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SUMMARY

People with high level (C1-C4) spinal cord injury (SCI) cannot use their limbs to

do the daily life activities by themselves without assistance. Current assistive technolo-

gies (ATs) use remaining capabilities (tongue, muscle, brain, speech, sni�ng) as an input

method to help them control devices (computer, smartphone). However, these ATs are not

very e�cient as compared to the gold standards (mouse and keyboards, touch interfaces,

joysticks, and so forth) which are being used in everyday life. Therefore, in this work,

a novel multimodal assistive system is designed to provide better accessibility more intu-

itively. The multimodal Tongue Drive System (mTDS) utilizes three key remaining abilities

(speech, tongue and head movements) to help people with tetraplegia control the environ-

ments such as accessing computers, smartphones or driving wheelchairs. Tongue commands

are used as discrete/switch like inputs and head movements as proportional/continuous type

inputs, and speech recognition to type texts faster compared to any keyboards to emulate

a mouse-keyboard combined system to access computers/ smartphones. Novel signal pro-

cessing algorithms are developed and implemented in the wearable unit to provide universal

access to multiple devices from the wireless mTDS. Non-disabled subjects participated in

multiple studies to �nd the e�cacy of mTDS in comparison to gold standards, and people

with tetraplegia to evaluate technology learning abilities. Signi�cant improvements are ob-

served in terms of increasing accuracy and speed while doing di�erent computer access and

wheelchair mobility tasks. Thus, with su�cient learning of mTDS, it is feasible to reduce

the performance gap between a non-disabled and a person with tetraplegia compared to the

existing ATs.

xii



CHAPTER 1

INTRODUCTION

1.1 Motivation

Every year � 12,500 new cases of spinal cord injuries (SCI) are added to a population of

276,000 individuals in the United States alone [1]. 47% of this population have tetraplegia

can neither use their legs nor their arms [2]. 92% of those with SCI live in their private

residences after recovery, relying on family members or professional caregivers to do daily

life tasks [2]. The estimated medical and caring cost of tetraplegia as a result of SCI at level

(C1-C4) for the �rst year is on average $1,064,716 and $184,891 in subsequent years, which

is a substantial burden on the individual as well as national budgets [3].

Assistive Technologies (ATs) help people with physical disabilities using their remaining

abilities to obtain autonomy in everyday tasks, such as accessing a computer, driving a

wheelchair, mitigate healthcare costs and most importantly, improving the quality of life.

Di�erent e�orts have been underway to help people interact with computer using ATs, such

as non-invasive BCIs [4], Invasive BCIs [5], EMG [6], eye tracker [7], speech control [8], head

tracking [9], sni�ng [10], and head control switches [11]. Apart from usability problems in

the form of the "Midas touch," which is referred to issuing commands that are not intended

by the user [12], cosmetic appearances, slow response times due to limited bandwidth, low

reliability as a result of susceptibility to noise [13], muscle fatigue from chronic use of EMG

based systems [14], none of the devices in these AT categories has been able provide anything

close to the speed and ease of access that keyboard-mouse combination (KnM) can o�er to

able-bodied individuals.

Tongue-controlled devices seem to perform better in terms of susceptibility to noise,

muscle fatigue, and issuance of false positive commands because of some of the inherent

abilities of the human tongue [15, 16]. However, in comparison to KnM, they are slow and

limited. Tongue-Touch Keypad [17], Inductive Tongue Control System [18], Tongue Mouse
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[19], Tongue Point [20], Jouse3 [21], optical tongue gesture sensing system [22], and Tongue

Drive System (TDS) [23], are a few examples of tongue-based ATs. Dual-mode Tongue

Drive System (dTDS) [24], which combined speech recognition with tongue commands took

advantage of the versatile speech recognition technology to provide considerably faster typing

capability, but it did not o�er any proportional control capability for cursor navigation.

Lack of simultaneous multimodal accessibility fails to provide features like drag and drop,

anchoring, multiple object selection and many other features that need multiple inputs from

the end user at the same time.

A multimodal assistive technology in the form of a wearable wireless system with various

sensors, capable of capturing several gestures to provide the user with multiple mutually-

exclusive inputs, simultaneously could be a potential solution to this problem.

