which are
easier to classify, still contain the most significant features that help disciimgitia¢m
from other commands when they are being reflected onto the viriddé&ature space.

4.4.3 Command Classification

K-nearest neighbors (KNN) classifier is used within the feature space to evaluate the

proximity of the incoming data points to the clustéormed during the training session.
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The KNN algorithm starts at an incoming data point and inflates a virtual sphere until it
contains K nearest training points. Then it associates the new data point to the command
that has the majority of the trainingpints inside the spherd08]. With these SSP
algorithms, lhe TDS prototype can recognize up to six different tongue commands along
with a neutral command, which is automatically issued when the tongue is at its resting

position.
4.5 Graphical User Interface (GUI)

A graphical user interface (GUI) is an important bridge connecting the users and the target
devices under control. A well designed GUI can not only facilttaéesarning process of
setting up andising the system, buailso has the potential to maximize usefficiency

and minimize the fatigue during the operatidfe have developed dedicated usemdly

GUIs to allow user$o both use computers and drive PWC.

4.5.1 Computer Access GUI

The main function of TDS in computeaccess is to substitute the mouse function by
controlling the cursor movements using tongue commadndsgher wordsthe system can

be used with any computer software that is normally accessible by a regularas tursg

as the TDS SSPisrunningintheac k gr ound t o d e tTleeceforethes er 6 s
only GUIs neededfor computer access are thaséow user todefine their owntongue
commandsluringthecommand training stagehich is a critical step before users actually
startusingthe system.

a) Pretraining GUI: This GUI was designed to help us¢osidentify their desired

tongue positions for each command using@ ®ngue position representation, shown in

Figure 4.12. This GUI shows the current (trace of green 3tawsd previous (other
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Figure 4.12: Pre-training session GUI showing the P representation of the current (trace
of green stars) and previous (other markers) tongue positions for different TDS comman
The normalized minimum distance between current tongue position and all previo
postions is shown by a dial on the rightUsers shoulddefine their tongue positions for TD¢
commands in a way that markers of different commands are separated from each other &
the dial stays in the green zone

markers) tongue positions associated to different commands bip ase®tor that is
derived from the two -&xial sensor outputs after the earth magnetic field cancellation.
Users shouldlefine their tonguegsitions for the TDS commands in a way that markers

of different commandarewell separated from each oth&€he gaugen the rightreflects

in real time the distance between the current tongue position and the closest previously
defined command positiofinin) onto three zones, which are color coded. Users should
define each new command such that the gauge will stay within the green zone, which
means that the new command is far enough from all other previously defined commands.
The operator can confirmehcurrent command definition by clicking on the CONFIRM
button on the bottom right of the GUI.

b) Training GUI:This GUI allows the user to train arbitrary numifieom 1 to 7)of

tongue commandsvhich positions have been properly indicated using therpneing
GUIL. It also provideghe operator with an interactive tool to refine the training redmjts

manually selecting and removing the outcast training points. The GUI presented to the
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Figure 4.13: (a) The TDS training data of four tongue commandsplus resting, individually
marked and projected on toa 3-D PCA space.(b) The table in the training GUI, in which
each button is associated with one training point in the PCA space with@mmand nam:e
(columns) and an index number (rows). This table allows the operator to identify ai
remove the outcast training points.(c) TDS command clusters in the ® PCA space afte
the outcast training point in (a) for t

users during training is shown Figure4.11a. The GUI promps the usersto execute

each command by turning on its associated indicator on the screen in 3 s intervals. The
users shouldssue the command by moving their tongue from its resting position to the
correspoding command position when the command lighdn, and returning it back to

its resting position when the liglgoesoff. This procedures repeated 10 times for the
entire set o7 commandsncluding the tongue resting positioft the end of this pross,

the training resultsare presented in the-B PCA space as individually marked TDS
command clusters, shown igure4.13a. At this point, the operatas provided with a
training table,Figure 4.13b, right beside the PCA space. In this table, each buton
associated with one of the training points in the PCA space, with a command name
(columns) and an index number (rows). The training table alloevoperator to identify

the outcast training pointsnd manually remove them by selecting their corresponding
buttons, and cl i cki nRpureti3c showsthe BSecoromardd b ut t

clusters in the ® PCA space after the outcast training pointFigure 4.13a for the
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Figure 4.14: The PWC control GUI provides users with visual feedbackon the command
that have been selected as well as the wheelchair driving status

ADowno command i s removed

4 5.2 Powered WheelchairControl GUI

In the PWCGUI, a universal wheelchair control protocol has been implemented based on
two state vectorshown on the left column d&figure4.14: one for linear movements and

one for rotation$85]. The speed and direction of the wheelchair movements or rotations
are proportional to the absolute values and polarities of these two state vectors,
respectively. Five commands are defined in the eTDS GUI to modify the analog state
vectors, resulting in the wheelchair moving forward (FD) or backward (BD), turning right
(TR) or left (TL), and stoppingeutral(N), which are indicated in the central aoin of
Figure4.14. Each command increments/decrements its associated state vector by a certain
amount until a predefined maximum/minimum level is reacked.example if the user
keeps issuing the FD command, the linear motiatestector increases and the PWC
accelerates in the forward direction until it reaches a predefined maximum speed. Based on
these fundamental rulesgveralcontrol strategieare implemented as follang [88].

a) Discrete combl: In this strategythe state vectors are mutually exclusive, i.e. only

one state vector can be nonzero at any time. If a new command changes the current state,
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e.g. from FD to TR, the old state vector (linear) has to be gradually reduced/increased to
zero before the new vector (rotation) can be changed. Hence, the user is not allowed to
change the moving direction of the wheelchair before stopping. This was a safety feature
particularly for novice users at the cost of reducing the wheelchair alyilityis strategy,

the N command, which is issued automatically when the tongue returns back to its resting
position, linearly returns all state vectors back to zero. Therefore, by simply returning the
tongue to its resting position, the user can bring th€R¥\a standstill.

b) Continuous controlunlatched control) This strategy uses the same command

definitions as discrete control in (a). However, the state vectors are no longer mutually
exclusive, which means that the usareallowed to steer the PWQ the left or right as

it is moving forward or backwarty directly moving their tongues from FDIBto TL

/TR position. Therefore, the PWC movements are continuous and much smoother,
making it possible to follow a curv@his strategy islsonamedasfi u atched contral
because the subjects need to hold their tongues in the command positions (FD and BD) in
order to maintain and increase the wheelchair spdeslwheelchair stops moving when

the tongue iseturned tahe resting or neutral command position.

c) Latched control:This strategyuses the same directional TDS commandsths

continuous (nlatchedl control mode. The difference betweehid strategy and the
unlatchedmode is that the wheelchair speed is locked so that the tongue can return to its
resting position, while the wheelchair maintains its speed. The wheelchair speed is
divided intothe followingfive levels B, N, F1, F2 and F3. F3 offers the fastest forward
movementspeedamong all F (FORWARD) levels. The speed of B (BACKWARD) is

always tle same as F1. By quickly touching the tonguthed=D command pason, the
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subject can increase the speed by one level in this ordeNfBF1f F2f F3. A quick
touch of the BD command leads to a speed decrease by one levdtZFF1f Nf B).
Regardless of the speed level, issuBl command for 1 sec img the PWC ¢ an
emergncystop.

d) Gearshift control: In this strategy, by employing an additional TDS command,

users are able to shift the gear to operate the PWC at a different speed by setting a
different maximum level for the linear state vector. By issuing the 6th cochfioal s,

the user can shift the -geumal Ildweshspeedged;22 Y 3 YR
medium speed gear; Bighest speed gear, - Rverse gear). For safety reasons, the user

has to stop the PWC before shifting gears. Since a reverse gear is alréaadine the

gear box in this strategy, the (FD, BD) functions in (a) and (b) have changed to
acceleration and deceleration. When users issue an FD command, the PWC speeds up to
a maximum value depending on which gear is selected. If Reverse gear isdsdlext
maximum speed is always set to gear 1, and the FD command increases the backup speed.
Similarly, the BD command decreases the PWC speed regardless of the direction of
motion. The N command does not affect the linear state vector but it decreases th
rotation state vector to zero.

e) Semiproportionalcontrot This strategyalsohas five different speed levels: B, N,

F1, F2 and F3similar to thelatchedcontrol mode. Switching between different levels is
processed by quickly touching the tonguehe cheeks. A quick touch to the left cheek
increass the sped level by one stepyhile a quick touch to right cheek chargthe
speed level in the opposite direction. The speealssflatched in this mode, which

means a subject can rest the tongueha middle while the wheelchair maintains its
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Figure 4.15. The GUIs for the semiproportional control strategy calibration: (a) Quickly
touch the left cheek with the tip of the tongue to define FORWARD command, (b) Quick
touch the right cheek with the tip of the tongue to define BEKWARD command, and (c
Slowly move the tongue between the left and right edges of the lips over the lower lif
determine the range of continuous tongue movemefr steering.

speed. The movement of the tongue over the lips changes the direction of the wheelchair.
The rotation rate is proportional to the distance between the magnetic tracer and the
sensors Therefore, the closer the tongue is to one edge of the mouth, the faster the
wheelchair rotates in that directiothus termed the sefproportional control strategy

Two consecutive quick touches to the right cheek are defined as an emergency stop
command and will bring the wheelchair to an instant standstill.

None of the discret€DS commands are used in the sgmmportional control strategy.
Instead, a simple calibration process is utilized to define the thresholds for detecting
tongue touches to tHeft and right cheeks, and to measure the range of sensor outputs as
a result of continuous tongue movements over the lips to define the wheelchair rotation
rate.Figure4.15 shows the Calibration GUI, which is divided into thpFeasesPhase 1
Quickly (within two seconds) touch the left cheek with the tip of the tongue once the
green action light is on. This action is repeated three times and the systeb0%4ses

the averaged peak value as the threshold for left cheek t&ndse 2 Quickly (within
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two seconds) touch the right cheek with the tip of the tongue after the green action light is
on. The action is repeated three times and the systemb0%eofthe averaged peak
value as the threshold for right cheek touehase 3 Slowly move the tongue between
the left and right edges of the lips over the lower lip to determine the range of continuous
tongue movement, on which the maximum wheelchair rotation rate is defined. Subjects
start the movement as soon as the green abgbnhis on. The movement is repeated

several times within the 15 seconds recording window.
4.6 Summary

In this chapter, we have presented the design and development of external Tongue Drive
System (eTDSprototypes, which aktonsist of following major compeents: 1)A small

per manent magnet a tandasednseadiracerp?) Agirelesdteadseb n g u e
containing a group of magnetic sensors to capture tongue motion, and a low power
wireless control unit toead and wireless transmit the sensamples 3) A wireless
receiver that receives tlsensomdata andielivers them taa PCfor further processingt)
Graphical user interface running on the PC with embedded signal processing algorithm to
process the sensor data aadognize the tongue commandbe selection and design of

each componerare describeth details Thefocus of the hardware development is on the
size, power consumption aride reliability of the wireless communicatignwhile the
computation efficiency, ease to use, and intuitiveaesshe primary concerns in software

(GUI and SSP) desigiThe performance evaluation of these prototypes by both able
bodied subjects as well as patients witgh level SCIs will be presented in following

chapters.
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CHAPTER V

ABLE -BODIED HUMAN TRIALS

Extensive evaluation of any new assistive technology is a key component of scientific
research in this field, and the best way to guide the technical design and development cycle
in the right directiorj91]. We have conductedseral rounds of human subject trials on the
eTDS with both abkoodied subjectf84], [88] as well as those withigh levelspinal cord

injuries (C2-C5) [90]. In this chapter, wereportthe experimensetupsandthe resultsof
singlesessionable-bodied human trialsDuring these trials, healthy subjectgcruited

from undergraduate and graduate stugepulation were asked twear the eTDS headset
andperform a set oéxperiments taneasureghe performance of eTDS both computer

access (CA) and powered wheelchair navigation (PWCN). CA and PWCN sessions were
conducted by two groups of subjects at different experiment sites using eTDS prototype

Gen2 (Figure4.1b) and Ger3 (Figure4.1c) respectively.
5.1 Subjects

The computer acce$€A) session otheablebodies human trials was completed at North
Carolina State UniversitfNCSU) using eTDS prototype Geh Six ablebodied human
subjects were recruited from the engineering graduate student populationNs $té
comprising of two females and four males with ages from 23 to 34 years ol@W@e
navigation (PWCN}ession was conducted at Georgia Institute of Techndl®gyech)
with eTDS prototype GeB. Twelve ablebodied human subjects were recruited from the

GaTechgraduate student population, comprising of ten males and two females with ages
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from 23 to 35 years oldin both populations, one of the subjects (subfecivas a member
of the research team and quite familiar with the TDS. However, he was not a TDS user on
a daily basisThe trials werapproed byboth the NGU andGaTechinstitutional review

board (IRB) andtheinformed consentvas obtainedrom each suject prior to the trials.

5.2 Experimental Procedure

5.2.1 Magnet Attachment

A new permanent magnet was disinfected using 70% isopropyl rubbing alcohol, dried, and
attached to the subjectsd tongue, about 1
adhesives (Cyadent, Ellman Intl. Inc., Oceanside, NY). The subjects then wore the

eTDS prototypeand were allowed to familiarize themselves with the eTDS and magnetic

tracer on their tongue for up to 15 minutes.

5.2.2 Command Definition

To facilitate command classificatipthe subjects were advised to choose their tongue

positions for different commands as diversely as posdibley were also asked to refrain

from defining the TDS commands in the midline of the mouth (sagittal plane) because

those positions are often shkdrwith the tongue natural movements during speech,

breathing, and coughing. Our recommended tongue positions were as follows: touching

theroots ofthelower e f t t eet h with the tirightteefhnfot he t o

ARiI ght deft teethd mer A Uprni, ghutp pteeet h f or ADowno,

clickd, and right cheek for ADouble clicko
During command definitionthe subjects were presented with a-pagning GUI

shown inFigure 4.12, and asked tosearch fo proper tongue positions for different

commandsThey were instructed wefine each new command such that the gauge would
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stay within the green zone, which meant that the new command was far enough from all
other previously defined comman{&/]. The command positions were then saved and
practiced for a few times to make sure that the subjead learnt and memorized all
tongue positions.

5.2.3 Training Session

During this session, the GUIFigure 4.11a) prompted the subject to execute each
command by turning on its associated indicator on the screen in 3 s intervals. The subjects
were asked to issue the command by moving their tongue from its resting position to the
corresponding command position whend¢benmand light was on, and returning it back to

its resting position when the light went off. This procedure was repeated 10 times for the
entire set of 6 commangdusthe tongue resting positipresulting in a total of 70 trial data
points

5.2.4 Computer AccessSession

A) CA-1 Response TiméMeasurementThis experiment was designed to provide a

guantitative measure of the TDS performance by measuring how quickly and accurately a
command can be issued from the time it is intended by the user. This time, isvhich
referedto as the TDS response tiriealong with theprobabilitythat acorrectcommand

can be issuedithin T, wereused to calculate the information transfer rét&) for TDS,

which is a widely accepted measure for evaluating and comparing tioenpence of

different BCls. The ITR indicates the amount of information that is communicated
between a user and a computer within a certain time péribds been originally derived

from the Shannondés informati on [112],4143.y, and

There are various definitions for theR [114]. However,we have used the definition by
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Figure 5.1: The Graphical User Interface (GUI) for TDS response time measurement.

