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Summary

Summary

This thesis focused on the development of technologies for assistive health

care and monitoring, all pulled by real and significant clinical needs. Three

collaborations with medical and health care practitioners resulted in the devel-

opment of three prototypes. They all share similar requirements in scalability,

mobility, form factor, power consumption and cost as they are all designed with

uptake efficacy as an end objective. They all leverage on an appropriate synergy

of constituent technologies in low power embedded systems, wireless communi-

cations networks, and sensing and instrumentation, and share a unified design

architecture which allows these technologies to be integrated where appropriate.

The thesis may thus be regarded as a collation of results enabling an advance

in technology frontiers to allow novel health care applications, building on high

power and cost efficiency, embedded and wireless sensing platforms.

The first work and prototype is a scalable human vital status information

monitoring hardware and communication infrastructure to monitor the Core

Body Temperature (CBT) of sports/military personnel performing strenuous

physical activities. It is the outcome of a collaboration with Defense Science

Organization to deal with the many cases of heat related injuries due to in-

adequate CBT monitoring. Precise knowledge of CBT during these exercise is

critical to optimize performance and to prevent common heat related injuries.

The prototype provides a complete CBT measurement solution to replace the

current slow rectal thermometry and costly ingestible wireless pill thermometers

in continuous CBT monitoring.

X



Summary

The second work and prototype is pulled by an aging demography in Singa-

pore and consequent of collaboration/discussions with Southwest CDC (Com-

munity Development Council), Ministry of Health and Family Welfare, Housing

Development Board (HDB) and LionsBefrienders, and other welfare communi-

ties. The prototype is designed for use by senior citizens to allow them to age

in grace in their own homes as there is an increasing trend in the number of

elderly staying by themselves. In an increasing number of unfortunate situa-

tions, elderly lost their lives in their own apartments without anyone knowing

or due to help arrived too late. The challenges faced in the prescription of a

solution go beyond technology, as the physiological dimension of these end users

is critical to be addressed to determine how well the solutions can be adopted.

The third work and prototype is a portable voice assistive device for human

voice processing and enhancement to assist patient or senior citizen with mild

to moderate speech dysfunction arising from vocal cord paralysis due to disease

or advance aging. It resulted from a collaboration with the ENT Department of

the National University Hospital. The prototype is intended to offer both aug-

mentative and corrective speech functions to users with vocal cord paralysis who

can still speak albeit poorly and who are difficult to be understood. It serves to

improve vocal communication in the form of enhancing the clarity and loudness

by processing throat vibrations signals sampled from a throat vibration sensor

physically attached to the throat surface of the user.

The works resulted in six papers being written.
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Chapter 1

Introduction

The healthcare industries are facing numerous difficult challenges due to ag-

ing populations and rising healthcare costs [1]. Innovative and proper use of

technology can potentially address some of these difficult challenges and help to

deliver quality healthcare to everyone while reducing cost and making optimal

use of limited resources in terms of healthcare professionals and facilities. Tech-

nological advances in the domains of mobile and pervasive computing, wired and

wireless communications, and sensor technologies are continuously contributing

to new directions and opportunities in healthcare. New technological initiatives

have the potentials to transform healthcare delivery by substantially improv-

ing healthcare processes while providing a unified communication framework for

healthcare providers.

Population aging is an un-avoidable phenomenon becoming increasingly com-

mon in countries across the world. According to the United Nations World Pop-

ulation Aging Report 2013, older persons are projected to exceed the number of

children for the first time in 2047. Currently around 65% of the world’s older
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persons live in developing countries and the number is expected to increase to

80% by 2050 [2]. Much of the world is facing a looming healthcare crisis with

aging populations, shortages of family and professional care givers and rapidly

increasing healthcare costs. The largest area of expenditure in many countries is

health care, and such costs are likely to increase dramatically as the population

ages. As people get older, the majority acquire multiple and chronic medical

conditions. Such age-related chronic co-morbidities are often accompanied by

physical and cognitive impairments that are liable to affect, with varying sever-

ity, basic and instrumental activities of daily living. Beyond a certain threshold

of impairment, independent living becomes unsustainable without physical sup-

port and intervention. There is also an increased risk of mental illnesses, social

isolation and loneliness that accompanies reduced mobility [3]. Asia and Eu-

rope are the two regions where a significant number of countries face population

aging in the near future. In these regions within twenty years many countries

will face a situation where the largest population cohort will be those over 65

and average age approach 50 years old. Of the roughly 150, 000 people who die

each day across the globe, about two thirds or 100, 000 per day die of age-related

causes [4].

1.1 Aging Population in Singapore

Between 1965 and 2015, Singapore’s population grew from 1.9 million to 5.5

million. However, the number of citizens aged 65 and above is increasing rapidly,

as population growth slows. The size of this group of citizens doubled from

220, 000 in 2000 to 440, 000, and is expected to increase to 900, 000 by 2030 [5].
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As a result, there are issues where two or fewer working adults are supporting

both younger and elderly dependents. Figure 1.1 shows the age pyramid of

resident population of 2005 and 2015 for male and female residents and one can

easily imagine the chart’s shape in next 10 years’ time if the birth rate continues

at the current pace. In addition, Singapore’s life expectancy has increased by 10

years over the last three decades: from 72 years in 1980 to an average of 82 years

in 2012. With the increasing life expectancy and low birth rates, the population

face the prospect of a shrinking and aging citizen population and workforce [6].

Figure 1.1: Age pyramid of resident population in Singapore

An alarming factor that always connects to the issue of low birth rate, is the

ratio of working adults to senior citizen (above age 65) as depicted in Figure

1.2 [5]. Currently this ratio stands at around 5.7 and by 2030, it is expected

that there would be only two working adults to support an elderly in Singapore.

Moreover, senior citizens’ makeup about a third of all one-person households [7],

and according to this report [8], senior citizen population living alone may rise

to 83, 000 by 2030 from 42, 100 in 2014. This means that ensuring these senior
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Figure 1.2: Singapore’s declining old-age support ratio

citizens have easy access to proper healthcare is going to be a challenge, and as

such, it is vital to explore ways for the senior citizens to be more independent

in taking care of themselves. It is best not only for the senior citizens, but

the families and caregivers, to be aware of their health conditions all the time,

preventing the onset of any sudden illnesses that may occur without their prior

understanding of their own health.

1.2 Senior Citizen and Assistive Healthcare Technol-

ogy

There are many electronics products and systems that use technology to pro-

mote health and well-being. Electronics sensors and video monitoring systems

implementing remote health monitoring solutions such as vital signs monitors,

fall detectors, door monitors, bed alerts, pressure mats and, smoke and heat

detectors are examples of technologies that can improve senior citizens’ safety,
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security and ability to cope at home [9]. For many senior citizens, assistive

healthcare (AH) technology makes the difference between being able to live in-

dependently or having to get long-term nursing or home-healthcare. For others,

it’s critical to retain the ability to perform simple activities of daily living, like

bathing and going to the bathroom. Many of those who use some form of as-

sistive technology find they are able to reduce their dependencies on others and

continue to live independently [10].

As senior citizens become increasingly tech-savvy, the role of technology will

become bigger in making elder-care more operational and cost effective. Just

as the aging population is embracing new technology, corporations and tech

start-ups are recognizing that senior citizens make up a booming, and crucial,

customer segment. The competitive marketplace is doing an incredible amount

to improve the quality of life and increase life expectancy. As technological costs

fall, and AH technology becomes more affordable and easier to use, an increased

range of available products and services are within reach, and a larger number of

senior citizens utilizing them. New generations of technologies promise radical

advancements in AH. Utilizing AH technology to assist the senior citizen and

disabled person to overcome disabilities and to improve quality of life represents

the mainstream trend in many well-developed countries. Helping an aging parent

remain independent and living by themselves becomes easier, thanks to the rapid

technological advancements in AH products [11] [12].

AH technology is designed to fulfill or to assist in the specific functional needs

of a person, allowing for an increased in independence. AH technology can reduce

long term healthcare costs by providing specialized equipments which allows
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a senior citizen or a disabled person to independently perform basic physical

activities, thus relieving caregivers from those duties. Some research has shown

that AH technology adoption is most effective when the senior citizens or disables

have a chance to physically experience the technology for a period of time prior

to making decisions [13]. Therefore, a successful outcome is more likely, if the

AH technology user has access to a trained AH technology specialist who can

effectively assesses their needs, identify appropriate technology for them to try

out and work closely with them so they can make an informed decision.

AH technology must be considered when a senior citizen or a disabled person

is being transferred from a hospital care setting to a nursing home or to living in-

dependently. The transition between different care environments will determine

the type of AH technology to adopt. It can mean the difference between complet-

ing tasks of daily living independently or needing some form of assistance from

others. AH technology can allow a person to feel safe back at home and remains

independent. In addition, with the appropriate technology, the need for costly

home based healthcare services can be reduced. [11] [13]. With the application

of appropriate technology, people with chronic medical conditions can remain in-

dependent and safe from accidents or deprivation, resulting in improved health.

Augmentative and alternative communication devices are available to keep them

connected to the world outside their homes [14]. Moreover, maintaining an inde-

pendent high quality of life staves off depression [14] [15]. Clearly, the multiple

benefits of keeping the aging population in their own homes are more than just

an argument for cost savings. It is an issue of safety and improved quality of

life.
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1.3 Motivation

AH devices have been constantly evolving and with rapid advancement in

technology, resulting in size reduction, incorporation of advanced monitoring

and alerting features, and improved end-user experience. AH devices are not

new and have been around, and have seen deployments in various segments of

healthcare. Senior citizens and people with disabilities are the two major groups

that can be shown to directly benefit from deployments of AH devices. The

key AH technology features for senior citizens and disables are usually related

to motion activity and behavioral monitoring, and assistive motion activity [16].

AH devices in the form of small wearable sensors can have diagnostic, as well

as monitoring applications. Their current capabilities may include vital and

physiological parameters monitoring and motion activity sensing. Vital and

physiological parameters monitoring can assist in both diagnosis and ongoing

treatment of a vast number of senior citizens and disables with cardiovascular,

pulmonary and neurology related diseases such as hypertension, atrial fibrilla-

tion and seizures [17]. Home-based motion activity sensors may assist in fall

detection and prevention and help maximize a senior citizen’s independence and

community participation. Remote monitoring systems have the useful potentials

to mitigate problematic patients access issues. By comparing with patients in

the urban areas, patients in rural areas travel further to see trained healthcare

professionals and have worse outcomes for common medical conditions such as

diabetes, hypertension and heart failure [17]. Wearable miniature sensors and

reliable remote monitoring systems have the potential to extend the reach of

healthcare professionals in urban areas to rural areas and decrease these dispar-
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ities [18].

Vital and physiological parameters of interest in rehabilitation include heart

pumping rate, respiratory rate, blood pressure, blood oxygen saturation, and

muscle activity. The parameters can provide indicators of health status and

have tremendous diagnostic value. Traditionally, continuous monitoring of vital

and physiological parameters are possible only in the hospitals. But, with new

AH developments in the field of sensors and wearable technology, the possibil-

ity of accurate, and real-time monitoring of vital and physiological parameters

outside of a hospital is a reality. An area of growing interest in the field of

wearable technology is the use of miniature wearable sensors to achieve early

detection of changes in a patient’s health or vital and physiological status that

warrants high priority clinical intervention. Sensors to monitor vital signs (e.g.,

heart rate and respiratory rate) can be deployed, for instance, when monitoring

patients with congestive heart failure or patients with chronic obstructive pul-

monary disease undergoing clinical intervention [18] [19]. The major goal will be

to achieve early detection of potential heart conditions by analyzing heartbeats

and rhythms of the patients. Eliza et al [20] demonstrated a low-power wear-

able electro-cardiogram (ECG) monitoring system for multiple-patient remote

monitoring. To detect ECG, systems and methods relying upon wearable sen-

sors have been proposed and evaluated. Each patient was required to wear an

electronic wearable device featuring a miniature ECG sensor with wireless com-

munication interface. Patients’ ECG signals were monitored within the comfort

of their own homes and transmitted to a centralized remote monitoring server

where the data were analyzed. Healthcare professionals and caregivers would
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be notified in the event when abnormal heartbeats and rhythms were detected

on any of the patients. This remote monitoring application will result in timely

deployments of much needed medical interventions. Early detection and treat-

ment are important goals to prevent worsening of clinical status and the need

for emergency room care or hospital admission.

Integrating vital and physiological parameters monitoring in a wearable sys-

tem often requires ingenious designs and novel sensor placements. Shaltis et

al [21] developed a self-contained wearable cuff-less blood pressure monitor. The

sensor integrated a novel height sensor based on two Microelectromechanical

systems (MEMS) accelerometers for measuring the hydrostatic pressure offset of

the sensor relative to the heart. The mean arterial blood pressure was derived

from the sensor output amplitude by taking into account the height of the sensor

relative to the heart. Asada et al [22] designed a ring sensor for measuring blood

oxygen saturation and heart pumping rate. The ring sensor was completely self-

contained and worn on the base of the finger like a ring. Potential applications

of the ring sensor ranged from the diagnosis of hypertension to the management

of congestive heart failure. Another example of ingenious design was a system

developed by Corbishley et al [23] to measure respiratory rate using a minia-

turized wearable acoustic sensor. The sensor was placed on the neck to record

acoustic signals associated with breathing, which were filtered to obtain the sig-

nal modulation envelope. By developing techniques to filter out environmental

noise and other artifacts, the authors managed to achieve accuracy greater than

90% in the measurement of breathing rate. Physiological monitoring has ben-

efited significantly from developments in the field of flexible electronics circuits
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and the integration of sensing technology into wearable devices [24]. Patterson

et al [25] demonstrated a flexible, ear-worn low-power sensor for heart rate mon-

itoring. The sensor was suitable for long-term monitoring due to its location

and unobtrusive design. Although systems of this type have shown promis-

ing results, additional work appears to be necessary to achieve motion artifact

reduction [26–28]. Proper attenuation of motion artifacts is essential to the de-

ployment of wearable sensors. Nonetheless, further advances in signal processing

techniques to mitigate motion artifacts are needed [18].

Remote monitoring systems using wearable sensors for applications in reha-

bilitations have largely relied upon inertial sensors for human motion activity de-

tection and tracking [18]. Commonly used inertial sensors include accelerometers

and gyroscopes. Often, magnetometer and to a certain extend global positioning

system (GPS) receiver are used in conjunction with inertial sensor to improve

motion tracking accuracy. Motion sensors are inexpensive, small, and require

very little power, making them highly attractive to patients or senior citizens

that require motion activity monitoring applications. Motion sensors would be

deployed, for instance, in applications such as monitoring the effectiveness of

home-based rehabilitation interventions in stroke survivors or the use of mobil-

ity assistive devices on senior citizens. Wireless communication is relied upon to

transmit patient’s data to an access point and relay by using the Internet to a

cloud based server or server located in a remote location. Emergency situations

can be detected via data processing and alert messages are delivered to emer-

gency healthcare personnel and care givers to provide immediate assistance to

patients [18] [29].
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Nakano et al [30] illustrated the use of non-intrusive infrared technologies

to monitor two senior citizens with dementia. The purpose of the monitoring

was to study the long-term rest-activity patterns of senior residents in care fa-

cilities. Using an infrared sensor system placed at 1.5m above the residents’

beds, their activity along with their presence or absence from their bed was

recorded over a defined period of time. Campo et al [31] designed an expert

system for monitoring of senior citizen with dementia. The system was non-

intrusive and did not require cameras and any form of wearable devices. The

system tracked people and monitored their activities through the use of low cost

positioning sensors. The system recorded and analyzed the person’s movements

and their whereabouts. The analysis results could provide healthcare personnel

pre-warning information of an increased risk of fall or a decrease in mobility, and

assist them in making decisions on prescribing medication or whether additional

surveillance was needed. Makimoto et al [32] addressed wandering of senior cit-

izens with dementia using tags in a long-term dementia care unit of a hospital

in Seoul. Miura et al [33] discussed technology for tracking movements of se-

nior citizens in residential care using tagged slippers and piezoelectric pressure

mats. The authors indicated that for safety reason, pressure mats could only

be placed below carpets. Hori et al [34] developed an ultrasonic sensor network

system to remotely monitor the position of wheelchair bound senior citizen in a

nursing home by tracking their movement. Schikhof et al [35] designed a bed-

room monitoring system using a camera, a microphone and sensors to capture

information pertaining to activities of daily living. The approach was viewed to

be highly intrusive. Wood et al [36] proposed a wireless sensor network designed
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for long-term remote health monitoring in the assisted living and residential en-

vironments. The goal was to adapt the operation of the system, including power

management and privacy policy enforcement, to the individual life patterns of

the senior citizen.

Health monitoring applications based on wearable devices often employ mul-

tiple sensors that are usually integrated into a sensor network either limited

to body-worn sensors or integrating body-worn sensors and ambient sensors

[18] [37]. Giansanti et al [38] developed an accelerometer-based device used

for step counting for patients with Parkinson’s disease. Sazonov et al [39] de-

veloped an in-shoe pressure and acceleration sensor system that was used to

classify activities including sitting, standing, and walking with the ability to de-

tect whether subjects were simultaneously performing arm reaching movements.

Aziz et al [40] used wearable sensors to monitor the recovery of patients af-

ter abdominal surgery. Several research projects have suggested that activity

monitoring for well-ness applications have great potentials to increase exercise

compliance in populations at risk. For example, wearable technology has been

used to monitor physical activities in obese individuals [41–44].

An application of wearable devices that has received a great deal of atten-

tion among researchers and clinicians is the detection of epileptic seizures, first

demonstrated by Dalton et al [45]. Primary and secondary compulsive epileptic

crises (EC) cause a sudden loss of consciousness. These events are accompanied

by stereotypical movements that one can observe in association with charac-

teristic changes in the electroencephalogram (EEG). During the acute phase,

the subject is completely unable to interact with the environment. To detect
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EC, methods relying upon wearable sensors have been proposed and evaluated.

Electroencepholographic sensors [38], tri-axial accelerometers on a wrist [46],

combination of electromyography (EMG) and accelerometers [47], and electro-

dermal activity (EDA) [48] have been used to develop methods to distinguish

EC from normal motor activities.

Most wearable devices and monitoring applications discussed, require data

gathered be transmitted to a remote server such as a hospital server for analysis.

For in-home monitoring, data can be aggregated using a personal computer and

transmitted to the remote site over the Internet. Also, the availability of mobile

telecommunication standards such as 4G means that pervasive continuous health

monitoring is possible when the patient is outside the home environment.

1.4 Problems Formulation

In the prior art reviews conducted, a large majority of the researchers are

focusing on developing AH technologies related to monitoring of vital and phys-

iological parameters, and motion activities of the affected patients or senior

citizens.

Well-known vital and physiological parameters include heart pumping rate,

respiratory rate, blood pressure, blood oxygen saturation, and muscle activity are

accurately measured by well-established sensors technologies. The parameters

are important to determine a person’s health condition, and many of these tech-

nologies have already been incorporated into wearable or portable AH devices

that can be easily deployed outside of hospital environments into the comfort of

homes of patients or senior citizens. An important vital parameter that is still
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being measured within a clinical or hospital environment is the pertaining to the

monitoring of human body Core Body Temperature (CBT). CBT is one of the

important vital sign that must be monitored to ensure safe and effective care [49]

for a critically ill patient. CBT is measured from the pulmonary artery (PA)

by using a PA catheter inserted into the PA of a sedated patient. This risky

procedure is currently the only known method to obtain an accurate CBT mea-

surement that can be considered as a gold standard for CBT, and this method

has not been attempted outside the hospital environment. In sports medicine,

CBT is also used as an important indicator to prevent heat related injuries in

sports personnel performing strenuous physical activities [50] [51], and it is nei-

ther safe nor practical to measure CBT of sports personnel via PA catheters.

In attempts to replace this risky procedure, many researchers have searched for

alternative CBT sites on a human body, and to date, the tympanic membrane

(TM), esophagus (ES) and rectum (RM) are the identified alternative CBT sites.

Many researchers actually focus on correlating temperature measurements from

alternative sites with the actual CBT (from PA) [52–55], and not so much in de-

veloping new technologies, new methods or new CBT sites that deliver accurate

results that one day may potentially replace the PA.

Human motion activities monitoring of senior citizens living by themselves

are important to ensure their safety and physical wellbeing. Over the years,

various methods and algorithms, range from simple to extremely complex were

developed to interpret human motion activity patterns so as to inform caregivers

on the senior citizens current physical health conditions and to predict any poten-

tial health related problems that may come along. In most cases, due to privacy
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concerns, motion activity monitoring has to be non-intrusive and according to

Peetoom et al [56], passive infrared (PIR) based motion activity sensor is one of

the most adopted sensor by majority of the researchers, with the first evidence of

deployment in 1995 [57]. Increasingly complex algorithms have been developed

in-order to improve on the sensor detection accuracy, and may reached a level

where further improvements are no longer possible due to costs or technological

constrains.

Another form of AH technology that is not mentioned until now and receives

the least attention is related to human voice communication. Audible voice

communication is often taken for granted by many. Patients and senior citizens

who lose their ability to communicate properly due to disease or advance aging

suffer in silence. Their health may deteriorate rapidly due to other factor such as

depression, and not from the disease. AH devices in the form of communication

assistive devices are available to assist these cluster of patients, but they are not

popular due to size, performance and cost. Patient or senior citizen with weak

vocal cord is usually are treated with surgical procedure or physiotherapy [58],

and only the most severe total laryngectomy patient is provided with an assistive

device in the form of an artificial voicebox (electrolarynx) [59].

This thesis identifies the three main problems of the current AH technologies

and devices pertaining to improving patient’s or senior citizen’s quality of life.

The first problem is pertaining to the methods used in monitoring of human

CBT for vital and physiological parameter, the second problem is related to

non-intrusive monitoring of human motion activities, and the third problem is

about assistive human voice communication.
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The main objective of this thesis is to solve the well-defined problems that

results in the design and development of novel AH devices that are to be used

on patients or senior citizens in the area of (a) human body vital sign and

physiological parameters monitoring, (b) motion activity monitoring, and (c)

assistive communication, for the primary purpose of improving their quality of

life.

1.5 Thesis Contributions and Organization

This thesis contains the results of an industrial-track PhD research which are

focused on the development of technologies for assistive healthcare and monitor-

ing, all pulled by real and significant clinical needs, and is structured in seven

chapters with five main chapters (Chapter 2 - 6). Chapter 2 involves the formula-

tion of a common hardware and software system framework for sustainable and

mobility technologies for assistive healthcare and monitoring. It spans across

all the prototypes developments for three types of AH devices featured in this

thesis. They all share similar requirements in scalability, mobility, form factor,

power consumption and cost as they are all designed with uptake efficacy as

an end objective. They all leverage on an appropriate synergy of constituent

technologies in low power embedded systems, wireless communications networks

in ZIGBEE, Bluetooth and GSM (Global System for Mobile Communications),

and sensing and instrumentation, and share a unified design architecture which

allows these technologies to be integrated where appropriate. The thesis may

thus be regarded as a collation of results enabling an advance in technology

frontiers to allow novel healthcare applications, building on high power and cost
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efficiency, embedded and wireless sensing platforms.

Chapter 3 and 4 focus on the research related to human CBT measurement,

the discovery of potentially new CBT site and its corresponding temperature

model, and finally a microcontroller unit (MCU) based hardware and software

development of a portable CBT measurement device. These chapters are the

outcome of a collaboration with Defense Science Organization (DSO) to deal

with the many cases of heat related injuries during physical exercises due to

inadequate CBT monitoring. Precise knowledge of CBT during these exercises

is critical to optimize performance and to prevent common heat related injuries.

Chapter 3 covers the re-visiting of the TM vicinity as CBT measurement site,

where various known alternative CBT sites are reviewed, and introducing the

middle ear (ME) cavity as a new potential CBT site. Experiments involving a

live primate were conducted in-order to collect data off line and analyze to estab-

lish the various temperature relationships between the ME cavity with the known

CBT sites. Chapter 3 also covers the analysis of temperature data and develop-

ment of an accurate temperature inference model to represent the temperature

behavior of the ME cavity, and further extends the model to represent behavior

of other CBT sites. Gain-Scheduled lookup table is also introduce to improve on

the model output accuracy, and finally Chapter 4 depicts the detailed hardware

and software development of VitalMON - a wearable CBT measurement device

that is minimally invasive, suitable for field use and accurate for clinical adop-

tion. VitalMON provides a complete CBT measurement solution to replace the

current slow rectal thermometry and costly ingestible wireless pill thermometers

in continuous CBT monitoring. The infrared Thermopile Sensors Array (TSA)
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is used in the VitalMON to optically acquire the thermal infrared emissions from

the human TM surface without any physical contact. This is the first such appli-

cation of the TSA to the best of the knowledge of the candidate. The on-board

MCU determines the CBT by processing the captured infrared data, and sends

via Bluetooth the CBT value to a small data processing module. VitalMON

transmits local and remote alerts to the local and remote medical personnel via

ZIGBEE and GSM wireless networks if an impending heat related injury is pre-

dicted or detected. VitalMON also incorporates an accelerometer based motion

detector that monitors user for potentially damaging fall (or impact) and an alert

switch that can be used to request for assistance. The architecture adopted is

scalable and can be expanded from a single user scenario to a full battalion one.

Apart from contributions in the hardware design and optimization to meet the

requirements of the application, there are novel results pertaining to the analysis

and re-look at the TM temperature as a better CBT reference than current gold

standards for continuous CBT monitoring. Dynamic modeling techniques are

derived to yield highly accurate indications of the CBT able to meet the highly

stringent requirement of DSO. In order to determine its performance accuracy

and reliability, VitalMON has been tested on five volunteers with favorable CBT

readouts, and currently undergoing a full trial by DSO.

Chapter 5 highlights on the need to develop e-Care - a new motion activ-

ity monitoring system for monitoring lone senior citizens staying by themselves.

This chapter is pulled by an aging demography in Singapore and consequent of

collaboration/discussions with Southwest CDC (Community Development Coun-

cil), Ministry of Health and Family Welfare, Housing Development Board (HDB)
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and LionsBefrienders and other welfare communities. e-Care is specifically de-

signed for use by senior citizens to allow them to age in grace in their own homes

as there is an increasing trend in the number of senior citizens staying by them-

selves in small apartments. In an increasing number of unfortunate situations,

senior citizens lost their lives in their own apartments without anyone knowing

or due to help arrived too late. e-Care is a thermal-motion detection system that

continuously tracks movements behaviors of lone senior citizens staying in their

own homes. e-Care uses the TSA as a very low resolution, non-intrusive and

privacy protected thermal imager for the purpose of thermal motion detection

and analysis of live human subjects. An on-board MCU processes the captured

thermal images to determine motion information, and if required, remote alerts

are sent via the GSM wireless networks to the designated caregivers. Having es-

tablish the fact that using only PIR motion sensor for the intended purpose may

not be able to progress further in achieving higher detection accuracy due the

sensor’s limitations, the TSA is introduce not as a replacement, but to comple-

ment it. TSA is able to accurately detect thermal signature of a human within its

defined field of view. By using the PIR sensor and TSA data fusion, a highly reli-

able form of motion activity monitoring can be achieved. By installing e-Care in

apartments for senior citizens, occupants’ movements behaviors are continuously

tracked, and any abnormal lack of thermal motions activities will be reported.

The thermal sensors can also allow the temperature of the users to be monitored

in a controlled setting, thus enabling a first line of defense in temperature moni-

toring during the outbreak of diseases such as severe acute respiratory syndrome

(SARS). Thus, timely and potential live saving assistance can be rendered. The
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prototypes of e-Care have been trialed in homes of several senior citizens and

functionality tests were successfully concluded.

Chapter 6 illustrates pVoice, a portable voice AH device for enhancing vocal

communication of senior citizen or individual who suffers from mild to moderate

speech dysfunction arising from vocal cord paralysis due to disease or advance

aging. This chapter is the result of a collaboration with the Ear Nose and

Throat (ENT) Department of the National University Hospital (NUH). pVoice

is intended to offer both augmentative and corrective speech functions to users

with vocal cord paralysis who can still speak albeit poorly and who are difficult

to be understood. Having identified that patients with mild to moderate form

of vocal cord paralysis has only physiotherapy or surgical option to address the

problem, this chapter present a detail construction of a portable and wearable

voice assistive device that can be offered as an alternative to conventional treat-

ments. pVoice serves to improve vocal communication in the form of enhancing

the clarity and loudness by processing throat vibrations signals sampled from

a throat vibration sensor physically attached to the throat surface of the user.

The processed voice is regenerated to drive a miniature magnetic speaker that

serves as an artificial voice box for the user, thus augmenting the user’s weak

voice with a processed and sufficiently strong voice. Signal processing algorithm

in pVoice is capable of real-time human voice processing, not only in terms

of amplification but also selective and customized speech enhancement such as

speech envelope detection, noise suppression, frequency bands equalization and

formants enhancement, thus assisting users who have problems communicating

in the usual manner and existing assistive devices often result in a monotonous
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”robotic” tone. Apart from enhancing voice communication, pVoice is also a

wearable device for e-Care, for monitoring motion activity and provides manual

alert request for use by senior citizen. pVoice has been successfully tested at

NUH on groups of patients with mild to moderate vocal cord paralysis.

The thesis concludes in Chapter 7 with the summary of the main contribu-

tions of the work presented and possible future work.
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Chapter 2

Common Framework for

Assistive Healthcare and

Monitoring

2.1 Introduction

While technology has contributed positively towards humanity in many as-

pects, huge potential remains to be tapped in the area of assistive healthcare

(AH). Eighty seven percent of the 195 countries in the world are developing ones,

and together, they represent a huge 84% of the total global population [60]. Con-

versely, the healthcare spending of these countries only constitutes 11% of the

total healthcare spending of the world, primarily due to the lagging economies,

poverty and the very low doctor-to-patient ratios. Despite lagging in general

healthcare, many of these developing countries are well equipped with basic mo-

bile phone based communication and Internet access largely due to the successful
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penetration of telecommunication technologies. In 2015, statistics show that 68%

of the world’s total number of Internet users resides in developing countries [61].

With the availability of the basic infrastructures, it is structurally viable to de-

ploy AH technology in developing countries to help bridge the gaps of quality

healthcare to the population at large and bring forth the following benefits:

• Cost savings: AH devices can be deployed to homes of patients or senior

citizens, and they are remote monitored from a central location. Healthcare

professional only visits when needs arise. The optimization of manpower

resources results in better cost control.

• Easy accessibility: patients and senior citizens can have AH deliver to the

doorsteps of their own homes, and do not require the need to travel often

in order to seek medical advices as their health related parameters can be

remotely monitored.

• Quality of service: optimize the distribution of limited healthcare resources

to the mass population at large.

This chapter details the creation of a common hardware framework of a pro-

posed AH system. Three AH devices are developed to demonstrate the viability

of the proposed framework. The three AH devices are developed to cover the

healthcare area pertaining to monitoring of vital core body temperature (health

vital sign), motion activity/inactivity monitoring and alert management for se-

nior citizens, and improvement of vocal communication of patient and senior

citizens suffering from vocal cord paralysis due to disease or advanced aging.

The devices handle and solve unique non-overlapped issues related to healthcare

with different types of sensing technologies, and are technically challenging to
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have a common framework representing all three. However, a common frame-

work is still possible as the core technologies that form the basic (core) building

blocks remain largely the same.

This chapter focuses directly on the various building blocks that form the

common hardware framework through appropriate selection of existing tech-

nologies. The framework presented in this chapter will be the base upon which

subsequent works, as explained in the next few chapters, are developed to build

the three types of AH devices.

2.2 Proposed Framework

The main requirements to be met by the proposed framework forming the

core building blocks are listed as follows:

1. Low power microcontroller unit (MCU) with signal processing capability:

16/32-bit MCU with internal hardware capable of performing basic digital

signal processing algorithms. The MCU is tasked to implement custom

firmware and algorithms for all the three assistive health devices, and is

capable of performing in various power saving mode by ways of controlling

its operating frequency and on-chip peripherals.

2. Wireless personal area network (PAN): ZIGBEE based wireless personal

area network with mesh topology for reliable and moderate bandwidth

wireless data communication among various sensing devices. The network

must have the ability to perform self-discovery, self-healing and self-routing

when new devices are added and faulty devices are removed, and sustain

a reliable end to end communication channel with a reasonable data rate
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of at least 38, 400 bps.

3. Wireless point-to-point simple network: Bluetooth low energy (BLE) based

simple network connectivity for reliable and low bandwidth communication

between two short range devices at a maximum distance of 2m. The net-

work must ensure reliable end-to-end virtual connectivity with low data

rate of at least 9, 600 bps. Typical usage example of the simple network is

for replacing physical wires of small sensors connecting to a primary data

acquisition unit where data processing is usually done. It can also be used

by a low power wearable device to connect to a handheld communication

device (e.g., smartphone), and utilize the facility in the handheld commu-

nication device for the purpose of transmitting information (sensor data,

alerts, etc.) over to a remote server for follow-up actions.

4. Sensors

(a) Thermal based non-contact ambient sensor: With concerns regarding

to issue of unintended privacy invasion, sensors deployed must not

have the capability of capturing live video images. Sensors operating

in the thermal infrared spectrum are chosen for this very purpose of

protecting the privacy of the users. Two types of sensors selected are:

(a) passive infrared (PIR) motion sensor for motion detection, and (b)

low resolution infrared thermopile sensors array (TSA) for tempera-

ture measurement and low resolution thermal image analysis. Ther-

mal image is used due to its inherently low resolution characteristic

where issue regarding invasion of privacy is not a concern.

(b) Inertial sensor: digital tri-axial accelerometer (ACC) is used in wear-
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able devices for the purpose of motion activity and fall/impact detec-

tions.

(c) Contact vibration sensor with analogue front-end: Contact vibration

sensor (CVS) is used for detection and analysis of voice induced vi-

bration signal. The sensor is used primarily for detecting of vibration

signal induced from weak voice in a patient or an elderly person with

weak vocal cord. The analogue front-end is used for the purpose of

signal pre-conditioning before being processed by the MCU.

5. Broadband communication endpoint: Broadband communication is iden-

tified as one of the core building block. There is a requirement where

captured data is transmitted to a remote server for processing by using

the existing broadband communication infrastructure. The GSM (Global

System for Mobile Communications) mobile network and the Internet are

the two types of broadband communications infrastructure that are the

most commonly used. The two endpoints selected for broadband commu-

nication are: (a) GSM modem for sending data via the GSM network, and

(b) Internet Access Point for sending data via the Internet.

6. Location based service: Global positioning system (GPS) receiver is used

to determine current geographical location.

Not all of these core building blocks are to be used concurrently. Each of the

system designed contains some but not all of the building blocks.
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2.3 System Architecture Overview

2.3.1 System Architecture

A conceptual representation of an AH hardware framework for remote mon-

itoring is depicted in Figure 2.1. The figure represents an integrated AH system

that integrates and manages healthcare resources with the help of sensing tech-

nology and established communication networks. The components within the

framework is built from all the core building blocks defined earlier. Wearable

sensors are used to gather physiological and motion data thus enabling patient’s

or senior citizen’s status monitoring. Sensors are deployed according to the

health application of interest. Sensors to monitor vital signs (e.g. heart rate,

respiratory rate, and core body temperature) are deployed, for instance, when

monitoring patients with congestive heart disease or senior citizens with pul-

monary disease that require or undergoing long term treatments. Sportsmen

or military personnel undergoing strenuous physical activities will also benefit

where heart rate, respiratory rate and core body temperature (CBT) can be

simultaneously monitored for early signs of heat exhaustion that warrant imme-

diate medical attentions.

Wireless communication is relied upon to transmit patient’s data to a remote

server via the Internet or GSM communication networks. Emergency request

for assistance can be manually activated by the patient, and alert is sent to

family members or caregivers or emergency service center to provide immediate

assistance to patient. Healthcare professionals can remote monitor patient’s

health status and be notified in case a medical intervention has to be made.

Despite the potential advantages of a remote monitoring system relying on
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wearable sensors like the one described previously, there are significant chal-

lenges ahead before such a system can be deployed on a large scale basis. These

challenges include barriers such as initial investment costs required to set up the

required support infrastructure, technological limitations on power consumption

that lead to short battery usage time, and outdated communication infrastruc-

ture that render electronics communication unreliable.

2.3.2 Hardware Setup

The AH system employs a series of autonomous embedded devices that are

connected together via a secured wireless PAN. Each individual component is a

smart device incorporating its own MCU. The hardware requirements for setting

up an AH system depends on the targeted user and type of monitoring (sensors)

required. This thesis focuses on three type of AH hardware implementations:

(a) VitalMON - wearable device for real-time monitoring of CBT, (b) e-Care -

motion activity monitoring and alert system, and (c) pVoice - portable (wearable)

voice assistive device. Table 2.1 depicts a summary core building blocks used by

each the three developed AH hardware in accordance to the proposed framework.

The hardware setups will be discussed in great detail in Chapter 4, 5 and 6

respectively.

Table 2.1: Summary of core building blocks used by VitalMON, e-Care and
pVoice in accordance to the proposed AH framework.

AH Device MCU PAN BLE Sensors Broadband GPS

PIR TSA ACC CVS GSM Internet

VitalMON ✗ X

e-Care ✗ ✗ ✗ ✗

pVoice ✗ ✗ ✗ ✗
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2.4 Low Power 16/32-Bit Microcontroller Unit

The MCU is the most important computational element within the proposed

framework. A MCU implements custom algorithms for each peripheral devices

found within the framework. Each sensor node has a MCU loaded with custom

firmware that controls the behavior of the node and also handles communication

with others. The chosen MCU must: (a) contains a rich set of internal periph-

erals so as to minimize chip counts and to reduce physical hardware size and

to provide native interface support (e.g., serial, SPI, I2C, etc.) for various sen-

sors, (b) must have performance optimization that allows different voltage and

frequency settings for a wide range of power constraint (power saving) based

performance with low current (µA) sleep or suspend modes, (c) must contains

hardware support for basic digital signal processing functions such as hardware

multiplier and barrel shifter in order efficiently execute basic signal process-

ing algorithms without performance penalty, and (d) sufficient non-volatile and

volatile memories for implementation of firmware and algorithm.

