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Abstract—We have developed a wireless, noncontact, unob-
trusive, tongue-operated assistive technology called the
Tongue Drive System (TDS). The TDS provides people with
minimal or no movement ability in their upper limbs with an
efficacious tool for computer access and environmental control.
A small permanent magnet secured on the tongue by implanta-
tion, piercing, or tissue adhesives is used as a tracer, the move-
ment of which is detected by an array of magnetic field sensors
mounted on a headset outside the mouth or on an orthodontic
brace inside. The sensor output signals are wirelessly transmit-
ted to an ultraportable computer carried on the user’s clothing
or wheelchair and are processed to extract the user’s com-
mands. The user can then use these commands to access a
desktop computer, control a power wheelchair, or interact with
his or her environment. To conduct human experiments, we
developed on a face shield a prototype TDS with six direct
commands and tested it on six nondisabled male subjects. Lab-
oratory-based experimental results show that the TDS response
time for >90% correctly completed commands is about 1 s,
yielding an information transfer rate of ~120 bits/min.

Key words: assistive technologies, computer access, environ-
ment control, information transfer rate, magnetic field sensors,
permanent magnets, rehabilitation, telemetry, tongue control,
wireless.

INTRODUCTION

Persons with disabilities as a result of various causes,
from traumatic brain injury and spinal cord injury (SCI)
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to amyotrophic lateral sclerosis and stroke, generally find
performing everyday tasks extremely difficult without
continuous help [1-3]. In the United States alone, an esti-
mated 11,000 new cases of SCI are added every year to a
population of a quarter of a million as a result of acts of
violence, falls, and accidents [2]. Fifty-five percent of
SCI patients are between 16 and 30 years old and will need
lifelong special care that currently costs about $4 billion
each year [3]. With the help of assistive technologies (ATs),
people with severe disabilities can lead self-supportive,
independent, and high-quality lives. ATs can not only ease
these individuals’ need to receive continuous help, thus

Abbreviations: 3-D = three-dimensional, AT = assistive tech-
nology, BCI = brain-computer interface, CCC% = percentage
of correctly completed commands, EEG = electroencephalo-
gram, ET = elapsed time, GUI = graphical user interface, ITR =
information transfer rate, KNN = k-nearest-neighbor, PC =
personal computer, PCA = principal components analysis,
PDA = personal digital assistant, PWC = power wheelchair,
SCI = spinal cord injury, SSP = sensor signal processing, TCI =
tongue-computer interface, TDS = Tongue Drive System, TTK =
Tongue Touch Keypad.
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releasing a family member or dedicated caregiver and
reducing their healthcare costs, but may also provide
them with opportunities to return to full, active, and pro-
ductive lives within society by helping them to be
employed.

Although many devices are available to assist people
with lower levels of disabilities, people who have mini-
mal or no movement ability (e.g., individuals with tetra-
plegia) and who probably need assistance the most have
very limited options. Even the existing ATs for this group
of people have limitations such that only a small number
have become popular among their intended users. The
sip-n-puff switch, for example, is a simple, easy-to-learn,
and relatively low-cost AT. However, it is slow, cumber-
some, and inflexible, with only 2 to ~4 direct commands
[4].” It also requires its users to have airflow and dia-
phragm control, which patients who use ventilators do
not have.

Another group of ATs tracks eye movements from
corneal reflection and pupil position [5-6]. Electrooculo-
graphic potentials have also been used to detect eye
movements [7-8]. An inherent drawback of these meth-
ods is that they interfere with the users’ vision by requir-
ing extra eye movements for eye control. In many cases,
whether the user is issuing a command or simply gazing
at an object is not clear; this is also known as the “Midas
touch” problem [9]. Head pointers, another group of ATs,
require a certain level of head movement ability that may
not exist in many patients with high-level SCI [10].
These devices also require the user to always be in a sit-
ting position while using them.

