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Abstract. Sleep inertia is a transitional state of decreased performance
or disorientation that occurs immediately after awakening [1]. We intro-
duce HAVAS as a potential prevention measure to sleep inertia. It is a
haptic audio visual alarm system that determines an optimal awakening
time by considering the sleep stages. It consists of two major parts: Smart
Bed Sheet and Smart Phone App. The design principles, methodology,
and implementation are explained in detail in the following pages. Addi-
tionally, a comparison is drawn between the proposed system and those
from similar studies. Moreover, the results of preliminary feasibility tests
are presented at the end.

Keywords: Sleep inertia · Sleep stages · Sleep monitoring

1 Introduction

Scientists have been studying sleep for several centuries but modern sleep research
started almost a hundred years ago when Berger recorded a human’s electroen-
cephalogram (EEG) during sleep for the first time. Loomis introduced Non-
Rapid Eye Movement (NREM) by documenting its EEG patterns in 1937. Next,
Kleitman and Aserinsky described the Rapid Eye Movement (REM) in 1953.
Furthermore, they proposed the existence of a correlation between dreaming
and the REM stage of sleep. Then, Kleitman defined a basic sleep cycle and the
all night sleep stage architecture. Since then, scientists have been studying sleep
disorders based on the properties of the stages of sleep [3,4].

The architecture of a normal sleep includes 5 or 6 cycles. Each cycle takes
approximately 90 minutes and follows a sequence of sleep stages. Figure 1 shows
the progress of sleep stages across a night in a normal young adult [5, Figure 2-7]
with 5 cycles that each of them has two phases: REM and NREM. While human’s
brain is active in REM phase, it relaxes during the NREM. NERM can be divided
into four stages. Stage 1 and 2 are considered to be “light sleep” and the other
two stages are called “deep sleep”.

However, people suffer from sleep disorders like “sleep inertia” which is a
transitional state of lowered arousal occurring immediately after awakening from
sleep and producing a temporary decrement in subsequent performance.” [1].
c© Springer International Publishing Switzerland 2015
J. Zhou and G. Salvendy (Eds.): ITAP 2015, Part II, LNCS 9194, pp. 247–256, 2015.
DOI: 10.1007/978-3-319-20913-5 23



248 A. Danesh et al.

Fig. 1. The progression of sleep stages across a single night in a normal young adult
[5, Figure 2-7].

Recently, Santhi et al. studied the effect of morning sleep inertia in alertness
and performance [2]. Their results shows that although all cognitive processes
are impaired upon awakening, alertness and sustained attention are more affected
than working memory and cognitive throughput. Factors like abrupt awakening
can cause sleep inertia. Studies have proven that the stage of sleep in which
a person was engaged prior to awakening affects sleep inertia. Of the possible
scenarios, awakening during light sleep produces the least severe case of sleep
inertia while doing so during deep sleep produces the most severe one. Awaking
during REM leaves people in a middle ground. Sleep inertia can last anywhere
from a few minutes to 4 hours [1].

The present study introduces HAVAS, which is a tangible, portable and
embedded alarm system. The system is made of only two parts both of them
are light - which makes it portable. The first part is smart bed sheets that can
monitor sleep stages using a grid of pressure sensors. In addition, it has a grid
of miniature vibrotactile actuators in order to tickle the user at the designated
awakening time. The second part is a smartphone app, which controls the bed
sheet and provides audio and visual feedbacks. The following sections present
the details of the proposed system and results of feasibility test.

2 Related Work

There are many research studies and commercial products that monitor sleep
cycles in order to overcome sleep disorders. They can be categorized into four
groups: smartphone apps, accessories, cloths and mattresses/pads. A brief review
on them is presented here. Smartphone apps use the sensors inside the phone
to monitor the sleep stages [6]. Thus, the smartphone has to be kept on the
mattress all night. This may not be convenient for some users and it does not
work if two or more people share their bed. However, they are portable and easy
to use. There is also the possibility of embedding sensors into either accessories
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such as bracelets [7], watches [8], etc. in the second group or into clothing (e.g.
jacket [9]) for the third group. The second and third group are more accurate
than the first group since they attach the sensor directly to the user and they
are not affected by a third person in cases two or more people sleep on the
same mattress. However, most people do not like to wear accessories or extra
pieces of cloth when they sleep. The last group is mattresses/pads [10,11]. Since
people had already incorporated these items in their sleeping rituals, it requires
no adaptation to begin using one with sensors. Also, since they cover the entire
bed, they can distinguish between two or more people on the bed and monitor
their sleep separately except when they hug each other. However, mattresses and
pads are not generally portable.

