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Abstract—Tongue drive system (TDS) is a new wireless assistive
technology (AT) for the mobility impaired population. It provides
users with the ability to drive powered wheelchairs (PWC) and
access computers using their unconstrained tongue motion. Migration of the TDS processing unit and user interface platform
from a bulky personal computer to a smartphone (iPhone) has
significantly facilitated its usage by turning it into a true wireless
and wearable AT. After implementation of the necessary interfacing hardware and software to allow the smartphone to act as
a bridge between the TDS and PWC, the wheelchair navigation
performance and associated learning was evaluated in nine ablebodied subjects in five sessions over a 5-week period. Subjects wore
magnetic tongue studs over the duration of the study and drove the
PWC in an obstacle course with their tongue using three different
navigation strategies; namely unlatched, latched, and semiproportional. Qualitative aspects of using the TDS–iPhone–PWC interface were also evaluated via a five-point Likert scale questionnaire.
Subjects showed more than 20% improvement in the overall completion time between the first and second sessions, and maintained
a modest improvement of ∼9% per session over the following three
sessions.
Index Terms—Assistive technologies, brain–tongue–computer
interfacing, environment control, quadriplegia, smartphones,
tongue piercing, wheeled mobility.

I. INTRODUCTION

T

ONGUE drive system (TDS) is a wireless and wearable
assistive technology (AT) for individuals with high-level
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paralysis. It allows them to use their unrestricted tongue motion
to control many devices in their environments. There are various
ATs, such as sip-and-puff, eye trackers, head arrays, electromyography switches, and voice recognition systems already available. These devices allow people with high-level spinal cord
injuries (SCI) or other causes of upper limb paralysis gain some
independence in their daily lives [1], [2]. For driving an electricpowered wheelchair (PWC), for instance, sip-and-puff is one of
the most popular ATs [3]. It is affordable and simple. However,
it offers only a limited number of commands and requires diaphragm control which may not be possible in some patients.
Researchers have come up with alternatives such as eye controller based on electrooculography to navigate wheelchairs [4].
Other eye trackers based on pupil movement and infrared reflections have also been used to control a computer or a remote
vehicle driving control [5]–[8]. There are brain computer interfaces (BCI) based on electroencephalography that are under
development to access computers and more recently have been
applied to PWCs as well [9]–[11]. Electromyography has also
been utilized to access a computer or navigate a PWC [12], [13].
Tongue-operated ATs have also been reported for computer or
PWC applications [14], [15].
However, very few devices can be effectively used to both
access a computer and drive a PWC in unified, wireless, unobtrusive, and wearable form. Therefore, depending on the environments and tasks that they want to accomplish, users rely
on multiple ATs and inevitably require assistance from family
members or caregivers to switch from one to another. There is
a need for more effective multifunctional ATs that can offer a
higher degree of independence [16]–[18].
Our prior work mainly focused on the use of the TDS to control mouse cursor on a desktop PC or to navigate a PWC by
running a sensor signal processing (SSP) algorithm and graphical user interface (GUI) on a laptop PC [19], [20]. Human
subject trials on both able-bodied subjects and those with highlevel SCI demonstrated that the TDS can be a substitute for
a mouse or joystick to access computers and control PWCs,
respectively [21]–[23].
A few practical limitations were also discovered in regard to
the ease of use, safety, and appearance, particularly for outdoor
mobile conditions. First, the laptop had to be placed in front
of the novice users on a lap tray to provide them with visual
feedback. However, the screen was obstructing the users’ field
of view, making it difficult for them to see nearby short objects.
Second, the laptop was vulnerable to falls, liquid spillage, and
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Fig. 1. TDS–iPhone–PWC operating diagram: TDS headset communicates
with a PC through a wireless USB dongle during calibration and training steps.
For normal operation, the training results are wirelessly transferred from the PC
to the iPhone via the TDS–iPhone–PWC interface, through which the iPhone
also receives magnetic sensor raw data from the TDS headset.

