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Breathing is a vital physiological process that serves as a window into both physical and

mental health. This dissertation explores the feasibility of measuring and analyzing human

breathing patterns using a wearable sensor in real-world, non-clinical environments across a

full day. We focus on characterizing the temporal structure of individual breaths—composed

of inhale, exhale, and hold periods—and identifying recurring characteristic breaths. These

characteristic breaths capture the diversity of respiratory behavior while revealing consistent

patterns across individuals and their health-states.

Utilizing the Spire Tag, a wearable multi-sensor device equipped with a piezoelectric force

sensor, accelerometer, and PPG, we collected high-resolution respiratory and movement data. We

conducted a study to examine normal breathing, and include observations on coughing, sneezing,

and other respiratory events, to gain deeper insights into respiratory physiology.

We analyzed real-world breathing data from a large public health study where participants



wore Spire tags 24/7 in an uncontrolled setting to investigate the distinct changes in breathing

patterns that emerge before, during, and after respiratory illness. We developed a system to

process and segment the data into individual breaths and select one subject from this cohort and

extract time-based features from over 17,000 unique breaths. Through clustering, we derive nine

representative characteristic breath types that describe the underlying physiology and account for

over 80% of daily breathing patterns.

We provide a case-study on three subjects from this cohort by analyzing their full day

respiratory behavior. Our findings suggest that shifts in the distribution of characteristic breath

types specific to the individual as they transition between sick and non-sick days. Our work lays

the foundation for a data-driven framework for personalized respiratory monitoring and real-time

illness detection.
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Chapter 1: Introduction

Breathing is a vital autonomic function that is universally present across all living organisms.

It is a fundamental process for sustaining life by supplying enough oxygen and removing carbon

dioxide to meet both energy and pH balance needs of the body [1]. While autonomous, we

can modulate our breathing through conscious control, making it distinct from other involuntary

autonomous functions such as heart rate. Breathing serves as a vital indicator of a person's

physical and mental conditions, providing insights into both their health and well-being. For

instance, illnesses such as the �u or COVID-19 often manifest early changes in breathing patterns,

or conditions such as asthma [2] or apnea [3] that disrupt the normal respiratory �ow.

It is natural, then, to ask if it is possible to monitor the breathing patterns of humans in

detail and represent them in a way amenable to analysis. With the ability to do so, it could be

possible to codify, recognize, and diagnose respiratory patterns and illnesses, perhaps without

human intervention. We provide a preliminary study into the viability of creating a framework

from which we can learn from human breathing patterns.

Breathing, or respiration is facilitated by air intake where the rate can be de�ned in terms

of volume per unit time (liters per minute) which depends on the number of breaths per minute

and the volume of air per breath. However, signi�cant variations occur from breath to breath for

an individual throughout the day and night, and signi�cant variations in the breathing patterns
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among individuals. It is reported [4] that a human takes around 22,000 breaths in a day, with the

average time of a breath around 3 seconds but the time for a breath may vary from 1.5 seconds

to 20 seconds [5]. Not only the time for each breath but also the pattern of inhale and exhale

is governed by the physiology and the current conditions. Clearly, such detailed examination

of breaths requires a �ne-grain measurement of breathing which is now possible with available

sensors.

The basic premise of our research is that while each breath taken by an individual may have

a unique pattern, when we examine it in detail, there exist a few characteristic types of breaths

which characterize vast majority of breaths.

In this dissertation, we investigate the variability in breathing patterns and explore whether

prototypical, characteristic breathscan be identi�ed that describe the underlying respiratory

physiology. We adapt our study to personal variations, tailoring the approach to re�ect the

nuances of individual breathing.

Our approach is to analyze the breath shape in detail by taking each individual breath and

study it's patterns. A breath is usually characterized by its inhale, exhale, and hold periods

[6]. The shape of each breath refers to the overall geometry, speci�cally the breath length, and

height and the pattern in which the inhalation and exhalation proceed. With this approach we can

characterize other breathing events such as deep/shallow breaths, short/long breaths, apnea, etc.

We can further expand this to include respiratory events: coughs, sneezes, snif�ing, and other

re�exive responses. And as we breathe 24/7 we should be able to observe breathing patterns as

a person engages in his/her normal daily activities. We present some details of the physiology of

breathing in Chapter 2.