Some ATs, such as electroencephalogram (EEG) sys-
tems, directly use brain waves [11]. These devices
require user concentration, a long procedure for electrode
attachment, and daily removal. EEG systems are also
prone to external interference and motion artifacts due to
the small magnitude of the EEG signals. More recently,
invasive brain-computer interfaces (BCIls) have emerged
based on subdural electrocorticograms or intracortical
neural recording [12-15]. These procedures are highly
invasive, costly, and involve risks associated with brain
surgeries. Finally, voice-activated ATs are quite popular
for computer access and operate well in quiet settings.
However, they are unreliable in noisy and outdoor envi-

“Personal communication with sip-n-puff users participating in user
groups.

ronments. They also require diaphragm control, similar
to the sip-n-puff, and functional vocal cords [10].

The tongue and mouth occupy an amount of sensory
and motor cortex in the human brain that rivals that of the
fingers and the hand. Hence, they are inherently capable
of sophisticated motor control and manipulation tasks
with many degrees of freedom [16]. The tongue is con-
nected to the brain by the hypoglossal nerve, which gen-
erally escapes severe damage in SCI. The tongue muscle
is similar to the heart muscle in that it does not fatigue
easily [17]. Further, the tongue is noninvasively accessi-
ble and not influenced by the position of the rest of the
body, which can be adjusted for maximum comfort.

The just-named reasons have resulted in the develop-
ment of a few tongue-operated ATs, such as the Tongue
Touch Keypad (TTK).Jr Despite being innovative for the
time in which it was introduced (early 1990s), the TTK
has not been widely adopted because it is bulky and
obtrusive [17]. TonguePoint is another AT, based on the
IBM TrackPoint device used in laptops, and takes the
form of a small pressure-sensitive joystick placed inside
the mouth [18]. Even though this device provides propor-
tional control, it is always restricted to a joystick opera-
tion and any selection or clicking must be performed
through additional switches. The tip of the joystick also
protrudes about 1 cm into the mouth, which could inter-
fere with speech and ingestion. A few other tongue- or
mouth-operated joysticks have been developed, such as
Jouse2 and IntegraMouse.i These devices can only be
used when the user is sitting and require a certain level of
head movement to grab the mouth joystick if the stick is
not to be held inside the mouth at all times.

Our goal was to develop a minimally invasive, unob-
trusive, easy-to-use, reliable, and low-cost AT that could
potentially substitute for some of the users’ lost arm and
hand functions [19]. The device, called the Tongue Drive
System (TDS), can wirelessly detect the tongue position
inside the oral cavity and translate its motions into a set
of user-defined commands. These commands could then
be used to access a computer, operate a power wheelchair
(PWC), or control devices in the user’s environment.

TTongue Touch Keypad™, <http://www.newabilities.com/>.
*JouseZ, Compusult Limited, <http:/Amwnjouse.com/>; and USB Integra Mouse,
Tash Inc, <http://www.tashinc.com/catalog/ca_usb_integra_mouse.html>.
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METHODS

In the TDS, shown in Figure 1, a small permanent
magnet the size of a grain of rice is secured to the tongue
as a magnetic tracer by using tissue adhesives, tongue
piercing, or simple implantation under the tongue mucosa
through injection. The magnetic field generated by the
tracer inside and around the mouth varies as a result of
the tongue movements. These variations are detected by
an array of sensitive magnetic sensors mounted on a
headset outside the mouth, similar to a head-worn micro-
phone, or mounted on a dental retainer inside the mouth,
similar to an orthodontic brace. The sensor outputs are
wirelessly transmitted to a personal digital assistant
(PDA) also worn by the user. A sensor signal processing
(SSP) algorithm running on the PDA classifies the sensor
signals and converts them into user control commands
that are then wirelessly communicated to the targeted
devices in the user’s environment [20].

The principal advantage of the TDS is that a few
magnetic sensors and a small magnetic tracer can poten-
tially capture a large number of tongue movements, each
of which can represent a particular user command. A set
of specific tongue movements can be tailored for each
individual user and mapped onto a set of customized
functions based on his or her abilities, oral anatomy, per-
sonal preferences, and lifestyle. The user can also define
a command to switch the TDS to standby mode when he
or she wants to sleep, engage in a conversation, or eat.