Wolpaw([61], [115].

ITR=2%0g, N +Plog, P & Plog, =~ (5.1)
T8 N-1

whereN is the number of individual commands that the system can issue, T is the system
response time in minutes, and P is tiean probability that a correct command is issued
within a specific time periodr.

A dedicated GUI(Figure5.1) was developed for this experiment to randomly select
one out of 6 direct commands and turn its indicator on. Thestsbjvere asked to issue
the indicated command within a specified time peribdpn an audievisual cue[89].

The GUI also provided the subjsetith a real time visual feedback by changing the size
of a bar associated to eaobmmand, indicating how close the tongue was to the position
of that specific commandl was changed from 2 s to 1.5, 1.0, 0.8, and 0.6 s, and 40
commands were issued each time. The mean probability of correct cheC€s for
eachT was recorded

B) CA-2 Maze NavigationThe purpose of this experiment was to examine the eTDS

performance in navigation tasks, such as controlling a PWC, in a controlled and safe

environment. Subjects were required to navigate the mouse cursor within a maze from a
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starting pant by issuing a doublelick (start command) to a stopping point with a
singleclick (stop command), while the GUI was recording the cursor path and the
elapsed time=T. The cursor was driven by the discrete commands in an unlatched mode,
which requiredthe subjects to hold their tongue at the position defined for a specific
direction to continue moving the cursor. To achieve finer control, the cursor started
moving slowly, and gradually accelerated if the users held their tongue in the same
position, unil it reached a certain velocity. The maze was designed to forcastrs
utilize all eTDS commanddgvery subject repeated this task four times and the average
ET was calculated.

5.2.5 Powered Wheethair Navigation Session

At the beginning opowered wheelchainavigation PWCN) sessionthe subjectsvere
requiredto complete a sensor calibration step to obtainitiear regression coefficients
for the stereo differential SSP algorithm that cancels out the EMF interfefldnisestep
was particularly importarfor PWC session since the EMF interference hladgeimpact
on the sensors outputs when the sensors moved and rotatedhwitAWCduring the
experiment.The calibrationshould be taken before attaching the magnetic tracer to the
subj ect 6s dtlremegouded datdsbould anly include the external magnetic field.
Subjects wore the eTDS prototype headset, and were asked to move around in the
experimental roomwhile the GUI recorded 1000 data poifftee calibration coefficients
were then calculateand saved for the following steps.

Then the subjects were asked to go throungdgnet attachment, command definition
and training stepasthe computer access session to define and train six TDS commands.

After familiarizing themselveby navigatingthe mouse cusor inavirtual environmenas
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Figure 5.2: Experiment setup of PWC navigation human trials by ablebodied subjects: (a
Plan of the obstacle course showing théimensions and approximate PWC trajectory, (b
eTDS prototype Gen3 worn by an ablebodied subject to wirelessly control a PWC, and (
The GUIs for the TDS-PWC control developedin LabVIEW environment .

that described in sectiob.2.4, and tesdriving the PWC withTDS for ~10 min,the
subjects were required to drive the PWiEh their tonguethrough an oliacle course,
shown inFigure 5.2a. The track was designed to require the subjects to use all TDS
control commands, and perform various navigation tasks such as maktgra, Uack
up, and fine tune the PWC orientation in a tedi space, while moving forward or
backward.The maximum PWC speed and rotation rates were set to 0.5 m/s and 36
degreels, respectively, and the acceleration/deceleration rates were set t0.6. h2/S/
Figure5.2b shows one othe subjects sitting on the PWC with his hands crossed, which
is the position he was asked to maintain throughout the experiments.

During the experiment, the laptop was either placed in front of the subjects to provide

them with visual feedback (VHEsin Figure5.2c or hidden beneath the seat. The subjects
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information transfer rate vs. response time
were required to repeat the experiment three tiwitsthreedifferentcontrol strategs:
discrete continuous and geashift control The discete control strategy was tried with
and without VF. Finally, the subjects were asked to navigate through the same track using
the PWCO6s defaul't proportional joystick.
and the number of issued commantdQ) were recorded for each experiment. After

completing the trial, each subject was asked to fill out a questionnaire including eight

ratings questions to compare their perceptions of different control strategies.
5.3 Results

In following sectionsthe test resultebtained from experienced subjéctre separated
from the other subjects to demonstrate the effect of experience in using the eTDS.

5.3.1 Computer Access Session

A) CA-1 Responsdime MeasurementFigure 5.3a shows the accuracy vs.sponse

time for five lessexperienced subjects. It can be seen that an average performance for a
TDS beginner witiPCC> 80% can be achieved withO 0 . 6 16b shows thg mean

value and 95% confidence interval of the correspondiifgfor T = 0.6 ~ 2 s. The
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Figure 5.4: (a) Mouse arsor path recorded during the maze navigation experimer
superimposed on the GUI track. (b) Mean values and 95% confidence interval of elap:s
time for five naie subjects to complete the maze navigation test along with the over:
average.

highestITR, which was achieved dt= 0.6 s, results from very short response time and
moderatePCC. In practi@, a good performance witCC= 87% can be obtained with

O 0.8 s, IVR & ~1BO bitg/mira Bubjeeh could, however, achieve a
significantly better than average performance WAGC = 97.5% atT = 0.8 s, which is

equivalent to afiTR = 178 bitgmin.

B) CA-2 Maze NavigationFigure 5.4a shows one of the mouse cursor trajectories

recorded during the maze navigation experiment, superimposed on the maze track
displayed on the GUI. Although the subject has missed the &tasime of the corners,

he has managed to bring the cursor back on track and complete the task. TheEWerage
values together with their 95% confidence interval for different subjects and groups are
shown inFigure 5.4b. The aveageET of all 20 navigation experimentsy five naie
subjectswas 538 s, which was ~2.5 times longer than the time required for one of the
subjects to navigate the mouse cursor through the maze using his hand. Considering the
fact that the subjects haduch more prior experience in moving the mouse cursor with

their hand than with their tongue, this experiment showed the eTDS potential for
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Figure 5.5: PWC navigation experimentl results using the eTDS Gen-3 with different

control strategies: (a) Average navigatiorntime, (b) Number of collisions (c) Number o

issued commandgNIC), and (d) Subjective rating of three PWC control strategies based «

a questionnaire filled by the subjects after the trialsThe mean values along with their 95%
confidence intervalare shown for each variable.

performing complicated navigation tasks such as controlling a PWC in a crowded
environmen Once again, subjeét performed much better than the average for less

experienced subjects by achievingeEah= 383 s.

5.3.2 Powered Wheelchair Navigation Session

Figure5.5 shows the average time, number of collisions, Mi@ifor both experimerstof
novice and subjegh in PWCN sessiarOverall, the continuous control resulted in the best
performance with minimum elapsed time (130.9 s for novice subjects and 114.3 s for

subjectA) and relatively low number of collisions (0.42 ang&r trial for novice and
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subjectA, respectively). As expected, the discrete control was the slowest and safest with
minimum number of collision. Nessentialdifference in performance was observed in

discrete control between novice subjects and sulljeshowing that this method barely
relies on the us e rshifé comgrol wasin beevgep the othemtwoe . Ge.
mentioned strategies termsof elapsed timebut it had the highest rate of collisions.
Furthermore, subje@ performedobviously better than the other subjects with this

strategy, showing that prior experience did matter in this case. The average time to
complete the obstacle course using joystick was 51.3 s, which was 39% of the average time

it took novice subjects using eTDS (45% $oibjectA).

Figure5.5c shows the averad¢lC for each strategy. It can be seen that sul)duhs
issued less commands than the other eleven novice subjectsialyppa gearshift
control That is perhaps due to issuing ttentrol commands more accurately and more
timely, which can lead to shorter navigation time.

Figure55d shows the subjectsd ratings of t he
guestionnaire they filled in 8 categories. Contins control received highest overall
rating as well as the best flexibility and accuracy. This rating is in agreement with the
guantitative experimental results shownHFigure 5.5a, andFigure 5.5b. The gearshift
control received the lowest overall rating due to its safety issue and difficulty in learning
and remembering. Almost all subjects agreed that the discrete control was the easiest
strategy to learn, use, and remember. It is also safer thathtrestrategies. However, its
poor performance in terms of timing resulted in concluding that the continuous control is

perhaps the best choice for driving PWC with tongue motion.
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5.4 Discussion

Thepreliminaryresults from theblebodiedhuman trialhaveshowed that th&TDS has
the potential to substitute the arm and hand functions with tongue movemdimaih
computer access and wheelchair conffble 0.8 s response time of thefDS prototype
with more than87% accuracy is an acceptable performance fdewce with 6 direct
commands that are all simultaneously accessible to the user. Eventibghdware and
SSP algorithnof these earlyeTDS prototypesstill have significant room for improvement,
the preliminary results are already better than thestage technologies evaluated by Lau
[77] as well as the recent tongaemputer interface (TCI) reported by Andreasen Struijk
[78], which requires 1-2.9 s for each selectioithe ITR achieved by thablebodied
subjects using eTDS prototypE38 bits/min) is about 5 times higher than the EEG based
BCI deviceq~26 bits/min)[61], which are all evaluated by lddased experiments

In wheelchair navigation, we observed that theesubjt sé per f or mance
control strategy is not significantly different with and without visual feedback. Similarly
the subjectsd prior experience does not
outcomes combined with the fact that subjects dotlis strategy to be safe, easy to learn,
and remember, suggest that discrete control is probably the best strategy to begin with
when one starts using the TDS.

We performedcorrelation analysiso study the relationship between navigation time
and NIC for each control strategy. Results showed that they were positively correlated
with the linear correlation coefficients greater than 0.8 in all cd#€sdepends on how
accurately the subjects can remember the tongue gestures and repeat them consistently.
Whenthe subjects were not able to correctly issue the command that they had intended,

they had to issue another command to correct the previous one, further increasing the
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Figure 5.6: Average number of issued comman¢NIC) vs. the trial number for each control
strategy. According to the oneway repeated measures ANOVA testghere was no enoug
evidence to claim thdearning effectduring these early trials.

NIC and slowing the navigation. Another important pagten affectingNIC was the
timing of the commands. For example, to perform a 90°left turn into an aisle, subject
could drive the PWC to a proper position and issue a TL command at the right time to
make a single sharp turn followed by an FD when thatimt was close to 90° On the
other hand, the novice subjects either started turning the PWC too early and too little or
too late and too much, in which case they needed to issue a few other TL and TR
commands to adjust the PWC position and enter the. dikis is almost similar to what
people do when learning how to drive a car.

Over time, the TDS user is expected to minimize MI€ and achieve better
performance by remembering the tongue movements more easily (spatial accuracy) and
executing them mordéimely (temporal accuracy)Figure 5.6 shows the relationship
between average NIC and the trial number for each control str&@egyvay repeated
measures raalysis of variancd ANOVA) did not show enough evidence to claim the

significant effect of the trial number on tihNC of all control strategies. Moreme and
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trials would be neede observe the learning effect of using TDS for wheelchair control

Robustness against the fAMidas tou®tho pro
mobility because an unintended movement of the PWC can lead to dangerous
consequences. This is unfortunately a common problem in eye gaze systems and
EEGbased BCI$69]. In our trials, however, the eTDS was able to differemtistween
the command related tongue movements and the tongue natural movements thanks to our
stereo differential cancellation algorithi®6]. Most natural tongue movements, such as
those related to speech, are in the sagittalepleesulting in common mode variations in
the magnetic field at the symmetrical locations of the sensor modules. Therefore, these
components are cancelled in our differential transformations, and considered as the
Neutral, which designates the tongue regiposition[86]. To avoid the AMi
problem during eating, when tongue movements are not only limited to the sagittal plane,
the user is supposed to switch the eTDS to the standby mode, as explained in section
4.22.

Another expected observation frothese h u ma n trials was t hat
performance in using the TDS was independent of his native language. In fact our human
subjects were fronfive different native backgrounds, and we did not obseany
relevance between their nationality and their performance. This is in contrast to the voice
activated or speech recognition based ATs which are popular, especially among users who
know English well. Therefore, we can expect the TDS to be useddpjepwith severe

disabilities regardless of their mother language.
5.5 Summary

Preliminary luman trialson young abléodied subjectdemonstrated that thedividuals
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with little or no prior experience with TDS cajuickly andeasilylearn tooperate the

eTDS prototypes, and usthese devicedo substitute their hand and arm &@cessa
computer andrive a powered wheelcha# set of dedicated GUIs have been developed to
measure the eTDS performance. The novice subjects adHi88ebits/min information
transfer ratewhen using eTDS to communicatgth a computer.This is about 5 times

higher thanthe EEG based BCI deviceBifferent TDSPWC control strategies were
tested in an obstacle course and compared with controlling the same PWC with its default
propational joystick. The continuous control strategy was found to be the most efficient
method for driving a PWC with tongue motion. Using this method subjects with
reasonable experience could complete the obstacle course using their tongue and eTDS

prototypeonly ~2 times longer than using their fingers and a joystick.
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CHAPTER VI

CLINICAL HUMAN TRIALS

This chapter presentise experimeral designand results of thpreliminaryeTDS clinical
human trials, in which the performance of #kDSprototype wasaluatedby 13 naive
subjects with high level spinal cord injuries (C2~C5) at the Shepherd Center in Atlanta,
GA. Theexperiment was divided intiovo sessios includingcomputer accesCA) and
powered wheelchainavigation (PWCN) session with one week gain between. The
eTDS prototype used in these trials was eTDS-G@rigure4.1d), which wasbuilt on a

wireless headphone and interfaced to a laptop PC BNd@G
6.1 Subjects

Thirteen human subjects (four females and nine males) a&gyedeld years old with high

level SCI (C2~C5) were recruited from the Shepherd Center (Atlanta, GA) inpatient
(eleven) and outpatient (two) populations. Among these subjects, eight were injured within
six months before the trial and five had been injuce@f least one year. Ten subjects were
regular computer users prior to their injuries. Among the other three subjects, two had very
limited knowledge of computers and one was completely new to PCs. Prior to this study,
none of the subjects had been expldsehe TDS or participated in a similar research trial.
Informed consent was obtained from all subjects. All trials were carried out in the SCI unit
of the Shepherd Center with approvals from the Georgia Institute of Technology and the

Shepherd Center stitutional review boards (IRB).
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Figure 6.1: A subjectwith SCI at level C4,wearing the eTDS headset anditting in his own
wheel chair with a 2405 mLirCfiont ofdimidariogrthe pdmpauter
access session.

6.2 Experimental Procedure

Each subject participated in two sessions: first, computer access arfeMf@navigation

The interval bet ween the two sesasialmoss, dep
one week. Each session ran for about three hours, and included TDS calibration, magnetic
tracer attachment, piteaining, training, practicing, and testing steps. Regular weight shift
schedule was strictly followed throughout every trial.