The majority of existing medical studies on breathing rely on short-term measurements
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taken in a clinical environment. We believe that the breathing data collected in a clinical environment

does not represent the breaths one takes during the day and night. The collection of measurements

of breaths in non-clinical environments requires the use of inconspicuous, reliable, accurate,

robust, and noninvasive device. Such devices need to be medical grade to report �delity on the

data captured while minimizing any processing as to not alter the raw signal. In addition to

this, out�tting other sensors such as accelerometers or gyroscopes for position and orientation

would need to be considered as they may not be integrated into a singular device. Many of

these issues are mitigated by the Spire Tag [7], a wearable multi- sensor device purpose-built to

capture an individual's breathing. The Spire Tag can be worn all day and takes measurements 25

times a second, allowing us to take a close look at the breathing process on a breath-by-breath

basis, as a sequence of breaths, or as a sequence of breathing segments. The Spire Tag contains

three sensors: 1) a force sensor to capture the breathing signal; 2) a triaxial accelerometer for

movement, and 3) PPG for heart rate monitoring. Each sensor records millisecond time for each

sample. In our study we want to re�ect the physiology of breathing where possible. For example,

while we make observations 40 ms apart, due to the physical limitations of the muscles involved,

the direction of breathing is not likely to change in more or less than 200 ms [6].

Speci�cally, we study the piezoelectric force transducer (force sensor) which is responsible

for capturing the breathing signal by measuring the displacement of the thoracic or abdominal

expansion. Piezoelectric materials generate an electric charge under the application of mechanical

stress, polarizing electrons [8–10]. In practice this relationship is non-linear, and we can expect

some hysteresis or drift to manifest in our signal. We describe our experiments to measure

the hysteresis gap and the effect of drift to conclude that the effects of these non-linearities are

minimal. We describe the Spire Tag and present these experiments in Chapter 3.

3



To investigate commonalities in breathing patterns, we conducted a study in which participants

were guided through speci�c breathing instructions. This controlled setting allowed us to capture

normal breathing and examine typical respiratory behaviors, along with various respiratory events

such as coughs, sneezes, speech, and so on. This study provided us a baseline for comparison

with real-world breathing data in uncontrolled settings, which describe in Chapter 4.

Our collaboration with the University of Maryland provided access to a cohort study on the

spread of respiratory viruses, where participants wore Spire Tags 24/7 and reported symptoms

daily. This dataset allowed us to explore how breathing patterns change in real-world settings

before, during, and after illness. To this end, we develop a system to process breathing and

movement data captured by the Spire Tag which we use to develop insights on the health state

of the user. We aim to align our observations with the physiology of breathing. For example,

although we sample data at 25 times per second (every 40 milliseconds), physical limitations

of the respiratory muscles mean that changes in the direction of air�ow are unlikely to occur in

less than 200 ms. This physiological perspective ensures that our analysis is both detailed and

grounded in biological reality. We leverage both the force and accelerometer sensors to extract

the subject's sleep period, identify posture, and perform breath segmentation. Following this, we

derive time-based features for each individual breath accounting for the inhale, exhale, and hold

periods. Then, we develop a dataset of over 15,000 breaths and apply clustering to arrive at a set

of nine (9) cluster centers, which serve as our characteristic breaths that account for over 80% of

the breaths taken in a day. Each characteristic breath relates to the different kinds of breaths an

individual takes and is described by the amount of time taken by the inhales, exhales, and holds

as a proportion of the total breath time. This process is described in Chapter 5.

Finally, we perform a small-scale study that demonstrates the differences between the
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sick and healthy breathing patterns of a subject. We present three case-studies of subjects that

experienced a respiratory tract infection. Here we see distinct patterns in how characteristic

breaths manifest in these subjects across different health states (pre-sick, sick, and recovery).