1.2 Related Work

Tetraplegia is the result of damage to the spinal cord at the upper cervical level (C1-C5)

and typically results in varying degrees of paralysis in the upper limbs [25]. However,

movement of the muscles at the neck level and above are often preserved and utilized as

remaining abilities for navigating wheelchairs, accessing computers (or smartphones), and

controlling the user environment. Assistive Technologies (ATs) facilitate the use of these

remaining abilities, such as voluntary muscle movements [26], eye tracking [7], [27], [28],

tongue motion [17], [20�22], [24], [18, 29�31], head tracking [9], [32�34], as well as speech

[35,36], sni�ng [10], and brain signals [4,5,25] for daily activities.

Some remaining abilities, such as brain signals and speech, are only suitable as a control

mechanism in speci�c conditions when the environment is less noisy [16]. Head movements,

on the other hand, works well as a proportional control input in most conditions, but it

builds up neck muscle fatigue and may be a�ected by inertial forces and artifacts in a

moving vehicle or wheelchair navigation in rough terrain. Tongue-operated ATs have shown

superior performance in terms of robustness against noise and muscle fatigue in long-term

usage thanks to inherent abilities of the human tongue [16], [17], [20�24], [18,29�31]. They

are most suitable for discrete switch type control, as demonstrated in several studies [23], [37].
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To operate a complex device like a computer e�ciently in any modern operating sys-

tem, able-bodied users need both discrete (keyboard and mouse click) and continuous-

proportional (cursor) inputs at their disposal. These human input mechanisms are usually

used either sequentially (e.g., moving the cursor to an icon and click on it) or in a parallel

manner (e.g., hold the mouse button down to drag and drop an icon) [38]. Almost every

consumer level human-computer interaction (HCI) system, from desktops to smartphones, is

equipped with human interface devices (HID) that provides both discrete and proportional

control inputs, such as keyboard, mouse, touchscreen, and touchpad. However, most ATs

today are incapable of o�ering both continuous and discrete inputs, and even less so simul-

taneously. As a result, end users with physical disabilities, utilizing these ATs, are either too

slow or completely incapable of accessing computers e�ciently, particularly in doing more

complex tasks.

Therefore, to enable individuals with paralysis, particularly those who are unable to

use their upper limbs, e.g., tetraplegia, to access computers with a �exible set of modali-

ties, which can utilize their remaining abilities by engaging di�erent organs, to which they

maintain voluntary control, is imperative. The nature of this interaction should add both

discrete-switch based and continuous-proportional inputs, to leverage and build upon the

existing mechanisms that are readily built in every modern operating system for able-bodied

users. As an added bene�t, it would be strongly preferred if these modalities are available

simultaneously to be used either sequentially or in a parallel manner based upon user's

choice or need.

In the following sections of this chapter, some of the existing tongue controlled ATs with

di�erent design principles will be discussed.

1.2.1 Tongue Touch Keypad (TTK)

Tongue Touch Keypad (TTK) uses the pressure of the tongue tip to activate one of the

nine pressure sensitive switches placed on the palate of the oral cavity [17]. The electronics

is molded with custom acrylic to avoid saliva leaking into the device. Activated switch

command is transmitted wirelessly to the receiver. The receiver translates the command to
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Figure 1: (a) Tongue Touch Keypad (TTK) (b) Tongue Pointing Device (c) Inductive
Tongue Control System (d) Optically Tongue Gesture Sensing Device (e) intraoral Tongue
Drive System (f) Tongue Drive System.

control signal to drive a wheelchair or to control a computer [30]. Figure 1 shows the TTK

with custom acrylic molded pressure sensitive keypad.

1.2.2 Tongue Pointing Device (TPD)

Tongue pointing device [20] uses IBM TrackPoint technology to generate commands. This

device is used to move the cursor proportionally based upon the displacement of the joystick

created by the tongue. The 1 cm long TrackPoint shown in Figure 1 might be uncomfortable

for the users while talking or eating.

1.2.3 Inductive tongue controlled system (ITCS)

Inductive tongue computer interface (ITCI) is developed by the researchers at Alborg Uni-

versity in Denmark [18], can detect the change of inductance by placing a ferromagnetic

material attached to the tongue on an array of inductive switches [39]. The planar inductors

are implemented on a PCB. As a result, an AC voltage change is detected from the change

of inductance when the tongue tip is placed in it. The system uses 18 inductor switches [40]

and can be used to drive a wheelchair [41], control a computer [42]. Figure 1 shows the
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device with custom-molded clasps to secure it on the teeth.

