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Lecture 11: Earables and Health

Slides adapted from Xiaoran Fan (Google), and Cecilia Mascolo (University of Cambridge)

Course Staff Announcements

Lecturers

Fadel Adib (fadel@mit.edu) 1- Lab 3 due next Tuesday

Tara Boroushaki (tarab@mit.edu) 2- Project Proposal Instructions out today

IAs 3- Finish forming teams
Waleed Akbar (wakbar@mit.edu)

Jack Rademacher (jradema@mit.edu)




What are we learning today?

Health Sensing

1- What is PPG and How does it work?

2- How can you measure SPO2, breathing rate, and heart

rate with PPG?
3- How do active noise canceling headphones work

3- How can you measure cardiac activities through

earables?



This week in loT

| Health Care ] I Wearables I

Health-Tracking Smart Lenses Featured at Mobile World
Congress 2025

Five prototypes went straight from the laboratory to the show floor to highlight possible benefits

March 7, 2025

2 Graham Hope, Contributing Writer © 2 Min Read Latest News




Wearable PPGs
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Polar OM1 Samsung Galaxy Fossil Gen 5
sensor Watch Active 2 Smartwatch

UNIVERSITY OF

CAMBRIDGE Marozas and Charlton (2021) under CC BY 4.0.



How does a PPG (Photoplethysmography) sensor work?
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Respiration Rate and PPG

* Respiratory rate (RR), the number of breaths taken in a minute, is
used for diagnosis and prognosis in a range of clinical settings.

Inhalation

Exhalation

PPG
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mm UNIVERSITYOE  TIBUre from P. Charlton. Continuous Respiratory Rate Monitoring to Detect Clinical
9P CAMBRIDGE  Deteriorations using Wearable Sensors. PhD Thesis. 2017.



The Oximeter at hospital
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Oxygen Saturation (Sp02)

* Oxygenated hemoglobin absorbs less red light emitted whereas

deoxygenated hemoglobin absorbs less infrared light. Thus, the ratio
between red and infrared light intensities measured by the PPG
sensor can be used to estimate peripheral oxygen saturation (Sp02).
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The PPG accuracy is impacted by motion and location of sensing

* Avoid sampling when accelerometer detects activity.
e (Correlate accelerometer data to filter out motion artifacts.




Expertinsightintocurrent research

News & views

Forum: Medical devices

Skin colour affects
oxygen-sensor accuracy

COVID-19 broadened the use of pulse oximeters for rapid
blood-oxygen readings, but it also highlighted the fact that skin
pigmentation alters measurements. Two groups of researchers
analyse this issue, and its effects on people with dark skin.

Matthew D. Keller

& Brandon Harrison-Smith
Pulse-oximetry errors affect
patient outcomes

BB UNIVERSITY OF

CAMBRIDGE

Since Sjoding and colleagues’ report,
several large retrospective studies have con-
firmed that darker-skinned people (those
self-identifying as Black, Asian, Hispanic or
a combination of these) are more likely than
white people to experience occult hypox-
aemia’ ’, In one study of people with COVID-19,

Nature 610, 449-451 (2022)

Racismin

science

had equivalent arterial blood-gas values’, A
more comprehensive analysis showed that,
evenwhenbaseline healthconditions are taken
into account, people with occult hypoxaemia
are prone to organ dysfunction and in-hospital
mortality, and that Black people in this group
have the worst organ dysfunction®,
Although clinical reports of skin-colour
bias in pulse oximetry were not widespread
until the COVID-19 pandemic, evidence for
this issue has been accumulating for dec-
ades™’. A comparison reported in February
found that pulse-oximeter readings from
nine devices were consistently less accu-
rate for darker-skinned people than for
lighter-skinned people®. But the study also
found that testing healthy individuals under
carefully controlled laboratory conditions
resulted in fewer cases of occult hypoxaemia
than are measured in hospitals. In fact, none of
the 491 people who were tested by the authors
had readings consistent with occult hypoxae-
mia, whereas Sjoding and colleagues tallied
187 cases out of 3,527 measurements froma



The Surge of Hearable Devices
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e Hearables are estimated to double the shipment volume than the sum of all other wearables in
2027
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The Surge of Hearable Devices

Google
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Hearable Health Is Still An Uncharted Territory

e Manufactures like Apple, Samsung, and Google have nearly zero health features in their
earbuds

o Focus more on user experience, such as interactions, comfortableness, battery-life, etc.

Is it possible to bring health features such as heart rate
monitoring to hearable devices?

We focus on Active Noise Cancellation (ANC) Earbuds

Google 2023 Google Proprietary



How does an Active Noise Canceling headphone work?