This work is presented in Chapter 6.
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Chapter 2: Physiology of Breathing

2.1 Introduction to Breathing

Breathing, also known as pulmonary ventilation, is a vital physiological process that facilitates

the exchange of gases between the body and the external environment. It involves moving air into

and out of the lungs to supply oxygen to the body and remove carbon dioxide. The mechanics

of breathing are driven by pressure changes within the thoracic cavity and are regulated by

respiratory muscles, effectively causing the lungs to expand and contract. This continuous rhythmic

process consists of two main phases: inhalation, during which air is drawn into the lungs, and

exhalation, during which air is expelled. Inhalation is primarily an active process, initiated by

the contraction of the diaphragm and muscles, which expand the thoracic cavity and decrease

intrapulmonary pressure, allowing air to �ow into the lungs. Conversely, exhalation is typically

passive, relying on the relaxation of the diaphragm and intercostal muscles to collapse the lungs

and chest wall to expel CO2-rich air. Between these phases, gas exchange occurs in the lungs,

allowing oxygen to enter the bloodstream and carbon dioxide to be expelled. In addition, there

are hold periods that may occur before, during, or after a breath, such as holding after inhalation

or a pause at the end of exhalation. These pauses are often seen during activities such as deep

breathing exercises or when controlling breathing during speech. Together, these phases support

the metabolic demands of the body.
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Respiration is primarily an autonomous function controlled by the parasympathetic nervous

system (which handles all autonomous actions, such as the beating of the heart). Breathing is a

fundamental action we must perform to bring in oxygen, an essential ingredient for sustaining

life. However, unlike most of the other autonomous functions which are not under conscious

control of the person, while breathing is under the control of the autonomic function of the body.

It can be consciously controlled to some extent. Such conscious control is essential for us to be

able to talk.

The primary function of breathing is to meet the oxygen needs of the body and the air

intake rate changes as the oxygen requirements of the body change and can occur rather quickly

[11]. The air intake rate can be de�ned in terms of volume per unit time (liters per minute) and

depends on the number of breaths per minute and the volume of air per breath. Breathing patterns,

including inhalation, exhalation, and holding periods, exhibit considerable individual variability

and temporal �uctuations within individuals.

In this chapter, we detail the methods, procedures, and tests used by medical professionals

to assess an individual's overall lung function. These assessments provide insights into de�ciencies

in breathing or any illnesses that may be present. The technical aspects of respiratory assessment

form a crucial background understanding for our work. Familiarity with these concepts is essential

to appreciate the scope and methodology of this research.

2.2 Lung Volumes and Capacities

Lung volume refers to the different amounts of air the lungs can hold during various

phases of the breathing cycle. These volumes are key indicators of respiratory function and
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are in�uenced by factors such as age, gender, and physical condition. The following lists the key

components of lung volume and provide insight as to how the lungs adapt during normal and

abnormal breathing, physical activity, and medical conditions. The diagram below illustrates the

various volumes and capacities that make up the total amount of air the human lungs can hold.

Figure 2.1: Breakdown of lung capacities and volumes at different phases of the respiratory
cycle [12].

1. Tidal Volume (TV): The volume of air inhaled or exhaled in a single normal breath.

2. Inspiratory Reserve Volume (IRV): The additional amount of air that can be inhaled

beyond a normal tidal inhalation (e.g. during a deep breath).

3. Expiratory Reserve Volume (ERV):The extra volume of air that can be forcefully exhaled

after a normal tidal exhalation (e.g. after a deep breath).

4. Residual Volume (RV):The volume of air remaining in the lungs after maximal exhalation,

such that the lungs do not collapse.

5. Inspiratory Capacity (IC): The total maximum amount of air that can be inhaled following
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a normal exhalation (TV + IRV). Effectively a measure of how much total air can be held

by the lungs.

6. Functional Residual Capacity (FRC): The volume of air remaining in the lungs at the

end of a normal, passive exhalation including the air to keep the lungs in�ated (ERV +

RV).

7. Vital Capacity (VC): The total volume of air that can be exhaled after maximal inhalation

(TV + IRV + ERV). This can be viewed as the maximum volume of air we can voluntarily

draw in and then forcefully expel, essentially encapsulating the full scope of our “accessible”

breath.

8. Total Lung Capacity (TLC): The sum of all lung volumes, including residual volume

(TLC = VC + RV).

By breaking the lung's total capacity into distinct components, clinicians, researchers, and

respiratory therapists can better understand normal lung function and detect deviations that may

signify disease, reduced �tness, or other physiological anomalies. As each component is a ratio

of the total lung capacity, proportional changes that could indicate speci�c respiratory conditions

are more easily identi�able and aid in diagnosis and monitoring of overall lung function and

health. Figure 2.2 illustrates the tidal volume of a variety of breaths; we see inspiratory and

expiratory action including hold periods, better known as apnea.