1.2.4 Optically Tongue Gesture Sensing Device (OTGSD)

The OTGSD uses optical sensors to detect the tongue gestures. This system is designed by

the researchers at University of Washington [22]. It uses four infrared light emitting diodes

(LEDs) and photodiodes in the mouth to �nd the tongue position when approaches to the

sensors by processing the amount of re�ection received by the photodiode shown in Figure 1.

The device delivers data using wired communication to process commands in the PC. This

technology is prone to issuing many unwanted commands when the tongue moves during

speaking or any other natural motions such as coughing, sneezing, swallowing, and chewing.

1.2.5 Tongue Drive System (TDS)

Tongue Drive System (TDS) uses magnetic �eld generated by a magnet tracer attached

to the user's tongue to detect commands issued by a set of pre-de�ned voluntary tongue

gestures [29]. Four tri-axial magnetic sensors, mounted on a pair of lateral poles of a headset,

are held near the cheeks to capture the magnetic �eld variations resulted from the movements

of a tracer attached on the tongue [29]. Control unit packetizes and transmits the sensor data

wirelessly at 2.4 GHz to a receiver [43], [44]. The receiver unit receives the magnetic data

packets and sends to a PC or smartphone [44] to process and �nd the assigned commands

[45]. Figure 1 shows a complete system, which can drive a wheelchair, control smartphone,

and PC [44]. Figure 1 shows the intraoral version of the Tongue Drive System (iTDS)

by placing the TDS electronics in the mouth. iTDS has a better signal to noise ratio

because the sensors are placed closer to the magnetic tracer inside of the oral cavity. The

system has better aesthetic appearance since it is hidden in the mouth [46]. The sensor

data is transmitted wirelessly by a dual-band, 27 MHz and 433 MHz, radio frequency (RF)

transmitter to a PC or smartphone via receiver similar to the eTDS. The main drawback of

iTDS is occupying a small portion of the intraoral space and somewhat limiting the tongue

movement in the mouth.
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1.2.6 Others

Jouse3 [21] is a joystick-based AT, controlled by the tongue. It is usually mounted on any

desk, wheelchair, or bedframe, and used to control computers and other mobile devices.

This device can only be operated when the user is not in motion.

A piezoelectric sensor based tongue control device is also developed to control PC [19].

The user bites on the device, and move the tongue on the sensor plate to navigate the cursor

like a touchpad. The piezoelectric sensor matrix measures the pressure created by the tongue

to �nd the tip position. The large form factor is a major drawback of this system. This

device might not be feasible to use while talking or eating.

1.3 Research Objectives

The objective of this research is to design a wireless and wearable multimodal assistive tech-

nology that will utilize multiple remaining abilities of the people with physical disabilities,

such as tetraplegia, to do their daily life activities more e�ciently and independently, thus

improving their quality of life. The focus of this work has been designing a system, called

multimodal Tongue Drive System (mTDS), that can capture speech, tongue commands, and

head movements and convert them to text and commands to interact with devices such as

computers, smartphones, and wheelchairs. High accuracy signal processing algorithms will

be developed to process user inputs which are e�cient to compute in a limited resource em-

bedded hardware. The algorithms will also be optimized to reduce power consumption and

increase battery lifetime. This work will also focus on designing experiments to evaluate the

pros and cons of the multimodal interactions of the proposed assistive technology (AT) in

e�ectively utilizing the remaining abilities of the user, and apply them to accessing comput-

ers, using smartphones, and driving wheelchairs intuitively and e�ciently. The evaluation

study will include both the healthy able-bodied and tetraplegic individuals. Able-bodied

individuals will allow us to compare the mTDS performance against default and gold stan-

dard interfaces, i.e. keyboard-mouse combination, touchscreen, and joystick, for accessing

computers, smartphones, and wheelchairs, respectively. Tetraplegic individuals, on the other
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hand, will allow us to evaluate the mTDS performance by the intended population and col-

lect valuable feedback from the end users, caregivers, clinicians, and care providers. As the

ultimate outcome of the research we intend to test the hypothesis that by providing multiple

simultaneous control abilities which are still accessible to the end users, one can signi�cantly

reduce the performance gap between healthy and tetraplegic individuals in controlling and

accessing three key target devices that are necessary in today's daily living tasks: computers

(for work, education, entertainment, etc.), smartphones (for communication, environment

control, seeking assistnace, etc.), and wheelchairs (for mobility). The following tasks de�nes

the scope of this research:

Task 1: Designing a wireless and wearable system (mTDS) that can simultaneously

capture speech, tongue motion, and head movements as inputs to control the target devices.

