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Abbreviations: CDC, centers for disease control internet of 
things; PSG, polysomnography; EOG, electrooculogram 

Introduction
Sleep disorders result in sleep deficiency and are becoming 

epidemic issues among both young children and adults. A 2016 
CDC study by the U.S. Centers for Disease Control and Prevention1 
revealed that more than a third of American adults and one out of 
four young American children lack sufficient sleep on a regular basis. 
Another study conducted by the National Institute of Neurological 
Disorders and Stroke2 pointed out that every year, the US alone has 
over 40 million people suffering from chronic sleep disorders. Lack 
of sleep3 can cause detrimental health effects, such as increased 
probability for diabetes, neurological disorders, and heart disease as 
well as a weakened immune system. There is little doubt that sleep 
is essential for health, growth, normal physiological functions, and 
learning abilities in children.

The causes of sleep disorders are not well understood and 
are currently an active area of research. However, a myriad of 
environmental and physiological measurements are needed to 
understand this complicated physiological function. Unfortunately, 
sleep clinics can only provide snapshots of sleep tracking and 
monitoring, and fail to provide a continuous picture of sleep disorder 
related physiological measurements. Thus, it is imperative to find an 
effective way to monitor numerous physiological functions and sleep 
outside the clinical environment. 

The proliferation of wearable sensors, Internet-of-Things (IoT), 
and the new technologies in system integration and designs have 
enabled us to make connections with physicians, caregivers, educators, 
parents, friends and a wide variety of real-time services without going 
to the hospital or clinic. It is possible to conduct tracking, monitoring 
and data streaming at the locations or in places we desire. This is 
especially important for sleep studies as we need to acquire sleep 
related measurements in places where users are in their normal living 
situations.4–6

 We point out that the ‘in-place’ concept emphasizes using 

1) Reconfigurable designs and system integration ideas to 
establish an environment or mobile hub for persons-in-need at 
his/her own location, and 

2) Stream the data to professionals at remote locations in real time 
through IoT. 

This paper reviews sleep monitoring and tracking frameworks 
that can achieve ‘in-place’ data acquisition. We use mobile platforms, 
computational resources, and sensors to create a home/school/
workplace based tracking and monitoring environment. We also 
point out the potential challenges associated with the wearable sensor 
designs, data/measurement quality, and data management and security. 

Discussion
We envision that sleep monitoring and tracking will follow two 

step transitions to aid accessible restful sleep for regular users at 
home/natural environment. 

Step 1: From polysomnography (PSG) to wearables 
(e.g. wristband)

 PSG, performed at sleep centers or clinics, provides the most 
accurate medical diagnosis. However, due to its complexity in wiring 
and connections, clinic-based PSG test can only give snapshots 
of sleep data. Without the same level of accuracy, it is possible to 
use existing consumer based wearables to provide meaningful sleep 
monitoring and tracking. With the advance of VLSI designs, we 
can find consumer sensors for every type of measurements in PSG. 
Low cost sensors are available for electroencephalogram (EEG), 
electrooculogram (EOG), electrocardiogram (ECG), electromyogram 
(EMG), oxygen level, and breathing patterns. It is also very easy 
to use sound recording functions on smart phones and tablets. With 
additional data mining and learning software support, it is possible 
to provide reasonable screening using a set of low end sensors to 
perform sleep monitoring and tracking. We will further illustrate this 
step in the following sections. 
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Abstract

Sleep disorders and deficiency are epidemic among young children and older adults. 
A 2016 US Centers for Disease Control and Prevention study revealed that more than 
a third of American adults and one out of four young American children lack sleep 
on a regular basis. To aid medical professionals investigating the etiology of sleep 
disorders, a number of environmental and physiological measurements are needed 
to understand this complicated state. With the development of wearable sensors, it is 
possible to monitor and track the effect of the environment outside the sleep clinics 
on an individual basis. A new sleep monitoring and tracking framework is presented 
which uses mobile platforms, computation resources, and sensors to create a home/
school/workplace-based monitoring and tracking environment. We conclude that this 
approach is useful for both adults and children, but that further work is needed to 
address current wearable sensor designs and performance as well as data quality, 
management, and security.
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Step 2: from wearables to internal body changes

Step 2 is the transition to bridge the gap between sleep monitoring/
tracking and changes in body biochemistry, and thus leads to new 
advances in sleep medicine. Sleep is a complicated process and there 
have been no definitive biomarkers for sleep quality until recently 
when oxalic acid [generated by processing food] and diacylglycerol 
36:3 [fat storage molecule] were shown to be quantitative sleep 
biomarkers in blood.7 These studies suggest that one function of 
sleep is to clear metabolites in the brain and reinstate an antioxidant 
balance in peripheral tissues. Loss of sleep causes a harmful oxidative 
metabolic state. This discovery makes it possible to track the 
biochemical changes inside the body and correlate these with sleep 
measurements to discern ways to improve sleep quality for each 
individual (Figure 2). 

Figure 1 displays performance comparisons of PSG, Actiwatch, 
Basis, and Jawbone. Figure 1 describes the data measurements we 
have with Actiwatch, Basis, and Jawbone. According to,8,9 the three 
popular devices which collect accurate signals for sleep monitoring/
tracking include Actiwatch, Basis watch, and Jawbone Up. Actiwatch 

uses a highly accurate MEMS based accelerometer to measure body 
movements10,11 which are then used to determine sleep cycles. Basis 
Watch measures activity, heart rate (HR), body temperature, and blood 
flow. It also utilizes software to integrate sensor data and perform 
analysis to evaluate sleep quality. Jawbone uses a 3D accelerometer 
to measure acceleration. It also collects heart rate. Both acceleration 
and heart rate are used to interpret sleep quality via data analysis tools.

Acceleration measurements have limited accuracy. The linear 
range of acceleration is usually within +3g. They are also nonlinear 
which means that there is a deviation between output voltage and 
actual acceleration. Other sources of errors are discussed in.12 Sensors 
alone do not provide the infrastructure to store data and perform real 
time analysis. IoT is required to be in place to connect sensors with 
data mining and storage capability. Figure 3 discusses how data can 
be streamed to remote locations using mobile platforms. Figures 4 
& Figure 5 demonstrate screenshots from a sleep framework called 
“MySleep”.13 Designed with MySQL database, this sleep framework 
uploads user data through the website, and facilitates basic data 
mining capabilities to allow users to manage their sleep time. 

Figure 1 Sleep tracking result comparison among Polysonogram, Actiwatch, Basis, and Jawbone [6].

Figure 2 Three sleep tracking/monitoring wristbands.
Figure 3 Data streamed to remote locations through IoT using a sleep 
tracking platform.
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Figure 4 The actigraph for one week from Actiwatch uploaded on “MySleep” 
framework. This result is from research supported in part by NSF award 
#1433185 (collaborators: Michelle Perfect, Janet M. Roveda, and Stuart Quan).

Figure 5 Statistic summary screenshot for the sleep actigraphy from 
“MySleep” framework. This result is from research supported in part by NSF 
award #1433185 (collaborators: Michelle Perfect, Janet M. Roveda, and Stuart 
Quan).

Conclusion 
This paper discussed two transitions in sleep quality and reviewed 

existing wearable sensors that can provide sleep cycle measurements 
to indicate sleep deficiency. We also presented a new sleep framework 
that facilitates an IoT structure for sleep monitoring and tracking. This 

approach is useful for both adults and children. However, further work 
is needed to enhance the performance and data quality as well as the 
design of current wearable sensors. It is also important to address data 
management and security.14
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