The above measures provide a quantitative framework for characterizing respiratory function,

and aid clinicians and researchers to assess normal and abnormal breathing patterns. They form

a basis for diagnosing respiratory conditions and allow us to gauge the severity of lung disease,
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as well as monitor changes in lung health over time. For example, knowing the patient's tidal

volume can be vital in predicting oxygen requirements during exercise or medical procedures.

Reduced air�ow rates as seen through labored breathing and shortness of breath can be observed

through pulmonary function tests (PFTs) and can signal onset of respiratory ailments such as

asthma and COPD. Similarly, understanding the difference between vital capacity and residual

volume can suggest therapy and disease management strategies.

Figure 2.2: Breathing Tidal Volume. (a) Hold period between two breaths; (b) breath held during
expiratory phase; (c) breath held during inspiratory phase

10



2.3 Uses in Diagnosis and Assessment

Practitioners derive signi�cant meaning from these measurements to assist with identi�cation

of restrictive and obstructive disorders. To diagnose restrictive patterns, such as �brosis, spirometry

reveals reduced Total Lung Capacity (TLC) and smaller overall lung volumes. In contrast,

obstructive patterns, like Chronic Obstructive Pulmonary Disease (COPD) or asthma, show normal

or increased TLC, accompanied by dif�culty exhaling (elevated Residual Volume, RV), reduced

Vital Capacity (VC). Monitoring disease progression is essential in both restrictive and obstructive

conditions. Changes in capacities, such as a rising RV over time, indicate worsening air trapping

in obstructive disease or progression of restrictive conditions [13]. Treatment ef�cacy can be

assessed through improvements in VC or reductions in RV after therapy or interventions. This

highlights better lung function in patients who have undergone treatment [14]. Extending to

athletes, pulmonary function tests are used to determine baseline lung health, detect subclinical

changes, and improve respiratory ef�ciency during training programs [15]. Finally, preoperative

assessments ensure that patients undergoing surgery involving respiratory muscles or the thoracic

region have adequate lung function to minimize risks [16]. In essence, these measurements serve

as fundamental tools. They help clarify the root causes of breathing dif�culties, track changes in

lung health over time, and inform both therapeutic decisions and health advisories.

2.4 Measuring Breathing

Accurate measurement of lung function is critical for diagnosing, monitoring, and managing

pulmonary conditions. Medical practitioners employ a variety of tools and methods to assess
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breathing and respiratory function, each focusing on different aspects of lung performance. These

techniques range from non-invasive tests, such as spirometry and pulse oximetry, to more detailed

procedures like arterial blood gas analysis and imaging studies. Understanding the capabilities

and limitations of these tools helps clinicians choose the most appropriate method for evaluating

speci�c respiratory concerns, and lead towards precise diagnosis and effective treatment plans.

Outlined below are essential tests and their relationship with the respiratory cycle as displayed in

Figure 2.1.

Spirometry [17] is a fundamental pulmonary function test (PFT) that directly measures key

components of lung function (Tidal Volume, Vital Capacity, and Forced Vital Capacity). Using

a spirometer, a person breathes into a device that records the volume of air inhaled and exhaled,

as well as the speed of air�ow. This makes spirometry closely tied to the volumes and capacities

depicted in Figure 2.1, particularly VC and its subcomponents, such as Inspiratory Reserve

Volume (IRV) and Expiratory Reserve Volume (ERV). Spirometry is a simple yet invaluable test

in diagnosing and monitoring respiratory conditions. Obstructive Disorders (e.g., asthma, chronic

obstructive pulmonary disease [COPD]): Spirometry shows reduced air�ow during forced exhalation

(low FEV1/FVC ratio, where FEV1 is the forced expiratory volume). This indicates narrow or

obstructed airways. Restrictive Disorders (e.g., pulmonary �brosis): Reduced Vital Capacity

(VC) and Total Lung Capacity (TLC) indicate that the lungs cannot fully expand, signaling

restrictive impairments.