For the proposed framework, Renesas RL78 based [62] 16-bit MCU and Mi-

crochip dsPIC [63] digital signal controller based MCU are used. Renesas MCU

is used extensively in VitalMON and e-Care due to its small footprint and op-

timized for battery powered applications. Microchip based MCU is chosen for

pVoice for its built-in signal processing hardware support. Both MCU contain

rich sets of internal peripherals and require minimal external support IC chips,

thus suitable for wearable devices.
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2.5 Wireless Personal Area Network

Wireless PAN is a form of localized wireless network for use in wireless sen-

sors communication. The most common PAN infrastructure is the ZIGBEE and

is one of the most established in terms of link reliability and cost, and is the

most popular industry wireless mesh networking standard for connecting sen-

sors, instrumentation and control systems. ZIGBEE’s low power consumption,

built-in security method and ratified specifications make it very suitable to be

used with healthcare based sensor devices [64]. ZIGBEE follows IEEE 802.15.4

specification, and is very robust and reliable even in a noisy RF environment

with no data packet lost or dropped [65].

ZIGBEE PANs are implemented in VitalMON, e-Care and pVoice where reli-

able wireless sensors communication are required. Telegesis ZIGBEE ETRX357

[66] based controller is use for the purpose. In VitalMON, ZIGBEE PAN is used

to form a mesh type of inter-connecting wearable sensors topology for sports

and military personnel performing strenuous activities. Each user is a moving

sensor node, and ZIGBEE is used to form and maintain a PAN that changes

dynamically as users join and leave the PAN.

In e-Care and pVoice, the wireless peripherals such as the wireless sensor

modules and wireless emergency switch modules communicate wirelessly to a lo-

cal Base Station in an apartment of an elderly that detects motion inactivity and

manages alert. The peripheral nodes are in fixed location on the apartment’s

walls and each node position may not be ideal as it may be affected by concrete

walls that may attenuate or corrupt RF signals reaching the Base Station. A

reliable form of communication method is required where each node is also a
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message router for relaying messages to the Base Station when direct commu-

nication is not possible. ZIGBEE PAN is used to form a secured mesh type of

inter-connecting peripheral nodes topology where message relaying is possible.

2.6 Wireless Point-to-Point Simple Network

Wireless point-to-point simple network is used to replace the traditional wired

connections of sensors attached to a primary data acquisition device. With the

advancement of low power wireless technologies, increasing types of modern sen-

sors have the options to have wireless connectivity so as to ease wiring burdens.

In VitalMON, the wireless point-to-point simple network using BLE is used

for the purpose of connecting a small wearable device performing core body

temperature measurement (at the user’s ear) to a more powerful data processing

and communication device located at a very short distance away (attached to

a belt on the user’s waist). The adoption of BLE removes the physical wiring

which is an inconvenience to the user. BLE is used by pVoice to securely connect

to an elderly user’s smartphone for the purpose of using the smartphone’s GSM

network for sending SMS alert messages to inform assigned caregivers during an

emergency situation.

2.7 Thermal Infrared and Inertial Sensors

Thermal infrared and inertial sensors are the sensing methodologies that are

also the important elements of the proposed AH framework. Thermal infrared

sensors are used due to its unobtrusive sensing method. Inertial sensor such as

a digital tri-axial accelerometer is commonly associated with accurate motion
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activity detection. Inertial sensor is usually incorporated into a wearable device

for motion and behavioral monitoring.

2.7.1 Infrared Thermopile Sensors Array

Melexis MLX90620 [67] TSA measures target temperature within its field of

view of a target. A 16×4 rectangle array of thermopile sensors [68] measure the

thermal infrared radiation generated at target and convert each of the measured

value to equivalent in temperature, thus resulting in an array of temperature

values that represents a crude and very low resolution thermal image [69–71].

The thermal image of a human subject captured by the TSA does not in any way

resembles the original shape and contour of the subject, and it will not cause

issues pertaining to invasion of privacy.

TSA is used in VitalMON (Chapter 4) as a temperature sensor in a wearable

CBT monitoring device for measuring surface temperature of a human tympanic

membrane. It is positioned at a direct line of sight with the tympanic membrane

and measures the highest temperature spot. TSA in used in e-Care (Chapter 5)

for detecting human body temperature, and human sleep and standing/sitting

postures. In both applications, the TSA must be interfaced to a MCU for proper

operation in control and in thermal image acquisition.

2.7.2 Passive Infrared Motion Sensor

PIR motion sensor is used as the basic sensing element for human motion

activity detection. Objects that give off heat reflect electromagnetic radiation

in the infrared spectrum between 0.7µm and 300µm [72]. The infrared radiation

that is reflected from the human body has a wavelength of about 10µm. The

32



Chapter 2. Common Framework for Assistive Healthcare and Monitoring

infrared filter on the sensor only allows infrared wavelength of 10µm to penetrate

through. This helps to reduce the effect that non-targeted sources of infrared

radiation (other than humans) have on the sensor thereby reducing false motion

activity detection.

Parallax PIR motion sensor (555-28027) [73] is used as an important motion

activity sensing element in the e-Care system (Chapter 5) for motion activ-

ity/inactivity detection of lone senior citizens staying by themselves. Multiple

sensors with its supporting electronics hardware are installed to provide full

sensing coverage in studio apartments of the lone elderly. PIR sensors have been

commonly used for the estimation of amount and type [74] [75] of daily activ-

ity. It is a sensor of choice as it provides continuous and unobtrusive behavioral

monitoring, and is usually installed as part of wireless sensor networks for sup-

porting healthcare for aging in place and promoting independence in assisted

living [76] [77].

2.7.3 Tri-axial Accelerometer based Motion Sensor

Inertial sensor such as the low-cost and low-power Microelectromechanical

systems (MEMS) accelerometer is used to detect motion activity. A tri-axial

accelerometer is effective in detecting human motion activity in 3-axes degree

of freedoms [78]. It is included in a wearable device for the purpose of human

motion activity monitoring and fall detection [78] [79]. Analog Devices ADXL345

[80] digital tri-axial accelerometer is used to detect human motion activity in

VitalMON (Chapter 4) and in pVoice (Chapter 6).
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2.8 Contact Vibration Sensor with Analogue Front-

end

In healthcare, vibration sensing can be used for impact-based fall detec-

tion [81]. This sensing method works on the presumption that the vibration

pattern generated by human fall is different than that produced by other daily

living activities and normal non-human object falling. Other type of application

includes measuring shivering level in a critically ill patient undergoing therapeu-

tic temperature modulation [82].

pVoice uses an external throat microphone (laryngophone) as a contact vi-

bration sensor for detecting the speech-induced weak vibration signals from the

throat surface of a patient or an elderly user with weak vocal cord. An ana-

logue front-end circuit conditions the vibration signal with an appropriate pre-

amplification gain which is adjusted automatically to prevent signal clipping.

The conditioned signal is processed by pVoice signal processing algorithm to

regenerate an improved and audible speech signal.

2.9 Broadband Communication and Location based

Service

Broadband communication is an important feature for all the three devel-

oped AH devices. Broadband communication allows alert messages to reach the

designated caregivers or healthcare providers. In VitalMON and e-Care, broad-

band communications are provided by the built-in GSM mobile communication

hardware. pVoice accesses the broadband communication function by using BLE
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to connect to a user’s smartphone.

Both VitalMON and pVoice use the location based service provides geo-

graphical location information from the built-in GPS hardware. The information

allows caregivers or healthcare providers to know the exact locations of alerts.

2.10 Summary

In this chapter, a common framework for implementing AH devices and sys-

tem is proposed. The important core components that form the common building

blocks have been properly identified and discussed on its intended use in building

practical AH devices. This framework presented here will be used in this thesis

to implement further works and develop solutions toward practical AH devices.
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Chapter 3

Core Body Temperature

Sensing: Re-visiting the

Tympanic Membrane Vicinity

and Temperature Modeling

3.1 Introduction

Core body temperature (CBT) is an important indicator of the human health

and endurance performance. The characteristics of CBT and the ideal measure-

ment site have attracted extensive research in both clinical and the physiolog-

ical domains. CBT is generated from the well-perfused tissues of the vital or-

gans [83] [84] and thus, it remains relatively stable since heat distribution within

these tissues is attained at a fast rate. As a result, the CBT of a healthy human

body rarely differs and it is very close to the temperature of blood flowing in
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the pulmonary artery (PA) [85] [86]. The blood temperature of the PA (Tpa) is

often taken as the gold standard in CBT measurement [52] [85–87]. However,

the measurement of Tpa is an invasive and high risk procedure, requiring the in-

sertion of a PA catheter. Thus, Tpa measurement is mainly restricted to critical

care monitoring within a hospital environment [52], wherein cardiac or critically

ill patients are being monitored round the clock.

Apart from the PA, the esophagus (ES) and rectum (RM) are other sites to

measure CBT [52–55]. The ES site requires rather invasive process to access,

while the RM site is rather inconvenient in term of its accessibility. These sites

are inherently less risky compared to the PA and certain considerations have to be

observed in order to obtain accurate and consistent temperature measurements.

ES temperature (Tes) is accurate when the probe is positioned at the lower

fourth of the ES which is closer to the heart and aorta. If the probe is located

too high up in the ES, the reading will be affected by tracheal air due to the

breathing process [88] [89]. Tes can be a good candidate for the CBT due to

its responsiveness which is on-par with Tpa [90], but due to the sensitivity to

proper probe placement, the distress caused to patient during measurement and

the associated cost and time, the ES is also not a common site for CBT.

RM Temperature (Trm) is considered as an indicator of deep tissue and crit-

ical tissue temperatures [88]. The large tissue mass surrounding the rectum

provides for a stable temperature reading that is shielded from the surrounding

environmental temperature [88] [91]. However, Trm is not suitable as an indica-

tor of CBT when there is a need to pick up rapid changes in the CBT [91] [92].

When the human body is at thermal equilibrium, Trm is a reliable substitute of
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the CBT. But when the CBT is undergoing a transient period, Trm is sluggish

to pick it up as it exhibits slow response to changes in heat input and losses, and

follows rather than leads the body’s thermoregulatory reactions [91] [92]. Hence,

Trm is limited in the ability to respond to thermal transients involving sudden

or abrupt changes to CBT. For a critically ill patient, changes in CBT is crucial

to determine the next treatment protocol [83] [85]. Such limitations have led to

the suitability of Trm to determine CBT being repeatedly questioned, though

till now, the rectum is still a widely used CBT site due to the relatively efficient

and stable measurements.

There is general acceptance in the literature that Trm is a reliable approx-

imation of CBT [88] [93]. Despite its widespread use, the relative invasiveness

and social stigma attached to Trm measurement coupled with necessary dangling

wire connections between the temperature sensor and the measuring device make

Trm monitoring of subjects while exercising in the field problematic. Thus, one

of the most reliable and comfortable solution would be to use an ingestible ther-

mometer pill [94–96]. The pill is ingested and transmits a temperature signal,

relative to the surrounding gastrointestinal temperature, by radio wave to an ex-

ternal wearable receiver for data logging or instant temperature display. The pill

is well-known to detect elevated CBT during sport activities [94–97]. OBrien et

al [98] used the temperature pill to show that it provides valid measurements of

CBT compared to both Trm and Tes during rest and prolonged cycling exercise.

The aforementioned sites are not amenable towards general use or tempera-

ture monitoring in active personnel. Generally, all of them pose a certain amount

of risk and discomfort (as well as embarrassment (e.g., Trm measurement)) from
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the user perspectives and they can incur rather high costs. The ideal CBT site

has, by far, remained elusive to-date. Thus, research continues to be under-

taken to explore alternative temperature measurement sites which are conducive

for general and continuous monitoring purposes, and are reliable sufficiently as

an indicator of the CBT. One such site is the tympanic membrane (TM). TM

temperature (Ttm) measurement via infrared thermometry has been touted as a

potential replacement for the invasive temperature measurement procedures dis-

cussed. The safe, least invasive and arguably most comfortable way of measuring

Ttm, however, is not yet a de-facto standard to-date; not when there are still un-

resolved issues pertaining to its accuracy and stability relative to measurements

from other sites [84] [87] [89] [93].

Benzinger [99–101] first demonstrated the feasibility of Ttm measurement as

an indicator of CBT using a thermocouple temperature probe engaging the sur-

face of a TM with the ear canal sealed off from the environment. The pioneered

method of TM temperature measurement requiring the temperature probe to

engage the TM is depicted in Figure 3.1. Benzinger hypothesized that the TM,

being in close proximity to the hypothalamus and to the internal carotid artery

(and since the internal carotid arterial blood flow perfuses the TM), is most suit-

able for accurate indication of CBT. To support his hypothesis, Benzinger pro-

duced measurements of Ttm obtained from his probe and measurement approach,

showed them to be stable, reproducible and responsive to thermal stresses of

various kinds, and also demonstrated Ttm to be more responsive than Trm in

indicating CBT. The method however carries a risk of TM perforation.

On the other hand, subsequent studies by McCaffrey et al [102] and Nielsen
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Figure 3.1: TM temperature measurement pioneered by Benzinger.

[103] indicated that head cooling, particularly when the cooling is directed at the

facial area, decreases Ttm. McCaffrey et al showed that by heating and cooling

localized regions of the head, Ttm of human subjects were non-proportionally

affected by changes in the skin temperature of the head. These results meant

Ttm, by itself, is not a good indication of CBT since it is affected by other

variables.

However, Brinnel and Cabanac [104], and Sato et al [105] furnished data to

show that Ttm is still reliable for this purpose if the measurement spot on the

TM is chosen with care and an adequately directed probe is used to acquire the

measurements. Brinnel and Cabanac suggested that the lower anterior quar-

ter of the TM (Figure 3.2) has a higher temperature on the surface of the TM

and a temperature measurement from a point in this region is least sensitive

to head cooling. Sato et al performed similar experiments as Brinnel and Ca-

banac, and they determined the highest measured temperature spot on the TM

with a trial and error approach of probe positioning until the hotspot is found.

They produced results, with the probe engaging this spot on the TM, showing
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the measurements obtained were least sensitive to the effects of head cooling.

However, they did not define the point of measurement.

Figure 3.2: TM of the right ear showing a temperature measurement spot at the
lower anterior quarter (pointed by the arrow).

These works were done with the probe engaging the surface of the TM which

is neither practical nor safe from perforation of the TM when taking measure-

ments from awake patients, especially when measurements are required contin-

ually. However, the need to engage the TM can be understood since the surface

of the TM is not flat but conically shaped and a physical contact is essential to

ensure that the measurements from all sites on the surface can be compared in

a fair manner. The ideal spot which can be easily located for measurement has

also not been clearly specified and substantiated by previous studies.

This chapter is motivated by the above-mentioned issues and gaps in allow-

ing Ttm to be used as an inference to CBT. In addition, this chapter sought to

explore, to the best of knowledge for the first time, an alternate CBT measure-

ment site in the middle ear (ME) cavity. Being located at the inner side of the

TM, this chapter aimed to shed light on the existing gaps in the use of the ear

as a CBT site. The ME cavity resembles a rectangular chamber with four walls,
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a ceiling and a floor. The lateral wall being the TM, the ceiling (or superior

wall) is a thin plate of bony structure that separates the chamber from the cra-

nial cavity and the brain, and the floor (or inferior wall) is another thin bony

plate that separates the chamber from the jugular vein and the carotid artery.

The posterior wall partly separates the chamber from the mastoid antrum. The

anterior wall is the opening of the eustachian tube, which connects the chamber

with the nasopharynx. The medial wall separates the chamber from the inner

ear [106]. This site selection is appropriate since the ME cavity is very near to

the brain (ceiling), jugular vein and carotid artery (floor), and it is surrounded

by highly perfused tissues. The temperature at this cavity (Tme) can potentially

reflects a stable temperature to infer CBT. The reason for the lack of effort in

the exploration of this site may be attributed to the difficulty in the access to

the ME. However, in recent years, advances in medical surgery have led to the

simplification of the procedure to carry out a ventilation tube insertion on the

TM to an office-based procedure [107] [108] without any need for general anes-

thesia (GA). A channel can thus be readily created to access the ME via the

tube for temperature measurements. An alternate access path is also possible

through the Eustachian tube [109].

This chapter aims to:

1. Examine the surface temperature distribution at a small but within con-

stant proximity from the TM, and the identification of a clear landmark

for the measurement of Ttm. The results can be potentially useful in the

design of TM thermometers to infer close readings to CBT in the face of

environmental cooling.
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2. Benchmark the ME temperature against current CBT sites (including the

TM), with a side objective to observe if Tme shows characteristics which

can be observed from Ttm. The results can potentially be useful towards

further exploration of the ME as a CBT site. The cooling effects on the

measurements of Ttm, the relative responsiveness and repeatability of mea-

surements in Tes and Trm, and the correlation among temperatures from

the various sites fully verified.

3. Derive dynamic heat balance models describing heat flows in the ME cavity

vicinity and other CBT sites.

3.2 Exploration Focal Points

It should be acknowledged at the outset that the study of CBT is an extensive

and challenging one. It is not realistic to expect an exhaustive and comprehensive

set of results from any single and specific work due to the complexity and the

nature of the human body and the constituent organs, as well as the dynamic

interactions with endogenous and exogenous influence. This section seeks to

focus on two specific issues (1. Temperature Uniformity in the TM Vicinity, and

2. ME Cavity as CBT Site) to revisit the TM vicinity as a potential CBT site.

These two issues will be clearly formulated with respect to the background work

and gaps, and the exploration approaches projected to align with the experiments

and results which will be presented in the ensuing subsections.

Necessary approval from the SingHealth Institutional Animal Care and Use

Committee (IACUC) has been sought prior to the commencement of the exper-

iments involving a live animal subject. The IACUC reviewed the experiments
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procedures and concluded that the experiments were proper, ethical and humane,

hence approval was given to proceed with the experiments as planned.

3.2.1 Ethical Issue in Animal Testing

A live adult primate was engaged for two rounds of experiments involving:

(a) elevation of primate body temperature up to 42 ◦C, (b) measurement of

temperatures from the rectum and esophagus, (c) measurement of temperature

from the surface of the TM, and (d) measurement of temperature from ME cav-

ity. Prior to the experiments, approval from the Institutional Animal Care and

Use Committee (IACUC) has been sought and approved. The experiments were

designed and carried out at SingHealth Experimental Medicine Center that con-

formed to the National Advisory Committee for Laboratory Animal Research

(NACLAR) guidelines. Throughout the entire experiment runtime, the primate

was sedated with general anaesthesia (GA) and its vital signs were closely mon-

itored by a veterinarian. Appropriate medical treatments and sufficiently long

rest duration was enforced on the primate in-order to allow it to fully recover

before being subjected to another round of experiment of the same nature.

The primate was euthanized after two rounds of experiments.

3.2.2 Temperature Uniformity in the TM Vicinity and Measure-

ment Point Selection

While the outer ear is an excellent site for temperature measurements, it

is well-known that the readings from commercial ear thermometers are lacking

in repeatability and accuracy [84] [87] [89] [93]. One main reason for this phe-

nomenon is the different ear anatomy from one person to the next, and thus the
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difficulty in the design of a general-purpose probe which can be inserted into the

outer ear with good sealing from the environment and with the probe distal end

well directed at a desirable measurement point. This issue warrants an initial

investigation on the ideal measurement point or region within the ear. The find-

ing indicates the importance to orientate the probe to a specific ear anatomy.

Previous studies [102] [103] have shown that arbitrary measurement points on

the TM can lead to measurements that are very sensitive to external effects such

as face cooling.

Brinnel and Cabanac [104], and Sato et al [105] proposed probes engaging

the TM surface at restricted points on the TM, but the exact location of these

points were not clear nor in concurrence. Brinnel and Cabanac suggested a

measurement spot at the lower anterior quarter of the TM would have the highest

temperature and is least sensitive to head or face cooling. Sato et al also sought

to find the hottest spot on the TM with trial and error by positioning the probe

until the hotspot was found. The probe was engaged to the TM at all the

measurement points so that the results can be interpreted on a level field with

respect to the convective heat losses which will be minimized with contact. This

common requirement to physically engage the TM is reasonable and sound since

the TM is not flat but conically shaped. Engaging the TM is a way to ensure

all temperatures are taken at the same proximity to the TM in order to fairly

select the hottest spot. However, in practice, it is unrealistic and unsafe to

take Ttm measurement this way, with the probe engaging the TM in a conscious

individual.

The selection of the hottest spot is a common recommendation from the above
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mentioned studies [104] [105], though Sato et al did not put a boundary to the

spot while Brinnel and Cabanac suggested the lower anterior quarter shown in

Figure 3.2. Choosing the spot with the highest temperature is reasonable too

since this is likely to be the point where it is most stable against environmental

influence. However, it is noteworthy that these experiments were conducted in

settings wherein the environment temperature was lower than the CBT. Should

the opposite happen, heat flow would change direction and the coolest point

could be sought instead when the body seeks to thermoregulate and maintain

CBT against external heat stress.

Preliminary tests and simulation were done to explore the uniformity of tem-

perature distribution on the TM. A non-contact thermopile sensors array (TSA)

was used to measure the surface temperature of the TM of a healthy volunteer.

A clinical speculum of an appropriate size was first inserted into the ear canal to

straighten it. The TSA was positioned within the speculum to measure the tem-

perature of the exposed TM. The Melexis MLX90620 TSA [67] was used which

contains 64 infrared pixels arranged in a 16×4 rectangle area with an optical field

of view of 60◦ to detect infrared induced thermal radiation. It can measure tem-

peratures without making direct contact with the TM. Each pixel has a 16-bit

temperature measurement resolution, and all pixels have been factory calibrated

with an accuracy of ±1.5 ◦C for temperature measurements within the range of

0 to 50 ◦C. Figure 3.3 depicts the measurement results showing the flattened

temperature uniformity map of the ear canal space wherein the dotted line rect-

angle contains the temperature measurements of the TM. Here, the interest is

to show up the temperature deviation across the TM and the canal area. Thus,
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different shades of color were used represent the relative temperatures. Shades of

blue represents the lowest temperature, followed by green, yellow and red (high-

est temperature). In this measurement, due to the anatomical constraint, only

half of the TM was exposed to the direct line of sight of the TSA. The measured

temperatures are non-uniform across the view window including the TM. The

measurement results in Figure 3.4 show the effects of face cooling. In general,

with the cooling, it can be observed that the TM temperatures as well as those

at the surrounding ear canal walls lowered in response to the cooling, though not

at the same proportion. The region with the highest temperature is observed

(and marked as ”TMA”) within the demarcated TM area. The ”TMA” area in

Figure 3.4 is observed to be less sensitive to the effects of face cooling.

Figure 3.3: Temperature uniformity map of the left ear.

Figure 3.4: Temperature uniformity map of the left ear under face cooling.
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Finite Element Analysis (FEA) simulation was performed on a model of a

human ear canal (EC) and ME compartment (Figure 3.5). The tissues and bones

parameters were selected to closely match those of reported human tissues and

bones at these two sites. The purpose of the FEA is to verify the temperature

non-uniformity on the TM surface and at 1mm above the surface. The TM was

modeled as a circular disc of 9mm in diameter and 0.1mm thick with malleus,

incus and stapes bones attached from behind, and the front attached to the

EC. The EC was modeled as an air filled hollow cylinder of 9mm in diameter

and 25mm in length. The ME was modeled as a rectangular compartment with

six walls, and the TM was attached to the lateral wall. It is assumed that the

superior wall is near to the brain, the inferior wall near to the carotid artery

supplies the main heat source to the ME compartment and the perfused tissues

surrounding the ME and the EC serve as heat sources. In the FEA simulation,

the initial steady state temperatures of the malleus, incus and stapes bones

location within the enclosed ME were correlated to the heat emitted from the

brain, the carotid artery and the perfused tissues.

The TM temperature uniformity map of the TM surface is shown in Fig-

ure 3.6(a). From this simulation, the area near to the malleus bone is observed

to register the highest temperature. This may indicate that the point of max-

imum temperature may not necessarily always be sited in the lower anterior

quadrant [104] and depending on individual ear anatomy may lie elsewhere. The

temperature uniformity map at 1mm above the TM surface is depicted in Figure

3.6(b). Here, while the temperatures may be lower generally due to convective

losses, the uniformity has remained rather consistent with the that at the TM
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Figure 3.5: Human Ear Model used in Finite Element Analysis.

surface (Figure 3.6(a)). It may not be necessary to physically engage the TM

for the purpose of locating the highest temperature point.

(a) On the TM (b) At 1mm above the TM

Figure 3.6: FEA showing temperature uniformity

With these observations, the next aim is to experimentally obtain tempera-

tures at accessible and potential points on the TM without a physical engagement

of the TM, but maintaining the same small but uniform proximity from probe

to TM, using a modified probe capable of proximity sensing. Temperature uni-

formity of these points on the TM would be recorded and verified, and from the
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results, select the most appropriate point for measurement. As potential candi-

dates, the selected points are: (a) a point in front of the malleus bone (Point

A1), (b) a point in the lower anterior quarter (Point B1), and (c) a point at the

distal end of the ear canal nearest to the TM (Point C1) (Figure 3.7). Point

A1 was chosen because the tissue near to the malleus is thicker and accordingly

a likelihood of a higher concentration of blood vessels [110]. Our conjecture,

following the FEA analysis, is that this point has a larger thermal mass than

those further away from the malleus bone. Point B1 is at the lower anterior

quarter of the TM. It was selected as suggested by Brinnel and Cabanac [104].

Point C1 lies on the canal just adjoining to the TM. It was selected to serve as

a comparison to A and B measurements, and it would represent the point at

which temperature is typically taken with a wrongly directed ear thermometer.

Figure 3.7: TM of the right ear with temperature measuring points labeled as
A1, B1 and C1.

Experiment 1 was conducted to enable this investigation. In Experiment 2 on

a sedated primate, the effects of facial cooling on Ttm were verified by measuring

Ttm in both ears but fanning only one side of the face. The effects on other CBT
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sites, including the ES and RM, would also be studied.

The outcomes from this investigation will be beneficial in the design of ear

thermometers to infer a temperature that is most representative of CBT.

3.2.3 ME Cavity as CBT Site

As explained in Section 3.1, the ME cavity is closest to the brain than the

other CBT sites. It holds unexplored potential to be an usable CBT measure-

ment site. Till recently, accessing the ME space is challenging and it is not a

natural approach for the purpose of taking a temperature reading. However, with

the advent in technology, it is now a simple office-based procedure [107] [108] to

incise a small opening in the TM and to maintain a small opening with a ven-

tilation tube. An alternate access to the ME space is via the Eustachian tube

which can be facilitated too in an office setting.

An experiment (Experiment 3) on a sedated primate was completed to log

temperatures from the middle ear and other CBT sites (ES, RM) under passive

hyperthermia. A Cynomolgus monkey age 6 years old weighting 5 Kg was used

for the experiment. In addition, it is known that the administration of GA will

lower CBT [83] [55]. An interesting time window, when the GA is removed

during the experiment, is available for scrutiny into the relative responsiveness

of the CBT candidates following a change in CBT due to the influence of GA.

From the results of these tests in Experiment 3, the temperature measured at

two different points on the TM are compared against the temperature measured

from the ME (presumed as the CBT benchmark) to show the sensitivity of the

Ttm measurements with respect to locations.
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3.3 Re-visiting the TM Vicinity: Design of Experi-

ments and Equipments

The setup of the experiments and the procedures prescribed are highlighted

to provide the background in the interpretation of the experiments and results

subsequently. The key equipment used in these experiments include the temper-

ature probes and the custom heating chamber. The details of these equipment

are given in the ensuing subsections.

3.3.1 Temperature Probes

Clinical temperature probes supplied by Exacon Scientific A/S were used in

the experiments (Figure 3.8). The thermistor-based probes for measuring Ttm,

Tme, Tes and Trm have a consistent measurement accuracy of ±0.1 ◦C for a

temperature range between 25 and 50 ◦C. The National Instruments Data Ac-

quisition (NI-DAQ) system was used with a custom-built temperature recording

software for automated temperature data acquisition from the attached temper-

ature probes. The sampling interval was set to 0.1 second. The probes were first

calibrated by immersing them in a glass container with 500ml of distill water

at an initial temperature of 30 ◦C. The glass container was placed in a heating

chamber with the interior air temperature set to 65 ◦C. The water was slowly

heated within the chamber until it reached the target temperature of 50 ◦C.

The variations in temperature were logged for each of the probes. Using the

temperature profile of the Trm probe as a reference, the calibration curves were

derived for each of the temperature probes to ensure they were equalized to give

homogeneous response in the experiments.
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Figure 3.8: Clinical Temperature Probes supplied by Exacon Scientific A/S for
use in Experiments 1 - 3.

In Experiment 1, it was a deliberate intent that, unlike previous work, the

probe would not physically engage the TM at these points, but at a very small

but consistent proximity to them to observe the temperature difference between

them in a way more typical of how a TM temperature is taken. Modification

to the Ttm probe was done to achieve this. It was retrofitted with a Keyence

Reflective Fibre Unit (Model: FU-46 attached to a matching Fibre Amplifier

Model: FS-N11N) at 1mm behind the sensing tip (Figure 3.9). This allowed the

handler of the probe to be prompted when the probe was brought to a distance

of <1mm from the defined measurement point for temperature measurement.

3.3.2 Heat Chamber and Probes Setup

A custom-built heat chamber similar to a small size incubator was designed

and fabricated for the purpose of elevating the primate’s body temperature (full

body passive hyperthermia) under controlled environment (Figure 3.10) in Ex-

periments 2 and 3. The primate was sedated with GA in the chamber with
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Figure 3.9: Clinical TM Probe supplied by Exacon Scientific A/S retrofitted
with a Keyence Reflective Fibre Unit for use in Experiment 1.

Figure 3.10: Custom heating chamber constructed for use in Experiments 2 - 3.

the body from the neck downwards fully enclosed within the chamber. Only

the head was exposed to external ambient temperature of the clinic (Tam). The

trapped air in the interior of the chamber was heated with a 300W electric fila-

ment heater to reach a chamber temperature (Tch = 65 ◦C). Fans, controlled by

an electronic thermostat, were used to circulate the heated air in-order to ensure

temperature was distributed evenly Tch ± 2 ◦C within the chamber. Tch was
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maintained until the primate’s esophageal temperature reached 42 ◦C (the limit

approved by IACUC), after which the heater was turned off before the chamber

was opened to begin the cool-down process. Temperature probes were inserted

into the primate’s body at defined measurement locations to measure the tem-

peratures at these sites. Additional probes were used to measure Tch and Tam.

Measurements were sampled every 0.1 second interval at each of the temperature

probes. The raw temperature data sampled from the temperature probes were

processed to remove noises and calibrated to ensure uniform responses. The pro-

cedures behind the three controlled experiments are elaborated in the ensuing

subsections.

3.3.3 Scientific Validity of the Primate Experiments

Several independent studies have examined the thermoregulatory responses

of primates to heat exposures. Resting and exercise studies have primarily con-

centrated on mechanisms of thermal balance [111–114], metabolic rate [113],

and manipulation of central mechanisms responsible for thermoregulation activ-

ities [115–117]. Gisolfi et al [111] and Johnson et al [112] independently demon-

strated in experiments that the active eccrine sweat glands in the hairy skin of

a primate is similar to those of a human, and the physiological control of evap-

orative heat loss due to eccrine sweating in the primate is also very similar to

that found on human. The findings suggested that the primate can serve as an

excellent thermoregulatory model to study physiology of sweating.

Johnson et al [113] performed a thermal balance study on four male unanes-

thetized, non heat-acclimated primates and observed that the physiological con-

trol of eccrine sweating and metabolic heat production, and the physiological
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control of evaporative heat loss due to eccrine sweating in the primates are sim-

ilar to that found in human. Oddershede et al [114] performed an experiment

that observed the primate’s body fluid and hematologic adjustments during heat

acclimation. The experiment has provided a complete body fluid compartment

analysis during heat acclimation in the primate, and suggested that the primate

may serve as a primate model for further studies of body fluid shifts during long-

term resting controlled heat acclimation that cannot be safely performed on a

human.

Barney et al [115], Gisolfi et al [116] and Myers et al [117] manipulated the

primate’s central mechanisms responsible for thermoregulation activities with

physiologically active lipid compounds [118] and Calcium compounds in exper-

iments that cannot be safely and ethically performed on a human. The experi-

ments documented the primate’s body thermoregulatory responses to the various

chemical compounds used that may be useful in studies related to hyperthermia

and temperature acclimation.

Heaps et al [119] demonstrated that primate can be used as a research model

for the associated fatigue factors during exercise and heat stress by integrat-

ing the exercise into a multidimensional primate model originally proposed by

Constable et al [120]. The study was designed to establish baseline data on the

physiological and metabolic responses of the primate to exercise at three environ-

mental temperatures (15, 25 and 35 ◦C). These measures allow some comparison

of the responses of the primate to that of humans to determine the potential va-

lidity of the use of the primate as a model for metabolic and environmental

stress research. The study characterized the metabolic and thermoregulatory
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responses of primates base on two common occupational stress mechanisms: (a)

work, and (b) varied environmental heat load, and compared the responses of

the primates to that of humans.

Overall, the studies have consistently demonstrated many similarities be-

tween the thermoregulatory systems of primates and human subjects, demon-

strated that the primate exhibits a physiological response to exercise stress sim-

ilar to that seen on human, and validated the use of primate as a model for

metabolic and environment stress research. Thus, a primate is considered as

an appropriate model for conducting selected thermoregulatory experiments due

to the reason that research in the area of physiological stress cannot always be

performed with human subjects for various safety and ethical reasons.

3.3.4 Experiment 1

In Experiment 1, temperature measurements using the probe (retrofitted

with proximity sensing) were taken at the defined points (A1, B1 and C1) on

the TM surface of a healthy human adult volunteer.

The ear canal has a diameter of about 5-8mm in adults. Even though the

modified probe has an outer diameter of 2.3mm, there is limited manoeuvring

space to accurately access more points and not cause distress to the volunteer.

The three points (A1, B1 and C1) defined earlier in Section 3.2.2 were located

for measurements; Point A1 in the vicinity of the malleus bone, Point B1 in the

lower anterior quarter, and Point C1 at the distal end of the ear canal closest to

the TM as shown in Figure 3.7.

Under the view of a surgical microscope in a clinical setting with an ambient

temperature of 22.5 ◦C, an otolaryngologist guided the modified probe to the
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three points. The proximity sensor provided an alert when the probe reached

a preset value of 1mm from the TM. The same proximity was observed for

measurements at all the three points. Steady state temperatures were logged

after the measurements have stabilized.

3.3.5 Experiment 2

Experiment 2 was conducted to observe the effects of facial cooling on Ttm,

Tes and Trm measurements. Probes were inserted by a veterinarian into a sedated

primate to acquire real-time temperatures at these sites when it is placed within

the heat chamber set to a temperature of Tch = 65 ◦C. At the mid-point during

the passive hyperthermia process, convection skin cooling was initiated at the

head area near to the left ear (left face fanning) by blowing cold air at Tam = 20

◦C with a small electric fan. The head area near to the right ear was shielded

from the cooling process. Four temperature probes were used throughout the

experiment: (a) Left TM probe touching the left TM’s surface for measuring

Ttm,L, (b) Right TM probe touching the right TM’s surface for measuring Ttm,R,

(c) RM probe was inserted via the anal sphincter for measuring Trm, and (d)

Esophageal probe was inserted into the esophagus for measuring Tes.

3.3.6 Experiment 3

In Experiment 3, the temperature of ME cavity was measured, for the first

time, on its suitability as an inference to CBT. There were two parts to this

experiment: Experiment 3A and Experiment 3B. In Experiment 3A, Tme was

benchmarked against Ttm and Trm with the sedated primate undergoing full body

hyperthermia within the chamber set to Tch = 65 ◦C. Note that Experiment
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2 and Experiment 3 were carried out on the same primate but the trials were

separated by two months. Three temperature probes were used: (a) A needle

probe to perforate the left TM to reach the ME ear cavity just in front of the

malleus bone for measuring Tme, (b) TM probe engaging the right TM’s surface

to measure Ttm, and (c) RM probe inserted via the anal sphincter to measure

Trm.

Experiment 3B presented an ideal opportunity in the experiment setting to

trigger a change in the CBT and to observe the relative measurements at various

sites including the ME. The CBT trigger (approved by IACUC) was achieved by

halting the administration of GA for 15 minutes, 2 hours and 51 minutes into

the experiment. An additional probe was inserted into the primate’s esophagus

to measure Tes. Thus, a total of four temperature probes were used to each

measure Tme, Ttm, Tes and Trm throughout this experiment.

Two different spots were selected on the TM for the measurements of Ttm

in Experiments 3A and 3B. By comparing with Tme, the sensitivity of the

measurement points on Ttm could also be observed.

3.4 Re-visiting the TM Vicinity: Results and Discus-

sions

The results from the experiments are interpreted and analyzed according to

the two focal points of the paper.
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Figure 3.11: ES, RM and TM (left and right) temperature plots for primate body
temperature measurement. Experiment results are split into two test scenarios
for Experiment 2: (1) X2 - Full Body Hyperthermia, and (2) Y 2 - Full Body
Hyperthermia with Left Face Fanning.

3.4.1 Temperature Uniformity in the TM Vicinity and Measure-

ment Point Selection

The ambient temperature Tam, Ttm,A at point A1 and Ttm,B at point B1 of

the TM, as well as the ear canal temperature Tcn at Point C1 were measured as

22.5, 37.0, 36.4 and 36.1 ◦C respectively at steady state. As suggested by Sato

et al [105], the spot with the higher temperature is the preferred spot since this

point is likely to be the least sensitive to ambient disturbances. An interesting

observation from the results is that Point B1 registered a lower temperature

than Point A1, and Point B1 is within the lower anterior quadrant of the TM

suggested by Brinnel and Cabanac [104] to capture a temperature measurement.