6.2.1 Computer AccessSession

In thecomputer acces€@A) session, subjects were either sitting in their own wheelchair or

l ying on bed with a 220 LCD ,m®shownhidigurep! aced
6.1. The eTDS heads&ten4d waspl aced on the subjectsd hea
positions wereadjusted near their cheeks by bemgithe goosenecksAfter sensor

positions were fixedsubjects were required to go through sensor calibraimoimagnet

attachmentstepssimilar to those explained in section’5.2.1 Unlike the ablebodied
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Figure 6.2 Magnet attachment for the clinical trials: a thin string of dental floss it
attached to the magnetic tracer using super glue. The lo¢r end of the string is tied to th
eTDS headset to eliminate any risk of swallowing or aspirating the magnetic tracer ever

A

it is detached from the subjectsd tongu

rubber to have a soft upper surface

subjects, the patients with high level SCls are very vulnerable, and thersdoral €are
must betakenthroughoutthe experiments tensurethe sijectsafedy andcomfort For
example, the magnetic tracees sterilized and attached to a 20 cm string of dental floss
using supergluelhe top surface of thmagnetwas softened with a layer of medical grade
silicone rubber (Nusil Technology, Carpinte CA) to prevent possible harm to the
subj ect s 6 Theotherendofthe gringmas tied to the eTDS headset during the
trials to avoid the tracer from being accidentally swallowed or aspired if it was detached
from the su(igue62.s6 tongues

Tasks in the CA session were arranged from easy to difficult to facilitate learning as
the trial went on. The number of eTDS commands was increased from 2 to 4 and then to
6 in three stages. At the beginning of eacyst subjects went through a{raining step
to identify their desired tongue positions for each commaimdilar to that explained in

section5.2.2 After proper tongue positions were indicated, subjects were asked to train

the TDS by repeatedly placing their tongues in those positions for 10 times in a sequence.

A new feature was added in training sessi
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training by identifying and removing the outcast training points manua#ijng an

interactive GUI explained in section 4.6[90].

A) CA-1 Playing a Computer Game with 2 Commantse purpose of this test was to
familiarize the subjects with TDS commands and train them on moving an object on a PC
screen inone axis (either horizontal or vertical) using their tongues. In this test, the
subjects were first asked to define two commands, Left and Right, and use them to play a
Abreakouto game by moving a paddle hori zc
bouncirg ball from hitting the bottom of the screen. Subjects were then instructed to
define another two commands, Up and Down,
game by moving a scuba diver vertically to catch treasures while avoiding incoming fish
and rocks Subjects repeated each game 3 times and their scores were registered.

B) CA-2 Maze Navigation with 4 CommandSubjects were asked to define and train

the TDS with four commands: Left, Right, Up and Dowhen, sibjects werenstructed

to complete a nagation task by using these four commands to move the mouse cursor
through an orscreen maze as quickly and accurately as possible from the start to stop
points, while the cursor path and elapsed time were being rec@&tled he maze was

wider at the beginning so that the subjects can start easily, and then gradually became
narrower towards the end of the track. Subjects were required to complete four trials, one

for practice followed by three for testing.

C) CA-3 Response Time Measurements with 6 CommaBdbjects were asked to
add two more commands the directional commands ) for left and double mouse
clicks. Then they were instructed to perform a set of response time measurement

experiments similato that explained in5.2.4A. The only difference was th#te mean
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Figure 6.3: (a) A subject with SCI at level C4, wearing the eTDS prototype and navigatir
a powered wheelchair through an obstacle course. (dPlan of the powered wheelchai
navigation track in the obstack course showing dimensions,location of obstacles, an
approximate powered wheelchair trajectory. (¢) The GUI provides users with visual
feedbackon the commands that have been selected

probability of correct choice?CC) was measured far = 2, 1.5, 1.2, and 1 $ut not for
T <1 s.The response time T anletcorresponthg PCC werethen used to calculate the
ITR

6.2.2 Powered Wheelchair NavigationSession

In powered wheelchair navigatioR\(VCN) session, sbjects were transferred to a Q6000

powered wheelchair and went through the same preparation steps aSAstssion wh

a 120 | aptop that was placed on FmureBBac el c hai
They were asked to define four commands (FD, BD, TR, TL) to control the wheelchair

state vectors in addition to the tongue resting pas({f for stopping, and practiced them

on the maze navigation GUI, similar to €A for about 5 minutes. Then theyere

required to navigatéhe wheelchair, using TDS, through an obstacle cowsdast as
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possible, while avoiding obstacles or runningtb# track Three slightly different courses
were utilized. However, they were all close to the layout showhignre 6.3b. The
average track length was 38.9 +3.9 m with 1&1B.0 turns.

During the expement, the laptop lid was initially opened to provide the subjects with
visual feedbackshown inFigure6.3c). However, later it was closed to help them see the
track more easily. Subjects were required to repeat each experimeastatwie for
discrete and continuous control strategies, with and without visual feedback. The
gearshift control strategy waexcluded from this triatlue tothe safety concern. The
navigation time, number of collisions, and number of issued commandseaarded for
each trial.

To minimize the risk, thenaximumspeed of the wheelchawaslimited to 0.9 mph.

The operatorhad access to an emergency stop (ES) button on the wheebBhaing the
experiment, lie operator walkedalong with the subjestand was ready tdhit the ES

button if the subjestlost their control over the wheelchair movements.

6.3 Results

6.3.1 Computer Access Session

Nine out of 13 subjects said that they had not played any computer games prior to the trials.
However, all of them were able kearn TDS quickly and use it to play games. In theZCA

all subjects successfully completed at least three maze navigation trials. The performance
of each subject was calculated as the average completion time of the last thr&égiias.

6.4 shows the completion time for each trial along with the overall performance, averaged
across all 13 subjectshe average completion time was 65.9 s with a standard deviation of

26.6 s. A gradual decrement in the completion time was'eld@among three consecutive
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trials, which can be an indication of the learning effect.
For each time limitT, in CA-3, at least 40 commands were issued to calc@e
Data points for one of the subjects at 1.2 s and two subjects at 1 s were not recorded
because of the early termination of their CA sessions due to their poor &Gand
its 95% confidence intervals were calculated for all the available data foil eawhthe
results can be seen kigure6.5a. ThelTR, calculated for eacfi, are shown irFigure
6.5b. On average, a reasonaBIeC of 82% was achieved with= 1 s, yielding aiTR =
95 bits/min which is about two times faster than the EB&ed BCI systems that are

tested on humarjé1].
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6.3.2 Powered Wheelchair Navigation Session

All subjects successfully completed {p@vered wheelchair navigatidasks at least once.

Each subject repeated the discrete control strategy for at least two trials. Continuous
control strategy was also repeated at least twice with and without visual feedback for the
majority of subjects. Four subjects tested the contingongol without visual feedback

only once, and two subjects completed the trial for continuous control with visual feedback
only once due to the early termination of their experiments for reasons unrelated to the
TDS. Subjectsd per faveragiagihe savigagos speed and numberd
of collisions across the last two trials in each category. If only one trial was completed, the
result of that trial was directly used as the performance meswsooenpleting that task.
Figure6.6 shows the average navigation speed and number of collisions along with their
95% confidence intervals during each experiment. In general, the continuous control
strategy was much more efficient than the discrete control. Subjects consistently
performed better without visual feedback by navigating faster with fewer collisions. These

results demonstrate that subjects could easily remember and correctly issue the TDS
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tongue commands without requiring a computer screen in front of them, which may
distract their attention or block their sight. Improved performance without visual feedback
can also be attributed to the learning effect because it always followeheith visual

feedback.
6.4 Discussion

This study demonstrated that the TDS can be easi#y for both computer access and
powered wheelchair control by naive subjects with high level SCI, who were quite diverse
in terms of age, post injury period, prior experience with assistive technologies, and
familiarity with computers. We have not yairducted a direct sidey-side comparison
between the TDS and other technologies such as BCilandipuff, head pointers, eye
trackers, and voice controllers. However, the TDS is unique in terms of providing multiple
control functions over both computeand wheelchairs with a single device, thereby
reducing the burden of learning how to use several assistive devices and switching
between them, which often requires receiving assistance.

Table6.1 compares the response time, nembf commands, and calculat&R of a
few Tongue Computer Interfaces (TCIs) and BCls that are reported in the literature. It can
be seen that the TDS offers a better ITR compared to other switch based BCIs and TCls
due to its rapid response tinfRecenty, head controlled devices have been reported with
higher bit rated116]. However, it should be noted that these are considered pointing
devices, similar to the computer mouse, which bit rates are derived based on a different
model , known [HE], as dpmosedto the TOS antl aher devices in Table I,
which are discrete devices, PBHdlimationeof ed by

the head controller however, is that they do not benefit users with no head motion and
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Table 6.1: Comparison betweenthe Tongue Drive Systenand other BCIs/TCIs

Reference Type Number of R(.esponse Information Transfer
commands| Time (s) RateITR (bits/min)
Wolpaw[61] EEGBCI 2-4 3-4 25
Lau et al[77] TTK-TCI 9 35 40
Andreaser78] TCI 5 2.4 58
T.D S (ablebod|.ed TCI 6/6 0.8/1.0 13305
subjects / Sl patients)

*TCI: Tongue Computer Interface

rely on additional switches or dwelling time for mouse clicks, which may affect their
usability.

In the PWCN session, we observed the real time and fullalarftthe subjects over
wheelchair movements through five simultaneously accessible tongue commands for
cardinal directions and stopping. There was no noticeable delay in the wheelchair
response to the subjectsod tonBGbasedcBClminands.
takes about 2 s on average to issue a control command, which is not practical for stopping
a wheelchair in an emergency situatif@i]. Based on the results iRigure 6.6 and
s u b &edbaskd the continuous control strategy was preferred over the discrete
strategy. Subjects also issued less commands when using the continuous method. Adding
a latched mode, in which the users do not need to hold their tongues at a certain position
to continue issuing a commonly used command, such as forward, was also suggested by
several subjects, who already had this option in theiasdgpuff controllers.

In order to assess the effects of different factors, such as age, gender, and duration of
injury on the computer access and wheelchair navigation perforntheseibjectsvere

categorizebased on each of these factors and compared their performance accordingly

(seeTable6.2). Since the number of subjects in each aatggvas too small to conduct a

77



Table 6.2: Categorization of Subject for Performance Comparisons

Factor Gender Age (years) Duration of Injury (months)
Female | Male > 50 050 06 >6
Number of subjects| 4 9 5 8 8 5

statistical analysis, the discussion below is mainly based on the comparison of

magnitudes of each performance parameter. For comparing computer access and

wheelchair navigation performanc&€ER from CA-3 and navigation speed and number of

collisions from PWCN sessiongere used respectively

Effect of Age:lt can be seen iRigure6.7a andFigure6.7b that there is a substantial

difference betweethe@ r f or mance of vy

ounger (O 50)

subjects achieved highdfR in all T values in CA3 session. Younger subjects also

and

tended to navigate the wheelchair faster, albeit with more collisions. It was probably

because younger subje had shorter reaction time and also faster learning ability

compared to older subjects. However, it should also be noted that the performance gap

was decreasing as subjects progressed through experiments. This suggests that the

experience gained over honger

peri od

regardless of being fast and slow learners.

Effect of Duration of InjuryDifferences were found between subjects with relatively

short © 6

6.7d). The former group outperformed the latter in both CA and PWCN with

mont hs)

or

postoimugy dyration(Biguren@®7a dandh Fsgure

of ti me

c

an

performances in the range of 1720100% for ITR and 7% 1 36% for wheelchair

navigation speedThe hypothesis is that more recently injured subjects, who were

e q L

beginning to learn and use assistive technologies, were probably more motivated in trying

new devices. Hence, they could more easily accept and Hearrto use the TDS with
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Figure 6.7: Comparing the dfects of different factors on thes ubj ect sé p
computer access and powered wheelchair contreédsksthrough the ITR from the respons
time measurementsession and wheelchair navigation speed and number of collisiorfrom
the PWCN sessiory: (a, b)younger (AgeO 50) v 's. o subjects,(c, @)Sapgects
with shorter (O6 months) vs.longer (>6 months post injury duration, and (e, f) femalevs,
male subjects
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less preference or bias. On the other hand, the group with older injuries had already quite
used to their assistivdevices ostly sipandpuff), and probably were not as motivated
or open to learning ahusing a new device.

Effect of GenderfFemale subjects performed with consistently comparable or higher

ITR and wheelchair navigation speed, and fewer collisions than their male counterparts.
The author could not find any particular reason for this diffiece other than considering
the fact that the number of subjects in the female group was less than half of the male
group. Therefore, this particular group might have been just a better fit for using the TDS.
Additional tests in larger populations are de@ for deriving a more accurate conclusion.

To minimize potential interference with t
were scheduled in the late afternoon or in the evening when subjects were generally tired
after a full day of therapeuti&xercises and rehabilitative activities at the Shepherd Center.

As a result, some of the subjects, particularly the elders, seemed to be tired at the
beginning of the dour sessions and exhausted at the end, to the extent that we had to cut

the number ofepeated trials to complete some of the sessions earlier. This situation may
have degraded the subj eshduld d®eawided rinafutlre per f c
evaluations. The most realistic condition would probably be a randomized testing
schedule that isvenly distributed throughout the day.

TheeTDS prototypeised in theetrials has significant room for further improvements
in its hardware, SSP algorithm, and GUI software. Several subjects reported reduced
sensitivity and responsiveness of the TDS twirthongue commands after the headset
position was inadvertently changed in a regular weight shift. In such cases the sensor

calibration and TDS training steps had to be repeated. A similar issue can arise when
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someone accidentally changes the sensoriposiby moving the goosenecks. This is a
concern that is resulted from the use oftb#shelf components for building the eTDS

prototype as opposed to a customized headset design for this particular application.
6.5 Summary

In summary, he first clinical tral on thirteen subjects with high level SCI demonstrated

that the eTDS prototype can potentially provide its end users with effective control over

both computers and wheelchairs. eTIDSts early form tested by naive SCI subjects, is

twice as fast as Ekbased BCls that are tested ontrained hurfétf]s Subj ect s & ab|
perform all the tasks indicated that the eTDS can be easily and quickly learned with little
training, thinking, or concentration. The learning effectth@other hand, showed that it is

very |l ikely that the usersd performance <co
daily basis. According to the results, eTD
age, gender, and post injury duration. Adshial experiments are needed to observe the

end usersd6 performance over | ong periods o
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CHAPTER VII

ASSESSMENT OFTONGUE DRIVE SYSTEM IN MEDIUM TERM
USAGE

The main purpose of thiwork is to assesghe learning process dhe Tongue Drive
System(TDS) in medium ternmusage for both computer access and wheelchair cpagol
well asexplore the limiting factors in the current TDS prototyple results catead the
way in improving the usability of the TDS and similar tongue operated assistive
techrologies

In our earlier studies, wigaveevaluated the performance of TDS for both computer
access and wheelchair control in singéssion trials by ableodied subjectsas well as
patients with high levedpinal cord injury $CI) with amagnettemporaily attached using
tissue adhesiveHowever, these trialast onlyfor a few hairs and do not sufficiently
demonstrate the learning process, castbenefits of using the TDS on a lotgrm basis.
Unlike shortterm experiments in which the magneticcta could be attached to the
Ssubjectsd6 tongues using a tissue adhesi ve,
semiper manent attachment of the magnetic tr e
done by piercing the tongue and inserting a tontue \with the magnetic tracer inside it.
To verify the idea of usin@ tongue piercing to fix the magnet, weave recruited
ablebodied subjects, who alreatigve tongue piercing, and had thenearthe specially
designed magnetic tongwstuds(more detaildater in section7.1) throughout the study.
These subjects were asked to participate in a set of experiments to test TDS performance

over five sessions durinfve weeksin order to observe the learning progeskich is a
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keyfactor in the acceptability and adoption of a ressistive technologyAT).