A problem is identi�ed when spirometry results fall below normal ranges (based on prede�ned

estimates which consider age, sex, height, and ethnicity). A low FEV1/FVC ratio (� 70%)

suggests obstruction, while proportionally reduced lung volumes with a preserved ratio suggest

restriction. Repeated spirometry tests can track disease progression or improvement after treatment
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and normally performed three times for consistency. Its ability to quantitatively assess breathing

makes it an integral tool in detecting early respiratory dysfunction, evaluating symptoms like

shortness of breath, and monitoring chronic conditions over time. Some devices [18] have

been developed to perform spirometry outside of clinical settings, but they are not applicable

for continuous monitoring of a subject.

Pulse oximetry [19, 20] is a non-invasive method that measures blood oxygen saturation

(SpO2) and indirectly assess the lungs' ability to transfer oxygen to the bloodstream. While this

method does not directly measure lung volume, it does however relate to the respiratory cycle

by re�ecting the ef�ciency of oxygen exchange and overall ventilation. Low SpO2 levels can be

identi�ed and lead to diagnoses of hypoventilation, or other impairments related to gas exchange,

such as asthma, COPD, or pneumonia. Normal SpO2 levels typically fall within the 95-100%

range.

Peak Flow Meter [21] is a portable device that measures Peak Expiratory Flow Rate (PEFR),

the maximum speed of air exhaled after a full inhalation. While it does not measure lung

volumes directly, it re�ects the function of components such as Expiratory Reserve Volume

(ERV) and Inspiratory Reserve Volume (IRV). Primarily used to monitor asthma by tracking

daily measurements against a patient's individual baseline. Signi�cant declines in PEFR can

signal worsening airway obstruction, which could require remediation or medical intervention.

The Arterial Blood Gas (ABG) test [22] is a diagnostic tool that measures the levels of

oxygen (O2), carbon dioxide (CO2), and blood pH. The test determines how effectively the lungs

are exchanging gases with the bloodstream and is the most accurate measurement of oxygen

levels in the body. The test is performed by drawing blood with a needle; therefore, it is

invasive. The procedure indirectly relates to the components of the respiratory cycle depicted
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in Figure 2.1 by evaluating how well oxygen is taken in (linked to Tidal Volume and Inspiratory

Capacity) and how ef�ciently carbon dioxide is expelled (related to Expiratory Reserve Volume

and overall ventilation). By analyzing the balance of gases, the ABG test can reveal issues

such as hypoventilation, hyperventilation, or impaired gas exchange, often tied to restrictive or

obstructive lung conditions. For example, readings� 60 mmHg indicate need for supplemental

oxygen, while readings greater than 110 mmHg may be dangerous.

2.5 Common Respiratory Illnesses

Respiratory illnesses are conditions that affect the lungs and airways, ranging from acute

infections to chronic diseases. These illnesses can disrupt the normal phases of the respiratory

cycle, impair gas exchange, and reduce lung capacity, leading to symptoms like shortness of

breath, fatigue, and cough. While symptoms can overlap, accurate diagnosis can lead to effective

and timely treatment plans. The following section highlights several prominent respiratory conditions

as listed by the World Health Organization, along with their symptoms and pathways to recovery

[23].

Thecommon coldis often referred to as an Acute Respiratory Tract or Upper Respiratory

Tract Infection. Note that some viruses, i.e. rhinovirus or coronavirus, can cause symptoms

similar to those of a common cold, but these names refer to speci�c viral agents rather than

the condition itself. So, while there isn't a single ”proper name” for the common cold, it's

often referred to as such in a more generic way. Coronavirus (COVID-19) was a ”novel” viral

respiratory illness caused by the SARS-CoV-2 virus, characterized by symptoms like fever,

cough, shortness of breath, and pneumonia. The intensity of symptoms often leads to high

14



chances of fatality, especially among vulnerable populations such as older adults and those

with underlying health conditions. The�u virus (in�uenza) is a viral infection that affects the

lungs, causing symptoms such as high fever, chills, cough, sore throat, and body aches.Chronic