These results show that arbitrary point selected in this region may not necessarily

return a highest temperature compared to other points on the TM surface. If

such a point does exist in this quadrant, it may require a search over the zone to

pick up the highest temperature point. On the other hand, Point A1 which is at
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the malleus bone can be more easily located to focus the probe at. This is also

intuitive since Point A1 is at the part of the TM which is thicker compared to the

lower anterior quadrant and that may translate into a higher thermal resistance

against ambient disturbances, as the FEA also showed.

The stability of Ttm,A was additionally studied for resilience against temper-

ature rise at the skin from peripheral vasodilation. The subject did a very short

exercise of push-ups and sit-ups lasting at a leisurely pace over not more than 5

minutes, to induce metabolism to increase at the legs, hands and stomach mus-

cles. Over this short duration, the body’s thermoregulatory system is expected

to seek a balance between the maintenance of the body’s core temperature and

the release of perspiration to cool the body. Thus, vasodilation will occur to

cause an increase in blood flow to transport excess heat generated from affected

muscle tissues to the skin. Measurement taken at the canal (Point C1) registered

a rise to 36.7 ◦C while Ttm,A remained resilient at the same 37.0 ◦C.

The sensitivity and effects of facial cooling on the temperatures from the

various measurement sites can be observed from the results of Experiment 2.

The initial temperature readouts from the temperature probes attached to the

primate’s body were: (1) Rectum, Trm = 37.2 ◦C, (2) Esophagus, Tes = 36.8 ◦C,

(3) Left-TM surface, Ttm,L = 36.2 ◦C, and (4) Right-TM surface Ttm,R = 36.1

◦C. 45 minutes into the experiment, convection skin cooling was introduced

at the head area near to the left ear (left face fanning). Figure 3.11 shows the

collected temperature readings at the four measurements points on the primate’s

body. For clarity of view and interpretation, the plot is split into the two different

test scenarios: (1) X2 - Full Body Passive Hyperthermia only, and (2) Y 2 - Full
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Body Passive Hyperthermia with Left Face Fanning. Tes served as the reference

temperature to compare against the Ttm,L and Ttm,R.

Figures 3.12(A) and 3.13(A) respectively show the relationships, between

Ttm,L and Tes, and between Ttm,R and Tes over the full time period of Exper-

iment 2 (X2 + Y 2 test scenario). The corresponding Bland-Altman plots are

shown in Figures 3.12(B) and 3.13(B). Correlation analyses show strong corre-

lations between Tes and both Ttm,L (Pearson correlation coefficient (r) = 0.982,

Sum of Squared Error (SSE) = 0.25, Probability in support of a null hypothesis

(p)<0.001) and Ttm,R (r = 0.996, SSE = 0.15, p<0.001). r indicates that the

closer the coefficients are to +1.0 or −1.0, the greater the strength of the linear

relationship. p indicates the likelihood the observed results are due to chance.

Bland-Altman analyses show the mean differences (MD) between these tempera-

tures (Ttm,L, Tes) and (Ttm,R, Tes) are −1.408 ◦C and −0.963 ◦C, and the 1.96SD

are −0.768 ◦C and −0.606 ◦C, respectively. No proportional errors are observed

since there is no correlation between the x and y variables in the Bland-Altman

plots. The dynamic response of Tes, Ttm,L and Ttm,R are stable and steadily

increasing with chamber heating. Both Ttm,L and Ttm,R indicate very strong

correlations with Tes with r → 1 even with left face fanning throughout the

experiment (X2+Y 2 test scenario) though the correlation is higher on the right

side. However, the respective SSE and |MD| vary clearly with SSE = 0.25 and

|MD| = 1.408◦C for Ttm,L, and SSE = 0.15 and |MD| = 0.963◦C for Ttm,R.

Notably, there is a 40% in reduction of SSE, and 31.6% in reduction of |MD|

for Ttm,R, compared to Ttm,L. Thus, the effects of face fanning on Ttm can be

observed from this analysis.
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Figure 3.12: Analytical results for Experiment 2 that illustrate the effects of full
body hyperthermia + full body hyperthermia with left face fanning (X2 + Y 2
test scenarios) on the left TM temperature. (A) Relationship between left TM
temperature (Ttm,L) and ES temperature (Tes), and (B) the respective Bland-
Altman plot.
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Figure 3.13: Analytical results for Experiment 2 that illustrate the effects of full
body hyperthermia + full body hyperthermia with left face fanning (X2 + Y 2
test scenarios) on the right TM temperature. (A) Relationship between right TM
temperature (Ttm,R) and ES temperature (Tes), and (B) the respective Bland-
Altman plot.

The earlier analysis was done to compare Ttm in both ears with one side

of the face undergoing fanning. It will be interesting too to examine the cor-

relation on the side with fanning, before and after the onset of fanning. This

analysis will show too if it is feasible to adopt a single CBT inference model
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for Ttm in the presence of such ambient interactions. To this end, the ex-

perimental data in Figure 3.11 is partitioned into two sets corresponding to

the X2 and Y 2 tests scenarios (i.e., at t = 45 minutes) and performed simi-

lar analyses as in Figure 3.12. Figure 3.14 and 3.15 show the correlation and

Bland-Altman plots for the X2 test scenario for both ears, and Figure 3.16

and 3.17 show the same for the Y 2 test scenario. Correlation analyses demon-

strate strong correlation between the Tes and both Ttm,L (r = 0.994, SSE =

0.033, p<0.001) and Ttm,R (r = 0.995, SSE = 0.036, p<0.001) for X2, and Ttm,L

(r = 0.98, SSE = 0.21, p<0.001) and Ttm,R (r = 0.998, SSE = 0.078, p<0.001)

for Y 2. Bland-Altman analyses indicate values of MD and 1.96SD between

the Tes and both Ttm,L (MD = −0.978◦C, 1.96SD = −0.647◦C), and Ttm,R

(MD = −0.999◦C, 1.96SD = −0.763◦C) for X2, and Ttm,L (MD = −1.56◦C,

1.96SD = −1.141◦C), and Ttm,R (MD = −0.95◦C, 1.96SD = −0.562◦C) for

Y 2. The values of SSE and |MD| prior to the introduction of left face fanning

(X2 test scenario) are relatively small at 0.033 and 0.978◦C respectively for left

ear, and at 0.036 and 0.999◦C respectively for right ear, and both left and right

ear have very similar values. With the introduction of fanning (Y 2 test scenario),

SSE and |MD| are 0.21 and 1.56◦C respectively for left ear, and at 0.078 and

0.95◦C respectively for right ear. Data for both ears are being compared during

fanning and observe that SSE and |MD| are relative higher for the left ear than

the right ear. This issue highlights the difficulty of using a soft approach to infer

the CBT solely from Ttm when it is affected by other factors such as environmen-

tal disturbances in this case. Measurements of these disturbances are necessary

to serve as additional inputs to the model. To minimize these effects, a spot on
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the TM which is resilient to these effects would be necessary.
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Figure 3.14: Analytical results for Experiment 2 that illustrate the effects of
full body hyperthermia (X2 test scenario) on the left TM temperature. (A)
Relationship between left TM temperature (Ttm,L) and ES temperature (Tes),
and (B) the respective Bland-Altman plot.
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Figure 3.15: Analytical results for Experiment 2 that illustrate the effects of
full body hyperthermia (X2 test scenario) on the right TM temperature. (A)
Relationship between right TM temperature (Ttm,R) and ES temperature (Tes),
and (B) the respective Bland-Altman plot.

Figure 3.18(A) depicts the relationships, between Trm and Tes measured dur-

ing the experiment for the full time period of Experiment 2 (X2 + Y 2 test

scenario). The corresponding Bland-Altman plot is shown in Figures 3.18(B).

Correlation analysis indicate close to perfect correlation (r → 1) between the
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Figure 3.16: Analytical results for Experiment 2 that illustrate the effects of
full body hyperthermia with left face fanning (Y 2 test scenario) on the left TM
temperature. (A) Relationship between left TM temperature (Ttm,L) and ES
temperature (Tes), and (B) the respective Bland-Altman plot.
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Figure 3.17: Analytical results for Experiment 2 that illustrate the effects of full
body hyperthermia with left face fanning (Y 2 test scenario) on the right TM
temperature. (A) Relationship between right TM temperature (Ttm,R) and ES
temperature (Tes), and (B) the respective Bland-Altman plot.

Tes and Trm (r = 0.9998, SSE = 0.029, p<0.001). Bland-Altman analysis shows

the mean difference between temperatures Trm and Tes is +0.428 ◦C, and the

1.96SD is +0.561 ◦C. The data analyses clearly indicate that Trm is not affected

by left face fanning, hence incurring a comparatively small SSE and MD.
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Figure 3.18: Analytical results for Experiment 2 that illustrate the effects of full
body hyperthermia + full body hyperthermia with left face fanning (X2 + Y 2
test scenarios) on RM and ES temperatures. (A) Relationship between RM
temperature (Trm) and ES temperature (Tes), and (B) the respective Bland-
Altman plot.

3.4.2 ME Cavity as CBT Site

Figure 3.19 reflects temperature measurements from Experiment 3A at the

various sites: (1) Rectum, measuring Trm (reference point), (2) Left middle ear

cavity, measuring Tme, and (3) Right TM, measuring Ttm,R.
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Figure 3.19: Trm, Tme and Ttm,R vs. Time plots that depict behavior of each
measurement site in Experiment 3A (No GA Disruption).

Figures 3.20(A) and 3.21(A) show the relationships, respectively between
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Ttm,R and Trm, and between Tme and Trm over the full time period of Experi-

ment 3A. The corresponding Bland-Altman plots are shown in Figures 3.20(B)

and 3.21(B). Correlation analyzes demonstrate very strong correlations (r → 1)

between the Trm and both the Ttm,R (r = 0.9997, SSE = 0.03, p<0.001) and the

Tme (r = 0.9997, SSE = 0.029, p<0.001). Bland-Altman analyses show the MD

between these temperatures (Ttm,R − Trm and Tme − Trm) are −0.968 ◦C and

−0.931 ◦C, and the 1.96SD are −0.855 ◦C and −0.835 ◦C, respectively, and no

proportional errors are observed. The dynamic response of Trm, Tme and Ttm,R

are stable and steadily increasing with the chamber heating. From the data anal-

ysis, all the temperature pairs are observed, their correlation coefficient r → 1,

which suggest strong correlation for each temperature pair, indicating Tme and

Ttm,R correlate very well with Trm.

33 34 35 36 37 38 39 4033

34

35

36

37

38

39

40
y=0.963x+0.372
r=0.9997
n=164
SSE=0.03
p<0.001

Trm (°C)

T tm
,R

 (°
C

)

33 34 35 36 37 38 39 40

-1.1

-1.05

-1

-0.95

-0.9

-0.85

-0.8

-0.75

Mean: (Trm + Ttm,R)/2 (°C)

D
iff

er
en

ce
: T

tm
,R

 - 
T

rm
 (°

C
) -0.8554 (+1.96SD)

-0.9677 [p=2.3e-202]

-1.08 (-1.96SD)

(A) (B)

Figure 3.20: Analytical results for Experiment 3A that illustrate the effects of
full body hyperthermia on the right TM temperature. (A) Relationship be-
tween right TM temperature (Ttm,R) and RM temperature (Trm), and (B) the
respective Bland-Altman plot.

In Experiment 3B, the effects of a GA disruption and the corresponding

change in CBT were observed from temperature measurements at various sites.

The procedures of Experiment 3A were again carried out and in addition, a probe
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Figure 3.21: Analytical results for Experiment 3A that illustrate the effects of full
body hyperthermia on the left middle ear cavity temperature. (A) Relationship
between left middle ear cavity temperature (Tme) and RM temperature (Trm),
and (B) the respective Bland-Altman plot.

was inserted into the esophagus to measure Tes. At 2 hours and 51 minutes into

the experiment, the administration of GA was stopped for 15 minutes. Figure

3.22 shows the measurements at all the selected sites during the time window

when GA was disrupted.

It is well-known that the administration of GA will lower CBT [83] [55]. This

was observed at the start of all experiments when GA was administered. Tem-

perature measurements at all sites in steady state were well below the healthy

temperature range. After GA was halted in Experiment 3B, Based on observa-

tion of Figure 3.22, a clear and steeper change in the gradient of Tme (marked

with a circle in the figure) showing an increase in the rate of change of Tme.

This observation is consistent with the presumption that the primate’s body

thermoregulation function was gradually being restored with the removal of GA.

This phenomenon is only observed in the Tme measurements and not evident

from a visual inspection of other measurements over the same duration.

Correlation analysis was carried out on the data tabulated in Figure 3.22.
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The data was segmented into two measurement groups separated at t = 2.85

hours (2 hours and 51 minutes) boundary: (1) G1 - Primate was administered

with GA in a continuous and controlled manner, and (2) G2 - GA administration

to the primate was halted for 15 minutes.
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Figure 3.22: Trm, Tme and Ttm,R vs. Time plots that depict behavior of each
measurement site with GA being disrupted in Experiment 3B.

The data in G1 group was first analyzed. Figure 3.23 depicts (A) the cor-

relations between Tes and Tme and (B) its corresponding Bland-Altman plot.

Correlation analysis demonstrate strong correlation between Tes and Tme (r =

0.995, SSE = 0.009, p<0.001). Bland-Altman analysis shows the mean difference

between temperatures Tes and Tme is +0.812 ◦C, and the 1.96SD is +0.851 ◦C.

The data in G2 group was next analyzed and Figure 3.24(A) depicts the correla-

tion between Tes and Tme, and Figure 3.24(B) its corresponding Bland-Altman

plot. Correlation analysis still demonstrates a strong correlation between Tes

and Tme (r = 0.971, SSE = 0.02, p<0.001). Bland-Altman analysis shows the

mean difference between temperatures Tes and Tme is +0.852 ◦C, and the 1.96SD

is +0.915 ◦C.
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Figure 3.23: Analytical results for Experiment 3B that illustrate the effects of
full body hyperthermia with GA on the left middle ear cavity temperature. (A)
Relationship between left middle ear cavity temperature (Tme) and esophageal
temperature (Tes), and (B) the respective Bland-Altman plot.
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Figure 3.24: Analytical results for Experiment 3B that illustrate the effects of
full body hyperthermia with GA halted (for 15 minutes) on the left middle ear
cavity temperature. (A) Relationship between left middle ear cavity temperature
(Tme) and esophageal temperature (Tes), and (B) the respective Bland-Altman
plot.

For comparison purpose, similar analyzes were conducted for (Tes, Ttm,R)

and (Tes, Trm) for both G1 and G2 data groups. Figure 3.25 to 3.28 depict the

correlation plots together with their respective Bland-Altman plots. A summary

of results are shown in Table 3.1 with consistent p<0.001 for all. From the table,
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it can be observed that, r ≥ 0.99, and SSE ≈ 0.01 for all the temperature pairs

in the G1 group, showing they are very highly correlated for temperature data

in the G1 group.

A small drop in r is observed, and increase in SSE values when the data

from G2 group for the correlation pairs of (Tes, Tme). Other correlation pairs

consistently maintain r ≥ 0.99 and SSE ≈ 0.01 in both G1 and G2 groups.

Thus, there is a deviation in Tme measurements following the GA change which

is not seen in the other temperature measurements.

In addition, from the results of Experiments 3A and 3B, The differences

between Ttm,R and Tme are compared over two separate tests. Measurements

of Ttm,R were taken at two different points. An observation was made from

from Experiment 3A, that Tme and Ttm,R measurements were closely identical

(Figure 3.19) and the measurements from Experiment 3B showed a notably

greater difference between them with Tme being the higher measurement in both

cases (Figure 3.22). In Experiments 3A and 3B, the temperature measurement

points at the right TM were selected differently. The primate’s ear canal is very

restrictive (much more so than the human) to the insertion of the probe. There

is no luxury of space to visually position the probe. In Experiment 3A, the vet

could feel the presence of the bone when he engaged the TM with the probe, but

in Experiment 3B, there was no ’hard’ contact feel. Thus, two distinctly different

points could be invariably used in the experiments. Hence, the same observation

as in Experiment 1 can be made that the Ttm measurement is sensitive to the

measurement point.

It was also also observed from Experiment 3B, Ttm,R measurement was higher
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that Tes, but in Experiment 2, Ttm,R was consistently lower than Tes. It has been

reported that the Ttm is higher than Tes [89] [90] [104]. The differentials between

Ttm,R and Trm are rather similar in both experiments, but the differentials be-

tween Tes and Trm are different. It has been noted in previous studies that

Tes measurement is sensitive to the placement of the probe and that a lower

temperature can be obtained if it is too high up in the esophagus [88] [89].
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Figure 3.25: Analytical results for Experiment 3B that illustrate the effects of
full body hyperthermia with GA on the right TM temperature. (A) Relationship
between right TM temperature (Ttm,R) and esophageal temperature (Tes), and
(B) the respective Bland-Altman plot.

Table 3.1: Correlations and Bland-Altman Analyzes results for Experiment 3B.

Analyzes Results

Temperature-Pair r SSE MD 1.96SD

G1

Tes, Tme 0.995 0.009 +0.812 +0.851
Tes, Ttm,R 0.995 0.008 +0.571 +0.596
Tes, Trm 0.993 0.01 +1.514 +1.544

G2

Tes, Tme 0.971 0.02 +0.852 +0.915
Tes, Ttm,R 0.994 0.005 +0.569 +0.599
Tes, Trm 0.993 0.006 +1.526 +1.543
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Figure 3.26: Analytical results for Experiment 3B that illustrate the effects of
full body hyperthermia with GA halted (for 15 minutes) on the right TM temper-
ature. (A) Relationship between right TM temperature (Ttm,R) and esophageal
temperature (Tes), and (B) the respective Bland-Altman plot.
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Figure 3.27: Analytical results for Experiment 3B that illustrate the effects of
full body hyperthermia with GA on the RM temperature. (A) Relationship
between RM temperature (Trm) and esophageal temperature (Tes), and (B) the
respective Bland-Altman plot.

3.4.3 Other Observations

The results from Experiment 1, 2 and 3 suggested that Ttm can be used to

infer CBT if the probe is directed at a point on the TM where stable measure-

ments can be obtained. Otherwise, the effects on the measurements (such as head

cooling) should be considered and used to compensate the actual measurements.
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Figure 3.28: Analytical results for Experiment 3B that illustrate the effects of
full body hyperthermia with GA halted (for 15 minutes) on the RM temperature.
(A) Relationship between RM temperature (Trm) and esophageal temperature
(Tes), and (B) the respective Bland-Altman plot.

The latter may not be efficiently viable from a practical perspective.

The measurements from the ME cavity were more responsiveness to changes

in CBT. Inferencing a faster dynamical variable Tme from a slower one Ttm is

not easily achieved as it may require the computation of higher derivatives of

the slower measurements and this is not practically viable if there exists signif-

icant measurement noise. A calibrated relationship between the two variables

in the steady state may be more realistic in a soft model. However, this would

require a situation wherein temperatures can be allowed to settle down with no

additional heat stress or sink occurring in the process, which may or may not

be detectable. Dynamically inferencing the CBT from a more sluggish measure-

ment is thus a challenge which has not been truly resolved. Direct measurements

of temperature from the ME cavity may represent one approach when real-time

and dynamic indications of the CBT is needed.
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3.5 Modeling of Dynamics Between ME Cavity and

TM Temperatures

This section discuss in great detail the modeling of dynamics between ME

cavity and TM temperatures. The various steps taken with regards to the deriva-

tion of the temperature model are explained, and assumptions made are properly

justified.

3.5.1 ME Heat Balance Model

Tme is demonstrated in Section 3.4.2 to be very responsive to changes in

CBT. It is able to pick up small changes which are not evident in the tempera-

tures at the rectum and esophagus, and it is more robust to changes in ambient

conditions relative to Ttm. This approach is especially useful for the monitor-

ing CBT of sports or military personnel performing strenuous physical activities

for early signs of heat related injuries [121] which has to be continuously done

in an efficient and non-invasive manner, with high accuracy. Driven by these

motivations, the aim is to derive a dynamic ME Heat Balance (MEHB) model

describing heat flows in the ME cavity vicinity.

The Two-Node model (TNM) by Gagge et al [122] [123] is used to provide

the baseline relationship to represent heat transfers localized to the vicinity of

the ME. The generic equation is given in Eqn. (3.1), where Qb is the rate of

change of the heat content of that point in terms of heat flow rate per unit area

(heat flux); Mb is the rate of metabolic energy expenditure per unit area; Wb

is the rate of external work per unit area (+ for work against external forces,

- for eccentric or negative work); Rb is the rate of radiant heat exchange per
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unit area; Cb is the rate of convective heat exchange per unit area; Db is rate of

conductive heat exchange per unit area; and Eb is the rate of evaporative heat

exchange per unit area.

Qb = Mb − (±Wb) ± (Rb + Cb + Db) − Eb (3.1)

The areas of interest of the dynamical model here is the TM, interacting

essentially with the environment within the ear canal on one side and the ME

cavity on the other. The TM is thin and concave in nature [109], and it is located

at the distal end of the external auditory canal, forming a thin barrier separating

the auditory canal from the ME cavity. The TM outer surface facing the canal

is exposed to the ambient air while the inner surface facing the ME cavity is

part of the cavity wall. Since the TM is extremely thin, heat from the surface

is mostly lost to the ambient environment via convection and radiation due to

the relatively larger interacting contact area compared to the edge of the TM

that is attached to canal wall. Thus, the conduction heat loss to the canal wall

is negligible.

The TM is shielded from the ambient air turbulence as it is sited at the

distal end of the canal, if temperature measurements are indeed taken at the

TM (Chapter 3). The TNM can be reduced with the specific situations at the

TM. First, Mb ≈ 0 since there is negligible heat generation by the thin TM

tissue; Wb = 0 at this passive point; Eb = 0 with no sweat glands in this area;

Db ≈ 0 with negligible conductive heat exchange.

Thus, at the interface with the ambient environment, Eqn. (3.1) can be

reduced to Eqn. (3.2) with only the dominant convection and radiant heat
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terms. In Eqn. (3.2), qam refers to the heat flow rate from the TM to the ambient

environment; Ttm and Tam are the TM and ambient temperatures in Kelvin. The

convection heat transfer term can be represented as hcaAtm(Ttm−Tam) [124] [125]

[126] [127] where hca is the heat transfer coefficient and Atm is the effective area

of the TM. The radiant term is represented by ∆am = σϵraAtm(T 4
tm−T 4

am) [126]

[127] in Eqn. (3.3) to account for the heat transfer through thermal radiation

from the surface of the TM, where σϵra is the TM surface radiant heat transfer

coefficient; σ = 5.6704 × 10−8J/(s · m2 · K4) is the Stefan-Boltzmann constant

and ϵra is the surface emissivity constant of the TM. ∆am can be re-written as

hraAtm(Ttm − Tam) with hra defined in Eqn. (3.4) as a temperatures (Ttm and

Tam) dependent coefficient. The relative strength of the radiant term is expected

to be small due to the absence of a physical receiving surface perpendicular to

the TM to facilitate the radiant heat exchange [126], resulting in a small and

uneven radiant heat transferred to the surface of the ear canal in the vicinity of

the TM [126] [128]. In the analysis of the results subsequently in Section 3.6, this

component will be calibrated from the data collected to verify the significance

of its contribution.

qam = hcaAtm(Ttm − Tam) + ∆am (3.2)

∆am = σϵraAtm(T 4
tm − T 4

am) ⇒ ∆am = hraAtm(Ttm − Tam) (3.3)

hra = σϵra(Ttm + Tam)(T 2
tm + T 2

am) (3.4)

Next, the other side of the interface with the ME cavity, serving as the

primary heat source to the TM, will be similarly examined. The inner surface
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of the TM constitutes a wall of the ME cavity. The ME cavity is an enclosed

area with an air pocket, and the heat circulation from this area to the TM is

dominated primarily by convection and radiation processes. However, within the

cavity, heat transfer through conduction is more significant than at the other side

due to the two conductive channels: (a) via the edge of the TM where it joins

the side walls of the ME [109], (b) via the malleus bone which engages the inner

surface of the TM [109]. Heat transfer via radiation may also be present since the

walls of the cavity are potential radiation sources, and the TM is the potential

receiving surface [109] [126]. Thus, effective heat flows qtm from within the ME

cavity to the TM is given in Eqn. (3.5). Tme is the temperature of the ME cavity

(in Kelvin). hct represents the lumped convective and conductive heat transfer

coefficient for the heat transfer from an effective area Ame of the ME cavity to

the TM. ϵrt is the surface emissivity constant of the ME cavity.

The ME cavity is able to store heat energy and it can be thought of as

a thermal capacitor denoted by Cme (heat storage element). There is thus

another flow from the heat stored in this energy bank which is represented

by Cme · d
dt(Tme − Ttm). Finally and similar to Eqn (3.2), the radiant term

∆tm = σϵrtAme(T 4
me − T 4

tm) captures the heat transfer through thermal ra-

diation from the wall of the ME cavity. ∆tm can be similarly re-written as

hrtAme(Tme − Ttm) with hrt defined in Eqn. (3.7). The relative strength of the

radiant term will similarly be calibrated from the results subsequently in Section

3.6.

qtm = hctAme(Tme − Ttm) + Cme ·
d
dt

(Tme − Ttm) + ∆tm, (3.5)

∆tm = σϵrtAme(T 4
me − T 4

tm) ⇒ ∆tm = hrtAme(Tme − Ttm), (3.6)
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hrt = σϵrt(Tme + Ttm)(T 2
me + T 2

tm). (3.7)

Finally, to get the dynamic equation relating Tme to Ttm and Tam, the principle

of energy conservation is used as in Eqn (3.8).

qtm − qam = Ctm · d
dt

Ttm. (3.8)

Thus,

Tme = (1+
hcaAtm

hctAme
)Ttm−(

hcaAtm

hctAme
)Tam+(

Ctm + Cme

hctAme
)(

d
dt

Ttm)−Cme(
d
dt

Tme)+∆,

(3.9)

∆ =
1

hctAme
(∆am−∆tm) = −(

σϵrt

hct
)T 4

me+(
σϵrtAme + σϵraAtm

hctAme
)T 4

tm−(
σϵraAtm

hctAme
)T 4

am.

(3.10)

3.5.2 Graphical Representation of MEHB Model

The MEHB model represented by Eqn. (3.9), can be represented graphically

by using an equivalent electric circuit by drawing on the analogy between a

thermal and an electrical system [129] [130] summarized in Table 3.2. Figure

3.29 shows the the MEHB model constructed in a graphical form. Figure 3.30

shows the MEHB model (in graphical form) superimposed on the anatomy of a

human ear to illustrate the matched locations of the model components.

Table 3.2: Electrical-Thermal Analogy

Thermal Equivalence

Electrical Element S.I. Unit

Voltage Temperature K
Current Density Heat Flux W · m−2

Resistor Thermal Resistance K · W−1

Capacitor Heat Storage Element (Thermal Capacitance) J · K−1
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Figure 3.29: Graphical representation of the MEHB model.

Figure 3.30: Anatomy of a human ear with superimposed MEHB model in graph-
ical form.

3.5.3 Inference Procedures

Eqn. (3.9) and (3.10) constitute the MEHB model to infer the ME tem-

perature from the TM temperature. To apply the model for this purpose will

entail first estimating the model parameters from data which will be elaborated

in the next subsection. Thereafter, only TM temperature measurements along

with this model will serve to infer the ME temperatures which are unavailable
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beyond the construction phase of the model. Eqn. (3.9) is a quartic polynomial

in Tme. Thus, this inference requires the solution of this high order polynomial

which is tedious computationally and yet may yield multiple solutions which

require further elimination from physical principles.

In this section, an efficient method for this inference procedure is proposed.

The method leverages on the basis that the ∆ term though small is behind the

complications, without which essentially, the relationship between Tme and Ttm is

linear. As illustrated in the next subsection, this term creates a similar difficulty

in the parameter estimation phase as it pushes the model out of a linear regression

form and thus requiring a numerical search method for parameter estimation in

the raw form. It is noted that the linear dynamical relationship is the dominant

relationship [127] [128]. The relative size of ∆ is expected to be small and its

significance will be calibrated with the data and results in Section 3.6. The

inference procedure highlighted in Step 1.1 to Step 1.3 is thus proposed.

• Step 1.1: By setting ∆ = 0 in Eqn. (3.9), T̃me is obtained directly from

Ttm and Eqn. (3.11).

T̃me = a1Ttm + a2Tam + a3(
d
dt

Ttm) + a4(
d
dt

Tme), (3.11)

where

a1 = (1+
hcaAtm

hctAme
), a2 = −(

hcaAtm

hctAme
), a3 = (

Ctm + Cme

hctAme
), and a4 = −Cme.

Note that Eqn. (3.11) incorporates a transfer function between frequency

transforms of Tme and Ttm with a zero and a pole representing the dynamics
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present.

• Step 1.2: Using T̃me in lieu of Tme, ∆̃ is evaluated with Eqn. (3.10),

resulting in Eqn. (3.12).

∆̃ = b1T̃
4
me + b2T

4
tm + b3T

4
am, (3.12)

where

b1 = −σϵrt

hct
, b2 = (

σϵrtAme + σϵraAtm

hctAme
), and b3 = −σϵraAtm

hctAme
.

• Step 1.3: The final estimate of Tme (T̄me) is determined from T̃me and ∆̃

with Eqn. (3.13).

T̄me = T̃me + ∆̃. (3.13)

3.5.4 Model Parameter Estimation

In general, a numerical search is needed to obtain the coefficients of Eqn.

(3.9) since the model is not in the linear regression form. The presence of ∆

pushes the model out of a linear regression form which otherwise the dominant

linear dynamical relationship is representative. An approach towards parame-

ter estimation, analogous to the inference procedure, is adopted here. When

executed collectively, both the parameter estimation and subsequent Tme infer-

ence are thus synchronized effectively to yield a final estimation. By virtue of

the order of execution, the parameter estimation procedure treats Eqn. (3.12)

as the dominant model with Eqn. (3.13) as the residual part of the dominant

model. When the model is used for inference of Tme, the same order is used.

84



Chapter 3. Core Body Temperature Sensing: Re-visiting the Tympanic
Membrane Vicinity and Temperature Modeling

The Multiple Linear Regression (MLR) based parameter estimation algorithm

will be first reviewed briefly in the next subsection, and the proposed steps for

parameter estimation of the model represented in Eqn. (3.9) will be presented

thereafter.

3.5.4.1 Multiple Linear Regression Algorithm

A linear regression model, with four input variables and one dependent out-

put, is given in Eqn. (3.14). Y is a response (output) vector of size ψ, X is the

input matrix of dimension (ψ × 4), φ is a parameter vector of size 4 with φ1, φ2,

φ3 and φ4 as the parameters, and ϵg is a random error vector of size ψ with zero

mean and follows a Gaussian distribution. Eqn. (3.15) shows the composition of

Y , X, φ and ϵg. The ith element of Y is given in Eqn. (3.16). The MLR based

algorithm yield the optimal parameters by minimizing an objective function S

such that S is minimum for all parameters defined in φ. S can be formulated

in Eqn. (3.17) as the sum of square error (SSE) between measured output Y

and the fitted output Ŷ with parameter vector φ̂ = [φ̂1, φ̂2, φ̂3, φ̂4]T . φ̂ is then

the least squares estimator with a direct solution defined in Eqn. (3.18) of φ for

known values of Y and X. By solving for Eqn. (3.18) based on an ordinary least

square estimator, the coefficients in φ̂ can be effectively determined. The fitted

Ŷ can then be determined from X and φ̂ with Eqn. (3.19).

Y = Xφ + ϵg, (3.14)
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Y =

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

Y1

Y2

...

...

Yψ

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

, X =

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

X11 X12 X13 X14

X21 X22 X23 X24

... ... ... ...

... ... ... ...

Xψ1 Xψ2 Xψ3 Xψ4

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

, φ =

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

φ1

φ2

φ3

φ4

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

, ϵg =

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

ϵg1

ϵg2

...

...

ϵgψ

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

(3.15)

Yi = φ1Xi,1 + φ2Xi,2 + φ3Xi,3 + φ4Xi,4 + ϵgi. (3.16)

S(φ̂) =
ψ∑

i=1

(Yi − φ̂1Xi,1 − φ̂2Xi,2 − φ̂3Xi,3 − φ̂4Xi,4)2. (3.17)

φ̂ = (XT X)−1XT Y. (3.18)

Ŷ = Xφ̂. (3.19)

3.5.4.2 Proposed MLR-based Model Parameters Estimation Proce-

dure

To alleviate the need for a tedious numerical search procedure with poten-

tial convergence issues, a three-steps approach, synchronizing with the inference

procedure, is proposed to leverage on the efficient solutions associated with a

MLR model.

• Step 2.1: Eqn. (3.11) contains a1, a2, a3 and a4 parameters and it rep-

resents the dominant linear dynamical relationship which is in a MLR

form. These parameters are first estimated with Eqn. (3.18) by using Ttm,

( d
dtTtm), ( d

dtTme) and Tam datasets. a1, a2, a3 and a4 are thus determined

for Eqn. (3.11).

• Step 2.2: Eqn. (3.11), with the parameters computed in Step 2.1, is used
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to generate T̃me dataset from the same inputs Ttm, ( d
dtTme) and Tam. The

residual ∆̃ can be generated from Eqn. (3.20).

∆̃ = Tme − T̃me (3.20)

• Step 2.3: Running the MLR parameter estimation algorithm again for the

quartic term in Eqn. (3.12) with ∆̃, T̃ 4
me, T 4

tm and T 4
am, the remaining

parameters b1, b2 and b3 can be estimated.

3.6 Model Verification: Experiment and Results

An experiment (similar to an experiment conducted in Section 3.3) was per-

formed on a sedated primate to log temperatures at several temperature mea-

surement sites, including Tme and Ttm at the head region and Tes and Trm at

the lower body region. The experiment setup and the procedures prescribed

will be next highlighted to provide the background for the interpretation of the

experiment results which will be furnished subsequently.

3.6.1 Setup and Procedures

Temperature probes and heating chamber from experiments in Section 3.3

(Figure 3.8 and 3.10) were used in this experiment. Four temperature probes

were used to acquire the temperatures from the primate: (a) A needle probe

perforating the left TM to reach the left ME cavity near to the malleus bone

for measuring Tme, (b) TM probe engaging a high temperature spot on the

surface at lower anterior quarter of the right TM (vicinity of the cone of light)

as recommended by Brinnel and Cabanac [104] for measuring Ttm that provides
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stable temperature readings, (c) esophageal probe inserted into the lower forth

of the ES, and (d) RM probe inserted into the anal sphincter for measuring

Trm. Additional probes were used to measure the chamber (Tch) and ambient

(Tam) temperatures. A heating chamber was used to elevate the primate’s body

temperature in controlled environment.

3.6.2 Results and Discussions

Figure 3.31 shows the temperature measurements obtained from the exper-

iment. To facilitate the modeling process, the measurements were recorded in

Kelvin. The total experiment runtime (t) was 7.13 hours (25674s). At the start

of the heating chamber operation (at t > 0), following the initial response to

GA, slow and steadily increase in temperatures were observed at all the four

measurement sites. The heating ceased when Trm reached 313.15K (40◦C) and

the heating chamber was then opened to expose to the cold ambient air at Tam

which began the cooling down process.
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Figure 3.31: Tes, Trm, Ttm and Tme vs. Time plots from the Experiment.

A slower response in Trm during the initial rise in temperature was observed
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relative to Tme. The Tes has higher fluctuations when compared to the rest of

the temperatures data acquired from the other measurements sites. Like the

rest of the temperature probes used in the experiment, the Tes temperature

probe is a contact probe. Thus, any un-intended movements resulted in in-

accurate temperature measurements. It is also a well-known fact that improperly

positioned Tes probe can easily be affected by the aspiration of air from the

lungs [88] [89]. During the experiment, the Tes probe was positioned and securely

fastened in-order to minimize any unwanted movement of the probe within the

primate’s body. However, there were occurrences of involuntary chest muscles

movements due to unwarranted heavy breathings that significantly contributed

to the small probe movements. Thus, the unwarranted probe movements coupled

with the non-optimized positioning of the probe within the primate resulted

in significantly high fluctuations in the temperature measurement data, hence

significantly affected the measurement accuracy.

Measurements were performed at every one second interval throughout the

experiment runtime. A total of 25674 temperature data points were collected.

The data was split into CONFIG dataset wherein data was sampled at every 50

seconds interval to get a total data size of 513 and VERIFY dataset wherein data

was sampled every 3 seconds interval for a total data size of 8558. The CONFIG

dataset was used to determine the parameters of the MEHB model, and the

VERIFY dataset was subsequently used for calibrating the model performance.

Following the prescribed procedures for parameter estimation in Section

3.5.4, the models were obtained as Eqn. (3.21) and (3.22).

T̃me = 1.062Ttm − 0.064Tam + (86.365)(
d
dt

Ttm) + (0.194)(
d
dt

Tme), (3.21)
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∆̃ = −(2.698 × 10−11)T̃ 4
me + (2.862 × 10−11)T 4

tm − (1.82 × 10−12)T 4
am. (3.22)

Model cross validation was done by comparing the model’s prediction T̄me

generated from the data in the VERIFY dataset with the actual Tme temperature

in the same dataset. Benchmarks are useful to serve as the basis to assess the

accuracy. The following benchmarks were computed:

• Ttm serving directly as estimate to Tme. Such a direct inference is inevitably

done if there is no ME data for modeling.

• A static relationship of Ttm and Tme (T̂me = 1.058Ttm − 17.59), obtained

from least squares fitting, was used to provide an estimate to Tme. Such

relationships are commonly adopted in thermal instruments to match tem-

peratures at different sites.

• T̃me and T̄me were both used as the estimate to Tme. This will allow us to

observe the significance of the radiant term ∆.

In all the comparisons, statistical indicators including the Mean Squared

Error (MSE), Mean Absolute Error (MAE) and the Error Standard Deviation

(ESD) were generated. These error statistics were computed with respect to de-

viation from the raw Tme data captured. The percentages in the square brackets

show the relative improvements in these indicators for the different model infer-

ences compared to using Ttm as a direct inference. The results can be seen in

Table 3.3. The bold fonts pick out the MAEs meeting the 0.01K target. Figure

3.32 shows the profile of the Tme inference errors over time for each inference

approach using Ttm. The significant improvements from the use of the dynamical

models are very evident in this figure over the entire duration of the experiment.
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Figure 3.32: Inference Errors associated with the inferred ME temperatures (Ttm,
T̂me, T̃me and T̄me) vs. Time plots using the VERIFY dataset.