Each sessiortonsisted ofthree hours of computer access (CA) ande hour of
powered wheelchaimavigation(PWOCN). In CA, a set of nevexperimentaas designed
based on 1S09249 standard118], to evaluate the TDS performanoé controlling a
mouse cursor by compleing pointing and selectingtasks These tasks include:
one-direction tapping inhorizontal andvertical directionsgcenterout 2-D tappng, and
multi-direction tappinglIn addition, tasksimilar to those performed in orsession trials,
such ason-screen ZD maze navigatiorand response time measurensgntere also
included.Each trial also included PWC drive by TDS through an obstaciseaftethe
CA part ofeach session.

In this chaptewe haveonly includedthe results ofmaze navigationfesponse time
measurementand powered wheelchaicontrol Readers can refer to our previous

publicationg120], [121] for more details orhie rapid tapping tasks of computer access.
7.1 Magnetic Tongue Stud

Barbell shaped magnetic tongue stwdth different postgaugesand lengthsdesigned
and fabricatedy Anatometal (Santa Cruz, CAare usal to explore the feasibility of
tongue piercing to the fix magnet on the tongue durimgedium termassessmenthe
M&M shaped ball (@8 mm x3.5 mmghown inFigure7.1, whichis laserwelded to the
post, containsa diskshaped (4.8 mm x 1.5 mm) rare earth permanent magnet (K&J
Magnetics, Jamison, PAJhe magnetic flux density on the upper surface of the M&M ball
is 1194 £83 Gauss on average. The lower Isilghtly screwed on to the post with a large
number of threadsThe sibjects, who already ka tongue piercing, were required to

wear these specially designed magnetic tongue studs througiruberformance
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Figure 7.1: A custom designed magnetic tongue stud with a permanent magnet embed
in its upper ball. It was worn by the subjects throughout the medium term study.

assessmeninstead ofhaving the magnettemporarily glued onto their tongue using

tissueadhesive
7.2 Subjects

Nine healthyablebodied subjectfour male andiive female with anage range of 19

28 years old, were recruited fratme Georgia Institute of Technology and Georgia State
University student population. Adif the subjects hatheir tongue piercing in the middle
line, between tip and frenulum, for more thdmee months All of them are regular
computer users arttadno previous experience with TD&xceptfor one subject, all the
subjects were right hande@ihe necessary approvalsva obt ai ned fr om
institutional review boardinformed consent was collected from all subjects during the

first session before the experiment started.
7.3 Experimental Procedure

The subjectswere scheduled for oneexperimentsession per week andeeded to
complete five sessions over five weekgerageCA and PWQ\ durations were 5 and 1.5
hours respectively,for the first session and 2.5 and 1 howespectively,for the

remaining sessionsDuring their first visit, sbjects wereprovided with asterilized
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eTDS Gen-5

Headset

assessment. One of theubjectssat 1 m away fLCD monitor, Reffodming the
response time measurementsk.

magnetic tongue stud. They weasked to substitute their own stud withis magnetic
tongue stud and wear that throughout the duration ofsthdy. In each session, the
subjectswere asked to wear the eTDS headgethrough TDS calibration, preaining,
training procedures similar to that mentioned in seci@ and then complete a set of
tasks related tthe computer access and wheelchair control.

7.3.1 Computer Access

The CA experimersg wereconducted in the GBionics lab at th&eorgia Institute of
Technology During the experimenthe GU| developed in the LabVIEW environment
waspresented tthe subjectssingl m away from a 2206 LCD mon
pixel resolution shavn in Figure 7.2. Subjects performegix tasks (with the number of
employed TDS commands in parentheses): horizontal (2) and vertical (2) unidirectional
tapping, omrscreen maze navigation (4), cervert tapping (4), response time
measuremen(6), and multidirectional tapping (6)Here we only report on the maze

navigation(4) and response time measurement (6) tasks, shyniathose performed in
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Figure 7.3: (a) Task screen for maze navigation(b) Recommended tongue positions for <
TDS tongue commands plus the tongue resting position, widhi is consideredas aneutral
command.( ¢c) Designated keys on the keypad t

singlesession trialsTo facilitate learning particulbr in the first session, these tasks
were arranged from easy to difficult in terms of the required number of TDS commands.

A) CA-1 Maze Navigationin the maze navigation task, subjects were instructed to

move themousecursorthrough acustonized onscreen mazerom the START circle to
the END circle as fast as possible and try to stay within the blue track as much as possible.
At the beginning of each trial, the mouse cursor was automatically positioned in the
center of the START cycle and subjects wiestructed to move the cursor after they saw
the red START circle turned green. The experiment automatically terminated when the
subjects moved the cursor within the END cirdlbe mazehadtwelve sectionsand ech
threesections had the same width (38, 23, 15 pixels) but various lengthishe maze
started with a wider section #@eginningso that the subjects could start easily, and
became narrower towards the end. An example maze design is shéigarei/.3a.

The subjectsvere requiredo completehe task using both TDS and a standargpad
in a randomized ordeftn TDS, four directional commands (LEFT, RIGHT, UP and

DOWN), with positions indicatedh Figure7.3b, were used to move the mouse curs
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four directions.When usingthe keypad, thesubjectswere required tgressa subset of
adjacent keys on a standard keypad which spatially mapped té 3@ direction
commandsas shown irFigure7.3c, using their rightmdex finges. The cursor movement
in each direction was in an unlatched mode, meaning that subjects shepldskeng a
direction command to maintain the cursor movement in that direction. As the cursor
moved in a certain direction, its speed increasehtly at the rate of 500 pixels/sec
until it reached a maximum level of 35pixels/sec. The rate of acceleration and
maximum speed were chosen experimentally basedherpilot experiments in the
developmental phase.

The taskwas repeatedour times for each devicethe first for practice and the
remaining three for performanceeasurementlo minimize the memory effedipur out
of five different maze designs were randomly selected for the four rounds.

B) CA-2 Responsdime MeasuremeniThe subjects we instructed to perform a set

of response time measurement experiments similar to that explaibetl4h. The mean
probability of correct choices (PCC) was measured for T = 2, 1.5, aneltls of which

was repeated fdour rounds, and each round contained 20 randomly selected commands
The first round was regarded as praztad the results from last three rounds were used
to calculate the performance measures. This task was perfaithefDS only.

7.3.2 Powered Wheelchair Navgation

The PWCNpart of each sessiomasperformed ina spacious iloor garagenvironment
(seeFigure7.4a) to give the subject enough space to move the chair around and minimize
the danger oaccidentallyhitting any pedestrias, walls or other unwanted objects. The

PWCN was always conducted after computer access (CA) becausequired more
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Figure 7.4: (a) Experimental setup for the wheelchair drive part of themedium term TDS
performance assessmentb) Plan of the obstacle course showing its dimensions, obsta
locations, and approximate driving trajectory.

experiences of using TDS, which could be gained by the subjects thseughal CA

tasks PWC tasksn this sudy consisted of driving throughraodifiedobstacle course that
wasroughly50 meterlong andhad 13 turns and 24 obstaclégy{ure7.4b). Subjects were
asked to navigate the PWC as fast as posaifdketry to avoid hitting angbstacles or
driving outside the tracks much as possiblBriving throughtheobstacle course required
using all the TDS commands and included makingtard, backing up, and fine tuning of
direction in a limited spac®uring navigation, subjects weaso instructed to make an
immediatestop, as soon as they heard a randomly generated auditory cue which was
played once per round while the PWC was moving at its maximum speed.

During the experiment, the subjects were required to navigate the whedicbagh
the course using three different control strategig@slatched, latched, and
semiproportional controbsexplained in sectiod.5.2, each of which was repeated four
times, one for practice followed by three testingnaai The laptop was placed on the
tray in front of the subjectsyith its lid opened in the practice round to provide subjects

with visual feedback about the issued commands and closedthrdleetestingounds to
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Figure 7.5 The path deviation of the maze navigation taskis calculated based on tt
relative position of the cursor path to the intertrack border.

allow subjets to have a better view of the cour$ée operator helch mechanical stop
buttonwhile walkingalong with the subjects, and was ready to stop the wheelchair if it
was out of the subjedsontrol.

7.3.3 Performance Measures

For maze navigation, the performanmeasures includaskcompletiontime (TCT) and
navigation error (NE). TCT indicates the speed of each device in navigating mouse
cursor,andwas calculated from the recorded time duritg mazenavigation.NE is the
summation of all the deviatior{SoD of the path from the track edges divided by 1000
as ameasurement of navigati@ccuracyFigure?7.5 shows a typical portion of the maze
andtwo general trajectories of cursgrassing through track 1 andhe border of these
two tracks is defined asintertrack border. The deviation is calculateds the
perpendicular distance between the points on the cursor pathewodter boundary of
track 1 or 2 dependingon whetherthe cursor has passed over the border or not,
respectiely. Figure7.5 also showswo cases in which the path is passing along interior
and exterior sides of track corners. In the latter case, the deviations are calculated relative

to the extensions of the track edges.
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Fortherespone time measuremetdsk we measured thenean probability of correct
choices(PCQC) for each response timie and thercalculatel theinformationtransferrate
(ITR) using equatiordb.1[61].

The performance measures the wheelchair navigation taskiclude he completion
time (CT), the number obdverseevent(AE) and theemergency stop duratioB$D. The
CT indicated the navigation speed of each control strategywasdrecorded by the
operator during the experimerithe AE included the collisions with any obstacles and
driving outside the track. The numberAE indicated how accurately the subjects could
drive the wheelchair using different strategies and were counted by the operator during
the experimentESD reflected howquickly the subject could stop the wheelchairan
dangerous condition. It wasptured by the GUI from the start of the auditory cue till the
complete stop of the PWC.

The reported performance measures were calculated by first averaging within each
individual subject across three testing rounds and then averaging acrass silbjects.
The 95% confidence intervals were also calculated to indicate the variations of each
measure.

7.3.4 Results

A) MazeNavigation

Figure7.6 show theTCT and SoD of both TDS andkeypad in completinghe maze
navigation task. Oneray repeatedneasurefRM) analysis of variancdANOVA) was
conducted orboth the TDSTCT and SoD with session as a fact@howing significant
effect ofsessionon both TDSperfomance measurgdoth p < 0.01)Helmert contrasts

showed that session effect both TDS TCT and SoD was not significant from the"2
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Figure 7.7: The aursor path of one subject through a certain maze desigm the (a) 1*
session $oD= 8.54, TCT = 18.8 sec)and (b) 5" session $oD= 1.33,TCT = 13.3 sec)

sessionf§ = 0.115and 0.174 respectivelysuggesting thatoth TCT andSoDhad reached
a plateau.

Paired ttest wasapplied to compare the performance of TDS with thateypad in
the 5" session.The results show there is no significant difference between TDS and
keypadTCTs in the §' sessionp = 0.43), whileTDS 5" sessiorSoDwas significantly
higher than that ahe keypad which was 0.28 +0.32 ¢0.01).

Figure7.7 shows typical cursdrajectories recordefibr the samesubject in the % and

5™ sessions with TDSt clearly shovg animprovement ofSoD(SoD= 8.54 andTCT =
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Figure 7.8: (a) The mean probability of correct choices (PCC)(b) Information Transfer
Rate (ITR) of TDS over five sessions

18.8 sec for theSlandSoD= 1.33 andrCT = 13.3 sec for the"5session).

B) Response Time Measurement

The results otheresponse time measuremeate shown irFigure?.8, which includes
the mean probability of correct choicé®¥JC) and theinformation transfer ratd TR) for
differentTs. RM ANOVA revealed no significance imothPCCandITR throughout the 5
sessions fomany of the time intervalsAt the end ofthe 5" session a maximum 144
bits/minITR was achievedavith 97% PCCat 1 sec response tirghowing a considerable
improvementompared to our earlier studies

C) Powered Wheelchair Navigation

One of the subjects performed extremely bad in whbeaic navigation and was
considered as an outliand excluded from the analysiBhereforethe following results
are based on the performance of eight remaining subjects.

RM ANOVA was applied to all the PWCN performance measure considering both
sessiorand control strategy as factoRegardinghe Completion Time CT), as shown in
Figure 7.9a, both effects of strategy (g 0.05) and session (g 0.01) were significant.

Helmert contrasts showed that session effect was notisatifrom the 2 session (p =
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Figure 7.9: Results of PWC navigation task:(a) Completion time, (b) Number of advers

evens, including wllisions and Outof-Tracks, and (c) Emergency stop duration (sec).
0.474), suggesting th&T had reached a plateain the last (8) sessionthe subjects
achievedl60.1 £18.2 sec, 179.1 £23.2 sec, and 175.3 +24.6@sdooftotal completion
time with unlatched, latched and serproportional strategies, respectively. Paise
comparison with Bonferroni adjustments applied to the last session frgsioéir shows
thatthe CT ofunlatched strategy was significantly different frtmat ofthe latched (p<
0.05, but not from the senproportionalstrategy. Alsplatched and senproportional
strategies were not significantly different (p=0.388)erm ofCT.

Figure7.9b shows the nmber ofAE of all three control strategies measuredrdire
sessionsRM ANOVA shows thathe effects of strategy was not significant (p = 0.334)
but the effect of session was significank(p.01). Helmert contrasts showed that session
effect was not significant from the"®session (p = 0.200), suggestitiiat AE had
reached a platealihe subjects achievéll75 £0.66, 0.96 +£1.44 sec, and 0.88 +1.0&
in the 8" session withunlatched, latchedind semiproportional strategies, respectively.

As far asESD (seeFigure 7.9c) is concermed, both effects of strategy (p < 0.01) and
session (p< 0.05) were significant. Helmert contrasts showed that session effect was
significant throughout théive sessionsin other words, this performance measure had

not reached a plateau after fisessionsWe further applied one way ANOVA on the last
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session results of tHeSD, followed by pairwise comparison with Bonferroni adjustment
It shows thaESD in the unlatched strategy is significantly lower than thoskatshed
and semproportional(both p <0.01), while there is no significant difference between
ESDs of latched and serpiroportional (p= 1.000).