humidity. It also limited the placement of additional padding,
sometimes needed for postural adjustments and proper positioning of the users’ legs and arms. It was necessary to make
the interface between the TDS and PWCs considerably more
compact, portable, unobtrusive, and robust.
Instead of designing dedicated hardware, which could end up
being very time consuming and costly, we took advantage of the
rapidly advancing smartphone technology by migrating both the
SSP algorithm and GUI from PC to a smartphone. Besides its
functionality as a phone, which is a measure of safety for those
with severe disabilities to seek help in emergency situations, the
new smartphones also have a host of built-in wireless connectivity options, such as Bluetooth and Wi-Fi, which can be utilized
to connect the TDS to a growing list of networked devices in
the users’ home, office, and even outdoors environments.
In recent years, the smartphone technology is being considered for emerging applications in medicine, some of which
take advantage of the phone’s built-in sensors while others interface with external modules and utilize the smartphone as
a processing, display, and communication platform [24]–[26].
Considering its powerful processor, high-resolution display, and
popularity, we chose the iPhone/iPod (Apple Inc., Cupertino,
CA) as our first smartphone platform to implement the TDS–
smartphone–PWC interface [27]. We had already developed the
TDS–iPhone interface, and preliminary tested it via a simple
phone call application [28]. To connect the TDS to the iPhone
via its serial port, a custom wireless adapter was designed in
the form of a dongle, mounted along with the iPhone below the
PWC display using an off-the-shelf holder without blocking the
users’ field of view, as shown in Fig. 2(a).
In the following section, we present the architecture of the
TDS–iPhone–PWC interface, shown in Fig. 2, mounted on a
Pride Q6000 (Pride Mobility Products, Exeter, PA) PWC. Section III describes the performance evaluation through a mediumterm human subject trial, which included tongue piercing, a
recovery period, and five PWC driving sessions using three different PWC control strategies. In Section IV, we analyze the
experimental results in terms of quantified learning effects and
a few subjective measures, followed by the concluding remarks.

Fig. 2. Connecting TDS to PWC via iPhone: (a) standard PWC controller for a
Pride Q6000 PWC, known as the Enhanced Display, was connected to the TDS–
iPhone–PWC interface via its DB-9 connector. (b) All the necessary components
to drive the PWC, including a head-operated emergency stop switch, mounted
on the PWC headrest, as a safety measure. (c) Utilized connections at the bottom
of the Enhanced Display.

II. SYSTEM ARCHITECTURE
A. TDS–iPhone–PWC Overview
Fig. 1 shows the operating diagram between TDS, iPhone, and
PWC. In order to use the TDS on a regular basis, the user needs
to wear the TDS headset and have a magnetic tracer semipermanently attached to the superior surface of the tongue. A possible
solution that was adopted in our experiments is using a titanium
tongue barbell with a 4.8 mm × 1.5 mm rare earth magnet
(K&J Magnetics, Jamison, PA) completely encased within the
ellipsoid shaped upper ball (8 mm × 3.5 mm). A 12 gauge
post with a length of 12–21 mm, depending on the thickness
of the tongue and comfort of the subject, was laser welded to
the upper ball, forming a barbell-shaped tongue stud with a
smaller spherical ball screwing onto the lower end. When the
user moved the tongue, the magnetic tracer moved with it and
changed the magnetic field distribution inside and around the
mouth, which was captured by four 3-axial magnetic sensors
mounted bilaterally, two on each side of the TDS headset [21].
This information was then used by the SSP algorithm to indicate
the tongue position [19].
To begin using the TDS, users need to calibrate the system to
suppress the electromagnetic interference (EMI), and train the
TDS by defining the desired tongue positions in their mouth that
they want to associate with up to six independent commands,
as explained in [23]. The TDS also detects the tongue resting
position, which is always associated with the neutral command.
In the current TDS prototype, calibration and training steps are
conducted on a laptop PC. During calibration and training, the
TDS headset wirelessly transmits the magnetic sensor outputs
to the PC via a USB transceiver dongle. The PC generates a
user-specific calibration/training package, which is wirelessly
transferred to the iPhone from the USB dongle to the TDS–
iPhone–PWC interface. Once the iPhone acknowledges the receipt of the calibration/training package, the TDS can directly
send the magnetic sensors’ raw data to the iPhone to begin the
normal operation of the system, as shown in Fig. 1. Using the
calibration/training package, the SSP algorithm running on the
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Fig. 3. TDS–iPhone–PWC hardware components consisting of (a) TDS headset, (b) wireless control unit, (c) wireless USB transceiver dongle, (d) a pair of
magnetic sensor modules on each side of the headset supported by a pair of
goosenecks for positioning, (e) magnetic tongue barbell, (f) TDS–iPhone–PWC
interface, and (g) hardwired data transfer cable for iPhone.

