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Health and wellness are fundamental to everyone’s life, yet effective monitoring outside
clinical settings remains a challenge. Wearable devices have emerged as a promising solution
due to their direct contact with the human body, enabling continuous physiological sensing.
However, current wearables often fail to meet the demands of practical health monitoring
due to limitations in accuracy, functionality, and user comfort. For example, smartwatches
struggle with accurate heart rate and temperature measurements because their wrist place-
ment is susceptible to motion artifacts and is far away from the core body. Moreover,
existing wearables are unable to continuously monitor many critical physiological signals,
such as electrocardiography (ECG), blood pressure, and more.

This dissertation advances unobtrusive health monitoring in people’s daily lives by cre-
ating the next generation of wearable devices without adding any burden to users. Imagine
everyday accessories transformed into intelligent systems that are small and lightweight
enough not to let users notice. These devices are passively part of the user with ultra-long
battery lives. Most importantly, the unique placement of these innovative wearables allows
for capturing advanced physiological signals, enabling new health capabilities.

In this dissertation, I will introduce three novel wearables that ensure long-term comfort
by preserving their original form factors and achieving month-long battery life: Thermal

Earring, PPG Earring, and ECG Necklace. These novel wearable devices demonstrate



three core contributions: (1) Improved sensing accuracy by leveraging new body loca-
tions that offer stronger and more stable physiological signals, unlocking new applications
for daily wellness. (2) Enhanced continuity through low-power system design that sup-
ports continuous, uninterrupted monitoring. (3) Expanded sensing capabilities that
traditional wearables cannot achieve by rethinking the form factors. In conclusion, this
dissertation demonstrates that creating the next generation of wearable devices can unlock

new health insights and applications by enabling truly unobtrusive monitoring in everyday

life.
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Chapter 1

INTRODUCTION

Computing has continuously evolved from desktops to smartphones to wearable devices,
with each step bringing technology closer to our daily lives. Wearables represent a significant
shift, redefining our relationship with computing. Unlike previous devices, wearables are
worn directly on the body and are capable not only of computing but also of sensing and
understanding human activities, context, health, and intentions. Among them, health and
wellness are one of the most common use cases for wearables and are the focus of this

dissertation.

Despite their promise, current wearables are limited in form factor options, sensing
accuracy, and capabilities. The main devices on the market today are smartwatches,
with a growing presence of rings and glasses. However, these devices may not suit all users,
as some may find them bulky or intrusive. Moreover, current wearables’ limited placement
and form factors cause fundamental limitations that restrict their accuracy, continuity, and
range of capabilities. For example, smartwatches are worn on the wrist, which is a bad
location for sensing physiological signals because it is far from the heart, head, and other
critical regions, and is highly susceptible to motion artifacts. These limitations make it
difficult to reliably monitor signals such as heart rate, temperature, and stress. Additionally,
current wearables cannot continuously capture many important physiological signals, such
as electrocardiography (ECG) and blood pressure, presenting a large gap between wearable

capability and clinical measurements.

This dissertation introduces the next generation of wearables by transforming everyday
accessories into intelligent systems that subtly integrate into users’ lives while unlocking new
insights and applications. Specifically, this dissertation introduces practical smart jewelry,
including Thermal Earring, PPG Earring, and ECG Necklace. These devices are designed

to be small and lightweight enough to go unnoticed, passively worn with ultra-long battery



life. Most importantly, their unique placements on the body allow capturing advanced phys-
iological signals, enabling new health capabilities that were previously difficult or impossible
to achieve. Example applications include continuous heart disease monitoring, stress track-
ing, menstrual cycle awareness, and more. While this dissertation focuses specifically on

smart jewelry, the underlying technology can be extended to other everyday accessories.

1.1 Contribution: Wearable Space Advancement

. Expand . Accuracy

of wearables

Extend 5 Continuity
é % g\X/Q wearing time (more data)
\ J Explore 5 Capability

>

novel form factor (new kind of data)

Figure 1.1: New wearables unlock new opportunities by advancing the wearable space in three
dimensions: (1) Accuracy, which means providing fundamentally better sensing data by moving
closer to the source of the signals. (2) Continuity, which means sense longer by improving wearable
comfort for more people, and is less interrupted by daily motions and noises. (3) Capability, which

means new kinds of physiological data that existing wearables cannot sense continuously.

This dissertation explores how common accessories can be transformed into smart wear-
ables while preserving their original form factor. Developing such next-generation wearables
can unlock new opportunities and expand the boundaries of the wearable design space. Fig-
ure summarizes the three key dimensions (accuracy, continuity, and capability) advanced

by this work, each of which is discussed in detail below.

1.1.1 Accuracy — better data

Wearable placement matters a lot. Different parts of the body are designed to do different
things. With jewelry and new wearables in unique locations, we can expand wearable

sensing beyond just the wrist to unlock new applications with high accuracy. Compared to



a smartwatch, which might be great for sensing hand movements but much less ideal for
measuring physiological signals, smart earrings positioned close to the head might be able
to sense the human in a totally different way. The earring’s close proximity to the head
and the core body can significantly boost the sensing accuracy for important vital signs
like temperature and heart rate. And capturing signals with higher fidelity enables more

accurate health monitoring and opens up new applications.

1.1.2  Continuity — more data

Some form factors, such as earrings and necklaces, are inherently more comfortable and
appealing for some users because of their size, weight, and placement. If we can develop
smart wearables in their original design and make them as comfortable as everyday acces-
sories, people are more likely to wear them for longer periods without needing to take them
off frequently. This allows for more continuous monitoring and improves the chances of
capturing transient or rare health events that would likely be missed with only short-term
use. In addition, exploring wearables in new form factors provides users with more options,
improving adoption in daily life.

This increased temporal and population coverage is especially valuable for detecting sud-
den, life-threatening conditions such as heart attacks and strokes. Currently, physiological
signals related to these events are often recorded only after the person has arrived at the
hospital. With continuous and unobtrusive monitoring, these new wearables could capture
the onset of critical conditions, contributing to a richer dataset of high-quality physiolog-
ical signals that are currently lacking. This can support earlier detection, more accurate

diagnosis, and even the prediction of serious health conditions before they occur.

1.1.83  Capability — new kind of data

While wearables show great potential for monitoring human health, such as heart rate
and activity level, there are still many measurements that are limited in the clinical setup
that current wearables cannot achieve yet. By reimagining novel form factors of our daily

accessories, like rethinking their shape and design, we can unlock new clinical capabilities



to sense different kinds of physiological signals that existing wearables cannot monitor. For
example, the necklace can provide continuous ECG monitoring leveraging its unique shape

around the chest, while wrist-worn devices cannot.
1.2 Thesis Statement

The thesis statement is:

New wearable form factors can unlock new opportunities, advancing the
wearable space in sensing accuracy, continuity, and capability. This dissertation
demonstrates this by transforming conventional jewelry into smart wearable
devices without changing their typical form factors, enabling novel health mon-

itoring applications that are traditionally challenging or impossible to achieve.

1.3 Research Challenges

Medical device This Dissertation
. ~T\
=03
e ©
(&) L ) }
< : O
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7)) .
c 3 ‘ S
o - Current
m . wearable
‘ -
Low High
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Figure 1.2: This dissertation aims to achieve both high sensing accuracy and high wearability,

demonstrating a balance between effectiveness and practicality

Integrating technology into everyday accessories, such as jewelry, presents several signif-

icant challenges. To create wearable systems that are both functional and practical for daily



use, we must overcome constraints across size, weight, wireless communication, power con-
sumption, and overall system integration. This section outlines the key technical challenges

that must be addressed to make smart jewelry truly effective and wearable.

1.3.1 Size and weight

For wearable accessories to be adopted by users, they must maintain the original form
factor of familiar items, which introduces strict limitations on both size and weight. To
ensure practicality and comfort for continuous use, smart jewelry must be both compact
and aesthetically appealing. Achieving a form factor that fits comfortably on the body is
essential, particularly for accessories like earrings, which typically weigh less than 3 grams,
while most smartwatches exceed 30 grams. Prior research has explored the use of earrings
[111}[102] and necklaces [156, 157, 67} [33] for interaction and health sensing; however, these

systems are usually much larger than ideal, which limits their suitability for long-term wear.

1.3.2 Wireless

For practical, everyday use, wearable systems must operate wirelessly to allow users to
move freely without being constrained by cables. All sensed data must be processed and
transmitted to a larger computing device, such as a smartphone, where users can access
and interact with their health information in real time. Wireless transmission is often the
most energy-intensive component of a wearable system, typically drawing high current (in
mA) during short transmission periods (lasting milliseconds). The high power consumption

of wireless operation makes developing the smart wireless wearable more challenging.

1.5.3 Power

Another critical constraint is power. Wearable devices must support continuous monitoring
with a reasonable battery life, without requiring frequent recharging. Frequent charging
introduces additional burdens on users and reduces the device’s practicality in real-world
scenarios. However, small form factors inherently limit the available space for batteries,

constraining the overall energy capacity.



1.3.4 Interconnected constraints

These constraints of size, weight, wireless communication, and power are actually inter-
connected. The battery is typically the largest component in a wearable device, so any
reduction in size or weight directly reduces battery capacity and battery life. At the same
time, wireless communication consumes substantial power, particularly in small form fac-
tors operating at 2.4 GHz. So developing a functional and practical smart wearable is not
just about optimizing these constraints individually. We must carefully balance all these
constraints to make it functional and truly practical for everyday use.

This dissertation will demonstrate how to push the limits of size, weight, and power in
wearable systems. It presents a set of smart jewelry devices that are not only technically
capable but also comfortable, aesthetically appealing, and practical for long-term, real-world

deployment.

1.4 Research Approach

4 he next generation o\f

1. Ultra-compact low- wearables for health 3.Unobtrusive health
power system design monitoring in daily life

03 &
y

2. Offering new longitudinal
signals with unique insights

Figure 1.3: This thesis aims to create novel wearable devices to enable superior, unobtrusive health
intelligence in people’s daily lives. The approach consists of (1) embedded system building, (2) novel

longitudinal data investigation, and (3) real-world health insights analysis.

To achieve the next generation of wearable devices for health applications, all the re-



search projects in this dissertation take a bottom-up, end-to-end systems approach, as
illustrated in Figure [1.3] This methodology spans the full design pipeline, from hardware
integration and embedded software development, to smartphone Apps and signal processing,

to in-the-wild user studies and end-user applications.

1.4.1  Compact low-power system design

The first component of this approach involves the design and implementation of ultra-
compact, low-power, wireless wearable systems that are comfortable for continuous wear
and capable of operating for up to one month. This design goal can minimize user burden
and enable long-term physiological monitoring in real-world settings.

To achieve this, the development of functional and wearable smart jewelry centers around
three core aspects: (1) system and hardware integration, (2) embedded computing for
power-aware operation, and (3) energy-efficient wireless communication. FEach of these
components is carefully optimized to meet the stringent constraints of size, weight, and
energy consumption imposed by the jewelry form factor.

In the hardware design phase, although we do not develop custom chips, we integrate
state-of-the-art miniature components into a fully functional system. These components
are usually exceptionally small and require precision assembly under a microscope, along
with carefully designed multilayer printed circuit boards (PCBs) to minimize footprint while
maintaining full functionality.

Power efficiency is optimized through embedded software design. We need to develop
efficient embedded code into the tiny 3mm x 3mm microcontroller to coordinate sensing,
local signal processing, and wireless communication. A key strategy for minimizing power
consumption is using deep sleep modes whenever we identify the inactive time, which can
reduce power consumption by an order of hundreds of times, depending on wake-up fre-
quency.

Wireless communication, as a major contributor to energy consumption in wearable
systems, is carefully optimized to reduce power draw. The research in this dissertation

leverages optimized Bluetooth Low Energy (BLE) protocols. These strategies allow the



system to adaptively structure data transmissions based on the type and urgency of the
sensed data. The device only exhibits microsecond-scale power spikes during transmission
events and maintains near-zero power draw during deep sleep periods, thereby extending

overall battery life.

1.4.2  Real-world in-the-wild study

The second component of the research method involves deploying the developed wearable
devices in real-world, everyday environments. These deployments aim to ensure that the
devices are not only functional but also comfortable, practical, and effective for long-term
use.

While much of the prior research in wearable computing has focused primarily on demon-
strating device functionality, this work prioritizes both functionality and wearability. Earlier
studies often assume that wearability can be improved through engineering at a later stage,
which is certainly a valid research approach. However, this approach may overlook impor-
tant insights and applications that wearables can enable in real-world contexts. In contrast,
this dissertation ensures that devices are comfortable for everyday use, enabling longitu-
dinal, in-the-wild studies and demonstrating the value of real-world deployment through

three key advantages:

e Capturing transient events: Many health conditions, such as heart arrhythmias,
are transient and can occur unexpectedly. These conditions are difficult to capture
during short laboratory studies. Continuous monitoring in everyday environments

increases the likelihood of detecting these transient events.

e Minimizing behavior changes in studies: Laboratory settings can influence user
behavior and physiological responses. For example, to study emotion or stress levels,
it is essential to collect the data in a natural daily environment instead of a controlled

lab study.

e Enabling longitudinal insights from larger population: Extended deployment

allows for the collection of long-term data that can reveal trends and patterns not



observable in short-term studies. This type of data provides a deeper understanding
of how physiological states change over time. Additionally, the ease of deployment
and user comfort make it feasible to reach a broader and more diverse population,

increasing the generalizability of the findings.

1.4.83 Data analysis to unlock new insights

The third component of this research involves analyzing real-world, longitudinal data to
uncover new insights from these unique data streams. These insights enable applications
that were previously difficult or impossible to realize. For example, through continuous
monitoring of temperature at the earlobe, we discovered that earlobe temperature could be
a new indicator of daily activities such as eating, exercise, and acute stress. These findings
were made possible only through the analysis of data collected in natural, everyday settings.

This dissertation also presents signal processing methods and proof-of-concept demon-
strations for detecting various activities using smart jewelry. It provides a valuable foun-
dation for future research in automatic activity recognition and wearable sensing using
earring-based devices. The goal of this initial exploration is to demonstrate the potential of

unobtrusive wearables to support continuous, context-aware health monitoring in daily life.

1.5 Dissertation Structure

The dissertation is organized as follows. Chapter 2 presents the background and related
work. The following chapters present three novel smart wearable systems and demonstrate

the new applications they enable.

1.5.1 Thermal Earring

Chapter 3 presents Thermal Earring, a first-of-its-kind wireless, smart earring that enables
a reliable wearable solution for continuous temperature monitoring from the earlobe. As
shown in Figure Thermal Earring is in the form factor of real earrings, measuring a
maximum width of 11.3 mm and a length of 31 mm, weighing 335 mg, and with a battery

life of one month. The practical and comfortable form factor allows us to conduct the first-
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Thermal Earring
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Figure 1.4: Thermal Earring: A wireless smart earring that demonstrates how leveraging a new
sensing site significantly improves physiological monitoring accuracy, unlocking new applications for

daily health and wellness.

ever investigation of earlobe temperature dynamics in relation to health and daily activities
in the wild. The new earlobe sensing site not only demonstrates much higher accuracy
than wrist-worn smartwatches because of the proximity to the head and core body, but also
unlocks new applications for daily health and wellness tracking. We demonstrate Thermal
Earring’s effectiveness in continuous fever detection and recovery monitoring, responses
to eating, exercise, and acute stress, and its potential for menstrual cycle tracking. This
work highlights how exploring new sensing locations can unlock applications previously

unattainable with conventional wearables.

1.5.2 PPG Earring

Chapter (4] presents PPG Earring: a wireless stud earring designed for heart health moni-
toring using PPG. This innovative device functions as a general health monitor, measuring
what current smartwatches can measure too, including heart rate, activity levels, and body
temperature. PPG Earring, as shown in Figure |[1.5] measures 14 mm in diameter, weighs
2.0 g, and offers 21 hours of continuous sensing. The PPG Earring system is integrated into
the earring back, allowing for different and changeable fashionable designs on the front.

PPG Earring addresses the common motion artifacts problem in wearable heart rate
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Figure 1.5: PPG Earring is a wireless stud-hoop earring designed for continuous photoplethys-
mography (PPG) monitoring. By optimizing the system’s size, weight, and mechanical attachment,
it achieves more stable and continuous PPG signals than commercial smartwatches like Fitbit (as
shown in the left spectrogram). The reliable PPG enables not only uninterrupted heart rate moni-
toring, but also extends opportunistic measurements, such as heart rate variability (HRV), breathing

rate, and arrhythmia detection, beyond sleep and into everyday activities.

monitoring by optimizing size, weight, and attachment methods. While current wearables
suffer signal interruptions during motion due to the light-based nature of PPG sensing,
PPG Earring leverages the earlobe’s minimal motion and stable contact to deliver unin-
terrupted, continuous PPG signals. This enables continuous heart rate monitoring and
supports advanced measurements such as HRV, breathing rate, and arrhythmia detection.
In our exercise study, PPG Earring captured valid heart rate data 91.74 + 4.84% of the
time, compared to 61.76 +6.74 % for Fitbit. In a day-long in-the-wild study, it maintained
valid readings 86.29 & 2.96 % of the time, compared to Fitbit’s 54.88 & 4.63 %. All par-
ticipants reported it to be as comfortable as their regular earrings, and most expressed a

strong willingness to wear it every day.
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Figure 1.6: By exploring a novel wearable form factor, ECG Necklace can not only measure what
existing smartwatches can do, but also enables continuous ECG monitoring, which existing wearables
cannot achieve. This adds a new dimension to wearable sensing, supporting early detection of heart

disease and capturing transient conditions as they evolve over time.

1.5.83 ECG Necklace

Chapter [5] presents ECG necklace, a wireless necklace for longitudinal ECG monitoring with
skin moisture-enhanced electrode. Electrocardiogram (ECG) is crucial for diagnosing heart
diseases, the leading cause of death worldwide. However, traditional ECGs perform inter-
mittent monitoring, missing transient heart anomalies that occur in daily life. Continuous
ECG monitoring can enable early detection of ”silent” heart diseases, but cannot be per-
formed on commodity smartwatches, which have limited space for electrode placement. Our
necklace device, shown in Figure offers continuous ECG sensing that is comparable to
standard Lead I ECG using electrodes positioned under the left and right collarbones. Our
compact necklace prototype has a pendant diameter of 2.2 cm and achieves a battery life
of 88 hrs. We develop a custom dry electrode design that leverages natural skin moisture
to achieve signal quality comparable to industry standard adhesive gels while maintaining
long-term user comfort. We characterize this novel wearable design space by evaluating

electrode placement and size, and assess the trade-offs between ECG signal quality, clinical
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value, and aesthetic considerations. In real-world testing across everyday activities with
eight users, the necklace captures valid ECG for 89.4 & 15.21 % of the time while using a
laptop, 89.3 4+ 14.42% while talking, and 92.78 + 8.86% during smartphone use. We further
show through comparisons with an FDA-approved ECG monitor that ECG necklace can
resolve key features of the signal such as the P, R and T waves to within 3.5-16 ms (0.5-2.5
samples at 150 Hz) in a typical 500-1000 ms heartbeat cycle, showcasing its potential as a

practical solution for daily ECG monitoring.

1.5.4 Design Principles and Conclusion

At the end, in Chapter [6], we discuss the lessons learned from these research projects and
the general design principles for low-power wearables. Chapter [7| concludes and discusses

future directions.
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Chapter 2

RELATED WORK

2.1 Smart Jewelry and Fashion-related Wearable Devices

Smart jewelry is an emerging class of wearable devices that seeks to combine fashion and
function by integrating sensing into jewelry accessories. Vega et al. have highlighted the
concept of integrating technology with beauty products, proposing wearable computing in
forms like artificial nails and makeup [139]. Previous research in smart jewelry has explored
various functional items: smart necklaces, bracelets, glasses, rings, earrings, and nails.
Smart necklaces have been utilized for applications such as silent speech recognition [156],
eating detection [157], medication adherence [67], and posture correction [33]. Research on
bracelets has spanned areas like user interaction [51) [134], health monitoring [50, [7], and
personal safety automation [106]. Smart glasses have been developed and commercialized |1,
135,199], smart glasses have been used for interaction [81], industry training [41], and clinical
applications [95]. Rings have also been explored for their interactive |12l 159, [158, [122]
and health monitoring capabilities [101, [87]. However, earrings have been less explored,
with limited research focusing on wellness tracking [111} [102] and audio sensing [65] [L0S],
often featuring larger than desired form factors. The smart nail has been investigated as
a gestural input surface [68] and for sensing fingernail deformation [62]. Additionally, nose
rings have been developed for electrical trigeminal stimulation [23]. A significant challenge
in the development of smart jewelry is maintaining the compact size typical of traditional
jewelry—a goal that most of the current research has not yet achieved. Maintaining this
compactness is essential for both the practical usability and aesthetic appeal of these smart
jewelry devices.

Researchers have augmented human skin with stylish interfaces, such as electronics tat-
toos [15, 159, 16l 6] and paintings [69, [77, [124]. Other innovations that combine smart

wearables with fashion include smart clothes and buttons [92] 133, [138] 43], smart textiles
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[152, 132, [77], as well as novel concepts like smart hair [96] and smart makeup [86]. These
developments highlight a trend towards integrating technology with stylish accessories, en-

hancing both functionality and aesthetic appeal.

2.2 Body Temperature Monitoring

Body temperature is a crucial vital sign that can be measured or estimated using a variety
of methods. Specifically, elevated core-body temperatures were found to be the primary
predictive symptom for many viral infections, including influenza and COVID-19 [20 156} 157].
Although invasive techniques such as arterial catheters [63] or e-pills [76] provide the most
accurate measurement of core body temperature by entering the body through arteries or
intestines, they are not suitable for everyday use. Non-invasive thermometers, such as oral,
tympanic thermistors, and infrared temporal thermometers, are more commonly used but

require specialized devices that may only be used a few times a year [104].

Past research has attempted to develop more accessible and ubiquitous methods of tem-
perature sensing by incorporating temperature sensors into wearable devices [9, 46, 160, [19],
utilizing thermal cameras [146, 189], or leveraging existing temperature sensors on smart-
phones [22]. Wrist-mounted temperature sensors have been extensively explored for core-
body temperature sensing [60, (9} 46], but they have struggled to provide accurate measure-
ments due to noisy temperature signals from the wrist. Infrared thermopile sensors mounted
on headphones have been used to monitor tympanic temperature directly and longitudinally
[19], but require the user to wear their headphones to make measurements, which may not
be suitable in many environments. Another approach for temperature sensing is using ther-
mal cameras on facial video [146, I89]. However, these sensors are expensive and not suitable
for personalized health sensing applications. In addition to dedicated hardware, researchers
have developed software models that map smartphone temperature to core-body tempera-
ture when the phone is in contact with the user’s head [22]. However, this method requires
a dedicated interaction to make spot estimates rather than passively sensing temperature

longitudinally.
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2.3 PPG Sensing

PPG sensing provides valuable insights into heart rate and cardiovascular health, making
it a popular choice for wearable health monitoring. Many commercially available devices,
such as the Apple Watch and Google’s Fitbit, have integrated PPG technology to track
heart rate and detect anomalies like arrhythmias. More recently, wearables like the Oura
Ring have also incorporated PPG sensors for heart rate monitoring from the finger. In
addition to these mainstream wearables, researchers have explored PPG sensing in other
form factors, such as smart glasses [38,161]. Glabella [61] investigated PPG sensing on smart
glasses and used it to estimate blood pressure. PPG sensing around the ear has also gained
attention, with mainly earbuds being studied for their potential to detect heart rate signals
through in-ear PPG measurements [105} 47]. There have also been prior explorations of
smart earrings for PPG sensing 111, [118]. These designs often result in a significantly
larger form factor, presenting challenges in terms of user comfort and signal quality due to
motions caused by device weight. Besides sensing PPG using wearables, researchers have
also explored PPG sensing using phone camera light [142], and there are also remote PPG
sensing by capturing subtle facial color changes using cameras [110, [144, [109].

PPG sensing being affected by motion artifacts is a well-known problem and there have
been a lot of explorations using various methods to address the motion artifact problems,
such as using an accelerometer signal on the same wearable device to cancel out the motion
signal in PPG [91] [18], or use advanced deep learning methods to recover PPG signal
from heavily distorted signal [26) [17]. Besides using PPG for heart health monitoring,
researchers have extended the PPG sensing capability to other activity sensing or interaction

applications [151, 25].

2.4 ECG Sensing

ECG is a common medical test that measures the electrical activity of the heart. There have
been numerous research efforts to make ECG sensing more accessible to common people in
daily life.