7.3.5 Discussion

We have reported the result of computer access tasks-sfreen maze navigation and
random command (rendering TDBR) as wellas powered wheelchair drive withree
strategies using TDS throughout figessions irfive weeks. The main purpose tifis
studywas toexplore theTDS learning process, including its initial performance, total
achievement throughfive sessions and the occurrence of any plateaus in the
performanceneasureand their leved,

Maze navigation was performed with index fingeypad as well as TDS with the
purpose of building a benchmark with which TDS can be comp&tatistical analysis
showsthat bothTCT and SoD of TDS had significantly improved from thes'tto 5"
session, which is eviden of learning effectAlthough statistical methods showed
significant differencefrom the 2 session forTDS TCT and SoD, suggesting early
plateaus, in fact, asessios went by the averages andariability dropped, hence
performance improvedihe effect of the device was not significantTi@ T, but the SoD
results revead a supeior performance of index fingéeypad compared to TDS tarm
of thenavigationaccuacy.However, as it can be seen fréiigure7.6b, this performance
differenceis narrowing down with the progress of the sessidithough wecould not
ynd any direct c¢ompar themovemenhspdaedanccdacytoe r at ur

the tongue versus index ynger, we can rela
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visual and more pronounced tactile feedbacks when selettshgressing a button down
and releasing it versus touchingggp eci yc t oot h mdirdtuming thtee r
resting positionln addition,this performancealifference may also be resulted from the
level of familiarity with each deviceAll subjectswere regular computer users and had
been using keypad on daily bagis years while they haconly used TDS few hours
each weekor five weeks.It is reasonable to @ect tle performanceifferencebetween
keypad and TD$o becomesmalleror even statistically neeignificantonce subjects use
the TDS on a daily basis over an extended peridinat

For response time measuremetdtisticalanalysis did not show significant difference
of ITR and PCC amongfive session. In other words, statisticallgpeakingno learning
effectwas observeih completing this specific tashe besiTR in the 1% session was
132.9 £13.9 bits/min withPCC of 94.7%at 1 sec time intervalwhile the maximum
achieved ITR was 150.3 £11.5 bits/min wiBCC of 98.8%at 1 sec time intervah the
4™ session Originally, we were expecting to obserthe accuracy droms the time
interval decreasednd to calculatehe maximumITR corresponding to an acceptable
PCC. However, the subjects performed pretty well and achieved®P@d (> 94%) even
at the shortest time intervafl sec)in the f' sessionleaving little roan for themto
improve with the progress dhe session.This implies that the experiments were not
difficult enough to challenge the subjects to shesignificantlearning effectBased on
these observations,encan hypothesize that TO$R could be higheand the learning
effect would be more profountithe time intervals become challengingly lowsuch as
0.8 or 0.6 sec

All the PWC performance measures improved from fil& to the last session
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Unlatchedstrategyturned out to be the fastest strptén the &' session, while latched
and semproportionalstrategiesvere not significantly different from each other in terms
of the speedThis result can beartially related tothe design of thebstaclecourse,
which requiresthe subjects taurn andstop frequently Unlatched control has the
advantageof operating in such conditigrbenefiting fromits quick response tahe stop
commandwhich is issuedin this strategyy simply returninghetongue back to resting
position. However, fodaily wheethair driving, latched and sergroportional control
may be mordavoredsince they do not requintinuouslyissuingdirection commang
which could potentially result in tongue fatigue after long time usageThe average
numbers ofAE for all three streegies were not statistically different from each other and
dropped below onin the 5" session This mears that subjects couldccuratelynavigate
the wheelchaiwith almost mininal error, e.g.driving out of track or hitting obstacles
lessthan once peround using any of these strategie®Vith unlatchedstrategy the
subjects could stop the wheelchair withaeeptablemount of delayl(.3 +0.2 seond9

to respod to an emergency stop requést5” session Latched and sengroportional
strategiesunfortunately hadin ESDhigher than 2 semdsevenin the 3" session, which
by no meansvere accepthle for an imnediate stop Therefore, we suggest the TDS
PWC uses use a mechanical switch, such as a renp switchmounted on the headrest,

as an emergey stop buttoro stop the wheelchair immediately when needed.
7.4 Summary

We have quantitatively and comparatively evaluated the performance &HtésteTDS
prototypeGenb5 in mediumtermusage for both computer access and wheelchair control

by nine ablebodied subjectsvith the magnetic tracer attachealtheir tongueusinga
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tongue piercing.These subjectswho already had tongue piercs)gvore a specially

designed magnetic tongue stud as opposed to their own regular stud, and performed the
experimentsn five sessions over five weeks. The results showedtetyall the TDS
performancaneasuresavesignificantlyimprovedfrom the first to the last session, and

some of these plateaued over the course of the experimieich is anindicationof a

learning effectThec o mpar i son bet we e nwitlsthetlrpSand ksypadp er f o
provided valuble insightinto thehuman factors of the tongue motion and a few limiting
factorsof the current TDS, which can lead the way in improving fitiersions ofthe

TDS.
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CHAPTER VII |

MULTIMODAL TONGUE DRIVE SYSTEM

8.1 Background and Motivation

It has been understood that any interface that is designed around only one mode of input
may not be fast and flexible enough to meet the diverse needs of the end uskra i s
hectic and demanding life conditiofi22]. A multimodal device that expands the access
beyond one input channel, on the other hand, can potentially improve the speed of access
by increasing the information transfer bandiiv between users and comput§t23],

[124]. A clear example of this is the use of both mouse/touchpad and keyboard by the
majority of ablebodied users either on their desktop or laptop machineaddition,
multimodal assistive technologie#\[s) increase the number of alternatives available to
users to accomplish a certain task, thus give users the ability to switch among different
input modalities, based on their convenience, familiarity, @amdronmental conditions

[125]. MultimodalATs can also provide their users with more options to cope with fatigue,
which is an important factor that affects the acceptability of ATs, and therefore can result in
greater user sgfaction and technology adoption.

The Tongue Drive SystemTQS) in its current form has been mainly designed to
substitute mouse cursor movements in cardinal directions plus clicking functions by
offering users with six simultaneously accessible commantgh are associated with
particular usedefined positions in the moutthat are activated when they are reached
by their tongues. Even though TDS can provide full typing capability when it is

combined with an oscreen keyboard, its relatively smallmber of discrete commands,
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when compared to a full keyboard, and fast response time (< 0.5 s) makes it more suitable
for mouse cursor control as opposed to typdW.

On the other hand, speech recognition technology cam affealmost unlimited
number of available commands, and has been regarded as one of the most efficient ways
for text entry. Individuals with severe disabilities can benefit from this technology as long
as their vocal abilities are intact. The speech reiiognsoftware also allows its user to
control the mouse cursor movements using a set of predefined voice commands. However,
the response time would be relatively 1l ong
mouse righto shoul dhotmusestbefaeerarddafter speakind dacht i o n
command. Moreover, the ambient acoustic noise can significantly degrade the quality of
sound acquired by the microphone and affect the accuracy of the speech recognition tool.
As a result, a system that reliestbe speech input only might show poor performance in
translating usersé6 verbal commands or bec:
and outdoors environments.

The main objective of #hwork presentedn this chapteris to combine TDS and
speech recogtion technology to develop a unified and highly integratdd called
multimodal Tongue Drive Systerm{TDS), which can take advantage of the strength of
each modality to provide people with severe disabilities with more efficacious, flexible,
and reliablecontrol over target devices, such as computeedlphonesor powered
wheelchairsjn various personal and environmental conditions. We expechiizS to
offer its end users with the best of both modalities in the following ways: 1) Increase in
speed sioe each modality can be used for its optimal target tasks and functions; 2)

Allowing users to select either technology depending on the  personal and
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environmental conditions, such as weakness, fatigue, acoustic noise, any 1123}, 3)
Provide users with a higher level of independence by eliminating the need for switching

from one AT to another, which often requires receiving assistance from a caregiver.
8.2 Multimodal Tongue Drive SystemihTDS)

The mTDS, which block diagram is shown iRigure 8.1, operates based on the
information collected from two independent input channels; the free voluntary tongue
motion and speech, each of which is processed independently but thtetofietber at the
end to generate a rich set of udefined commands for a variety of tasks, user conditions,
and environmentf0].

The primary modality of thenTDS is based on tracking the free voluntary tongue
motion in the 3D oral space using a small magnetic tracer attached to the tongue via
piercing, implantation, or adhesives, and an array of magnetic sensors (similar to the
original TDS. The secondary input modal ity i s bas

captured usig a microphone and wirelessly transmitted to the PC through the same
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wireless link used for communicating magnetic sensor data. The thaged primary

modality is always active during the operation of thEDS and regarded as the default

input modality. The tongue commands resulted from the TDS modality is also used to
interact with the graphical user interface (GUI) dnable and disable spedohsed
secondary modal ity without <caregiverso6 ass
system and extenthe battery lifetime, the speech modality can be selectively turned

on/off depending on whether it is needed or not using tongue motions. In this system,

both TDS and speech recognition modalities are simultaneously accessible to the users,
particularly fa mouse navigation and typing, respectively. Users have the flexibility to

choose the mode they want to use for any specific task without external assistance.
8.3 mTDS Prototype

The latesmTDS prototype which is built on a customized wireless headset is\anesd

version of original TDS with the necessary hardware for atag wireless audio link to
acquire and transmit userso6 vocal command s
feedback through a pluig earphoneFigure8.2 shows the main components of the latest
mTDS prototype, including: 1) a small permanent magnetic tracer attached to the tongue
using tissue adhesives or embedded in a titanium tongue stud for users who have tongue
piercing, 2) A custordesigned wireless heset, which has been fabricated through 3D
rapid prototyping and mechanically supports an array of 4 magnetic sensors and a
microphone plus their interfacing circuitry to detect the tongue motion and record the
voice, and a control unit to fuse aadseml# into packetsall the acquired raw data
samples before wireless transmission, 3) A wireless transceiver unit that wirelessly

receives the data packets from the headset and delivers them to the PC or smartphone,
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and 4) A GUI ruming on the PC or smartphone that includes high throughput data
communication drivers and SSP algorithm to identify the position of the magnetic tracer
within the oral space and interact with a commercial speech recognition software .

8.3.1 Permanent Magnetic Tracer

A small (@3mm x1.6 mm) disshaped rare earth magnet (K&J Magnetics, Jamison, PA)

with high residual magnetic strengtB, & 14800 Gauss) was used as the tracer. Using

small tracers is desired to minimize any possible discomfort and reduce thé&apoten

i mpact on the user 6s speech from the magne
high accuracy when usingnTDS with commercial speech recognition software. The
higherB, can compensate for the sigitalnoise (SNR) degradation in the magneginsor

output due to shrinkage of the magnet tracer size.

8.3.2 Wireless Headset

A customized stylish wireless headset has been designed and fabricated to house and
mechanically support the electronic components ofi®S [127]. The main focus of
this design was to combine aesthetic aspects with the user comfort, mechanical strength,
and stable positioning of the sensors. The headset was designed in a way to also provide
flexibility and adj ust ab iomy, white ehablinggptbpept t o
positioning of the magnetic sensors and t
headset was first modeled in the SolidWorks (Concord, MA) environment and then
fabricated from VeroGray resin (Objet, Billerica, MA) using 3D darototyping
machine Eden 258t Georgia Teclnvention Studid128].

The headsetthe block diagramof which is shown inFigure 8.3, has a pair of

adjustable sensor poles, each of which holds agb&haxial magnetoempedance sensors
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AMI306 (Aichi Steel, Tokai, Japarfi29Inear the subjectsd cheek:
sagittal plane(Figure 8.2a). The magnetampedare sensor makes use of the giant
magneteimpedance effect, in which the ac impedance of sensing element, i.e. a magnetic
amorphous metal wire, changes in response to the strength of the magnefit3fild

Each AMI306 sensorconsists of three sensing elements arranged in orthogonal
configuration to measure the magnetic field vector-iD. 3t also integrates an eship
magnetic signal readout circuitry, a programmable gain amplifier, abit12
analogto-digital converter (ADC)and an Inteintegrated Circuit (12C) serial interface.

The digitalmagneteimpedancesensor features higher sigtieinoise ratio, higher noise
immunity, simpler interface circuitry, smaller form factor, and competitive power
consumption compared withéghlmagnetaesistive sensor used in our previous TDA0].

In the mTDS, a lowpower microcontroller (MCU) with bulin 2.4 GHz RF transceiver
(CC2510, TI, Dallas, TX) communicates with each sensor through the digital 12C

interface to perform measurement at 50 Hz, while turning on only one sensor at a time to
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save power. Each sensor consumes ~0.3 mA current when it is sampled at 50 sps. After
all four sensor outpatare sampled, the results are packed into one data frame ogady f
RF transmission

The acoustic signal acquisition is managed independent of the magnetic signal by an
audio codec TLV32@AIC3204 (TI, Dallas, TX), through the builh interIC sound (12S)
interface of the CC2510 MCU126]. A miniaturized SiSonic MEMS microphone
(Knowles, Itasca, IL) was placed near the tip of the right sensor board, as shown in
Figure 8.2a, to continuously capture the acoustic signal when the user is speaking.
microphone is dirdty connected to the audio codec on the control unit which has
dedicated power supply, ground, and signal wires to minimize the interference from
digital control lines. The audio codec is programmed to operate at the lowest performance
level with singleerded mono input, 8 kbps sampling rate, and 16 bits of resolution to
minimize power consumption. This configuration provided sufficient quality to capture
the voice signal in the frequency range of 100 ~ 2000 Hz using the SiSonic microphone
with 59 dB SNR.

Digitized audio samples are read by the MCU through 12S and compressed to an 8 bit
format using the CC2510 built n-Lagv compression hardware to save the RF bandwidth.
Due to the time critical nature of streaming audio, the audio data transfers within the
MCU, from I12S to RAM and from RAM to the RF transmitter, are accomplished using
direct memory access (DMA) to minimize the CPU intervention and the resulting latency.
Once a completed audio frame (54 samples) has been acquired, in 6.75 ms, the MCU
assemlds an RF packet containing one audio and one data frame and transmits it

wirelessly. Since the audio and data frames are generated at different intervals (6.75 ms
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vs. 20 ms), only one out of every three RF packets contains both audio and data samples,
andthe other two include only audio samples. These two types of packets are tagged with
different preambles so that they can be recognized and properly disassembled on the
receiver side.

After sending each RF packet out, the MCU expects to receive a bewletsf packet
including one complete data frame and one optional audio frame, which depends on
whether the uplink audio channel from the transceiver to the headset has been activated
or not. The data frame contains the control commands from the PC oplsomartto
switch on/off the speech modality. The audio frame in the back telemetry packet contains
digitized sound signals from the PC or smartphone. The MCU extracts the audio samples
from the back telemetry packet and sends them to the playback DAC aidieecodec
through I12S interface to generate analog audio signals that are audible to the users if they
attach an earphone to the designated audio jack on the dTDS headset. In the CC2510
MCU we have used a maximum RF data rate of 500 kbps, which isienffifor
bi-directional data and audio transmission.

A simple but effective wireless handshaking mechanism is implemented on both
headset and the wireless receiver to establish a dedicated wireless connection between
two devices so that their operationg aot interfered by other nearby mTDS headsets.
When the mTDS headset is just turned on, it enters the initialization mode by default and
broadcasts a handshaking request packet containing specific header and its unique
network ID using a basic frequenchannel (2.45 GHz) at 1 s time intervals for one
minute. If the headset receives a handshaking response packet back from a nearby mTDS

transceiver within this one minute initialization time frame, it will update its frequency
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Table 8.1: Multimodal TongueDrive SystemHardware Specifications

Specification | Value
Magnetic Tracer
Material NdFeB rareearth magnet
Size (diameter and thickness)| A 3 mm3 1.6 mm
Residual magnetic strength | 14500 Gauss
Magnetic Sensors

Type Aichi Steel AMI306 MI sensor
Dimensions 2.03 2.03 1.0 mn?
Sensitivity / range 600 LSB/Gauss / +300T
Microphone
Type SiSonic SPM0408HE5SH
Dimensions 473 3.83 1.1 mnt
Sensitivity /SNR -22 dB /59 dB
Control Unit
Microcontroller TIT CC2510S0C

Wireless frequency / data rate| 2.42 GHz / 500 kbps
Sampling raté # of sensors 50 sample/s/senspd
Audio codec / interface TLV320AIC3204 / 12S

Audio sampling rate / 8 ksps fawl 6

resolution / ompression
3.0 V/~ 35 mA (audio on)
~ 6 mA (audio off)

Operating voltage / current

Dimensions 363 16 mnf

Headset
Material Object VeroGrayesin
Total weight 90 g (including battery)

channel, standby threshold, and other operating parameters which are extracted from the
response packet. Then it sends an acknowledgement packet to the receiver to confirm the
handshaking. After that, the mTDS headset switches to the normal operating rttode wi
updated channel frequency and other parameters. Otherwise, the headset will enter the
standby mode and blinks a red LED light located on the back of the headset to indicate
that the initialization has not been successful, and the power cycle shoafttheed.