iPhone suppresses the EMI in the incoming data and translates
them into user-defined commands, which are delivered to the
PWC and also displayed on the iPhone screen to provide the
user with visual feedback.
B. TDS–iPhone–PWC Hardware
The TDS–iPhone–PWC prototype is shown in Fig. 3. The
TDS headset in Fig. 2(a) consists of an adjustable headgear
with four 3-axial magnetoresistive sensors (HMC1043, Honeywell, Plymouth, MN), two on each side, held by a pair of
goosenecks near the users’ cheeks [see Fig. 2(d)]. Sensors are
connected to a wireless control unit on top of the headset [see
Fig. 2(b)], which includes sensor signal conditioning circuitry,
a system-on-chip microcontroller with a built-in 2.4-GHz RF
transceiver (CC2510, Texas Instruments, Dallas TX), a surfacemount antenna, a pair of AAA rechargeable batteries (850 mAh
each), and power management circuitry.
The control unit samples and digitizes the magnetic sensor
outputs at 50 Hz and 11 bits, respectively. It packages the samples in 28 byte raw data frames, which also include digitized battery voltage and frame sequence numbers. The raw data frames
are then wirelessly transmitted to the PC or iPhone at 50 Hz.
The average power consumption of the current TDS headset
prototype from a 2.5 V supply is ∼6.5 mA, which means that it
can run continuously for >4 days on a full charge. The Ni-MH
battery charging circuitry allows the headset to be charged from
a mini-USB cable within ∼3 h. The USB transceiver dongle [see
Fig. 2(c)] includes the same type of microcontroller (CC2510),
and conveys the received raw data frames to the PC via a USB
port. It can also wirelessly transmit the calibration/training package from the PC to the iPhone, as shown in Fig. 1. An alternative
method to transfer the calibration/training package from the PC
to the iPhone is using the serial data transfer cable, shown in
Fig. 2(g).
Similar to many other modern PWCs, the Pride Q6000, shown
in Fig. 2, provides a standardized input channel for switch-based
or proportional input devices as well as visual feedback to users
when it is equipped with a module known as Enhanced Display.
Both the Enhanced Display and the iPhone are mounted on one

Fig. 4.

TDS–iPhone–PWC interface block diagram.

of the PWC armrests, as shown in Fig. 2(a), while being linked
by the TDS–iPhone–PWC interface [see Fig. 3(f)]. Enhanced
Display also provides input for an emergency stop switch, which
was mounted on the PWC headrest, as shown in Fig. 2(b) inset,
to be accessible to quadriplegic users via their head motion.
Fig. 2(c) shows how the TDS–iPhone–PWC interface and the
emergency stop switch connect to the Enhanced Display via
a 9-pin D-type connector (DB-9) and a 3.5 mm jack, respectively. For additional safety, a second emergency stop switch
was connected in parallel to the headrest switch, and held by
the researcher who walked behind the PWC during the trials to
stop the PWC in case the subject lost control of the PWC and
could not operate the headrest switch.
Fig. 4 shows the block diagram of the TDS–iPhone–PWC
interface. During normal operation, the CC2510 wirelessly
receives the 28-byte raw data frames from the TDS headset and delivers them to the iPhone via its universal asynchronous receiver/transmitter (UART). To minimize packet loss,
the CC2510 can buffer up to three packets and send them to the
iPhone all at once when the iPhone is ready to receive them. A
secondary function of CC2510 is to receive the digital values of
the linear and rotational state vectors, which are defined within
an adjustable range of −1000 to 1000 based on the selected control strategy and issued commands, from the iPhone and deliver
them to a digital-to-analog converter (DAC) to control the PWC
motion [20]. The 12-bit 4-channel serial input DAC (AD5724,
Texas Instruments, Dallas, TX) converts the state vectors’ digital values to analog voltages in 5–7 V range (around the 6 V
center point) and applies them to the PWC via the center, linear,
and rotation inputs of the DB-9 port in the Enhanced Display.
Since Enhanced Display provides access to a 12 V supply,
which is backed by the large PWC batteries, a dc–dc converter
was added to the TDS–iPhone–PWC interface to charge the
iPhone via a 5 V supply while the TDS is being used. Moreover,
three relays are driven by the CC2510, which normally connect
the center, linear, and rotation lines to the DAC. However, if
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TABLE I
TDS–iPhone–PWC Hardware Specifications