Obstructive Pulmonary Disease(COPD) is a progressive lung disease characterized by chronic

in�ammation and air�ow limitation in the lungs, often caused by long-term exposure to smoke,

dust, and other pollutants.Sleep apneais a sleep disorder where a person stops breathing for

short periods during sleep, leading to interrupted breathing patterns, which can cause respiratory

problems, fatigue, and other complications.Asthmais a chronic in�ammatory disease of the

airways, characterized by recurring episodes of wheezing, coughing, chest tightness, and shortness

of breath triggered by allergens or irritants.Pneumoniais an infection that in�ames the air sacs

in the lungs, often caused by bacteria, viruses, or fungi. Symptoms can include fever, chills,

cough, chest pain, and dif�culty breathing.Chronic Bronchitisis a type of COPD characterized

by chronic in�ammation and irritation of the bronchi (the main airways leading to the lungs),

causing symptoms like persistent cough, mucus production, and shortness of breath. Finally,

cystic �brosis is a genetic disorder that affects the respiratory and digestive systems, caused by

a defective gene that leads to thick, sticky mucus buildup in the lungs and pancreas, resulting in

frequent infections, lung damage, and other complications.
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Chapter 3: Sensing Breathing

3.1 Sensors

As noted in Chapter 2, a number of instruments are used by medical professionals to help

diagnose a variety of ailments associated with breathing. These sensors do not track in detail the

breathing process so that the exact characteristics of inhale, exhale and hold can be captured for

each breath. A different class of sensors are required for this purpose. In this chapter we present

the details of some such sensors.

Many sensing technologies employ a range of sensors to capture the subtle movements of

the chest cavity as it expands and contracts with each breath. Others infer the respiratory pattern

by observing blood-oxygen levels. These sensing technologies enable the invasive/non-invasive

measurement of vital signs and are used in various applications, including medical research,

�tness tracking, and respiratory therapy. Ultimately, the goal is to choose a sensor that satis�es

the following criteria:

1. Practicality: The sensor should be non-intrusive, compact, and easily wearable (on the

chest or abdomen) without interfering with the user's comfort or movement. The user

should be able to swap a battery or re-charge the device and require minimal maintenance.

2. Data Access and Connectivity:The device must grant access to un-processed, raw data
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which is easily accessible (e.g. via wireless technologies such as Bluetooth).

3. Sensor Readings:Must record with a suf�cient sampling rate (e.g., 25 Hz or higher) to

identify changes in breathing patterns accurately.

4. Measurement Accuracy:The sensor should provide reliable readings with minimal noise

and distortions to ensure high-quality data collection.

A notable class of non-invasive sensors, often worn directly on the skin or integrated into

clothing, are used to detect the rhythmic expansion and contraction of the thoracic and abdominal

cavity. The result of recordings from these devices yields a discrete waveform representing the

tidal volume, which can be used to measure respiratory volume and rate. Capacitive sensors can

measure chest and abdomen expansion and contraction during respiration by detecting changes

in capacitance between two electrodes as the distance between them changes. Speci�cally, one

study uses a porous dielectric placed between embroidered electrodes to measure changes in

capacitance [24]. Another study used a textile-based capacitive sensor designed to be worn

around the chest as a belt for monitoring the respiration rate resulting from changes in capacitance

from fabric expansion during respiration [25]. Similarly, resistive sensors can use strain sensing

using �exible materials that change their resistance in response to chest expansion. These sensors

can be incorporated into fabric to detect changes in electrical resistance corresponding to tensile

strain during inhalation and exhalation and can measure displacement and pressure with high

sensitivity. Magnetic Induction sensors are used to measure changes in impedance distribution

of a coil. A system using four non-contact sensors based on magnetic eddy current induction

was woven into a shirt and introduced for long-term monitoring of respiration and pulse [26].

An embroidered inductive strain sensor was designed with two planar coils connected in series,
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where mutual inductance is affected by relative positions [27]. The displacement between the

coils alters the inductance, enabling the sensor to function as a strain sensor. While inertial

sensors such as an Inertial Measurement Unit (IMU) or tri-axial accelerometers are typically

used to capture movement and position, they can also be used to measure breathing based on the

movement of the chest cavity. A wearable multi-sensor patch, including an accelerometer and a

pressure sensor, was shown to accurately measure breathing-related inertial motion and muscle

stretch when attached near the diaphragm [28]. Piezoelectric sensors convert mechanical stress

into an electrical signal as the chest expands and contracts. The working principle relies on the

variation of electrical charge concentration in response to externally applied pressure [29]. Force