The power management circuitry includes a miniaturized 130 mAh Litialymer
battery, a voltage regulator, a low voltage detector, and a battery charger. The system
consumes about 6 or 35 mA current at 3 V supply when td@dxstional audio chnnel

is off or on, respectively. This allows the user to use the system continuously for about 20

107



( Clock Power

< CPU = UART -
Wireless
T

*B-v

Microphone
Jack

Headphone
Jack

Figure 8.4: The block diagram of mTDS wireless USB transceiver for computer access.

or 4 hours in unimodal TDS anTDS modes, respectivelyable 8.1 summarizes some
of the key featuresfahe currenmTDS prototype.

8.3.3 Wireless Transceiver

Two newwireless transceivers prototypes have been built for the mTDS to interface with
computers, smartphones, and powered wheelchairs (PWC)

A) WirelessUSB Transceiver

The first type of transceiver is ithe form of a USB dongle for computer accésgure
8.2b shows a prototype of such transceiver equipped with a USB port and two audio jacks
to communicate sensor data and audio signal W@, aespectivelyT'he Hock diagranof
this USB transceiver is shown kigure8.4. The same type of MCU (CC2510) and audio
codec that were used in the mTDS headset are used on this USB transceiver also, which
has three operating modes: initialization, data tramsceand file transfer. Switching
between different modes is controlled by specific commands sent from the computer.

In initialization mode, the transceiver first listens to monitor any incoming

handshaking request packets from a nearby mTDS headdw®t. tHahsceiver receives a
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handshaking request packet with an appropriate header and a valid network ID, it will
scan through all the available frequency channels, and chooses one with fewer collisions
as the optimal communication channel for that speti@adset. The transceiver then
switches to transmit mode and sends a handshaking response packet to the headset, which
includes the assigned frequency channel and several other important operational
parameters. The transceiver then switches back to receiwde and waits for the
confirmation via an acknowledgement packet. If an acknowledge packet is received
within a specific time frame (5 s), the transceiver will update its frequency channel to the
same frequency as the mTDS headset channel and entetrmdstaiver mode to receive
regular sensor and audio packets. Otherwise, the transceiver will notdgrtiputer that

the handshaking kdailed.

When the transceiver is in data transceiver mode, it works likeliadational wireless
gateway to exchaye data and audio samples between the mTDS headset and colnputer.
receives the RF data packets from the headset, extracts magnetic samples, and delivers
them to the computer through the USB port. The audio samples, however, are streamed to
a playback aud codec through the I12S interface and converted to analog audio signals,
which are then applied to the microphone input of the computer through a 3.5 mm audio
jack (seeFigure 8.2b). The transceiver can also receive analog aadiputs from the
computer headphone jack through a similar 3.5 mm audio jack and digitize them using
the same audio codec and I12S interface that are used to process the playback sound.

Alternatively, the transceiver can receive the audio samples inldigitaat directly
through the USB connection from the computer. Similar to the mTDS headset, these

audio samples are compressed using CC2510-ibuiltlave compression hardware,
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packaged into an audio frame and wirelessly transmitted to the mTDS heduset. T
transceiver also receives data packets from the computer, which contain the mTDS
operating parameters, used to program the mTDS headset in real time. The data packet is
combined with the audio frame to form a back telemetry RF packet which is then
wirelessly sent back to the headset.

The third mode of the USB transceiver, file transfer mode, is meant to wirelessly
transfer usespecific information from the computer to a smartphone, such as iPhone.
Similar to computer access, in order to use the smargphith the mTDS, users need to
customize the tongue commands for this specific device based on their preference, life
style, and remaining abilities through a training process, which yields a set of
userspecific training data files. Users can perform thaning steps either on the
computer or directly on the smartphone (iPhone). Perhaps conducting the training steps
on the computer is preferable and more convenient due to access to a larger screen. After
the training files are generated on the computbey can be wirelessly transferred to the
smartphone and then used for controlling the PWC or other mobile applications that are
performed on the smartphone without requiring them to go through yet another training
step. In this case, the USB transceivan be switched to the file transfer mode, in which
it operates as a transmitter and wirelessly transmits thespseific files that it receives
from the computer to the smartphone transceiver.

B) PWGSmartphone Transceiver

The second type of wirelessahsceiver is designed for PWC, smartphone, and

environmental control in a mobile setupigure 8.2c shows a prototype wireless
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PWGC-Smartphone transceiver that has been developed and tested with @ #@#Pkloa
commercial PWC Q6000. The transceiver is attached to an iPhone vigpits &farging
connector and communicates with the mTDS headset using the same mechanism as the
PCbased USB transceiver. In addition, the transceiver provides multiple ¢hasfne
analog output signals to control a PWC through its dedicatpoh ©-type (DB-9)
universal portFigure8.5 shows the block diagram of the PWRhone transceiver. The
circuitry of the PWGiPhone transceiver includes a lowwsr microcontroller with RF
capability (CC2510), a digitdb-analog converter (DAC), an audio codec, a battery
charging circuit, a watchdog timer, and two normally open relays. The transceiver is
connected to the iPhone through a standard 30 pin inteafateises the R332 serial
communication protocol to exchange data back and forth with the iPhone. During normal
operation, data packets that are wirelessly sent by the mTDS headset are received by the
transceiver and sent to iPhone through serial portuither sensor data extraction and

processing. The SSP algorithwhich has been migrated from PCtie iPhoneinterprets
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the commands issued by the users based on the received sensor data. When the target
device is the PWC, these commands are usewbthfy the speed and rotation vectors that

are associated with the PWC6s | inear speed
from iPhone to the PW{PPhone transceiver to be converted to multichannel analog
signals that are compatible with the PWa@iwersal controller using an eéhip
digital-to-analog converter, AD5724 (Analog Device, Norwood, MA), driven by the
CC2510 microcontroller. These analog signals that are in the range bf7428V are

applied to the PWC universal control unit through @B-9 connector to control the
wheelchair movements. Considering the PWC supply voltage might be slightly different
among the chairs from different vendors (11.5 ~ 12.5 V), one of the CC2540mADC

channels is utilized to measure the exact valuehefRWC supply voltage after it is
downconverted below 3V using a resistive divider. The measurement results are used to
regulate the reference voltage that is applied to the PWC universal control unit to
determine the stationary condition of the chair.

The PWGiPhone transceiver also includes a playback audio codec to convert the
wirelessly received digital audio samples to analog sound signals, which are then applied
to the microphone input of the iPhone 3.5 mm audio jack. The input speech signal can be
used with iPhone butih speech recognition engine for voice dialing or used with third
party applications (such as Avoca VIP Control4) for environmental control. This audio
codec can also receive the audio signals from iPhone and convert them intb digita
samples that can be wirelessly transmitted back to the mTDS headset through the same
wireless link. This biirectional audio link between mTDS headset and iPhone allows

the user to directly use the mTDS headset as a Hesglsvireless headset to makeda
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receive phone calls without requiring any additional audio input/output device, such as a
Bluetooth headset.

To improve safety, a watchdog timemction, similar to that mentioneith section
4.3.2 is added to the PWPhme transceiverBasically, f the wireless link is broken
due to a malfunction in the mTDS or electromagnetic interfereéneayatchdog function
is triggered and it will reset thfdCU to bring the PWC to a standstill. Additional safety
feature is introdued by adding normally open relays between the DAC outputs and the
commercial PWC universal control unit. The relays are closed by the microcontroller to
route the DAC outputs to the PWC control unit in the normal operating conditions. If the
MCU is malfuntioning or the power is lost due to disconnection of the transceiver from
the iPhone, the relays will automatically switch to openuit and disconnect the DAC
outputs from the PWC driver, as if the PWC control unit has not been connected to any
externaldevices. In this case, the btiift safety mechanism of the PWC universal control
unit will immediately stop the chair. This can prevent the PWC from being locked in
certain condition when any malfunction or freeze occurs in the MCU or the smartphone.

The PWGiPhone transceiver receives its power from two sources: First from the 12 V
supply pin available in the DB9 PWC universal port, and second from the 3.3 V iPhone
power supply available from in the 30 pin connector. The 12 V PWC power supply is
mainly used to power the analog part of the DAC and the relays, while the rest of the
interface circuits are powered by the 3.3V iPhone supply. In such configuration, even if
the PWC is off, the MCU, RF and audio codec circuitry maintain power and continue
operaing as usual. Therefore, users can still use the mTDS to access all the functions

available on the smartphone (iPhone) such as making a phone call, checking contacts,
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and surfing the internet. A BOC converter, LT3653 (Linear Technology, Milpitas, CA),
converts the 12 V PWC voltage down to 5 V, which has been used to charge the iPhone
through its 30 pin connector from the large PWC batteries.

Similar to the PC USB transceiver, the PWRBone transceiver has three operating
modes. The first mode, which tige initialization mode, is exdgtthe same as the USB
transceiver and it is used to establish atwrene connection between the mTDS headset
and the PWdPhone transceiver. In the data transceiver mode, the difference between the
USB transceiver and ¢hPWGiPhone transceiver is that the latter has been equipped
with an additional DAC to convert digital commands that are detected by the SSP
algorithm and used to modify the PWC linear and rotation vectors into analog voltage
levels to control the PWC miot. In the file transfer mode, the P\WRhone transceiver
is configured as a receiver to receive the gpecific trainings files and send them to the
iPhone, which in turn saves the files and uses them to detect control commands during
mTDS operation.

8.3.4 Graphical User Interface (GUI)

The same SSP algorithm and GUIs that were used in previous eTDS prototypes can be
usedin the mTDSto detect the tongue motion based TDS commands for computer access
applications In addition, he SSP algorithm has been migchfrom PC to iPhone and a
new set of GUIs have been developediPmoneplatformto allow the users to control
wheelchairs and their environment in a mobile setup. However, the development of iPhone
application is out of the scope of this thesis andmatlbe discussed here.

Any piece of commercially available or customized speech recognition software that

works with a regular microphone can be used withntfidS hardware, because the
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audio signals are directly applied to the microphone input of thpater or smartphone.
Dragon Naturally Speaking (Nuance, Burlington, MA) was our choices in this prototype
since it has been widely used by the disability community and supports a wide variety of

platforms (Windows, Mac, iPhone, etc.).
8.4 Summary

In this chaper, we have presented the conceptmafltimodal Tongue Drive system
(mTDS), which uses tongue motion and speech recognition as its primary and secondary
input modalities, respectively. By expanding the number of the communication channels,
the mTDSallows people with severe disabilities interact with their environment with
increased spl, flexibility, and independenammpared with its unimodal counterparts.

The latest mTDS prototype which is built on a customized wireless headsetan
enhanced veisn of original TDS with the necessary hardware for a-tva&y wireless
audio |Ilink to acquire and transmit users?®o
auditory feedback through a phirg earphonelt can detect up to six usdefined tongue
commaunls, as original TDS, with the addition of speech recognition capahilittésh is

expected to be a good complementary to TDS, especially for text entry in computer access.
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CHAPTER IX

MULTIMODAL TONGUE DRIVE SYSTEM PERFORMANCE
EVALUATION

The multimodal Tongue Drive Systenm(TDS) provides peoplavith severe disabilities

with more than one channel to communicate with their environment, therefore allowing
themto control devices in theienvironmend, particularlya computer,with increased
speed, flexibity and independere To evaluate thenTDS performance in computer
access, we recruited 14 afiledied subjects to participate in a trial, which required them

to performa set ofcomprehensive computer access tasks that involved both mouse cursor
navigaton and typing using the two malities ofthe current nTDS prototype, i.e. the

tongue motion and speech recognition, both individually and concurrently.
9.1 Subjects

Fourteen ablédodied subjectsdmales and 5 females) were recruited from the Georgia
Techgraduate and undergraduate student population. Their average age was 26.7 years
old, with a range between 21 to 30 years @& & 3.0). Seven subjects had prior
experiences with TDS, either as a member of the research team or because of having
participatedn the previous TD$ased studies. However, none of them were regular TDS
users. The other seven subjects were completely new to TDS (naive subjects). Two
subjects had several hours (<10) of prior experience with the Dragon, and others had never
used the Pagon software before. There were an equal number of native (7) amains

(7) English speakers in our subject pool. The necessary approval was obtained from the

Georgia Techoés Institutional Review Board
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collectedfrom all subjects prior to the experiments.
9.2 Experimental Design

The experiment was divided into two sessions; practicing session and experimental
session, with maximum of one week gap in betweeihdrpracticing session, subjects
learned how to use tH&ragon software anohTDS, and familiarized themselves with the
contents and flow of the experiment by going through all the experimental tasks only once,
with no repetition. During the experimental session, the subject performed and repeated all
the tasksexcept the text transcription (explainedsection9.2.1) for four times with
differentmTDS modalities. Each session took about 3 hours.

9.2.1 Text Transcription

The purpose ofhe text transcription task was to evaluate the grenbince of the mTDS
wireless microphone, which was incorporated in the mTDS headset, and to compare it with
a commercial microphone that was designed specifically for the speech recognition
software. This experiment was only repeated once in the pracsiessijon, and no TDS
function was needed while performing this task.

At the beginning, the subjects received basic instructionisow to use the Dragon
Naturally Speaking speech recognition softwar¢ghie caséhey had noprior experience
with the software Then, they trained the Dragon by reading 10 short paragraphs provided
by the manufacturer using both the wireless microphone function incorporated in the
mTDS headset and a commercial microphone,-1I8CVM (Andrea Electronics
Corporation, New York, NY.) Afterward the subjects were asked to transcribe two
standardparagraphs of text (~120 words each) from a hardcopy to a word document via

dictation utilizing both microphones, together with the Dragon software. The selected

117



Figure 9.1: mTDS experimentl setup: one subject wore the mTDS headsetand sat ~1n
from a 220 momazenavigatiomtask.i ng a

paragraphs,The North Windandthe Sun and The Grandfather Passagee commonly
used forexaminingspeech recognition softwaf&32]. The subjects were asked to dictate
in their regular speed and not to correct any errors. @idts were used to calculate the
recognition accuracy farachspecific input device.

9.2.2 Comprehensive Computer Access

The purpose of #se experimerns was to compare the performance of the mTDS in
completing comprehensive computer access tasks that invbleth mouse cursor
navigation and typing with its unimodal counterparts (TDS and Dragon). A vethiject
model was designed with each subject repeating the tasks using three devices, i.e. TDS,
Dragon, and mTDS.