ECG Holter monitors are usually hand-sized devices with wires connected to electrodes
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attached to the user’s body. More recently, there are patches like ECG Holter monitors
with sticky electrodes attached to the chest. Frontier X2 is a chest strap continuous ECG
monitor that users wear around the chest.

Apple Watch and Fitbit are commercial wrist-worn wearables that support single-lead
ECG sensing by putting the finger from the other hand on the crown of the smartwatch.
KardiaMobile is a portable, non-wearable, single-lead ECG with two conducting surfaces
where users can place their fingers from their left and right hands to take a measurement.
However, all of these above methods require users to manually initiate the ECG measure-
ment by placing their fingers on the conducting surfaces, limiting their ability to provide
long-term, continuous cardiac monitoring.

Bhattacharya et al. proposed a wireless electro-mechanical E-Tattoo for ECG and Bal-
listocardiogram (BCG) sensing, which leverages an adhesive layer to stick to the skin [16].
Researchers have explored reconstructing ECG signals from heart vibrations [28| [103] and
UWB [145]. Vibcardiogram estimated ECG from wrist-worn wearable [28]. HeartQuake

estimated ECG patterns from geophone-based sensing on a bed mattress [103].

2.4.1 FECG Dry Electrode

Traditional wet electrodes, despite providing high-quality ECG signals, are unsuitable for
long-term monitoring due to issues like gel evaporation and skin irritation. Researchers
have been developing gel-free dry electrodes for long-term ECG monitoring.

Smartwatches provide ECG measurements when a finger is placed on the crown [8] [2].
Devices such as the Apple Watch and Fitbit leverage the human finger, which is one of the
most moisturized parts of the body, to enable ECG sensing with dry electrodes. Similarly,
the KardiaMobile device requires users to touch two dry electrodes with fingers for ECG
sensing [70]. Beyond leveraging finger moisture, the Frontier device employs chest strap
pressure to increase the electrode-skin contact [52] with a dry electrode, although this
pressure may affect comfort for some users.

Kim et al. present a detailed overview of research on soft and dry electrodes, identifying

key characteristics — high conductivity, strong adhesion, stretchability, and biocompat-
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ibility, which are essential for high-performance dry electrodes [73]. Material scientists
have explored various conductive materials for dry electrodes, including metals, conductive
carbon-based materials such as graphene [131,[78] and carbon-nanotube [83], and conductive
polymers such as PEDOT:PSS |84} 142] and polypyrrole (PPy) [154]. Beyond different mate-
rials, researchers have also explored different methods for adhesion to the skin [85], including
gecko-inspired microstructures |74] and octopus-like patterned structure |31} 132] to achieve
adhesion through van der Waals force. To enhance skin-electrode contact and reduce the
impedance mismatch, researchers have explored materials modification and micro-structure
modification for achieving conformal contact. This includes altering material properties,
such as adjusting the Young’s modulus [155] and bending stiffness [82], and innovating

structural designs like ultra-thin films and tattoos [97), 48, 66].
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Chapter 3
THERMAL EARRING
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Figure 3.1: Thermal Earring is a first-of-its-kind smart wireless earring that enables a reliable wear-
able solution for continuous temperature monitoring. By leveraging the earring’s unique position
near the head, it significantly improves temperature sensing accuracy, enabling new health applica-
tions such as continuous fever monitoring, eating and exercise detection, acute stress detection, and

women’s cycle tracking.

3.1 Introduction

Wearable devices with sensors have gained significant popularity in recent years and are
becoming a ubiquitous part of daily life. Nearly 40% of US households possess wearables
like smartwatches [126]. Wearables which are often in contact with a user’s body throughout
the day offer unique opportunities for interaction, health sensing, and activity tracking. This
has prompted exploration of various accessories for sensing, including smart rings [101, [12],

smart glasses [141], fitness earbuds [105, 47], and smart clothing [138, [130]. We observe

however that an entire class of common accessories worn by millions of people every day
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has been largely ignored: jewelry. For example, in the United States alone, 76% of women
have pierced earlobes which is nearly twice the current adoption rate of smartwatches and
there is a growing trend of men embracing earrings, indicating its widespread acceptance
as a fashionable choice [44].

Earrings, in particular, present a unique opportunity for continuous monitoring of phys-
iological signals. Unlike headphones and earbuds, earrings are typically worn continuously
for most of the day and could be used as a continuous sensing platform. Moreover, earrings
have the further advantage of being tightly coupled to a user’s body in contrast to watches
which can easily move and shift against the skin. In addition to these form factor considera-
tions, their attachment to a user’s head provides key sensing advantages. Emotions such as
embarrassment or other stressors can cause a person’s face and ears to “turn red,” inducing
substantial blood flow to the head and ears. One result of these changes in blood flow is
a change in temperature. Body temperature is an important vital sign but challenging to
sense continuously. Traditionally, the temperature is measured with a thermometer orally,
axillary, in-ear, or by skin. However, using a thermometer can only provide sporadic mea-
surements that might miss important temperature data points. For example, a fever can
be intermittent, leading to fluctuations in temperature over the course of a viral infection.
Similarly, the ability to measure fine-grained temperature changes could yield new insights
into the wearer’s daily activities or novel health signals.

We present Thermal Earring, a first-of-its-kind wireless, smart earring that enables a
reliable wearable solution for continuous temperature monitoring. As shown in Figure (3.1
the hardware prototype is in the form factor of real earrings, measuring a maximum width
of 11.3 mm and a length of 31 mm, weighing 335 mg, and with a battery life of one month.
We investigate the earlobe temperature’s real-world use cases by gathering data from 5
febrile patients and 20 healthy participants, and demonstrate Thermal Earring’s ability in
fever detection. Further, we observed in our user testing that the relative change in earlobe
temperature can identify activities such as eating and exercise, as well as stressful events
such as public speaking and exams. Rather than attempting to convert earlobe temperature
into core body temperature, which generally remains around 37 °C (98.6 °F) except during

fever, our focus centered on exploring novel applications based on relative changes in earlobe
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temperature within everyday contexts.

Achieving continuous body temperature sensing on wearables is challenging and remains
an open problem in the research community. Although smartwatches and rings such as
Apple Watch, Fitbit, and Oura Ring offer skin temperature monitoring on the wrist or
finger, skin temperature data from extremities is noisy due to the distance from the core
body [53] and is more susceptible to motion artifacts and contact with hot or cold surfaces.
As a result, these devices only provide one average temperature reading per day, primarily
from data during sleep. In contrast, Thermal Earring takes advantage of the unique position
of earrings on the head and tight coupling to the earlobe to provide a reliable measurement
of earlobe temperature. We find in initial trials across six users in the wild that earlobe
temperature remains stable during periods of rest with a maximum standard deviation
of 0.32 °C (0.58 °F) compared to a watch that varies by over 0.72 °C (1.3 °F). This is
promising for future applications such as ovulation tracking which requires 0.28 to 0.56 °C
accuracy [128].

Accurately measuring the earlobe skin temperature requires also isolating the effect of
ambient temperature changes, which is one of the fundamental challenges in wearable body
temperature measurement. One way to measure these effects would be to add a second
temperature sensor solely dedicated to capturing ambient temperature. This is however
not possible on a watch form factor where much of the surface area is coupled to the skin
or within 1 cm. We observe that common earring designs include a dangling decorative
portion that does not make contact with the body. Leveraging this observation, we propose
a novel dual temperature sensors system that incorporates an additional temperature sensor
in the dangling part to capture the ambient temperature. This unique design enhances the
reliability and accuracy of temperature measurements from wearable devices, surpassing the
temperature accuracy achieved by existing smart watch devices.

Developing a wireless sensor in an earring form factor has many sensing advantages,
but presents multiple technical challenges. The system must be small and lightweight for
comfortable use. These constraints on size also introduce fundamental constraints on the
power consumption of the system due to the limited energy density of batteries. For ex-

ample, in addition to highly limited capacity, small batteries have severely limited current
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output making it challenging to support radios for transmitting the temperature data. To
design a system within these strict form factor constraints we leverage the highly integrated
nRF52 Bluetooth SoC which is available in a highly miniaturized 3 mm x 3 mm package
and the 1.5 mm x 1.5 mm temperature sensor (TI HDC2010). We observe however that
the battery and microcontroller consume a significant portion of the size, which may exceed
the available space on a user’s earlobe. Therefore, we positioned larger components, such as
the microcontroller and battery, in the dangling part of the earring. In contrast, the small
temperature-sensing unit is positioned directly on the user’s earlobe. In addition, we opti-
mize the power consumption of the system to operate on a miniaturized battery, capable of
sustaining continuous discharge currents of 0.25 mA. Despite the 5 mA requirement during
Bluetooth transmission, we demonstrate its ability to run continuously for a month.

To summarize, Thermal Earring has the following contributions:

e We design the first wireless smart earring platform for continuous temperature sensing,
demonstrating a small and comfortable size (with a maximum width of 11.3 mm and
a length of 31 mm), light-weight (335 mg), and ultra-low-power (14.4 uW, 28 days

battery life), in a common dangling earring shape.

e We develop a novel dual temperature sensor design to differentiate human body tem-
perature change from the environment temperature change. We further conduct ex-
periments to demonstrate the Thermal Earring’s ability to disambiguate the effects of

environmental temperature change from valuable body temperature changes.

e We conduct real-world experiments in febrile patients demonstrating fever detection

using earlobe temperature.

e We perform the first-ever investigation of the relationship between earlobe temper-
ature and a variety of daily activities, demonstrating earlobe temperature changes
related to eating, exercise, and periods of acute stress. In addition, we perform in-
the-wild experiments and confirm the temperature changes caused by these daily ac-

tivities in natural scenarios. The initial exploration results provide a basis for future
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automatic activity detection.

3.2 Thermal Earring System Design

When designing a smart earring, it is crucial to consider various constraints, including size,
weight, and power consumption. The earring should fit comfortably, be lightweight, and
have a long battery life to avoid frequent charging or battery replacement. However, the
limited battery capacity due to size and weight limitations requires careful co-design for a

low-power and small-size system.

Inspired by dangling earrings, the Thermal Earring adopts a similar design. The small
temperature-sensing unit is placed on the earlobe, while larger components like the mi-
crocontroller and battery are discreetly placed in the dangling part. This design ensures
a compact and comfortable structure that maintains the appearance of a typical dangling
earring. In this section, we introduce the key components of the Thermal Earring sys-
tem, including the temperature-sensing unit, microcontroller, wireless communication, and

battery. We also evaluate the system’s battery life and wireless performance.

Zoomin Earlobe

Temperature
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Temperature
Sensor
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Figure 3.2: The Thermal Earring system with one dime coin as reference. (a) The back side of the
Thermal Earring. (b) the front side of the Thermal Earring. (¢) The zoomed-in view of the Thermal

Earring components.
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3.2.1 Dual Temperature Sensors Design

The Thermal Earring features a dual temperature sensor design that can sense the earlobe
and the ambient air temperature simultaneously. This design helps differentiate the user’s
body temperature changes from environmental changes. One temperature sensor is designed
to directly contact the earlobe skin for sensing earlobe temperature, while the other one is
embedded into the dangling part to sense the ambient air temperature around the ear. The
addition of the dangling temperature sensor provides data to differentiate environmental
changes, such as walking from a temperature-controlled building to outdoor environments,
from body temperature changes. This design effectively overcomes the challenge that skin
temperature changes with the environmental temperature and enhances its accuracy and
utility in monitoring changes in body temperature.

We implement Thermal Earring’s temperature sensing using the HDC2010 temperature
sensor from Texas Instruments. We choose this sensor for its small size (1.49 mm x 1.49
mm), low power consumption (0.9 uW), and high accuracy. The HDC2010 is capable of
providing temperature accuracy within +0.2°C, while consuming only 0.3 uA of average
current when measuring temperature once per second. The two temperature sensors are
connected to a Bluetooth microcontroller through the same 12C line but with different 12C

addresses for synchronized data acquisition.

3.2.2 Microcontroller and Wireless Communication

The sensed data from the wearable requires wireless communication to a smartphone or
a computing device for further computing and analysis. However, the microcontroller
and wireless communication are orders of magnitude more power-intensive than the sub-
microwatt temperature sensors, which can significantly impact the battery life of the wear-
able device. Wireless communication involves transmitting high-frequency RF signals in
the GHz range, which typically constitutes the most power-consuming aspect of a wearable
system. Therefore, it is critical to carefully select a wireless communication method that
is both low-power and compact in size for optimal performance in the Thermal Earring

system.
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Previous research has explored the use of backscatter communication for sending data
from the wearable or Internet of Things (IoT) device to a computer. However, this method
requires a customized carrier wave transmitter or a customized radio receiver, which makes it
difficult to communicate directly to a user’s smartphone. In contrast, Bluetooth chips offer a
longer wireless range and compatibility with commercial phones, albeit with slightly higher
power consumption. Considering these factors, we chose to develop wireless communication
using the NRF52832 Bluetooth chip. This ultra-compact chip is packed in a wafer-level
chip-scale package, measuring 3mm by 3mm in size and weighing 6.8mg. Furthermore, it
incorporates an ARM Cortex M4 processor with a floating point unit for computing tasks

in the same compact package making it an ideal choice for Thermal Earring.

Bluetooth Advertising

We utilize Bluetooth in advertising mode, which is well-suited for the Thermal Earring’s
short-temperature data transmission needs. Bluetooth advertising mode is a feature that
enables Bluetooth devices to broadcast their presence and identity to other Bluetooth-
enabled devices such as smartphones. This mode allows embedding customized data of
up to 31 bytes in short advertising packets. Bluetooth advertising is significantly lower
power compared to establishing a continuous Bluetooth connection which requires sending
a series of packets to synchronize and negotiate the frequency hopping sequence as well
as regular transmissions to keep the connection alive. The series of packets needed to set
up the connection requires significant energy over a short time period which is significantly
greater than our small sub-centimeter battery can support. We observe the voltage begins to
decrease upon transmitting a packet due to its current limitation. Operating in advertising
mode with sufficient time between packets enables the battery voltage to recover prior to the
next transmission. Given that each temperature data point sent by the Thermal Earring
can be compressed into two bytes, it is more energy-efficient to transmit the data using
Bluetooth advertising mode instead of maintaining a constant Bluetooth connection with

the smartphone.

The Bluetooth chip communicates with two temperature sensors via 12C and packs the
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temperature data into advertising packets. These packets adhere to the standard Bluetooth
advertising structure, beginning with a fixed preamble pattern, access address, header,
payload, and the Cyclic Redundancy Check (CRC). The payload of the Bluetooth packet
contains the temperature data and the customized name of the Thermal Earring. Each
temperature data is wrapped as service data, starting with a 2-byte Universally Unique
Identifier (UUID) of 0x1809, which corresponds to health temperature data in the Bluetooth
protocol. The customized name of the Thermal Earring typically ranges from four to ten
bytes. For our experiments in this paper, we used names such as " Earring01” to ” Earring14,”

which occupy nine bytes.

In the Thermal Earring system, there are several programming pins for programming the
NRF52832 chip. Bluetooth can be configured to transmit advertising packets at different
intervals to balance the need for visibility with power consumption. We also conducted
experiments to explore how different Bluetooth advertising intervals affect the Thermal
Earring’s battery life. The results are presented in section Overall, our approach
provides an efficient way to transmit temperature data in wearable devices using Bluetooth

advertising mode without draining the battery.

3.2.8 Battery

In the development of wearable devices, the power source is a critical component that
must have high power capacity while being compact and lightweight. The energy limits of
currently available battery technologies make batteries the largest and heaviest components
in such small centimeter-scale devices. To achieve our target form factor, we select the Seiko
MS621FE lithium manganese battery for Thermal Earring. This rechargeable battery offers
a capacity of 5.5 mAh, with a slim 6.8 mm diameter and a weight of 0.23 grams. While
hearing aid batteries offer higher capacities they are not rechargeable. Although MS621FE
can generate a maximum output voltage of 3V, its standard discharge current is only 15uA
with a maximum continuous discharge current of 0.25mA. While this is sufficient to support
the temperature sensor and nRF52832 in sleep mode, it is not sufficient to robustly start

up or transmit Bluetooth packets which both require 5 mA of current. We observe however
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that both the startup and Bluetooth transmissions are transient operations that only require
short pulses of high current. To address this, we add a low equivalent series resistance 100uF
capacitor (FO80G107MSA) in parallel with the battery. The 100uF capacitor buffers charge
while the system is in sleep mode, and can then provide a pulse of mA-level current by
quickly discharging itself when needed. We note that in addition to size and capacity, this
capacitor presents a trade-off between low Equivalent Series Resistance (ESR, the ability to
source high current) and the leakage current when it is in sleep mode. We select this specific
capacitor to minimize leakage while providing a sufficient buffer to transmit Bluetooth

packets reliably.

3.2.4 The Final Earring System

The final prototype of the Thermal Earring is shown in Figure [3.2] Built on a flexible
printed circuit board (PCB), the final prototype of the Thermal Earring can exhibit the
same level of flexibility and movement as traditional earrings. The ambient temperature
sensor and Bluetooth microcontroller are located on the front side of the earring’s dangling
part, while the battery is placed on the backside. The earlobe temperature sensor is situated
on the small segment attached to the user’s earlobe. The earlobe part and the dangling part
are positioned approximately 3 centimeters apart, which falls within the dangling length of
common earrings (2 to 6 centimeters)[93]. It is worth noting that the dangling length of the
Thermal Earring can be customized without compromising system performance. However,
setting it too short may affect the accuracy of environmental temperature sensing, as it
brings the dangling temperature too close to the body. The earring is attached to the back
of the user’s earlobe using commercial magnetic earrings, with the PCB attached to the
back magnet, and another magnet positioned on the front of the earlobe to hold the earring
in place. To ensure user safety and comfort, we integrated a layer of Kapton to insulate the
electronic components from the user’s skin. The entire earring system is compact, measuring
4.5 mm in diameter for the part attached to the earlobe, and 11.3 mm in diameter for the
dangling part. The length is 31 mm including the thread in between, while the thickness
is 3.46 mm. With a weight of just 0.335 grams, the Thermal Earring is significantly lighter
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than the average weight of a commercial earring (around 3 grams) [64], which allows for the
integration of artistic enclosures and gemstones in future designs. In section we also

showcase an example of fashion design for the Thermal Earring.

3.2.5 System Fvaluation
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Figure 3.3: (a) The table of average current and battery life with different Bluetooth transmitting
periods. (b) The plot of battery voltage drop during transmission with four different capacitors

connected in parallel.

We investigate the impact of different transmission frequencies on the battery life of the
Thermal Earring. Three Thermal Earrings were programmed to transmit temperature data
at intervals of one second, five seconds, and ten seconds, respectively. The battery life was
tested using the MS621FE coin battery as previously discussed, and the average current
drawn by each Thermal Earring was measured using a Keysight U1282A multimeter over
one hour. The time duration between the reception of the first and last Bluetooth packets
on the smartphone was counted as the battery life, and the results were summarized in
Figure (a).

The average current compromises periodic high pulses (approximately 5 mA for 400 us)
during Bluetooth transmission and sleep current (approximately 2.4 uA). A lower transmis-

sion frequency reduces the instances of high current, bringing the average current closer to
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the sleep current. Nevertheless, even with the parallel capacitor, the system still draws up
to 0.8 mA from the battery during transmission, surpassing the battery’s maximum contin-
uous discharge. The battery can still source it due to the very short duration (400 us), but
it reduces the actual capacity[148], resulting in a shorter battery life than ideal.

Moreover, to assess the parallel capacitor’s effectiveness and provide design insights for
capacitor selection, we also demonstrate the battery’s voltage change during high current
pulses. Figure (b) illustrates the battery voltage with four different capacitors. During
Bluetooth transmission every second, the battery with larger capacitors (150 uF, 100 uF)
exhibited a temporary up to 0.3V drop, which quickly recovered after the transmission was
completed. Conversely, the 10uF capacitor led to a significant battery voltage drop to 1.5V,
making the battery unable to recover and power the system after approximately 20 seconds.
Despite better current supply, larger capacitors are larger in size and weight. After careful
trade-off consideration, we chose the 100 uF capacitor (Kyocera FI80G107MSA) for our
final design.

Overall, the results presented in Figure [3.3| provide valuable insights into the trade-off
between transmission frequency and battery life in wearable devices, and suggest that slower
temperature sensing and transmission rates, such as every ten seconds, can significantly
extend the battery life of the device. In addition, we also explored the trade-off between the
parallel capacitor’s performance and its size, and hope to provide design insights for future

research when designing wearable systems with limited-capacity batteries.

Wireless Range

We conducted several experiments in an indoor natural environment to test the Thermal
Earring’s wireless range. Miniaturization of the antenna and ground plane is known to
affect antenna performance, and placement close to the body further detunes antennae by
shifting their resonant frequency and reducing radiation efficiency. To evaluate whether our
miniaturized earring can robustly send data to a phone, we evaluated the Received Signal
Strength (RSSI) and packet loss rate of the Thermal Earring at distances ranging from 0

meters to 30 meters from two Bluetooth receivers: a Google Pixel 6 phone and an nRF52840
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Figure 3.4: (a) The Received Signal Strength Indicator (RSSI) of the Thermal Earring Bluetooth
packets. (b) The Thermal Earring’s Bluetooth packet loss rate using Bluetooth receiver. (c) The

floor plan of the space where we conducted the experiment.

development board. The Google Pixel 6 represents a practical Bluetooth receiver while the
nRF board represents an ideal but less practical one illustrating a practical upper bound on
the achievable range. To conduct the experiments, we placed the Bluetooth receivers at a
fixed position marked as a green star in Figure (c) and had a person wear the Thermal
Earring, who moved away from the receiver at various distances. The Thermal Earring
transmitted one Bluetooth packet per second, and we calculated the packet loss rate based
on the number of packets received during a continuous 100-second interval.

Figure |3.4| presents the results of the experiments, showing the average RSSI and packet
loss rate. The RSSI for the Google Pixel phone decreased to approximately -90 dBm at a
distance of 12 meters and reached its lowest RSSI of -95.6 dBm at 24 meters. In contrast,
the nRF52 board’s RSSI dropped to -80 dBm at 15 meters and reached its lowest RSSI of
-82 dBm at 30 meters. Similarly, the packet loss rate for the Google Pixel phone increased
to 50% at a range of 12 meters, while the nRF52 board’s packet loss rate exceeded 50% at 21
meters. The packet loss rate even at 0 meters is 0.06 and 0.10 for the Pixel phone and nRF
board respectively. This is expected since the experiment environment had tables, pillars,
and other Bluetooth devices causing interference. These factors contribute to the non-ideal
change in packet loss rate over distance. Overall, our experiment results demonstrated
that Thermal Earring could provide reliable wireless connectivity in indoor environments,

especially in our close-range target use cases where the receiving smartphone is on the user.
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Wireless Performance in Daily Scenarios

RSSI in Different Scenarios Packet Loss Rate in Different Scenarios
= Pixel 6 m nRF52 Board = Pixel 6 ®m nRF52 Board
-50 0.5
Q
s 04
E -60 o
@ @ 0.3
3 3 0.2
[
@ -70 E :
S 0.1
o
-80 0.0
Ondesk Inhand Inpocket Inbag Ondesk Inhand Inpocket Inbag
(a) (b)

Figure 3.5: (a) The Received Signal Strength Indicator (RSSI) of the Thermal Earring Bluetooth

packets. (b) The Thermal Earring’s Bluetooth packet loss rate using Bluetooth receiver.

To assess Thermal Earring’s wireless performance in real-life situations, we conducted
experiments to investigate the RSSI and packet loss rate when the Bluetooth receivers
(Google Pixel 6 and nRF52840 board) were positioned in various scenarios, including being
placed on a desk, held in hand, kept in a pocket, or stored in a bag (backpack). Consistent
with our prior wireless experiments, The Thermal Earring was worn by a user and was
programmed to transmit one Bluetooth packet per second. We calculated the packet loss
rate based on the number of packets received during a continuous 100-second interval.