Fig. 5. (a) Recommended TDS command positions in the mouth for four
directional commands and the tongue resting position as the neutral command.
(b) A sample set of training results displayed in the 3-D virtual PCA space.

the iPhone is accidentally detached from the interface or the
microcontroller supply line is interrupted for any reason, the
relays automatically switch these lines to a set of default values,
which immediately stop the PWC and show an error message on
the Enhanced Display. Table I summarizes the key specifications
of the TDS–iPhone–PWC hardware.
C. TDS–iPhone–PWC Software
1) EMI Suppression: To reduce the effects of EMI, a stereodifferential cancellation algorithm has been employed, which
subtracts the measurements made by each pair of 3-axial magnetic sensors after mathematically rotating one of them to be in
parallel with the other [19]. This subtraction suppresses the undesired common mode signals between the two modules, which
are mostly due to the EMI, while magnifying the differential
mode components, which are mainly generated by the magnetic
tracer on the tongue. The EMF suppression algorithm can be applied to any pair of sensor modules on the TDS headset to obtain
a set of differential sensor outputs. For instance, we used the differential sensor outputs of the <front-left and front-right> pair
to detect the TDS commands. On the other hand, differential
outputs from the <front-left and back-left> and <front-right
and back-right> pairs were used to generate the proportional
state vector that was needed to control the PWC rotation in the
semiproportional control strategy (see Section II-C3).
2) Sensor Signal Processing: Following EMI suppression,
the SSP algorithm detects up to six user-defined tongue commands (plus neutral) from differential magnetic sensor outputs.
For controlling a PWC, only five TDS commands were needed:

forward, backward, left, right, and neutral. Following on-screen
cues, shown in Fig. 5(a), subjects initially trained the system
by repeatedly and consistently placing their tongues at four
suggested command positions plus the tongue resting position,
which was considered as the neutral command. Training data
were fed into a feature extraction algorithm, which used principle component analysis (PCA) to form a set of clusters in
a virtual 3-D space, shown in Fig. 5(b). Each cluster represents one of the five TDS commands. During normal operation,
any incoming data point is first reflected onto the PCA space
and then classified using eight different classifiers, including Knearest neighbors (KNN) based on Mahalanobis and Euclidean
distances, linear, and quadratic. Each classifier generated its results independently, and the majority voting mechanism was
used to decide on the final command with a high level of accuracy and robustness [29].
3) TDS–PWC Control Strategies: The standard controller
for PWCs is a joystick, which is a proportional hand-operated
controller. The current TDS, on the other hand, is a switchbased tongue-operated alternative. Therefore, it is imperative
to find the most intuitive and effective way for novice TDS
users to conduct this important task [20]. We have adopted three
strategies for PWC control in this study: 1) unlatched; 2) latched;
and 3) semiproportional, each of which updates the linear and
rotation state vectors that control the PWC motion in a different
way.
Unlatched and latched strategies utilize four TDS commands
for forward, backward, left, and right motions. In the unlatched
mode, users need to hold their tongue at each command position
to keep the PWC moving in that direction at a constant speed.
When the neutral command is issued by returning the tongue
back to its resting position, the linear and rotational vectors return back to zero at a certain rate until the PWC stops. When the
“left” or “right” commands are issued following the “forward”
or “backward” commands, the PWC maintains its current linear
vector status, while turning according to the rotational vector
updates. In the latched strategy, there are five adjustable linear
speed levels: backward (−0.95 km/h), stop (0 km/h), forward-1
(0.95 km/h), forward-2 (1.25 km/h), and forward-3 (1.6 km/h).
Issuing the forward or backward commands can increase or
decrease the linear speed from one level to another, where it
latches and allows users to return their tongue back to the resting
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TABLE II
STATE VECTOR UPDATES IN THREE TDS–PWC CONTROL STRATEGIES