Tongue Drive System Prototypes

We have built several TDS prototypes using com-
mercially available components (Figure 1) [21-22]. One
prototype for human trials, shown in Figure 2, was built
on a face shield to facilitate positioning of the sensors for
different subjects. The main function of this prototype
was to directly emulate the mouse pointing and selection
functions with the tongue movements. Six commands
were defined: left, right, up, and down pointer move-
ments and single- and double-click movements. As long
as the SSP algorithm was running in the background, no
additional software or learning was needed if the user
was familiar with the mouse operation and any piece of
software that was operable by a mouse.

Small, cylindrical, rare-earth permanent magnets,
whose specifications are listed in Table 1, were used as
magnetic tracers. A pair of two-axis magnetic field sen-
sor modules (PNI; Santa Rosa, California) was mounted
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Figure 1.

Tongue Drive System component diagram and proof-of-concept
prototype on dental model. ISM = industrial, scientific, and medical
(radio frequency band); PC = personal computer; PDA = personal
digital assistant; TV = television.

Figure 2.

External Tongue Drive System prototype implemented on face shield
for human trials. A pair of two-axis magnetic sensor modules is
mounted symmetrically at right angles. Hence, one sensor is along
x-axis, one along y-axis, and two along z-axis with respect to face-
shield imaginary coordinates (lower right of figure). Top inset: Reference
three-dimensional electronic compass. Bottom inset: Permanent magnetic
tracer attached to user’s tongue with tissue adhesives.

symmetrically at right angles on the face shield close to
the user’s cheeks. Each two-axis module contained a pair of
orthogonal magneto-inductive sensors, shown in Figure 1
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Table 1.
Tongue drive system specifications.

Specification

Value

Control Unit
Microcontroller”
Source and Type
Dimensions
Clock Frequency
Sampling Rate
Wireless Transceiver
Source and Type
Dimensions
Operating Voltage/Current
Magnetic Sensor Module*
Source and Type
Sensor Dimensions
Sensor Module Dimensions
Resolution/Range
Inductance
Magnetic Tracer
Source and Type

Texas Instruments; MSP430F1232 Ultralow Power Microcontroller
225 x 18 x 16 mm®

1 MHz

11 sample/s/sensor

Nordic Semiconductor; nRF2401single chip 2.4 GHz transceiver
15 x 12 x 3mm®
2.2V/~4 mA

PNI; magneto-inductive, MicroMag2, 2-Axis Magnetic Sensor Module
6.3 x 2.3 x 2.2 mm?>

15 x 12 x 3mm3

0.015 uT/1100 uT

400 to 600 pH at 100 kHz, 1 Vp-p

RadioShack, Rare-Earth Super Magnet 64-1895

Size (diameter x thickness)

Residual Magnetic Strength 10,800 Gauss

J5mmx 1.3 mm

*<http://focus.ti.com/mcu/docs/mcuprodoverview.tsp?sectionld=95&tabld=140&familyld=342>.

T<http://www.sparkfun.com/datasheets/RF/nRF2401revl_1.pdf>.
*<https://www.pnicorp.com>.

inset and specified in Table 1.7 Hence, we had one sensor
along the x-axis, one along the y-axis, and two along the
z-axis with respect to the imaginary coordinates of the
face shield (Figure 2). To minimize the effects of exter-
nal magnetic field interference, including the earth mag-
netic field, we used a three-axis module as a reference
electronic compass. The reference compass was placed
on top of the face shield so as to be far from the tongue
magnet and to only measure the ambient magnetic field.
The reference compass output was then used to predict
and cancel out the interfering magnetic fields at the loca-
tion of the main two-axis sensor modules.

All seven sensor outputs, already in digital form,
were sent serially to the ultralow-power MSP430 micro-
controller (Texas Instruments; Dallas, Texas) that is the
heart of the control unit.T The microcontroller took
11 samples/s from each sensor while activating only one
module at a time to reduce power consumption. After
reading all sensors, we arranged the samples in a data

*PNI, MicroMag2, 2-Axis Magnetic Sensor Module, <https://www.pni-
corp.com>.