Figure [3.5| shows the RSSI and packet loss rate results. Both Google Pixel 6 and nRF
board had RSSI exceeding -60 dBm on the desk or in hand, and further decreased when
obstructed in the pocket or bag. Google Pixel 6’s packet loss rates were 0.09, 0.18, 0.14, and
0.21 for desk, hand, pocket, and bag, respectively. Higher loss when held in hand could be
due to human body interference. In contrast, the nRF board consistently had lower packet
loss, with highest (0.12) when in the pocket or backpack likely due to its better antenna
performance. While phone antennas cannot be changed, this suggests a path to improving
the link budget by improving the earring’s transmit antenna. It is important to acknowledge
that the experiments were conducted in a real-world office environment, with factors like
desks, people moving, and other actively transmitting Bluetooth devices introducing possi-

ble interference. Additionally, it is worth noting that the loss of some data points does not
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significantly impact our temperature sensing applications because temperature data does
not fluctuate rapidly, as discussed in Section ?7. Overall, the experiments confirm Ther-
mal Earring’s robust wireless communication in daily scenarios, even with smartphones in

pockets or bags.
3.3 Lab-controlled Experiments

In this section, we present the results of several real-world experiments conducted to inves-
tigate the effects of fever, eating, exercising, and environmental changes on earlobe tem-
perature. All the experiments were conducted under Institutional Review Board (IRB)
approval, and the participants were compensated differently depending on the experiments
they were involved in. Table summarizes the demographic information about the partic-
ipants who were involved in each experiment. Throughout these experiments, participants
were instructed to wear the Thermal Earring on their preferred ear, while the Thermal Ear-
ring was programmed to measure the temperatures every second to capture comprehensive
information. The results demonstrate that Thermal Earring is capable of distinguishing
between changes in body temperature and environmental temperature. Our findings show
that the Thermal Earring is a promising platform for a wide range of applications, including

monitoring fever and detecting daily activities such as eating and exercising.

Table 3.1: Table of the demographic information about the participants involved in the

experiment.

Experiment Gender Average Age Race

Fever Experiment Febrile 2 male, 3 female 39.6 4+ 18.20 1 Asian, 1 Latino, 3 White

Fever Experiment Healthy 10 male, 10 female 23.55 £4.03 14 Asian, 1 Black, 5 White

Eating Experiment 3 male, 3 female 25.7+1.6 4 Asian, 2 White

Exercising Experiment 3 male, 3 female 23.67 £ 3.01 4 Asian, 1 Black, 1 White

Ambient Change Experiment | 2 male, 2 female 25.75 £ 2.06 3 Asian, 1 White
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3.3.1 Effect of Fever on FEarlobe Temperature

Fever is a common physiological response to a variety of medical conditions, including infec-
tious diseases such as COVID-19 and influenza, characterized by a core body temperature
above nominal 37° C [57]. Clinically, fever is defined as an elevated core body temperature
exceeding 37.8°C (100°F) when measured orally. This experiment aimed to investigate the
effects of fever on earlobe temperature and explore the feasibility of using the Thermal

Earring to detect and monitor fever.
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Figure 3.6: (a) The Thermal Earring’s earlobe temperature data on healthy and febrile people. (b)
Day 1 when the participant was having a fever with an oral temperature of 39C (102.2F) at 19:10.
(c) Day 2 after the fever was gone. The participant’s oral temperature was 37.2C (98.96F) at 22:30.

We recruited a total of twenty-five participants, including four febrile individuals with a
core body temperature higher than 37.8 °C (100 °F), one individual (female) with a slightly
elevated core body temperature of 37.6 °C (99.7 °F) in close proximity to fever, and twenty
healthy individuals with a core body temperature around 37 °C (98.6 °F). The demographic
information of the participants is shown in Table During the data collection process,
each participant wore the Thermal Earring for a duration of five minutes to obtain earlobe
temperature readings. Additionally, their oral temperature was measured while wearing
the Thermal Earring. The measurements were conducted in a similar room environment
with a temperature ranging from 20 °C to 22 °C (68 °F to 71.6 °F). Figure (a) presents
the results of the earlobe temperature measurements obtained from each participant. The

febrile participants have an average earlobe temperature of 35.62 + 1.8 °C (96.12 + 3.24
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°F), which is significantly higher than healthy participants’ average earlobe temperature
of 29.7 £ 0.74 °C (85.5 £ 1.33 °F). It was also observed that in general, healthy female
participants have a higher earlobe temperature of 30.11+0.78 °(86.2+ 1.4 °F) than healthy
male participants’ average earlobe temperature of 29.26 + 0.70 °C (84.67 £+ 1.26 °F). The
results are expected since women have slightly higher body temperatures in general. We
also note that the lowest temperature among febrile patients was observed in an older study

participant (age 71) who is known to have a lower body temperature baseline.

In addition to the aggregated results, we also present the Thermal Earring results of a
participant (P1) over time during fever and after fever. Figure (b) shows the Thermal
Earring data of P1 during fever, including the changes observed after taking a common
antipyretic to reduce fever. P1’s oral temperature was initially recorded at a high fever
of 39 °C (102.2 °F) at 19:10 on day 1, with a corresponding high earlobe temperature
of 37.1 °C (98.8 °F). At 19:20 on day 1, the participant took a capsule of ibuprofen, a
common antipyretic, which resulted in a gradual decrease in earlobe temperature from 37.1
°C (98.8 °F) at 19:10 to 33.9 °C (93 °F) at 21:30. On day 2, the participant’s earlobe
temperature stabilized at around 31.4 °C (88.5 °F), which was significantly lower than
her earlobe temperature during fever. The participant’s oral temperature was measured
at 37.2 °C (98.96 °F) at 22:30 on day 2, indicating a return to the normal temperature
range. The limited oral temperature measurements were due to the participant’s illness and
unwillingness to move. These results suggest that Thermal Earring temperature data could
serve as a convenient and effective method for monitoring fever at home and in clinical

settings, providing valuable information on the effectiveness of fever treatments.

In conclusion, the findings of this experiment suggest that the Thermal Earring is a
promising tool for detecting and monitoring fever non-invasively. Our study provides ev-
idence that the Thermal Earring has the potential to be used in a variety of clinical and
home-based settings to aid in the diagnosis and management of fever, particularly dur-
ing outbreaks of infectious diseases. However, further research is needed to validate the

performance of the Thermal Earring in larger and more diverse populations.
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3.3.2  Effect of Eating on Farlobe Temperature
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Figure 3.7: The Thermal Earring temperature results for six participants during the eating study.

Eating is an important daily activity that is known to slightly increase body temperature.
Generally, the core body temperature starts to rise within thirty minutes to an hour after
eating a meal due to the increased metabolic rate associated with the digestive process.
Furthermore, the act of chewing and the heat from the food can also elevate the earlobe
temperature since the Thermal Earring is located close to the mouth.

In this experiment, we investigated the effect of eating on earlobe temperature. We
recruited six participants (three males and three females, with an average age of 25.7 £+
1.6) to participate in a semi-controlled lunch setting. The study began at 11:30 a.m., with
participants sitting until 12:30 p.m. to establish a resting baseline temperature. The lunch
session began at approximately 12:30 p.m., with slight variations in duration across the
participants. During lunch, all participants ate warm food that they chose.

Figure (a) illustrates a representative example of Thermal Earring data obtained
from a participant during the eating session. The temperature data of all six participants
exhibited a similar pattern as depicted in Figure (a), wherein the earlobe temperature
exhibited a slight increase upon initiating the act of eating. Notably, some participants
experienced a continued rise in earlobe temperature after finishing their meal, while others
observed a stabilization or a slight decrease.

To provide an overall analysis, Figure (b) presents the aggregated results of the
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average earlobe temperature for all six participants before and after 12:30 pm (the start
of eating activity). The earlobe temperature showed an average increase of 0.60 £ 0.25 °C
(1.08+0.45°F) from the pre-eating resting baseline (11:30 am to 12:30 pm) to the post-eating
(12:30 p.m. to 1:30 p.m.) average temperature. Furthermore, the earlobe temperature
exhibited an average rise of 1.04 £0.30 °C (1.8740.54 °F) from the pre-eating temperature
to the maximum temperature observed after the initiation of eating. We conducted a paired
t-test on the average earlobe temperature before and after eating starts. The test statistic is
5.67, and the corresponding p-value is 0.0024, which proves the earlobe temperature is very
statistically different before and after eating starts. These experimental findings confirm the
body temperature change associated with the act of eating and demonstrate the potential

of utilizing Thermal Earring as a non-invasive detector of eating activities.

3.8.8 Effect of Exercise on Earlobe Temperature

Exercise is another common activity that significantly impacts human core body temper-
ature and skin temperature. During exercise, the core body temperature rises due to the
increased metabolic activity of muscles. The thermoregulatory system is activated to dis-
sipate heat and maintain a stable core body temperature through mechanisms such as
vasodilation and sweating. Among these mechanisms, sweating plays a critical role in main-
taining a relatively stable core body temperature. As sweat evaporates from the skin, it

carries away heat, resulting in skin cooling and the maintenance of core body temperature.
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Figure 3.8: The Thermal Earring temperature results for six participants during the exercise study.
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The exercise experiment aimed to investigate the effect of exercise on earlobe skin tem-
perature. We recruited six participants (three females and three males, with an average age
of 23.7 + 3.0) to complete a 30-minute cardiovascular workout (with 4-minute stretching at
the end) following a YouTube video in a controlled room. Two of the six participants also
participated in the previous eating experiments. The exercise study lasted for 90 minutes
in total, which included a 30-minute rest before and after the exercise. Similar to the eating
study, the participants were asked to rest or engage in sedentary activities during the rest
periods to establish a baseline earlobe temperature in the room.

Figure (a) shows a representative example of Thermal Earring data obtained from a
participant during the exercise session. Consistent with our hypotheses, all six participants
experienced a decrease in earlobe temperature during exercise, followed by a gradual recov-
ery to their resting earlobe temperature after the exercise ended. Notably, one participant
continued to experience a decreasing earlobe temperature for approximately ten minutes
after the workout ended, likely due to ongoing sweating.

Figure (b) presents the aggregated results of the six participants’ average earlobe
temperature before exercise and their minimal earlobe temperature during exercise. The
earlobe temperature showed an average decrease of 2.08 £0.70 °C (3.74£1.26 °F) from the
pre-exercising resting baseline (duration 00:00 to 00:30) to the lowest earlobe temperature
during exercise. We conducted a paired t-test on the average earlobe temperature before and
during the exercise. The test statistic is 6.52, and the corresponding p-value is 0.0013, which
proves the earlobe temperature is very statistically different before and during exercise.
These findings provide valuable insights into the influence of exercise on earlobe temperature
and show the potential application of using earlobe temperature as a non-invasive biomarker

for monitoring physiological responses to exercise.

3.5.4 Effect of Environment Temperature Change

This section focuses on evaluating the ability of the Thermal Earring’s dual temperature
sensor design to detect changes in environmental temperature. To achieve this, we conducted

an experiment involving four participants (two males and two females, with an average age
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Figure 3.9: The Thermal Earring temperature results when room temperature changes.

of 25.8 + 2.1) to investigate the effects of slight indoor temperature changes. All of the four
participants also participated in either the experiment for eating or exercising. Specifically,
we examined the transition from a warm room to a cold room and vice versa, which are

typical scenarios encountered in daily life.

The two temperature change experiments were conducted in a continuous manner. Par-
ticipants were instructed to spend 15 minutes in a warm room with an ambient temperature
of 21.4 °C (70.5 °F), followed by 15 minutes in an adjacent colder room with an ambient
temperature of around 19.9 °C (67.8 °F), and then return to the warm room for another 15

minutes.

Figure (a) presents an example of temperature data obtained from one participant
during these sessions, demonstrating a consistent pattern observed across all participants.
When the environment temperature changed, the dangling temperature exhibited a similar

change as the environment, while the earlobe temperature stayed relatively stable.

Figure (b) presents the aggregated results from the amount of change in the earlobe
and dangling temperature change when entering from a warm room to a cold room. Figure
(c) presents the aggregated results of the amount of temperature change in the earlobe
and dangling data when the participants enter from a cold room to a warm room. All par-
ticipants’ data showed significantly higher dangling temperature change than the earlobe
temperature change. When participants entered the warm room from the cold room (the
environment temperature decreased by 1.5 °C), the dangling temperature increased by an

average of 1.60 & 0.50 °C (2.88 + 0.90 °F), while the earlobe temperature only increased
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by 0.46 + 0.27 °C (0.83 £ 0.48 °F). Conversely, when participants entered the cold room
from the warm room (environment temperature increased by 1.6 °C), the dangling temper-
ature experienced an average decrease of 1.27 +0.13 °C (2.29 4 0.23 °F), while the earlobe
temperature decreased only 0.61 +0.19 °C (1.10 + 0.34 °F) on average.

These results indicate that the Thermal Earring’s dangling temperature tends to mirror
the changes in environmental temperature, while the earlobe temperature remains relatively
stable with a consistent offset from the core body temperature. Therefore, the Thermal
Earring demonstrates its effective ability to detect variations in environmental temperature.
The subsequent section will delve into further analysis, showcasing how the Thermal Earring
can differentiate between changes in environmental temperature and those related to human

body temperature, such as during eating and exercising activities.

3.8.5 Summary of Thermal Farring Results

Thermal Earring Temperature Results Across Activities
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Figure 3.10: The Thermal Earring temperature results across activities.

This section provides a comprehensive summary and comparison of the results obtained
from the previous experiments investigating the effects of fever, eating, exercising, and
environmental changes. Figure [3.10| presents the temperature change patterns captured by
the Thermal Earring across these different factors. The combined statistical results indicate

that environmental changes, such as room temperature increasing or decreasing, exerted a
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more significant impact on the dangling temperature compared to the earlobe temperature.
Conversely, alterations in body temperature because of fever, eating, and exercising result
in larger or comparable changes in the earlobe temperature, with the dangling temperature
exhibiting a lesser impact.

Furthermore, the amplitude of temperature change is another informative metric. Our
findings demonstrate that fever prompts a substantial increase in both earlobe and dangling
temperatures, resulting in a significantly larger temperature rise compared to other activities
such as eating.

Overall, our study provides valuable insights into the human body’s earlobe temperature
change patterns across various reasons and can have potential applications for detecting

activities in daily natural settings.
3.4 In-the-Wild Results

The Thermal Earring’s compact form factor enables longitudinal temperature sensing in
real-world settings. We conducted an in-the-wild exploration with six participants. The
six participants are 3 male and 3 female, with an average age of 24.83 + 2.86. The racial
composition consisted of five individuals identifying as Asian and one as White. Five of
the six participants have also participated in either the eating experiment or the exercising
experiment in Section (3.3l The six participants conducted the in-the-wild experiment on
different days without any overlap. We asked the participants to wear the Thermal Earring
for one day in their natural daily routine. The participants were asked to remove the
Thermal Earring when sleeping, taking a bath, or any time they did not want to wear
it. We also requested the participants to wear an Empatica EmbracePlus smartwatch [46],
which provides raw data on continuous wrist temperature every second. To gather ground
truth on activities, participants were further asked to self-report their activities using the
Thermal Earring Android App when they did any activity or went outside.

Figure shows an example of temperature data captured by the Thermal Earring
and Empatica Watch over a day, with the participant’s self-reported activity log as labels.

For the Thermal Earring data, there are three time periods of time showing significant

effects from ambient temperature change: 1) going outside and taking a bus, and 2) during
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Example Plot of a Day from Thermal Earring
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Figure 3.11: An example of the Thermal Earring’s data on a participant for a day: (a) from

Thermal Earring, (b) from Empatica Watch.

a nap. During the napping period, both the earlobe and dangling temperature sensors
were covered by a blanket which formed a warm chamber. As a result, the earlobe and
dangling temperatures became almost the same and also higher than their usual values
during indoor conditions. These periods can be identified by comparing the amount of
dangling change with the corresponding earlobe temperature change, which we will show a
heuristic detecting algorithm in the next section. After excluding the periods heavily affected
by the ambient change, the participant’s temperature data is relatively stable during indoor
periods throughout the day. During the indoor time, the participant’s earlobe temperature

shows a similar pattern to our previous lab-controlled experiments on eating and exercising.
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The participant’s earlobe temperature increased by 1.0 °C (1.8 °F) when eating lunch,
and 1.3 °C (2.3 °F) when eating dinner. During the exercise, the participant’s earlobe
temperature decreased by around 2.1 °C (3.8 °F) and then gradually recovered after the
exercise ended. In addition to the changes caused by eating and exercising, there is an
additional noticeable earlobe temperature increase from 16:00 to 16:30, when the participant
was in a stressful meeting with two professors. In the next section, we will present a heuristic

algorithm to detect these events.

3.4.1 Heuristic Algorithm on Thermal Earring Data
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Figure 3.12: (a) A heuristic ambient temperature change detection model using a threshold. The
empirical threshold is applied on the earlobe temperature minus dangling temperature. (b) A heuris-
tics event detection model using the user-specific model. The plot shows the earlobe temperature
delta over time computed using the average in a 30-minute sliding window minus the average in the
window 30 minutes prior. The threshold is then applied to the computed results to detect various

events.

Based on insights from this real-world data, we propose a threshold-based heuristic algo-
rithm for activity events detection using the combined temperature data from the Thermal

Farring’s earlobe and dangling sensors. We will first explain this heuristic algorithm on
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the example participant’s data, then present the heuristic algorithm results on all six par-
ticipants. The algorithm consists of two stages, as illustrated in Figure [3.12] In the first
stage (Figure[3.12 (a)), we identify periods when the environment’s ambient temperature is
rapidly changing and exclude these periods. To achieve this, we compute the temperature
difference between the earlobe and dangling temperature and use an empirical threshold
of £2 °C (3.6 °F) on the computed temperature difference. This approach is guided by
the insights highlighted in Section which suggests that the magnitude of the dangling
temperature change exceeds that of the earlobe temperature during changes in ambient
temperatures. The empirical threshold was determined leveraging the significant environ-
ment temperature change (;10 °C) observed in the experiment while ensuring it remained
higher than the maximum fluctuation induced by activities like eating or exercising. This
approach successfully detected all rapid ambient temperature changes for this participant
shown in the example, such as when the participant transitions from indoors to outdoors.
Furthermore, we merge the detected ambient temperature change events occurring within
a 15-minute time frame, since the second stage of the algorithm requires a 15-minute win-
dow during a stable indoor environment. These detected periods of unstable environmental
temperature were excluded from further analysis.

In the second stage of the algorithm, we focus on identifying user activity related events
occurring while users were indoors. We achieve this by computing the temporal changes in
earlobe temperature using a 15-minute sliding window. For each window, we consider the
average earlobe temperature during the window 30 minutes ago as the baseline tempera-
ture for the current window to account for changes in the room or slow changes in body
temperature. By subtracting the corresponding baseline from the current window’s aver-
age earlobe temperature, we obtain the temperature delta. The computed sliding window
results are shown in Figure (b). We then apply a threshold of £0.96 °C (£1.7 °F) to
the computed data. The threshold was determined by calculating three times the average
standard deviation (0.32°C) of earlobe temperature during non-activity periods across all
six users, which we will discuss in the next section We note that future studies with
larger scale datasets can explore more complex methods. In this way, we were able to detect

temperature-increasing events (e.g., eating, stress) and temperature-decreasing events (e.g.,
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exercising) throughout the day.
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Figure 3.13: (a) Heuristic algorithm results on detecting ambient temperature change. (b) Heuristic
algorithm result of detecting temperature-increasing events (eating and stress), and temperature-

decreasing events (exercising).

We employed our heuristic algorithm on the six participants, utilizing consistent window
lengths and thresholds as described above. Figure (a) shows the aggregated results of
detecting ambient temperature change events among the six participants. Most changes
were accurately identified, while two false positives were observed in participants P3 and
P5, along with one false negative in participant P5. We followed up with P5 and the
participant explained that she occasionally sat on her bed covered by a blanket, potentially
leading to temperature fluctuations that were attributed to the Thermal Earring errors.
Figure (b) shows aggregated results for detecting temperature-increasing (eating or
stress) and temperature-decreasing (exercising) events across participants. Notably, only
one participant exercised during the experiment, and it is possible that certain participants
might not have worn the earring while eating, leading to fewer than three actual eating events
per day. For P3, a distinct earlobe temperature increase lasting approximately 40 minutes,
peaking at 1.8°C (3.24°F), was observed. However, no user activity log was provided for this
period, potentially implying additional factors contributing to earlobe temperature changes
that were not logged. For P5, there were two eating events logged, with only one being
correctly detected, and the other remaining undetected. In addition, there is also a falsely

detected temperature increase event for P5 where the participant self-reported as having no
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activity.

In summary, our results demonstrate the Thermal Earring’s ability to detect temper-
ature changes triggered by eating, stress, and exercise in dynamic real-world scenarios.
However, instances of temperature increases not directly related to known events require
further exploration. Furthermore, the Thermal Earring’s threshold-based heuristic algo-
rithm demonstrates limitations, occasionally miss-identifying eating-related events. It is
important to note that this heuristic algorithm serves as a simple proof of concept method.
The algorithm can be further improved by utilizing pattern matching on the time-series
temperature data or employing a machine learning classification model. However, a more
extensive dataset is required for a robust model. By integrating the heuristic algorithm
with the hardware system and our exploratory experiment, we establish a foundation for

future endeavors in earring-based activity recognition.

3.4.2 Thermal Earring vs. Smartwatch
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Figure 3.14: Thermal Earring temperature data vs. Empatica Watch temperature data during

resting time.

As expected, the temperature data obtained from the wrist using a smartwatch tends
to be noisier compared to the data collected from the earlobe using the Thermal Earring.
This is potentially due to the effects of hand motions on the wrist temperature. The watch

lacked data during the napping period because it was being charged during that time.
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As shown in Figure (b), the Empatica Watch data appears significantly noisier than
the Thermal Earring data on the same day. Firstly, because of the lack of a secondary ambi-
ent temperature sensor, the watch data cannot differentiate ambient temperature changes.
Secondly, even during indoor periods, the watch data exhibits fluctuations of up to 3.6 °C
without any apparent correlation to the participant’s provided activity labels. Thirdly, the
watch data is occasionally shown as ”not worn correctly”, potentially because of loose con-
tact with the wrist, resulting in data reflecting the environmental temperature rather than
the participant’s skin temperature. Besides those limitations, the watch data demonstrate
a similar pattern of temperature increase during meals and temperature decrease during
exercise. However, these patterns are obscured by the noise in the watch data, making
them difficult to identify.

To further analyze the noise levels of the smart watch temperature compared to the
Thermal Earring’s, we compared the data from the Thermal Earring and the Empatica
Watch during six participants’ resting periods, when no activity was recorded. Figure|3.14
(a) shows the temperature deviation of Thermal Earring data and Empatica watch data
from its average temperature during a participant’s resting period, where the participant
was not engaged in activities like eating, exercising, or talking. It is observed that the
Thermal Earring data is more stable since the earlobe is less susceptible to motion effects,
with a standard deviation of 0.18 °C (0.32 °F), whereas the watch data showed signifi-
cant fluctuations for unknown reasons, resulting in a standard deviation of 0.82 °C (1.48
°F). Figure (b) summarizes the aggregated results of the standard deviations for the
Thermal Earring and Watch data during indoor resting periods from six participants. The
average standard deviation from the Thermal Earring is 0.32 °C (0.58 °F), while the average
standard deviation from the watch temperature is 0.72 °C (1.3 °F).

The Thermal Earring’s reliable temperature readings have the potential to enable ap-
plications such as ovulation tracking, surpassing the capabilities of current smart watches.
During ovulation, a woman’s body temperature typically rises by approximately 0.28 to
0.56 °C (0.5 to 1.0 °F) [128]. However, smart watches struggle to accurately detect this
temperature increase since their noise level exceeds the temperature change caused by ovu-

lation. In contrast, the Thermal Earring provides a more reliable temperature reading, with
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a standard deviation close to the lower range of ovulation temperature rise. As a result, the
Thermal Earring shows its theoretical potential for tracking ovulation.

In conclusion, Thermal Earring surpasses smart watches in terms of noise levels and the
ability to disambiguate ambient temperature changes. These advantages enable Thermal

Earring to detect user activities effectively, and potentially support ovulation tracking.

3.4.8 Acute Stress Exploration

In our preliminary pilot experiments, we discovered significant changes in earlobe temper-
ature during stressful events, such as public speaking. This temperature increase might be
caused by the blood flow change within the superficial temporal artery and the posterior
auricular artery during stressful events. While stress has been investigated using various
physiological signals like heart rate, heart rate variability, blood pressure, and skin con-
ductance, these metrics often struggle to differentiate between various types of events. For
example, it is hard to differentiate stress from exercising solely based on an elevated heart
rate. However, the measurement of earlobe temperature introduces a promising additional

dimension that effectively aids in differentiating events.
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Figure 3.15: The Thermal Earring temperature results from stressful events.