3 System Design

To begin with, we designed a questionnaire to study some of people’s sleep habits.
34 people of an average age of 28.4 years (sd. = 2.87) participated in our study
with the following gender distribution: 59 % male and 41 % female. They were
university students and employees with different backgrounds in engineering,
science, economics, accounting, etc. Table 1 shows their answers to three of the
questions posed. Accordingly, 59 % of participants do not take their cellphones
to bed. Also, 94 % of people wear neither accessories (including bracelets and
watches) nor extra piece of clothing (e.g. jackets, etc.) while sleeping. As regards
the provided definition of sleep inertia and its symptoms, it was revealed that
94 % of participants experience sleep inertia at least once a month while 30 % of
them suffer from it on a weekly basis. These answers show two significant points.
First, this study suggests that a high percentage of participants suffer from sleep
inertia. Second, most of the aforementioned solutions reviewed in the literature
review would not help them without requiring a change in their sleeping habits
since the majority of participants do not take cellphones or wear extra pieces
of cloth and accessories when they go to bed. As a result, we decided to work
on a solution that uses a component from the bed; one that stems from the last
group of solutions in our literature review: mattresses and sleeping pads.

The most beneficial property of the final group of sleep-monitoring products
(mattresses and sleeping pads) is that almost everyone uses at least one of them
when they want to sleep so they do not need to adapt to an extra device or
gadget. However, the main drawback is that they are not portable. As such,
people cannot use them when they are away from their homes. To solve this
problem, we decided to use bed sheets since they are light and portable but also
offer the same convenience that comes with being commonly used when sleeping,
much like mattresses and sleeping pads.

HAVAS implements the proposed architecture of Collaborative Haptic Audio
Visual Environment (C-HAVE) with emphasis on haptic modality [12]. As Fig. 2
presents the architecture of the proposed system, it involves two parts that are
tied together via a Bluetooth connection. The smart bed sheet is responsible of
monitoring the sleep stages during the night and provides tangible feedback to
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Table 1. The answers to three questions of the user survey.

Question Answers

Do you take your Yes: 41 %

cellphone in the bed? No: 59 %

Do you wear any of these Accessories (e.g. bracelet, watch): 6 %

items when you go to bed? Extra Cloths (e.g. jacket, etc.): 0 %

None: 94 %

How often do you suffer Never: 6 %

from sleep inertia suffer Once a month: 35 %

from sleep inertia when Once in two weeks: 29 %

you get up? Once a week: 24 %

More: 6 %

the user at the designated alarm time. The smartphone application, on its end,
has two responsibilities. First, it stores the alarm time and controls the smart
bed sheets by sending it the commands. Second, it provides audio and visual
feedback to the user.

3.1 Bed Sheet Design

Bed sheets have two physical attributes: they are light and thin. In order to
keep both of these properties, the proposed solution embedded a grid of resistive
pressure sensors and miniature vibration motors in the smart bed sheet. These
sensors and actuators are spread out across the bed sheet to cover its entire area.
Said sensors are also connected to a processing and communication interface,
which receives the data they captured and controls the actuators.

Sleep stages are usually defined using EEG signals however several studies
indicate that there is a correlation between the amount of body movements and
sleep stages [13,14]. Equation 1 shows the all of the sleep stages sorted by the
amount of body movements taking place. Using the pressure sensors, the smart
bed sheet captures the body movements and monitors the sleep progress.

DeepSleep(S3, S4) < S2 < REM < S1 (1)

Algorithm 1 presents the steps of sleep monitoring. The processing unit of the
bed sheet captures the pressure sensor values and performs a pre-processing to
eliminate the noise in the data. Then, it counts the number of body movements
in 10 minute time periods. 10 minute time windows were chosen since each
sleep stage takes 10 to 20 minutes in a normal 90 minutes sleep cycle. After
counting the movements, their average is calculated. On average, the number of
body movements changes between 0.1 (deep sleep) and 0.4 (S1) movements per
minute [14]. Then, the current stage of sleep is updated. This value is used at
the alarm time. The other responsibility of the bed sheet is to provide haptic
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Fig. 2. The abstract architecture of the proposed system.

feedback at the alarm time. This is executed using the vibrotactile actuators.
Algorithm 2 describes the abstract alarm time algorithm, which is explained in
the following subsection.