TTexas Instruments, Ultralow Power Microcontroller, <http:/focus.ti.com/
mcu/docs/mcuprodoverview.tsp?sectionld=95&tabld=140&familyld=342>.

frame and wirelessly transmitted them to a personal com-
puter (PC) across a 2.4 GHz wireless link established
between two identical nRF2401 transceivers (Nordic
Semiconductor; Trondheim, Norway).jt The entire system
was powered by a 3.3 V coin-sized battery (CR2032),
which together with the control unit and reference com-
pass were hidden under the face shield cap (Figure 2 inset).

Sensor Signal Processing Algorithm

The SSP algorithm running on the PC was developed
in LabVIEW (National Instruments; Austin, Texas) and
MATLAB (The MathWorks; Natick, Massachusetts) envi-
ronments. It operates in two phases: training and testing.
The training phase uses principal components analysis
(PCA) to extract the most important features of the sen-
sor output waveforms for each specific command [23].
During a training session, the user repeats each of the six
designated commands 10 times in 3-second intervals, while
a total of 12 samples (3 per sensor) are recorded in 12-vari-
able vectors for each repetition and labeled with the exe-
cuted command. The PCA-based feature-extraction

*Nordic Semiconductor, nRF2401 single chip 2.4 GHz transceiver,
<http://www.sparkfun.com/datasheets/RF/nRF2401revl_1.pdf>.
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algorithm calculates the eigenvectors and eigenvalues of
the covariance matrix in a three-dimensional (3-D) space
based on the 12-variable vectors offline. Three eigenvec-
tors with the largest eigenvalues are then chosen to set up
the feature matrix [v1, v2, v3]. By multiplying the training
vectors with the feature matrix, the SSP algorithm forms
a cluster (class) of 10 data points from training for each
specific command in the PCA virtual 3-D feature space.

Once a cluster is formed for each command, the test-
ing phase can be executed, during which a three-sample
window is slid over the incoming sensor signals to reflect
them onto the 3-D feature space as new data points by
using the aforementioned feature matrix. The k-nearest-
neighbor (KNN) classifier is then used in real time to
evaluate the proximity of the incoming data points to the
clusters formed earlier in the training phase [24]. The
kNN starts at the incoming new data point and inflates an
imaginary sphere around that data point until it contains a
certain number (k) of the nearest training data points.
Then, it associates the new data point to the command
that has the majority of the training data points inside that
spherical region. In the current version, we chose k = 6.

After finding the intended user command, the mouse
pointer starts moving slowly in the selected direction to
give the user fine control. However, for faster access to
different regions of the computer screen, the user can
hold his or her tongue in the position of the issued com-
mand and the pointer will gradually accelerate until it
reaches a certain maximum velocity.

Human Subjects

In order to evaluate the performance of the external
TDS prototype in practice, we conducted several experi-
ments on six nondisabled male human subjects. We
obtained necessary approvals from the North Carolina
State University Institutional Review Board and informed
consent from each subject before the experiments. Sub-
jects had no prior experience with other ATs. Two of the
subjects were among the TDS research team and were
familiar with the TDS operation. The other four subjects
had no prior knowledge of the TDS.

Human Trial Procedure

Detailed human trial instructions were prepared
ahead of the experiment, discussed with the subjects, and
strictly followed to ensure that every subject followed the
same procedure.

HUO et al. Tongue Drive System

Magnet Attachment and Familiarization

A disposable permanent magnet was disinfected with
70 percent isopropyl rubbing alcohol, washed with tap
water, dried, and attached to the subject’s tongue about
1 cm from the tip with tissue adhesive (Colgate Orabase;
New York, New York). Drying the subject’s tongue with
a hair drier before attachment turned out to result in better
adhesion. The subjects were allowed to familiarize them-
selves with the magnet on their tongue for ~20 minutes
and asked to find various comfortable positions in their
mouth where they could hold the magnet stationary. The
subjects then wore the external TDS prototype while the
operator observed the recorded sensor signals and recom-
mended the preferred positions for different commands.