Table 3.3: MEHB Model Benchmarks for Tme

Benchmark Inference Errors (K)

Ttm T̂me T̃me T̄me

dataset = CONFIG (×10−1) (×10−1) (×10−5) (×10−5)
MSE 2 .35 0 .144 [93 .87%] 2.85 [99.99%] 2.85 [99.99%]
MAE 4 .67 1 .160 [75 .16%] 344 [99.26%] 342 [99.27%]
ESD 1 .33 0 .301 [77 .37%] 409 [96.92%] 411 [96.91%]

dataset = VERIFY
MSE 2 .35 0 .144 [93 .87%] 2.82 [99.99%] 2.83 [99.99%]
MAE 4 .67 1 .160 [75 .16%] 342 [99.27%] 340 [99.27%]
ESD 1 .33 0 .300 [77 .33%] 407 [96.94%] 409 [96.92%]

From these results, it is observed that the inference error using Ttm as the

direct inference to Tme is the highest with both CONFIG and VERIFY datasets.

The inference error of Ttm, depicted in Figure 3.32, illustrates a time dependent

profile where a relatively large error magnitude is observed over the entire du-

ration of the experiment. The error appears to be accumulating with the rising

and falling trend of Ttm (in Figure 3.31). This shows that if a high accuracy

of estimation of Tme is needed such as for the monitoring of sportsmen or mil-

itary personnel down to 0.01K, a direct measurement is not sufficient even if
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the TM probe is well directed. The relatively large ESD value also indicates the

two sites are distinct though close. Improvements were readily observed when a

static inference model T̂me was applied, where the inference error was observed

to be less time dependent due to the nominally flat error magnitude plotted with

respect to the experiment time duration, though the accuracy still fell short of

the 0.01K target due to the comparatively large offsets. When the MEHB model

was used to infer both T̃me and T̄me, significant improvements were observed.

The inference errors were small and exhibited time independence, and in most

cases were close to 0. The errors were almost equivalent in magnitude for both

T̃me and T̄me. Very marginal improvement and reduction in MAE and ESD

can be observed in T̄me. This shows that the radiant elements were rather in-

significant from this part of the human body during the experiment, or that the

thermistor probes used were not picking up the radiant component sufficiently

due to the small surface diameters of the probes.

Figure 3.33 shows the plots of inferred T̃me and T̄me, and measured Tme for

the VERIFY dataset showing the measured temperatures during the heating and

cooling phases. The inferred temperature plots follow the measured (reference)

temperature plot closely.

From the benchmarking results tabulated in Table 3.3, the MEHB model

exhibits a very high level of accuracy with both CONFIG and VERIFY datasets

which achieve ≤ 0.01K accuracy in the MAE. CONFIG temperature dataset of

only 513 in size was effectively used to determine the coefficients of the MEHB

model that has remained valid for the VERIFY dataset which is 8558 in size;

indicating these coefficients are able to model a wide range of temperature change
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in the primate.

0 0.5 1 1.5 2 2.5
x 104

305

306

307

308

309

310

311

312

313

314

Time (Seconds)

Te
m

pe
ra

tu
re

 (K
el

vi
n)

ME Cavity Temperatures (Measured and Inferred) vs. Time

 

 

ME Cavity (Measured)
ME Cavity (Full, Inferred)
ME Cavity (Linear, Inferred)

Figure 3.33: Inferred T̃me and T̄me, and measured Tme vs. Time plots using the
VERIFY dataset.

3.7 Model Extensions to ES and RM CBT Sites

3.7.1 Critical Site Heat Balance (CSHB) Model

The MEHB model has been demonstrated to perform satisfactorily in the

inference of Tme from Ttm. It is interesting to explore its extension to other CBT

sites further from the TM such as the ES and the RM since the temperatures at

these sites were also acquired in the same experiments.

To this end, the graphical representation of MEHB model in Figure 3.29 is

still adopted but with the temperature of Tme substituted with the temperatures

at the ES (Tes) and the RM (Trm) respectively. Since the radiant terms do not

have significant contributions to the model accuracy, they are ignored. Figure

3.34 shows the modified models (from MEHB) capturing the TM-ES and TM-

RM relationships. In addition, since these sites are further apart from the TM,
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the accuracy of the model may be enhanced by modeling the extended heat

transfer pathways from these CBT sites as shown in the dotted part of Figure

3.34. These extensions contribute second derivatives to the dynamic equation

Eqn. (3.9).

Figure 3.34: Modified model (from MEHB) representing the TM-ES and TM-
RM relationships.

A new model equation is derived from the MEHB model to infer Tes. Eqn

3.23 depicts the new Critical Site Heat Balance (CSHB) model with an extended

heat transfer pathway that incorporates a transfer function between frequency

transforms of T̆es and Ttm with two zeros and two poles representing the dy-

namics present. γ represents a new sets of coefficients that has to be determine

by using the method prescribed in Section 3.5.4 and ignoring the radiant term.

The derivatives present in the new model may contribute to the instability of

the output as any noise or spikes present in the respective temperature data will

be amplified by the derivatives. In order to prevent this issue from occurring,

moving average filters are used to individually filter each temperature input to

the model prior to the computation of the derivatives. A moving average filter

with a sliding window size 80 discrete samples is implemented for each input.

By using the filter, past 79 temperature data are used to calculate the average

value of the present temperature input. The moving average filter is optimal
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for a common task of reducing random noise while retaining a sharp step re-

sponse [131] [132] [133]. Thus, any unwanted noise or spike presents at each

input will be removed by the averaging effect. Eqn. (3.23) can be easily mod-

ified for inferring RM temperature (Trm) by substituting the terms containing

Tes with Trm.

T̆es = Kγ (3.23)

where,

K =
[

Ttm Tam
d
dt

Ttm
d
dt

T̆es
d2

dt2
Ttm

d2

dt2
T̆es

]

(3.24)

γ = [γ1 γ2 γ3 γ4 γ5 γ6]T (3.25)

3.7.2 CSHB Model Verification and Discussion

Table 3.4 and 3.5 contain the results showing the models inferring Tes and

Trm respectively, from Ttm and Tam measurements. Benchmarks similar to those

used in Section 3.6.2 are adopted with some variations:

• Ttm directly inferring Tes and Trm,

• Static relationships of Ttm and Tes (T̂es = 1.059Ttm − 17.94) and, Ttm and

Trm (T̂rm = 1.015Ttm − 4.175),

• T̃es and T̃rm (original model without extended heat transfer pathway),

• T̆es and T̆rm.

The results, tabulated in Table 3.4 and 3.5, show the same trend of reduction

of modeling errors with the structure of the dynamic model used for the inference

of Tme. Figure 3.35 and Figure 3.36 show the inferred versus actual Tes and Trm
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respectively. The inference errors are shown over the duration of the experiment

in Figures 3.37 and 3.38. The significant improvements from the use of the

dynamic models over static models are similarly evident. The extended pathway

to capture the longer heat transfers from these more remote sites resulted in

only marginal improvements to the accuracy. The MAEs achieved in inferring

Tes and Trm are respectively about 0.05K.
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Figure 3.35: Inferred T̆es and Actual Tes vs. Time

0.5 1 1.5 2 2.5
x 104

306

307

308

309

310

311

312

313

314

Time (Seconds)

Te
m

pe
ra

tu
re

 (K
el

vi
n)

Rectal Temperatures (Measured and Inferred) vs. Time

 

 
Rectum (Measured)
Rectim (Inferred)

Figure 3.36: Inferred T̆rm and Actual Trm vs. Time
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Figure 3.37: Inference Errors showing the various Inferred Esophageal Temper-
atures vs. Time plots using the VERIFY dataset.
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Figure 3.38: Inference Errors showing the various Inferred RM Temperatures vs.
Time plots using the VERIFY dataset.

Figure 3.39 compares the inference errors across the three sites of ME, ES

and RM using Ttm. The sites which are best inferred from Ttm are the ME, RM

and ES in a decreasing order of accuracy, with close MAEs observed at the RM

and ES. It may be noted that the logged records of Tes show rather large changes

at certain times possibly due to the sensitivity of the temperature measurements

with respect to the actual location of the probe inserted into the esophagus
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Table 3.4: CSHB Model Benchmarks for Tes

Benchmark Inference Errors(K)

Ttm T̂es T̃es T̆es

dataset = CONFIG (×10−1) (×10−1) (×10−3) (×10−3)
MSE 0 .93 0 .199 [78 .61%] 3.66 [96.06%] 3.66 [96.06%]
MAE 2 .48 1 .036 [58 .20%] 47.43 [80.86%] 47.42 [80.86%]
ESD 1 .78 0 .957 [46 .12%] 37.64 [78.82%] 37.54 [78.87%]

dataset = VERIFY
MSE 0 .93 0 .199 [78 .62%] 3.66 [96.06%] 3.66 [96.06%]
MAE 2 .48 1 .036 [58 .20%] 47.43 [80.86%] 47.40 [80.89%]
ESD 1 .75 0 .957 [46 .12%] 37.64 [78.82%] 37.56 [78.84%]

Table 3.5: CSHB Model Benchmarks for Trm

Benchmark Inference Errors (K)

Ttm T̂rm T̃rm T̆rm

dataset = CONFIG (×10−1) (×10−1) (×10−3) (×10−3)
MSE 3 .84 0 .327 [91 .48%] 3.25 [99.15%] 3.19 [99.17%]
MAE 6 .10 1 .522 [75 .04%] 46.75 [92.33%] 46.43 [92.39%]
ESD 1 .12 0 .978 [12 .52%] 32.18 [71.23%] 32.18 [71.23%]

dataset = VERIFY
MSE 3 .85 0 .327 [91 .48%] 3.24 [99.16%] 3.30 [99.14%]
MAE 6 .10 1 .523 [75 .04%] 46.69 [92.35%] 46.71 [92.34%]
ESD 1 .11 0 .978 [12 .52%] 33.39 [70.04%] 33.39 [70.04%]

which is difficult to maintain in the experiment when the breathing of the primate

changed rapidly following real-time changes to the administration of anesthesia in

the experiment. These outliers are non-systematic and such transitional changes

are beyond what the model, without consideration of additional inputs, is able

to account for. The inference errors at the middle ear are smaller in magnitude,

though they also exhibit peaks observed at the key transitional moments.
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Figure 3.39: Comparison of Inference Errors for ME Cavity, Esophagus and
Rectum Temperatures vs. Time plots using the VERIFY dataset.

3.8 Model Improvement with Gain-Scheduled Lookup

Table

The CSHB model derived in Section 3.7 to infer Tes has a single set of

model coefficients γ obtained from the experiment datasets (in Section 3.6.2).

Due to additional dynamics associated with the extended pathway, this single

model cannot adequately capture the intricate heat exchanges which may de-

pend both on the temperature level and its trend (rising or falling), hence the

MAE ≤ 0.01K accuracy cannot be similarly achieved. By partitioning Ttm into

various smaller temperature sub-ranges, a number of independent CSHB model

characterized by a different set of refined coefficients can be used for each of

this sub-range. The rationale of utilizing multiple CSHB models is to indepen-

dently fit smaller Ttm temperature ranges of the experiment datasets with more

accurate model parameters relating to the specific type of dynamics over that

range. Thus, the collation of the sub-ranges is equivalent to a full Ttm tempera-
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ture range with highly accurate models for temperature inference, which is not

achievable with only a single CSHB model.

The proposed GS-CSHB model implements multiple independent CSHB mod-

els by leveraging on the well-known method of Gain-Scheduled (GS) lookup

table [134–138]. Figure 3.40 depicts a high-level conceptual functional block di-

agram of the proposed GS-CSHB model. The figure depicts an original CSHB

model C being augmented by a GS lookup table with table search function D

and gradient detector M . Adding a GS lookup table to a CSHB model improves

the functionality of the original model with configurable CSHB coefficients vec-

tor γ that can be loaded on-demand to cater for different Ttm temperature range

and improves on the overall temperature inference accuracy.

Figure 3.40: Proposed GS-CSHB Functional Block Diagram

3.8.1 Gradient Detector

Gradient Detector M is included to address the asymmetrical Ttm rise and

fall characteristics within the same temperature range. The asymmetrical tem-

perature characteristic is mainly due to metabolism and thermoregulatory re-

100



Chapter 3. Core Body Temperature Sensing: Re-visiting the Tympanic
Membrane Vicinity and Temperature Modeling

sponses [139] [140], and some environmental factors such as ambient tempera-

ture and humidity. M detects positive (+) and negative (−) gradient signs of

Ttm by continuously calculating its first derivative (gradient) based on past and

present values of Ttm with respect to sample time t = 1, 2, 3, .... The gradient

m of Ttm is determined with Eqn. (3.26). To alleviate the effects of noise, m is

subject to a moving average filter to yield m̄. A positive m̄ indicates rising Ttm

while a negative m̄ indicates otherwise. M outputs ”+” and ”−” gradient signs

and is connected to the TS input of D. Eqn. (3.27) depicts the model M as a

discrete Ttm gradient detector that outputs a ”+” gradient sign indicating rising

temperature, and ”−” indicating falling temperature.

m[t] = Ttm[t] − Ttm[t − 1] (3.26)

M(Ttm) =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

+ m̄[t] ≥ 0

− m̄[t] < 0

(3.27)

3.8.2 GS Lookup Table

Table 3.6 depicts a generic layout of the GS lookup table. Internally, the

lookup table consists of: (a) Table index (IDX) column with rows of ascending

integers 1, 2, 3, ..., I, (b) Defined Ttm temperature range (TR) column with

sorted rows of temperature values indicating Ttm temperature range R1, R2, R3,

..., Rk+1 where k + 1 corresponds to the number of partitions applied to the

temperature dataset, (c) Temperature gradient sign column (TS) with rows of

gradient signs ideally for each temperature range in associated with ”+” and

”−” but this depends on the data collected from the experiment, and (d) CSHB
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coefficients column (γ) with rows of calibrated CSHB coefficients. TR column

records the sorted (in ascending order) temperature range information, and it

is populated by using the boundary information of the partitioned subsets of

Ttm experiment dataset where the lowest and highest temperature values of each

subset constitute the required temperature range. TS column records the tem-

perature gradient sign (rising and falling temperature characteristic) for each

Ttm subset. ”+” is entered into the corresponding TS row if the corresponding

Ttm subset shows positive gradient (rising temperature), and a ”−” for negative

gradient (falling temperature). When a defined Ttm subset contains both posi-

tive and negative gradients for its temperature data, ”+” or ”−” temperature

gradient determines the correct γ. The γ column houses the optimal CSHB coef-

ficients for each Ttm subset. γ1, γ2, ..., γ6 elements in γ columns are calculated by

using Multiple Linear Regression (MLR) based parameter estimation algorithm

reviewed in Section 3.5.4.

Table 3.6: Layout of GS Lookup Table

IDX TR TS CSHB Coefficients (γ)
γ1 γ2 γ3 γ4 γ5 γ6

1 R+
1 + γ11 γ21 γ31 γ41 γ51 γ61

2 R−
1 − γ12 γ22 γ32 γ42 γ52 γ62

3 R+
2 + γ13 γ23 γ33 γ43 γ53 γ63

4 R−
2 − γ14 γ24 γ34 γ44 γ54 γ64

... ... ... ... ... ... ... ... ...

... ... ... ... ... ... ... ... ...
I R−

k+1 − γ1I γ2I γ3I γ4I γ5I γ6I

Eqn. (3.28) models the lookup table search function of D. D interfaces

externally by having TR and TS inputs ports and a γ output port. The respective

inputs are logically linked to the TR and TS data columns. D searches based

on the inputs conditions, and when a match is found, it determines the table

index from the corresponding IDX column, and extracts the respective CSHB
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coefficients from the γ column based on the table index. TR input connects

to the real-time Ttm data that indicates the Ttm temperature range. TS input

reads temperature ”+” and ”−” gradient signs information indicating positive

(temperature rising) or negative (temperature falling) gradients of Ttm.

γ = D(Ttm,M(Ttm)) (3.28)

D is a search operator that linearly searches through every available row of

the lookup table in-order to check for a match, and correctly extracts γ. A brief

summary of the lookup table D search procedure:

• Step 3.1: Initialize Index = 1.

• Step 3.2: Read real-time TR and TS inputs ports.

• Step 3.3: If Ttm ∈ TR(Index) and M(Ttm) = TS(Index) than goto Step

3.6, else continue to Step 3.4.

• Step 3.4: Increment Index by 1.

• Step 3.5: Goto to Step 3.3

• Step 3.6: γ = D(Ttm,M(Ttm)) and goto Step 3.1

3.8.3 Partitioning Procedure for Experiment Dataset

A pre-processing procedure is used to systematically partition the temper-

ature experiment datasets and to properly define the Ttm temperature range

associated with each partition.

Assuming TL and TH are the respective minimum and maximum values for

Ttm in the dataset and that k + 1 partitions are specified. The k + 1 sub-ranges

of temperatures can thus be defined as: (TL < R1 < β1), (β1 < R2 < β2),
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(β2 < R3 < β3), ... (βk < Rk+1 < TH). β1, β2, β3, ... βk are the boundary

information of the partitioned subsets of Ttm experiment dataset defined by

βj = TL + j
(

TH−TL
k+1

)
, and j = 1, 2, 3, ..., k.

For each identified Ttm temperature sub-range, there exists a CSHB model

with a set of coefficients. Thus, k+1 independent models and sets of coefficients

exist. k controls the number of sub-ranges, and by increasing k, minimizing

the MAE of the models is attempted by having a collation of models, each ap-

plicable to a specific sub-range. Thus, a guideline to change k is to increase

it to a level where the overall MAE is minimized to the acceptable level, and

the specification in the application dictates MAE ≤ 0.01K. The dataset parti-

tioning procedure is intuitive and requires several iterations to achieve the final

desired outcome, and can be easily implemented as an automated process by us-

ing the commonly available MATLAB software. A brief summary of the dataset

partitioning procedure:

• Step 4.1: Set k = 1.

• Step 4.2: Determine β1, β2, β3, ..., βk from k. Create new k+1 sub-ranges

of temperature.

• Step 4.3: Determine CSHB model for each subset.

• Step 4.4: Determine overall MAE from all the subsets.

• Step 4.5: If MAE ≤ 0.01K then stop; else continue to Step 4.6

• Step 4.6: Increment k by 1; If k < SIZE(Ttm) then go to Step 4.2; else

clear k = 0 and stop.

k ≥ 1 indicates a successful partitioning of the Ttm range which achieves

MAE ≤ 0.01K.
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3.8.4 GS-CSHB Model Verification and Discussion

3.8.4.1 Construction of GS Lookup Table

The data partitioning procedure discussed in Section 3.8.3 is used to partition

Tes and Ttm experiment datasets in the CONFIG group. Table 3.7 depicts a

summary of the dataset partitioning procedures starting from k = 1 and ends

at k = 7. The MAE is observed to decrease as k increases. k = 7 creates

8 subsets (various Ttm temperature range) from the experiment datasets and

overall MAE ≤ 0.01K meets the required specification. The sorted temperature

regions boundaries of β1, β2, β3, ..., β7 define the various Ttm temperature range.

Thus, there are 8 independent sets of (Ttm, Tes) datasets pairs, and each datasets

pair are uncorrelated. Each dataset pairs inherits a calibrated CSHB model with

a set of CSHB coefficients, resulted fine-grain inference improvement in each Ttm

temperature range.

Table 3.7: Number of subsets in Tes Experiment dataset and its corresponding
MAE

k Subsets MAE Meet Specification

1 2 0.047 No
2 3 0.029 No
3 4 0.020 No
4 5 0.017 No
5 6 0.015 No
6 7 0.015 No
7 8 0.010 Yes

With the successful partitioning of (Ttm, Tes) experiment datasets, one of the

most important step towards realizing GS-CSHB model for inferring Tes is to

construct the GS lookup table specifically used for Tes inference. There is a total

of 8 known subsets (or partitions) in Ttm dataset being identified and paired
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with corresponding 8 subsets in Tes dataset. Thus, various Ttm temperature

range are automatically defined from all the (Ttm, Tes) subsets, and the optimal

CSHB coefficients for each temperature subsets pairs are also known from the

partitioning procedure. With all the available information, the creation of GS

lookup table is straightforward. If the entire Ttm dataset collected from the

experiment is examined, there are instances showing Ttm rise and fall over the

whole experiment duration. Thus, within the newly constructed GS lookup table,

certain subsets have both positive and negative temperature gradients (contains

both ”+” and ”−” gradient signs).

3.8.4.2 Inference Results and Discussion

Eqn. (3.23), (3.24) and (3.25) constitute only the CSHB model to infer

Tes from the measured Ttm and Tam based on CSHB model coefficients vector

γ. To apply the CSHB model for this purpose will entail first estimating the

model parameters from experiment datasets. Thereafter, only Ttm measurements

along with this model will serve to infer the Tes which is unavailable beyond

the construction phase of the model. The improved GS-CSHB model requires

different γ for different Ttm temperature range. Thus, an accurate temperature

inference with MAE ≤ 0.01K is possible. The configured GS-CSHB is to be

benchmarked against the original inferred results tabulated in Table 3.4 in order

to gauge on its improvement over the CSHB model.

Benchmarks similar to those used in Section 3.6.2 are adopted with some

variations:

• Ttm serving directly as estimate to Tes.
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• T̆es obtained from CSHB model.

• T̄es obtained from GS-CSHB model.

The results can be seen in Table 3.8. The bold fonts pick out the MAEs

meeting the 0.01K target. Figure 3.41 shows the profile of T̄es inference error over

time with GS-CSHB inference approach using Ttm. The significant improvements

from the use of the GS-CSHB model is very evident over the entire duration of

the experiment. Figure 3.42 shows the inferred versus actual (measured) Tes

of the GS-CSHB model. Substantial improvements (compared to Figure 3.35)

can be readily observed in Figure 3.42 where GS-CSHB is deployed, where the

inferred and actual (measured) Tes are very closely matched, and significant

improvements in the MSE, MAE and ESD are evident. The MAE achieved in

inferring T̄es is ≤ 0.01K. It is interesting to note that by analyzing error plots

of Figure 3.41, the inference error for T̄es tends to be close to zero with small

fluctuations. This characteristic is likely due to the effects of temperature path

modeling of the CSHB model.

Table 3.8: GS-CSHB Model Benchmarks for Tes

Benchmark Inference Errors(K)

Ttm T̆es T̄es

dataset = CONFIG (×10−1) (×10−3) (×10−3)

MSE 0 .93 3.66 [96.06%] 0.25 [99.89%]
MAE 2 .48 47.42 [80.86%] 10.58 [97.73%]
ESD 1 .78 37.54 [78.87%] 11.91 [91.06%]

dataset = VERIFY

MSE 0 .93 3.66 [96.06%] 0.19 [99.92%]
MAE 2 .48 47.40 [80.89%] 9.24 [98.02%]
ESD 1 .75 37.56 [78.84%] 10.63 [92.00%]
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Figure 3.41: Inference Errors showing the various Inferred Esophageal Temper-
atures vs. Time plots using the VERIFY dataset.
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Figure 3.42: Inferred T̄es and Actual Tes vs. Time (using GS-CSHB Model)

From the benchmarking results tabulated in Table 3.8, the proposed GS-

CSHB model exhibits a very high level of accuracy with both CONFIG and

VERIFY datasets which achieve ≤ 0.01K accuracy in the MAE. The introduc-

tion of GS enhancement to the original CSHB model greatly improves the model

output accuracy. CONFIG temperature dataset of only 513 in size was effectively

used to determine the model coefficients at various Ttm temperature range that

has remained valid for the VERIFY dataset which is 8558 in size; indicating GS

with the multiple calibrated sets of model coefficients are able to model a much

wider range of temperature change in the primate, and also effectively enhances

the extended pathway of heat transfer function featured in the original CSHB

model, for modeling of heat transfers to the TM from sites other than the ME.
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3.8.5 GS-CSHB Model Extensions to ME and RM CBT Sites

The proposed GS-CSHB model has been demonstrated to perform satisfac-

torily in the inference of Tes from Ttm and Tam. It is interesting to explore its

extension to CBT sites such as the ME and RM sites since the temperatures

at these sites were also acquired in the same experiment. Table 3.9 and 3.10

contain the results showing the models inferring Tme and Trm respectively, from

Ttm and Tam measurements. Benchmarks similar to those used in Section 3.6.2

are adopted (with minor modifications):

• Ttm directly inferring Tme and Trm.

• T̃me and T̆rm obtained from MEHB and CSHB models respectively.

• T̆me and T̄rm obtained from GS-CSHB model.

Figure 3.43 depicts the inferred versus actual (measured) Tme for the GS-

CSHB models, and Figure 3.44 respectively for Trm. The respective inference

errors are depicted over the duration of the experiment in Figures 3.45 and 3.46.

The inferred Tme from both the original MEHB (Figure 3.33) and the GS-CSHB

models are demonstrated with only marginal improvements as both models pro-

duce outputs that are well within the MAE ≤ 0.01K limit. Figure 3.43 depicts

Tme inference utilizing GS-CSHB model and shows highly accurate result (simi-

lar to Figure 3.33) as compared to the actual (measured) Tme plots. By analyzing

the error plot of Figure 3.45, the inference error for Tme using GS-CSHB model

(T̆me) shows some marginal improvements over the MEHB model (T̃me). It is

interesting to note that the MEHB model for accurate inference of Tme included

the non-linear radiant component that is purposely omitted in the GS-CSHB
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model. The GS-CSHB model (without the non-linear radiant component) has

been demonstrated to be capable of inferring Tme for the required accuracy by

having a number of linear models to capture varying dynamics over the temper-

ature range. On the surface, the proposed GS-CSHB model yield little benefit

over the CSHB model in inferring accurate Tme. However, by using the GS-

CSHB, the non-linear component can be omitted without sacrificing the overall

output accuracy.

The CSHB model failed to achieve MAE ≤ 0.01K for inferring Trm, with the

best performance capped at MAE ≈ 0.05K. This is mainly due to the longer

heat transfer distance from the RM site to the TM site. The extended pathway

to capture the longer heat transfers from the more remote site even though re-

sulted in improvement to the overall inference accuracy but is still insufficient to

meet the MAE ≤ 0.01K requirement. Un-modeled metabolism activities along

this extended pathway may also affects the final inference result. These outliers

are non-systematic and such transitional changes are beyond what the model,

without consideration of additional inputs or coefficients changes, is able to ac-

count for. By using the proposed GS-CSHB model, accurate inference of Trm is

easily achievable for MAE ≤ 0.01K for both CONFIG and VERIFY datasets as

depicted in Table 3.10. The area of improvements introduced by the GS-CSHB

model are evident in all the MSE, MAE and ESD benchmark parameters.

Figure 3.44 depict Trm inference plots using GS-CSHB model, and shows highly

accurate inference result as compared to the actual (measured) Trm plot. By an-

alyzing error plot of Figure 3.46, the Trm inference error using GS-CSHB model

(T̄rm) also depicts significant improvement over the CSHB model (T̆rm). The
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GS algorithm introduced to the GS-CSHB model, resulted in timely coefficients

change across different Ttm temperature range. Each identified temperature re-

gion has its own calibrated model coefficients, hence effectively caters to the

non-systematic problems encountered earlier from a single model coefficients.

The proposed GS-CSHB model has demonstrated significant benefit over the

MEHB and CSHB models in inferring accurate Trm by the overall improvements

of the MAE.
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Figure 3.43: Inferred T̆me and Actual Tme vs. Time (using GS-CSHB Model)
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Figure 3.44: Inferred T̄rm and Actual Trm vs. Time (using GS-CSHB Model)
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Figure 3.45: Inference Errors showing the GS-CSHB Inferred ME Temperature
vs. Time plots using the VERIFY dataset.

Figure 3.46: Inference Errors showing the GS-CSHB Inferred RM Temperatures
vs. Time plots using the VERIFY dataset.

Table 3.9: GS-CSHB Model Benchmarks for Tme

Benchmark Inference Errors (K)

Ttm T̃me T̆me

dataset = CONFIG (×10−1) (×10−3) (×10−3)

MSE 2 .35 0.029 [99.99%] 0.14 [99.94%]
MAE 4 .67 3.42 [99.27%] 9.54 [97.95%]
ESD 1 .33 4.11 [96.91%] 6.93 [94.80%]

dataset = VERIFY
MSE 2 .35 0.028 [99.99%] 0.003 [99.99%]
MAE 4 .67 3.40 [99.27%] 1.12 [99.76%]
ESD 1 .33 4.09 [96.92%] 1.25 [99.06%]

Table 3.10: GS-CSHB Model Benchmarks for Trm

Benchmark Inference Errors (K)

Ttm T̆rm T̄rm

dataset = CONFIG (×10−1) (×10−3) (×10−3)

MSE 3 .84 3.19 [99.17%] 0.13 [99.95%]
MAE 6 .10 46.43 [92.39%] 9.12 [98.04%]
ESD 1 .12 32.18 [71.23%] 6.61 [95.04%]

dataset = VERIFY
MSE 3 .85 3.30 [99.14%] 0.008 [99.99%]
MAE 6 .10 46.71 [92.34%] 1.71 [99.63%]
ESD 1 .11 33.39 [70.04%] 2.21 [98.34%]

112



Chapter 3. Core Body Temperature Sensing: Re-visiting the Tympanic
Membrane Vicinity and Temperature Modeling

3.9 Summary

In this chapter, the TM vicinity as a potential measurement site for CBT was

revisited. Two issues were explicitly targeted and experiments were carried out

to verify the hypotheses and previous observations. First, the non-uniformity

of temperature on the TM surface was shown using a probe positioned at a

pre-defined proximity to the TM at predefined points. A point in front of the

malleus bone (A1), a point in the lower anterior quadrant (B1) and a point

at the distal end of the ear canal (C1) were selected for evaluation. Point A1

registered the highest steady state temperature and showed stability in indicating

the CBT. Facial cooling has been verified to affect TM temperatures, but this

sensitivity can be reduced by directing the measurement probe at the desired

point. Secondly, the ME cavity was explored for the first time as a CBT site. The

rapid responsiveness of the ME temperature towards a change in the CBT was

observed relative to other sites. From the measurements, it is generally difficult

to infer this change in ME temperature from the temperatures measured at the

other sites. The ME cavity appears to be a potential CBT site to explore when

real-time continuous measurements of CBT are necessary.

A MEHB mathematical dynamical model based on first principles which re-

lates the relationship between the temperatures at the ME, TM and the ambient

temperature has been successfully derived. Efficient procedures for the parame-

ter estimation of the model, as well as the inference of the ME temperature from

TM temperature are proposed and adopted. A model based on these algorithms

were then built using real-time data from a live primate and the model was subse-

quently validated using extended measurements from the same primate to show
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the high accuracy in the inference of the ME temperature from measurements

of TM and ambient temperature only, benchmarked against other models.

The MEHB model is extended to CSHB model to infer temperatures at CBT

sites further away from the ME cavity, and CBT sites at the esophagus and

the rectum were discussed. Figure 3.39 provides a comparison of the inference

errors for temperatures at the ME cavity, ES and the RM. The most accurate

temperature inference with minimal inference error is observed to be from the

ME cavity due to its close proximity to the TM. The ES and the RM being

located further away exhibit higher inference errors even though higher order

derivatives are included into the model.

The CSHB model is further improved into GS-CSHB model. The enhanced

GS-CSHB model is realized from the augmentation of the CSHB model with a

gradient detector and a GS lookup table. The combinations resulted in a cus-

tomized, on-demand model coefficients configuration attachment that is shown

to be effective in integrating into the CSHB model. The model was subsequently

validated using measurements from the same primate to show the high accuracy

in the inference of the ME, ES and RM temperatures from measurements of TM

and ambient temperature only, and benchmarked against the CSHB model. The

inference accuracy of MAE ≤ 0.01K is achievable for all the three sites, thus

demonstrating the GS-CSHB model to be highly robust, and can be applied in

a future work for continuous monitoring of active sportsmen/military personnel

undergoing training to an accuracy of 0.01K.
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Chapter 4

Core Body Temperature

Sensing: VitalMON, a

Minimally Invasive System for

Mobile Monitoring

4.1 Introduction

Heat exhaustion is an acute and life-threatening condition [121] caused by

excessive exposure to heat and dehydration. It occurs when the human body can

no longer dissipates heat adequately because of extreme environmental condi-

tions or increased metabolic heat production from within. Heat exhaustion may

progress to heatstroke when the body’s thermoregulatory mechanisms become

overwhelmed and fail, ultimately causing heat related injuries leading to brain

and organ damage or even death. In military exercise and sports activities, heat
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exhaustion is a dangerous reality. In order to detect signs of heat exhaustion, the

core body temperature (CBT) has to be continuously monitored. The tempera-

ture pill method of temperature measurement reviewed in Chapter 3 is expensive

relative to other methods, especially when large numbers of subjects need to be

monitored. The pill is non-reusable and lasted in the body for about 18 to 30

hours before passing safely [141].

On the other hand, Van Staaij et al [142] demonstrated that CBT measure-

ment by infrared Tympanic Membrane (TM) thermometer has also been shown

to accurately reflect CBT during hyperthermia in the clinical situation albeit in

young children and is relatively inexpensive. Yamakoshi et al [143] demonstrated

a feasible method to monitor real-time CBT via TM by developing a wearable

infrared TM thermometer. Yamakoshi et al fabricated a custom ear mold to

embed the infrared temperature sensor. Proper positioning of the ear mold is

important for accurate TM temperature measurement as improper positioning

leads to inaccurate measurement due to contamination of skin surface tempera-

ture from the surrounding ear canal. The ear mold aided to direct the sensor to

the line of sight view of the TM within the ear canal.

The infrared temperature sensor used by Yamakoshi et al is commonly de-

ployed in the commercially available handheld infrared TM thermometer and it

contains only a single thermal infrared thermopile detector [144]. Commercial

infrared TM thermometer can be easily found in clinics and hospitals for the

sole purpose of non-invasive and fast CBT measurements. The thermometer has

a single infrared thermopile detector positioned along the line of sight to the

TM with the aid of a speculum [144]. The thermometer measures the average
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thermal infrared emissions from the TM surface and calculates its equivalence in

temperature. Non-proper positioning of the thermometer due to human error or

anatomical constrains is a primary factor for inaccurate temperature measure-

ment.

Extensive research has been conducted in Chapter 3 for the purpose of jus-

tifying the TM is reliable in indicating core body temperature (CBT). As high-

lighted in Chapter 3, the TM surface temperature is uneven, and evidences have

shown that the highest temperature measurement point on the TM that cor-

rectly indicate CBT exists [104] [105]. Thus, by using the temperature sensor

and method suggested by Yamakoshi et al, the measured TM temperature is the

summed average of the overall TM surface temperature, which is inaccurate in

indicating true CBT.

The shortfall of the system proposed by Yamakoshi et al has been thor-

oughly reviewed together with other similar systems by independent researchers

[145–148]. This chapter attempt to address the shortfall by leveraging on re-

search done in Chapter 3, and propose a novel wearable infrared TM temper-

ature monitoring system utilizing infrared thermopile sensors array (TSA) and

low power electronics. None of the systems reviewed ever utilize any method

of temperature measurements pertaining to the human TM using TSA. It has

been previously shown that TM temperature measurement for indicating CBT

is feasible and it exhibits certain potential traits. Thus, this chapter presents

the details pertaining to the design and development of VitalMON - a real-

time mobile CBT monitoring and motion activity detection system for use by

ordinary users and military personnel performing strenuous physical activities.
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By adopting the TM for CBT measurement and with a re-usable temperature

sensor, VitalMON is able to monitor in real-time the vital CBT change of a

human body, and is capable of generating localized and remote alerts to report

an impending heat related injury.

VitalMON is designed from ground-up based on a close collaboration with

the Defense Science Organization (DSO). With documented cases of military

personnel collapse and suffer from heat related injuries when undergoing stren-

uous physical field exercises and training, DSO aims to search for a reliable and

accurate CBT monitoring solution in-order to monitor in real-time the CBTs of

military personnel during field exercise and training, and to reduce or to pre-

vent any occurrences of heat related injuries. To summarize, the primary aims

of VitalMON are: (a) to accurately monitor users CBT, (b) to locally and re-

motely indicate the CBT status of the user and (c) to provide simple visual

indicator, indicating the users current CBT range (Normal, Warning and Dan-

ger) so that the user or any person near the user is aware of what is happening.

The requirements by DSO are straightforward and do not have any restriction

on the VitalMON usage and deployment. Based on these requirements, Vital-

MON is classified as an AH device as it provides vital status (CBT) monitoring

and reporting functions. Thus, VitalMON can also be used by other groups of

users and not restricted to only military applications. Examples of non-military

related applications are:

1. Sports - CBTs of Sports personnel undergoing rigorous field training can

be continuously monitored to reduce the occurrences of heat related in-

juries. The application also applies to participants participating in stren-

118



Chapter 4. Core Body Temperature Sensing: VitalMON, a Minimally Invasive
System for Mobile Monitoring

uous sports events (e.g., long distance marathon).

2. Personal Temperature Monitor - Elderly people and people with cer-

tain health conditions can monitor their own CBT while performing phys-

ical exercises, so as not to unintentionally over exert themselves.

3. Temperature Monitoring for the Patient with Critically Illness -

Existing VitalMON system can easily be adapted with some minor mod-

ification to provide continuous and accurate real-time CBT monitoring

of critically ill patients, where medical treatments and procedures can be

effectively administered.

4.2 System Architecture

In this section, VitalMON is designed from ground-up based on DSO re-

quirements, and the military is the target user, specifically for military person-

nel performing strenuous physical activities and training. VitalMON is designed

to be scalable, and capable of supporting a whole range of configurations from

stand-alone and localized CBT monitoring within a small user group, to large

scale pervasive CBT monitoring for multiple user groups. VitalMON consists of

three major components: (a) Personal Vital Status Monitor (P-VSM) for ordi-

nary military personnel, (b) Group Coordinator (GC) for military and medical

officers, and (c) Backend Monitoring and Database System (BMDS).