Besides the stressful meeting event shown in Figure we extracted one more stressful
event (P1 taking PhD qualification exam) from the in-the-wild experiment and further
recruited three participants (P2, P3, and P4) who were known to experience potentially

stressful events. The four participants are two male and two female, with an average age of
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22+3.65. The racial composition consisted of three individuals identifying as Asian and one
as Black. For the specific stress experiment involving P2, P3, and P4, they were instructed
to begin wearing the Thermal Earring at least thirty minutes before the stressful event and
to continue wearing it for at least thirty minutes after the event ended.

In Figure [3.15 (a), we present a representative example of the data obtained from one
participant during their PhD qualification exam. The data clearly show a sustained increase
in earlobe temperature throughout the exam. This pattern was consistently observed in all
four participants, with the rise in temperature slightly prior to the stressful events and a
subsequent decrease at the end.

Figure (b) provides the aggregated results of all participants who wore the Thermal
Earring during various stressful events, including PhD qualification exam, public presen-
tation, and midterm. An average of 1.42 + 1.07 °C (2.56 + 1.93 °F) increase between the
average earlobe temperature during rest and the maximum earlobe temperature during
stressed time demonstrated the response related to the stressors. We conducted a paired
t-test to compare the average earlobe temperature before and during the stress condition.
The results showed a statistically significant difference in temperature, t(n-1) = 3.55, p =
.038, indicating that earlobe temperature changed significantly during acute stress events.
Aligned with our hypothesis, these exploration results show promising potential for using
the earlobe temperature as an indicator of stress or emotion-related changes. Further stud-
ies can be conducted in future work to extensively explore the relationship between earlobe

temperature and stress or emotions.

3.5 Discussion

8.5.1 Fashion Design

It is also important for the Thermal Earring to be fashionable as smart jewelry. The small
size and light weight of the Thermal Earring make it compatible with various fashion designs.
We showcase an example of fashion design here to indicate that the Thermal Earring can be
both functional and fashionable. We chose to design a cherry blossom earring with resin, a

popular material for making earrings due to its ability to be molded into various shapes and
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Figure 3.16: An example of Thermal Earring with fashion design.

mixed with different pigments. Thermal Earring is flat, thin, and flexible, which makes it
easy to be submerged in a resin pour. Figure (a) and (b) demonstrate the final design.
The resin was poured into a cherry blossom-shaped silicone mold, encasing the Thermal
Earring. We incorporated a ventilation hole around the dangling temperature sensor to
ensure precise ambient temperature sensing. The dangling temperature sensor was covered
by a piece of pink paper instead of resin. Future works could also use alternative coverings

such as gas-permeable membranes in air quality sensors [40].

To validate the functionality of the Thermal Earring after integrating the resin fashion
design, we conducted a comparative test. A Thermal Earring with the fashion design was
placed alongside an uncovered Thermal Earring on a table for approximately seven minutes.
Subsequently, they were placed on a person’s left and right ear for approximately six minutes
and then returned to the table. The temperature data results, shown in Figure (c),
prove that the Thermal Earring with the resin design performs temperature sensing as

effectively as an uncovered Thermal Earring.

It is worth noting that this resin-based design represents a simple showcase of the Ther-
mal Earring’s compatibility with diverse fashion concepts. There are numerous alternative
methods for incorporating fashion design into Thermal Earring. For example, techniques
like welding or attaching precious metals can be explored. By employing molds of varying
shapes and utilizing materials (whether resin or metal) in different colors, the Thermal ear-

ring can be personalized to various designs or styles and even incorporate gemstones like
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normal jewelry.

3.5.2  FEstimating Core Body Temperature from Farlobe Temperature

While we have shown that an increase in core body temperature can be reflected in earlobe
temperature measurements made by Thermal Earring in section directly estimating
the core body temperature from the earlobe temperature requires further study. It is known
that skin temperature, including earlobe temperature, is affected by a number of factors be-
yond core body temperature such as ambient temperature, gender, age, metabolic rate, body
mass index, etc. While the Thermal Earring can provide information to exclude the ambient
temperature effect, resolving these other factors such as user dependence or metabolic rate
remains an open challenge. We expect that with a larger and more representative data set,
it would be possible to develop a model to predict user’s core body temperature using their
earlobe temperature and corresponding demographics. In future work, Thermal Earring
may be deployed in a larger study in conjunction with other physiological sensors to build

a model for computing the core body temperature from the earlobe temperature.

3.5.8 Power Harvesting

The Thermal Earring is currently powered by a lithium coin cell battery, which can provide
continuous temperature monitoring for a month. However, to address the inconvenience of
battery charging and replacement, alternative power sources can be explored. One promis-
ing option is to harvest energy from the ambient environment, leveraging the motion of
the earring while it is naturally dangling when the user is moving. By harvesting kinetic
energy from the earring’s motion, a piezoelectric harvester can convert the vibrations into
electrical energy to power the earring. Additionally, solar energy can also be used as an
alternative power source by harvesting it from the ambient light. Even a small solar cell
can provide microwatts of power for trickle charging compatible with Thermal Earring’s

low-power design.



o1

3.5.4 Limitations

The earlobe temperature appears to be user dependent, which is expected as age, gender,
body weight, and composition can all affect skin temperature. Similar to existing smart-
watch temperature sensors [49, [10], Thermal Earring could leverage a calibration phase to

identify a user’s nominal earlobe temperature before making inferences.

Recent smartwatches like the Apple Watch Series 8 also feature a dual temperature sen-
sor design that offers improved accuracy of 0.1°C. However, the components of the smart-
watch are primarily confined to the skin surface or within the watch’s thickness (approxi-
mately 15 mm). In contrast, the Thermal Earring’s unique form factor detects environmen-
tal temperature differently, providing better isolation from body heat.

During the evaluation of the Thermal Earring, the majority of tests were conducted in-
doors under normal air conditions, with temperatures ranging from 20 to 23 degrees Celsius
(68 to 73.4 degrees Fahrenheit). For simplicity, outdoor measurements are disregarded. In
future work, it would be valuable for future research to explore how the Thermal Earring

performs in outdoor and extreme environments.

The Thermal Earring is currently only evaluated during daytime, to prevent participants’
unconscious movement during sleep from harming the Thermal Earring or leading to noisy
results. However, a more robust casing for Thermal Earring could enable studies during
sleep to measure basal body temperature, which can be further used to track and predict
menstrual cycles.

Regarding eating detection, the observed earlobe temperature rise results from factors
like increased metabolism during digestion, food temperature, and chewing movements.
Mouth motion, inherent to eating, also occurs in other activities, e.g., talking. To further
delve into the effect of mouth motion on eating events, a future experiment comparing
natural speech and dedicated eating sessions could offer insights.

While the Thermal Earring signifies temperature changes, it faces challenges in distin-
guishing events causing temperature elevation, like eating vs. public speaking. Integrating
physiological signals like heart rate in the future could enhance its ability to differentiate

these events more effectively.
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3.6 Summary

We present Thermal Earring, a novel smart earring system designed for longitudinal temper-
ature sensing from the earlobe. The Thermal Earring overcomes the challenges associated
with developing a wireless smart wearable device in the form of an earring, resulting in
a compact size (with a maximum width of 11.3 mm and a length of 31 mm), lightweight
(0.335 grams), and a battery life of 28 days. Leveraging its proximity to the head and dual
temperature sensor design, the Thermal Earring demonstrates reliable temperature sens-
ing capabilities. We conducted extensive real-world evaluations to investigate the effects of
fever, eating, exercising, and changes in ambient environmental temperature on the Thermal
Earring’s data. Our results proved that the Thermal Earring can successfully disambiguate
the temperature changes caused by the body from those caused by the environment. More-
over, our results demonstrate significant earlobe temperature changes related to eating,
exercise, and periods of acute stress. The initial exploration results provide a basis for
future automatic activity detection. We evaluated the advantages of Thermal Earring over
existing wrist-worn smartwatches. Overall, Thermal Earring is a promising platform for
continuous earlobe temperature sensing, which shows the potential in applications of fever

monitoring, activity detection, and stress assessment.
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Chapter 4
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Figure 4.1: (a) (b) The front and side view of PPG Earring with fashion design. (¢) The smartphone
app that connects to PPG Earring through Bluetooth and displays a real-time PPG signal.

4.1 Introduction

Integrating heart rate monitoring into daily routines using wearable technologies can em-
power individuals to stay proactive about their health. Heart rate provides numerous in-
sights into cardiovascular health. Abnormal heart rates, whether too fast (tachycardia) or
too slow (bradycardia), can signal a variety of underlying health conditions. The ability to
track heart rate during exercise could also help maintain controlled intensity and optimize
fitness benefits or even provide warnings of dangerous overexertion for individuals with car-
diovascular disease. While heart rate monitoring is now widely available through devices

like smartwatches and smart rings, their underlying sensing principle makes it challenging
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to produce accurate, continuous measurements during exercise.

These devices use photoplethysmography (PPG) to measure the heart rate by shining
a light into the skin and capturing the light reflected by the blood vessels. One of the
biggest challenges of using PPG for continuous heart rate sensing on wearables is dealing
with motion artifacts. Because PPG measures reflected light to detect blood volume changes
caused by heartbeats, any small movement or pressure change between the skin and the PPG
sensor can cause a change in the light path. This results in substantial noise in the sensed
PPG signal, making it extremely challenging to measure heart rate during activities ranging
from intense exercise to walking. Current wearables like smartwatches and smart rings often
address this issue by either discarding noisy data or applying advanced processing methods
to estimate or interpolate the heart rate [11) [115 [27, [119]. Although various processing
methods, such as using motion sensor data to compensate for PPG motion artifacts |29, [80],
have been explored, their estimation accuracy remains very limited due to the inherently
poor quality of PPG data during motion [114, 90 [5].

In this work, we propose an alternative wearable heart rate monitoring solution that
addresses this problem: smart earrings. The earlobe, like the fingertips, is a well-known
site for clinical PPG measurement due to its rich blood flow near the skin’s surface. The
thin skin of the earlobe allows PPG light to penetrate more easily, enhancing signal quality.
Additionally, humans have evolved sophisticated sensory-motor mechanisms to stabilize the
head, even during exercise and motion [71]. This, combined with the constant, stable contact
between the PPG sensor and the earlobe enabled by the earring, results in substantially
lower motion artifacts compared to loosely worn watches and rings.

However, developing smart earrings requires overcoming multiple challenges. Earrings
are significantly smaller than watches, leaving much less space for the sensing electronics
and a battery. In addition to fitting within the limited dimensions of the earlobe, weight is
also a critical constraint for earring form-factor devices. A heavier earring not only causes
discomfort but also increases movement, which degrades the PPG signal quality. This
introduces strict constraints on the battery, typically the heaviest component in the system,
which must be small and lightweight while supporting continuous system operations. This

is particularly challenging for PPG sensing, which requires 10-50 mA of current to produce
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sufficiently bright light for reliable signal acquisition.

In this paper, we address these challenges and develop PPG Earring: the first compact
smart earring capable of monitoring the user’s heart rate through PPG on the earlobe. As
shown in Figure[4.1] the PPG Earring prototype mimics the form factor of standard earrings,
measuring 14 mm in diameter and weighing 2.0 g. Our sampling strategy, which only emits
light in brief microsecond pulses to capture each PPG sample, enables 21 hours of continuous
PPG and motion sensing at a sampling rate of 50 Hz. This can be further extended to
roughly 17 days when performing opportunistic sensing—for example, monitoring PPG
and motion for 30 seconds every 10 minutes. Beyond heart rate, the PPG sensor can also
measure heart rate variability (HRV) for stress insights and blood oxygen saturation (SpO2).
Additionally, the earring includes a temperature and an accelerometer sensor, making the
PPG Earring a versatile health monitoring platform.

We systematically evaluate PPG sensing signal quality at the earlobe, compared to
the wrist and finger, with the same PPG light strength settings. Our experiment results
demonstrate that the earlobe provides up to 6.3x (8.0 dB) higher signal quality than the
wrist across various light settings and up to 2x (3.3 dB) better than the finger. Notably,
earlobe-based PPG sensing proved particularly more effective than hand-based sensing for
users with cold hands. In our exercise study, we compared PPG Earring’s performance with
a commercial Fitbit during walking, running, and weightlifting. The results revealed that
the PPG Earring captured valid heart rate data for an average of 91.7% of the exercise
time, significantly higher than the Fitbit’s 67.2%.

In addition to controlled studies, we conducted a real-world study involving six par-
ticipants wearing the PPG Earring and a Fitbit for a day (around 8-12 hours during the
daytime) while continuing their natural activities. PPG Earring captured valid heart rate
signals 86.29 + 2.96% of the time, while Fitbit only captured 54.88 4+ 4.63% time. All par-
ticipants found PPG Earring to be as comfortable as their regular earrings. Five out of six
participants expressed a strong willingness to wear the PPG Earring daily. Four participants
showed a strong preference for the PPG Earring over the Fitbit, describing the earring as so
comfortable that they “didn’t even feel it”, while the smartwatch was perceived as ”bulky

and uncomfortable.” This in-the-wild study validated the comfort level of the PPG Earring
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and highlighted its potential as a reliable daily health monitoring device.

In summary, we present the following contributions in this paper:

e We designed the first smart earring for heart rate monitoring that is in a form factor
similar to normal earrings. The PPG Earring has a 14 mm diameter, weighs just 2.0
grams—comparable to typical earrings—and provides a battery life of 21 hours with

continuous PPG sensing and Bluetooth transmission.

e We compared the earring’s PPG signal quality to wrist- and finger-based sensing,
demonstrating that the earring achieved 2-6.3 times (3.3-8.0 dB) better signal quality
with lower power consumption and was affected by motion artifacts for 10%-37% less

time during activities.

e We compared PPG Earring with a commercial Fitbit smartwatch during exercise and
a whole-day in-the-wild study. PPG earring was able to capture heart rate data for
91.74 + 4.84 % of the time during exercise, which is 24.5% higher than Fitbit. PPG
Earring captured valid PPG for 86.29 +2.96% of time during in-the-wild study, which
is 32% higher than Fitbit and has a 2.2 times (3.4 dB) higher SNR.

e The PPG Earring was rated as highly comfortable by all six participants in the whole-
day in-the-wild study. All participants found it as comfortable as their regular ear-
rings, with five participants expressing a strong willingness to wear it all the time

every day.
4.2 PPG Earring System Design

Creating compact, low-power wearables like smart jewelry brings unique advantages and
significant challenges due to their need for comfort and wearability. Key considerations
include managing size, weight, and power consumption, all of which are often tightly inter-

related and critical for ensuring comfort. We summarize the goal of our system design here:

)

e Compact Size: The earring must be small enough to fit comfortably on the earlobe.
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e Lightweight: The earring should be light to avoid any discomfort during long-time

wear.

¢ Reasonable Battery Life: Despite form factor constraints, the earring should offer

a reasonably long battery life without frequent recharging.

e Universal Design: Instead of customizing the system with various fashion designs,
we developed the PPG Earring system into a universal earring backing design that

can be worn together with any fashion design in the front.

PPG Earring achieves these design considerations and presents a practical wearable
platform for longitudinal health sensing, offering typical health monitor capabilities such as
heart rate, activity level, and body temperature. Next, we will detail the key components
of the PPG Earring system, including the PPG sensor, motion sensor, microcontroller, and

battery.

4.2.1 PPG Sensing

PPG during PPG during PPG during
low blood volume high blood volume motion artifacts
Sen
PPG Sensor PPG Sensor Sor Very strong
Emitter m Detector _ reflection
_ ~ Strong _ ~ Weak .
Skin reflection Skin reflection  Skin
< <+ <+
Blood Vessel Blood Vessel Blood Vessel
(a) (b) (c)

Figure 4.2: Demonstration of how PPG light reflects under different conditions: (a) when the
emitted PPG light is not on the blood pulse (low blood volume, absorbing less light), (b) when the
emitted PPG light is on the blood pulse (high blood volume, absorbing more light), and (c) when
motion artifacts cause a portion of the PPG light to be directly reflected by the skin.
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PPG is a noninvasive and low-cost optical measurement method that is often used for
heart rate and SPO2 monitoring. As shown in Figure (a)(b), a PPG sensor contains
a light source and a photodetector and is placed in contact with the skin. When the
light source emits light, the amount of light received by the photodetector varies as the
blood volume in the vessels changes. This variation in blood volume affects the amount
of light absorbed by the tissue, which in turn changes the amount of light received by the
photodetector. The PPG sensor captures this signal, which can then be analyzed to derive
useful information about cardiovascular health. PPG sensors typically use green (500-570
nm), red (600-750 nm), or infrared (IR, 850-950 nm) light to measure the blood volume
change. Shorter wavelengths, like green light, have shallow skin penetration but are less
affected by motion artifacts due to the shorter light path [80]. This makes the green light
ideal for areas with good blood perfusion near the skin. In contrast, red and IR light
penetrates deeper into tissue and can provide better signal quality when stable. They are
also more suitable for oxygen saturation measurement.

Several factors can affect the PPG signal quality. One of the main factors is motion
artifacts and the contact pressure between the sensor and the skin. As shown in Figure [4.2
(c), when a small movement happens, the PPG sensor can be slightly shifted from the skin
which largely changes the optical path, resulting a significant different signal reflected to
the photodetector. The appropriate amount of pressure between the PPG sensor and the
skin is crucial, as too much pressure can reduce blood flow, while too little pressure may
lead to poor contact and a lot of movements.

We implemented the PPG sensing on the earring using MAX30101 from Analog Devices,
as shown in Figure 4.3] The MAX30101 senses the PPG signal through reflective PPG and
is an integrated pulse oximetry and heart-rate monitor module that includes internal LEDs,
photodetectors, optical elements, and low-noise electronics with ambient light rejection.
In addition, the sensor has an integrated cover glass for optimal and robust performance.
MAX30101 comes in a tiny package of 5.6 mm x 3.3 mm x 1.55 mm and features a low
power consumption of less than 1 mW (varies with light intensity setting). The MAX30101
integrates red, green, and IR LEDs with programmable light strength from 0 to 50 mA.
The LED pulse width can be programmed from 69 ps to 411 ps to allow balancing PPG
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accuracy and power consumption based on use cases. In our setup, we experimented with
all lights and different light power settings in later Section[4.4.1] The MAX30101 PPG
sensor is connected to the system microcontroller through an 12C line and is programmed
to a sampling rate of 50 Hz.

Beyond PPG, the MAX30101 sensor can also measure blood oxygen saturation (SpO2),
similar to many pulse oximeters. Low SpO2 levels may signal respiratory or circulatory
issues, with readings below 92% often requiring immediate treatment to prevent organ
damage [36]. The SpO2 monitoring from the earring can provide timely assessments to
help verify if the respiratory and circulatory systems are working properly. However, a
comprehensive evaluation of SpO2 accuracy would require extensive experiments and is,

therefore, beyond the scope of this paper.

=12 mm—

» PPG sensor
: Hole for earring post ;
MCU

Temperature sensor

Antenna Accelerometer K I

Figure 4.3: The PPG Earring system PCB with a US penny coin as reference, and the battery for
PPG Earring.

4.2.2  Motion and Temperature Sensing

Although this paper primarily focuses on heart rate monitoring, we envision the PPG Ear-
ring to be a versatile health monitoring platform, just like a smartwatch fitness tracker. We
have integrated motion and temperature sensing into the earring to capture user activities
and monitor body temperature. We implement the motion sensing part using the LIS2DW12
3-axis low-power accelerometer from STMicroelectronics.The LIS2DW12 sensor features a

programmable acceleration sensing range, sensitivity, and sampling rate. LIS2DW12 is
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available in an ultra-compact 12-LGA package that measures 2.0 x 2.0 x 0.7 mm, with
less than 2 uW power consumption during active sensing in low-power mode. In addition,
the LIS2DW12 sensor has a built-in internal engine to process motion and acceleration de-
tection, including fall detection, stationary/motion detection, tap gesture recognition, etc.,
which enables potential acceleration-triggered system wake-up to further optimize system
power efficiency. The LIS2DW12 accelerometer is connected to the microcontroller with
12C lines. The accelerometer is set to a sampling rate of 50 Hz in low power mode, with
a sensing range of £2 g and sensitivity of 0.244 mg/digit. The temperature sensor is im-
plemented using HDC2010 from Texas Instruments. This temperature sensor was chosen
because of its small size (1.49mm x 1.49mm), low power consumption (0.9 uW), and high
accuracy (£0.2C). The HDC2010 is connected to the microcontroller through an 12C line,

with a sampling rate of once every second.

4.2.8 Wireless Communication and MCU

The sensed data from the wearable device should be processed and presented to the user
via a smartphone or computer. Wireless communication, which involves high-frequency RF
signals in the GHz range, typically consumes around 5 mW of power during transmission
and is often the most power-intensive component of the wearable system. As a result,
selecting a wireless communication method that is both energy-efficient and suitable for
compact integration is crucial for optimizing the performance of the earring.

Bluetooth Low Energy (BLE) is the preferred choice for many wearable devices due to
its low power consumption, suitable wireless range, and compatibility with smartphones and
laptops. Given that most people have smartphones with them most of the time, BLE offers
convenient data exchange between the smart earring and the smartphone. BLE connection
mode is ideal for streaming data and provides high data throughput, which supports up to
251 bytes of data in each packet.

Considering these factors, we chose the nRF52832 microcontroller chip with built-in BLE
capability for smart earring computing and wireless communication. This ultra-compact

chip is packaged in a wafer-level chip-scale package, measuring 3.0 x 3.2 x 0.5 mm and
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weighing 6.8 mg. It incorporates an ARM Cortex M4 processor for computing tasks and
has built-in Bluetooth low-energy transceivers with configurable transmitting power, making

it an ideal choice for the earring wearable system.

Although the nRF52832 microcontroller is designed to be power-efficient, it still con-
sumes around 3 mA in active mode and about 5 mA in Bluetooth transmitting mode, which
is still very power-consuming for wearables with minimal battery capacity. In contrast, the
nRF52832 chip consumes only 1 pA in deep sleep mode, significantly saving power. So, we
configured the nRf52832 microcontroller to wake up only when needed to interface with the
sensors or transmit BLE packets. Both the PPG and accelerometer sensors can store up
to 32 samples of data in their FIFO, reducing the frequency at which the microcontroller
needs to wake up to read sensor data.

When using a single light in the PPG sensor, each PPG sample consists of 3 bytes,
each accelerometer sample (per axis) is 2 bytes, and each temperature reading is 2 bytes.
To pack the measured data into a BLE packet (maximum size: 251 bytes), the earring
system aggregates 25 samples of PPG and accelerometer data, along with 1 sample of
temperature data, resulting in a total packet length of 25 samples x 3 bytes + 25 samples
x 2 bytes x 3 axes + 1 samples x 2 bytes = 227 bytes. With both the PPG sensor and
accelerometer configured to a 50Hz sampling rate, the microcontroller only needs to wake
up every 25 samples x (1000ms/50Hz)=500ms to read the sensor data and send it via BLE.
This approach minimizes the microcontroller’s active time, significantly reducing its average
current consumption. Further optimizations can be achieved by reducing the number of
accelerometer samples sent or enabling accelerometer data streaming only during specific

activity triggers.

4.2.4  Battery and Power Consumption

For wearable devices, and specifically smart earrings, the power source is a critical compo-
nent that must have high power capacity while being compact and lightweight. As discussed
before, wireless communication and powering the PPG sensor light consume the most power.

On average, the total power requirement of the earring system is 2.2 mW when sensing and
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wirelessly transmitting PPG and accelerometer data at a 50Hz high sampling rate.

The energy limits of currently available battery technologies make batteries the largest
and heaviest components in such small centimeter-scale devices. To achieve our target form
factor, we chose the high energy density GRP1240 battery from Grepow. The GRP1240
rechargeable Lithium-ion battery offers a high capacity of 50 mAh with a diameter of only 12
mm and height of 4 mm. With the 50 mAh battery, the PPG Earring can achieve a battery
life of 21 hours of continuous PPG sensing (single light) and accelerometer sensing both at 50
Hz. In addition, the battery life can be further extended to reduce the sensor sampling rate,
we set both sensors to high sampling rate just to collect comprehensive data. In real-world
scenarios, the PPG sensor can be set to opportunistic mode instead of continuous mode,
such as only sensing for 30 seconds every ten minutes unless some specific activity happens.
In theory, this can extend the battery life about 20 times longer, which makes a battery life
of 17 days. The accelerometer can also be set to triggering mode, which only triggers when

some interesting activities happen instead of continuously streaming accelerometer data.