Task 2: Design, implementation, and testing of new algorithms and �rmware for a

standalone version of mTDS that can process both tongue and head movements real time

in the wearable headset.

Task 3: Evaluate the mTDS by the healthy able-bodied individuals in conducting com-

puter tasks and compare with gold standard, keyboard-mouse combination and previously

developed system, TDS.

Task 4: Evaluation of the mTDS in doing computer access, smartphone access, and

wheelchair navigation tasks by the people with tetraplegia.
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CHAPTER 2

DEVELOPMENT OF MULTIMODAL TONGUE DRIVE SYSTEM

(MTDS)

The complete development process is presented in three phases. In phase I, all the sensor

signals are captured by a wireless headset and sent to the computer to process assigned

commands to control it. In phase II, the signal processing is done by an embedded system

to process commands and control a wheelchair or PC. In phase III, all the signal processing

will be done in a wireless headset which can generate HID commands from the assigned

gestures to control a PC, smartphone or a wheelchair seamlessly.

2.1 System Architecture: Phase I

The mTDS hardware is composed of two parts, Part-A: a wearable headset including mag-

netic sensors to capture tongue gestures, inertial sensor to capture head orientation, and a

microphone to capture voice, Part-B: a USB receiver dongle to receive magnetic and inertial

sensor data and a Bluetooth receiver to receive audio signal. Figure 2 shows a simpli�ed

block diagram of the system to help explain how multiple sensor data is converted to dis-

crete and continuous output to provide simultaneous multimodal computer access. Figure 3

provides a simpli�ed schematic of both Part-A and Part-B. Part-A is divided to headset

assembly, sensor array, and control unit, while Part-B is described as the audio subsystem

and USB receiver dongle.

2.1.1 Headset Assembly

The wearable headset is constructed on a headgear with additional 3D-printed assemblies,

housing a magnetic sensor array, a control unit and a commercial Bluetooth microphone, as

shown in Figure 4. The 3D printed box on top of the headset has two chambers, a smaller

one on top houses the electronics, while a bigger one below it contains the batteries. Two

3D printed arms are also mounted along the sides of the headgear using plastic screws. A
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Figure 2: A wearable headset Unit (Part- A) captures the tongue tracer movement using
magnetic sensor, head tracking using inertial sensor and speech using microphone, sends
the data to RF and Bluetooth receiver (Part-B). Received magnetic sensor data translated
to tongue commands to emulate mouse clicks after sensor signal processing and classi�ca-
tion, inertial sensor data translated to capture head orientation to do proportional mouse
movement and audio signal to speech type/ dictation as a keyboard.

housing for the magnetic sensor array slides in each arm, allowing it to be adjusted in 6

positions to place the sensor array near the user's cheeks. The housing also has guides for

�at cables connecting the magnetic sensors to the control unit. The Bluetooth microphone

is placed at the tip of the left magnetic sensor array.

2.1.2 Sensor Array

Two 4-layer 38:4 � 7:1mm2 sensor printed circuit boards (PCB), each containing two 3-axis

accelerometers and 3-axis magnetometers (LSM303D, STMicroelectronics, Switzerland), are

mounted in each sensor arm (Figure 4). Each sensor arm is mounted on one side of the

headset, and the sensor boards are connected to the control unit via a 10 pin, 1.27 mm

pitch, �at cable (Samtec Inc., New Albany, IN).

2.1.3 Control Unit

The control unit, implemented on a 4-layer PCB (25:4� 12:7mm2), contains power manage-

ment block, battery charging circuit, microcontroller unit (MCU), a 9D inertial measurement

unit (IMU), programming/debugging headers, and sensor headers. Signal traces are shielded

to reduce interference. The control unit uses an inverted-F wiggle PCB antenna to transfer

data. To optimize the antenna performance, metal underneath the antenna block is removed
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Figure 3: Simpli�ed schematic of the Wearable Headset Unit (Part-A) and receiver units
(Part-B). RF 2.4GHz transceiver transmits the magnetic and inertial data from the headset
control unit, receives by USB receiver dongle. A Bluetooth link is used to transmit audio
signal.

from Layers 2, 3 and 4. An electroless nickel immersion gold (ENIG) �nish is applied to

reduce the e�ects of oxidation.