position or steer the PWC to the left or the right without stopping
it.
In the semiproportional strategy, instead of using the classification algorithm to detect user commands, the vector sum
of the left-side and right-side differential sensor pair outputs is
used. In the calibration stage, users slide their tongue (and the
magnetic tracer) over their lips from one corner to the other
to determine the extent of the vector sum variations. Quickly
touching the left and right cheeks with the tip of the tongue sets
the thresholds for detecting the forward or backward commands,
respectively. During normal operation, as the users slide their
tongues over their lips, the normalized amplitude and polarity
of the vector sum directly determines the value of the rotational
vector and steer the PWC to the left or right. The linear speed
of the PWC, however, is controlled similar to the latched strategy by stepping the speed up or down, one level at a time, as
the users quickly touch their cheeks with the tip of the tongue.
Table II summarizes how the linear and rotation state vectors
are updated with each incoming TDS command in each of the
three aforementioned TDS–PWC control strategies.
4) iPhone Applications: Five iPhone apps were developed
for this study, which GUIs are shown in Fig. 6. The calibration
(including EMI cancellation) and training procedures, described
in Sections II-C1 and II-C2, respectively, were implemented in
the LabVIEW environment and conducted on a laptop PC to
provide the user and researcher with better visual feedback.
The researcher specified the testing location, subject ID number, and session number using the Folder selection app, shown
in Fig. 6(b), which created a folder to store all the training
and testing data of that specific subject/session. Once the researcher ran the Data Transfer app, shown in Fig. 6(c), the calibration/training package was transferred from the PC to iPhone
either wirelessly, as shown in Fig. 1, or via the data transfer
cable, shown in Fig. 2(g).
Three different TDS–PWC control strategies, described in
Section II-C3, each had its own app and GUI as shown in
Fig. 6(d)–(f). Each GUI displays the elapsed time, the issued
TDS commands, and the status of the linear and rotational vectors among other useful information, such as the TDS headset
wireless connectivity and battery status. The overall flowchart
of these applications, which run on the iPhone during PWC
navigation, is shown in Fig. 7. The app reads the stored calibration/training data package from the iPhone memory and uses it

Fig. 6. iPhone apps created for the TDS–iPhone–PWC interface platform and
its evaluation: (a) main TDS screen, (b) folder selection to enter the location and
subject information, (c) training and calibration data transfer from PC to iPhone,
(d) unlatched mode screen, (e) latched mode screen, (f) semi proportional mode
screen, and (g) recalibration and retraining screen for the semiproportional
mode.

Fig. 7. Flowchart of the TDS–iPhone–PWC interface applications running on
the iPhone.