During the experimest the subjects had amall permanent magnéemporarily
attached to their tongue using tissue adhesive, worn an mTDS headset to detect their
tongue motion and speech, and sat ~1m fr ol
(Figure 9.1). They went though the TDS calibration, command identification, and

training steps as explained section5.2 to definethe mTDS tongue commands. In the

118



practicing session, subjects started with-seomand training and practicing, then the
number of tongue commands was increased from two to fouewasatuallyto six in
order to help subjects learn how to use the BRPby-stepfrom easy to advanceedsks
In the experimental session, subjects started the session by defining and thaniigp
with six tongue commands, which were used to navigate the mouse cursor in the cardinal
directions and issue left and right mouse clicks.

After both Dragon and TDS have been trained and practiced, the subjeciaskexe
to completea set ofcomprénensive computer access tasks, which inwblveth mouse
cursor navigation and typindror instance, the subjects were requiredaveigae mouse
cursor through an escreen maze while being asked to type after left/right clicking on
certain icons in the aze They were also instructed to completenadified 1SO092419
standard[118] centerout tapping task in which the target clickingas randomly
interleaved with typing tasks.

A) Maze Navigation

In themaze navigatioexperimem, subjects were instructed to move the cursor as quickly
and as accurately as possible through asareen mazd~{gure9.2a) from the START red

circle to the END red circle. As accurately as possible means keeping the ctingothei

blue track and avoiding the white background. At the beginning of each trial, the mouse
cursor was automatically positioned in the center of the START cycle and the subjects
were instructed to move the cursor after they saw the red START cincltunto green.

The experiment automatically terminated when the subjects moved the cursor within the
END circle. During navigation, subjects were also required to stop at the check points and

issue either a Left or Right select command according todlee and associated letter
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Figure 9.2: The GUIs of the modified maze navigtion experiment: (a) Navigation GUI

and (b) Typing GUI.

inside that specific check point (Left: GrebnRight: Yellow-R). The color of the check

point turnedto gray upon selection to indicate that the subjectscbharectly issued the
designated select oomand within that check point. Out of eleven check points, four of
them were randomly selected and associated with typing tasks. After the subjects clicked
on such a check point, a typing window, showfigure9.2b, pogpedup ard the subjects

were asked to type a short phrase shown on the top of the window as quickly and
accurately as possible. The typed characters agpgeaa textbox below the target phrase

for further comparisanThe subjects should correct the typing eraoy when they made
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mistakes, but ignore the system related eyreueh as the recognition errors made by
Dragon. Four different types of phrases, including common phrases, websites, phone
numbers, and spelled words, appeared one at a time in a randonteeth each round.
Ovenall, the subjects had to complete a minimum of 12 mouse cursor movements, 11
mouse clicks (excluding those fiyping with TDS), and average 36 typedcharacters in

each round of trial

B) Modified Centerout Tapping

The subjed were also required to perform raodified 1S092419 standard[118]
centerout tapping task, in which the target clicking was randomly interleaved with typing
tasks.ISO92419, which is based on the wélln o wn  F i[117f, baS8 bekrawidely
adopted by théduman computer interface (HGipmmunity for evaluating conventional
nontkeyboard input devices as well as ATs such as eye trgddid3% head trackerfl 34],
and voice activated softwafd35]. A key parameter in this standard tisroughput
measured in bits/s as an indicator for the amount of information that users can deliver to a
computer through the deviesnder testlISO92419 standard shows how to calculate the
throughput in certain tasks of rapid movements ovesaraen targets of different sizes
and distances with the purpose of emulating human interactions with Graphical User
Interfaces (GUI).

In this modifiedcenterout tapping taskgircular targets with three different diameters
(W = 30, 61, and 122 pixels) and three different distances from the center of the screen
(D =61, 122, and 244 pixels) created a total of siwIpair. They appeared randbnon
the screen one at a time along cardinal and ordinal directions (every 45°from the center),

forming atotal of 48 (6>8) targets, as shown iRigure 9.3, similar to that reported in
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[120]. These 48 targets were evenly distributed into three testing rounds of experiment,
resulting in 16 targets associated with twéADpairs in each roundlhe subjects were
instructedto movethe mousecursorfrom the center of the screéowards the targstas
soon aghey observed the appearancetlad targed. They werealsoinstructed to move
the cursoras fast and as close to the center of the targets as possible, and issue a left
select command to confirm the selectiéour out ofsixteentargets in each round were
randomly sele&d and associated wittyping tasks. The subjects should complete the
typing tasks in the same wadgscribed in thenaze navigatioffa) session

Subjects were required to complete the tasks using the TID§, dlvagon alone, and
mTDS (the combination of TDS and Dragon). During the experimental session, all tasks
were repeated four times for each variation, one for practice followed by three testing
rounds. When using the TDS, the microphone was turned dédctivatehe Dragon. In
this case, the directional TDS commands were used to move the cursor on the screen in
four directions and the selection commands were used to issue mousekeéind

right-click. Typing was accomplished by navigating a curseraostandard eacreen
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keyboard, shown inFigure 9.2b, to highlight a desired character using directional
commands, and then entering that charadigrissuing a lefiselect command.
Rightselect in this case was used as backsmaeease the last entered character.

When using Dragon, the TDS function was disabled. A set of predefined verbal
commands, such as fAmove mouse Left/ Right/
fastero, and Al eft/right s @ isseaecnmoose clickehye us e
dictating those commands. In tdDS mode, both the TDS and Dragon were active and
subjects were required to use the tongue commands (TDS) for mouse navigation and
clicks, and verbal commands (Dragon) for typing. The order of usitoty device was
randomized to minimize the learning effect. At the end, the subjects were also asked to
perform the same tasks with a combination of standard mouse and keyboard to generate a
reference point.

9.2.3 Questionnaire

Once subjects completed all tlasksin thesecondsessionthey answered a questionnaire
rating each devicen different aspectssuch as speed, accurabging easyto-learn,
fatigue etc They werealso asked about their preferred input modality access a

computerif they were not ble to use neither a mouse nor a keyboard.
9.3 Performance Measures

The performance measure for text transcription experiment was recognition accuracy,
which was defined as the percentage of correctly recognized words to the total number of
words included inke two text reading paragraphs.

For the maze navigation, the performance measures include total completion time,

cursor navigation time, typing time, navigation error, and typing error. The first three
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timing measures indicate the speed of each inputdenicompleting specific tasks, and
were calculated from the recorded time during cursor navigation and typing. Navigation
error, similar to sectior.3.3 is the summation of all the deviations of the cursor path
from the edgs of the blue track divided by 1000 as a measure of navigation accuracy.
The typing error was calculated as the percentage of mistyped letters over the total
number of letters to be typed during the typing tasks.

Forthe centerout tappingjn addition b total completion time, cursor navigation time,
typing time, and typing erroras those defined ithe maze navigation, two more
performance measures including throughput and error rate were considered to assess the
speed and accuraaypointing and selging.

Throughput (TP) shows the amount of information that subjects delivered to the
computer through each of the input devic&P. is defined as the ratio between the
effective Index of DifficulfyiDe, of targets with the same condition (i.e. sam&/pair)

to MT, the time it takes to reach them:

TP=ID,/MT (9.1)
wherelDof t he target, measured i n IpIB6las, i s de
ID, =log,,(D. /W, +1) 92)

We = 4.133x SD is the effective Widthfor each condition, an®&Dy is the standard
deviation ofx, which is the distance betwe#ime location thathe subject points while
reaching a targetndthe center of that target, when projected onto a straight line from the
origin of the movement to the center of the target, known as the tagi 8X]s[138]. x

can be positig or negative when the subject overshoots or undershoots during a pointing

task, respectivel\De, theeffective Distancds defined as the mean of the distances of the
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Table 9.1: Indices of Difficulty in the CenterOut Tapping Task

o DL | D2 | D3
XEls 61 | 122 | 244

W1 | 30 | 160 | 2.34 | 3.19
W2 | 61 159 | 2.32
W3 | 122 1.59

pointed spots projected along the task axis over albtigets with the same conditidWiT

in (9.1) only includes the time when the cursor is moving, i.e. it neither includes the

initiation delay time before the subject moves the cursor nor the selection time. With the

above definition, TP bears both the speea n d

performanceTable 9.1 shows the IDs for different DW pair conditionslD values are

accuracy of

derived from 9.2) where actuaDs andW; are inserted rather th&nsandWes

t

he

Error Rate (ER)is the rcentage of the taps outside the targets to the total number of

taps for each task. WhilEP does not reflect whether the targets were eventually selected

ornot,ERr eveal s t he

and seledng the target§119].

subjectséo

accuracy

n

u

S

The reported performance measures of each device were calculated by first averaging

within each individual subject across three testing rounds and then averaging across all

14 subjects. The 95% confidenmtervals were also calculated to indicate the variations

of each measure.

9.4 Results

9.4.1 Performance of mTDS Microphone

Subjects achieved an overall 87% and 84.5% recognition accuracy using the commercial

and mTDS microphones, respectiveBlidure 9.4). These results were lower than the

accuracy claimed bWuance(>95%) the manufacturer of Dragddaturally Speaking
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Figure 9.4: Average speech recognibn accuracy of different microphones used by nati\

and non-native English speaking subjects (Error bars show 95% confidence interval).

software This is possiblybecause othe lower performance of the nenative English
speakersvho hadaccens and wereunfamiliar with Dragor® diction patternWe ran a
Two-way analysis of variation (ANOVA) on recognition accuracy consideliott) device

and English accent as factors. This analysis revedled rative speakers performed
significantly better than nenative speakerf/8.6% and 75.7%s. 94.36 and 92.2% for
commercial andnTDS microphons, respectively with p < 0.01; while there was no
evidence to claimdifference between the performance of commercial and mTDS
microphonesDependacy o n  t h e ccans B pre ®@ftha issues associated with
unimodal voice control devices aside from their susceptibility to ambient acoustic noise.

9.4.2 Maze Navigation

Figure9.5 shows the averaged total completion time, cursmigation time, and typing

time of three input devices mentioned above, plus mouse/keyboard combination as a
reference pointin completing maze navigati@xperimentOneway ANOVA conducted

with device as a factonas shownsignificant effect of deviceroall three measures.

Pairwised comparison with Bonferroni adjustment revealed that the total completion time
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Figure 9.6: Errors in maze navigation experiment: a) Average navigation error in pixels b
different devices; b) Average typing error in percentage of mistyped lettersError bars
show 95% confidence interval.
of mTDS (92 s) was significantly shorter than those of TDS (285 s) and Dragon (202 s)
alone, with p < 0.01 in both cases. Same analysis also showed that there were significant
differences between all performance measures of unimodal TDS and Dragon (all p < 0.01).
TDS outperformed Dragon in term of cursor navigation time (48 s vs. 146 s) Dvagen
was much faster in typing (56 s vs. 238 s).étough evidence asdiscoveredo claim

differencebetween the navigation time of the mTDS and Tixshetweerthe typing time

of the mTDS andpeech recognitionThis shows that the TDS and speeclogadtion
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Figure 9.7: Average completion time in seconsl by different devices in performing

center-out tapping experiment (Error bars show 95% confidence interval).

(Dragon) can be used together in the mTDS without running the risk of degrading the

user 0s performance due to their mutual I nt
Figure 9.6 shows the cursor navigation and typing errarsing different devicesm

completing maze navigation taskd/e performed onevay ANOVA on both accuracy

measures with device as a factor. Results showed that there was no significant difference

among the navigation errors of different devices exceptnfause/keyboard. The typing

error of the TDS is significantly lower than that of Dragon eniDS (p < 0.01), while

there was no difference between Dragon miidS.

9.4.3 Center-out Tapping

Figure9.7 shows the averaged total completione, cursor navigation time, and typing
time of all input devices in completing certeut tapping tasks. Ongay ANOVA that
conducted with device as a factoas shownrsignificant effect of device on all three
measures. Pawised comparison with Bonfemi adjustmentshowedthat the total
completion time of mTDS104s) was significantly shorter than those of TDS28and

Dragon (264s) alone, withthe p-value < 0.01 in both cases. Same analysis also
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Figure 9.8: The pointing performance of different devices in completing centeout tapping

tasks: a) Average throughput, and (b) Error rate. Error bars show 95% confidenc
interval.

demonstratethat therewvere significant differences between the cursor navigation time (p
< 0.01) and typing time (p < 0.01) of unimodal TDS and Dragon, while thasmav
evidence to claindifference between the total completion of these two devices (p = 0.954).
Similar tothemaze navigationfDS6 s p e r f o r mamnaveatiosnavehilelDagon e r
was much faster in typinglo enoughevidence asfoundto claimdifference between the
navigation time of the mTDS and TDS, no between the typing time of the mTDS and
speech recogtion. The total completion time of mTD&as alsoabout three times that of
mouse/keyboard combination.

Figure 9.8 shows the average throughput and error rate in compligpugng tasks in
centerout experimentusing different deices. The mouseTP (4.44 bits/s) iswithin the
generally accepted range of 3B b/s[119], which validates our methodology, GUI
functionality, and data analysi®neway ANOVA considering device as a factor showed
significant effect of device orboth measuresPairwised comparison with Bonferroni
adjustment showed that the throughput of both TDS (1.20 bits/s) and mTDS (1.23 bits/s)

are significantly higher than that of Dragon (0.38 bits/s), while there wasidence to
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Figure 9.9: Average typing error in the centerout tapping experiment (Error bars show
95% confidence interval).

claim difference between the throughput of former two devices. Similar results were
observed for the error rate as well. The errorsrateTDS and mTDSweresignificantly
higher than that of Dragon, butthere was no enough evidmEnto claimdifference
betweeneach other.The achieved TDS/mTDS throughputere consistent with our
previously findings reported ii120].

Similarly, we performed oreray ANOVA on typingerrorwith device as a factoAs
it is visualized inFigure 9.9, the overall typing error of the TDS is significantly lower
tthan that of Dragon and mTDS (p < 0.01), while there waseraence to claim
difference betweethe typing error oDragon and mTDS.

9.4.4 User Percception

The usersd subjective ratingsFigae©w.l0dThé f er ent
response was in a scale of 1 to 9, with the higher number representing a more positive
perception about that specific question. Staidtianalysis (ongvay ANOVA with

pairwised comparison) showed that mTDS received significantly higher ratings than the

other two devices in terms of speed (both p < 0.01) and overall satisfaction (both p < 0.01).
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more positive perception (Error bars show 95% confidence interval).

There was nevidence to claindifference among devices as far as the perceived accuracy
was concered These results were consistent with the quantitative measurements
mentioned aboveAll subjects reported that they prefer to use the mTDS over TDS or

speech recognitio software if they were not able to use mouse and keyboard to access

computers.
9.5 Discussion

The main purpose of this study is to compare the performanid@®fspeech recognition
(Dragon)and mTDSin completingcomprehensiveomputer access taskand diswver
the benefs of using mTDSoverits unimodal counterparts. Wdso wantto explore the
strength and the weaknes$ each modalityin the current version of mTDS. This
information can be used to asstst potential users ahTDS in such a way thahey will
take best advantage of each modality to achieseimumperformance.

In both computer access taskie subjects performed consistently faster in cursor
navigation and typing using TDS and Dragon respectivEhe sibjects obviously

benefited from ging both modalities. This is evident from the lowtgal completion
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time thatwas achieved when using the mTDS which was only 32% and 46% of using the
TDS alone or Dragon alone respectively in maze navigato 37% and 46%
respectively in centeout tappingexperiment In addition, the total completion time of
mTDS is only about three times that of mouse/keyboard combinatimoth experiments

This is quite significant considering that all subjects had much less experience in using
mTDS compared tthe mouse/keyboard combination, which they were using on a daily
basis. It is reasonable to expect the difference between mTDS and mouse/keyboard to
become smaller once subjects use the mTDS on a daily basis over an extended period of
time.