The power management block in Figure 3 includes an on/o� switch (S1), DC-DC boost

converter (TPS61220DCKR), and LDO (TPS71733) to extend battery life. When the bat-

tery is full, LDO powers the control unit and sensors, and the boost converter is kept o�

to increase power conversion e�ciency. When battery voltage drops below a prede�ned

threshold, 2.5V here, the boost converter is enabled by the MCU to allow the control unit

continue its operation till the battery voltage falls below 0.7 V. The charging circuitry in-

cludes a linear charging chip (LTC4054), which charging current is controlled by a resistor,

R8. This unit receives power from a 5 V micro-USB port, and is capable of charging a

variety of Li-ion batteries. Red and Green LED indicators indicate the charging status.

The MCU (CC2510, Texas Instruments) is clocked at 26 MHz by an external crystal

oscillator. Its built-in transceiver unit is con�gured to transmit/receive data at 2.45 GHz

up to 500 Kbaud. Positive and negative Radio Frequency (RF) traces are di�erentially

routed (8 Mils trace) to a balun (2450BM15B0003, Johanson technology, Camarillo, CA)

for impedance matching followed by a 22 pF capacitor and 10 nH inductor, before feeding

to the PCB antenna.
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Figure 4: Simpli�ed schematic of the Wearable Headset Unit (Part-A) and receiver units
(Part-B). RF 2.4GHz transceiver transmits the magnetic and inertial data from the headset
control unit, receives by USB receiver dongle. A Bluetooth link is used to transmit audio
signal.

An additional 9D IMU (LSM9DS1, STMicroelectronics) is mounted on the control unit

PCB, as far as possible from the magnetic tracer. All sensors are con�gured to operate at a

sampling frequency of 100 Hz, representing data samples as 16 bit unsigned integers. They

communicate with the MCU over a shared serial peripheral interface (SPI) bus at 115.2

Kbps, using di�erent chip selects.

2.1.4 Audio Recording

A commercial Bluetooth audio transmitter (Jabra, Denmark) captures user voice input,

while being powered from the same battery as the rest of the mTDS, but turned on/o� by

a separate switch. A small microphone (POM-3535L-2-R, PUI Audio, Inc.) is placed in the

left sensor array assembly, as shown in Figure 4.
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2.1.5 USB Receiver Dongle

A custom designed USB receiver, shown in Figure 4, housed in a 3D printed dongle facilitates

communication between a PC and the control unit. The dongle includes a MCU (CC2510)

clocked at 26 MHz, a USB controller (FT232RQ, FTDI) and a balun (2450BM15B0003,

Johanson technology, Camarillo, CA) to enable the use of a monopole inverted F wiggle

PCB antenna (Figure 3). Two LEDs show the data transfer status (Transmit/Receive) of

the dongle. Communication with the PC is achieved via a virtual COM port, con�gured at

a baud rate of 921.6 Kbps. A 5-pin header o�ers the ability to apply �rmware updates.

The mTDS �rmware is explained in two subsections, one for the control unit to transfer

magnetic and inertial sensor data and one for USB receiver dongle to receive and deliver to

a PC.

2.1.6 Control Unit Firmware

The control unit �rmware follows a multi-stage initialization sequence which begins with

bootstrapping critical system components included the clock oscillator, General-purpose in-

put/output (GPIO), SPI communication, sleep timers and the Analog to Digital Converter

(ADC). This is followed by sensor con�guration and initialization, such as 100 Hz sampling

rate and dynamic ranges for accelerometers (� 2g), magneto-meters (� 4gauss), and gyro-

scopes (� 250� =s). Finally, the RF transceiver is con�gured to initiate a handshake with the

USB receiver dongle and establish connectivity. The handshake involves 5 repeated broad-

casts of a pilot packet train, while awaiting receipt and validation of an acknowledgement

packet. If a handshake is not completed after 60 broadcasts of the pilot packet train, the

control unit enters a power saving mode.

When connectivity is successfully established, the control unit updates the standby

threshold duration values based on information received from the USB dongle. In standby

mode, the MCUs sleep timer frequency is reduced to execute the state machine at1Hz, and

remain in a power saving mode at all other times. Outside of standby mode, the state ma-

chine executes at100Hz. While transmitting data, the control unit can be put into standby

mode, based on instructions received from the USB receiver dongle. Once con�guration is
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completed, the control unit enters a data transmission state, and transmits battery voltage

as well as data from the 4 magnetometers near the cheeks, the accelerometer and gyroscope

in the control unit. These readings are placed in a single packet, which is also indexed with

a packet counter to track missing packets. Interrupt based direct memory access (DMA) is

used to ensure reliable data transfer, and move the RF data to a global packet bu�er.