either to classify the incoming raw data frames from the UART
and indicate the TDS command or to calculate the vector sum of
the differential sensor outputs, depending on the selected control strategy. The results are passed through a command filter,
which is a five-sample low-pass moving window that eliminates
spurious command selections that may happen due to noise, interference, and unintended tongue motions. Finally, it updates
the linear and rotation vectors and sends them via UART to the
CC2510 in the TDS–iPhone–PWC interface (see Fig. 4). We
have also developed iPhone apps for recalibration and retraining, as shown in Fig. 6(g), in case they were needed during the
trial.
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III. PERFORMANCE EVALUATION
A. Human Subjects
Twenty-four able-bodied human subjects were recruited from
the Atlanta (14 subjects) and Chicago (10 subjects) metropolitan
areas, nine of whom completed the entire trial. Most dropouts
occurred during the initial phase of the trial, suggesting that
some of the recruited subjects might have only been interested
in receiving a free tongue piercing. Of the Atlanta subjects,
five dropped out expressing dissatisfaction with the location or
appearance of the tongue piercing, two reported that the tongue
barbell fell out and the piercing closed up, and two were lost to
follow-up. Of the Chicago subjects, three were excluded during
screening related to the presence of ankyloglossia (anteriorly
based frenulum or tongue tie) leading to restricted tongue motion
[30], one dropped out due to pain after tongue piercing, and two
dropped out during the TDS testing sessions, one related to
medical issues unrelated to the study and one related to the time
commitment. The group that completed the trial consisted of
four male and five female subjects aged 19–29 years old. Five
of them (four males and one female) participated at Georgia
Institute of Technology (GT), Atlanta, GA and the rest of them
(four females) were at Northwestern University (NU), Chicago,
IL. The trial was approved by the institutional review boards
(IRB) at both sites, and an informed consent form was obtained
from each subject prior to the experiment. All subjects were
new to the TDS and PWC but were quite familiar with the use
of computers and smartphones.
B. Experimental Procedure
1) Tongue Piercing: Tongue piercing was conducted in outpatient medical facilities under medical supervision of a physician at each site. Details of the procedure have been described
elsewhere [31], [32]. Related to the known swelling that occurs
following tongue piercing, it is standard to insert a long barbell
at first and to replace it with a shorter barbell after 4 weeks
when the tongue has returned to its original size. For this study,
the initial tongue barbell was a standard stainless steel internally threaded barbell with regular threaded balls at each end.
Subjects were followed by phone at 24- and 48-h postpiercing
and then were seen again at 72 h by the physician to ensure all
was well. During this early period, photographs of the tongue
were taken and tongue size and volume were measured before
and after piercing on a daily basis using a Boley gauge and oral
plethysmography, respectively. In the latter method, subjects
were asked to fill their mouth with as much water as they could
comfortably hold without swallowing, and pour it into a beaker
for volumetric measurement. This measurement was repeated
five times and averaged to reduce variability.
2) Tongue Barbell Exchange: Further phone contacts were
made weekly until week 4, at the end of which the standard
initial tongue barbell was removed and a shorter titanium magnet
containing barbell was inserted (see Section II-A and Fig. 1).
The appropriate length of the barbell was determined based
on the measured thickness of the tongue. After the exchange,
subjects were scheduled to test the TDS for five consecutive

Fig. 8. (a) Subject wearing the TDS headset and driving the Q6000 PWC,
while receiving visual feedback on the TDS–iPhone–PWC interface mounted
on the left armrest. (b) Floor plan of the ∼50 m obstacle course including the
driving trajectory.

trial sessions with the trial interval ranging from 2 to 10 days.
Each PWC trial lasted ∼1.5 h on average. During the same
session, subjects were also tested on the use of TDS for computer
access [21], [33].
3) Calibration: Subjects wore the TDS headset and the researcher adjusted the sensor poles to be symmetrical near the
subjects’ lip corners, as shown in Fig. 8(a). Using a 22 LCD
monitor, a laptop PC, and a dedicated GUI that guided the researcher step-by-step, subjects started to move their heads in all
directions for ∼30 s, while keeping their tongue stationary so
that the EMI suppression algorithm, described in Section II-C1,
could collect samples from the environment.
4) Training the TDS and Navigation Practice: Recommended command positions, shown in Fig. 5(a), were randomly
highlighted on the PC screen by turning the green lights on and
playing an auditory cue. Subjects held their tongues stationary
at each command position for ∼1 s while a beep was played.
Each command was repeated ten times for a total of 50 samples
in the PCA space. At the end of the training session, the GUI
generated a 3-D view of the command clusters in the PCA space,
which is shown in Fig. 5(b), and the researcher was given the
opportunity to eliminate the outliers. To evaluate the quality of
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training, a short on-screen maze navigation task was conducted
to simulate the PWC driving via TDS.
5) PWC Navigation: Fig. 8(a) shows a typical experimental setting with a subject wearing the TDS headset and the
researcher walking next to the PWC with an emergency stop
switch. Subjects drove the PWC using tongue motion through
an ∼50 m obstacle course with 13 turns and 24 obstacles, which
floor plan is shown in Fig. 8(b). During the first session, subjects were asked to drive the PWC using unlatched, latched, and
semiproportional strategies in this order (see Section II-C3). We
had found in [20] that the unlatched mode is the most suitable
for a novice TDS user. In the next four sessions, the order of
the driving strategies was randomized to minimize the learning
bias. Each strategy was repeated four times, one for practice
and three for testing, during which the researcher recorded the
completion time and the number of navigation errors, including collisions with obstacles, PWC wheels moving out of the
track, and emergency stops. Each round included a simulated
emergency stop when an alarm was sounded on the iPhone at
a random time. The subjects had already been instructed to hit
the emergency stop button on the headrest [see Fig. 2(b)] to shut
down and stop the PWC immediately. Subjects then hit the same
button again to turn the PWC on and continue the rest of the
trial.
6) Questionnaire: At the end of each session, subjects responded to 15 questions in the five-point Likert scale to subjectively evaluate their TDS experience. Six of these questions
were related to the TDS–PWC driving, which are summarized
in the following section.
IV. RESULTS
A. Tongue Piercing
For temporary usage of the TDS, the magnetic tracer can be
attached to the tongue using tissue adhesives, such as PeriAcryl
(GluStitch, Canada), which is commonly used in dentistry [23].
However, after 1 or 2 h the tracer loosens and may fall off, imposing the risk of aspiration or swallowing of the magnet. Therefore, tissue adhesives are not suitable for long-term usage of the
TDS. Tongue piercing, on the other hand, is commonly practiced outside medical profession, i.e., without requiring surgery
or hospitalization, and it is currently the safest and most feasible
method that we have been able to find for long-term attachment
of the magnetic tracer to the TDS users’ tongues. A key advantage of the tongue piercing is that it is reversible and can be
easily removed with minor side effects. Moreover, we intended
to develop a medically appropriate procedure for tongue piercing for medical purposes, which had not been documented in
the medical literature before [31].
Fig. 9 shows the front and side views of a subject’s tongue
before and after piercing. The tongue normally starts swelling
immediately after piercing and reaches its maximum volume
about 24 h postpiercing. This has been confirmed with our oral
plethysmography results, shown in Fig. 10, which indicate that
the volume of the water held in the subjects’ mouth reached its
minimum in day-1 postpiercing. However, the tongue swelling
begins to subside following that point as the tongue gradually
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Fig. 9. (a) Front and side views of a subject’s tongue before piercing,
(b) right after tongue piercing with the standard stainless steel barbell,
(c) day-3 postpiercing with some tongue swelling, and (d) following exchange
in week 4 with the magnetic tongue barbell made of titanium.