sensors, speci�cally force sensitive resistors, use a conductive material with variable thickness

or properties which changes its electrical conductivity in response to applied pressure. When a

force or pressure is applied to the sensor, it causes the particles to become more densely packed

and interconnected, increasing the conductivity between electrodes on either side [9]. All-in-one

wearables such as AidMed [30] comes equipped with an impedance-based respiratory sensor,

however this technology does not accurately capture the respiratory signal [31]. A pressure

belt utilizes the same kind of pressure sensor as a blood-pressure monitor, by measuring the

air pressure that is in�ated into a wearable belt, typically around the torso [32]. Although such a

sensor can capture the raw breathing waveform, the size of the belt as well as the constant pressure

applied can become untenable for long-term use. A subset of sensors that do not measure thoracic

and abdominal expansion directly but rather estimate respiratory parameters indirectly through

changes in tissue or blood. Optical sensors, most notably Photoplethysmography (PPG) use light

to measure changes in blood volume and oxygenation levels in the skin. The changes in light

intensity are related to changes in blood volume, which are modulated by breathing [33]. Skin
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resistance, or electrodermal activity (EDA) sensors measure changes in skin resistance to detect

subtle movements of the thoracic cavity.

Each of these sensor technologies have their own set of limitations and considerations,

which can impact their accuracy, reliability, and overall usability. It is therefore common to equip

many sensors together in a system to augment the detection of many physiological signals, such

as posture, activity, direction, etc. Capacitive and magnetic induction sensors can be sensitive to

environmental factors, i.e., humidity and temperature, which can affect the reliability of readings.

When placed in clothing, the placement of the electrodes can also introduce signal variability due

to movement. Accelerometers and IMU devices can be sensitive to movement, especially from

surrounding activities and can be limited in detecting subtle movements. Resistive, piezoelectric,

force, and other electro-mechanical sensors can pick up subtle movements and can be prone to

electrical noise and interference. Moreover, linearity, signal drift, and hysteresis are common

issues faced by this broad category of sensors, which we will describe later. The breathing

signal quality of PPG and ECG signals can deteriorate if the electrodes or probe don't adhere

to the skin properly, and this disruption can be caused by subject movement which limits their

use during exercise. Many commercial and medical-grade wearable devices are available across

many domains; [34] measures respiratory metabolic parameters to assist professional athletes,

and [35] estimates metabolic rates through O2 and CO2 levels present in breath samples. Both

devices are purpose-speci�c and do not capture the raw breathing waveform.
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3.2 Spire Tag

The Spire Tag is a wearable sensor developed by Spire Health [7,36] and uses a piezoelectric-

based pressure (force) sensor to record breathing, a triaxial accelerometer to measure movement

in the x, y, z planes, and a photoplethysmogram (PPG) to measure heart rate. The tag captures

raw readings from its sensors at the rate of 25 samples per second (25 Hz). The Spire Health

Tag's Dimensions are 2.2” (L) x 1.3” (W) x 0.2” (H), and weights 0.33 ounces as seen in Figure

3.1c. The piezoelectric pressure sensor (also referred to as a force sensor) is used primarily for

thoracic and/or abdominal excursion (based on placement) and measures a unitless value. The

tags communicate with the Spire Health Tag iOS app via Bluetooth and can store up to 45-minutes

of data before needing to of�oad the captured readings to the cloud. The tag is waterproof and

washer-dryer safe. It has 1.5-year battery life and cannot be recharged (in the event a tag fails, it

has to be replaced with a new tag). The recommended placement for females is to place them on

their bra strap towards the back (closer to the upper latissimus dorsi, away from the arm) during

the day as seen in Figures 3.1a and 3.1b, and on the waistband of their pajamas at night, where

males wear them on the waistband regardless of time of day. The raw data is available to retrieve

in bulk through an API access.

The Spire Tag was built to capture detailed respiratory waveforms with the goal of recognizing

changes in breathing patterns. In the original design, the Spire iOS app vibrates to alert the

wearer when their breathing becomes focused or stressed and reports the average number of

breaths per minute (bpm), steps, and heart beats per minute. To use the Spire Tag effectively

we need to understand the quality of the measures reported. Of primary interest are the reported

measurements of “Force” for which the tag uses a piezoelectric sensor and reports measures as a
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