4.2.5 The Final Earring System

As shown in Figure the PPG Earring system is designed on a 14 mm diameter printed
circuit board (PCB), making it smaller than a US penny. Since the average human earlobe
measures around 19.6mmx18.8mm [24], PPG Earring can comfortably fit into most people’s
earlobe. None of our participants experienced any fit issues during the study. To ensure
user comfort, as the device directly contacts the skin, a thin layer of skin-friendly silicone
is applied to the surface of the PCB. This silicone layer is molded and cured at room
temperature, providing a soft and comfortable interface for the user. Additionally, the
silicone compensates for the height difference between the PPG sensor and other components
on the PCB, creating a flat surface. The flat contact surface is essential not only for comfort
but also to ensure consistent contact between the PPG sensor and the skin, which is critical
for maintaining high signal quality. The entire earring system weighs just 2.0 grams, which
is less than the average weight of normal earrings (around 3 grams)[64]. The individual

component weights of the PPG earring are detailed in the table below.
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Earring System

Figure 4.4: Demonstration of how to wear the PPG Earring (without the decorative components).

The PPG Earring is worn similarly to a standard stud or hoop earring. As illustrated
in Figure the battery is positioned at the front of the earlobe like a traditional stud.
A commercial earring post is attached to the battery, passing through the earlobe and the
earring PCB. To maintain constant contact between the PPG sensor and the earlobe, a
friction earring back is added behind the PCB to ensure optimal performance. Since the
earlobe has good blood perfusion, placing the PPG sensor anywhere on the earlobe typically
yields a reasonable PPG signal. To maintain a consistent setup in our studies, we instructed
the participants to wear the earring with the PPG sensor positioned between the earring

post and the head by rotating the earring system.

Component Weight

Earring PCB and electronics 0.3 g

Silicone layer 0.3 g

Battery l4¢g

Total 20¢g
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4.3 Signal Processing

We describe the signal processing pipeline for PPG signals, along with the definitions of
the metrics reported in later sections. During the study, PPG Earring data is streamed to
a smartphone app and stored in a local file with timestamps, while Fitbit data is recorded
on the device and later transferred to a laptop for processing. All PPG signals from the
PPG Earring and Fitbit are processed offline through the same pipeline using Matlab and
Python. First, the PPG signals are segmented using a 10-second sliding window with
a H-second overlap. For each 10-second window, we compute the frequency distribution
using a fast Fourier transform (FFT). Figure shows examples of valid and invalid 10-
second window signals with their corresponding FFT results. The FF'T results are used to
determine whether this 10-second window is a valid PPG signal or not and compute the

Signal-to-Noise Ratio (SNR).
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Figure 4.5: An example of a valid PPG signal window and its FFT results, an invalid PPG signal

window and its FFT results, and their corresponding representations in the spectrogram.
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4.3.1 Valid PPG definition

The top of Figure shows an example of a valid PPG signal and its corresponding FF'T
results. The valid PPG signal demonstrates a clear periodic pattern in the time domain,
with a single dominant frequency peak in the possible heart rate range (50-180 bpm during
daytime [113], corresponding to 0.8-3.0 Hz). The bottom of Figure shows an example
of an invalid PPG signal, which does not show a periodic pattern in the time domain and
thus does not have a single significant frequency peak in the FFT results.

Based on the observation, We define and classify whether a 10-second window is valid
PPG or not using the following criteria: 1) The FFT must have a single dominant peak,
with an amplitude at least twice that of the second-highest peak. 2) The peak must be
significant, at least twice the mean and median power of frequencies within the 0.8 Hz to
3.0 Hz range.

The right of Figure shows a 2.5-minute spectrogram computed using STFT (where
the FFT results are stacked vertically). The continuous line in the spectrogram reflects the
heart rate over time, as the heart rate always changes gradually. Thus, a third criterion is
applied based on this observation: during non-exercise periods, the current window’s heart
rate should be within 10 bpm (0.17 Hz) of the previous window’s heart rate and within 20
bpm (0.33 Hz) during exercise.

The valid percentage of the PPG signal is the ratio of the number of 10-second windows
that can be used to compute a valid heart rate to the total number of 10-second windows

in the whole signal.

4.3.2 SNR definition

Signal-to-Noise Ratio (SNR) is a common metric to measure the level of the target signal
compared to the level of background noise. In this paper, the SNR of the PPG signal
is defined as the ratio of the power of the heart rate frequency bin to the average power
of the frequencies within the possible heart rate range. Since our study only focuses on
daytime conditions, we consider the typical human heart rate range of 50 to 180 bpm [113],

corresponding to a frequency range of 0.8 Hz to 3.0 Hz. The SNR of the PPG signal is
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given by:

SNR — Pheart—rate o Preart—rate
Pother—frequency (P0.8—3.0HZ - Pheart—rate)

where Pheqri—rate = A2 represents the power of the detected heart rate frequency

heart—rate
and Apeart—rate is its FFT amplitude. Pither— frequency refers to the average power of the
noise floor, which is all frequencies within the 0.8 Hz to 3.0 Hz range excluding the heart
rate frequency. The computed SNR result is then converted to decibels using SN Ryp =

10 x loglo(SNR).
4.4 Lab controlled studies

In this section, we present the results of the user studies, which validate the effectiveness
and reliability of the PPG Earring. In the first study, We compared the performance of
the sensing PPG from the earlobe with two common PPG measurement sites: the finger
and wrist. The results show that sensing PPG on the earlobe provides much better signal
quality than on the wrist and slightly better signal quality than on the finger. In addition,
sensing PPG on the earlobe is not likely to be affected by motions, making earrings a much
more reliable monitoring method than smartwatches and smart rings.

In the second study, we evaluated the PPG Earring’s performance against a commercial
Fitbit smartwatch during exercise. Our findings demonstrate that PPG Earring provides
significantly more reliable heart rate monitoring during exercise compared to the Fitbit
smartwatch.

All studies were conducted with approval from the Institutional Review Board (IRB),

and users were compensated based on the specific studies in which they participated.

4.4.1 Earring vs. Ring. vs. Watch Study

The earlobe and finger are clinically optimal locations for measuring PPG due to their good
blood perfusion, and the wrist has been a popular location on wearables, too, because it is
convenient. In this study, we aim to compare these three measurement sites to determine if
the earlobe offers a more efficient and reliable location for PPG heart rate monitoring than

the finger and wrist.
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" (a) PPG Ring

(b) PPG Watc t (c) Wearing PPG Ring and PPG Watch

Figure 4.6: (a) The PPG Ring is made from the same system as PPG Earring. (b) The PPG Watch
is made from the same system as PPG Earring. (c¢) The demonstration of how users wear the PPG
Ring and PPG Watch during the study. Both the PPG Ring and PPG Watch are attached to the

user using an elastic band with velcro to adjust tightness.

We recruited eight participants to collect PPG data in a lab-controlled environment.
The participants included six females and two nonbinary individuals, with an average age
of 31.1 + 12.4 years. Their skin tones ranged from Type I to Type IV on the Fitzpatrick
scale. Participants were asked to wear three devices: the PPG Earring, PPG Ring, and
PPG Watch. All of these devices were made by the same PPG system so we can control
light intensity. Figure shows how the participants wear the PPG Ring and PPG Watch
using an elastic band with velcro, which allows for adjustable, comfortable tightness. The

participants wear the PPG Earring as shown in Figure

The PPG Earring, Ring, and Watch were configured to the same light intensity settings
and programmed to collect PPG data using green, infrared (IR), and red lights simulta-
neously throughout the experiment. Additionally, we examined how different PPG light
intensities affected signal quality. The minimum light intensity for all wavelengths was set
to 3 mA, while the maximum intensity was either the highest level that did not saturate

the sensor on participants’ skin or the sensor’s maximum capacity: 50 mA for green light,
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24 mA for IR, and 30 mA for red light. The medium intensity was defined as the average
of the lowest and highest light intensities.

The study has two parts. 1) In the first part, the participants were asked to stay still
while wearing the PPG earring, ring, watch, and a commercial pulse oximeter (BioRadio)
as ground truth for two minutes. This part aimed to compare the PPG signal quality
from different body locations under ideal, motionless conditions. 2) In the second part, the
participants wore the PPG earring, ring, and watch while performing two common daily
activities: using a phone and working on a laptop, with each activity lasting two minutes.
The second part of the study was designed to assess the PPG signal quality during typical
motions encountered in daily life. Both of the two parts of the study were repeated three

times with three different light intensity settings.

PPG quality from earring vs. ring vs. watch during still

We compute the SNR results of the PPG signal collected from eight participants while they

stayed still and did not move at all.
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Figure 4.7: The SNR of PPG signal from earring vs. ring vs. watch, (a) using green light, (b) using
IR light, and (c) using red light.

Figure |4.7| shows the PPG SNR results of the earring, ring, and watch with green, IR,
and red light separately. The results show that the PPG signal obtained from the earring
has a much higher SNR than the wrist for all lights and achieves a similar or higher SNR

than the finger. It is expected since both the earlobe and finger have rich capillaries close
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to the skin surface, while wrist blood vessels are deeper and more sparse. In addition, we
noticed that there were three participants who had significantly low-quality PPG signals
from the ring. Two of the participants reported cold hands, and another participant had
callused skin on the fingers, which likely contributed to the low SNR from the finger. These
three participants’ data contributed to the ring’s overall lower average SNR compared to

the earring.

In addition to signal quality differences across measurement sites, Figure [4.7] shows that
as PPG light intensity decreases, signal quality diminishes across all locations. However,
the earlobe consistently maintains acceptable signal quality even at lower light intensities,
whereas the signal from the finger and wrist drops significantly. This is likely due to the thin
skin of the earlobe, which allows light to penetrate more easily into the underlying capillaries.
These findings highlight the PPG Earring’s potential for high-quality, low-power heart rate
monitoring, leveraging the natural advantages of the earlobe’s thin skin.

Among the three PPG light types, IR and green light deliver similarly high signal quality
across all intensities for both the earring and ring, with IR slightly outperforming green for
the earring. This is expected since IR penetrates the skin better and is well absorbed by
oxyhemoglobin. Green light also performs well, only 0.6 dB lower than IR at the highest
intensity for the earring. While green light doesn’t penetrate tissue as deeply, its higher
power compensates, making it the best choice for the wrist, likely due to the wrist’s muscle
and tendon composition—explaining why commercial smartwatches use green light for heart
rate monitoring. Red light consistently shows the lowest SNR across all locations, especially
at lower intensities. In pulse oximeters, red light is used with IR to estimate blood oxygen

saturation (SpO2), and is less effective alone for heart rate monitoring.

PPG FEarring vs. BioRadio as Ground Truth

We evaluated the PPG Earring’s heart rate measurements against the commercial BioRadio
pulse oximeter, which served as the ground truth because of its high signal quality and
access to raw PPG data. BioRadio is widely used as ground truth in research [54, [58] for

its reliability in physiological monitoring. Figure (a) presents an example time-series


https://www.glneurotech.com/product/pulse-oximeter-finger-clip-sensor/
https://www.glneurotech.com/product/pulse-oximeter-finger-clip-sensor/

70

PPG Earring vs ground truth PPG Earring vs Ground Truth

2.0
——BioRadio — N Earring
—PPG Earring| | E Ring
©15¢
—
o
c
Hiot
()
-
©
[a
£05¢
©
(]
I
' ' : 0.0
0 2 4 6 PL P2 P3 P4 P5 P6 P7 P8
Time (seconds) Participant

(@) (b)

Figure 4.8: (a) Example of the synchronized PPG Earring signal and the BioRadio signal. (b) The
average absolute heart rate error of PPG Earring and Ring compared to the BioRadio ground truth

signal.

plot comparing the PPG Earring’s signal to the BioRadio’s PPG signal from the same
participant. The signals were synchronized offline using cross-correlation. The heartbeats
align well between the two devices, although the PPG waveforms differ slightly. The shape
difference arises because 1) the BioRadio employs transmissive PPG while PPG Earring
and other wearable devices use reflective PPG [112] [117], and 2) the measurement sites are

different (fingertip vs. earlobe).

Figure [4.8| (b) shows the average absolute heart rate differences computed from the PPG
Earring device and the ground truth device, as well as the PPG Ring and the ground truth
device. Heart rates were computed using a standard peak detection algorithm with a 10-
second sliding window and a 5-second overlap. To isolate the system’s heart rate monitoring
accuracy from signal quality issues on the wrist or fingers, noisy data from the PPG Watch
and PPG Ring (P2 and P8) were excluded. On average, the PPG Earring demonstrated a
mean absolute difference of 0.454+0.21 BPM compared to the ground truth device, while the
PPG Ring showed a mean absolute difference of 0.55 £ 0.22 BPM (excluding P2 and P8).

These results demonstrate the high heart rate monitoring accuracy of the PPG Earring.
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PPG from earring vs. ring vs. watch during activities
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Figure 4.9: (a) The average valid PPG percentage from the earring, ring, and watch while playing
on the phone. (b) The average valid PPG percentage from the earring, ring, and watch while using

the laptop.

In addition to evaluating the PPG signal when the user is perfectly still, we also explore
the PPG performance on the earlobe, finger, and wrist when the user is using a smartphone
or laptop. Figure (a) and (b) show the valid percentage of PPG while playing on the
phone and using laptops, respectively. During playing the phone, earring achieves 92.40 +
4.82% with the best light results, while ring and watch only achieves 82.89 + 16.769% and
68.61 + 15.35% respectively. During using the laptop, the earring achieves 89.25 + 12.04%,
while the ring and watch only achieve 70.12 + 25.19% and 52.84 + 10.31, respectively. The
results showed that both ring and watch locations are more significantly affected by subtle
motions during these daily activities. Though the earring’s valid PPG percentage does not
change much between playing on the phone and using the laptop, the ring and watch’s
valid PPG percentage significantly decreased when using the laptop, likely because of larger
and more frequent hand motions when using a laptop, such as scrolling or typing. Besides
different PPG sensing locations, different PPG lights also showed different performance
during the same activity. Overall, green light always has the highest availability for the
earring, ring, and watch, which means green light is less susceptible to motion artifacts.

IR light has similar availability for the earring, but significantly lower availability for the
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ring and watch. And red light has the lowest availability across all devices. The results are
expected as the green light is less susceptible to motion because of its shorter wavelength.
IR light can penetrate more, so it is more likely to capture the internal muscle movement

on the finger and wrist.

In summary, both green light and IR light can work well for the earring, while only green
light might work well for the finger and wrist. The results of the study help guide future

PPG sensing setups in different locations.

4.4.2  Exercise Study

Monitoring heart rate during daily activities and exercise is a key feature of modern wear-
ables like smartwatches. However, capturing high-quality PPG signals during exercise is

challenging due to strong motion artifacts caused by body movements.

To explore PPG Earring’s heart rate monitoring capability during exercise, we recruited
eight participants and conducted a semi-controlled exercise study. The participants consist
of six females, one male, and one nonbinary gender, with an average age of 27.3 £ 5.4 and
skin color range from type I to type V on the Fitzpatrick scale. The participants were
asked to wear the PPG Earring at their comfortable tightness, and a commercial Fitbit
smartwatch on their wrist at a tightness level that it will not move on the skin. The users
were asked to complete three common exercise tasks at their comfortable level of intensity.
The study included: 1) walking for five minutes, 2) running for five minutes, 3) performing
nine sets of weight lifting using dumbbells. The weight lifting exercise included three sets
of bicep curls, three sets of shoulder presses, and three sets of dumbbell rows. Each set
includes ten repetitions. The total duration of the weightlifting exercise is around ten
minutes, including rest periods. The total duration of the whole exercise study ranges from
20 minutes to 30 minutes for all users. The PPG Earring collected data at 50 Hz, which

was later downsampled to 25 Hz to match the Fitbit sampling rate for comparison.
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Figure 4.10: (a) The spectrogram of PPG data from the earring during exercise. (b) The spectro-

gram of PPG data from the Fitbit during exercise.

Ezample participant’s PPG results

Figure |4.10| shows P1’s spectrogram of PPG data from the earring versus from the Fitbit.
The spectrogram was computed using the Short-Time Fourier Transform (STFT) with a
window length of ten seconds and an overlap of five seconds. In Figure (a), there is a
clear continuous line from the start to the end in the heart rate frequency region (60 bpm to
180 bpm, which equals 1 Hz to 3 Hz). This line stands out distinctly against the background,
representing the heart rate signal captured by the PPG Earring. We will validate this signal
in a later section by comparing it to the Polar H10 chest strap, which serves as a reference.

In contrast, Figure (b) shows the spectrogram from the Fitbit during exercise.
As expected, the Fitbit PPG data is significantly affected by motion artifacts. Despite
being worn tightly on the wrist, even small movements or muscle contractions in the hand
still change the pressure between the wrist and the Fitbit sensor. These variations cause
fluctuations or spikes in the reflected PPG light, which can overwhelm the subtle PPG

signals, leading to inconsistent heart rate readings.

Valid PPG percentage

As discussed above, the PPG earring appears to be less likely affected by the motion arti-
facts during exercise and is still able to capture valid PPG data for computing heart rate.
Figure m (a) shows the valid PPG signal percentage from earring versus Fitbit for each
participant. The valid percentage of the PPG signal is defined in Section
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Figure 4.11: (a) The valid percentage of PPG signal from PPG Earring and Fitbit for each partic-

ipant during exercise. (b) The average valid percentage of PPG signal for each exercise.

Figure (a) shows the valid percentage of PPG signals from the Earring and Fitbit
for each participant. Overall, PPG Earring captures valid PPG signals for more than 90%
for six participants and 80% to 90% for two participants. On average, PPG Earring is
able to capture 91.74 4+ 4.84 % valid PPG signal during exercise for eight participants. In
comparison, Fitbit captures valid PPG signals around 60% to 70% for most participants,
except only 53% for P7. On average, Fitbit can only capture 67.16 + 6.74 % valid PPG
signal during exercise for eight participants. Though the Fitbit was worn on all participants
not loosely, the natural contacting by the watch band does not guarantee constant pressure
between the watch sensor and the skin, which can cause a lot of noise to the PPG signal. In
addition, it should be noted that commercial Fitbit smartwatches might use a higher PPG
light power than the earring, but we do not have access to the Fitbit PPG light setting.

Figure m (b) shows the average valid percentage of PPG signals for eight participants
across different exercises. On average, PPG Earring achieves a valid PPG percentage of
97.03 + 3.13% for walking, 94.25 + 4.63% for running, and 85.18 4 8.46% for weight lifting.
Fitbit achieves 74.55 + 10.10% for walking, 71.05 + 28.44% for running, and 59.71 + 5.84%
for weightlifting. It is expected that walking has the highest percentage of valid PPG for
both the earring and the Fitbit since walking is the mildest activity here. Running is a
more intense activity but PPG Earring still maintained a high quality signal of 94.25%

with low variance. Fitbit shows a large variance in the capability of capturing PPG signals
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Figure 4.12: The spectrogram of P6’s eight hours of PPG data from PPG Earring compared to the

Fitbit, along with a zoomed-in spectrogram of one hour of activity.

during running for different participants, likely due to people’s different running patterns.
In addition, Fitbit shows a low percentage of PPG signals during weightlifting for all users.
This is expected since people use arm and hand muscles during weight lifting, which often
change the contact pressure between the Fitbit sensor and wrist skin.

In summary, the exercise study results indicate that PPG Earring is more reliable
for heart rate monitoring during exercise than the Fitbit and potentially other wrist-
worn smartwatches, particularly during intense exercise with frequent movements or hand-

involved activities.
4.5 In-the-wild Study

We recruited six participants to wear the PPG Earring and a commercial Fitbit smartwatch
for a day (at least eight hours) during their normal daily routines. The participants included
four females, one male, and one nonbinary individual, with an average age of 23.67 + 3.27
years. Their skin tones ranged from Type I to Type IV on the Fitzpatrick scale. Participants

were instructed to wear the PPG Earring (without decorative elements) and the Fitbit by



76

themselves at a comfortable tightness. Some participants may wear the Fitbit more loosely
than in the controlled exercise study. Each participant was provided an Android phone
with the PPG Earring App to collect data, while the Fitbit data was stored locally on the
device. They logged their activities in the Earring App throughout the day. At the end of
the study, participants completed an online survey to rate the comfort of both devices and
indicate their usual earring- and watch-wearing habits, including how frequently they wear

these accessories in daily life.

4.5.1 PPG Earring vs. Fitbit smartwatch

Figure |4.12] presents the spectrograms of P6’s eight-hour in-the-wild data collected from
both the PPG Earring and the Fitbit. While the entire eight-hour spectrogram is dense
and makes it difficult to observe rapid heart rate fluctuations over short time scales, we
can still see general heart rate trends over the duration of the PPG Earring spectrogram,
especially the increase in heart rate during periods of walking. The figure on the right
provides a zoomed-in view of one hour of PPG data to provide details on the time scale,
highlighting periods of both sitting and walking. Additionally, we observed that while the
PPG Earring is generally less affected by daily motions, it is impacted by eating, specifically
during chewing. This is likely due to the proximity of the earlobe to the jaw and facial
muscles, where the movements during eating can cause motion artifacts.

When comparing the spectrogram results of the PPG Earring to those of the Fitbit, we
noticed frequent vertical lines across all frequency ranges in the Fitbit spectrogram. These
vertical lines are likely due to motion artifacts causing sudden changes in the PPG light
path. The zoomed-in one-hour spectrogram of the Fitbit on the right shows that there
are some short durations where valid heart rate signals are detectable and align well with
the PPG Earring results despite the motion interference. Overall, Fitbit’s data exhibited
significantly more noise and motion artifacts than the PPG Earring data.

Figure (a) shows the valid percentage of PPG signal for each participant in the
study. One participant (P5) did not collect any data from either the PPG Earring or
Fitbit, likely due to mishandling, and therefore, P5 is excluded from Figure [4.13] Across
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Figure 4.13: (a) The percentage of valid PPG signal during the whole day in the wild study from
PPG Earring vs. from Fitbit. (b) The average SNR of PPG during the whole day in the wild study
from PPG Earring vs. from Fitbit.

the remaining five participants, PPG Earring achieves an average valid PPG percentage of
86.294-2.96%, while Fitbit achieves 54.8844.63% valid PPG. We observed that both devices
recorded lower valid PPG percentages in the in-the-wild study compared to the exercise
study. For PPG Earring, signal disruptions primarily occurred during self-reported eating
periods, likely due to chewing or facial muscle movements introducing motion artifacts at
the earlobe. This eating activity was present in every participant’s data, contributing to
the lower overall PPG availability in daily use. For Fitbit, the lower percentage was mainly
due to participants wearing the device more loosely for comfort throughout the day, leading

to increased motion artifacts.

Figure (b) shows the computed average SNR for each participant. The SNR was
computed based on the definition in Section [4.3] with an invalid PPG signal window being
excluded from the SNR computation. On average, PPG Earring has an average SNR of
16.35+1.09 dB during the in-the-wild study. And Fitbit PPG’s average SNR is 12.98 +1.05
dB, which is significantly (3.4 dB) lower than PPG Earring.
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Figure 4.14: The comfort level comparison of PPG Earring vs. normal earring, and PPG Earring

vs. Fitbit smartwatch.

4.5.2 PPG Earring Comfort Level Evaluation

After participants finished the in-the-wild study, we further asked them to complete a survey
to assess the comfort of the PPG earring prototypes as well as their own earring-wearing
habits. The survey evaluated the comfort of the PPG earrings during prolonged wear and
compared it with that of the commercial Fitbit smartwatch and their daily earrings. The
survey included both Likert scale ratings and open-ended questions to gather information
on comfort levels for PPG earrings and Fitbit, participants’ willingness to wear the PPG

Earring or Fitbit daily, and the wearable comfort assessment for the PPG Earring and Fitbit

I75].

PPG Earring’s Overall Comfort

All six participants found the PPG Earring highly comfortable, with an average Likert rating
of 1.33 + 0.52 on a scale from 1 to 7 (where 1 means very comfortable). All participants
found the PPG Earring was as comfortable as their normal earring: “It was just as

comfortable - I often forgot I had it on.” (P3).

Most participants expressed strong willingness to wear the PPG Earring daily, with five
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rating their willingness highly (giving a score of 1 or 2) and one participant giving a moderate
rating (giving a score of 3). For daily wear duration, five participants were willing to wear
the PPG Earring for all day (124 hours), while one participant preferred 7 hours due to skin
sensitivity, as they only wore gold earrings for extended periods. Participants’ willingness
to wear the PPG earrings for extended hours suggests that it could be an attractive option
for people already accustomed to wearing earrings. To further enhance user acceptance,

PPG Earring’s future designs could incorporate gold or other hypoallergenic materials.