Statistical anlysis showedhat there was nevidence to claindifference among the
navigation errors of different devicas the maze navigation, while therror rate
(out-hitting erro) of Dragonwas significantly lower than TDS and mTDS performing
tapping tasks ircenterout experiment This indicated that the Dgan and TDSare
equally accuratan controlling mouse cursor téollow a designated path, while the
Dragonseemsto be more precisein pointing a specific targetHowever, i should be
noted that th high pointing accuracy of Dragon was achieved at the cosixtvEmely
low speed which is evident from it long movement time and [6® On the other hand,
even thoughthe pointing accuracy afDS ormTDS was highat this stageit is expected
to decrease draatically over timeas a result ofearning, which has beewbservedn
section7.3.4and[120]. As a measure considering both speed and accutlaey,P of
TDS/mTDS is much higher than Dragmncerter-out tapping Thisdemonstratethat the
tongue motion based modalitin general,is a better optioncompared with speech

recognition modality to control mouse cursocomputer accedssks
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Figure 9.11:. Average typing error associated wth different type of words in a) maze
navigation tasks, and b) centeiout tapping tasks. Error bars show 95% confidenc
interval.

The typing erras in both expementswerecategorized in terms of the types of words.
As it can be seen iRigure9.11, typing errors of Dragon and mTDS were especially high
in the spelled words category. This seems to be reasonable since the degradation of
speech recognition accuracy due to the sub
the dictated words or phrases have a certain pattern, such as when they are used in a
sentence. On the other hand, spelling of the individual letters prevents the speech
recognition software from recognizing their pattern in a word or in a sentence.

Overall, using the mTDSould significantly increase the speéud completing
computer accedasks butdid not result in higher accuracy when considering both typing
and naigation. This is mainly because of the large typing error rate associated with the
speech recognition modality, which seems to be more problematic farative English
speakers. In real life, however, mTDS users do not have a mandate to only usedhe spee
recognition mode for typing. Occasionally, they can take advantage of the TDS modality
for typing in order to achieve a higher level of accuracy, for instance when the speech

recognition software does not recognize their spoken input because of tent ac
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Table 9.2: Effect of Different Factors on mTDSM azeNavigation Performance

Performance Total Time NaV|'gat|on Typing Time Navigation Typing
measures Time Error Error
With TDS exp. 82.719.0 33.4456.4 49.4%.7 2.02.0 4.7%#4.2%
Without TDS exp. 101.2#23.2 44.6418.5 56.5#14.2 4.02.8 3.4%:3.0%
Native Speaker 976+14.4 42.6816.4 55.041.5 4.313.0 2.6%2.9%
Nonnative Speaker 86.323.1 354412.2 50.9412.3 l1.64.1 5.5%13.8%
Sig 0.017* 0.046* 0.171 0.248 0.984
TDS Exp.
Power 0.678 0.521 0.275 0.208 0.050
Sig. 0.534 0.542 0.799 0.022* 0.222
Eng. Accent
Power 0.0 0.092 0.057 0.645 0.218
TDS Exp. * Sig. 0.308 0.458 0.494 0.387 0.587
Eng. Accent|  power 0.172 0.113 0.103 0.137 0.080

Table 9.3: Effect of Different Factors on mTDSCenter-out Tapping Performance

Performance Total Time NaV|'gat|on Ty.plng Through Error Typing
measures Time Time -put Rate Error
With TDS exp. 95.8:14.4 47.38.6 485+7.1 | 1.4+0.3 | 19.%7.6 | 7.7%t5.7%
Without TDS exp. | 112.2219.5 | 59.9+13.2 | 523+11.8| 1.1+0.3 | 25.3t12.6 | 5.1%t3.5%
Native Speaker | 104.2t20.2 | 57.#13.9 | 465+8.9 | 1.0t0.3 | 23.8t13.5| 4.7%t4.2%
Nornnative Speaker] 103.818.4 | 49.510.4 | 54.3t9.1 | 1.4+0.3 | 21.46.9 | 8.1%5.0%
Sig 0.003* 0.007* 0.016* 0.04* 0.483 0.637
TDS Exp.
Power 0.863 0.797 0.691 0.567 0.101 0.073
Sig. 0.207 0.374 0.002* 0.966 0.792 0.356
Eng. Accent
Power 0.240 0.142 0.903 0.050 0.057 0.142
TDS Exp. * Sig. 0.735 0.497 0.174 0.191 0.628 0.632
Eng. Accent| power 0.063 0.103 0.271 0.245 0.074 0.073

when the environmental noise is high.

To examine the effect oflifferent factors on the mTDS performance, we have
categorized the subjects based on their prior TDS experience (7 experietiCenaim
subjecty and English accent (7 native and 7 wative English speak&r We have
appliedTwo-way ANOVA on all the performance measareonsidering both factar$he

results are summarized Table9.2 andTable9.3.
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Figure 9.12. The effectof prior TDS experience on cursor navigation accuracy: aj\verage
navigation error in maze navigation experiment, and b) Ouhitting error in center-out
tapping experiment.

The effect of prior TDS experience is significant on the total completion time and the
navigation time in both maze and certet experimentsin addition, theTP of TDS
experienced subjects was sigeaintly higher than that afale TDS userdn centerout
tapping experimentThese results showed thae subjects with prior TDS experience
have better control over mouse cursor when using mTDScamdompletethe tasks
more efficiently comparedith TDS novice No enough evidence was found to state that
the effect of prior TDS experiencwas significanton the navigation error in maze
navigation and odhitting error in centeout tapping.Posthoc power analysis showed
that there was actually not argh power to detect that effect fitrese twagperformance
measures due to the small number of subjects in each graypever, wefound
considerationdifference between two groups of subjettg directly comparing the
average value of these two measuressta@wn inFigure 9.12. The large variation
compared with the amplitude of the mean valueducel the effect size andesulted in
low powerin data analysisThe variationsare expected to become smaller when the

number of subjes increaseswhich will make the effect of TDS experience more
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pronounced Statistically analysis showed thahe TDS experiencg uses typed
significantly faster than TD®ovicesin the centerout experimentThis result wa not
expected since the typing was completed using speech modadtitig icaseln fact, two
of our TDS experienceslubjects also hagrior experiencevith Dragonand were able to
type faster than otheubjects This could biastheresults considerinthe limited number
of subjects in each category.

Regarding the effect of English accentetnative Engliskspeaking subjects
completa the typing tasks significantly faster than fmative English speaking subjects
in centerout tapping experimenttatistially, there was nenough evidence to claim
significant effect of English accent on the typing accuracy, probably dsente reason
mentioned above, e.the limited number of subjects resulting low power indhalysis
However, as shown iRigure9.13, despite the large variations, theagnituds of typing
error associated with thenative speakers @ve consistently lower than thawvith
nortnative speadrsin both maze and centayut experimentsRecruiting more subjects

will reduce the variatiomand therefore gwus more power to detect the significarof
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English accentWe also observe unexpected significant effect of English accent on the
navigation error in maze navigation experimeBasically, nonnative speakers can
navgate significantly faster than native speakers. This was probably related to the factor

that most of oulTDS experiencesubjectq5 out of 7)werenonnative speakers.
9.6 Summary

We have evaluated and compared the performance of mTDS with its unimodal
courterparts, e.g. TD@loneand speech recogniti@aione in completing comprehensive
computer access taskahere both text entry and cursor navigation are necessary
Preliminary results from fourteen aHbedied subjects showed that the mTDB&n
significanty improve the speed of completinigesetasks. It was also demonstrated that
using themT DS does not affect the wuserds perfo
modalities. All subjects reported that they prefer to n8éDS over TDS or speech
recognition aloe for computer access if they were not able to use mouse and keyboard.
The subjects with prior TDS experience could perform the tasks more efficiently than TDS
novices. We also obserekthe significant effect of English accent on typing time in
centerout experiment No significanteffect of accenhas beenliscoveredon thetyping
errordue to the low power in ANOVA as a result of limited number of subjects in each
group However, the mean values of typing error associated with native English speakers
were much lower than nenative English speaker in both experiments. We expect the

effect to be more pronouncddve hadmore subjects.
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CHAPTER X

CONCLUSIONS

10.1 Contributions

The presentedesearclseeks talevelop, characterize, and assess the usabiléynofel
wireless tongu®perated assistive technology called the Tongue Drive System (TDS),
which allows individuals with severedisabilities (such as quadriplegics) to access
computers drive powered wheelchairand control their environmegtusing thei
voluntary tongue motion with minimum additional physical or psychosocial burden.

The most significantontributionsof this research are first, development of a portable
and wearablavirelessplatformto verify and validateéhe proposed TDS technologg,g.
detecing and extracghgu s er s & i nt e nvolintarmtongue motionthrough r
utilizing a combination of magnetic tracer attached to the tongue and an array of
magnetic sensor3he modular design of the platform allows it to be easily intedrat
combined with exiting assistive technologies, such as standard powered wheelchairs,
augmentative andlternativecommunication(AAC) devices, andlectronicaids todaily
living (EADLS), with minimum modifications.

Second, lte performance of the delopedplatform, includinga group oflow power
electronics, a customized set of computational effective sensor signal processing
algorithns and a set ofiserfriendly graphical user interfasghas been evaluated by both
ablebodied subjects arthe patients with high level spinal cord injuriéis singlesession
humantrials. The results havdemonstratedhatthe TDS technologyin its current form

has the potentiab partially substitue thelost hand and arm functions apdbvide its end
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users with effetive control over both computers and PWCs.

The third achievement ishe quantitative and comparatimesessient ofthe learning
process olusing the TDSechnologyfor both computer access and wheelchair control
The resultsprovided valuable insights ajut tongue human factors, which can lead the
way in improving the usability of the TDS and similar tongue operated assistive
technologieslt also helgedto refine the instructions and user manuals of the TDS that
serves as an important tool to help notlgnhe end users but also their caregivers learn to
setup and operate the TDS.

Last but not the leasth multimodal TDS(mTDS) prototype, which utilize both
tongue motion and speech as input moaitwas developed and evaluated by
ablebodied subjectsit was demonstratethat the systencould take advantage of the
strength of each modalitg provideits userswith more efficacious, flexible, and reliable
computer accesdo the best o u t hkoawlédge, mTDS is the first highly integrated
multimodd and multifunctional technology that has been realized in the form of a unified,
compact, unobtrusive, lightweight, completely wireless, and wearable device, which can
be used in different environments for a variety of purposes, range of abilities, and

personal preferences.
10.2 Future Work

The work performed to date has created a dbkbretical and technical basis fibre
development othe TDS in the context @ssistive technology. However, a considerable
amount of work remain to be done before TDS caadeepted, used and appreciated by
its end useras a technology that could help themdaily basis.

First, the size, weight, and the power consumption of the current TDS hardware should
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be further reduced to facilitate the design and fabrication of va light-weighted
customdesigned headset, while the other specifications of the hardware, i.e. the sensor
sensitivity, sampling rate and sigrtatnoise ratio, should be maintained and even
improved. In addition, a Bluetooth modukich as Bluetooth lownergy,can be used to
replace theproprietarylow power RF wireless transceiver in the current headset to
improve the ubiquitous accessibility of the TDS. As a result, TDS can be accessed from
any smart phone, laptop or desktop which is equipped with @itretvithout an addn
wireless receiver.

Second, he performance ahend user coverage of currefDS can be further
enhanced by addingtleer input modalities, such as head conteing commercial
motion sensorsin the current mTDSthe @mmands fromdifferent modalities e.g.
tongue and voiceommandsare usedto operate their dedicated devices complete
dedicated taskmdividually. In addition,these commands can be fused together to enrich
the control of one device at a time and achieve a higherat@accuracy and bandwidth
in demanding tasks such as being able to activate numerous controls on a gaming console
as well as various shortcuts.

Third, the TDScanalso be used as an input device for electronic aids to daily life
(EADLS) or environmentacontrol units (EDW) to interact and manipulate electronic
appliance such as: a television, radio, CD player, lights, anéttanin a smart home
environment. The commercially available EDAL devices receive their control commands
from a central contrédr, i.e. a computer, a touch screen terminal or simply an array of
switches, and then communicate with the remote devices through RF, infrared, ultrasonic

or power lines using the widely accepted X10 protocol. In the TDS, a PC or a smartphone
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that runs tke SSP algorithntan communicate with the EADL devices through USB or
wireless link after converting TDS commands into a format that can be recognized by
these commercial devices. In this way, a new set of functions for environmental control
can be added tihe TDS with minor modifications.

During the humantrials, several subjects reported reduced or even complete loss of
sensitivity to some of their tongue commands due to a shift in the position of the headset,
in which case the training steps had to bgeaded. This probleman be resolved by
developing an intraoral version of TDS (iTD®hich requirego radically shrink the size
of all TDS electroniccomponentgo the level that they can be hermetically sealed and
embedded in a dental retainer, to brmvcomfortably inside the mouth. The iTDS dental
retainers can be customized to the users?o
their teeth and reduce thenge ofdisplacementsThe iTDS can significantly improve the
reliability, performancesafety, and acceptability of this assistive technology by resolving
the mechanical stability problem while being completely inconspicuous, hidden inside
the mouth.

As far as the SSP algorithm is concerned, the current algorithm will be optimized to
improve the command cl assification accuracy a
These are random unintended commands that are sometimes issued as the user moves
his/her tongue from one command to another. New SSP algorithms, such as those based
on supportvector machines (SVMs), should be explored and evaluated to increase the
number of tongue commands, possibly, from six (coarse mode) to twelve (fine mode).
Proportional controlcapability should defimtely be explored and added to the current

TDS to provde its end users with mu@asier, smoother, and more natwahtrol over
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computer mouse cursor or powered wheelchairsddition, the training and calibration
processes should be significantly simplified, improved and automated so that they can be
initiated and completed by users in a much shorter time (less than 1 minute) without the
intervention from a caregiver.

One big advantage of TDS is that a singlempact highly integrated systercan be
used to control mul t i pl eithodtéhe neede afswittchmg us er s
among different ATs. In order to achieve this goal, customized graphical user interfaces
(GUIs) should be designed to allow users to easityoothly, andquickly switch TDS
from controlling one device to another withorgceiing any assistance from their
caregivers or family memberBor instance, the TDS usesbould be able tdrive their
wheelchairs around using TDS via an iPhone, and qu&kiych to computercontrol
modewith simple interactios with the GUIs running onthe iPhonewvhen they want to
use the computer. They should also be ablguiokly switch back to wheelchair control
modewith minimal effortto do a weight shift in the middle of using computer.

Finally, the TDS so far has only been evaluatedn well-cortrolled research
environmers, such asn a research lab or a rehabilitation center with the presence of
either research personal occoipationalpractitiones for limited period of time In the
future, suchperformance evaluatioshould also be conductday its end users, e.g.
guadriplegicsjn their home, office and even outdoor environnsenith the presence of
only their caregives or family members who have limited knowledgbouttechnology
and engineeringon a daily basis This will reveal the issues related toinstalling,
operating, and maintaininthe TDSin the most realistic configuration and ultimately

helpimproving TDS6 ssabilityanduseracceptability
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