Figure 4.1 depicts a functional block diagram of a P-VSM module. The

P-VSM is a personalized wearable device which consists of two sub-modules,

namely the Wireless Temperature Acquisition (WTA) unit and the Personal

Data Logger/Temperature Monitor (PDL/TM) unit. The WTA is a miniature
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wireless infrared thermometer to be worn in-the-ear and behind-the-ear of an or-

dinary military personnel. It comprises of a TSA that measures thermal infrared

emission from the TM surface. A low power microcontroller unit (MCU) con-

verts the measured infrared emission into a temperature equivalent and wirelessly

transmits the temperature via the Bluetooth Low Energy (BLE) transceiver to

the PDL/TM. A miniature 3V coin battery powers the WTA.

The PDL/TM module communicates with WTA via BLE to receive and pro-

cess temperature data. The MCU within the module serves as a local processing

unit with an added functionality to continuously track changes in the CBT of

the military personnel. The PDL/TM uses an intuitive visible light indicator

system as a local CBT status indicator. CBT status is signaled to other person-

nel within its visual vicinity in the form of a tri-color LED indicator (TLight)

that mimics a typical road traffic light system. TLight is Green (Normal) if CBT

is within the normal threshold, Yellow (Warning) if CBT is above the normal

but still within the safe threshold, and Red (Alert) if CBT is within the unsafe

threshold.

CBT is inferred from the TM temperature by performing the following steps

proposed in Chapter 3. The PDL/TM monitors the inferred CBT and generates

local and remote alert base on the pre-programmed CBT thresholds. There are

two thresholds: CBT WARNING configured at 39◦C and CBT CRITICAL at

41◦C. When the inferred CBT < CBT WARNING, the tri-color LED indicator

(TLight) on the PDL/TM is shown as blinking GREEN, when CBT WARNING

≤ CBT < CBT CRITICAL, TLight is shown blinking YELLOW, and when

CBT ≥ CBT CRITICAL, the TLight is shown solid RED. When the CBT is
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within the range of CBT CRITICAL, an additional loud audible alert can also

be initiated as an additional measure to request for immediate medical attention.

Physical activity will have ceased once the CBT CRITICAL limit is reached.

The 39◦C and 41◦C thresholds are used during the development phase for

calibration and functional tests of the PDL/TM within the lab environment

involving an artificial heat source emulating an extremely fit individual known

to have high CBT due to the person’s ability to sustain high metabolic rate while

performing strenuous physical activities [97] [149]. Based on the local context (in

Singapore), 40◦C is the CBT CRITICAL threshold adopted by the Singapore

Arm Forces. Thus, the thresholds are not fixed but largely depend on the context

of interest.

PDL/TM can be programmed to automatically issue remote alert and to re-

quest for assistance through GSM (Global System for Mobile Communications)

and ZIGBEE (ZBEE) wireless communications networks. Besides CBT mon-

itoring, the PDL/TM is also motion and location aware with the inclusion of

a tri-axial digital accelerometer (ACC) and a global positioning system (GPS)

receiver module. This further enhances the overall P-VSM functionality with

which any ordinary military personnel with a P-VSM can be remotely moni-

tored for CBT with motion status and geographical location known, and in the

event of injuries, critical assistance can be rendered on demand. A rechargeable

Lithium-Ion battery powers the P-VSM, is more than sufficient for 24 hours’

continual operation.

Figure 4.2 depicts a functional block diagram of a GC module. The GC is

made up of a Device Coordinator (DC) unit and an Apple iPad or iPhone loaded
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Figure 4.1: P-VSM functional block diagram.

with a custom monitoring application for an intuitive graphical user interface.

The DC unit receives individual CBT, motion and geographical location data

from each connected P-VSM of each ordinary military personnel. The iPad or

iPhone serves as a graphical user interface for the field military officer or medical

officer to observe the CBT trends, motion and location data of each ordinary

military personnel. The iPad or iPhone also serves as an alerting device in an

event of an emergency. There can be several GCs to monitor the same number

of P-VSMs.

Figure 4.2: GC functional block diagram.

The BMDS serves to collect operational data for all the P-VSM deployed to

the military personnel. BMDS implements an additional layer of health status

and alert monitoring base on real-time data streamed by the active P-VSM of

the ordinary military personnel. The BMDS usually reside at headquarter, and
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real-time data from the active P-VSM are collected via the established GSM

wireless communication network or via Internet cloud services.

4.2.1 Operational Advantages

The VitalMON wearable device monitors CBT of ordinary military person-

nel working in harsh environments or performing strenuous physical activities.

VitalMON monitors in real-time the vital CBT change of the human body, and

generates localized and remote alerts to report an impending heat related injury.

VitalMON attaches CBT measurements with motion activity and geographical

location information to ease of search and rescue operations. The wearable de-

vice also includes a Request-for-Assistance Switch, when manually activated by

hand, it sends a SOS requesting for immediate assistance. VitalMON fully sup-

ports major wireless communication infrastructure including the GSM network,

BLE and ZIGBEE wireless personal area network (PAN).

The WTA of the P-VSM performs contactless infrared temperature measure-

ments using a 16× 4 resolutions TSA. The sensors array measures 64 simultane-

ous temperature points at the TM surface and along the ear canal as opposed to

a single thermopile sensor commonly used by a handheld tympanic thermome-

ter [144]. The sensors array is capable of detecting multiple hotspots on the

surface of the TM. Custom analysis firmware is developed to select temperature

hotspot with highest value for valid TM temperature measurement. CBT is

determined by applying custom inference algorithm developed in Chapter 3 to

infer CBT from measured temperature at the TM.
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4.2.2 Operational Configurations

VitalMON is scalable and it can be customized based on different operational

needs. As stated earlier, VitalMON supports stand-alone and localized CBT

monitoring within a small target group, as well as CBT monitoring for large

scale pervasive and multiple groups.

Figure 4.3 depicts typical CBT monitoring within a small-localized group

(military unit) of ordinary military personnel performing strenuous physical ex-

ercises together with a field military officer in-charge of the group and a medical

officer on standby. Each group consists of a fixed number of personnel, and in

most cases all the members within a military unit are involved during an exer-

cise or training. VitalMON can easily support this group formation where each

group (or military unit) is assigned a unique ZIGBEE wireless PAN, and the

group members are within the ZIGBEE wireless PAN range. Each personnel

is equipped with P-VSM (WTA + PDL/TM), while the officers are equipped

with GCs. CBT, motion and GPS geographical location data of each personnel

is periodically streamed via ZIGBEE network to the GCs. The GCs within the

group will be able to monitor locally the CBT of all the personnel. A copy

of the data is also sent via the GSM network or Internet cloud services to the

BMDS. At any instance during the exercise, the field and medical officers, and

the BMDS can be alerted of any potential heat related emergencies, and the

affected personnel can be attended to immediately, thus preventing any serious

heat related injuries. Each group PAN is uniquely assigned. In scenarios where

multiple groups are performing field exercises or training, group leaders will only

monitor personnel in their own respective groups.
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Figure 4.3: VitalMON in small group deployment at a localized area.

Figure 4.4 depicts an area deployment of VitalMON, wherein ordinary mil-

itary personnel equipped with P-VSM performing strenuous exercises can be

either in local or pervasive categories. Personnel in the local category is within

the ZIGBEE PAN communication range with the GCs. Personnel in the per-

vasive category is located beyond the ZIGBEE communication range with the

GCs. In this scenario, the local category still uses ZIGBEE as a primary way

of communication with the GCs. The pervasive category uses GSM wireless

communication network or cloud services via Internet as the primary method of

communication with the GCs. The GPS location information from the P-VSM

of the pervasive category is able to assist officers in locating personnel in need

of urgent medical attention.

Figure 4.5 depicts another scenario where ordinary military personnel in mul-

tiple groups (military units) under the pervasive category are scattered over a
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wide geographical area during a large scale exercise. Each deployed P-VSM

can only use the GSM communication network or cloud services via Internet

in-order to communicate with assigned GCs. VitalMON is robust and fully cus-

tomizable for various operational scenarios, and it includes support for existing

well-established wireless communication networks. Depending on the operational

requirements, VitalMON system can be configured to transmit data via one or

more wireless communication networks within its range, thus eliminating the

needs of providing its own custom communication infrastructure.

Figure 4.4: VitalMON in multiple groups deployments (local and pervasive cat-
egories).

4.3 Hardware Design

VitalMON consists of several application specific low-power autonomous em-

bedded controller hardware, wirelessly linked to each other to form the intended
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Figure 4.5: VitalMON in multiple groups deployments under the pervasive cat-
egory.

real-time CBT monitoring system. VitalMON is designed as a wearable device,

thus important design considerations will have to be in term of size and power

consumption on top of the standard design considerations for an embedded sys-

tem.

4.3.1 P-VSM Hardware

The P-VSM is a networked embedded system consisting of a WTA and

PDL/TM autonomous modules. Each module has it own sets of defined func-

tionalities, operates autonomously, and wirelessly communicates via BLE. Each

module requires different firmware to function correctly. Refer to Appendix B

for the details of the firmware developments.

The WTA hardware is designed with a Renesas RL78 based 16-bit low power

Microcontroller Unit (MCU) [150], and clocked at 1MHz to facilitate low power
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operations with ≤ 400µA in standby current. The MCU connects and commu-

nicates to the TSA via a standard Inter-Integrated Circuit (I2C) communication

bus. The WTA also provides regulated 2.6V power source to the TSA so as

to ensure operational stability. Thermal infrared radiation data acquired from

the TSA is converted to temperature by the MCU and transferred via RS232

serial communication interface to the BLE controller. The BLE controller pro-

vides a wireless RS232 serial link to the PDL/TM to enable direct transfer of

temperature data. The User Interface facilitates visual information pertaining

to WTA operation modes and error status. The switch-mode type Power Con-

troller module provides a stable 3V primary power source to the WTA from an

attached miniature coin cell battery. Figure 4.6 depicts the detailed hardware

block diagram of the WTA hardware.

Figure 4.6: WTA block diagram.

The WTA is designed with a TSA for non-contact temperature measurement.

The TSA is selected in many ways to be different from any of those standard

single infrared detector used by the off-the-shelves infrared tympanic thermome-

ters. A MLX90620 16 × 4 infrared TSA [67] [68] [71] [151] [152] manufactured

128



Chapter 4. Core Body Temperature Sensing: VitalMON, a Minimally Invasive
System for Mobile Monitoring

by Melexis is selected for this purpose. The TSA has a 60◦×10◦ optical field-of-

view (FOV) from an attached infrared lens, and digitally interfaced to a 16-bit

low power MCU via an I2C bus. Figure 4.7 (a) depicts a cross sectional area

of a human ear with a conceptualization of a WTA unit that is similar to a

typical in-the-ear hearing aid which consists of a custom ear mold constructed

with hypo-allergic material encapsulating the TSA, and a behind-the-ear low-

power electronics module. The TSA is enclosed in a custom plastic ear mold,

and is positioned within the human ear canal with a direct line-of-sight view of

the TM in-order to pick-up the thermal infrared (heat) emission from the TM

surface. The TSA is connected via short and shielded electrical wires to the

behind-the-ear electronics module that contains BLE and Control Electronics

hardware for control and communication purposes. Figure 4.7 (b) is an actual

constructed WTA prototype with the TSA embedded within a clinical plastic

ear speculum replacing the custom ear mold. The prototype is constructed to

demonstrate its intended functionality; hence the speculum is used to replace

the costly and customized plastic ear mold. The speculum provides the same

function as the ear mold in securing the TSA in a proper position in-order ensure

a direct line-of-sight view of the TM.

Figure 4.8 depicts the TSA square thermal pixel arrangement where each on-

chip individual pixel is a thermopile infrared detector. By placing the TSA in

a line-of-sight exposure to the TM surface along the ear canal wall, the thermal

infrared emission from the TM and the surrounding canal wall can be captured

and measured, and the highest temperature point can be determined based on the

infrared emission. The area of interest (AOI) from the 16×4 pixels thermal image
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Figure 4.7: (a) Conceptual design and fitting of a WTA for ordinary military
personnel, and (b) Actual WTA prototype with a clinical ear speculum.

with 60◦×10◦ FOV implemented with an embedded infrared lens represents the

actual location of the TM as seen by the TSA. In an ideal line-of-sight positioning

of the TSA, the AOI will be right at the center of the thermal image. In most

cases, the anatomy of the ear canal differs for each human subject. Thus, the

design of the ear mold is critical to ensure proper positioning of the TSA in the

ear canal.

Figure 4.8: TSA Thermal Pixel Configuration.

The TSA measures levels of thermal infrared emissions. Each of the square
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pixels on the array is an individual infrared thermopile detector connected to

a 16-bit analogue to digital converter. Each raw data represents an infrared

emission level. The longer the distance between a heat emitting object and

the TSA, the less accurate result can be expected from the surface infrared

emission measurement of the object. This issue does not affect the overall WTA

performance due to the short line-of-sight distance between the TSA and the

TM.

A WTA prototype is constructed where the TSA is embedded into a clinical

plastic speculum with its sensing window pointed at the distal opening of the

speculum. The speculum measuring 3.6cm in overall length and 0.4cm in diame-

ter at the distal opening is used in-place of a custom ear mold. A block diagram

summarizing the WTA with a TSA embedded in a speculum together with its

interface electronics board is depicted in Figure 4.9. The TSA has an original

FOV of 60◦× 10◦ for 16× 4 pixels implemented with an embedded infrared lens.

However, embedding of the TSA into the clinical speculum resulted in a much-

reduced FOV of 10◦×10◦ . The main reason behind the original FOV reduction

is due to the speculum’s distal opening diameter of 0.4 cm blocking some of the

views of the TSA. As such, the effective TSA resolution also reduced to 4 × 4

pixels representing the effective FOV at the distal end.

Using a smaller size clinical speculum of the same length will result in a loose

fit of the speculum within the ear canal. In this scenario, the distal end of the

speculum is still being positioned at the line of sight to the TM. However, due

to the distal end of the speculum being reduced in diameter, the effective FOV

will also be further reduced, hence reducing the effective resolution of the TSA.
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Thus, the 16 × 4 pixels TSA might not be able to cover the whole TM surface.

In a worst case scenario, the TSA behaves very much like the single pixel sensor

commonly found in those off-the-shelves infrared ear thermometers.

Figure 4.9: TSA embedded in disposable plastic speculum with 10◦ effective
FOV forming the WTA module prototype.

The PDL/TM hardware is designed with a similar Renesas RL78 based MCU.

The MCU interfaces to more peripherals hence requires higher clock rate of

32MHz to improve in its overall processing efficiency. The attached peripher-

als are the GSM Modem, GPS module, BLE controller, ZIGBEE controller,

3-Axes Digital Accelerometer, Lithium-Ion (Li-Ion) Battery Power Controller

and Charger, Audio and Visual Alert and User Interface. Each of the periph-

eral’s power supply is individually controlled by the MCU via the Peripheral

Power Controller and is only turned on when required. This approach presents

a simple and yet effective methodology for controlling the device’s overall power

consumption by allowing only the active peripherals to be turned on, while turn-

ing off idle peripherals (selective load shedding), thus eliminating the quiescent

currents consumed by the idle peripherals. The PDL/TM is powered by a 3 .7

Volts, 2.2AH rechargeable Li-Ion battery that is able to ensure continuous oper-

ational time duration of at least 24 hours. Figure 4.10(a) depicts the hardware

block diagram of a PDL/TM, and Figure 4.10(b) depicts a completed hardware
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prototype.

(a) Block diagram (b) Prototype

Figure 4.10: PDL/TM: (a) Block diagram (b) Prototype

The GSM Modem provides a wide area communication link via the GSM

communication network; the GPS module provides current GPS coordinates of

the PDL/TM; the BLE controller wirelessly connects to the paired WTA mod-

ule; the ZIGBEE controller provides local area communication link via ZIGBEE

wireless mesh network; the Accelerometer detects various forms of human mo-

tion activities; the Power Controller and Charger provide stable 3.3V supply to

all on-board components and to charge the 3.7V Li-Ion battery; the Audio and

Visual Alert provides audible notifications and alerts, and it also serves as a

tri-color TLight status indicator; and finally the User Interface provides simple

push-button based control to the PDL/TM.

4.3.2 GC Hardware

The GC Hardware is made up of a DC hardware module and an iPad pre-

loaded with a custom User Interface (UI). The DC hardware module shares a

similar hardware functions as PDL/TM but with less attached peripherals. The

attached peripherals are the GSM Modem, BLE controller, ZIGBEE controller
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and Li-Ion battery Power Controller and Charger. Figure 4.11(a) depicts the

DC hardware block diagram. Based on a similar approach in controlling power

consumption as in PDL/TM hardware, the power supply to each attached pe-

ripheral is independently controlled by the MCU, and only turned on when re-

quired. The DC is also powered by a 3.7 Volts, 2.2AH rechargeable Lithium-Ion

battery which delivers similar operational lifespan as PDL/TM.

The GSM Modem provides wide area communication link via GSM commu-

nication network; the BLE Controller connects the DC to an iPad or iPhone;

the ZIGBEE Controller establishes a unique and secured local wireless ZIGBEE

mesh network; and forms connections to the PDL/TM within its wireless cov-

erage; and User Interface provides simple push-button based control to the DC.

Figure 4.11(b) depicts a GC which consists of a DC prototype and an iPad

custom user interface application.

(a) DC block diagram (b) GC prototype with iPad Application.

Figure 4.11: GC: (a) DC block diagram (b) GC prototype

4.4 Thermal Infrared based TM Temperature Mea-

surement with P-VSM

It has been established that the TM has an uneven surface temperature

distribution. Temperature at the hottest spot on the TM must be used in-order
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to infer an accurate CBT [104] [105]. The TM is a valid thermal infrared source

as its surface emits heat. The most elegant way to engage the hottest spot will

be via thermal infrared imaging. By using an infrared detector with sufficient

resolution, the temperature at the hottest spot can be easily determined. A

typical handheld infrared tympanic thermometer can only measure the average

surface temperature and is unable to discriminate the highest temperature spot

on the TM [144].

As discussed earlier, the P-VSM is a personalized wearable device, which con-

sists of two sub-modules. In this section, the WTA sub-module will be discussed

in detail as it embodies an infrared detector, which is important for accurate

CBT measurement. The PDL/TM sub-module will also be briefly discussed as

it houses the CBT measurement algorithm developed in Chapter 3 and alert

systems.

4.4.1 Optical line-of-sight view of the TM for accurate temper-

ature measurement via thermal infrared emission

The accuracy of the TM temperature measurement relies on the direct line-

of-sight view between the TM and the infrared detector. The direct line-of-sight

view of the TM can be achieved by using a custom ear mold that perfectly fits the

ear canal with its distal end pointing at the TM. A custom ear mold will fit per-

fectly to a specific user’s ear canal, is comfortable to use and is non-transferable

due to hygiene reasons. Alternatively, the ear canal can be straightened with an

aid of a clinical ear speculum of an appropriate size and length. A clinical ear

speculum is used by medical practitioners for visual ear examinations, and it is

also commonly used in off-the-shelves infrared ear thermometers. Ear speculums

135



Chapter 4. Core Body Temperature Sensing: VitalMON, a Minimally Invasive
System for Mobile Monitoring

vary in sizes and lengths and they are tailored for specific usages. A clinical ear

speculum chosen for this project has a length of 3.6cm and distal end diameter

of 0.4cm, and the ear canal is automatically straightened when the speculum

is fully inserted into the canal. Similar in functionality to a custom ear mold,

the plastic speculum secures the TSA in a proper position for a direct line of

sight view of the TM. The available sizes of plastic speculums are limited and

the sizes may not properly fit all the volunteers ear canals. Each volunteer may

experience varying level of discomfort due to the speculum being inserted deep

into the ear canal. For development purpose, using an off-the-shelf plastic specu-

lum is the only feasible and economical alternative. Volunteers from different

gender and age groups are tasked to test the CBT measurement accuracies and

other functionalities for only a short period of time. It will not be practical to

fabricate custom ear molds for each of these volunteers. In an actual field deploy-

ment, customized TSA module which is much smaller in diameter, together with

a personalized ear mold made from hypo-allergic material will be provided for

each user. The ear mold design will introduce good fit and removes the inherent

discomfort associated with the plastic speculums.

Figure 4.12 (a) - (d) depict the clinical speculum fitted tightly into an ear

canal. The figures also depict how an ear canal is automatically straightened.

The distal end of the clinical speculum is at the near proximity and with line-

of-sight view to the TM. A simple geometrical analysis shows that the degree

of freedom is rather limited when the clinical speculum is fitted tightly into an

ear canal. Reference x-axis and y-axis lines are defined to indicate the position

of rotation angle of the clinical speculum. θ is positive if rotation is clockwise
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and negative if rotation is counter-clockwise. The red dotted arrow depicts the

center of line-of-sight view from the distal end of the speculum. The FOV area

of coverage of the clinical speculum is depicted with a dotted red rectangle box.

Figure 4.12 (a) depicts the speculum positioned with θ = 0◦ and its distal end

touching the ear canal surface. Due to the deep penetration of the speculum, its

distal end is along the line of sight towards the TM and there is no contamination

from the ear canal surface. Figures 4.12 (b), (c) and (d) depict line of sight views

of the TM at θ = 2◦, 4◦ and 6◦ respectively covering the whole TM surface. Due

to the clinical speculum being deeply inserted into the ear canal, the allowable

value of θ is limited between 0◦ and 6◦ (inclusive of both). User will experience

varying amount of pain if θ is at 0◦ and 6◦, and outside this range. This is

due to the distal end of the speculum pressed against the inner ear canal wall

tissue (near to the TM). The limited value of θ directly ensures proper coverage

of the line-of-sight view of the TM without any direct contamination from the

surrounding ear canal wall. The clinical speculum might not be comfortable for

the user, but it ensures proper line of sight view of the TM.

A short length speculum that is approximately 2.3cm in length and with a

diameter of 0.7cm at its distal end is commonly used in commercial infrared

ear thermometer. The short length speculum limits the deep insertion into the

ear canal and improves the usage comfort. A short length speculum can be

positioned comfortably at the outer ear with its distal end inserted into the

shallow opening of the ear canal, hence avoiding any form of physical contact

to the distal end of the ear canal wall in proximity to the TM. The shallow

penetration into the ear canal ensures comfort of use. However, this approach
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Figure 4.12: Clinical speculum with distal end exposed to the TM within an
automatically straightened ear canal.

does not automatically straighten the ear canal, hence resulting in erroneous

measurement (if the ear canal is not properly straightened). Figure 4.13 (a) -

(d) depict typical scenarios when a short length speculum is inserted into an

un-straightened ear canal. Figure 4.13 (a) depicts the speculum positioned at

θ = 0◦ which indicates the line-of-sight view of only the canal wall without the

TM coverage. Figure 4.13 (b) depicts the speculum positioned at θ = −10◦ which

indicates the partial line-of-sight coverage of the TM with an obvious ear canal

wall contamination at the bottom area. Figure 4.13 (c) depicts the speculum

positioned at θ = −15◦ which indicates the partial line-of-sight coverage of the
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TM without any known ear canal wall contamination. Figure 4.13 (d) depicts

the speculum positioned at θ = −20◦ which indicates another line-of-sight view

of only the ear canal wall without the TM coverage. Speculum positioned at

θ = −15◦ is determined to be optimal for measuring temperature of the partially

exposed TM without ear canal wall contamination. Other values of θ result in

TM temperature measurements with ear canal wall contamination or purely

measuring only the ear canal wall temperature.

Figure 4.13: Short length speculum with distal end partially exposed to the TM
within an un-straightened ear canal.

An ear canal can be straightened manually (by hand) by gently pulling the

top of the ear lobe towards the back of the head. Figure 4.14 (a) - (f) depict

the short length speculum fitted into an ear canal that has been straightened

in this manner. The line-of-sight views at the distal end of the short length
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speculum for Figure 4.14 (a) - (d) are the same as those in Figure 4.12 (a) -

(d), with proper views of the TM without any contamination from the ear canal

surface. However, at θ > 6◦ as depicted in Figure 4.14 (e) and (f), the line-

of-sight view of the TM is clearly being contaminated with the ear canal wall.

θ = 6◦ is determined to be the rotation limit of a clinical speculum, however

with the short length speculum, due to its loose-fit nature at the ear canal, θ

can be effectively increased beyond 6◦. It has been shown that at θ > 6◦, the

line-of-sight view of the TM is clearly being contaminated with the ear canal

wall.

The short length speculum is very prone to improper positioning along the

ear canal that affects the line-of-sight view of the TM, hence is not adopted for

this project. This problem is quite common for most off-the-shelf infrared ear

thermometer that ultimately affects the TM temperature measurement accuracy.

Thus, the easiest and optimal way for providing good line-of-sight view of the TM

is by using a clinical ear speculum albeit the associated pain and discomfort. A

custom ear mold mimics the performance of a clinical ear speculum in providing

tight fitting as well as proper positioning within the ear canal for proper line-of-

sight view of the TM without the inherent discomfort and pain.

It has been shown that the clinical and short length speculums can only

provide limited FOV of the overall TM surface. The speculums must be rotated

in-order to cover other areas on the TM surface, and depending on the type of

speculums used, the rotational angle might cause ear canal contamination. As

such, any single infrared sensor positioned at the distal end of the speculum

might not be effective in measuring the proper TM temperature if the rotational
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angle is not correct for the speculum to cover the optimal spot as highlighted

in [104] [105]. A form of corrective infrared lens must be deployed at the distal

end in-order to increase the FOV of sensor to cover the overall TM surface.

Figure 4.14: Short length speculum with distal end exposed to the TM within a
straightened ear canal.
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Figure 4.15 depicts a conceptual method showing a WTA prototype being

tightly fitted into an ear canal. It has been previously shown that the ear specu-

lums can only partially view the TM surface area. The effective FOV of 10◦ x

10◦ from the embedded infrared lens is able to increase the view coverage that

sufficiently covers the overall TM surface. Thus, this is an added advantage of

using a TSA as opposed to a single infrared sensor without embedded lens.

Figure 4.15: WTA prototype tightly fitted into an ear canal.

4.5 Feasibility Study of WTA for Measuring TM Tem-

perature

5 healthy adult volunteers between 30 - 40 years of age were engaged in a

feasibility study to test the effectiveness of the WTA prototype where the TSA

was embedded into a clinical ear speculum for real-time measurement of the TM

temperatures. The study was carried out within an enclosed air-conditioned

room with a stable room temperature of 24◦C. A TSA was embedded into each
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of the 5 speculums intended for use by the volunteers. By using an otoscope as

a guide, the speculums were fitted very deeply and firmly into all the volunteers’

left ear canals where clear line-of-sight views of the TMs from the TSAs were

provided. In the study, with the aid of the speculums, the left ear canals of the

volunteers were observed to be automatically straightened. Due to tight fitting,

the distal ends of the speculums have very limited degree of freedoms for any form

of internal movements. Thus, regardless of any limited small movements to the

speculums, the distal ends were still properly aligned to the line of sight views of

the TMs. It was also noted that each of the ear canal wall at the distal end of the

speculum in proximity to the TM was extremely sensitive to touch and pressure,

thus the volunteers wearing tight fitting speculums experienced substantial pains

and discomforts. The WTA prototypes with clinical ear speculums deployed in

the study may not be comfortable but they ensured good line of sights to the

TMs.

Figure 4.16 - 4.20 depict 5 sets of 16 x 4 low resolutions thermal images con-

structed from temperature data acquired from the views at the clinical speculums

positioned securely in 5 volunteers’ ear canals. In Figure 4.16 - 4.20, the areas of

the thermal images enclosed within the dotted rectangles areas are consistently

showing the thermal images of the exposed TMs of the volunteers. The affected

pixels are consistently from locations (in brackets) 28 to 43 for an effective FOV

of 10◦ x 10◦. Consistently, the hottest points captured on 5 thermal images

are on the TMs of the volunteers. The areas outside the dotted line rectangles

areas are the ear canal walls and show lower infrared emissions than the TMs,

and these results are consistent with the human skin surface temperature that is
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always lower than the CBT. The hottest pixels are consistently being measured

at pixel location 34, 37 or 38 of the thermal images. The prototypes reliably

show performance consistency for the ability to detect temperature hotspots on

the TMs of the volunteers.

Figure 4.16: Constructed thermal image at the view from a speculum of Volun-
teer 1 (Thermal data at time t).

Figure 4.17: Constructed thermal image at the view from a speculum of Volun-
teer 2 (Thermal data at time t).

Figure 4.18: Constructed thermal image at the view from a speculum of Volun-
teer 3 (Thermal data at time t).

An effective AOI is defined as a small area on the thermal image that repre-

sents an actual line of sight thermal view of the TM. The rest of the area on the
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Figure 4.19: Constructed thermal image at the view from a speculum of Volun-
teer 4 (Thermal data at time t).

Figure 4.20: Constructed thermal image at the view from a speculum of Volun-
teer 5 (Thermal data at time t).

image represents the tissue surface of the ear canal. With the known AOI of the

TM, the rest of the pixel data outside the AOI is no longer important. Thus, a

16 x 4 pixels custom TM-MASK representing the AOI of the TM can effectively

mask out (remove or ignore) the unwanted pixels and leave the effective thermal

pixels representing the TM intact, hence resulting in a smaller set of raw infrared

data for processing. In the feasibility study, the AOIs of the 5 volunteers’ left

TMs were determined by constructing the thermal images depicted in Figure

4.16 - 4.20, from the sets of processed temperature data from all the 64 pixels

downloaded from the WTAs in operations. A custom rectangle TM-MASK (in

dotted black rectangle) for each volunteer is defined where pixels beyond the

dotted rectangle area are ignored. By applying the masks, TMs temperature

measurements from infrared emissions can be efficiently conducted.
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In the feasibility study, the temperature and infrared emissions from the left

TMs of the volunteers were measured at every 1 hour interval for total of 8

hours. The TM temperature of each volunteer was carefully measured by using

a Braun ThermoScan 5 clinical infrared ear thermometer, and the respective

thermal infrared emissions were measured by using a WTA prototype discussed

earlier. The temperature data from the ThermoScan 5 were used for accuracy

benchmark against the temperature date calculated from the thermal infrared

emissions measurements from the WTA. The measurements involved manual re-

insertion and re-positioning of the ThermoScan 5 and the WTA along the ear

canal. The ThermoScan 5 was positioned with care to ensure proper line of sight

view to the TM. The line of sight view of the TM as seen by the WTA may vary

slightly at each re-positioning.

The resultant TM thermal images for volunteer 1 to 5 were constructed as

depicted in Figure 4.21(a) - 4.25(a) for the first 4 hours and in Figure 4.21(b)

- 4.25(b) for the last 4 hours. In all of the 5 figures, the dotted rectangle areas

contain the volunteers’ TMs temperature map with thermal pixel location and

temperature labels. The first half (first 4 hours) of the measurements were

conducted without the effects of head cooling. During the second half (last 4

hours) of the measurements, forced convection head cooling was introduced by

using small direct current (DC) electric fans blowing 120 Cubic Feet per Minute

(CFM) of cool ambient air directed toward the left face of each volunteers from

a distance of 20 cm away.

The hot pixel location is defined as the identified thermal pixel with the

highest temperature value, can be observed in Figure 4.21(a) - 4.25(a) and in
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Figure 4.21(b) - 4.25(b) to alternate between pixels at the 3 locations 34, 37

and 38 for all the volunteers. It is interesting to note that for each volunteer,

the corresponding hot pixel only appears in 1 of these 3 pixels locations. The

TM areas measured by pixels at the 3 locations can be attributed to the highest

temperature spot as previously reported by Brinnel and Cabanac [104] and Sato

et al [105]. At every instance when the speculum was re-fitted with care on

each of the volunteer’s ear canal, small positioning error was observed where

the hot pixel may be shifted between the 3 locations. The hotspot temperature

(highest temperature) measurement was consistent at 36.9◦C. Head cooling

introduced certain level of fluctuations to the overall surface temperature of the

TM as observed in the TM temperature map of each volunteer in Figure 4.21(b)

- 4.25(b). However, no apparent effects were observed at the hotspots on all the

TMs when measured with the WTA prototype. The hot pixels locations and

highest temperature for the 5 volunteers remained stable at 36.9◦C.

Table 4.1 - 4.5 depict the measured temperature (T̄tm) of the volunteers’ TMs

by using the Braun ThermoScan 5 infrared ear thermometer, with reference to

the highest TM temperature (T̂tm) calculated from WTA in Figure 4.21(a) -

4.25(a) and in Figure 4.21(b) - 4.25(b). The ThermoScan 5 measured an av-

erage TM temperature range of 36.7◦C to 37◦C during the first half (4 hours)

of the measurements that were conducted without the effects of head cooling.

During the second half (last 4 hours) of the measurements with head cooling,

ThermoScan 5 measured an average TM temperature range of 36.5◦C to 36.7◦C.

The measured temperatures data during head cooling were noticeable to be lower

than the temperature data without head cooling. When compared to the TM
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temperature measured by the ThermoScan 5 with the highest TM tempera-

ture obtained from the WTA, the temperature reading from the ThermoScan

5 showed some level of fluctuations, whereas the highest temperature obtained

from the WTA remained stable at 36.9◦C throughout, with the hot pixel loca-

tions shifted between pixel location 34, 37 and 38. The feasibility study showed

the feasibility of continuous CBT monitoring via the TM. The thermal images in

Figure 4.21(a) - 4.25(a) and in Figure 4.21(b) - 4.25(b) depict the highest tem-

perature hotspot on the TM can be easily determined from a WTA. A properly

positioned clinical ear speculum ensures adequate view of the TM, resulted in

proper measurement of the highest temperature on the TM surface.

(a) Without head cooling

(b) With head cooling

Figure 4.21: View of 8 TM thermal images from a speculum attached to an
ear, each image was recorded at 1h interval for Volunteer 1: (a) without head
cooling), (b) with head cooling.
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Table 4.1: Volunteer 1 - TM temperature measured from WTA and Braun Ther-
moScan 5

Time WTA ThermoScan 5

Hot Pixel Location T̂tm T̄tm

Without Head Cooling (◦C) (◦C)

t + 0h 37 36 .9 36.7
t + 1h 37 36 .9 37.0
t + 2h 37 36 .9 36.9
t + 3h 37 36 .9 36.8

With Head Cooling

t + 4h 37 36 .9 36.6
t + 5h 37 36 .9 36.6
t + 6h 37 36 .9 36.5
t + 7h 37 36 .9 36.7

(a) Without head cooling

(b) With head cooling

Figure 4.22: View of 8 TM thermal images from a speculum attached to an
ear, each image was recorded at 1h interval for Volunteer 2: (a) without head
cooling), (b) with head cooling.
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Table 4.2: Volunteer 2 - TM temperature measured from WTA and Braun Ther-
moScan 5

Time WTA ThermoScan 5

Hot Pixel Location T̂tm T̄tm

Without Head Cooling (◦C) (◦C)

t + 0h 37 36 .9 36.9
t + 1h 38 36 .9 36.8
t + 2h 38 36 .9 37.0
t + 3h 38 36 .9 36.9

With Head Cooling

t + 4h 38 36 .9 36.7
t + 5h 38 36 .9 36.5
t + 6h 38 36 .9 36.6
t + 7h 37 36 .9 36.6

(a) Without head cooling

(b) With head cooling

Figure 4.23: View of 8 TM thermal images from a speculum attached to an
ear, each image was recorded at 1h interval for Volunteer 3: (a) without head
cooling), (b) with head cooling.
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Table 4.3: Volunteer 3 - TM temperature measured from WTA and Braun Ther-
moScan 5

Time WTA ThermoScan 5

Hot Pixel Location T̂tm T̄tm

Without Head Cooling (◦C) (◦C)

t + 0h 37 36 .9 36.7
t + 1h 37 36 .9 36.8
t + 2h 38 36 .9 36.8
t + 3h 38 36 .9 37.0

With Head Cooling

t + 4h 38 36 .9 36.7
t + 5h 38 36 .9 36.6
t + 6h 38 36 .9 36.6
t + 7h 37 36 .9 36.5

(a) Without head cooling

(b) With head cooling

Figure 4.24: View of 8 TM thermal images from a speculum attached to an
ear, each image was recorded at 1h interval for Volunteer 4: (a) without head
cooling), (b) with head cooling.

151



Chapter 4. Core Body Temperature Sensing: VitalMON, a Minimally Invasive
System for Mobile Monitoring

Table 4.4: Volunteer 4 - TM temperature measured from WTA and Braun Ther-
moScan 5

Time WTA ThermoScan 5

Hot Pixel Location T̂tm T̄tm

Without Head Cooling (◦C) (◦C)

t + 0h 34 36 .9 36.9
t + 1h 38 36 .9 36.7
t + 2h 38 36 .9 36.8
t + 3h 38 36 .9 36.8

With Head Cooling

t + 4h 34 36 .9 36.6
t + 5h 34 36 .9 36.6
t + 6h 38 36 .9 36.5
t + 7h 38 36 .9 36.7

(a) Without head cooling

(b) With head cooling

Figure 4.25: View of 8 TM thermal images from a speculum attached to an
ear, each image was recorded at 1h interval for Volunteer 5: (a) without head
cooling), (b) with head cooling.
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Table 4.5: Volunteer 5 - TM temperature measured from WTA and Braun Ther-
moScan 5

Time WTA ThermoScan 5

Hot Pixel Location T̂tm T̄tm

Without Head Cooling (◦C) (◦C)

t + 0h 34 36 .9 36.8
t + 1h 34 36 .9 36.8
t + 2h 38 36 .9 37.0
t + 3h 38 36 .9 36.8

With Head Cooling

t + 4h 38 36 .9 36.7
t + 5h 38 36 .9 36.7
t + 6h 38 36 .9 36.7
t + 7h 38 36 .9 36.6

4.6 User Data Privacy and Security Considerations

VitalMON uses BLE, ZIGBEE PAN and GSM mobile communication net-

works for data transfer operations. Each VitalMON user is required to wear the

WTA and carry a PDL/TM. Each WTA has a Media Access Control (MAC)

address used as a unique identifier (ID) and is wirelessly paired to a desig-

nated PDL/TM via BLE. The WTA data transfer to its paired PDL/TM is en-

crypted [153–155] to prevent any form of passive and active man-in-the-middle

(MITM) eavesdropping attacks [155–157]. Encryption makes the data unintel-

ligible to all but the successfully paired BLE devices forming a communication

link.