Training Session

Once all command-related tongue positions were
indicated and practiced, the subject was ready for the
training session. The purpose of this session was to train
the SSP algorithm on how the subject wanted to define
the specific tongue movement for each command. During
the training session, the graphical user interface (GUI)
prompted the subject to define each command by turning
on its associated indicator on the screen in 3-second
intervals. The subject was asked to issue the prompted
command by moving his tongue from its resting position
to the corresponding command position when the com-
mand light was on and returning it back to the resting
position when the light went off. This procedure was
repeated 10 times for the entire set of six commands plus
the tongue resting position, resulting in a total of 70 train-
ing data points.

Experiment I: Percentage of Correctly Completed
Commands Versus Response Time

Experiment | was designed to provide a quantitative
measure of the TDS performance by measuring how
quickly a command is given to the computer from the
time it is intended by the user. This time, which we refer
to as TDS response time, includes thinking about the
command and its associated tongue movement; the
tongue movement transients; and any delays associated
with hardware sampling, wireless transmission, and SSP
computations. Obviously, the shorter the response time, the
better. However, the accuracy of intending and performing
tongue movements by the user and the discerning of
those intended commands by the SSP algorithm are also
affected by the response time. In other words, it is important
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not only to issue commands quickly but also to detect
them correctly. Therefore, we considered the percentage
of correctly completed commands (CCC%) as an addi-
tional parameter along with the response time.

A GUI was developed for this experiment to ran-
domly select one out of six direct commands and turn on
its indicator. The subject was asked to issue the indicated
command within a specified time period T while the
action light was on by moving his tongue from its resting
position the same way that he had trained the TDS for
that particular command. The GUI also provided the sub-
ject with real-time visual feedback by changing the size
of a bar that indicated how close the subject’s tongue was
to the position of the specific command. This feedback
helped the subject adjust the position of his tongue
toward the intended command, thus reducing the proba-
bility of misclassification and improving overall perfor-
mance. After 40 trials, we changed T from longer to
shorter periods (2.0, 1.5, 1.0, and 0.8 s) and generated
results by calculating the CCC% for each T.

Since the function and purpose of the TDS are simi-
lar to those of BCls, but with the significant advantages
of being unobtrusive and minimally invasive, we can use
some of the same metrics that are used to evaluate and
compare BCls. One of these measures, known as infor-
mation transfer rate (ITR), shows how much useful infor-
mation the BCI can transfer from brain to computer
within a certain period of time. Various researchers have
defined the ITR differently. We have calculated the ITR
using Wolpaw et al.’s definition [11]:

ITR = %[log2N+PlogzP+(1—P)log2 %] , (1)

where N is the number of individual commands that the
system can issue, P is the system accuracy (P = CCC%),
and T is the BCI system response time.

Experiment 11: Maze Navigation

The purpose of Experiment Il was to examine the
TDS performance in navigation tasks, such as controlling
a PWC, on a computer. The subject navigated the mouse
pointer within a track shown on the screen, moving the
pointer from a starting point by issuing a double-click
(start command) to a stopping point by issuing a single-
click (stop command); meanwhile, the GUI recorded the
pointer path and measured the elapsed time (ET) between
the start and stop commands. The track was designed

such that all six commands had to be used during the test.
When the pointer moved out of the track, the subject was
not allowed to move forward unless he led it back onto
the track. Therefore, the subject had to move the cursor
within the track very carefully, accurately, and as quickly
as possible to minimize the ET. Each subject was instructed
to repeat the maze task three times to conclude the trial.

RESULTS

All subjects successfully completed the training session
in 3 to 5 minutes and moved onto the testing phase, which
took about 1.5 hours per subject including the resting period.