PPG FEarring vs. Normal Earring

The Figure [4.14 illustrates the comfort comparison of PPG earring vs. normal earring, and
PPG Earring vs. Fitbit. All participants reported PPG earring to be as comfortable as their
normal earrings. Three participants rated 1 on the Likert scale, and three participants rated
2 on the Likert scale (where 1 means PPG earring is as comfortable as normal earrings).
Three participants (P3, P4, P6) noted that they were not aware of the earrings’ presence:
P5 described the PPG earring as "lighter than my normal ones”, and P2 mentioned that

the PPG earring felt like “a reqular earring with heavier stud or hoop.”

PPG FEarring vs. Fitbit Smartwatch

Figure [4.14 shows the comfort preference of PPG Earring vs. Fitbit. The preference varied
significantly across participants, with four participants finding PPG Earring much more
comfortable (giving a score of 1 or 2) and two participants preferring Fitbit (giving a score
of 5 or 6). While all participants expressed strong to moderate willingness to wear PPG
Earring every day, they were less willing to wear the Fitbit daily, with four indicating
unwillingness to wear the Fitbit smartwatch.

However, it should be noted that only three participants reported wearing smartwatches
regularly (Garmin or Apple Watch), while all participants reported wearing their own ear-
rings regularly, ranging from almost every day to every day. Among these three daily
smartwatch users, two rated the Fitbit as more comfortable than the PPG Earring (giving

a score of 5 or 6, where 1 indicates a strong preference for the earring and 7 indicates a
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Figure 4.15: The comfort rating scale results of PPG Earring and Fitbit on six comfort aspects of

wearables.

strong preference for the smartwatch), even though both rated the PPG Earring as ”very
comfortable” overall (giving a score of 1). Additionally, one smartwatch user rated the PPG
Earring as significantly more comfortable than the Fitbit (giving a score of 1) because they
did not like the feeling of the silicone watch band.

Figure displays the comfort rating scale results for the PPG earrings and Fitbit
across 6 standard comfort descriptors for wearable computers [75]. We explain the six

comfort descriptors here:

e Concern: Worries about appearance when wearing the device.

Attachment: Awareness of device presence/movement.

Harm: Feeling that the device may cause harm/pain.

Change: Feeling physically different while wearing the device.

e Movement: Device restricting movement.

Anxiety: Insecurity while wearing the device.
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Overall, PPG Earring consistently scored lower (indicating more comfort) across all
descriptors. Notably, it received significantly lower scores in the ”attachment” category,
with participants reporting they were less aware of the earring compared to the Fitbit,

suggesting the PPG Earring may be less intrusive and more comfortable to wear.

Participants’ qualitative feedback supported this finding. Half of the participants (P1,
P4, P6) mentioned that the smartwatch felt bulky and interfered with daily activities: “I
didn’t like how bulky watches are, they inhibit some movement.” (P1). These findings suggest
that the PPG Earring offers a more comfortable, lightweight alternative that minimizes the

feeling of wearing a device.

4.6 Discussion

4.6.1 Fashion Design

To enhance the aesthetic appeal of the PPG Earring, we explored the design options for
the earring. The primary structure of the PPG Earring features a circular battery at the
front of the ear, with the system’s PCB positioned at the back, connected by two wires.
Since the PCB is discreetly placed behind the earlobe, the design focus is on the battery
and the battery wires. Figure ?? (a) (b) shows an example fashion design we had on the
battery. We recolored the battery with a layer of copper tape and attached a gold-plated
lace pendant to the front of the battery. We also threaded 2mm diameter pearls onto the
two wires to decorate the wires, making the PPG Earring look like a hoop earring. While
this is just one example, the battery can be decorated with a range of fashionable elements
commonly seen in stud earring designs. The wires can also be painted in various colors or
wrapped with different materials to create unique textures and shapes, such as a twisted
gold wire design. The fashion design of the PPG Earring is highly adaptable, allowing
users to customize their look by swapping out decorative battery modules. This modular
approach enables users to easily change styles, offering a variety of fashionable options for

the PPG Earring system without affecting its functionality.
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Universal design

In addition to swapping out the battery module, the PPG Earring could potentially be trans-
formed into a universal earring back, with all components—including the battery—positioned
behind the earlobe. This would allow users to wear any normal earrings of their choice and
just replace their earring back with a PPG Earring system. This requires a customized
battery shape with a central hole to let the earring post go through. This design presents
additional challenges, as it limits the battery’s thickness, thereby restricting the system’s

power capacity and requiring more efficient energy consumption.

4.6.2  Smart earring as a sensing platform

While this paper primarily evaluates the PPG Earring for heart rate monitoring, the device
is capable of much more. It can measure heart rate variability (HRV), a key well-being indi-
cator affected by stress, exercise, and sleep [123]. Since HRV is even more sensitive to motion
artifacts than heart rate, smartwatches and rings typically only assess it opportunistically
during stable periods, such as sleep [100]. In contrast, PPG Earring’s motion-resilient design
shows promise as a continuous HRV tracker, providing timely insights into users’ well-being.
Besides heart rate and HRV, the PPG Earring also measures SpO2, motion, and earlobe
temperature, making it a comprehensive health monitoring platform. SpO2 readings reflect
blood oxygen levels, and low levels may indicate respiratory or circulatory issues. The PPG
Earring can alert users during these conditions and prompt timely medical attention. The
motion sensor tracks steps and estimates calories burned during exercise, while the tem-
perature sensor monitors earlobe temperature, enabling early fever detection and insights
into menstrual cycles [150]. Although this paper focuses solely on PPG Earring’s heart rate
monitoring, we envision it as a general health platform for both users and researchers, pro-
viding a foundation for future earlobe-based monitoring of physiological signals, activities,

and well-being.
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4.6.3  Cardiac diseases detection

Since PPG Earring can sense valid PPG signals most of the time, the PPG signal can
potentially be used to detect Atrial fibrillation (AFib) and other cardiac-related diseases
such as loss of pulse. While PPG for AFib detection is actively being explored in the
research domain, it is largely limited to strict still conditions because motions can cause
a lot of false positives on smartwatch PPG [107]. Google recently introduced the loss of
pulse detection using the PPG from Pixel watch [55], while the Pixel watch requires a lot of
algorithm processing to keep out the false positives of bad PPG signals, PPG earring can
potentially achieve this with better accuracy and a simpler algorithm because of the nature
of a reliable PPG signal from the earlobe. In addition, most people wear two earrings, which

can further reduce the false positive rate of cardiac disease detection.

4.6.4 Limitations and future work

Wearing the PPG Earring requires a pierced earlobe, which limits the target user group, as
approximately 80% of women in the U.S. have pierced earlobes |127], while the percentage
is significantly lower among men. While we have explored a magnet-based earring that
does not require piercing, its performance was suboptimal due to increased susceptibility to
motion artifacts and a higher likelihood of detachment during high-intensity movements. For
the final design, we selected the pierced earring attachment due to its secure and consistent
mechanical stability, which significantly improves signal quality. However, this choice also
restricts the potential user base. In the future, a piercing-free, magnet-based earring could
be an alternative if the overall weight of the PPG Earring system can be significantly
reduced, allowing the magnets to hold the earring securely in place.

In this paper, we did not compare the PPG Earring’s signal quality to a medical-grade
heart rate monitor, such as an electrocardiogram (ECG), as PPG is a well-established and
extensively studied technology. However, a clinical-grade study remains a crucial future
step, particularly for cardiac disease detection applications.

PPG signal quality varies significantly based on skin color, with a well-known reduction

in signal strength for darker skin tones [3]. We observed that IR light on the earlobe
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performs better for darker skin, while green light generally offers superior signal quality for
lighter skin tones. This is likely due to IR light’s ability to penetrate deeper into the skin
and reach the blood vessels, whereas green light is more likely to be absorbed by darker
skin. In future iterations, the PPG Earring could incorporate automatic adjustments to
both light color and power settings, optimizing performance for different skin tones and
environmental conditions.

In this paper, we only explored PPG Earring’s usage during the daytime, instructing
participants to remove it during sleep to avoid accidental damage. However, heart rate
monitoring during sleep provides valuable insights into the user’s sleep quality. In the
future, with more careful mechanical design and rigorous testing, the PPG earring could be
adapted for use during sleep, enabling the collection of sleep quality data from the earlobe.

We observed that eating or chewing can cause significant noise on the PPG data on the
earring, likely due to the jaw and facial muscle movement causing motion artifacts. While
this movement interferes with PPG signal clarity, it could also be leveraged as a detection
signal for eating behavior, allowing for monitoring of eating time and duration, which are
important factors in overall health and wellness tracking.

While none of our participants reported issues with the PPG Earring’s fit, individuals
with significantly smaller than average earlobes (19.6mm x 18.8mm) might find its 14mm
diameter challenging to wear [24]. Future earring designs could be half the size through a

double-layer PCB integration, accommodating potential users with very small earlobes.
4.7 Summary

We present PPG Earring, a smart earring for heart rate monitoring using PPG. PPG
Earring measures 14 mm in diameter, weighs 2.0 g, and offers 21 hours of continuous PPG
and motion sensing wirelessly. In experiments comparing PPG signal quality across earrings,
rings, and watches under identical light settings, the earlobe provided 1.2 to 8.0 dB better
signal quality than the wrist, and 0.2 to 3.3 dB better than the finger. We compared the
PPG Earring’s performance to a commercial Fitbit smartwatch in an exercise study and
a whole-day in-the-wild study. The exercise study shows that PPG Earring captures valid
heart rate data for 91.74 + 4.84 % of the time during exercise, which is 24.5% higher than
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Fitbit. In our whole-day study, PPG Earring captured valid PPG for 86.29+2.96% of time,
which is 32% higher than Fitbit and has a 3.4 dB higher SNR. In addition, all participants
in the in-the-wild study found the PPG Earring as comfortable as their regular earrings,
and five out of six participants expressed a strong willingness to wear the PPG Earring
all the time every day. Our study results not only validate PPG Earring’s signal quality
but also prove its comfort, highlighting its potential as a reliable daily health monitoring

device.
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Chapter 5

ECG NECKLACE

Necklace name: ecgdl

Device Connected

Heart Rate: 88 bpm

ECG Graph

(a) ECG Necklace final form factor (b) ECG Necklace exploded view (c) ECG Necklace App

Figure 5.1: (a) The ECG Necklace with fashion design. (b) An exploded view of the ECG Necklace,
showing the PCB beneath the central pendant and the novel skin moisture-enhanced electrodes. c)

The smartphone app visualizing ECG data wirelessly transmitted from the necklace.

5.1 Introduction

Cardiovascular diseases are the leading cause of death globally, accounting for an estimated
17.9 million lives or 32% of global deaths [147]. Electrocardiogram (ECG) is a key diag-
nostic tool in medicine to diagnose heart conditions. They record the electrical activity of
the heart over a period of time using two or more electrodes placed on the skin. While
widely used in clinics, ECG is difficult to schedule, and many heart conditions, such as
arrhythmias, are transient, with symptoms that may disappear before diagnosis. In addi-

tion, 20% to 50% of heart attacks are “silent”, meaning patients experience no symptoms or
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unrelated symptoms, such as flu-like symptoms, instead of traditional symptoms like chest
pain [30, 121, 35]. Without continuous ECG monitoring, these silent critical warning signs
are unnoticed, and up to 50% of cases are diagnosed only after heart disease has progressed
to a later stage [45].

Continuous, everyday ECG monitoring is critical for detecting the onset of heart dis-
eases and enabling early intervention. However, achieving this in a daily wearable format
remains challenging due to the trade-off between accurate electrode placement and wearabil-
ity. Standard electrode placement, with electrodes far apart on different sides of the heart, is
critical for accurate diagnosis but limits wearability. ECG Holter monitors use cumbersome
cables to achieve standard placement but sacrifice comfort, making them suitable only for
ambulatory monitoring. ECG patches improve wearability but rely on non-standard place-
ments, limiting their clinical utility to arrhythmia detection only. Consumer wearables like
smartwatches, which use the left and right hand for electrode placement, cannot provide
continuous monitoring. They require users to touch the watch crown to complete the cir-
cuit, allowing only brief 30-second recordings, which limits their suitability for continuous
ECG tracking.

We address this challenge and provide continuous, clinically valuable ECG monitoring
in a wearable format by leveraging the necklace’s natural shape around the chest. As shown
in Figure the necklace’s positioning allows two electrodes to be placed on the left and
right sides of the heart, enabling similar to standard Lead I placement to capture horizontal
heart activity for diagnosing a broad range of conditions. The ECG Necklace comprises a
compact processing unit as the central pendant and two non-adhesive electrodes as adjacent
pendants. In a study with 12 participants, we demonstrated that the necklace’s ECG signal
is comparable to a Holter monitor with standard Lead I placement, providing a reliable
signal for heart diagnostics. As necklaces are widely accepted as everyday accessories worn
by millions, this form factor has the potential to become a consumer-friendly wearable for
daily use.

Achieving continuous ECG sensing while ensuring long-term comfort presents significant
challenges. Standard adhesive gel electrodes, while effective, are uncomfortable for extended

wear due to skin irritation and are single-use only because of gel evaporation. To address
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this, we design a novel skin moisture-enhanced electrode that uses natural skin moisture as
the electrode “gel” to improve the electrode performance. Since skin moisture (i.e., sweat) is
deformable and conductive due to electrolytes, it improves the skin contact with the metal
electrode and improves the signal quality [8] [70], like traditional ECG gels. As human skin
continuously produces moisture that evaporates into the air [4], we leveraged a thin layer of
skin-friendly silicone that acts as a barrier against water evaporation from the skin, creating
a moisturizing micro-environment as “gel” for the electrode. Unlike adhesive electrodes, the
skin-friendly necklace electrodes avoid skin irritation and do not suffer from gel evaporation
by leveraging the continuous production of moisture by the body.

In addition to electrode comfort, developing a wireless smart necklace requires addressing
several technical challenges related to size, weight, and battery life to ensure long-term
wearability. Size constraints directly affect power consumption due to the limited energy
density of batteries. To design a wireless system within these limitations, we utilized a
highly integrated ECG analog front-end chip and an ultra-compact nRF52 microcontroller.
By carefully optimizing both size and power consumption, we achieved a compact design
with a 22 mm, 4-gram pendant—over four times smaller than the smallest continuous ECG
patches [14} 160, [140]. The ECG necklace offers a 4-day battery life with continuous 250 Hz
sampling and wireless streaming, which can be further extended by reducing the sampling
rate.

We investigated various aspects of the ECG necklace design, including electrode place-
ment, electrode design, and the necklace’s overall performance in natural daily scenarios.
We evaluate the novel electrode design by a benchmark test and a twelve users experi-
ment, showing that our electrode with diameters between 15-25 mm achieve impedance and
Signal-to-Noise Ratio (SNR) comparable to those of the standard adhesive gel electrodes.
We compare the ECG Necklace’s performance versus an FDA-approved Holter monitor in
real-world testing, with twelve participants performing common activities (talking, using
laptops and smartphones). We validated the difference between the key features from the
ECG necklace and Holter monitor is only 3.2 ms for the R peak, 8.5 ms for the P peak, and
15.7 ms for the T peak, all of which are well within the generally acceptable error range of

20 ms [34]. In addition, we conducted a whole-day in-the-wild study with ten users wearing
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the necklace and a consumer heart rate chest strap with ECG sensing. The ECG Necklace
demonstrates comparable ECG signal availability to the tightly worn chest strap and 1.5 dB
higher signal quality than the chest strap. In addition, nine out of ten users strongly prefer
the necklace over the commercial chest strap in terms of comfort, indicating its potential as
a daily ECG and health monitoring system.

We summarize this paper’s contributions below:

o We developed a wireless necklace for continuous ECG monitoring by utilizing the neck-
lace’s unique shape for accurate electrode placement while maintaining wearability.
The ECG necklace features a compact design with a 22-millimeter diameter pendant

with an 88-hour-long battery life.

o We designed a novel skin-moisture-based electrode using silver PCB and silicone. We
conducted a benchmark test and an on-user experiment to characterize the electrode’s
size, frequency response, impedance at different moisture levels, and actual on-user

performance.

e We conducted real-world studies to assess the ECG Necklace’s signal quality compared
to an FDA-approved ECG monitor. We further conducted a whole-day in-the-wild
study to evaluate the ECG Necklace’s signal availability, quality, and comfort level in

natural daily settings compared to a commercial chest strap.
5.2 Background on ECG

ECG operates by detecting small electrical voltages generated by the depolarization and
repolarization of the heart muscles during each cardiac cycle. ECG can be measured by
placing a pair of ECG electrodes at two locations on the body and recording the voltage
difference between them. Each pair of electrodes forms a lead and represents the axis along
which the cardiac vector is visualized.

The typical ECG waveform, as shown in Figure [5.2] consists of three primary elements:
the P wave, the QRS complex, and the T wave, each corresponding to a different part of the

heart. Medical professionals analyze the ECG by examining the waveform’s overall shape,
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Figure 5.2: (a) Example of an ECG waveform from a heart in normal sinus rhythm. (b) The

electrode placement in clinical standard 12-Lead ECG and the necklace’s electrode placement.

timing and magnitude of the P, QRS, and T wave. Variations in these parameters can reveal
a wide array of cardiac conditions. For example, atrial fibrillations (AFib) is diagnosed by

looking for the absence of regular P waves and the presence of irregular R-R intervals.

5.2.1 Electrode Placement Requirement

Electrode placements have to follow standard guidelines, which clinicians heavily rely on for
accurate diagnosis [116,[72]. Figure[5.2| (b) shows the standard 12-lead ECG setup utilizing
10 electrodes. They can be simplified by choosing just the RA, LA, and LL electrodes to
form a 3-lead or 1-lead ECG. Lead I setup is one of the most common setups, with the
negative electrode (RA) positioned on the right shoulder below the right clavicle and the
positive electrode (LA) positioned on the left shoulder. Lead I captures the heart’s electrical
activity along the horizontal axis and provides insight into a wide range of heart conditions,
making it suitable for the ECG necklace setup. We will discuss and evaluate electrode

placement in the ECG necklace in Section [5.3.3.
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5.2.2  Electrode Design

O cccc. R i oW

(a) Dry electrode (b) Gel electrode (c) Electrode with pressure

Pressure

Figure 5.3: Demonstration of skin contact with (a) a simple dry electrode, (b) a gel electrode, (c)

a dry electrode when pressed to the skin

ECG electrodes are essential parts for obtaining accurate ECG signals. These electrodes,
typically made from conductive metals, are attached to the skin to transmit voltage signals
from the body to the ECG device. The most common electrodes are adhesive gel electrodes
that adhere tightly to the skin, with a layer of conductive gel between the skin and the
electrode to enhance ECG voltage signal transmission. The necessity for conductive gel
arises from the skin’s uneven textures on a micro-level, which limits the amount of contact
surface between the skin and the electrode.

As shown in Figure[5.3| (a), without conductive gel, the contact surface area between skin
and electrode is minimal. The resulting air gap between the skin and electrode acts as an
insulator to voltage, ultimately reducing the quality of the obtained signal. In comparison,
conductive gel bridges the skin-electrode gap as shown in Figure (b), which not only
significantly increases skin-electrode surface contact but also improves the impedance mis-
match between the human body and the electrode. Although adhesive gel electrodes ensure
a high-quality ECG signal, they are uncomfortable to wear for extended periods, and the
residue from the adhesive layer can remain on the skin for multiple days. Additionally, the
electrodes stop working once the gel evaporates, typically within two hours of air exposure.

Besides adhesive gel electrodes, applying increased pressure on the electrode towards the
skin can also enhance skin-electrode contact, as demonstrated in Figure (c). Devices

such as chest strap-based ECG and smartwatches use elastic bands to apply this pressure
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and improve signal quality. However, excessive pressure can be uncomfortable for users and

unsuitable for devices like necklaces.
5.3 System Design

Designing a smart necklace wearable device requires a careful balance between functionality,
user comfort, and aesthetic appeal. In this section, we will introduce the key components of
the ECG necklace system. As shown in Figure These include the ECG sensing front-end
chip, the innovative design and strategic placement of ECG electrodes, an accelerometer
for motion tracking, wireless communication technology for seamless data syncing, and
the battery that powers the entire system. We will discuss how each element has been

thoughtfully selected and integrated to optimize both performance and design aesthetics.

Positive 7 Negative
electrode  §m ol electrode

N Acceleromete b ECG chip

M;I Antenna
1 MCU

FP60AAH40
IC RUD2032C18ST1

22mm Battery

Figure 5.4: The front and back sides of the ECG necklace system, with a US coin as reference for

size.

5.8.1 FECG Analog Front End

We implemented the ECG sensing analog front end using the MAX30003 chip, which fea-
tures a compact size of 2.3 mm by 2.8 mm and ultra-low-power consumption of 100 pA.

To maximize the quality of ECG readings, the MAX30003 was set to operate at its highest
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amplification gain setting of 160 V/V and a sampling frequency of 250 Hz. The commu-
nication between the chip and the system’s microcontroller is established through an SPI
communication interface. ECG data captured by the MAX30003 is temporarily stored in a
FIFO buffer, capable of holding up to 32 samples. This configuration allows the microcon-
troller to retrieve data from the buffer every 64 milliseconds, ensuring timely processing of

ECG samples while reducing the frequency of microcontroller wake-ups to conserve power.

5.3.2 Dry Electrode

[Silicone
I Silver electrode
Skin moisture — Flexible silicone film

Flexible silver PCB

Connecting wire

| 1
15 Imm "'
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natural skin moisture

(@) (b)

Figure 5.5: (a) The demonstration of the necklace electrode that leverages natural human skin

moisture as the ECG ”gel”. (b) The components of the necklace electrode.

As discussed in Section [5.2.2] acquiring a high-quality ECG signal typically requires the
use of either conductive gel, sufficient pressure, or adhesion to ensure the electrode’s contact
with the skin without any air gaps. However, excessive pressure and strong adhesion are
not suitable for long-term comfort.

To address these challenges, we have developed an innovative solution: a flexible silver-
based electrode with a flexible silicone film layer as its substrate. This design leverages the
flexibility of the silicone layer to not only secure the electrode against the skin but also to

create a moisturizing micro-environment between the skin and the electrode. Given that
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human skin naturally loses moisture through transepidermal water loss (TEWL), where the
silicone layer acts as a barrier against water evaporation, ensuring a moist interface. Addi-
tionally, the natural conductivity of human sweat, because of electrolytes such as sodium,
chloride, potassium, and magnesium, facilitates its role as a conductive gel in this setup.
Silicone was chosen because of its skin-friendliness. It is biocompatible, hypoallergenic, and
does not promote bacterial growth, making it widely used in a range of skincare and medical
applications, including being a gold standard for non-invasive scar treatment [143]. Silicone
patches occlude and hydrate the stratum corneum of the treated skin area. After applying
the silicone patch, the rate of water loss via evaporation of the treated skin area is much
less than the untreated area, making the skin adequate but not over-hydrated [129]. Fur-
thermore, the design is enhanced by the electrode pendant’s weight, which applies a gentle

and comfortable pressure to augment skin contact without compromising comfort.

Figure [5.5| shows the structure of our designed electrode. The conductive layer is a
silver-coated flexible PCB, which can be fabricated through the standard process. This
PCB, with a diameter of 15 mm and a thickness of 0.1 mm, is coated with silver to ensure
optimal conductivity [73]. Its flexibility is further augmented by a laser-cut swirl pattern,
enabling it to conform to the skin’s texture. A thin wire is soldered to the silver-coated
flexible PCB to connect the electrode with the necklace’s central system. As any wire on
the skin side of the flexible PCB could significantly increase the air gap between the skin
and the electrode, we utilized vias on the PCB to connect the front side and the back side
of the PCB, and the wire is soldered on the back side of the PCB to avoid causing air gap.
The silicone layer is produced using Smooth-On EcoFlex 00-10, a user-friendly pourable
silicone. Inspired by silicone scar patch and silicone wrinkle patch, we mixed the silicone
base liquid, its curing agent, and simple body lotion in a 1:1:1 ratio. By curing it at room
temperature, a highly flexible and stretchable silicone rubber is formed. The addition of
lotion makes the silicone patch slightly adhesive without the need for glue, enhancing its
ability to adhere to the skin without causing irritation. Our innovative necklace electrode

is easy to manufacture yet effective. We will evaluate the performance of the electrode in

Section [5.5.2
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5.3.83 FElectrode Placement Design Space
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Figure 5.6: ECG signals from different electrodes placement: (a) standard clinical lead I placement,
(b) front center and back center, (c) front left and front right under the collarbones, (d) back left
and back right.

We explore the necklace’s unique design space by testing five different electrode place-
ments to achieve a balance between clinical value and aesthetic appeal. Figure[5.6]illustrates
the electrode placements we tested and the corresponding example ECG signals obtained
from each configuration.