Fig. 10. Volumetric measurement of nine subjects’ (four males and five females) oral cavities over 4 weeks using the oral plethysmography method to
study the tongue swelling.

recovers and reaches its original size well before week 4, when
the barbell was exchanged. The average residual oral volume
of the male subjects (92.9 ± 10.8 mL) was 12.7% larger than
the female subjects (81.1 ± 15.5 mL), which is consistent with
the larger average size of the tongue and oral cavity in males
compared to females [34].
Location of the piercing on the tongue is important because
on one hand bringing the magnetic tracer closer the tip of the
tongue gives it a wider range of motion within the oral cavity, and
makes it easier for the SSP algorithm to discriminate between
adjacent TDS command locations. On the other hand, if the
tongue stud is too large or too close to the tip of the tongue, the
risk of damage to the teeth and gum increases [32]. Therefore,
the optimal position of the tongue piercing should be determined
by the medical personnel based on the TDS users’ size of the
tongue and oral anatomy. In our trial, the average separation
between the tip of the tongue and the piercing site in GT and
NU subjects was measured 24 ± 3.6 and 21.8 ± 0.43 mm,
respectively.
B. Completion Time, Navigation Error, and Emergency Stops
During five sessions, the average completion time decreased
from 250 s in the first session to less than 170 s in the fifth session, as shown in Fig. 11(a). The improvement was faster from
the first to the second session (>20%); however, it continued to
the last session at an average rate of ∼9% per session.
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Fig. 11. TDS–PWC measurement results over five sessions in 5 weeks: (a) completion time; (b) number of navigation errors (collisions, and out of track
researcher-issued emergency stops); (c) number of researcher-issued emergency stops per session.

Fig. 12.

Summary of the results for six questions related to the TDS–PWC navigation, which were asked from subjects at the end of each session.