At the PDL/TM, a User Data Packet (UDP) is assembled comprising of TM

Temperature data from the WTA, and motion and geographical location (GPS)

data from the PDL/TM. The UDP is uniquely tagged with WTA MAC ID as

a form of user identity. The fully assembled UDP is transmitted via a ZIGBEE
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PAN to the designated GC. The PAN is encrypted [154] [155] to prevent any

unauthorized network access, and has to be established prior to any successful

data transfer by the PDL/TM.

The GC contains the information of each registered user name together with

the assigned WTA MAC ID in its local database. The GC uses the WTA MAC ID

from the UDP it received and check against its local database in-order to display

user name, CBT, motion and geographical location information on the graphical

user interface screen. The remote BMDS received UDPs from PDL/TMs via the

GSM mobile communication network.

VitalMON users are informed of the documented methods VitalMON handle

their personalized UDPs and the underlying data encryptions efforts to ensure

their personalized data remain safe, private and secured. User are also informed

that the VitalMON does not collect or store any other form of user information

data.

4.7 Ethical Issue

The ethical issue of using VitalMON system is with regards to the motion

and geographical location tracking functions that may result in an invasion of

privacy issue. VitalMON implements a strict data collection guideline discussed

earlier, and the guideline prevents this issue from occurring. VitalMON users are

made aware of the data collection method and signed consents must be provided

by the users in-order to allow VitalMON deployments.

Motion and geographical position tracking functions are possible due to the

availability of motion and geographical location information from the UDP. Vi-
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talMON users are informed that apart from CBT monitoring, they are also being

monitored for motion and geographical location information. Each user has full

control over the decision to disable the motion and position tracking functions

if the user is uncomfortable of being monitored.

4.8 Summary

The prototype hardware design and related algorithm developments for Vi-

talMON has been successfully developed and completed and its performance

rigorously calibrated. VitalMON has been trialed on 5 volunteers, and the re-

sults have indicated that VitalMON is accurate in indicating CBT from the TM.

VitalMON is a scalable and robust architecture for implementation of continu-

ous real-time CBT monitoring based on the surface temperature of the TM of

sports and military personnel, and other user groups. The primary purpose of

VitalMON is to reduce heat related injuries during strenuous physical activities,

when compared to the expensive and non-reusable temperature pills, VitalMON

is cost effective as it employed commercial off-the-shelves electronics components

and is fully reusable.
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Chapter 5

e-Care: A Non-Intrusive

Activity Monitoring for the

Elderly

5.1 Introduction

Elderly people living alone is prone to accidental falls. In many instance, a

simple fall can turn life threatening if help does not arrive in-time. The incidence

of age induced chronic illnesses is also on the rise among this vulnerable segment

of the society. Disease such as stroke affects the mortality rate of the elderly

people living alone. With the onset of a stroke, and without any caregiver in

vicinity, chances of survival are low. Between 2007 and 2011, in Singapore, at

least 50 elderly people have been found dead in their own homes from causes

related falls and illnesses [7] [8].

With the rapid technological advancements, various small and non-intrusive
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remote monitoring solutions have been proposed and developed with the objec-

tives to solve or mitigate problems encountered by elderly people living alone,

and ultimately to save lives by providing them timely assistance. In Singapore,

the government takes initiative in making elderly friendly public housing for the

elderly people so as to facilitate in place [158]. In 2013, a pilot project called

Elderly Monitoring System (EMS) was deployed to 500 public housing flats oc-

cupied by lone elderly residents. These in-home monitoring and alert system

monitors round the clock activity levels of each resident in a non-intrusive way,

and triggers an alert to a designated caregiver in the event of anomalies [158].

With the initial success of the pilot runs, several similar systems [159] [160] were

also proposed and underwent trials by different competing solutions providers

aimed to solve or mitigate the same set of problems defined earlier.

5.2 Problem Formulation and Proposed Solution

The solutions proposed and demonstrated by [158–160] capitalized on detect-

ing and analyzing motion activity patterns of elderly people living alone. Motion

activity detection is one of the commonly use methods to ascertain the well-being

of the lone elderly people [161]. Motion activity data from the sensor is collected

and processed either locally or remotely. The data is processed and subject to

analysis to detect changes in daily activity of the elderly people. As a result, it

is possible to recognize patterns in daily motion activity and to generate alerts

if deviations occur [162].

Peetoom et al [56] conducted a systematic and detailed investigation on cur-

rently available literatures on monitoring technologies to detect activities of daily
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life or significant events for elderly people. Their research highlighted the mon-

itoring technology using passive infrared (PIR) motion sensors being the most

favorable with total of 61 known research articles to date. In all the articles, var-

ious hardware implementations and algorithms aimed at improving PIR motion

sensing accuracy and efficiency were presented, and none of them ever achieve

100% accuracy in motion activity detection of an elderly person, with error in

detection ranging from 1.1% to 25%.

PIR motion sensor has the advantage of being non-intrusive, and invasion

of privacy is not an issue as it is not a video image sensor. In most setups,

sensors are placed on walls or ceilings in the home of an elderly people and they

detect the presence of an elderly people entering or moving in a room through

changes in the surrounding ambient temperature. The idea and method of using

the sensor is not new, Celler et al [57] in 1995 used PIR motion sensors and

demonstrated a home monitoring sensor and communication technology for the

elderly people.

PIR motion sensor is sensitive to temperature and has a defined effective

target detection range. [163] [164]. A subject that moves into the sensor’s field

of view (FOV) within its detection range causes a sudden change in the ambient

temperature surrounding the subject and the temperature difference is detected

by the sensor. If the subject stays stationary within the FOV for a long period of

time, the ambient temperature reaches an equilibrium, and with no temperature

change, no motion activity. This method of detection is simple and elegant,

but has drawbacks. The most prominent drawback will be the un-intended

change or sudden change in the ambient temperature with the sensor’s FOV.
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This phenomenon is common if the sensor’s FOV is directed near to a glass

window where sunlight shines through. The heat from the infrared radiation

causes the ambient temperature to change, and results in being detected as

a valid motion activity. Thus, a PIR motion sensor works well if it is installed

away from the sunlight, especially during the night time. This is also the primary

reason a PIR motion detector is usually activated during night time or deployed

within an enclosed room or hallway with no sunlight [165] [166].

A typical PIR motion sensor is unable detect a stationary or extremely slow

moving body. It is possible to increase the sensitivity of the sensor to detect

extremely slow moving body, but at the expense of frequent false detections as

any small changes in ambient temperature will be registered as a valid motion

(e.g., Sudden change in amount of sunlight in the room, or cooling of nearby

walls in the evening) [165] [167]. Research are still actively ongoing in various

attempts to improve the detection accuracy of a PIR motion sensor, and complex

algorithms have been proposed and introduced, resulting in the adoption of

higher throughput processing elements (faster MCU) and complex electronics,

hence increasing the overall costs. This cycle will continue to the point where

the detection system is no longer cost effective in production and in deployment.

This chapter is set to refine the human motion activity detection in a non-

intrusive way. By using a PIR motion sensor to detect general (or course) motion

activity of an elderly people, together with a 16 × 4 infrared thermopile sensors

array (TSA) [67] [68] [71] [151] [152] (introduced in Chapter 4) for confirming

the presence of the elderly people via human body thermal signature detection,

motion activity with confirmed human presence is possible, resulting in a highly
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accurate activity detection of an elderly people with minimal false alarms. This

chapter presents e-Care motion activity monitoring and alert notification for

elderly people living with improved motion activity detection.

5.3 e-Care Operating Concept

e-Care is an innovative, low cost and scalable home/community-based round

the clock motion activity monitoring and alert system for the vulnerable elderly

people living alone. It aims to transform eldercare into a collaborative effort

mainly involving people who know and care about them. e-Care can be used

to request for help in the event of an emergency and monitors simple activities

such as walking and casual movements. This system is simple and low cost,

yet still capable of alerting caregivers at life-critical moments. e-Care’s modular

and scalable architecture allows various customization in accordance to the var-

ious needs of the elderly people. It is designed to be cost effective by utilizing

commonly available off-the-shelves components, commercially available ZIGBEE

personal area network (PAN), and existing mobile network or broadband internet

infrastructures.

e-Care monitoring hardware consists of a Base Station and the following

wireless peripheral modules: (a) Thermal-Motion (TMotion) sensor module, (b)

PIR Door (PIRD) sensor module (c) Wireless alert switch (AlertSW) module,

and (d) Wireless alert cancel switch (AlertCL) module. Refer to Appendix C

for the details on the e-Care hardware and firmware developments.
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5.3.1 e-Care Base Station

e-Care Base Station is the main communication and processing endpoint

that must be included in each home fitted with e-Care monitoring system. The

Base Station contains processing element that is of high reliability performing

main processing logic and algorithm to carry out motion activity monitoring

and alerting operations. It setups and maintains a ZIGBEE PAN within the

house, and communicates with all the modules that constituted e-Care system.

It receives: (a) motion and thermal information from TMotion sensor modules,

(b) deactivation of monitoring command from PIRD module, (c) alert request

from AlertSW modules, and (d) alert cancel request from AlertCL module. The

Base Station processes all the received information based on its onboard pre-

programmed algorithm, and if required, it will communicate with caregivers or

with a remote server.

The Base Station can operate in Simple or Infrastructure mode. Simple mode

requires the Base Station to communicate directly to the designated caregivers

via Short Messaging Services (SMS) using the GSM mobile network. This is the

simplest method of deploying e-Care system, and is targeted at small community

where the number of elderly people staying alone is small. Infrastructure mode

requires the Base Station to communicate via the Internet with a remote e-

Care application server. The server hosts a custom application program that

processes all the communications from Base Stations from lone elderly people

homes, and alerts the designated caregivers registered with the server, either via

Internet messaging applications (e,g., WhatsApps) or via SMS. Infrastructure

mode targets at organizations managing welfares of large group of elderly people
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staying alone.

The Base Station monitors motion activity of an elderly person, it detects

motion activity and target temperature by receiving information from a TMotion

sensor module when its PIR sensor detects motion activity and the TSA measures

target human body temperature and simple body posture via thermal mapping.

The temperature information is used to track the known location of the elderly

person within the house or apartment. When only motion activity is detected

and temperature readout is absent, it is likely that the elderly person has not

moved into the FOV of the TSA on the TMotion sensor, thus the detection is

purely motion based. In this scenario, the Base Station only monitors motion

activity and it can only guess the last known location of the elderly person

within the house. If there is no new motion information update from the last

known location, and no update from other locations, the Base Station motion

inactivity timer will timeout and alerts will be sent to caregivers. A default

inactivity timeout duration (customized according to the average elderly person’s

movement behavior and may not be accurate) is required in this scenario, and the

elderly person’s lack of detected motion can be interpreted as an emergency, as it

is not common for an elderly person to stay stationary until timeout occurs. Any

new motion detection will reset the inactivity timer so as to prevent a timeout.

When the TSA detects a valid human temperature, this means that the el-

derly person has moved into the FOV of the TSA. In this scenario, the location of

the elderly person within the house is known from the temperature information,

together with the simple posture of the elderly person (i.e., sitting/standing up

or lying down). Knowing the posture helps in setting of the inactivity timeout
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duration, a sitting/standing up posture uses the default inactivity timeout dura-

tion, while a lying down posture warrants a longer inactivity timeout duration.

This longer inactivity timeout covers the assumption that the elderly person

is lying down taking a nap, and the longer timeout value is again estimated

from the daily activity of the elderly person and may takes several iterations

before an accurate value is determined. This simple posture detection is done

by analyzing temperature measurements from the TSA and complements the

PIR sensor, where motion activity detection is now smarter with elderly person

location and posture known to the Base Station and inactivity timeout value

can be adjusted automatically. The PIR sensor still detects motion and any new

motion detection will still reset the inactivity timer so as to prevent a timeout.

5.3.2 Thermal-Motion Sensor Module

TMotion sensor modules for motion activity monitoring are installed at

strategic places within an elderly person’s house or apartment such as in the

living room, bedroom, kitchen and toilet. TMotion modules contains a PIR

motion sensor for motion detection and a TSA for human thermal signature

detection. The PIR sensor has a FOV of 90◦, while the TSA has a narrower

FOV of 60◦ × 10◦. Both sensors have calibrated sensing distance of 2m - 2.5m

radius. The PIR motion sensor continuously scans for motion activity. Once

a motion activity is detected (when an elderly person moves into the FOV),

the TSA checks within own its FOV if the target is indeed a valid human by

detecting and analyzing the registered thermal signature. If an elderly person

(valid human) is detected, the TMotion module notifies the Base Station via the

established wireless ZIGBEE PAN, and updates the Base Station with motion
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activity data and the highest temperature readout of the elderly person. TMo-

tion module analyze the 16 × 4 pixels temperature layout of the elderly person

in-order detect the posture type and notifies the Base Station. At present, TMo-

tion module is able to accurately detect lying down posture and differentiate it

from other postures (i.e., sitting/standing). In the event the elderly person leaves

the monitored area, TMotion updates the Base Station that the area is vacant.

5.3.3 PIR Door (PIRD) Sensor Module

PIRD sensor module is installed near the main door so as to deactivate ac-

tivity monitoring when the elderly person leaves the house. PIRD is activated

when an elderly person move into the FOV of sensor and signals the Base Station

to stop activity monitoring for a defined short period of time. Activity monitor-

ing will re-start when any of the TMotion sensor module is activated when the

elderly person returns. This module is important as it disables the motion activ-

ity monitoring system when monitoring is not needed, and eliminates unwanted

false inactivity alert.

5.3.4 Wireless Alert Switch and Wireless Alert Cancel Switch

Modules

AlertSW modules for requesting help in the event of an emergency are also

installed at the same places as the TMotion Sensors modules. AlertSW consumes

no current when not activated, and it is designed to be powered by an off-the-shelf

CR123A 3V Lithium battery that theoretically will last according to the battery

shelf life (3 years). When AlertSW is activated by pressing the RED push-button,

it notifies the Base Station to broadcast an alert message requesting for help to
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the designated caregivers via the GSM mobile network or via the internet.

AlertCL module is used to cancel the Base Station’s request for help in the

event any of the AlertSW is accidently activated. The module is installed at a

convenient and easy to reach location within the house. Similar to the AlertSW

module, AlertCL consumes no current when not activated, and it is designed

to be powered by the same CR123A 3V Lithium battery. When AlertCL is

activated by pressing the GREEN push-button, it notifies the Base Station to

broadcast an alert cancel message notifying the designated caregivers via the

GSM mobile network or via the Internet.

5.3.5 Deployment Modes

Figure 5.1 depicts an example of e-Care system in Simple Mode deploys in a

lone elderly person’s studio apartment. Figure 5.2 depicts a floorplan on how e-

Care is deployed in the apartment. There are total of 1 Base Station (#B01), 11

TMotion sensor modules (#T01 - #T11), 4 AlertSW modules(#R01 - #R04),

1 PIRD Sensor module (#D01) and 1 AlertCL module (#G01) deployed. Since

the elderly person will spend most time at the living/sleep area, a total of 7

TMotion sensor modules are installed in this area in-order to ensure maximum

coverage. The system is programmed to alert two designated caregivers via SMS.

Caregivers information is programmed into the Base Station, and it’s the Base

Station duty to communicate with the caregivers in the event of an emergency.

Figure 5.3 depicts an example multiple e-Care systems in Infrastructure Mode

deployed in the studio apartments of the lone elderly people. The systems ride on

the available home broadband Internet connection of the apartments or mobile

broadband internet (when home Internet is not available), and communicate with
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GSM Wireless Network

Figure 5.1: e-Care system in Simple Mode for a lone elderly person with 2
caregivers.

a remote application and database server. Caregivers information are maintained

by the remote server. In the event of an emergency, the affected Base Station

communicates with the remote server, and the remote server notifies designated

caregivers registered in the database, either via Internet messaging or via SMS.

Figure 5.2 and 5.3 depict the highly scalable design of e-Care system. The

system can be adapted to a small community with a small groups of lone elderly

people living alone, or used by an organization that manage the wellbeing of the

large numbers of lone elderly people living alone in a large community.

5.4 Feasibility Study on Posture Detection and Fore-

head Surface Temperature Measurement with TSA

5.4.1 Study Procedure and Setup

The TSA contains 16 × 4 pixels arranged in a rectangle format, with a FOV

of 60◦ × 10◦. An experiment was conducted to verify the idea of using a TSA

to detect simple human postures by calculating the number of pixels with high
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GSM Wireless Network

Figure 5.2: e-Care system (Simple Mode) deployed in a studio apartment.

temperature. Figure 5.4 depicts the experiment set up. The experiment is set

up using a TSA mounted on top of a pole angled at 45◦ facing downwards. The

length of the pole is 2.5m. The TSA is facing a wooden platform at 2.5m away

with a dimension of (W x H x L) 0.83m × 0.46m × 1.8m. Volunteers are asked

to sit and lie down on top of the wooden platform, and to stand in front of the

platform. The experiment was conducted in a room with ambient temperature

fixed at 23◦C.

Five volunteers were engaged to demonstrate standing, sitting, and lying
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GSM Wireless 
Network

INTERNET

Remote Stay-ALIVE 
Application Server

Figure 5.3: e-Care systems (Infrastructure Mode) deployed in multiple studio
apartments and central managed by an organization.

Figure 5.4: Experiment Setup - Simple Human Posture Detection with TSA
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down postures in front of the TSA. The 16 × 4 low resolution raw thermal

images were captured and processed. Each raw image subtracts away a back-

ground image of the experiment area. After subtraction, the new images only

contain pixel information featuring the volunteers. Further processing was done

by applying a fixed thresholding function on the new images, where temperature

of each pixel within each image was compared against a defined temperature

threshold. For each pixel where its temperature was smaller than the threshold,

is assigned with a new low (fixed) temperature value. Thus, any unwanted noise

within the new thermal images were effectively masked or attenuated The pro-

cessed new images contain only the effective temperature difference showing the

effective area occupied by the volunteers posed in various postures.

Forehead skin surface temperature were measured from the volunteers when

they were required to lie down on the wooden platform. The measurements were

performed by using a contact thermometer and by using the same mounted TSA.

5.4.2 Results and Discussion

5.4.2.1 Posture Detection

Figure 5.5 to 5.9 depict the processed thermal images of the volunteers (a)

standing in front of, and (b) sitting on the wooden platform. Figure 5.10 to

5.14 depict the thermal images of the volunteers lying down on the wooden

platform. For each thermal image in Figure 5.5 to 5.9, the pixels indicating higher

temperature values are grouped together in a small area within the thermal image

consistently indicating a heat generating body of the volunteer in standing or

sitting position. The total number effective pixels required to represent a person
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standing up is in the range of 6 to 12 and sitting down is in the range of 6 to 10.

For each of the thermal image in Figure 5.10 to 5.14, the pixels with higher

temperature values represent the volunteer lying down. The total number effec-

tive pixels required to represent a volunteer lying down is in the range of 21 to

29, more than double the requirement for sitting down and standing up.

This simple experiment shows that the TSA is poor to distinguish the stand-

ing and sitting postures as the total number of pixels required to represent each

posture are almost equivalent. The TSA is able to detect lying down posture

from standing and sitting posture due to more than double the amount of pixels

are required to represent a lying down posture of an elderly person. Thus, this

experiment confirms that the TSA is good at detecting an elderly person lying

down or sitting/standing just by calculating the number of pixels with higher

temperature values.

5.4.2.2 Forehead Surface Temperature Measurement

Human skin surface temperature is different form core body temperature

(CBT). The CBT remains fixed to a constant value, while the skin surface tem-

perature differs. Temperature measurements experiment at various parts of the

human body has been conducted by Regan et al [168] and again by Huizenga

et al [169]. Both shared the same conclusion that skin surface temperature dif-

fers according to the area of the body, and the human forehead surface has

the highest temperature due to the proximity of the temporal artery. When

a human enters the TSA FOV, the highest surface temperature measured by

the TSA is from the forehead area that is always exposed. The rest of the body

parts exhibit lower surface temperatures and portions covered with fabric exhibit

170



Chapter 5. e-Care: A Non-Intrusive Activity Monitoring for the Elderly

much lower and inconsistent surface temperatures. In this situation, it is safe

to assume that the highest temperature (within the valid human skin surface

temperature range) obtained from the TSA is from the forehead. Observations

are made from a series of thermal images from Figure 5.10 to 5.14 depicting

volunteers lying down within the FOV of a TSA. Each figure depicts highest

temperature spot represented by darker pixel colors which coincides with each

volunteer head (forehead). Thus, a TSA can be used to check for a valid human

present by measuring the highest temperature of the subject (forehead surface

temperature) and compares against a known sets of temperature thresholds.

(a) Stand (b) Sit

Figure 5.5: Thermal image of Volunteer 1

(a) Stand (b) Sit

Figure 5.6: Thermal image of Volunteer 2

(a) Stand (b) Sit

Figure 5.7: Thermal image of Volunteer 3

171



Chapter 5. e-Care: A Non-Intrusive Activity Monitoring for the Elderly

(a) Stand (b) Sit

Figure 5.8: Thermal image of Volunteer 4

(a) Stand (b) Sit

Figure 5.9: Thermal image of Volunteer 5

Figure 5.10: Thermal image of Volunteer 1 lying down

Figure 5.11: Thermal image of Volunteer 2 lying down

Figure 5.12: Thermal image of Volunteer 3 lying down

Figure 5.13: Thermal image of Volunteer 4 lying down

Figure 5.14: Thermal image of Volunteer 5 lying down
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5.5 e-Care Trial, Result and Discussion

e-Care systems have been tested in selected homes of lone elderly people.

Several conditions must be met before an elderly person is selected for the trial:

• ≥ 65 years of age and lives alone in a studio apartment.

• Must sleep at own apartment for the period of the trial.

• Have access to caregivers who are family members or friends.

• Able body, healthy and without any known chronic and mental illness.

• Allows motion activity data to be collected during the trial period.

5.5.1 Parameter Setup for Base Station

The trial was conducted on 4 lone elderly people households (E1 - E4) meeting

the requirements, located in various parts of Singapore, for a period of 30 days.

Two caregivers were assigned to each household. During the first 10 days, motion

inactivities and temperature measurements data were collected with inactivity

and alert monitoring feature disabled. The data was analyzed to determine the

custom motion inactivity and valid forehead skin temperature thresholds for each

elderly person. The daily wake up and sleep time (24 hours HHMM format),

and measured forehead skin temperature (◦C) were also manually recorded by

each elderly person in a separate worksheet provided. Each elderly person was

provided with a digital forehead thermometer in order to assist them in daily

forehead temperature measurement. Table 5.1 and 5.2 depict the summary of

the motion activity and temperature data of the lone elderly people. Each table

records wake up time (WT ), sleep time (ST ), daily maximum inactivity du-

ration (IT ), daily maximum lying down duration (LT ), TSA measured daily
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maximum forehead temperature (TS), and daily measured forehead skin surface

temperature (MT ). The measurement units are in minute and ◦C respectively.

The IT and LT were measured everyday from the wake time (WT ) until

sleep time (ST ). It was noted that the 4 elderly persons did not take naps ev-

eryday (observed as 0 in the LT columns of the tables). Another observation

was, the IT values for each elderly person can transit from small values to a

comparatively large values. The comparatively large values were double checked

with the respective elderly persons, and were attributed by the elderly persons

dozing off while in sitting positions. Comparisons were made between TS and

MT values of the four elderly persons. The TS values did not reflect the actual

forehead skin temperature (MT ) due to the TSA being positioned a distance

away from each elderly person, and the exact distance values are not known. It

is well-known that distance between the TSA and the object affects the temper-

ature measurement accuracy [71] [151]. It was observed that each elderly person

has a certain forehead temperature threshold that can be used for a simple valid

human present detection by comparing a TSA measured temperature against

the threshold.

The e-Care Base Stations were programmed with custom timing and forehead

surface temperature thresholds depicted in Table 5.3 after completed 10 days of

data collection and analysis. The individual sleep time threshold (STth) and

wake up time threshold (WTth) were programmed based on individual elderly

person’s input.

The individual inactivity duration threshold (ITth) and lying down duration

threshold (LTth) were calculated from each elderly person’s maximum IT and
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Table 5.1: Elderly person E1 - E2 Wakeup (WT ), Sleep (ST ), Inactivity (IT ),
Lying Position (LT ) durations, TSA Temperature (TS) and Measured Temper-
ature (MT ).

Day E1 E2

WT ST IT LT TS MT WT ST IT LT TS MT

1 0700 2300 7 61 28.6 35.7 0630 2200 16 0 30.1 36.0
2 0700 2300 22 55 27.5 35.7 0630 2200 8 63 29.1 35.5
3 0700 2300 18 62 28.1 35.4 0630 2200 4 57 29.6 35.5
4 0700 2300 8 59 29.2 35.6 0630 2200 15 0 28.9 35.7
5 0700 2300 7 64 27.6 35.7 0630 2200 18 60 28.3 35.5
6 0700 2300 9 0 29.4 35.5 0630 2200 6 62 29.7 36.0
7 0700 2300 16 0 28.8 35.7 0630 2200 8 53 28.8 36.1
8 0700 2300 20 60 28.7 35.7 0630 2200 17 0 28.6 36.0
9 0700 2300 19 61 28.1 35.5 0630 2200 9 62 29.5 35.8
10 0700 2300 7 50 27.8 35.7 0630 2200 17 53 30.0 35.8

Table 5.2: Elderly person E3 - E4 Wakeup (WT ), Sleep (ST ), Inactivity (IT ),
Lying Position (LT ) durations, TSA Temperature (TS) and Measured Temper-
ature (MT ).

Day E3 E4

WT ST IT LT TS MT WT ST IT LT TS MT

1 0730 2200 18 0 27.5 35.8 0700 2200 6 61 27.9 35.7
2 0730 2200 8 0 30.1 36.1 0700 2200 9 0 28.2 35.7
3 0730 2200 6 49 29.6 35.7 0700 2200 8 0 28.8 35.9
4 0730 2200 7 52 29.0 35.9 0700 2200 15 0 29.3 36.0
5 0730 2200 18 0 28.7 35.8 0700 2200 17 62 29.7 35.8
6 0730 2200 8 0 28.4 35.9 0700 2200 8 0 28.7 35.7
7 0730 2200 16 0 29.1 35.7 0700 2200 15 0 29.1 35.7
8 0730 2200 7 52 28.3 35.8 0700 2200 9 57 29.8 36.0
9 0730 2200 8 50 28.2 36.0 0700 2200 19 64 28.2 36.1
10 0730 2200 17 55 29.0 35.6 0700 2200 17 0 27.9 35.8

LT duration values (ITmax and LTmax) in their respective data columns in Table

5.1 and 5.2 with extra inactivity tolerances (∆IT and ∆LT ) respectively included.

The ∆IT and ∆LT values for each elderly person were calculated by finding the

standard deviations of the non-zero IT and LT values in Table 5.1 and 5.2. The

ITth and LTth were calculates as: ITth = ITmax+∆IT and LTth = LTmax+∆LT ,

resulting in ITth > ITmax and LTth > LTmax. These measures were added to
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eliminate unwanted IT and LT in activities alerts triggering when the detected

inactivities were equal to the maximum durations values recorded.

In order to confirm the presence of the elderly persons within their apart-

ments, their forehead surface temperature were measured by the TSA and com-

pared against temperature thresholds. The human forehead surface temperature

threshold TSth for each elderly person was calculated from the minimum TS

value (TSmin) in their respective data column in Table 5.1 and 5.2 with extra

temperature tolerance (∆TS) included. The ∆TS for each elderly person was

calculated by finding the standard deviation of the non-zero TS values in Table

5.1 and 5.2. The TSth was calculates as: TSth = TSmin − ∆TS , resulting in

TSth < TSmin. This approach of calculating TS was to reduce the false human

absence detection.

Table 5.3: Elderly person E1 - E4 Wakeup (WTth), Sleep (STth), Inactivity
(ITth), Lying Position (LTth) and TSA Temperature(TSth) threshold values.

Elderly Person Parameters

WTth STth ITth LTth TSth

E1 0700 2300 28.2 68.5 26.8
E2 0630 2200 23.3 67.3 27.7
E3 0730 2200 23.2 57.3 26.8
E4 0700 2200 23.7 66.9 27.2

5.5.2 Motion Inactivity Monitoring and Lying Down Posture

Sensing

In the subsequent 20 days, the inactivity and alert monitoring features were

activated with inactivity monitoring from the wake up (WT ) time until sleep

time (ST ). Table 5.4 and 5.5 depict the summary of motion inactivity monitoring
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results. There was an unwanted motion inactivity alert triggered in the elderly

person E3 home on day 20 of the trial. Elderly person E3 dozed off in a sitting

position while watching a television program, and the PIR motion sensor failed

to detect any motion activity until the inactivity timeout occurs (highlighted in

bold in Table 5.5). Since elderly person E3 did not lie down while dozing off, the

TSA detects the dozing off position as a normal sitting posture, and the Base

Station will not adjust the inactivity timeout to be longer. This resulted in an

unwanted false alert, and alert messages were sent via SMS to the designated

caregivers. Caregivers called to verify and confirmed elderly person E3 is fine.

5.5.3 Forehead Surface Temperature Measurement

The forehead surface temperature measurement for human presence detec-

tion worked well based on the pre-defined TSth values for each elderly. All the

recorded temperature values in Table 5.4 and 5.5 were well above the TSth val-

ues. Thus, throughout the length of the trial, the elderly persons were properly

detected as being presence in their apartments, by monitoring the forehead sur-

face temperature using the TSA. This temperature monitoring procedure can be

further enhance upon in the future by incorporating algorithm to estimate core

body temperature.

5.6 User Data Privacy and Security Considerations

e-Care system uses ZIGBEE PAN for its sensor modules to communicate

with a Base Station and GSM mobile communication network or the Internet for

emergency request for assistance. e-Care system installed in each elderly person’s

177



Chapter 5. e-Care: A Non-Intrusive Activity Monitoring for the Elderly

Table 5.4: Elderly person E1 - E2 Wakeup (WT ), Sleep (ST ), Inactivity (IT ),
Lying Position (LT ) durations, and TSA Temperature(TS).

Day E1 E2

WT ST IT LT TS WT ST IT LT T S

11 0700 2300 8 49 29.5 0630 2200 16 0 29.2
12 0700 2300 7 0 27.8 0630 2200 7 57 30.0
13 0700 2300 19 0 27.6 0630 2200 9 62 28.9
14 0700 2300 9 62 28.6 0630 2200 15 58 28.4
15 0700 2300 7 53 29.4 0630 2200 17 0 29.7
16 0700 2300 18 60 29.6 0630 2200 5 0 30.1
17 0700 2300 8 0 29.3 0630 2200 8 60 29.4
18 0700 2300 7 62 29.5 0630 2200 16 40 28.2
19 0700 2300 8 0 29.8 0630 2200 8 0 28.6
20 0700 2300 12 0 29.2 0630 2200 9 61 29.1
21 0700 2300 20 61 27.9 0630 2200 7 0 30.0
22 0700 2300 7 55 29.6 0630 2200 7 0 28.9
23 0700 2300 9 40 29.7 0630 2200 8 0 30.1
24 0700 2300 7 0 29.7 0630 2200 11 56 29.4
25 0700 2300 8 0 27.6 0630 2200 19 0 29.7
26 0700 2300 7 59 29.6 0630 2200 4 62 29.5
27 0700 2300 22 50 28.2 0630 2200 9 60 28.8
28 0700 2300 8 0 29.7 0630 2200 9 65 29.3
29 0700 2300 6 55 29.7 0630 2200 8 0 29.3
30 0700 2300 9 61 29.1 0630 2200 17 0 29.1

home has a unique PAN and a Base Station associated with it. Sensor modules

install in each home must be configured to access the unique PAN to enable

communication with the home’s Base Station. The PAN is encrypted [154] [155]

to prevent any unauthorized network access, and has to be established prior to

any successful data transfer to the Base Station.

e-Care TMotion sensor module detects for motion signal from the PIR sensor

and acquires the human body temperature data from the TSA. When a valid

PIR motion signal detected, the TSA data is processes locally to determine the

human forehead temperature and human posture information, and the TSA data

is discarded after processing. The processed temperature and posture informa-

tion is assembled into a simple Temperature-Posture Data Packet (TPP) and
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Table 5.5: Elderly person E3 - E4 Wakeup (WT ), Sleep (ST ), Inactivity (IT ),
Lying Position (LT ) durations, and TSA Temperature(TS).

Day E3 E4

WT ST IT LT TS WT ST IT LT T S

11 0730 2200 19 0 29.2 0700 2200 9 0 29.9
12 0730 2200 6 0 29.9 0700 2200 11 0 28.1
13 0730 2200 8 0 27.7 0700 2200 5 64 29.7
14 0730 2200 10 49 29.1 0700 2200 15 0 27.7
15 0730 2200 6 0 29.6 0700 2200 8 0 28.3
16 0730 2200 7 0 28.3 0700 2200 7 0 27.8
17 0730 2200 18 53 29.6 0700 2200 10 0 29.4
18 0730 2200 5 0 30.1 0700 2200 9 0 28.3
19 0730 2200 16 0 29.9 0700 2200 8 0 27.8
20 0730 2200 23.2 0 29.7 0700 2200 20 57 29.7
21 0730 2200 7 50 30.0 0700 2200 8 43 29.9
22 0730 2200 7 41 29.2 0700 2200 7 0 28.1
23 0730 2200 8 0 30.0 0700 2200 8 0 29.3
24 0730 2200 8 35 27.9 0700 2200 17 0 29.9
25 0730 2200 6 0 29.4 0700 2200 6 63 27.8
26 0730 2200 10 0 29.6 0700 2200 4 0 28.7
27 0730 2200 19 38 28.1 0700 2200 16 0 28.5
28 0730 2200 7 0 27.8 0700 2200 8 0 28.7
29 0730 2200 8 0 29.8 0700 2200 18 0 29.3
30 0730 2200 8 0 30.1 0700 2200 9 37 29.7

is transmitted to the Base Station for further processing. TPP does not con-

tain any other types of user information besides the temperature and posture

information.

At the Base Station, the received TPPs are processed locally by using the

developed motion activity detection algorithm. Processed TPPs are not stored

and immediately discarded. In the event of an emergency situation, the Base

Station directly informs the designated caregivers either by SMS via the GSM

mobile communication network or by Internet messaging (for e-Care operating

in Simple Mode). For e-Care operating in Infrastructure Mode, the Base Station

notifies the remote server about the emergency situation, and the server in-turn

informs the designated caregivers stored in its database.
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In both Simple and Infrastructure Modes of operations, e-Care users have

full controls over their choice of caregivers, and have the ability to disable the

system. Caregivers contact information are stored locally in the Base Station or

at the remote server. e-Care users and caregivers are informed of the documented

methods e-Care handle their TPPs and contact information and the underlying

data encryption effort to ensure their personalized data remain safe, private and

secured.

5.7 Ethical Issue

The ethical issue of deploying an e-Care system is with regards to the round

the clock motion activity detection that may results in an invasion of privacy

issue. e-Care implements a strict data collection guideline discussed earlier, and

the guideline prevents this issue from occurring. e-Care users are made aware

of the data collection method and sign consents must be provided by the users

in-order to allow e-Care deployments.

Motion activity detection function is possible due to the availability of tem-

perature and posture information from TPP. e-Care users are informed that they

are only being monitored for motion activity derived from the TPPs data. Each

user has a full control over the choice of caregivers, and has the ability to disable

the system if the user is uncomfortable of being monitored round the clock.

5.8 Summary

e-Care system has been successfully developed. Its functionalities has been

tested and verified in a feasibility trial involving lone elderly people living by
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themselves. Due to the small number of lone elderly people available and willing

to participate in the trial, e-Care operates in Simple mode where remote appli-

cation and database server is not required. The task of alerting caregivers is

handled by the Base Station. The Base Station is designed with off-the-shelves

components so as to keep its production cost low.

The combination of PIR motion sensor and TSA, together with low power

embedded controller hardware of the TMotion module result in an enhanced

motion activity with human presence detection. The detection method is unique

as it is able to detect the presence of a live human subject via a known thermal

signature even if the person is motionless or with minimal movement for a long

period of time. The TSA allows simple human posture detection where a sleeping

or lying down posture is accurately detected which enables the inactivity timeout

timer value on the Base Station to be automatically lengthen so as to prevent any

unwanted false inactivity alert. The TMotion module is scalable and modules

can be easily added in order to improve on the coverage and detection accuracy.
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Chapter 6

pVoice: Assistive Device for a

Class of Speech Impaired

Elderly with Vocal Cord

Paralysis

6.1 Introduction

The production of a clear and audible human speech is contingent on three

main components; a reservoir of air in the lungs, an intact functioning larynx,

and a normal physical form and function of the oropharynx converting voice

into intelligible speech [170–173]. Human speech is impaired when any of these

three components are not in satisfactorily functional conditions. In particular,

phonatory disturbances can be caused by diseases of the larynx. Some of these

diseases can be corrected either medically or surgically to restore voice [174] and
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therefore speech. More persistent conditions include vocal cord paralysis [175]

due to advance aging, recurrent laryngeal nerve injury or tumor infiltration.

While the patient continues to be able to generate his/her own voice and speech,

they can be significantly degraded in quality.

Loss of ability to phonate can be overcome with various approaches depending

on the severity. In mild phonatory impairment, the patient may not feel the need

to improve the voice or to seek behavioral therapy. In moderate impairment, the

patients may use assistive devices such as a microphone and an audio amplifier.

These devices, in the conventional forms, are not ideal for portable usage with

their physical sizes, and the clarity of the processed speech remains poor with

only a direct amplification of the signals detected. The most severe impairment

occurs when the larynx has to be removed entirely in a procedure called total

laryngectomy [176]. The patient will lose the ability to generate phonation in

speech.