An Overview of Existing Hearable Health Solutions

e Active sensing using PPG sensors

2023 Google Proprietary

Soundcore Liberty 4 Earbuds are equipped with PPG sensors for heart rate tracking



https://us.soundcore.com/products/liberty-4-a3953z11

An Overview of Existing Hearable Health Solutions

Drawback: high power consumption, sensitive to skin tones,
complicate the hearable acoustic design

Earbuds are equipped with PPG sensors for heart rate tracking 2023 Google Proprietary


https://us.soundcore.com/products/liberty-4-a3953z11

An Overview of Existing Hearable Health Solutions

e Passive sensing using in-ear microphone
O Rationale: heartbeat vibrations propagate along the human body, arriving at the ear canal, which can be
captured by an in-ear microphone
m Representative works: [OESense, MobiSys’21], [hEARt, Percom’23], [EarAce, Ubicomp’23]

Google 2023 Google Proprietary



An Overview of Existing Hearable Health Solutions

e Passive sensing using in-ear microphone
O May not be a good solution to ANC earbuds:
m Sensitive to earbud sealing conditions;
m The high-pass filter bult in the earbud’s analog front-end would filter out low-frequency

Cannot detect heartbeat signals 2_><10'3 _ CEA, left ear
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An Overview of Existing Hearable Health Solutions

e Passive sensing using in-ear microphone
O May not be a good solution to ANC earbuds:
m Sensitive to earbud sealing conditions;
m The high-pass filter bult in the earbud’s analog front-end would filter out low-frequency

m Suffer from music interference, due to music harmonics Spectrogram of the music signal
100 , 0
(W, -50
" smskae sxspaed |
0 -150
0 1 2 3 4
1 103 CEB, right ear CEB earblud in thelpresencel of music
S 0
=
-1 L . L
0 1 2 3 4

G Time in second
oogle



APG - A New Design Paradigm for Heart Rate Monitoring

e Basic Principle:
o0 Physiological observation: the deformation of blood vessels = the tissues encircling the ear canal
undergo a minor constriction = a subtle compression of the ear canal cavity

O Detect heart rate: send a low intensity ultrasound probing signal using an ANC headphone’s speakers and
receives the echoes via the on-board feedback microphones.
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APG — How to Realize This Idea?

e The alteration in volume within the ear canal due to heartbeat is subtle

Received signal (bandpass filtered)
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APG — How to Realize This Idea?

e How to handle user diversity?

APG HR modulation (R vs ®)

Phase variation/
amplitude variation

Phase variation (due to compression of the
ear canal cavity) is not strong enough for
heartbeat signal detection.

25
Ear canal length (cm)

Google 2023 Google Proprietary



APG — How to Realize This Idea?

e How to handle user diversity?
o Solution: Sending multiple APG signals at different frequency bands concurrently, using peak-to-average
ratio to measure the quality of the detected heartbeat signal
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APG — How to Realize This Idea?

e How to handle user diversity?

o Solution: Sending multiple APG signals at different frequency bands concurrently, using peak-to-average

ratio to measure the quality of the detected heartbeat signal

O Once the optimal frequency is determined, we send APG signal on that specific frequency for a better
signal quality

APG, HR = 74 BPM, HRV = 34.26 ms 1ECG, HR =74 BPM, HRV = 34.71 ms
1 -

Mag (normalized)
o
Mag (normalized)

Dicrotic notches
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Google (a) final APG readings. (b) ECG readings.
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APG — How to Realize This Idea?

e How to handle body motion artifacts?
O Challenge: body motion also squeezes ear canal; they are hundreds of magnitude stronger than the

heartbeat signals
APG receptions on three different frequency

bands (after coherent detection)

3 x 10733k, PAR=1.98 x 10735k, PAR=2.07 " x10737k, PAR=1.81

Time in sec Time in sec
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APG — How to Realize This Idea?

e How to handle body motion artifacts?
O Challenge: body motion also squeezes ear canal; they are hundreds of magnitude stronger than the

heartbeat signals
O Solution: model it as a blind source separation (BSS) problem
O Opportunity: the frequency bands of probing signals are statistically decorrelated due to the channel

frequency diversity

Resolved HR wave Body motion wave
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APG Real-Time Heart
Rate (Earbuds)




What did we cover today?

Health Sensing

1- What is PPG and How does it work?

2- How can you measure SPO2, breathing rate, and heart

rate with PPG?
3- How do active noise canceling headphones work

3- How can you measure cardiac activities through

earables?

1- Lab 3 due next Tuesday

TODO: ». Project Proposal Instructions out today

3- Finish forming teams
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