Previous experiments on the use of tongue-operated devices
for driving wheelchairs in [23] and [14] have reported an average speed of 12 and 20 m/min, respectively. A direct comparison
might be difficult because the floor plan of the obstacle course
in the current experiment in Fig. 8(b) was slightly different and
the test included a simulated emergency stop, which added to
the overall completion time. Nonetheless, the average speeds of
12.25 and 17.77 m/min in the first and fifth sessions, respectively, were well within the previously reported rates. Moreover, according to Fig. 11(b) the number of navigation errors,
including collisions, out of tracks, and researcher initiated emergency stops gradually dropped from ∼8/session in unlatched
and latched modes to only ∼2/session. For the semiproportional mode, the error rate was generally lower, dropping from
∼3/session to ∼2/session. Due to the position of tongue piercing and the shape of the tongue, one of the subjects was unable
to operate the PWC with the semiproportional strategy. Hence,
the results for this mode are averaged among eight subjects. If
the PWC was completely out of track or too close to a hard
object, like a wall, emergency stop was issued by the researcher
without stopping the timer. Fig. 11(c) shows that the need for
researcher-initiated emergency stops was also reduced over the
course of five sessions, and in the case of semiproportional strategy, almost no emergency stops were needed during the last two
sessions.

C. Questionnaire
Fig. 12 depicts a summary of six TDS–PWC driving experience questions that were asked at the end of each session.
Perceived mental effort to remember the TDS tongue positions
was gradually shifted from medium to a low level. Similarly,
subjects found that driving the PWC through the obstacle course
accurately via TDS became easier over five sessions. The most
consistent subjective result was that as subjects gained more
experience with the TDS–iPhone–PWC interface, a strong majority of them (eight out of nine) found that the speed of PWC
was too slow. This indicates a steady improvement in their confidence and skills in managing the driving task. Only one subject
reported tongue fatigue at the end of the fifth session. Four out
of nine subjects reported some jaw fatigue after the first session. Four subjects continued to experience jaw fatigue over the
course of the trial but this jaw fatigue became less by the end of
five sessions.
D. Statistical Analysis
To assess further the learning effects in using the TDS for
PWC navigation, a linear mixed model for repeated measurements was used in our statistical analysis utilizing the Statistical
Package for the Social Sciences (SPSS). SPSS is capable of handling correlated data containing both fixed and random effects
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with unequal variances and missing data points [35]. Completion time in Fig. 11(a) shows that the learning effect from the
first to second session was significantly higher than learning
between any other two successive sessions (p = 0.029). Testing center (GT versus NU) did not have a significant effect (p
= 0.350), and there was no significant difference between the
three different control strategies (p = 0.598).
Navigation error lessened significantly from the first to the
last session for the unlatched and latched strategies (p = 0.001).
However, that was not the case for the semiproportional strategy (p = 0.746), which had a low number of errors from the
beginning. The effect was similar at both testing centers (p =
0.839). The number of emergency stops was affected by the
center and session combination (p = 0.046), and there were
different patterns of improvement for the two centers over five
sessions. On average at GT, emergency stop was activated 0.083
times/session by the researcher. At NU, this number was 0.328
times/session. This might be because of the different environments in which the trials were conducted. At GT, the TDS–PWC
navigation experiment was conducted on a spacious outdoor
parking deck, while at NU it was done in a large indoor space
with only ∼1 m clearance from the walls and columns in certain
locations. As a result, the researchers at NU were more likely
to press the emergency stop button in order to avoid an accident
when subjects drove the PWC outside tracks.
It should be noted that the GT site researchers (electrical
engineers) were generally more familiar with the TDS than those
at the NU site (clinicians). We do not have the means to assess
independently the effect of researchers and their backgrounds
on the outcomes.
V. CONCLUSION
We have developed a TDS–iPhone–PWC interface as part of
a wireless and wearable AT to allow individuals with severe
disabilities drive PWCs using a headset and a magnetic tongue
barbell, while receiving visual feedback on their smartphones.
System performance and subject learning were evaluated by
nine inexperienced able-bodied subjects in two centers, who
drove a PWC in an obstacle course in five sessions over 5
weeks. A significant performance improvement was observed
in the second session. This improvement continued over the
next three sessions but at a slower pace. Subjects improved
their TDS–PWC driving skills over five sessions to the level
that they desired increased PWC speed, which was limited to
1.6 km/h for safety reasons. Taking advantage of the powerful
smartphone technology, we are going to add other applications
to the TDS–iPhone–PWC interface, such as phone dialing, text
messaging, email access, and weight management on the PWC.
It is also possible to provide the TDS user with auditory or
even tactile feedback via its wireless headset. We are currently
in the process of evaluating the TDS performance clinically by
individuals with severe paralysis (quadriplegia).
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