Standard Lead I configuration: Figure (a) shows the electrode placement and
its corresponding signal from Lead I configuration. It clearly contains the P wave, QRS
complex, and T wave, and we will use it as the reference for the electrode placement exper-
iment.

Front center and back center: Figure (b) shows the placement and data from
the front center and back center. This placement is particularly convenient for concealing
the technology within the necklace, with the electrodes hidden behind the central pendant.
As shown in Figure (b), ECG signals obtained from this placement showed clear QRS
complex but almost no P wave, which is important for many heart conditions diagnosis such

as AFib and heart attack. Despite its limited clinical value, this setup can still provide valid
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heart rate and arrhythmia monitoring and detect Ventricular Hypertrophy from a widened
QRS complex, which is worth exploring in the future.

Front left and front right: Figure (c) shows the placement and data from front left
and front right. The electrodes were placed at the extended line of the neck and below the
clavicle. Given that the width of an adult’s heart is approximately 8 cm (3.5 inches)—about
the size of a person’s fist [37]—and typically narrower than the neck width. This placement
strategy allows for capturing the heart’s ECG signal on the horizontal axis, and its signal
shows valid P wave, QRS complex, and T wave, with almost the same shape as the standard
lead I placement, with the potential to provide highly valuable clinical data.

Back left and back right: Figure (d) shows the back left and back right electrode
placement and corresponding signal. This electrode setup captures the heart’s activity from
a similar horizontal angle as those on the front, yet they have a much higher noise level,
likely due to more attenuation.

In addition to the electrode placements shown in Figure [5.6] we have also tested the
electrode placements combining the front center with either the back left or back right.
However, this electrode placement does not show consistent ECG waveforms across different
users, which is likely due to these configurations capturing only half of the heart’s electrical
activity, leading to distorted and variable ECG waveforms. So we do not recommend these
electrode placements, and they are not included in Figure |5.6

Design choice: We chose the electrode placement on the front left and right for our
final design, considering its high SNR and similarity to standard Lead I configuration.
However, there is a trade-off between aesthetic appeal and clinical value. While some
electrode configurations may capture only partial ECG data, they are still valuable to

explore in the future.

5.8.4  Other Sensing Capabilities

Though this paper mainly focuses on the ECG sensing part, we envision the necklace has
the potential to become a daily health and fitness tracker. Thus, we have integrated mo-

tion sensing capability to it. We selected the LIS2DW12 accelerometer to sense the user’s
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movements. [t features a low active current consumption of 1 uA and a sensitivity of 0.244
mg/digit, which offers configurable settings for both the sensing scale and sampling rate.
The accelerometer is set to sample at 50 Hz, which is high enough to track human motions.
This addition can potentially turn the necklace into a comprehensive health monitoring
platform capable of tracking physical activity, breathing patterns, and subtle seismocardio-
graphy (SCG) signals. However, since the accelerometer signal analysis on the chest is well

studied [28] [103], this work does not focus on analyzing the accelerometer data.

5.3.5 Bluetooth Communication and MCU

The ECG necklace is designed to be fully wireless, prioritizing comfort and ease of use.
Bluetooth Low Energy (BLE) was chosen for its low power consumption, sufficient range,
and reliable data transfer rates, making it ideal for this application. The nRF52832 micro-
controller was chosen to implement BLE data streaming and interfacing with the sensors.
It features a compact size (3.0 x 3.2 mm) and energy efficiency, which are essential for
the compact design of the ECG necklace. To conserve energy, the microcontroller operates
primarily in deep sleep mode, waking briefly for data exchanges and BLE transmission.
Every 120 milliseconds, the nRF microcontroller retrieves data from the FIFO buffers
of the MAX30003 ECG chip and the LIS2DW12 accelerometer chip. This interval matches
the ECG chip’s capacity to store up to 32 samples, preventing data loss. During each wake
cycle, the microcontroller reads 30 ECG samples and 18 accelerometer samples (6 from each
axis), packages them into a single transmission packet, and sends it via Bluetooth before
returning to deep sleep. This efficient process minimizes active time, maximizing battery

life while enabling continuous, real-time monitoring.

5.3.6 DBattery

We selected the RJD2032C1ST1 rechargeable battery to power the entire ECG necklace
system. This battery offers an 87 mAh capacity and features a compact, round form factor
with a diameter of 20 mm and a thickness of 3.5 mm. While certain hearing aid batteries

of a similar size offer higher capacities, they cannot be recharged due to their chemical
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compositions.
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Figure 5.7: Demonstration of wearing the ECG Necklace (without any fashion decorations).

5.83.7 The Final Necklace Design

Figure shows the final necklace design and how a user would wear it. The pendant
contains the main necklace system and is made on a round, flexible Printed Circuit Board
(PCB). The front side of the PCB houses all the electronics, including the ECG front-
end chip, Bluetooth microcontroller, and an accelerometer for potential motion sensing.
The positive and negative electrodes for ECG sensing are wired to this side of the PCB.
Meanwhile, the back side of the PCB is dedicated exclusively to the battery. This double-
sided PCB design maximizes the use of the limited area while maintaining a slim and
wearable profile. The battery life is 88 hours, supporting continuous ECG signal streaming
at 250 Hz and accelerometer signal streaming via Bluetooth. Besides the pendant, the two
electrodes are placed under the collarbone, with a thin piece of silicone to hold it onto the
skin. The entire necklace system weighs approximately 5 grams, with the central pendant
(including the battery) weighing 4 grams and the two silicone-covered electrodes weighing
1 gram. Additionally, fashion components can be added to the necklace to enhance its

aesthetic appeal and social acceptance. With the 3D-printed fashion design cover shown in
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Figure the necklace has a total weight of 7 grams. We further discuss adding fashion

components to the necklace in Section. [5.8.1

5.4 Signal Processing Pipeline

In this section, we present the signal processing pipeline for the ECG data and define the

evaluation metrics for later sections.

Remove baseline
Filtering wandering
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Detectvalid P, |Yes| P QRS.Twaves |y [ P, QRS,Twaves
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time range floor
No

Discarded Discarded Discarded

ECG waveform
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Figure 5.8: The processing pipeline for ECG data.

Filtering: Indoor environments contain significant electrical interference, primarily
from 60 Hz or 50 Hz powerline signals coupled to the human body. To address this is-
sue, we designed a band-stop filter targeted specifically at 60 Hz or 50 Hz—depending on
the country’s powerline standard—as well as at its harmonics at 120 Hz or 100 Hz. The
filter has a narrow 2 Hz stopping bandwidth to minimize impact on other frequencies.

Remove baseline wandering: Baseline wander is a common low-frequency artifact in
ECG recordings caused by movements and breathing. To address this, we used a wavelet
decomposition-based method proposed by Sargolzaei et al. [120], now widely used in ECG
processing. This method analyzes the power of the baseline relative to the ECG signal
through continuous signal decomposition. Unlike high-pass filters that require fine-tuned
parameters and risk introducing artifacts, the wavelet-based approach is automatic and

parameter-free, ensuring effective artifact removal.



100

ECG waveform identification: After removing noise and motion artifacts from the
ECG signal, we identify the P, R, and T waves in the ECG signals using a popular open-
source Python library NeuroKit2 |88]. These identified peak results are later used to assess
the validity of the ECG waveform and its signal-to-noise ratio (SNR). It should be noted
that ECG is a complex signal containing three main peaks but with various shapes. Even
the highest accuracy processing method can still generate errors. NeuroKit2 yields the best
detecting accuracy among the other toolkits we tested, thus it is chosen for our final signal
processing pipeline.

Valid ECG identification: We used the detected P, R, T wave from NeuoroKit2 to
classify whether the signal is a valid ECG. We define a valid ECG as:

1) the NeuroKit2 tool can successfully detect valid P waves, R waves, and T waves
instead of returning NaN.

2) The identified P wave, R wave, and T wave are within a reasonable time interval range.
Specifically, the interval between P peak and R peak should be in 50 to 200 milliseconds
range [79], and the interval between the R peak and T peak should be in 200 to 400
milliseconds range [79].

3) The identified P wave, R wave, and T wave’s amplitude is higher than the noise
floor in the heartbeat cycle. The noise signal is defined as the signals between two adjacent
heartbeat cycles.

Signal to Noise Ratio (SNR): We use the detected P, R, and T wave’s amplitude
and timing information to compute the SNR of the ECG signal. There have been different

definitions of SNR for ECG signals, in this work, we use the traditional SNR definition that

P(signal) __ A?(signal)
P(noise) —  AZ2(noise)

section, we reported the SNR in decibels, which is SNRg, = 10log190SNR. The signal

. In the evaluation

has also been used by many previous works: SNR =

amplitude A(signal) is the peak value of the P, R, or T wave, while the noise amplitude
A(noise) is derived from signals between two heartbeats. The noise segment starts 350 ms
after the R peak (end of the T wave for most healthy adults |[79]) and ends 200 ms before
the next R peak (before the P wave [79]). Although the noise segment ideally spans from
the end of the T wave to the start of the next P wave, detecting these boundaries robustly is

challenging. Tools like NeuroKit2 can introduce errors, even with ground-truth data. Thus,
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we use this timing-based segmentation as a practical proxy for assessing ECG signal quality.

5.5 Electrode Evaluation

We conducted a benchmark test and an on-user experiment to evaluate our novel electrode,
with a diameter ranging from 25 mm to 5 mm, as shown in Figure Larger electrodes,
providing greater skin contact area, typically result in better signal quality. This variation
in size helps us explore the limitations of dry electrodes and identify the optimal balance
between signal quality and electrode size. All the studies in this paper have received Insti-

tutional Review Board (IRB) approval, and participants were compensated based on their

involvement in the different studies.
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Figure 5.9: Tested necklace electrodes with diameters ranging from 25 mm to 5 mm.

5.5.1 FElectrode Benchmark Test

We conducted benchmark tests to evaluate our electrode’s frequency response in comparison
to standard adhesive electrodes, as well as to assess how its impedance varies with different

moisture levels.

Electrode Frequency Response

Skin-electrode impedance is a key metric for evaluating an electrode’s performance, as

it reflects how effectively the ECG signal is transmitted from the body to the electrode.
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Figure 5.10: (a) The impedance of our electrodes (without moisture) and the standard adhesive
electrode at different frequencies. (b) The impedance of our electrode at 10 Hz with different amounts

of moisture level.

Lower impedance indicates better signal quality, with reliable ECG measurements typically

requiring impedance below 50k at 10 Hz, and values under 10k being optimal [98].

We measured the skin-electrode impedance with diameters ranging from 5 mm to 25
mm, as well as a standard adhesive electrode, across different frequencies. The impedance
was determined using a standard measurement circuit that computes voltage drop and
current through the skin-electrode interface [125,[136,[13]. Since ECG signals predominantly
span 1-100 Hz, with most power concentrated in the 1-50 Hz range [149], we focused
on this frequency range. Figure @ (a) shows that skin-electrode impedance decreases
with increasing frequency, consistent with existing studies [136, (13} [153]. The standard gel
electrode (3M Red Dot electrode) was measured as 169k€2 at 1 Hz, 29kQ2 at 10 Hz, and 6k{2 at
50 Hz. Among our designs, the 25 mm electrode had the lowest impedance, measuring 203k
at 1 Hz, 33.4kQ2 at 10 Hz, and 7.5k€2 at 50 Hz. In contrast, the 5 mm diameter electrode,
due to its smaller contact area, exhibited the highest impedance: 502k€) at 1 Hz, 58.7k{) at
10 Hz, and 12k€2 at 50 Hz. While the 25mm, 20mm, and 15mm all demonstrated impedance
below 50k€2 at 10 Hz, their values are higher than the standard adhesive electrode. However,
this can be compensated by the body moisture, as demonstrated in the later experiment.

In addition, it should be noted that these tests were conducted without skin preparation
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to simulate everyday usage scenarios. While this results in higher impedance compared to

ideal conditions, the findings align well with previous studies [137, (136, [21].

Electrode Impedance Versus Moisture Amount

We further investigated the effect of moisture on skin-electrode impedance by applying dif-
ferent amounts of saline to the skin using a pipette to simulate body moisture. Figure [5.10
(b) demonstrates how skin-electrode impedance at 10 Hz changes with the amount of saline
added. All electrodes demonstrated a clear reduction in impedance with increased moisture.
Specifically, the 15 mm, 20 mm, and 25 mm electrodes achieved impedance values compa-
rable to standard adhesive electrodes with just 2ulL of saline, while the 10 mm electrodes
required 3ul to reach similar values. The impedance of the 5 mm electrode also decreased
but did not match the performance of the larger electrodes, likely due to its limited contact
area. The impedance of all electrodes converged with saline amounts exceeding 4uL. On av-
erage, adults sweat approximately 105g/m?/h at the front chest during rest and 248¢g/m?/h
during exercise [39]. For a 20 mm diameter electrode, this corresponds to a sweat produc-
tion of 105g/m?/h x (7 x (0.01m)?) = 0.033g/h = 0.55mg/min during rest. Assuming a
saline/sweat density of 1mg/uL, it would take about 6 minutes to generate 3uL of moisture
under ideal conditions. However, in real-world scenarios, this process may take longer since

the silicone cover can reduce moisture evaporation but does not completely stop it [129].

5.5.2  FElectrode Performance FEvaluation

We evaluated our necklace electrode’s performance over time with varying electrode sizes.
For this evaluation, twelve participants were recruited (eight females, four males, average
age 28.2 £+ 4.8, average BMI 21.9 4+ 2.2), each of whom wore five necklaces with different
electrode sizes. The sequence in which the necklaces were worn was determined using a
modified balanced Latin square order to eliminate any effects from the order of testing.
Participants were instructed to wear each necklace for 20 minutes while engaging in their
typical daily activities, such as working on a computer while seated. In addition, participants

were asked to remain relatively still for at least 30 seconds every three minutes, allowing us
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Figure 5.11: Example of an ECG signal obtained from the necklace electrode over a 20-minute

period, with the zoomed-in plots on the signal at the start and at the end.

to obtain reliable spot-check ECG readings free from motion artifacts. Besides testing the
necklace electrode with various diameters, we also collected ECG signals using a standard

adhesive gel electrode for one minute, which serves as a reference.

As discussed in Section[5.3.2] our necklace electrode uses a silicone layer to retain natural
skin moisture, acting as a conductive gel to enhance signal quality. Since human skin
continuously produces moisture, the ECG signal improves over time. Figure shows an
example from a 20-minute session. Initially noisy, with an SNR of 23 dB, the signal improved
to 32 dB by the end. The SNR increased rapidly in the first few minutes as moisture filled
the gap between the electrode and skin, then stabilized or improved gradually upon reaching

an optimal moisture level. Similar patterns were observed in all participants, though the
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time to reach saturation varied between individuals.
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Figure (a) shows the aggregated users’ QRS peak SNR results over 20 minutes
with five electrode sizes. It was noted that the electrode performance improvements over
time occurred across all electrode sizes and participants. Electrodes with diameters of 15
mm, 20 mm, and 25 mm get an averaged converged SNR of 28.88 + 2.21 dB, 29.67 + 2.93
dB, and 29.63 4+ 4.03 dB, respectively, which is equal or close to the performance of the
standard adhesive gel electrode at 29.47 + 4.77 dB. Electrodes with diameters of 10 mm
and 5 mm showed significantly lower SNR of 22.10+£5.11 dB and 17.10 £4.29 dB. It should
be noted that these SNR results are all based on the QRS complex, the highest wave in
the ECG signals. For the 5 mm and 10 mm electrodes, while some participants exhibited
clear ECG signals, others did not present an identifiable P or T wave, making the ECG
signals unsuitable for diagnostic purposes, although still capable of heart rate monitoring.
Considering the performance and the size of the electrode, we chose the electrode with
a 15 mm diameter for our later experiments. Figure (b) displays the average signal
SNR convergence time, defined as the duration until the SNR stabilizes within a 10% range
of the final optimal SNR for the 20-minute session. ECG signal quality may fluctuate or

degrade during the experiment, likely caused by electrode movement on the skin due to user
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motions. The signal typically reconverges; however, signals that did not stabilize during the
experiment were excluded from the convergence time analysis. No distinct pattern emerges
regarding convergence time relative to electrode size, as most values fall within an eight
to twelve-minute range. Additionally, convergence time may vary depending on individual
factors such as hydration, skin moisture level, and rate of insensible water loss.

These results from the dry electrode experiments demonstrate the effectiveness of the
skin’s natural sweating process in enhancing dry electrode performance. Moreover, the
findings provide guidance on selecting electrode sizes for balancing signal quality and aes-
thetic preference. Participants reported no discomfort from wearing the silicone electrodes,
and none of them experienced any skin irritation following the experiments, which further

demonstrated the skin-friendliness of the necklace electrode.

5.6 Necklace vs. Ground Truth Evaluation

We evaluate the performance of the ECG Necklace compared to an FDA-approved Holter
monitor during controlled activities. The study is designed to evaluate the necklace’s per-

formance in real-world conditions with activity labels.

5.6.1 Study Protocol

Given ECG Necklace is aimed to monitor ECG signals during everyday context, we de-
signed a real-world experiment to evaluate the ECG signal’s quality and availability during
common daily activities, such as using a laptop, chatting, playing phones, and walking.
We recruited twelve participants (eight females, four males, average age 24.1 + 2.5, average
BMI 21.3 £ 1.5) for this study. Each participant was asked to wear an ECG necklace with
electrodes 15 mm in diameter, as well as an FDA-approved Lepu PC-80B EasyECG holter
monitor. Participants were asked to perform various common activities in a large office
environment. The environment contains typical electronic interference from over twenty
computers, monitors, and the presence of other individuals.

The study protocol was structured as follows:

1) Preparation: Participants wear the ECG necklace for twenty minutes to prepare

the electrodes (as discussed in Section [5.5.2). During this period, they are free to engage in


https://www.lepucreative.com/products/lepu-medical-grade-heart-monitor-cardiac-monitor-personal-mini-ekg-machine-easy-ecg-monitor-pc80b-for-android-iphone-home-use-with-wireless-bluetooth-connection-3-lead-ecg-cable
https://www.lepucreative.com/products/lepu-medical-grade-heart-monitor-cardiac-monitor-personal-mini-ekg-machine-easy-ecg-monitor-pc80b-for-android-iphone-home-use-with-wireless-bluetooth-connection-3-lead-ecg-cable
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any activities.

2) Laptop round 1: Participants use their own laptops in a natural manner for five
minutes.

3) Chatting round 1: Participants chat naturally for five minutes, either with the
researchers or anyone.

4) Smartphone round 1: Participants naturally use their smartphone for five minutes.

5) Walking: Participants walk indoors at their normal pace for ten minutes, including
walking up and down stairs. This task is guided by researchers, and participants are allowed
to rest whenever needed.

6) Round 2: Repeat 2), 3), 4) again.

The structure of the study is designed to collect data in real-world conditions with
activity labels. In addition, the 10-minute walking session is a common, mild task that
promotes the user’s natural sweating. We will further compare the ECG signal quality and

valid percentage before and after walking.

5.6.2 Valid ECG Percentage
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Figure 5.13: (a) The percentage of available valid ECG signal from the necklace during different
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activities. (b) The average SNR of the P, R, and T peaks in the ECG signals captured by the

necklace.

Figure (a) shows the percentage of valid ECG waveforms during each activity. The



108

valid ECG waveform was defined in Section As expected, using laptops, chatting, and
using smartphones all yield a high percentage of valid ECG signals.

For using laptops, the average available percentage of valid ECG across the twelve users
is 87.96 + 13.21% during the laptop round 1 session, and 88.80 + 15.31% during the laptop
round 2 session. The highest valid ECG rate was 98.94% (P4), while the lowest was 55.64%
(P2). Differences are likely from user activity; stationary tasks like reading or watching
videos produced more stable ECG signals than typing, which involves shoulder muscles that
can affect the ECG signal from the necklace. For natural chatting, the average available
percentage is 90.76 + 14.63% during chatting round 1, and 88.89 4 13.05% during chatting
round 2. During using smartphones, the average valid ECG percentage is 90.92 + 13.9%
during smartphone round 1, and 92.65+9.48% during smartphone round 2, with a maximum
percentage up to 100% from P4 and P7.

During walking, even when there were large motions, the average valid ECG percentage
during walking was 58.7 £ 25.73%, with a high of 95.05% (P8) and a low of 18.36% (P5).
Variability likely arose from walking patterns; stable leg-only movements had less impact
on the signal, while significant shoulder movement or jumping can disrupt the ECG. This
is likely because the shoulder movement can alter skin-electrode contact and introduce
additional muscle-generated voltage signals that interfere with the ECG.

Overall, the results show that it is possible to capture valid ECG signals during these
common daily activities, but people’s behavior can vary. In addition, we do not observe a

significant change in valid ECG percentage for sessions before and after walking.

5.6.3 SNR Results

Figure (b) shows the average SNR results of the P peak, R peak, and T peak of the
valid ECG identified in Section [5.6.2 before and after walking. Since the P wave is the
smallest wave in ECG, it has the lowest SNR compared to the R peak and T peak but still
offers 10.08£2.13 dB from the sessions before walking and 10.99+2.26 dB from the sessions
after walking. R peak corresponds to the depolarization of the main mass of the ventricles;

hence, it is the largest wave. The average R peak SNR is 24.5 + 2.35 dB from sessions
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before walking, and 27.92 £+ 2.01 dB from sessions after walking. The T peak corresponds
to ventricular repolarization and is an asymmetrical wave with round peak that is usually
below R wave but higher than P wave. The average T wave SNR is 15.48 + 4.63 dB from
sessions before walking, and 18.85 + 3.09 dB after walking.

The ECG signal obtained from the necklace did show a significant SNR improvement
after 10 minutes of walking, even though most participants reported they did not feel sweat-
ing. This is likely because of an increased metabolic rate during walking, which triggers
the body’s thermal regulation even during mild activities. As a result, even without no-
ticeable sweating, the necklace electrode performance was enhanced by the generated skin
moisture. This finding indicates that everyday activities like walking could further enhance

the performance of the ECG necklace.

5.6.4 FECG timing accuracy
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Figure 5.14: An example of synchronized ECG signals obtained from the ECG necklace and the
ground truth device, with the P, R, and T waves identified by the NeuroKit2 Python tool.
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We compared the ECG Necklace to an FDA-approved Holter monitor by analyzing the
timing of detected P, R, and T waves, a key metric for diagnosing cardiac conditions. The
necklace ECG signal was resampled from 250 Hz to 150 Hz to match the Holter monitor’s
sampling rate and then synchronized using cross-correlation. Both signals were processed
using the pipeline described in Section [5.4] and timing errors were calculated by comparing
the indices of detected peaks. It is important to note that while the electrodes were placed
as closely as possible for simultaneous recording, slight differences in placement introduced
minor variations in the ECG signals.

Figure shows an example of the synchronized ECG signals from the necklace and
the ground truth device, highlighting the P, R, and T peaks identified by the NeuroKit2
functions. We compared the timing difference of these detected P, R, and T peaks from our
necklace ECG and the ground truth ECG. This analysis was restricted to ECG signals that
are considered valid only, as discussed in Section The average absolute timing error

for the P, R, T peak across participants is shown in Figure [5.15

Necklace ECG average timing error
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Figure 5.15: The average timing error of P, R, T peaks identified from the necklace ECG versus
from the ground truth.

The average absolute timing difference of P peak from necklace versus from the ground
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truth device is only 8.53 £ 3.46 milliseconds, which correspond to 1.3 samples of the ECG
data with 150 Hz sampling rate. The average timing difference of R peak is 3.22 4+ 1.34
milliseconds, which corresponds to 0.5 samples. The R peak is the sharpest wave in the ECG
signals, which makes it easy to identify and less likely to be affected by noise, thus it has the
highest alignment accuracy with the ground truth ECG. The average timing difference of T
peak is 15.74 4+ 4.22 milliseconds, which corresponds to 2.4 samples in the ECG signal. The
T wave is usually a more round shape peak instead of a sharp peak compared to R wave and
P wave, so the T peak is more likely to be identified as an ambiguous peak by the NeoroKit2
tool. In addition, the T wave duration is typically around 160 to 240 milliseconds, much
longer than the P wave and QRS complex. Given that the generally acceptable timing
error range for ECG peaks is 20 milliseconds [34], our system demonstrates high accuracy
with a well-acceptable error range. In addition, it should also be noted that some of the
timing errors may be caused by the detection capabilities of the NeuroKit2 tool, which can
introduce errors in identifying the P, R, and T peaks in both the necklace and ground truth
ECGs.