This chapter aims to produce an assistive device, henceforth called pVoice, to

assist patients and senior citizens with moderate speech dysfunction arising from

vocal cord paralysis. The device will be capable of audio processing, not only

in terms of amplification but also selective and customized speech enhancement

such as speech envelope detection, noise suppression, frequency bands equaliza-

tion and formants enhancement, thus assisting these patients who have problems

communicating in the usual manner. It is intended to offer both augmentative

and corrective speech functions to patients with vocal cord paralysis who can

still speak albeit poorly and who are difficult to be understood.

The aim is to produce the device in a light, portable and low power con-
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suming form to assist these patients without overwhelming them with physical

restraints and inconvenience. By utilizing a portable low power microcontroller

unit (MCU) and digital signal processing (DSP) techniques to sense and process

speech-induced vibrations [177] acquired from the throat surface, the speech can

be enhanced both in loudness, clarity and multi-tone quality. The processed

voice signal is projected via a low power magnetic speaker.

pVoice is a wearable device that is able to be used as a standalone inde-

pendent unit, or as part of an e-Care system (developed in Chapter 5) with

indoor/outdoor motion activity monitoring and alerting functions for an elderly

person. It also has built-in functions such as manual alert request and accelerom-

eter based fall detection. A built-in Bluetooth low energy (BLE) transceiver al-

lows seamless interface to a wireless throat microphone or a smartphone. In an

outdoor setting, the smartphone connection allows pVoice to function as a mo-

tion activity monitoring and alert wearable device for an elderly person. pVoice

sends SMS messages using the connected smartphone during an emergency situ-

ation to notify caregivers. A built-in global positioning satellite (GPS) receiver

allows the SMS messages to include geographical position information so as to

facilitate the caregivers in finding the location of the elderly person. In an indoor

setting, the built-in ZIGBEE unit allows pVoice to communicate with an e-Care

Base Station. In an elderly person’s home installed with e-Care system, pVoice

is a wearable device tasked to monitor motion activity for a valid fall occurence

and manual alert request while performing its primary task. In the event of an

emergency, pVoice communicates with the e-Care Base Station via the ZIGBEE

wireless personal access network (PAN) to raise an alert.
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6.2 Overview

An overview of pVoice main function is provided in Figure 6.1. Its devel-

opment comprises of a synergy of hardware selection and configurations, and

design of digital signal processing algorithms. pVoice is a wearable embedded

hardware, designed for low power signal processing application. Figure 6.2 de-

picts the key system functional block diagram of pVoice, showing the three key

functional blocks of an Audio Analogue Front-end (AFE), a Digital Signal Pro-

cessor (DSP) and an Audio Output Driver. The Audio AFE interfaces to an

audio input device in the form of an external throat microphone (laryngophone),

and it conditions the speech-induced vibration signals from the throat surface

with the appropriate pre-amplification gain which is adjusted automatically to

prevent signal clipping. The Output Driver is an amplifier providing driving ca-

pability for operating a low power loud speaker. The DSP is the signal processing

element between the two and constitutes a major component of the pVoice hard-

ware implementation. These hardware components will be elaborated in detail

in Appendix D.

Figure 6.1: pVoice Main Working Principle
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Figure 6.2: pVoice Main Functional Block Diagram

6.3 DSP Voice Enhancement Algorithms

Various candidate algorithms for voice processing and speech enhancement

were considered for use in pVoice. Hardwick et al [178] proposed the Dual Ex-

citation (DE) speech model for speech processing and enhancement which was

shown to be superior in performance compared to the spectral subtraction sys-

tem. Another independent development by Shamsoddini et al [179] also achieved

good performance when using directional and harmonicity cues during the pro-

cessing of the sampled speech signals. Both algorithms yield excellent results

from sampled speech when air is the medium for acoustic transmission.

However, pVoice samples speech-induced vibrations x(t) from the throat sur-

face and thus, these two algorithms are not suitable. To meet the specific re-

quirements of pVoice, an alternate voice enhancement algorithm is proposed and

developed, comprising of a suite of low level algorithms as shown in Figure 6.3,

which includes: (a) Noise Suppressor, (b) Speech Detector and Voice Activation,

and (c) Speech Enhancement.
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Figure 6.3: pVoice DSP Functional Blocks

6.3.1 Noise Suppressor

A throat microphone mounted in direct contact to the throat surface picks up

the speech-induced vibration signals, and is not sensitive to the surrounding and

unwanted sound sources. This setup has effectively suppressed most unwanted

noise sources. The main source of noise infiltrating into pVoice is the noise

generated from undue movements of the contact microphone against the throat

surface. An active noise cancelation (ANC) method is required to suppress this

noise source. Windrow et al. [180] and Burgess [181] independently proposed

a Filtered-X Least Mean Square (FXLMS) algorithm for ANC. Eriksson [182]

successfully demonstrated a single-channel ANC system based on FXLMS which

is an adaptive feed-forward system that synthesizes its own reference signal.

The pVoice implementation of noise suppression (NS) algorithm for ANC

function is based on the FXLMS structure by Eriksson. The algorithm suppresses

the effects of noise in the sampled vibration signal x(n) while it adaptively detects

and sieve out true voice activities y(n). Figure 6.4 depicts the NS algorithm

block diagram in z-domain. y(n) denotes the algorithm’s residual function that

also represents the true voice activities. S is a transfer function representing

the secondary path effects that are inherent for ANC [183]. S constitutes of
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propagation delays and phase shifts along the signal path due to various signal

processing elements, and unwanted acoustic coupling effects. S is unknown and

is estimated by an additional finite impulse response (FIR) filter Ŝ, that is used in

part to calculate and generates noise reference signal r(n). y(n) is defined in Eqn.

(6.1) where n is the discrete sample time index, x(n) = [x(n) x(n − 1) ... x(n −

L + 1)]T is the sampled vibration signal vector, s(n) is the impulse response of

the secondary path, w(n) = [w0(n) w1(n) ... wL−1(n)]T is the coefficients vector

for W and r(n) = [r(n) r(n− 1) ... r(n−L + 1)]T is the reference signal vector,

and L is the filter order. ∗ denotes linear convolution. In most practical cases,

S can be modeled as a pure delay, hence S ≈ Ŝ = Z−∆. Thus, Eqn. (6.1) can

be simplified to (6.2) where ∆ is the discrete unit time delay.

y(n) = x(n) − s(n) ∗ [wT (n)r(n)] (6.1)

y(n) = x(n) − wT (n − ∆)r(n − ∆) (6.2)

The key objective of the NS algorithm is to adapt coefficients w(n) in W , so

that y(n) is minimized [183]. The built-in LMS function updates filter coefficients

in W based on the square of the residual y(n) according to the objective function

defined in Eqn. (6.3). The LMS function minimizes y2(n) using the steepest

descent algorithm, which updates w(n) in W in the negative gradient direction

with step size µ. The gradient is a vector pointing in the direction of the change in

filter coefficients that will cause the greatest increase in y(n). Since the goal is to

minimize y2(n), Eqn. (6.3) updates the filter coefficients in the direction opposite

to the gradient. The constant µ weights the extent of gradient information used

to update each coefficient. A large value of µ leads to faster convergence, but
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may lead to stability issues.

w(n + 1) = w(n) − µ

2
∇y2(n) (6.3)

Figure 6.4: FXLMS Algorithm for pVoice

x(n) holds a sampled signal length of 20 ms. The values of filter length L

for W and step size µ determine the effectiveness of pVoice NS algorithm. For

optimal pVoice performance, L is empirically determined to be 40 ≤ L ≤ 60, and

µ is empirically determined to be 0.005 ≤ µ ≤ 0.02 that must satisfies µ < 2
λm

criterion defined in [184]. λm is the maximum eigenvalue of matrix [r0(n)rT
0 (n)]

where r0(n) = ŝ(n) ∗ r(n).

The NS algorithm was tested on an actual speech signal acquired from a

throat microphone, Figure 6.5 depicts an unfiltered clean speech signal x(n) and

a filtered clean speech signal y(n). It is observed that the NS algorithm effect

on x(n) is minimal. There is an overall amplitude attenuation of 14 dB for y(n)

with reference to x(n). This can be attributed to the response of the adaptive

filter W [185]. Figure 6.6 depicts the unfiltered and filtered contaminated speech

signal. By purposely rubbing the throat microphone against the throat surface
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while talking, the sampled speech signal x(n) is contaminated with noise signal

from the unwanted rubbing action. The NS algorithm applied on x(n) is observed

to be effective as the resultant y(n) is observed with noise reduction of 8 − 12

dB.
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Figure 6.5: Unfiltered and filtered clean speech signals plots
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Figure 6.6: Unfiltered and filtered contaminated speech signals plots

190



Chapter 6. pVoice: Assistive Device for a Class of Speech Impaired Elderly
with Vocal Cord Paralysis

6.3.2 Speech Detection and Voice Activation

The Speech Detection and Voice Activation algorithm retrieves the speech

envelope from the signals received. The algorithm is developed with the main

objective to conserve battery power by shutting down the audio output driver

when no speech activity is detected. The throat microphone is sensitive only

to speech-induced vibrations. Hence, the algorithm design is relatively simple,

straightforward and it requires less computational efforts compared to the works

by Harsha et al [186] and Chin et al [187].

Continuous blocks of 20 ms of voice samples are processed by first converting

each block to the frequency domain using Fast Fourier Transform (FFT). The

average normalized spectrum power per block is then calculated and compared

with a pre-programmed threshold. A valid speech activity corresponds to the

spectrum power value above a pre-programmed threshold. A power value within

the threshold will put the output driver in the sleep mode.

6.3.3 Speech Enhancement

The throat surface offers a lower bandwidth for transmitting an audio sig-

nal compared to open-air acoustic transmission [188]. This in turn means that

higher frequency voice components will be inevitably attenuated. Thus, a direct

reproduction of the vibration signal sampled using the throat microphone sounds

unpleasant to the listener. An algorithm for speech enhancement to improve the

speech quality is designed for pVoice which consists of an audio equalizer (AE)

and a Linear Predictive Coding (LPC) Filter [189]. LPC represents human

speech as a linear model for speech production where the glottis and vocal tract
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are totally uncoupled.

The AE is adjusted to provide frequency-specific gains to the processed digital

audio signal y(n). With this method, the suppressed voice components signal

levels at higher frequencies can be improved by pre-emphasizing the amplitude

attenuation. Figure 6.7 depicts the audio equalizer implementation for eight

frequency bands: 31, 62, 125, 250, 500, 1000, 2000, 4000 Hz, and a Q-factor of

1.4 for all bands. Each equalizer frequency band is defined by a FIR bandpass

filter given in Eqn. (6.4).

zj(n) =
N−1∑

k=0

bj(k).y(n − k) (6.4)

Figure 6.7: pVoice Digital Equalizer Implementation

The band equalized speech signal is further processed by a LPC filter to

enable the production of a natural sounding speech. LPC models human vocal

tract characteristic as a digital filter with a set of linear prediction (LP) coeffi-

cients which are the filter’s polynomials [190–193]. A similar approach of speech

enhancement has been demonstrated by Rizwan et al [194] to improve esophageal

speech.
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Figure 6.8 depicts a detailed block diagram of the LPC filter implementation.

In the block diagram, the equalized speech signal z(n) is channeled through a

pre-emphasize filter with gain coefficient αpre−amp to obtain zp(n). Pre-emphasis

is carried out to boost the high frequency components. It is required due to the

spectral roll-off of around 6dB/Octave. The LPC Analyzer analyzes zp(n) in-

order to extract the excitation (or residual) signal ẑ(n), and LP coefficients a(p).

The coefficients represent the estimated vocal tract parameters [189] [191] [192].

ẑ(n) is determined from Eqn. (6.5) where P is the order of the LPC filter. a(p)

are calculated by minimizing the mean square error (MSE) [189] of ẑ(n).

ẑ(n) = zp(n) −
P∑

p=1

a(p).zp(n − p) (6.5)

a(p) are channeled into the Line Spectral Frequencies (LSF) Enhancer where

line spectral frequencies fa(p) are obtained from a(p) by applying the LP-LSF

converter base on method proposed in [195]. Formants [196] are resonant com-

ponents in the speech contributing directly to speech intelligibility [197]. LSF

Enhancer provides formants enhancement by modifying fa(p) to f̂a(p) base on

coefficient α. The enhancement of formants peaks and spectral valleys can sig-

nificantly improves quality of synthesized speech [198]. Independent works by

Raitio et al [199] and Mizuno et al [200] evaluated various formants enhance-

ment methods for LPC including the LSF, power spectrum based enhancement

methods and waveform-based synthesis. pVoice leverages on LSF for formants

enhancements. LSF-based formants enhancement modifies LSFs positions by

shifting them closer to each other for spectral sharpening [201].

The LSF positions are modified according to Eqn. (6.6) [199], [202]. f̂a(p)
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and fa(p) are the modified and original LSF respectively. α is the formant

enhancement control coefficient, in the range of 0 ≤ α ≤ 1. By changing the value

of α, the distances between LSFs vary, hence affecting the synthesized speech

quality in term of audibility and sharpness. By allowing α to be configurable,

pVoice ensures that the synthesized voice is audible, offering reasonable clarity

to the listeners, and flexibility to tune the output closer to the patient’s true

voice.

f̂a(p) =fa(p − 1) + c(p − 1)

+
c2(p − 1)

c2(p − 1) + c2(p)
((fa(p + 1)

− fa(p − 1)) − (c(p) + c(p − 1)))

(6.6)

Where:

c(p) = α(fa(p + 1) − fa(p))

f̂a(p) is re-converted to â(p) by applying the LSF-LP converter [195] that

produce modified LP coefficients with improved vocal characteristics. LPC Syn-

thesizer re-synthesizes an improved speech signal v̂(n) from ẑ(n) and â(p). Eqn.

(6.7) depicts the LPC Synthesizer. v(n) is obtained after v̂(n) is channeled

through a de-emphasize filter with gain coefficient αde−amp. The de-emphasize

process is necessary to correct the high frequency components back to normal

level. LPC filter length P = 11 for Fs = 8kHz is estimated by [203] where

P ≈ (Fs/1000) + 3 that includes certain number of redundancies.
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v̂(n) = ẑ(n) +
P∑

p=1

â(p).v̂(n − p) (6.7)

Figure 6.8: pVoice LPC Filter Implementation

6.4 Tests and Results

pVoice is intended to serve as a portable, low cost and low power consum-

ing assistive device. The assembled prototype depicted in Figure 6.9 measuring

61mm x 88mm x 22mm and weights about 60g. The components and assembly

cost US$130.00 in total. It can operate continuously for 8 - 10 hours with a full

charge of the internal 3.7V 1450 mAH LiPo rechargeable battery. Figure 6.10

depicts how pVoice is to be correctly worn by a user. The ergonomic exterior of

pVoice ensures ease of handing by the user. The constituent hardware modules

of pVoice were tested to be functioning to the modular specifications using in-

struments in the engineering laboratory for signal calibration and analysis. The

periphery parts of the voice enhancement algorithm, such as noise suppression,

speech detection and voice activation, were also directly verified to conform to
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the requirements by the authors. These tests do not require the participation of

the patients.

Figure 6.9: pVoice prototype with an attached Throat Microphone

Figure 6.10: pVoice prototype worn by a user

The final speech quality enhancement will be evaluated on patients belong-

ing to the target class. A large scale controlled clinical trial is currently being

conducted, but pre-clinical verifications were done on two patients with vocal

cord paralysis; a middle-aged male patient suffering from Unilateral Vocal Cord

Paralysis (UVCP) due to a large thyroid cancer that invaded the nerves respon-

sible for left vocal cord movement (Patient 1) and a 49 years old male patient

suffering from Thyroarytenoid Muscle Paralysis (TMP) due to bacterial infection
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(Patient 2).

Both patients were asked to read out loud the following sentences: ”Man’s

first boat. Long ago man found that it was easier to travel on water than on land.

They needed a clear path or road when they traveled on land.” The time duration

to read the whole sentences varied depending on each patient’s condition. The

raw and pVoice processed speech signals of the two patients were logged for

analysis.

The pre-emphasize filter and de-emphasize filters in the LPC filter block were

empirically adjusted with αpre−emp = 0.98 and αde−emp = 0.9 respectively. The

α of the LSF Enhancer were empirically determined to be 0.28, 0.32, 0.34 and

0.36, to be used to generate the correspondingly enhanced speech signals from

UVCP and TMP patients.

For benchmarking purpose, a speech synthesizer was used to synthesize a

reference speech signal based on the pre-defined text sentences. The reference

speech signal did not contain any noise and was not signal processed by the

pVoice. Figure 6.11 is the spectrogram of the reference speech signal that depicts

dense frequency components of comparatively high spectral energies throughout

the human voice frequency bandwidth. Spectrograms of patients’ raw and en-

hanced speech signals are shown from Figure 6.12 to Figure 6.21. The patients’

raw speech signals’ spectrograms depicted in Figure 6.12 and Figure 6.17, when

compare to the reference, clearly indicate the absence of frequency components

that constitute a pleasant sounding speech. The spectrograms also show the

levels of speech degradation in patients with UVCP and TMP. The patients’

voices are weak, hoarse and raspy, and they manifest evidence of upper range
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harmonics loss. Such a voice affects the overall speech clarity and these unde-

sirable characteristics appear in the spectrograms in the form of considerable

spectral energies distributed randomly at the higher frequencies (seen as uneven

distributions of darker color dots along the higher frequency scale). A weak voice

is characterized by the presence of lower spectral energies at the lower frequen-

cies (seen as lighter color lines along the lower frequency scale) [204]. A healthy

voice should exhibit considerable consistent spectral energies lines throughout

the human voice frequency bandwidth (darker color lines) [204].

The primary aim of pVoice speech enhancement is to improve the patient’s

speech clarity. With the LSF-based speech enhancement, spectrograms of the

enhanced speech signals show characteristics pointing to improvements in speech

clarity. A change in the color densities can be seen along the high frequency scale.

The reduction in spectral energies distributed randomly at the higher frequencies

is clearly evident as α increases, hence illustrating the reduction of the effects

associated with a hoarse and raspy voice.

Listening assessments were done by five independent volunteers chosen at

random and who are not part of the study and they are not aware of the tech-

nical details and the patients conditions. A generally unanimous feedback was

obtained from them of the enhancement in speech clarity achieved with pVoice.

The two key assessment criterion formulated and the assessment results will be

briefly explained in the following subsections.

6.4.1 Assessment of Amplification and Clarity

This assessment is specific to amplification and clarity of processed speech

signals. The amplification measurement is based on a sliding scale of zero to
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Figure 6.11: Spectrogram - Reference Speech Signal

Figure 6.12: Spectrogram - UVCP (Raw)

Figure 6.13: Spectrogram - UVCP (Enhanced, α = 0.28)

ten, with zero being no sound heard, five being sound is normal level and ten

being sound is very loud. The assessors were instructed to concentrate only on

the amplification quality. Scores of five and above were taken to be indicators

that the device has produced sufficient amplification.
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Figure 6.14: Spectrogram - UVCP (Enhanced, α = 0.32)

Figure 6.15: Spectrogram - UVCP (Enhanced, α = 0.34)

Figure 6.16: Spectrogram - UVCP (Enhanced, α = 0.36)

The clarity measurement is based on the same sliding scale of zero to ten,

with zero being speech is unintelligible, five being acceptable in clarity and ten

being normal. The assessors were instructed to concentrate only on the speech

clarity. Scores of five and above were taken to be indicators that the device has
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Figure 6.17: Spectrogram - TMP (Raw)

Figure 6.18: Spectrogram - TMP (Enhanced, α = 0.28)

Figure 6.19: Spectrogram - TMP (Enhanced, α = 0.32)

produced speech with acceptable clarity.

Assessors were also asked to provide a subjective feedback on the combined

amplification and clarity of the processed speech signals based on how well they

can discern the words in the sentences and the meaning of the sentences. They
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Figure 6.20: Spectrogram - TMP (Enhanced, α = 0.34)

Figure 6.21: Spectrogram - TMP (Enhanced, α = 0.36)

also wrote down the sentences the way they heard them. An objective indicator

can then be derived based on the number of correct words from the original

sentences they reproduced.

Table 6.1 shows the assessment in terms of amplification only. All the asses-

sors were able to hear the processed speeches well. Table 6.2 shows the outcomes

of the evaluation from the assessors on the clarity of the processed speech signals

based on their judgement. The results show the speech enhancement correspond-

ing to α = 0 (raw speech) and α = 0.28, 0.32, 0.34, 0.36 (enhanced speech). Based

on the average scores computed in Table 6.2, an improved in clarity can be ob-

served as α increases. But while a larger α can lead to a sharper speech quality,

it is noted that it may induce speech distortion. Relative to the raw speeches of
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the patients, it is observed that the clearest improvement (without distortion)

to the synthesized speech amplification and clarity is achieved with α = 0.32 for

Patient 1 and α = 0.34 for Patient 2. Beyond these values, sharpness is achieved

at the expense of distortion.

Table 6.3 shows the accuracies of the assessors in reproduction of the sen-

tences comprising of the 29 words. Based on the average scores computed in the

table, the accuracy improves as α increases. However, at α = 0.36 for Patient 2,

the induced distortion resulted in a drop in the accuracy of reproduction.

Table 6.1: Assessment of Amplification

Assessors’ Score

1 2 3 4 5 Average Score

Patient 1
5 6 6 5 5 5.4

Patient 2
6 6 5 5 6 5.6

Table 6.2: Assessment of Clarity

Assessors’ Score

α 1 2 3 4 5 Average Score

Patient 1
0 3 2 3 2 2 2.4

0.28 3 2 4 3 3 3
0.32 4 4 5 4 4 4.2
0.34 5 5 6 5 4 5
0.36 7 6 6 6 5 6

Patient 2
0 3 2 3 3 2 2.6

0.28 4 4 3 4 3 3.6
0.32 4 4 4 4 4 4.6
0.34 7 7 6 6 6 6.4
0.36 8 8 7 7 7 7.4
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Table 6.3: Pronunciation Accuracy of Listened Speech

Assessors’ Score (%) Average Score

α 1 2 3 4 5 (%)

Patient 1
0 79 69 79 79 79 77

0.28 79 69 83 79 79 78
0.32 79 69 83 79 79 78
0.34 90 93 97 83 83 89
0.36 90 93 97 83 83 89

Patient 2
0 79 79 79 72 79 78

0.28 86 90 86 86 86 87
0.32 93 93 93 83 93 93
0.34 93 93 93 93 93 93
0.36 93 83 86 93 83 88

6.4.2 Assessment of Multi-tone Quality

pVoice was also evaluated in terms of how the device can maintain the in-

tegrity of the multiple tones of the speech. The measurement of adequate tonal

integrity is based on the clarity of the tones present in the processed speeches to

the five assessors. Tone is defined in this study as pitch. The patient should have

varying tone in the speech. The tonal quality measurement is made by assessing

the sentences read by the patient. The assessment of tonal quality is based on

a sliding scale of zero to five, with zero being no tone heard, one being a single

tone heard, five being speech has normal tone. The assessors are instructed to

concentrate only on the tonal quality. Scores of three and above are taken to be

indicators that the device has produced sufficient tonal quality.

Table 6.4 shows the assessment results in terms of multi-tone quality of the

processed speeches from the two patients. The results show the level of enhance-

ment resulting from α = 0 (raw speech) and α = 0.28, 0.32, 0.34, 0.36 (enhanced

speech). Based on the average scores computed in Table 6.4, improvement in
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multi-tone quality is observed as α increases. The improvement achieved is clear

with α ≥ 0.32 for Patient 1 and α ≥ 0.34 for Patient 2. With α = 0.34, 0.36,

near to normal multi-tone qualities for both patients are observed.

Table 6.4: Assessment of Multi-tone Quality

Assessors’ Score

α 1 2 3 4 5 Average Score

Patient 1
0 2 2 2 2 2 2

0.28 3 4 2 2 3 2.8
0.32 4 3 3 3 4 3.4
0.34 4 4 4 3 4 3.8
0.36 4 3 4 4 4 3.8

Patient 2
0 2 2 2 2 2 2

0.28 3 2 2 3 2 2.4
0.32 3 3 4 4 4 3.6
0.34 4 4 4 4 4 4
0.36 4 4 4 4 4 4

6.5 User Data Privacy and Security Considerations

pVoice deployed as a standalone independent voice enhancement device does

not collect any form of user information. There is no immediate concerns over

data privacy and security issues as the device only samples voice induced vibra-

tion signal from the throat surface. The vibration signal is locally processed and

enhanced using a developed algorithm. The enhance signal is being amplified as

an audible speech.

pVoice deployed as part of e-Care system (developed in Chapter 5) uses BLE,

ZIGBEE PAN and GSM mobile communication network for emergency request

for assistance. When pVoice is used indoor together with the e-Care sensor

modules and a Base Station, pVoice data privacy and security considerations are

205



Chapter 6. pVoice: Assistive Device for a Class of Speech Impaired Elderly
with Vocal Cord Paralysis

the same as those listed in e-Care (in Chapter 5). The additional sensing feature

introduced by pVoice is the human fall detection. In the indoor setting, pVoice

uses its built-in accelerometer to monitor user motion’s activity for valid a fall

occurrence. In the event of a valid fall, pVoice notifies the e-Care Base Station

using the encrypted PAN [154] [155], and the Base Station in-turn informs the

designated caregivers with methods defined in Chapter 5.

In the outdoor setting, pVoice uses the built-in accelerometer and GPS re-

ceiver to track user’s motion activity and geographical location information.

pVoice is wirelessly paired to the user’s smartphone via BLE. The data transfer

to the smartphone is encrypted [153–155] to prevent any unwanted data privacy

and security issues. pVoice uses its accelerometer to monitor user’s motion ac-

tivity for fall occurrence. In the event of a valid fall, pVoice uses the paired

smartphone to send SMS request for assistance messages to the designated care-

givers. User’s current geographical location information is also included in the

SMS messages.

In both indoor and outdoor settings, pVoice uses its accelerometer to track

user’s motion activity. Geographical location is also monitored in an outdoor

setting. This information is not time stamped and stored locally or remotely

so as to prevent any privacy and security related issues. Similar to e-Care Base

Station, pVoice users have full controls over their choice of caregivers, and have

the ability to disable the system. Caregivers contact information are stored

locally in the e-Care Base Station and on the pVoice. Users and caregivers are

informed of the documented methods e-Care and pVoice handle their acquired

data and the underlying data encryption effort to ensure their personalized data
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remain safe, private and secured.

6.6 Ethical Issue

The ethical issue of using a pVoice is with regards the built-in accelerometer

and GPS receiver that enable motion and geographical location tracking, that

may result in an invasion of privacy issue. pVoice implements a strict data

collection guideline discussed earlier, and the guideline prevents this issue from

occurring. Users are made aware of the data collection method and must sign

consents before pVoice can be used.

Users using pVoice in the outdoor setting are informed that they are being

monitored only for occurrence of fall. When a valid fall is detected, geographical

location information is acquired from the GPS receiver and sent together as part

of the SMS alert messages to the designated caregivers. Each user has full control

over the choice of caregivers, and has the ability to disable the system if the user

is uncomfortable of being monitored.

6.7 Summary

This chapter has presented the design and development of pVoice as an as-

sistive healthcare device for a class of speech-impaired patients with vocal cord

paralysis who can speak albeit poorly and who are difficult to be understood.

The hardware selection and configuration, and the design of DSP algorithms

collectively resulted in a portable, compact and low power consuming wearable

device which picks up speech-induced vibrations at the throat surface and pro-

cesses them to result in a speech which is improved in loudness, clarity and
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multi-tone quality. In particular, the speech enhancement algorithms allow con-

figuration to approach the patient’s true voice. The performance of pVoice was

assessed positively from controlled pre-clinical tests on a small sample of pa-

tients with vocal cord paralysis. A larger scale clinical trial is currently being

conducted.
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Conclusions

Rapidly aging population poses challenge to countries like Singapore in terms

of optimizing their healthcare delivery system to the mass. As the percentage of

the population in need of healthcare rapidly increases, healthcare providers in

these countries are already finding it a challenge to cater their resources to such

high demand. Assistive healthcare, a method of remote healthcare monitoring

and resource management by making use of remote sensing and communications

technologies advancements, is indeed the way forward. With the reach of mo-

bile telecommunication and Internet to almost all corners of the world, it is a

viable option to implement, that can help to reduce the increasing conventional

healthcare expenses as well as assist in optimal utilization of the limited available

healthcare resources.

A lot of research has been conducted on the feasibility of implementing assis-

tive healthcare systems, especially for the monitoring of senior citizens, and to

provide timely medical interventions by healthcare professionals when required.

As discussed in Chapter 1, the first ever documented assistive health care technol-
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ogy was demonstrated in 1995 [57]. Various different implementations of assistive

healthcare systems exist, and many are still under active developments, mobile

and Internet communications technologies are the catalysts to further increase

the momentum and more advanced solutions were introduced afterwards.

The works presented in this thesis focused on designing and developing as-

sistive healthcare solutions with specific emphasis on vital status monitoring,

motion activity monitoring and alert management, and portable voice assist for

effective communication. Experiments were conducted to validate the various

algorithms as well as other functions and the results proved the efficiency of the

system as well as its capability to ensure its usefulness under various environ-

ments.

7.1 Main Contributions

In Chapter 2, design and formulation of an assistive healthcare framework

with the identified common core components was presented. The framework de-

fines the various requirements for a practical implementation of assistive health-

care systems. In-order to demonstrate on the practicality of implementation,

three assistive healthcare device were proposed and developed.

The framework presented in Chapter 2 formed the foundation to develop the

three assistive healthcare devices. The first device to be developed is a vital sign

monitor that serves the purpose for real-time monitoring of core body temper-

ature, which is useful in early detection of heat related illnesses on sports and

military personnel performing strenuous physical activities. In Chapter 3, de-

tailed study to re-visit the tympanic membrane vicinity as core body temperature

210



Chapter 7. Conclusions

measurement site was conducted. The research proposed the middle ear cavity

as a potentially new site for accurate core temperature monitoring, as the new

site demonstrated good correlations to the alternative core body temperature

monitoring sites (tympanic membrane, esophagus and rectum). Chapter 3 also

covered a detailed development of an accurate temperature model for the middle

ear cavity. The temperature model is demonstrated to be able to accurately infer

middle ear cavity temperature from a known tympanic membrane temperature.

Experiment to verify the accuracy was conducted on a live sedated primate.

The developed temperature model was further improved in order to infer core

body temperature from other known sites apart from the middle ear cavity. A

Gain-Scheduled lookup table was introduced to improve on the accuracy of the

temperature model.

Chapter 4 detailed the development of VitalMON - minimally invasive sys-

tem of mobile monitoring of core body temperature. The assistive healthcare

device is developed from scratch to monitor real-time core body temperature via

the surface of the tympanic membrane. A customize ear mold is required this

purpose. The development uses an infrared thermopile sensors array to mea-

sure infrared emissions from the surface of the tympanic membrane, and highest

temperature spot is extracted from the sensors. The highest temperature spot is

used to for core body temperature measurement based on algorithm developed

in Chapter 3. The assistive health care device has been successfully developed

and demonstrated its intended usage.

Chapter 5 highlighted the development of e-Care - a non-intrusive activity

monitoring for the lone elders living by themselves. This was the second type of
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assistive healthcare device developed by using the common framework defined in

Chapter 2. The hardware developed in this chapter demonstrated an improved

method of motion activity monitoring of a lone elder staying at home by im-

proving on the Passive Infrared (PIR) sensor based motion activity monitoring

with the addition of human body temperature detection and simple postures

detection. The improvement required a thermopile sensors array to be used side

by side with a PIR sensor.

Chapter 6 highlighted the development of pVoice, an assistive wearable device

for a class of speech impaired patients with vocal cord paralysis. This was the

third hardware developed based on the assistive healthcare framework. The

hardware developed improved on the speech and communication of patient or

an elder with weak vocal cord due to disease or advance aging. The hardware

is a small wearable device that picked up weak sound signal from the surface

of the throat and processed it with a custom algorithm, and projected it out

as an improved and audible voice. The hardware has been trailed in National

University Hospital, Ear Nose and Throat clinic with favorable results. Further

trials will be required in-order to further improve on the voice enhancement

algorithm.

7.2 Limitations and Suggestions for Future Work

Based on the prior research as well as the experience acquired while working

on this thesis, the following deserves further consideration and investigation to

improve the completed assistive healthcare systems.
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7.2.1 VitalMON

In Chapter 4, The VitalMON system has only been tested with limited users.

Although the test results were very good and were helpful in validating all the

implemented features and algorithms, it is essential to conduct a trial run for

large number of users in wide geographical locations such as those in the de-

veloping countries whereby home based users are being monitored by distantly

located healthcare professionals and caregivers. Such a trial is necessary to de-

tect potential short comings and to improve on it, so that the developed systems

can be ready for field deployment.

The Wireless Temperature Acquisition (WTA) module requires further en-

gineering effort in miniaturizing it to the point that the final size is comparable

to a size of a typical behind-the-ear type of electronics hearing aid. The protec-

tive case of the Thermopile Sensors Array (TSA) used by the WTA should be

customized to further reduce its overall diameter so as to make it easier to be en-

capsulated by a personalized ear mold. Personalized ear mold is to be fabricated

for each user so as to provide an improved comfort level.

The current PDL/TM electronics hardware only supports 2G mobile phone

communication network that provides Short Message Service (SMS) and Gen-

eral Packet Radio Service (GPRS) based internet connection. 2G network is

currently being phased out, the PDL/TM hardware should be modified to in-

clude native supports for 3G and 4G mobile phone networks so as to be able

to adopt the broadband high speed internet connectivity as its primary form

of communication. Supports for other competing wireless technologies devel-

oped for Internet of Things (IoT) should also be added as an option to cater
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for deployments in different geographical terrains. Proprietary interface to the

Iridium Satellite Communication Network should be also developed to enable

the VitalMON system to be deployed without any geographical constrains.

The circuit boards can be made smaller by utilizing smaller components

and multi-layer printed circuit board. Industrial design should be carried out

to design ergonomic enclosures for all the VitalMON modules so as to provide

good user handling experience.

7.2.2 e-Care

In Chapter 5, The e-Care system has only been tested with limited users.

Although the results of the tests were very promising and helpful in validating

all the implemented features and algorithms, it is essential to conduct trials

for large number of users in wide geographical locations whereby home based

elderly people are being monitored by distantly located healthcare professionals

and caregivers. The trials are necessary to detect hidden problems and to serve

as an opportunity to collect usage experience data. The data can be used to

further improve on the system to a level suitable for commercial deployments.

The developed e-Care hardware does not incorporate a distance measure-

ment sensor in order to measure the distance between the TSA and the target.

This shortfall resulted in non-accurate temperature calculation of the TSA when

used to measure target temperature. The accuracy of the TSA depends on the

distance from the target, thus with this additional hardware module, distance

information can be determined and used together with the TSA measurement

to accurately determine target temperature. The PIR sensor can be potentially

replaced with a 25GHz pulsed Doppler radar for improved human motion de-
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tection and distance measurement. The radar module is also sensitive enough

to detect human fall activity. Thus, e-Care can be further improved with an

additional role as a reliable fall activity detector.

At present, the e-Care system can only measures forehead surface temper-

ature, and does not estimates CBT from it. In order to enhance the existing

forehead temperature measurement system, further work should be conducted

to study and develop an algorithm to estimate CBT from forehead tempera-

ture. This enhancement will improve the e-Care system to incorporate a fever

detection function for the purpose of early detection of disease or chronic health

condition that may requires medical intervention.

The current e-Care Base Station contains interface support for 2G mobile

phone communication network and 2G network is in the process being phased

out. The Base Station hardware should be modified accordingly to provide

interface supports for 3G and 4G mobile phone communication network. The

Base Station circuit board size can be further reduced by using smaller electronics

components and multi-layer printed circuit board. All the modules of e-Care

require ergonomic enclosures so as to render proper protection and to improve

on handling experience.

7.2.3 pVoice

pVoice is a wearable device and in the early development stage, pVoice has

been designed to incorporate product ergonomics of look and feel. The prototype

functions satisfactorily. There are still some product improvements that are

worth looking into so as to raise the user’s usage experience. The existing low

power magnetic acoustic speaker’s sound quality can be further improved by
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replacing the speaker with a miniature piezo-electric based speaker that offers

higher fidelity speech reproduction. The continuous usage time can be improved

by replacing the existing Lithium-Ion (Li-Ion) battery with a lighter and much

higher capacity Lithium Polymer Ion battery. The current battery charging

circuit should be modified to incorporate fast charging function that effectively

cuts down the existing charging time.

The present plastic enclosure is of water splash resistance design. Further

improvements to the casing design is required to make pVoice into a fully water

resistance product suitable for all types of environments and weather conditions.

7.3 Ethical Issues

In Chapters 3 - 6, ethical issues have been identified that required attention

to resolve. Chapter 3 contains ethical issue with regards animal testing and hu-

mane treatments of animal test subjects. The needs to engage a live animal for

the proposed experiments has been justified that no other alternative methods

were available to carry out the proposed experiments, and it was neither safe

nor ethical to engage a human. Approvals from both the National University of

Singapore Institutional Review Board and Institutional Animal Care and Use

Committee have been sought prior to the conduct of the proposed experiments

involving a live primate. The experiments followed the National Advisory Com-

mittee for Laboratory Animal Research (NACLAR) guidelines so as to ensure

proper and humane treatments of the primate. Appropriate medical treatments

and sufficiently long rest duration was enforced on the primate in-order to allow

it to fully recover before being subjected to another round of experiment of the
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same nature.

Chapter 4 - 6 contain ethical issues relating to the invasion of privacy and

unauthorized data access. The three chapters are pertaining to the develop-

ments of the three types of assistive healthcare devices. Each device contains

some built-in hardware features that can be potentially abused for unauthorized

human activity monitoring, spying and geographical location tracking. The

firmware designs for the affected assistive healthcare device have been prop-

erly reviewed to include strict data access and processing procedures in-order

to prevent the privacy and data access issues from occurring. Users data pri-

vacy protection were further enhanced by implementing data encryptions on the

three assistive healthcare devices in-order to prevent any form unauthorized data

access.