Experiment |

This experiment was repeated twice with each sub-
ject. Figure 3(a) shows the average CCC% versus
response time as well as the 95% confidence interval. It
can be seen that the highest CCC% of 96.25 percent was
achieved for the longest period, T = 2.0 s, after which the
CCC% dropped for shorter T as expected, down to
81.67 percent for T = 0.8 s. A satisfactory performance
for a TDS beginner with a CCC% >90 percent can be
achieved with T > 1.0 s. The highest ITR, calculated with
Equation 1, can also be achieved at T = 1.0 s, as shown
in Figure 3(b). Therefore, we concluded that the
response time of the present TDS prototype with six indi-
vidual commands is about 1.0 s, yielding an ITR of ~120
bits/min with an accuracy of >90 percent.

Experiment 11

Although the participants sometimes missed the
maze track at its corners, they were able to quickly bring
the pointer back on track and complete the task. The
average ET value together with 95% confidence interval
for different subjects in 22 navigation experiments was
61.44 £ 5.00 s, which was about three times longer than
the time required for the subjects to navigate the mouse
pointer through the maze using their hand. Considering
the fact that participants had much more experience mov-
ing the mouse pointer with their hand than with their
tongue, this experiment shows the potential of the TDS
for more complicated navigation tasks, such as controlling
a PWC in a crowded environment.

One should note that all the results were obtained under
a simulated laboratory environment that closely resembled
computer access in real-life conditions. However, TDS
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Figure 3.

(a) Percentage of correctly completed commands vs Tongue Drive
System (TDS) response time in six human trials. Results of first-time
subjects and multi-time subjects (i.e., familiar with TDS) are
compared. (b) TDS information transfer rate vs response time,
calculated with Equation 1 (see main text).

has not yet been tested in real life by people with severe
disabilities.

DISCUSSION

Benchmarking

Our goal is to develop an unobtrusive and minimally
invasive AT that will enable people with severe disabili-
ties to access computers and control their environment. In
our external TDS prototype, we used only off-the-shelf
components and ran the SSP algorithm in a LabVIEW
environment to reduce the development time, although at
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the cost of larger size and slower run time. Nevertheless,
the first set of nondisabled human trials showed that the
TDS has the potential to substitute some arm and hand
functions with tongue movements. The 1.0 s response
time and >90 percent accuracy of the present TDS proto-
type represent an acceptable performance for a device
with six direct commands that are all simultaneously
accessible to the user. Even though the TDS hardware
and SSP algorithm still have significant room for
improvement, the preliminary results with TDS proto-
types are already better than the ATs evaluated by Lau
and O’Leary [17] as well as the recent tongue-computer
interface (TCI) reported by Struijk [25]. The ITR
achieved by our TDS prototype is compared with other
TCls and BCls in Table 2.

Flexibility

During the training session, the user is free to associ-
ate any specific tongue movement with any one of the six
commands defined in the system based on his or her pref-
erence, abilities, and lifestyle. These tongue movements
should be unique and far from other tongue movements
that are either associated with other TDS commands or
are natural tongue movements used during speaking,
swallowing, coughing, sneezing, etc. Fortunately, most of
these voluntary or involuntary movements are back and
forth movements in the sagittal plane. Therefore, we
advised the subjects to define their TDS commands by
moving their tongue from its resting position to the sides
or by curling their tongue up or down, movements that do
not usually occur in other tongue activities. In the future,
we intend to add new commands that will put the TDS in
standby mode when the user intends to eat or sleep. For
reduced power consumption in the standby mode, the
TDS sampling rate will be reduced and the control unit
will only look for the specific command that brings the
system back online.

Learning

We did not observe a significant difference between
individuals who had prior knowledge of the TDS and
those who were completely unfamiliar with it. The novice
group rapidly learned how to use their tongue movements
to control the mouse cursor and produced results similar
to the relatively more experienced group. Therefore, a
30-minute explanation of the TDS operation, a 10-minute
preparation period including attachment of the permanent
magnet and adjustment of the face shield, and a 20-minute
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Table 2.
Comparison of Tongue Drive System and other assistive technologies.

Reference Type Rgsponse No. of .ITR.