2.1.7 USB Receiver Dongle Firmware

The receiver dongle �rmware executes an initialization process by con�guring the clock

oscillator, Universal Asynchronous Receiver/Transmitter (UART), GPIO, DMA, timer, and

RF registers to match the transmitter's carrier frequency and baud rate. After initialization,

the dongle awaits a "connection request" from the PC. Once a PC requests a connection

with an available headset, the USB dongle starts listening for handshake packets broadcast

by the mTDS control unit. It waits until it receives a handshake packet and responds to

the mTDS headset with an acknowledgement to complete its handshake. It sends a similar

acknowledgement packet to the PC to signal successful connectivity. This allows the PC to

con�gure the dongle to start sending requests for data to the mTDS headset. Data received

from the mTDS headset's control unit is examined for packet validity, and passed up to the

application running on the PC. A watchdog timer enforces the timeout limits associated

with the Transmit/Receive process, resetting it when necessary.

2.2 System Architecture: Phase II

The goal of designing this system is to process all the sensor signals in an embedded hardware

to �nd user's gestures and remove the dependency on a PC or smartphone. Processed

gestures are translated into commands to interact with both computer and power wheelchair.

The architecture of the system is shown in Figure 5. The following sections will describe

the di�erent blocks of processing unit.
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Figure 5: Simpli�ed block diagram of the system which uses processing unit (part-B) to
generate commands to navigate wheelchair and control PC. control unit, magnetic sensor
and receiver PCBs are also shown in the �gure.

2.2.1 BeagleBone Black

The BeagleBone Black (BBB), single board computer (SBC) is used because of the low power

consumption, open source and adaptability with di�erent wireless and display modules ac-

cording to the need of the system. It also has enough computation capabilities to calibrate,

train, and execute the proposed signal processing and machine learning algorithm. Figure 6

shows simpli�ed schematic diagrams of parts B. The heart of part B, which is in charge of

the embedded TDS processing, is a BBB, a cost-e�ective credit card sized SBC with a 1

GHz ARM Cortex A8 processor with open support community. It has 512 MB RAM, 4 GB

onboard �ash storage, a USB client for power and communication (SSH/SCP/USB), a USB

host, and two 46-pin extension headers, which create a powerful substitute for the smart-

phone used for processing in the earlier version of the TDS [47]. An open-source Linux based

operating system, Angstrom kernel v3.8 in this prototype, runs on the BBB. The extension

headers, which contain 5 V and 3.3 V supply pins, general-purpose input/output (GPIO),

universal asynchronous receiver/transmitter (UART), and SPI connectivity, are used to add

commercial or custom electronics in the form of piggy-back boards, known as capes. Here,

we have designed a custom cape for the embedded TDS to provide regulated power from the

wheelchair battery to BBB, display, wireless connectivity with the TDS headset (part A),

Wi-Fi and Bluetooth connectivity with other devices in the user environment, wheelchair

control and drive circuitry, and PC interfacing logic.
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Figure 6: Processing Unit Simpli�ed Schematics

2.2.2 Power Supply

We have utilized the powered wheelchair batteries to supply part B, because TDS end users

spend most of their awake time on their wheelchairs. The powered wheelchair used to

develop the current prototype was a Quantum 6000 (Q6000) wheelchair donated by Pride

Mobility Inc. (Exeter, PA) [48]. This wheelchair is equipped with a pair of 12 V deep cycle

absorbent glass mat (AGM) batteries that are connected in series to provide 24 V, which

is accessible through its XLR 3 pin male type connector from the wheelchair charging port.

Hence, 24 V is the cape PCB input via a barrel power connector. The power supply unit

generates 5 V (3 A), 3.3 V, and 2.5 V supplies for various components of the embedded

system from the 24 V supply, using LMZ14203, TPS71733, TPS72725 (TI, Dallas, TX),

respectively, as shown in Figure 7.

2.2.3 Wireless Interfaces

The custom cape is equipped with a 2.4 GHz RF transceiver, built-in with the same MCU

(CC2510) used in the TDS headset.These two chips use TI's proprietary RF protocol to

deliver sensor data packets from part A to part B. This unit also includes a matching circuit

and a BALUN to convert the CC2510 di�erential output to a single-ended 50
 inverted-F
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