Potential end-users of the assistive healthcare devices were thoroughly briefed

on the devices data collection and processing procedures, and written consents

were required from the users prior to operating the devices.

7.4 Summary

This thesis presented a practical assistive healthcare framework, and the de-

sign and, development and demonstration of three practical assistive healthcare

devices based on the proposed framework. The proposed solutions have been

demonstrated to perform satisfactorily under various conditions imposed by trial

users. It is important to have such a solution in the current situation, where the

rapidly aging population is a real concern and access to proper healthcare is

unevenly distributed with limited resource settings. This dissertation is a small
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step in enabling the communities to have access to such facilities and believed to

be in the right direction for optimizing the healthcare resources with innovative

use of technology tools while making use of the existing infrastructure.
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Appendix A: Modeling of

Dynamics Between Middle Ear

Cavity and Tympanic

Membrane Temperatures

Middle ear temperature (Tme) is demonstrated in Section 3.4.2 to be very

responsive to changes in core body temperature (CBT). It is able to pick up

small changes which are not evident in the temperatures at the rectum and

esophagus, and it is more robust to changes in ambient conditions relative to the

tympanic membrane temperature (Ttm). This approach is especially useful for

the monitoring CBT for early signs of heat related injuries [121] which has to be

continuously done in an efficient and non-invasive manner, with high accuracy.

Driven by these motivations, the aim is to derive a dynamic Middle Ear Heat

Balance (MEHB) model describing heat flows in the middle ear (ME) cavity

vicinity.

The Two-Node model (TNM) by Gagge et al [122] [123] is used to provide
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the baseline relationship to represent heat transfers localized to the vicinity of

the ME. The generic equation is given in Eqn. (A.1), where Qb is the rate of

change of the heat content of that point in terms of heat flow rate per unit area

(heat flux); Mb is the rate of metabolic energy expenditure per unit area; Wb

is the rate of external work per unit area (+ for work against external forces,

- for eccentric or negative work); Rb is the rate of radiant heat exchange per

unit area; Cb is the rate of convective heat exchange per unit area; Db is rate of

conductive heat exchange per unit area; and Eb is the rate of evaporative heat

exchange per unit area.

Qb = Mb − (±Wb) ± (Rb + Cb + Db) − Eb (A.1)

The areas of interest of the dynamical model here is the TM, interacting

essentially with the environment within the ear canal on one side and the ME

cavity on the other. The TM is thin and concave in nature [109], and it is located

at the distal end of the external auditory canal, forming a thin barrier separating

the auditory canal from the ME cavity. The TM outer surface facing the canal

is exposed to the ambient air while the inner surface facing the ME cavity is

part of the cavity wall. Since the TM is extremely thin, heat from the surface

is mostly lost to the ambient environment via convection and radiation due to

the relatively larger interacting contact area compared to the edge of the TM

that is attached to canal wall. Thus, the conduction heat loss to the canal wall

is negligible.

The TM is shielded from the ambient air turbulence as it is sited at the

distal end of the canal, if temperature measurements are indeed taken at the
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TM (Chapter 3). The TNM can be reduced with the specific situations at the

TM. First, Mb ≈ 0 since there is negligible heat generation by the thin TM

tissue; Wb = 0 at this passive point; Eb = 0 with no sweat glands in this area;

Db ≈ 0 with negligible conductive heat exchange.

Thus, at the interface with the ambient environment, Eqn. (A.1) can be

reduced to Eqn. (A.2) with only the dominant convection and radiant heat

terms. In Eqn. (A.2), qam refers to the heat flow rate from the TM to the ambient

environment; Ttm and Tam are the TM and ambient temperatures in Kelvin. The

convection heat transfer term can be represented as hcaAtm(Ttm−Tam) [124] [125]

[126] [127] where hca is the heat transfer coefficient and Atm is the effective area

of the TM.

qam = hcaAtm(Ttm − Tam) + ∆am (A.2)

The radiant term is represented by ∆am = σϵraAtm(T 4
tm−T 4

am) [126] [127] in

Eqn. (A.3) to account for the heat transfer through thermal radiation from the

surface of the TM, where σϵra is the TM surface radiant heat transfer coefficient;

σ = 5.6704×10−8J/(s ·m2 ·K4) is the Stefan-Boltzmann constant and ϵra is the

surface emissivity constant of the TM.

∆am = σϵraAtm(T 4
tm − T 4

am) (A.3)

∆am can be re-written as hraAtm(Ttm−Tam) depicted in Eqn. (A.4) with hra

defined in Eqn. (A.5) as a temperatures (Ttm and Tam) dependent coefficient.

∆am = hraAtm(Ttm − Tam) (A.4)
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hra = σϵra(Ttm + Tam)(T 2
tm + T 2

am) (A.5)

The relative strength of the radiant term is expected to be small due to the

absence of a physical receiving surface perpendicular to the TM to facilitate

the radiant heat exchange [126], resulting in a small and uneven radiant heat

transferred to the surface of the ear canal in the vicinity of the TM [126] [128].

In the analysis of the results subsequently in Section 3.6, this component will be

calibrated from the data collected to verify the significance of its contribution.

Next, the other side of the interface with the ME cavity, serving as the

primary heat source to the TM, will be similarly examined. The inner surface

of the TM constitutes a wall of the ME cavity. The ME cavity is an enclosed

area with an air pocket, and the heat circulation from this area to the TM is

dominated primarily by convection and radiation processes. However, within the

cavity, heat transfer through conduction is more significant than at the other side

due to the two conductive channels: (a) via the edge of the TM where it joins

the side walls of the ME [109], (b) via the malleus bone which engages the inner

surface of the TM [109]. Heat transfer via radiation may also be present since the

walls of the cavity are potential radiation sources, and the TM is the potential

receiving surface [109] [126]. Thus, effective heat flows qtm from within the ME

cavity to the TM is given in Eqn. (A.6). Tme is the temperature of the ME cavity

(in Kelvin). hct represents the lumped convective and conductive heat transfer

coefficient for the heat transfer from an effective area Ame of the ME cavity to

the TM. ϵrt is the surface emissivity constant of the ME cavity. The ME cavity is

able to store heat energy and it can be thought of as a thermal capacitor denoted

by Cme (heat storage element). There is thus another flow from the heat stored
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in this energy bank which is represented by Cme · d
dt(Tme − Ttm).

qtm = hctAme(Tme − Ttm) + Cme ·
d
dt

(Tme − Ttm) + ∆tm (A.6)

Similar to Eqn (A.2), the radiant term ∆tm depicted in Eqn. (A.7) captures

the heat transfer through thermal radiation from the wall of the ME cavity. ∆ tm

can be similarly re-written as hrtAme(Tme −Ttm) as depicted in Eqn. (A.8) with

hrt defined in Eqn. (A.9). The relative strength of the radiant term will similarly

be calibrated from the results subsequently in Section 3.6.

∆tm = σϵrtAme(T 4
me − T 4

tm) (A.7)

∆tm = hrtAme(Tme − Ttm) (A.8)

hrt = σϵrt(Tme + Ttm)(T 2
me + T 2

tm) (A.9)

To get the dynamic equation relating Tme to Ttm and Tam, the principle of

energy conservation is used as in Eqn (A.10).

qtm − qam = Ctm · d
dt

Ttm (A.10)

Expand Eqn (A.10) into Eqn (A.11):

hctAme(Tme−Ttm)+Cme·
d
dt

(Tme−Ttm)+∆tm−hcaAtm(Ttm−Tam)−∆am = Ctm· d
dt

Ttm

(A.11)
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Divide Eqn (A.11) with (hctAme) and rearrange into Eqn (A.12):

(Tme−Ttm)+
Cme

hctAme
· d
dt

(Tme−Ttm)− Ctm

hctAme
· d
dt

Ttm−hcaAtm

hctAme
(Ttm−Tam) =

∆am − ∆tm

hctAme

(A.12)

Define a lump radiant term ∆ = ∆am−∆tm
hctAme

and substitute ∆ into Eqn (A.12)

to get Eqn (A.13):

(Tme−Ttm)+
Cme

hctAme
· d
dt

(Tme−Ttm)− Ctm

hctAme
· d
dt

Ttm− hcaAtm

hctAme
(Ttm−Tam) = ∆

(A.13)

Finally, rearrange Eqn (A.13) into Eqn (A.14):

⇒ Tme = (1+
hcaAtm

hctAme
)Ttm−(

hcaAtm

hctAme
)Tam+(

Ctm + Cme

hctAme
)(

d
dt

Ttm)−Cme(
d
dt

Tme)+∆,

(A.14)

Expand ∆ = ∆am−∆tm
hctAme

into Eqn (A.15):

∆ =
σϵraAtm

hctAme
(T 4

tm − T 4
am) − σϵrt

hct
(T 4

me − T 4
tm) (A.15)

Finally, simplify Eqn (A.15) and rearrange into Eqn (A.16):

⇒ ∆ = −(
σϵrt

hct
)T 4

me + (
σϵrtAme + σϵraAtm

hctAme
)T 4

tm − (
σϵraAtm

hctAme
)T 4

am. (A.16)

Eqn (A.14) is the MEHB model equation with Eqn (A.16) representing the

radiant term.

241



Appendix B: VitalMON

P-VSM Firmware Design and

Implementation

P-VSM consists of two autonomous modules: (a) WTA, and (b) PDL/TM.

Each autonomous module requires custom firmware design in order to implement

its defined functionality.

B.1 WTA firmware design

The WTA uses a 16-bit fixed-point low power MCU that execute a custom

firmware. The firmware embodied structured instructions and computational

algorithms that defined the functions of a WTA. Figure B1 depicts the simpli-

fied state diagram representing the various operations executed in a sequence

of state. There are 6 top-level operational states: Initialization(), Shutdown(),

CheckBattery(), MeasureTemperature(), TransmitTemperature(), and Sleep().

The Initialization() state implements low level initialization instructions in-

order to properly configure the required built-in peripherals and memory re-
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Figure B1: WTA firmware operational states.

sources of the MCU. The ShutDown() state powers off the MCU and all hardware

connected to it, effectively powering off the whole WTA hardware. The Check-

Battery() state inspects the health condition of the 3V battery which provides

power to the WTA. The TransmitTemperature() state controls the Bluetooth

Low Energy hardware on the WTA, and transmit the processed temperature

data to the PDL/TM sub-module. The Sleep() state puts the WTA into a 1

minute MCU idle mode that effectively reduces the overall current consumption,

and only wakes up after the 1 minute interval timer expires.

The MeasureTemperature() state implements algorithms to measure TM tem-

perature by: (a) converting measured thermal infrared value to equivalent tem-
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perature, (b) to determine the hot pixel location and its corresponding hotspot

value, and (c) to define a new TM-MASK from current hot pixel location for

new TM temperature measurement. Figure B2 depicts the pseudo-code of Mea-

sureTemperature() state. The fetchIrPixelsData() function fetches all the 64

pixels thermal infrared emission data and stores into IrPixelArray data array

in MCUs memory before any data processing can be performed. Two very im-

portant algorithms utilized within the state are the GetArrayTemperature() and

ConstructNewMask().

Figure B2: Pseudo-code for MeasureTemperature() state.

The GetArrayTemperature() algorithm returns hotspot temperature and its

related hot pixel location base on the IrPixelArray and TM-MASK as inputs. It

has been shown in Section 4.5, that only a small subset of the 64-pixels infrared

emission data is relevant to the TM. Thus, valuable MCUs processing cycles will

be consumed unnecessarily if all the 64-pixels data are sequentially processed. In

order to efficiently process only the effective TM pixels data, an adaptive TM-

MASK is applied to the pixels data stored in IrPixelArray in order to eliminate

the unwanted ear canals pixels while retaining the TMs pixels. With this method,

the MCU is able to use less of the processing cycle to process only the effective
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TM pixels to calculate the temperature values, and valuable battery power can

be conserved.

The ConstructNewMask() algorithm adaptively re-construct a new TM-MASK

for the next measurement on the TM if a change in the hot pixel location is de-

tected. The new TM-MASK ensures the hot pixel is always located at the defined

center area of the mask.

B.1.1 GetArrayTemperature() - Infrared to temperature conversion

and hot pixel location identification algorithm

TM temperature thermal pixels are extracted by applying TM-MASK on Ir-

PixelArray and stored in TM IR array within the MCU. A series of mathematical

formulae [67] provided by Melexis are applied to each pixel value stored in the

TM IR in-order to convert each pixel to temperature equivalent, and to con-

currently apply a custom computational algorithm in-order to determine from

among the pixels, the highest temperature value and location. Thus, at the end

of the overall infrared to temperature conversion, the highest temperature with

the actual pixel location (hot pixel) is also determined.

Figure B3 depicts a summary of processes for TSA pixels masking, infrared

to temperature conversion and a computation to determine maximum TM tem-

perature. The sequence of steps are: (1) 64 pixels TSA is effectively reduced

to an equivalent 16 pixels array by applying an adaptive TM-MASK of size 16,

hence p = 16 which is the size of the required TM IR array. (2) The valid TM

pixels are populated into TM IR. (3) Infrared to temperature conversion algo-

rithm and highest temperature search algorithm are concurrently applied in an

iterative manner, where only 16 iterations are required from the full 64 iterations.
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Thus, a valid TM-MASK effectively reduces the computational time by at least

75% for p = 16. Maximum TM temperature (MaxTemperature) and location of

hot pixel (HotPixelLocation) are returned once execution is completed.

B.1.2 ConstructNewMask() - TM-MASK adjustment algorithm

A TM-MASK representing the effective pixel area of a TM is designed to

be adaptive depending on the last known hot pixel position. The default TM-

MASK has effective pixels area that is pre-determined during setting up and

personalizing of WTA for a specific user. This default TM-MASK is first used

for measurement of infrared emissions of the TM every time upon WTA powering

up. The new TM-MASK for use in the next measurement is adjusted from the

default mask based on the last known location of the hot pixel. The algorithm

uses the last known hot pixel location to define a four pixels size square area with

the hot pixel located in the fourth quadrant of the square. The square area is

defined as hot pixel area. The hot pixel area is expanded to the size of the default

TM-MASK in-order to form a new TM-MASK at the new location. Figure B4

(a) depicts the ConstructNewMask() algorithm forming a new TM-MASK with

the last known hot pixel at location 38. The new TM-MASK effectively reduces

the processing of pixels data from 64 to 16. Figure B4 (a) shows the hot pixel to

be more or less at or near to the center of the TSA when the WTA is positioned

in the ear canal. In the event of small-unwarranted movement of the WTA while

still inserted in the ear canal, the hot pixel location may shift. Figure B4 (b)

- (d) depict some possible scenarios of the shifted hot pixel locations and the

resulted new TM-MASKs. The algorithm checks the validity of the masks four

boundaries. If any of the boundaries falls into an invalid area, a new boundary
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is defined. Thus, depending on the last known hot pixel location, the new TM-

MASK size may be the same or smaller than the default TM-MASK size. MCU

processing time can be further reduced if the new TM-MASK size is indeed

smaller than the default, which is shown to be dependent on the positioning of

the WTA in the ear canal.

B.2 PDL/TM firmware design for CBT calculation

The PDL/TM is a data-logger that logs in real-time via BLE wireless commu-

nication the highest TM temperature measured from the WTA. CBT is inferred

from the TM temperature by performing the following steps proposed in Chap-

ter 3. The PDL/TM monitors the inferred CBT and generates local and remote

alert base on the pre-programmed CBT thresholds. The remote alert is based

on the PDL/TM built-in support for wireless ZIGBEE and GSM infrastructure.

When CBT is within the range of the CBT WARNING, a reminder message is

transmitted via ZIGBEE to the officers who are equipped with GCs within the

ZIGBEE communication range, and via GSM if they are out of range. When

CBT is within the range of the CBT CRITICAL, a repeated alert message is

transmitted at a fixed interval (programmable in firmware) via the same wireless

communication channel. Figure B5 depicts the top level state machine repre-

senting a summary of the basic processes implemented in the PDL/TM firmware

architecture.
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Figure B5: Summary of processes for PDL/TM firmware.
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Appendix C: e-Care Hardware

and Firmware Developments

C.1 Hardware Design

C.1.1 e-Care Base Station

Figure C1 depicts the hardware operational blocks of a e-Care Base Station.

The Base Station consists of: (a) GSM/Internet Messaging unit (GSM/IM),

(b) Renesas R5F100GLAFB Microcontroller unit (BS-MCU) [62], (c) ZIGBEE

wireless communication unit (ZBEE), (d) Real-Time Clock with backup battery

(RTC) unit, (e) Local Alert unit (LA), (f) Simple User Interface (UI), and (g)

Switch-mode power control unit (SW-PCN).

Figure C1: e-Care Base Station System Block Diagram
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GSM/IM unit is used to communicate with caregivers or remote server. The

unit is a miniature off-the-shelf GSM modem or Internet access point, and com-

municates with BS-MCU via RS232 serial communication interface. The ZBEE

unit is implemented by using a Telegesis ETRX357 ZIGBEE radio module, and

its role is a PAN Coordinator [66] tasked to setup and maintains a wireless mesh

PAN used for internal e-Care wireless messaging among various hardware mod-

ules. ZBEE communicates with the BS-MCU via RS232. The RTC keeps an

accurate date and time information for internal time reference, and day and night

motion activity monitoring operation. Motion activity monitoring algorithm re-

quires the accurate time information as motion inactivity timeout parameter

differs for day and night. The RTC communicates with the BS-MCU via I2C

serial interface. The LA generates loud audible and visual alert in the event of

an emergency to request for help from anyone nearby. The UI displays current

operational status of the Base Station. The SW-PCN unit contains switch-mode

power circuitry that provides regulated 3.3VDC power supply to power up the

Base Station. Switch-mode type of regulated power supply is more efficient than

its linear counterpart as it is capable of achieving ≥ 90% output efficiency while

supplying high current [205] at the expense of physical circuit’s size, it is selected

to supply power to the multiple functional units within the Base Station, and

most importantly a stable supply to the GSM/IM unit as the unit consumes

high current while establishing network connectivity (GSM mobile network or

Internet) and transmitting messages. The BS-MCU is the central processing unit

that implements the motion activity monitoring algorithm and the required con-

trol logics. The BS-MCU is a reliable automotive grade 16-bit R5F100GLAFB
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Renesas microcontroller [62] running at 32MHz, with 512KB Flash Memory and

32KB RAM, to ensure sufficient processing bandwidth for reliable and unat-

tended operation.

Figure C2(a) depicts the completed hardware design of the Base Station, and

Figure C2(b) depicts the boxed up prototype. The Base Station draws 80mA of

peak current during operation.

(a) Fully Assembled Circuit
Board

(b) With Case and GSM
Antenna

Figure C2: e-Care Base Station Hardware

C.1.2 TMotion and PIRD Sensors Modules

Figure C3 depicts the hardware operational blocks of an e-Care TMotion

sensor module. The module consists of: (a) TSA, (b) PIR motion sensor, (c)

Renesas R5F100BEANA [62] low pin count microcontroller unit (SM-MCU), (d)

ZIGBEE wireless communication unit (ZBEE) and (e) Linear power control unit

(LN-PCN).

The TSA is used to measure thermal infrared radiation of the target. It

performs 16 × 4 simultaneous target temperature measurement and determines

the corresponding temperature map of the target. The TSA detects infra-red

radiation wavelength in the 2µm - 22µm range. This is the wavelength of radiant
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Figure C3: e-Care TMotion System Block Diagram

heat and human body emits heat [72]. It communicates with the SM-MCU via

I2C interface. The PIR motion sensor detects motion from changes in ambient

temperature, and it provides a single-bit logic output to one of the SM-MCU dig-

ital input interface where a logic ’1’ indicates valid motion detection and a logic

’0’ indicates otherwise. ZBEE is based on Telegesis ETRX357 ZIGBEE radio

module, the same unit used in the Base Station and its role is a PAN Router [66]

and is used to expand the PAN coverage. It is tasked to find the best route to the

destination over which to transfer a message. A Router performs all functions

similar to a Coordinator except the establishing of a network. ZBEE communi-

cates with SM-MCU via RS232. Due to space and size constrain, the LN-PCN

contains a linear low dropout (LDO) regulator [206] that supplies regulated 2.6V

power supply to the TSA and 3.3VDC power supply to the rest of the circuit

within the TMotion sensor module. LDO regulator is chosen due to its small

size as compared to its switch-mode counterpart, and has comparable in output

efficiency (≥ 90%) when used to supply current to low power circuit. However,

the output efficiency drops if higher power is drawn due to heat generated by

the LDO regulator. The TMotion circuit is of very low power design where the
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maximum operating current drawn is ≤ 8mA at 3.3V, hence LN-PCN high ef-

ficiency output is not an issue. The SM-MCU is based on a highly reliable low

pin count automotive grade 16-bit R5F100BEANA Renesas microcontroller [62]

running at 16MHz, with 64KB Flash Memory and 4KB RAM, sufficient to con-

trol and process the TSA temperature data, PIR motion detector and ZBEE

communications.

Figure C4(a) depicts the completed hardware design of the TMotion sensor

module,and Figure C4(b) depicts the properly boxed up prototype. The TMo-

tion sensor module draws ≤ 8mA of current during operation, and ≤ 400µA

during standby.

(a) Fully Assembled Circuit Board (b) With Case

Figure C4: e-Care TMotion Sensor Hardware

Figure C5 depicts the hardware operational blocks of a e-Care PIRD sen-

sor module. The module consists of: (a) PIR motion sensor, (b) Renesas

R5F100BEANA [62] low pin count microcontroller unit (SM-MCU), (c) ZIG-

BEE wireless communication unit (ZBEE) and (d) Linear power control unit

(LN-PCN).

The PIRD block diagram is similar to the TMotion sensor block diagram.

The main difference is the absence of the TSA unit. In term of functionality, all

the internal units inherit the same hardware functions as the TMotion sensor.

255



Appendix C

Figure C5: e-Care PIRD System Block Diagram

Figure C6(a) depicts the completed hardware design of the PIRD sensor module,

and Figure C6(b) depicts the boxed up prototype. The PIRD sensor module

draws ≤ 5mA of current during operation, and ≤ 400µA during standby.

(a) Fully Assembled Circuit Board (b) With Case

Figure C6: e-Care PIRD Sensor Hardware

C.1.3 AlertSW and AlertCL Modules

Figure C7 depicts the hardware operational blocks of a e-Care AlertSW and

AlertCL modules. Each module consists of: (a) Mechanical push-button switch

(RED for AlertSW and GREEN for AlertCL),(b) Renesas R5F100BEANA [62]

low pin count microcontroller unit (SM-MCU), (c) ZIGBEE wireless communi-

cation unit (ZBEE) and (d) Battery power control unit (BT-PCN).

The AlertSW/AlertCL block diagram is similar to the TMotion sensor block
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Figure C7: e-Care AlertSW/AlertCL System Block Diagram

diagram, using the same SM-MCU and ZBEE units. The main differences are

the absence of the TSA and PIR motion sensor, and a mechanical push-button

switch is installed in place and directly controls the BT-PCN unit. The BT-PCN

provides stable power to the AlertSW/AlertCL module from a 3V 1AH CR123A

Lithium battery. When the switch is pressed, SWSIG signal on BT-PCN is

asserted and the solid-state MOSFET switch connects the battery to power up

the AlertSW/AlertCL module. Upon powering up, SM-MCU asserts SWCON

signal on the BT-PCN with one of its digital output port in-order to ensure

the battery power is not cut-off when the switch is released. The SM-MCU

communicates with ZBEE to transmit relevant message to the Base Station. It

controls the BT-PCN to cut-off battery power to the AlertSW/AlertCL module

once message transmission is completed. Due to battery power consideration,

the ZBEE unit is configured as a PAN End Device.

Figure C8(a) depicts the completed hardware design of the AlertSW/AlertCL

module with a Lithium battery attached. Figure C8(b) and C8(c) depict the

boxed up prototype of AlertSW (Red push-button switch)and AlertCL (Green

push-button switch) modules respectively. The AlertSW/AlertCL module draws
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≤ 4mA of current during 3 seconds of operation, and does not draws current if

the push-button switch is not pressed.

(a) Fully Assembled Circuit Board with Battery

(b) AlertSW (c) AlertCL

Figure C8: e-Care AlertSW/AlertCL Hardware

C.2 Firmware Design

There are total four sets of firmwares (Base Station, TMotion Sensor, PIRD

Sensor and AlertSW/AlertCL) to be designed for e-Care system. Each firmware

is modeled as a state machine in-order to identify the number of known states,

and to define proper program execution flow. The final steps will be to convert

the finalized state machines into C-programming language codes for each of the

modules within the e-Care system.
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C.2.1 Base Station

Figure C9 depicts the top level state diagram representing the Base Sta-

tion firmware. The firmware is divided into three parts: (a) Interrupt Services

(Back ground Tasks), (b) Global Buffers and (c) Monitoring Service (Foreground

Task). The Interrupt Services are the background tasks responsible for providing

low level control, timing and communication functions to the Monitoring Ser-

vice. The Interrupt Services consist of BS TickGenerator(), BS IdleCtControl(),

BS StopActMonitor(), BS UserInterface(), BS RTCControl(), BS ZIGBEE() and

BS SMS(). The global buffers are memory variables that serve as message or

data sinking and sourcing containers for the Interrupt Services to send or re-

treive information to or from the Monitoring Service, and vice-versa. There are

total of 12 memory variables defined as global buffers. The Monitoring Service

implements an algorithm to monitor motion activity monitoring and to manage

alerts.

C.2.1.1 Interrupt Services

BS TickGenerator() generates 20ms time reference tick signal (Tick20) for

used in generating time delays and more importantly for the BS IdleCtControl()

to perform countdown of Motion Inactivity Timer (IdleCt) for detected motion

inactivity event. The function uses the BS-MCU 16-bit hardware timer config-

ured to generate a periodic 20ms interrupt.

BS IdleCtControl() controls the Motion Inactivity Timer (IdleCt) and decre-

ments the timer at every 100ms for detected motion inactivity event. The func-

tion decrements IdleCt only if IdleCt > 0 and activity monitoring variables Stop
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and Monitor are respectively reset and set. The Stop variable is set when the

PIRD sensor is activated (the elderly leaves the house). Monitor variable is reset

by default during start of operation, and is set when motion is detected, and is

again reset during an alert or when an alert is cancelled.

BS StopActMonitoring() temporarily halts motion activity monitoring for a

defined period of time. The duration is defined by Stop Monitor Timer (StopCt).

The function delays motion activity monitoring by decrementing StopCt for every

100ms interval until StopCt reaches 0. Motion activity monitoring continues

thereafter. The function is activated only when Stop variable is set.

BS UserInterface() displays Base Station operating modes. There are 3

modes of operation: (a) Normal - when Base Station is not in any form of alert,

(b) Alert0 - when Base Station detects motion inactivity timeout, and (c) Alert1

- when Base Station detects manual request for help (AlertSW is activated).

BS RTCControl() monitors time for day and night monitoring operation.

The function monitors the elderly estimated wake up and sleep time, and pro-

grams the motion inactivity time thresholds for IdleTH and LongTH variables

with timeouts values that suit the current time of the day. When TMotion sen-

sor detects activity via its PIR sensor, IdleTH value is used, and if the TSA

measures a valid human body temperature and detects a lying down posture,

LongTH is used instead. IdleTH value is usually shorter than LongTH, and it is

the default motion inactivity time threshold for all situations with the exception

when TSA detects a lying down posture.

BS ZIGBEE() monitors and extracts valid communication messages from

wireless modules via ZIGBEE PAN. The valid messages are stored in the Message
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Ring Buffer (MesgBuf).

BS SMS() monitors and extracts valid communication messages from re-

ceived SMS messages. The valid messages are stored in MesgBuf.

C.2.1.2 Monitoring Service

The Base Station Monitoring Service implements the motion activity/inactivity

monitoring and alert management algorithm. The service is represented as a

state machine depicted in Figure C9 with 5 defined states: (a) BS Check IdleCt,

(b) BS Check MesgBuf, (c)BS Save TSA Temperature, (d) BS Discard TSA

Temperature, and (e) BS Alert.

The BS Check IdleCt state always check if motion inactivity timer IdleCt

> 0. If IdleCt = 0, then an inactivity alert event will occur. The BS Check Mes-

gBuf state receives messages from all the wireless peripheral modules (TMotion

sensor, PIRD sensor, AlertSW and AlertCL). SMS messaging is also incorpo-

rated into the service where caregivers can clear alert condition remotely. The

list of registered messages associated with the peripheral modules are:

• TMotion: PIRACT - when motion activity detection is detected by PIR

motion sensor.

• TMotion: TSATMP - when TSA detects valid human body temperature,

message contains target temperature and detected body posture informa-

tion, and when an TSA loses the target, TSATMP contains null (invalid)

target temperature and no posture information.

• PIRD: DBLMON - when PIRD sensor is activated (Temporary stops mo-

tion activity monitoring).

• AlertSW: SWIRED - when AlertSW is activated (Alert, request for help).
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• AlertCL: SWIGRN - when AlertSW is activated (Alert cancel).

• SMS: SMSCLR - when clearing alert is conducted via SMS remotely by

the caregivers.

The BS Check MesgBuf state updates the following variables within the

global buffers: (a) IdleCt with IdleTH or LongTH, (b) Mode with Normal, Alert0

or Alert1, (c) Monitor with TRUE (1) or FALSE (0), and (d) Stop with TRUE

(1) or FALSE (0). The Save TSA Temperature state records valid human body

temperature detected by the TSA into TargetTMP variable, and update LDP

variable accordingly based on detected posture (0 - sitting/standing, 1 - lying

down). The Discard TSA Temperature state discards temperature data stored

in TargetTMP variable and removes posture data. The Alert state processes

two types of alert: (a) Alert0 by IdleCt= 0, and (b) Alert1 by AlertSW being

activated). The state sends out alert messages requesting help to pre-defined

caregivers.

C.2.2 TMotion Sensor

Figure C10 depicts the top level state diagram representing the TMotion

sensor module firmware. Similar to the Base Station, the TMotion firmware

is simpler in design and also divided into three parts: (a)Interrupt Services

(Back ground Tasks), (b) Global Buffers and (c) Detection Service (Foreground

Task). The Interrupt Services are the background tasks responsible for providing

low level control and timing functions to the Detection Service. The Interrupt

Services consist of TM TickGenerator() and TM TSAMCtControl(). There are

7 memory variables defined as global buffers. The Detection Service implements

an algorithm to detect motion activity detection, monitors human temperature
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and detect posture.

The TMotion module Interrupt Services has a much simpler structure as it

contains only 2 services. TM TickGenerator() generates 100ms time reference

tick signal (Tick100) for used by the TM TSAMCtControl() to generate periodic

delay for use in sending TSA messages. The function uses the SM-MCU 16-bit

hardware timer configured to generate a periodic 100ms interrupt. Thera are 7

memory variables define as global buffers, they are: (a) Tick100 - 100ms time

reference signal variable, (b)TSAMCt - variable for implementing countdown

delay timer for control of periodic sending of TSA messages, (c) TmesgTH -

delay threshold forTSAMCt, (d)SndMaMesg - variable (or flag) for indicating

completed in sending of motion activity message to Base Station, (e) HTempTH

- threshold for valid human temperature measurement, (f) HValid - variable

(or flag) indication valid human temperature detection, and (g) TSABackgnd

- memory reference representing a stored 16 × 4 background temperature of

the area monitored by the TSA. TSABackgnd is used mainly to detect human

posture.

The Tmotion module Detection Service implements the motion activity de-

tection, monitoring of human temperture and posture detection algorithm. The

service is represented as a state machine depicted in Figure C10 with 6 defined

states: (a) Check TM PIR Motion Activity, (b) Save TSA Background, (c) Mea-

sure Target Temperature, (d) Detect Posture, (e) Send MA Message, and (f) Send

TSA Message.

The Check TM PIR Motion Activity state monitors for PIR sensor motion

activity. Save TSA Background state saves background temperature of the area
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monitored by the TSA when no motion activity is detected. Measure Target

Temperature state measures target temperature using TSA and compares with

HTempTH inorder to determine if the target is a human, and sets HValid if valid

human is detected. Detect Posture state uses TSABackgnd together with current

16 × 4 temperature data to detect current posture of the target. The posture

detection algorithm will be elaborated in detain in the Section 5.4. Send MA

Message state transmits PIRACT message vis ZIGBEE PAN to Base Station if

valid motion activity is detected. Send MA Message transmits TSATMP message

via ZIGBEE PAN to Base Station if valid human temperature is detected.

C.2.3 PIRD Sensor

Figure C11 depicts the top level state diagram representing the PIRD sensor

module firmware. The firmware implementation is simple with only 2 states: (a)

Check PIRD Motion, and (b) Send PIRD Message. The Check PIRD Motion

state continuously checks for motion activation by the PIR sensor. Motion ac-

tivation shows that an elderly is near to the main entrance of the house either

going out of, or coming into the house. Send PIRD Message state transmits

DBLMON message via ZIGBEE PAN to the Base Station when a valid motion

is confirmed, and the state sets SndPIRDMesg variable (or flag) upon complete

of transmission.

C.2.4 AlertSW and AlertCL

Figure C12 depicts the top level state diagram representing the AlertSW/AlertCL

module firmware. The firmware implementation is simple with only 2 states: (a)

Check Push-Button Switch, and (b) Send SW Message. The Check Push-Button
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Switch state continuously checks for push-button switch activation (pressed by

an elderly). Switch activation indicates that an elderly requests for help (press

AlertSW) or cancels a help request (press AlertCL). Send SW Message state

transmits SWIRED (for AlertSW) or SWIGRN (for AlertCL) message via ZIG-

BEE PAN to the Base Station when the switch is pressed, and the state sets

SndSWMesg variable (or flag) upon complete of transmission.
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Send PIRD
Message

Check
PIRD Motion

Figure C11: PIR Door sensor module firmware represented in a simple state
diagram.

Send SW
Message

Check
Push-Button 

Switch

Figure C12: AlertSW/AlertCL module firmware represented in a simple state
diagram.
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Appendix D: pVoice Hardware

Design

An overall block diagram with the constituent hardware modules of pVoice

is shown in Figure D1.

Figure D1: pVoice Hardware Block Diagram

D.1 Audio System

The Audio System block internally consists of an AFE, a 16-bit Voice CODEC

and an Audio Output Driver:

1. The AFE interfaces to an external throat microphone (laryngophone).
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Jung et al [207] analyzed speech and throat vibration signals and showed

the vibration signal at the throat surface contained frequencies in the range

from 200Hz to 2kHz, and frequencies beyond 2kHz were suppressed. Thus,

the vibration signal is a low-passed filtered standard speech signal. The

microphone measures vibration signal at the throat surface and input to

an audio pre-amplifier with Automatic Gain Control (AGC). The ampli-

fier can yield a gain from 20 to 40 dB over the frequency range from

200Hz to 4kHz. Outside of this frequency range, the signal is attenuated

by 6dB/Oct, thereby reducing the low and high frequency noise compo-

nents [208], [209].

2. A 16-bit voice CODEC is used for audio signal conversion. The audio

signal is continuously sampled at Fs = 8KHz. Signal gain and attenuation

can be programmed with a 1.5dB step resolution.

3. The Audio Output Driver drives an external 1W magnetic speaker at 91dB

Sound Pressure Level (SPL). A bridge-tied load (BTL) output audio power

amplifier is designed for this purpose which minimizes the external compo-

nents count, and provides a high-quality audio reproduction. The amplifier

is able to deliver continuous power to the speaker with less than 1% Total

Harmonic Distortion (THD) while operating from a single +3.7V Lithium-

Ion battery [210].

D.2 Communication

The Communication block consists of a wireless Bluetooth Low Energy (BLE)

transceiver and a ZIGBEE wireless communication unit (ZBEE):
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1. A BLE transceiver is featured in the design to allow seamless interface to

a wireless throat microphone or a smartphone. The smartphone connec-

tion allows pVoice to function as a motion activity monitoring and alert

wearable device for an elderly. pVoice sends SMS from the connected

smartphone during an emergency situation to notify caregivers.

2. A ZIGBEE unit is included to allow pVoice to communicate to an e-Care

Base Station (developed in Chapter 5). In an elderly home installed with

e-Care system, pVoice is a wearable device tasked to monitor motion ac-

tivity/inactivity and alert request while performing its primary task. In

the event of an emergency, pVoice communicates with the Base Station via

the ZIGBEE wireless network to raise an alert.

D.3 Motion and Location Sensors

The Motion and Location Sensors block consists of a digital Tri-axial Ac-

celerometer and a global positioning system (GPS):

1. The Tri-axial Accelerometer is included to detect motion activity when

pVoice is used as a motion activity monitoring and alert wearable device.

2. The GPS provides location based information when pVoice is used outdoor.

The information is included in the SMS to notify caregivers during an

emergency situation.
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D.4 Digital Signal Processor

A 16-bit fixed-point DSP operating at 70 MIPS serves as the processing

engine. The DSP is a single-chip embedded controller with built-in peripherals

that seamlessly integrates the control attributes of a microcontroller unit(MCU)

with the computational and throughput capabilities of a classical DSP [211]. The

programming model follows that of a standard MCU, hence offering a robust and

easy to use approach with little knowledge of DSP required as prerequisites.

D.5 Indicators

The Indicators are the coloured LEDs that display system status such as

Bluetooth enable/disable, charging in-progressed/completed, and system ready/fault.

The LEDs used are of low-power and high efficient type.

D.6 User Interface

The User Interface is a set of soft-touch push-buttons that are used to control

power on/off, volume up/down, Bluetooth connect/dis-connect and pitch select

features.

D.7 Power Control

The Power Control consists of a Lithium-Ion battery charging circuit and

Low-Dropout (LDO) regulators for powering the various peripherals. pVoice

hardware consists of isolated analogue and digital circuits sections. Hence, there

are two dedicated LDO regulators to supply power to these two sections of
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pVoice. Experiments conducted by Sasaki et al [212] and Wei et al [213] demon-

strated the benefits of having such isolations.
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