Time (s) Commands (bits/min)

Wolpaw et al. [1] EEG-BCI 6.0-8.0 2-4 25.2
Chen etal. [2] Head-tracking 9.8 30 24.6
Lau & O’Leary [3] TCI 35 9 39.8
Struijk [4] TCI 24 5 57.6
Huo et al. [5] TCI 15 6 87.0
Present Work TCI 1.0 6 120.0

1. Wolpaw JR, Birbaumer N, McFarland DJ, Pfurtscheller G, Vaughan TM. Brain-computer interfaces for communication and control. Clin Neurophysiol.

2002;113(6):767-91. [PMID: 12048038]

2. Chen YL, Tang FT, Chang WH, Wong MK, Shih Y, Kuo TS. The new design of an infrared-controlled human-computer interface for the disabled. IEEE Trans

Rehabil Eng. 1999;7(4):474-81. [PMID: 10609635

3. Lau C, O’Leary S. Comparison of computer interface devices for persons with severe physical disabilities. Am J Occup Ther. 1993;47(11):1022-30.

PMID: 8279497]

4. Struijk LN. An inductive tongue computer interface for control of computers and assistive devices. IEEE Trans Biomed Eng. 2006;53(12 Pt 2):2594-97.

PMID: 17152438]

5. Huo X, Wang J, Ghovanloo M. A magnetic wireless tongue-computer interface. In: Proceedings of the 3rd International IEEE/EMBS Conference on Neural
Engineering; 2007 May 2-5; Kohala Coast, Hawaii. New York (NY): IEEE; 2007. p. 322-26.
EEG-BCI = electroencephalogram—brain-computer interface, ITR = information transfer rate, TCI = tongue-computer interface.

familiarization time to play with the system were enough
for a new user to produce test results comparable to the
users that had occasionally used the TDS before. More
accurate results are expected once we conduct long-term
trials with individuals with and without disabilities in
laboratory and real-life settings.

Native Language

Another expected observation from our human trials
was that the individual’s performance when using the
TDS was independent of his native language. In fact, our
six human subjects had four different native languages,
and we did not observe any correlation between their
native language and their performance. This result con-
trasts with those found with the voice-activated or
speech-recognition—based ATs that are popular mainly
among users who speak English well.

CONCLUSIONS

Our ultimate goal in developing the TDS is to help
people with severe disabilities experience and preserve
an independent, self-supportive life. The system uses an
array of magnetic sensors to wirelessly track tongue
movements by detecting the position and orientation of a
permanent magnetic tracer secured on the tongue. The
tongue movements can then be translated into various

commands for computer access, navigation, or environ-
ment control.

The current external TDS prototype consists of four
magneto-inductive sensors mounted on a face shield
along with a 3-D electronic compass, all of which are
driven by a control unit that is equipped with a wireless
link to a nearby desktop computer. Laboratory-based
human trials on six nondisabled male subjects have dem-
onstrated that the present TDS prototype can help users
potentially substitute some of their lost arm and hand
functions with tongue movements when accessing a com-
puter by controlling the mouse pointer movements and
button clicks with six direct commands. The system
response time was 1.0 s with >90 percent accuracy, and
the ITR was about 120 bits/min, results which are better
than those previously reported for AT or BCI devices.

Our future directions include improving the TDS
hardware and SSP algorithms to make them smaller,
faster, and more efficient. We will add more control com-
mands in the SSP algorithm, including commands that
put the TDS in standby mode and bring it back online.
We also plan to substitute the operator feedback in select-
ing proper tongue movements with automated visual
feedback to help the users define their commands more
accurately. We intend to link the TDS to PWCs as well as
other home and/or office appliances by either directly
replacing the original input devices (e.g., joystick, switch
array, remote control) with the TDS or building specialized
hardware interfaces between them. We are also working
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toward adding proportional control to the SSP algorithm,
especially for navigation and pointing tasks. We will also
develop software to connect the TDS to a wide variety of
readily available augmentative and alternative communi-
cation tools, such as text generators, speech synthesizers,
and readers. Finally, assessing the usability and accept-
ability of the TDS by people with severe disabilities, who
are the intended end-users of this new technology, are
among the main directions of our future research.
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