5.7 In-the-wild study

We recruited ten participants to wear the ECG Necklace for approximately eight daytime
hours during their normal daily routines. The participants included six female, three male,
and one non-binary individuals, with an average age of 24.8 £ 3.1 years and an average BMI
of 22.3 £ 2.1. The participants were instructed to wear the ECG Necklace (without the
fashion design components) and a Polar H10 chest strap for comparison while continuing
their normal daily activities. Although the Polar H10 chest strap is primarily designed
for heart rate monitoring with non-standard electrode placement, it was selected for its
wearability, continuous ECG sensing, and raw ECG data access. ECG patch monitors
are not available for comparison since they require prescriptions and only report analyzed
results instead of raw ECG data. Each participant was provided an Android phone with the
ECG Necklace app to collect data and an iPhone to record Polar chest strap data. They
were told that they could take off any device early if they felt discomfort. At the end of

the study, participants were also asked to complete an online survey to rate the comfort of
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ECG Necklace.

5.7.1 FECG Signal Availability and SNR
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Figure 5.16: (a) The percentage of valid ECG signals by necklace versus by chest strap for each
participant. (b) The average SNR results by necklace versus by chest strap for each participant.

Figure (a) shows the percentage of valid ECG signals captured for each participant
using the ECG necklace and the Polar chest strap. For P2, the chest strap failed to record
any data due to a dead battery, so only the necklace results are presented for this participant.
The ECG necklace demonstrated slightly lower but comparable signal availability to the
tightly worn chest strap. On average, the necklace captured valid ECG signals 79.65 + 18.3
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% of the time, while the chest strap achieved 91.69 +5.6 %. The larger variance in necklace
performance stems primarily from P9, which only had 26% valid ECG signals recorded.
This discrepancy is likely caused by motion or pose changes, leading to deterioration in the
electrode’s contact with the skin. Additionally, we noticed that P2’s signals exhibited a
sudden drop in ECG availability from the necklace during the last two hours of the study,
likely due to similar motion-induced detachment. Future improvements could involve adding
a weighted pendant to the electrodes to enhance resilience to motion. While the chest strap
performed well in terms of ECG signal availability, its tightly worn design caused discomfort

for several participants, which we will discuss in the later section.

Figure (b) shows the R-peak SNR of the ECG signals recorded by the necklace and
chest strap. These SNR values are computed using only the valid ECG signals. The necklace
demonstrated higher SNR values for most participants except P5 and P7. On average, the
necklace achieved a higher SNR of 21.23 +1.6 dB, compared to the chest strap’s 19.33 £2.6
dB. This result suggests that, despite slightly lower signal availability, the necklace provides
better signal quality for the majority of participants. Indeed, we expected these results, as
the Polar chest strap is primarily designed for heart rate monitoring during physical activity
rather than diagnostic-grade ECG signal acquisition. However, the chest strap remains the
closest ECG wearable monitor available on the market for comparison. These results further
demonstrate the potential of the ECG Necklace to bridge the gap for daily wearable ECG
monitors. These results highlight the ECG Necklace as a promising solution for continuous

and accurate use in everyday life.

5.7.2 FECG Necklace Comfort Level

We collected the participant’s comfort level with the necklace and the chest strap after
wearing each for a whole day. Figure (a) shows the user preference for the necklace
versus the chest strap. Most users strongly preferred the necklace over the chest strap
for daily wear, with eight users giving a score of 1 or 2, with 1 meaning that they strongly
preferred the necklace; one user giving a score of 3, which means that they slightly preferred

the necklace; and one user giving a score of 5, indicating that they preferred the chest
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ECG Necklace vs Chest Strap
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Figure 5.17: (a) The overall comfort level of ECG Necklace and the Polar chest strap. (b) The

comfort rating scale results of ECG Necklace and Polar chest strap.

strap. The user who gave a score of 5 indicated that they “felt very aware of the necklace
with the fear that it could get disconnected (to the phone)”, and the user was “anxious
about potentially disturbing the signal.” However, this user also indicated that “but when
everything was working as it should, I thought it was less noticeable”, and “Actually, the
silicone stick-on tabs were very comfortable, it felt like a second skin.”

We further analyzed the participant’s comfort level by asking them to rate their comfort
levels with each device based on Knight et al.’s comfort rating scales, designed to measure

the comfort of wearable devices across 6 dimensions [75]:

e Concern: Worries about appearance when wearing the device.
e Attachment: Awareness of device presence/movement.

e Harm: Feeling that the device may cause harm /pain.
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e Change: Feeling physically different while wearing the device.
e Movement: Device restricting movement.

e Anxiety: Insecurity while wearing the device.

The ECG Necklace consistently received lower (indicating more comfortable) scores for
overall comfort and across all comfort descriptors, as shown in Figure @ (b). Specifically,
eight out of ten users rated the necklace as overall very comfortable (giving a score of 1 or
2), while only 3 users rated the chest strap as comfortable (one score of 2, and two score
of 3). Four participants found the chest strap highly uncomfortable (giving a score of 7 or
6), with some reporting uncomfortable breathing after wearing it for more than an hour.
One female participant also mentioned that the chest strap’s placement felt “strange” and
“awkward”. In addition, the Necklace was rated significantly more comfortable than the
chest strap in the “attachment” and “change” category.

In conclusion, our findings show that ECG Necklace is considerably more comfortable
than the chest strap, the most commonly used device for continuous ECG monitoring. The
fact that all participants rated ECG Necklace as comfortable and most participants are
willing to wear it every day shows that it is a promising platform for longitudinal health

monitoring.
5.8 Discussion

5.8.1 Fashion Design

Fashion considerations are essential when integrating technology into necklaces, as they
are primarily designed as fashion accessories. Since the ECG necklace consists of a central
processing unit and two electrodes connected by wires, our fashion design focused on dec-
orating these components while maintaining the system’s functionality. Figure shows
our example fashion design for the ECG necklace. Inspired by the silver spiral patterns on
the electrodes, the design incorporates similar shapes to connect the central pendant with

the electrodes seamlessly. The design was 3D-printed, featuring a decorative pendant that
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conceals the central processing unit and two subtly spiral-shaped covers for the electrodes.
To enhance its aesthetic, small pearls were added as decorative elements.

While the showcased design is 3D-printed, alternative designs could incorporate gem-
stone, pearl, or metal-based pendants paired with chains made from various materials such
as metal, leather, or string to achieve a distinct aesthetic. Necklace structural variations,
such as positioning the electrodes at the front and back center, are also worth exploring,
though they may come with trade-offs in signal quality. Additionally, the electrodes could
be redesigned as thin, chain-like elements that seamlessly integrate with the necklace chain,

enhancing both functionality and visual appeal.

5.8.2  Necklace as a health monitoring platform

In this work, we primarily explored the ECG sensing capability of the necklace. However,
we envision that a smart necklace could serve as a versatile health monitoring platform
beyond ECG. Our necklace prototype integrates an accelerometer and a temperature sensor,
offering additional functionalities. Positioned directly on the chest, the accelerometer can
capture subtle chest movements to detect breathing and heartbeat. Furthermore, measuring
skin temperature at the chest can provide a more accurate approximation of core body
temperature compared to other wearables, such as smartwatches.

Our initial exploration demonstrated that the accelerometer from the necklace can de-
tect breathing signals and seismocardiography (SCG). However, these capabilities were not
extensively evaluated or included in this paper, as they fall outside the primary scope.
Future work could explore sensor fusion between ECG and SCG signals, leveraging their
timing differences to derive valuable physiological insights. Additionally, the accelerometer
could detect moments of user stability to opportunistically trigger ECG sensing, enhancing

both energy efficiency and data quality.

5.8.8 Limitation and future work

It is well-known that body hair can significantly degrade the quality of ECG signals, even

with standard adhesive electrodes. Our study did not include participants with noticeable
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body hair around the neck area. Typically, individuals are required to shave and prepare
the skin before a standard ECG test to eliminate air gaps caused by body hair, which can
interfere with electrode contact [94].

For future research directions, we aim to assess the clinical utility of the ECG necklace
by involving patients with heart conditions. Additionally, we plan to enhance the necklace
by integrating advanced algorithms or machine learning models to facilitate computational

diagnosis, such as detecting atrial fibrillation (Afib).
5.9 Summary

We developed a compact wireless necklace for longitudinal ECG monitoring. Leveraging
the unique position and shape of the necklace, the ECG necklace can accommodate two
electrodes that are positioned on different sides of the heart, enabling continuous ECG mon-
itoring that other wearables located on the limbs cannot achieve. In addition to the necklace
system, we introduced an innovative skin moisture-enhanced electrode that maintains high
signal quality without causing skin irritation or suffering performance degradation due to
gel evaporation. This electrode utilizes skin-friendly silicone to create a moisturizing micro-
environment, leveraging the natural moisture produced by the human body as a conductive
7gel”. We explored several design aspects of the necklace, including the electrode placement
and its size. The results showed that our necklace can provide ECG signals similar to those
of a clinical standard Lead I ECG, and our electrode performance is comparable to that of
standard adhesive gel electrodes as well. We further performed real-world experiments to
evaluate the percentage of valid ECG signals during common daily activities and compared
their signal quality to that of an FDA-approved ECG device. The high percentage of valid
ECG data and high accuracy compared to an FDA-approved device during these natural
activities demonstrates the practicality and effectiveness of our ECG necklace in typical

daily settings.
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Chapter 6
LESSONS LEARNED & GENERAL DESIGN PRINCIPLES

This section summarizes the lessons learned during the projects in this dissertation and
examines the key considerations for designing smart jewelry and other tiny wearable devices.
We will outline general methodologies for developing smart jewelry and a broader range of

low-power wearables while preserving their small form factors.

6.1 Wearable Form Factor Design

Choosing the appropriate wearable form factor is a foundational step. The choice of sensing
site significantly impacts measurement accuracy; the form factor determines user acceptance
and long-term wearability; and the attachment method influences both comfort and signal
reliability. All three aspects must be carefully integrated to ensure a wearable system is

both functional and practical for daily use.

6.1.1 Choosing the Right Sensing Site

The location of the sensor on the body plays a critical role in determining signal quality,
especially for physiological monitoring. Placing sensors close to the physiological source
of interest, such as the heart or brain, typically yields significantly better signals than
relying on downstream signal enhancement through algorithms. A high-quality raw signal
often outperforms what even the most advanced processing can extract from suboptimal
placements.

Sensing site selection should be application-driven. For health-related applications, clin-
ical literature can provide useful guidance on optimal sensor locations. For example, cardiac
monitoring using ECG, SCG, or BCG benefits from placements near the chest, while stress
or cognitive-state monitoring may favor regions near the head. Prioritizing signal fidelity

at the source is essential for achieving accurate and robust measurements.
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However, theoretical recommendations must be complemented with empirical valida-
tion. Signal quality can vary significantly across individuals and real-world conditions. For
example, although the finger is clinically considered an ideal site for PPG-based heart rate
monitoring, we observed that it does not work reliably for all users. Individuals with cold
hands often experience reduced blood circulation, leading to significantly degraded PPG
signal quality at the finger.

Therefore, it is crucial to test candidate sensing sites in practice before proceeding to
system integration and deployment. Empirical validation helps uncover real-world limi-
tations and ensures the chosen site is suitable for long-term use in diverse, uncontrolled

environments, such as during in-the-wild studies.

6.1.2 User Acceptance

While certain sensing sites may offer superior signal quality, they are not always practical or
socially acceptable for everyday wear. The wearable design must carefully balance between
technical performance and user acceptance. Devices that draw unwanted attention, disrupt
daily routines, or appear out of place in social or professional settings are unlikely to be

adopted or worn consistently.

The user acceptance of the wearable form factor directly affects how often and how long
the users will wear it, which impacts the monitoring duration and the amount of longitu-
dinal data we can get for understanding the user behaviors. Designing around culturally
familiar and socially accepted form factors, such as earrings, necklaces, watches, or rings,
can significantly improve user acceptance. These familiar forms help the device blend into
daily life, making users more willing to wear them consistently.

Form factor selection should also be tailored to the specific application and target user
group. For example, wearables designed for athletes or race car drivers may naturally
integrate into helmets or performance gear. Different applications attract different demo-
graphics, each with their own habits, preferences, and accessory norms. Conducting user
interviews can reveal key insights into what users are willing to wear, what feels comfort-

able, and what fits their lifestyle and aesthetics. Understanding these needs early in the
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design process helps ensure the final product aligns with both functional goals and user

expectations.

6.1.3 Attachment Method

Beyond placement and form factor, a wearable’s attachment method plays a critical role in
both signal quality and comfort. Attachment methods influence how well a device couples
with the body, directly affecting the stability and quality of physiological measurements.
Key factors such as applied pressure, contact surface area, material softness, and adjusta-
bility all contribute to comfort and signal quality. Careful consideration of these physical
design elements is essential for creating wearables that are not only accurate but also com-
fortable and unobtrusive for everyday use.

The same type of wearable or accessory can have different attachment methods. For
example, earrings can be attached via traditional piercing posts or through magnetic clips.
Magnetic attachments offer broader accessibility, accommodating users without pierced ears.
However, pierced attachments typically provide more secure and consistent pressure against
the skin, which improves sensor contact and reduces motion artifacts. As a result, they
often yield higher signal fidelity during movement. In many cases, such insights can only

be uncovered through real-world experiments and testing.

6.2 Size Minimization

The smart wearable should match the form factor of the original accessory, requiring it to
be compact and lightweight to ensure comfort and long-term wearability. Designing such
devices requires careful selection and integration of minimal, lightweight components to

preserve both functionality and user comfort.

6.2.1 Hardware Selection

It is important to choose sensors, microcontrollers, and ICs available in compact wafer-level
packages, some of which include built-in wireless features such as Bluetooth and WiFi.

However, smaller chips often come with limitations in performance. Careful consider-
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ation is needed to balance these trade-offs while maintaining the device’s compact size.
For example, microcontrollers like the nRF52832 offer a small physical footprint but have
limited memory and processing capabilities, which may restrict the complexity of onboard
tasks. Similarly, small passive components such as capacitors may have higher leakage cur-
rents, which can reduce voltage stability and power efficiency. Compact inductors may have
higher DC resistance, which can cause inefficiencies or even failures in power regulation

circuits.

Therefore, component selection must be guided by a clear understanding of the sys-
tem’s performance requirements. The goal is to choose the smallest components that still
meet the necessary electrical and thermal constraints, ensuring reliable operation without

compromising functionality or efficiency.

6.2.2 Hardware Integration

Integrating multiple hardware components into a compact device requires a carefully op-
timized Printed Circuit Board (PCB) layout to make efficient use of limited space while

maintaining performance and reliability.

Following the layout guidelines in component datasheets is essential for understanding
requirements such as minimum spacing, trace widths, and grounding practices. Unless
specified in the datasheets, components can often be placed very close to each other, and
PCB traces can be as narrow as the minimum allowed by the manufacturing process. Special
attention should be given to reducing crosstalk, electromagnetic noise, and radio frequency

interference to ensure reliable operation.

In addition, it is useful to consider how different parts or modules of the wearable system
can be distributed by leveraging the accessory’s original form factor. For example, Thermal
Earring locates most electronics in the dangling portion, with only the sensing element on
the earlobe for skin contact. In tight designs, essential sensing parts can be placed at the

contact point, with other modules moved to less constrained areas.
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6.2.3 Battery Choice

The battery is typically the largest and heaviest component in a wearable system. Reducing
its size while maintaining reasonable operating life is challenging due to the limited energy
density of batteries. Broadly, there are two types of batteries: rechargeable batteries,
which are common in commercial wearables, and non-rechargeable batteries, often used in
products with replaceable cells such as hearing aids. Non-rechargeable batteries can offer
higher energy density and capacity, but their single-use nature makes them less suitable for
many wearable applications.

Battery selection should be guided by both the application requirements and the con-
straints of the wearable’s form factor. For example, a smart ring might use a curved lithium
polymer (LiPo) battery to match its circular form factor, while a smart bandage might use
an ultra-thin film battery to maintain flexibility and comfort.

Smaller or ultra-thin batteries often have limitations, such as being unable to provide
sustained high current. In such cases, adding a capacitor in parallel with the battery can
buffer energy and supply short bursts of higher current, which is an effective solution for

applications like periodic high-power BLE packet transmissions.

6.3 Power Optimization

The wearable device must have a reasonable battery life, allowing users to wear it continu-
ously without needing to take it off after a few hours. We summarize three effective methods

to optimize power consumption below.

6.3.1 Wireless Communication Strategies

Wireless communication is often the most power-intensive part of a small wearable system
since it operates at radio frequencies. Therefore, selecting an appropriate wireless protocol is
essential for maintaining energy efficiency. Bluetooth Low Energy (BLE) is a popular choice
due to its balance of wireless range, throughput, and compatibility with smartphones. BLE
supports both connection mode for continuous data streaming and advertising mode for low-

duty periodic updates. Other common options include WiFi, LoRa, and backscatter. WiFi
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offers higher throughput, but at the cost of higher power consumption. LoRa can achieve
long-range communication but typically requires larger hardware. Backscatter offers ultra-
low power and smaller size compared to BLE, but often lacks direct compatibility with
smartphones. Ultimately, the optimal choice depends on the system’s requirements for data
rate, transmission range, device size, power budget, and application case.

In addition, the wireless communication power consumption is directly related to the
length of transmitted data, so optimizing the transmitted data format can help optimize
the power consumption significantly. For example, transmitting a Bluetooth packet at 2.4
GHz typically draws around 5 mA (at 3 V) during transmission. At a data rate of 1
Mbps, sending 125 bytes (1000 bits) takes about 1 ms, resulting in a total energy cost of
approximately 5 mA x 3 V x 1 ms. By reducing data length through simple on-device
processing, such as computing heart rate on the microcontroller instead of transmitting the
entire PPG waveform, transmission time can be shortened, leading to a significant reduction

in average energy consumption.

6.3.2 Power Management Techniques

An effective way to reduce power consumption is to place the system in deep sleep mode
during periods of inactivity. This approach can save hundreds of times more power since
wearable devices can be idle for most of their operating time. For example, the nRF52832
microcontroller draws more than 3 mA in its default idle state but consumes less than 5
uA in deep sleep mode. Thermal Earring system was configured to wake for only about
400 microseconds each second for sensor interfacing and Bluetooth transmission, drawing 5
mA during this active period, while remaining in an ultra-low power state at 2.4 uA for the
rest of the time. This strategy reduced Thermal Earring’s power consumption by roughly

a factor of 1000.

6.3.3 FEnergy Harvesting

Energy harvesting can be another way to extend the battery life. While the wearable’s

primary power can come from batteries for reliable performance, the complementary energy
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harvesting can extend run time. There are several ways to harvest energy for wearables, such
as using solar cells to capture ambient light, motion harvesters to generate power from user
activity, thermoelectric generators to convert body heat into electricity, and RF harvesters
to capture energy from environmental signals. A hybrid system that combines batteries with
energy harvesters can maintain reliable operation while reducing the frequency of recharging

or battery replacement.
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Chapter 7
CONCLUSION AND FUTURE DIRECTIONS

7.1 Conclusion

This dissertation presented the following thesis statement:

New wearable form factors can unlock new opportunities, advancing the
wearable space in sensing accuracy, continuity, and capability. This dissertation
demonstrates this by transforming conventional jewelry into smart wearable
devices without changing their typical form factors, enabling novel health mon-
itoring applications that are traditionally challenging or impossible to achieve.

To achieve this vision of next-generation wearables for unobtrusive health monitoring,
we took a bottom-up, end-to-end approach. First, by creating new low-power wearables,
we enabled more accurate and continuous sensing. Then, by deploying these practical
devices in real-world settings, we ensured they were comfortable, effective for long-term use,
and capable of collecting longitudinal physiological data from users. Finally, by analyzing
this real-world data, we unlocked new insights from these unique data streams, enabling
applications that were previously difficult or impossible to achieve.

This dissertation introduced three novel wearable devices that unlock new applications

by transforming everyday accessories into intelligent systems:

e Thermal Earring demonstrates how selecting a new sensing site can significantly im-
prove the accuracy of physiological monitoring, enabling new applications in daily

wellness.

e PPG Earring shows how system-level optimization can improve temporal coverage,
enabling more continuous sensing despite the interruptions that often occur in daily

use.
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e ECG Necklace demonstrates how rethinking form factor design can make clinical-grade

sensing feasible in contexts where traditional wearables fall short.

Together, this dissertation demonstrates that creating new kinds of wearables while
maintaining their original form factor can advance the wearable space in accuracy, continu-
ity, and capability. This opens the door to better long-term monitoring, capturing signals
that were previously inaccessible. Ultimately, it can enable unobtrusive health intelligence

embedded in daily life, empowering people to live healthier and happier.
7.2 Future Directions

This dissertation has shown that the wearable space can expand beyond smartwatches to

include new form factors such as smart jewelry. The following outlines key future directions.

7.2.1 Bridge the gap between everyday health and clinic

While this dissertation shows a promising start, there are still a lot of things that current
wearables cannot yet achieve. Beyond temperature, heart rate, and ECG that we have
explored, clinical metrics such as blood pressure, glucose levels, and blood biomarkers are
still largely restricted to clinical environments. A key future direction is to push wearable
capabilities closer to those of medical-grade devices, enabling more comprehensive health
assessments outside the clinic.

Wearables also have the potential to transform clinical workflows by supporting continu-
ous, passive monitoring outside traditional healthcare environments. With rich, continuous
data from next-generation wearables, future directions should explore how to integrate com-
puting and Al into the wearable ecosystem, automating parts of the diagnostic process and

delivering real-time health feedback directly to users.

7.2.2  Ezxpanding the wearable space for enhanced capabilities

Future directions include continuing to push the boundaries of what wearables can do by
exploring the different sites and form factors. For example, Smart nail accessories can track

finger motions. When people’s hands shake uncontrollably, it can be an indicator of stress.
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Additionally, it can help monitor Parkinson’s disease over time or detect stroke. Finger
nail can also be a good location for tracking the hemoglobin level. A Flexible Smart band-
aid can be placed anywhere on the body to analyze sweat and electrolyte levels, providing
insights into stress and hydration levels. Smart teeth retainer has great potential for sensing
nutrition intake, such as tracking how much sugar or salt you consume.

Beyond individual wearables, future systems can consist of multiple interconnected wear-
ables working together. Since smart jewelry is unobtrusive and people already wear multiple
accessories, users could comfortably wear several devices at once. Specifically, these devices
can unlock new sensing capabilities if they connect and synchronize with each other. For
example, by capturing synchronized PPG signals from both an earring and a ring, we can
measure the pulse transit time between the earlobe and the finger. This metric reflects how
quickly blood travels through the body and is correlated with blood pressure. Tracking it
continuously and unobtrusively could enable early detection of serious conditions such as

stroke or cardiovascular events.

7.2.8  Unique dataset to enable advanced AI models

Next-generation wearables offer improved sensing accuracy and enable rich, large-scale
datasets, which can enable advanced Al models.

These novel wearables can transform research that currently relies on smartwatch data.
For example, wearable sensor foundation models are typically trained on watch data. How-
ever, the limited quality and signal fidelity of smartwatches make it difficult to detect subtle
but important states such as stress, emotion, or early signs of illness. The new devices intro-
duced in this dissertation provide access to higher-quality physiological signals, unlocking
opportunities to build richer datasets and more capable Al models for understanding and
tracking health and behavior.

These easy-to-deploy wearables are well suited for large-scale community sensing and
longitudinal studies, enabling the development of personalized models that adapt to each
individual’s lifestyle. They can provide real-time guidance on sleep, stress, nutrition, and

recovery, supporting healthier daily choices. Beyond long-term wellness, their continuous,



128

high-fidelity monitoring may also help detect or even predict acute medical events, such
as heart attacks and strokes, before symptoms appear, offering the potential for earlier

intervention.

7.2.4 Broadening the scope

While this dissertation focuses on novel wearables for health applications, the underlying
technology can extend to other research domains. These wearables can serve as platforms for
exploring new forms of on-body interaction, rethinking input, feedback, and user experience
in ways that are more intuitive and seamlessly integrated into daily life.

Beyond human use, the devices can be adapted for animals to support biological research.
For example, in collaboration with researchers studying hummingbird heart function, we
modified the PPG earring into a lightweight backpack that the birds could wear in flight,
enabling real-time heart rate monitoring. This approach can support wildlife monitoring,
animal health research, and disease tracking, such as bird flu.

The same low-power, compact sensing systems can also be extended to broader wireless
sensing applications in the environment. These technologies could be adapted to environ-

mental sensing, smart homes, and smart cities.
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