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Clinical-grade wearable sleep monitoring is a challenging problem since it requires concurrently monitoring brain activity,
eye movement, muscle activity, cardio-respiratory features, and gross body movements. This requires multiple sensors to be
worn at different locations as well as uncomfortable adhesives and discrete electronic components to be placed on the head.
As a result, existing wearables either compromise comfort or compromise accuracy in tracking sleep variables. We propose
PhyMask, an all-textile sleep monitoring solution that is practical and comfortable for continuous use and that acquires all
signals of interest to sleep solely using comfortable textile sensors placed on the head. We show that PhyMask can be used to
accurately measure all the signals required for precise sleep stage tracking and to extract advanced sleep markers such as
spindles and K-complexes robustly in the real-world setting. We validate PhyMask against polysomnography and show that it
significantly outperforms two commercially-available sleep tracking wearables – Fitbit and Oura Ring.
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1 INTRODUCTION
There has been a significant commercial interest in measuring sleep given the wide-ranging effects of sleep
disruptions, which includes diminished cognitive functioning, diabetes, high blood pressure, heart disease, obesity,
and depression [46, 57, 62, 66, 105, 111]. There is also growing interest in measuring sleep disorders which affects
50 to 70 million Americans of all ages and socioeconomic classes [28]. Therefore, it is crucial to scale accurate
sleep monitoring such that it can be done less expensively at clinics and more comfortably at home.
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Fig. 1. Comparison of state-of-the-art sleep monitoring solutions in terms of comfort and capability in sensing various
signals.

But achieving high-quality clinical-grade sleep monitoring with a comfortable wearable device is complicated
by the number of sensor modalities and locations that need to be simultaneously monitored. Sleep is a complex
process and monitoring it accurately necessitates many sensors placed at different places on the body. This
includes sensors to measure brain activity, eye movement, muscle activity, as well as cardio-respiratory features,
and gross body movements. To monitor all of these variables, clinical-grade sleep monitoring systems (also
referred to as polysomnography or PSG) place electrodes on the head as well as several other locations on the
body. However, this is impractical for daily use.

1.1 Limitations of sleep trackers
Sleep sensing devices in the market, therefore, have to tradeoff between comfort and accuracy while monitoring
sleep parameters (see Figure 1). A key challenge is that measuring brain electrical activity (Electroencephalography,
EEG) is both the most onerous aspect of sleep sensing (due to the presence of hard sensing components on the
head) and the most valuable sensing modality (since sleep is best measured via brain activity).
Measuring surrogate signals: Several efforts on sleep sensing devices favor comfort over accuracy and rely

on surrogate measures of sleep such as heart rate, breathing, and body movement signals rather than EEG. Sleep
monitors that use surrogate measures of sleep include contactless sleep monitors like instrumented bedding and
bedside sleep monitors [59, 68, 75, 96] as well as wearable devices such as the Fitbit and Apple Watch [13, 21].
While these are comfortable, they sacrifice fidelity and precision. Since the surrogate signals only capture a

coarse temporal structure of sleep, they provide only coarse-level sleep metrics like sleep quality and, in some
cases, macro-structural analysis of sleep such as sleep stages. In addition, metrics provided by these devices are
accurate mostly for “normal” healthy individuals and not representative of individuals with sleep disorders [71].
This is because these devices need to compensate for the imprecision of surrogate measures by relying on large
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population-level data analysis but these measures are erroneous for individuals whose sleep patterns do not follow
population averages. For example, Rapid Eye Movement (REM) sleep stage is known as a state where the person
experiences random/rapid movement of the eyes, accompanied by low muscle tone throughout the body, and the
tendency to dream vividly. However, a person who is su�ering from the REM sleep disorder usually has violent
arm and leg movements during the REM sleep stage. Sleep monitors that use surrogate measures of sleep assume
that the body normally freezes and does not move during REM since they solely measure the cardio-respiratory
features and gross body movement. As a result, these sleep trackers are inaccurate for individuals with substantial
clinical needs such as older adults with sleep disorders and medication-induced sleep disruptions [61]. They also
fail to capture day/night (circadian) rhythm sleep patterns of individuals with sleep abnormalities (such as older
adults with dementia) [118].

Measuring EEG signal: Other sleep trackers focus on accuracy and measure EEG but sacri�ce comfort in the
process. Such head-worn devices with electrodes include headbands and masks that have become available for
sleep tracking [11, 15, 22]. However, the challenge in these devices is comfort � head-worn sleep trackers require
rigid sensing elements that are directly pressed against the skin. For example, the Phillips Smart Sleep headband
[18] uses behind-the-ear sticker electrodes and the Muse [15] has an optical sensor on the forehead and EEG
electrodes on a rigid frame. These rigid structures and the embedded hard components on the head make such a
device unnatural and uncomfortable.

Another important limitation of these devices is that despite measuring EEG, these devices do not currently
expose micro-structures of sleep such as spindles and K-complexes. This is a missed opportunity since micro-
structures play an essential role in information processing and long-term memory consolidation [58] and
potentially as biomarkers of Alzheimer's disease [60] and seizures [45].

1.2 Our contribution
In this work, we present a complete textile-based head-worn sleep sensing system that bridges the gap in existing
sleep measurement devices in two ways. First, we show that a single head-worn device that leverages solely
textile-based sensors can provide nearly all the parameters that are used in clinical-grade sleep monitoring
without requiring rigid sensing elements and thereby without sacri�cing comfort. Second, we show that such a
device can provide accurate estimates of both macro and micro-structures of sleep including sleep stages, spindles,
and K-complexes.

Our work builds on our previous e�orts on developing individual sensors that provide part of the solution. In
the previous work [53], we have introduced two sensors that we leverage in this work: a) a new thread-based,
reusable wet electrode that achieves the high signal quality of commercial wet electrodes as well as the comfort
and unobtrusiveness of dry electrodes (our preliminary results showed that these electrodes were viable for
measuring eye movement patterns), and b) a fabric-based piezoionic pressure sensor [52] that is sensitive to
ballistic signals from heartbeats.

In this work, we build on the above to provide a holistic multi-modal solution that can provide reliable and
robust measures of sleep in a natural setting. Our work makes notable contributions towards a practical daily-use
system that is comfortable yet accurate. From a device perspective, we show for the �rst time that a) a fabric-based
electrode can be used to accurately measure EEG signals with high signal-to-noise, and that b) textile-based
pressure sensors on the sleep mask can allow us to sense tiny head movements induced by heartbeats and
respiration in various sleep postures. From an analytic perspective, we describe a signal processing and machine
learning pipeline that allows us to extract both high-level physiological features such as heart rate and breathing
rate, as well as micro-events of brain activity during sleep such as spindles and k-complexes. Put together,
PhyMask is a comfortable textile-based sensing platform that can simultaneously sense brain activity (EEG), eye
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