Algorithm 1. The abstract algorithm of monitoring sleep stages.
1: while It is not alarm time do
2: Read the value of pressure sensors
3: Process the captured data and remove the noise
4: Compare the new values to the old ones to detect the movements
5: if There is a movement then
6: Update the number of movements
7: end if
8: Calculate the average number of movements in the last 10 minutes
9: Update the current sleep stage

10: end while

3.2 Smartphone Application

The second part to this sleep-monitoring system is a smartphone application
whose main responsibility is to manage the alarm system. Users set the alarm
time using this app and it controls the bed sheet at the designated alarm time.
The app also offers several other interesting features. It provides two types of
alarm sounds: the traditional and usually unpleasant sound of a buzzer and a
personalized audio message. The latter option allows users to select an audio
file and an avatar for the alarm from either their local or cloud storage (e.g.
Dropbox). As such, users can choose to be awoken with a recorded message
from a loved one instead of the annoying sound of an alarm. When the audio file
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ends, a recorded audio message of the important tasks of that day is played to
the user while the avatar is being animated on the screen. This reminder can be
an encouragement for the user to get out of bed. This application can also be
used without the bed sheet.

This application saves energy since it establishes the Bluetooth connection
to the bed sheet only at the beginning of the wake up time window. Algorithm2
shows different steps of the alarm time algorithm. The default value of time
window, tw, is equal to 15 min and the user defines the alarm time value, ta.
Then, the wake up time window, T , can be calculated.

T = [ta − tw, ta + tw] (2)

The first step of the alarm time algorithm occurs at the beginning of T and
consists of establishing the Bluetooth connection to the smart bed sheet. Next,
the app retrieves the current sleep stage from the bed sheet. If the user is in
a light sleep, it starts the alarm and sends the bed sheet the command that
makes it begin tickling the sleeper. If the user is not in a light sleep, it sends
the bed sheet the poke command. Poking the user is essentially a very gentle
and short tickle that stimulates the brain in order to change the sleep stage to
light sleep, so that the user can then be awaken in light sleep which will help
avoid sleep inertia. Then, it waits until ta. At that time, it checks the sleep
stage again. If the user is not in the light sleep, it pokes the user for the second
time to change the sleep stage, and waits until the end of T . At the end of T ,
which means the end of the time allowed by the user, whether the user is in
light sleep or not, it starts the alarm and haptic feedback on the bed sheet. It
turns them off only when the user leaves the bed. There exist some commercial
products similar to HAVAS that force users to leave their bed at the designated
alarm time. However, HAVAS has advantages over them. First, it does not need
extra space for chasing process (unlike products like Clocky Alarm [15]). Second,
people who have auditory diseases can feel the tangible feedback alarm and use
this system as well.

4 Implementation

We have built a functional prototype to evaluate the feasibility of the proposed
system. An Arduino Mega 2560 is used to process the captured data. Also, only
5 pressure sensors are embedded into this prototype. Each sensor was connected
to the supply voltage Vcc at one side, and it was connected to an Analogue-to-
Digital Converter (ADC) port of a microcontroller and ground via an offset resis-
tor (10kΩ) on the other side. Interlink Elec. FSR 406, which is a force sensitive
resistor, was selected as the pressure sensor. The vibrotactile feedback is embed-
ded into the prototype by using Precision Haptic C10-100 motors. BlueSMiRF
Gold was used to connect the Arduino board to the smartphone (Fig. 3). More-
over, we developed the smartphone application on the Android platform and ran
it on an Android phone to test the system. Figure 4 presents the personalized
message recording and the simple avatar pages.
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Algorithm 2. The abstract algorithm of awakening for the beginning of T .
Initialize the Bluetooth connection

2: while The user is in bed do
if (The user is in light sleep) or (It is the end of T ) then

4: Start the alarm and vibration
while The user is in the bed do

6: Increase the intensity of vibration and the volume of sound
end while

8: else
Poke the user

10: Wait for tw minutes
end if

12: end while
Stop the vibration and alarm

5 Results

The prototype device was used to conduct a few preliminary tests in order to
evaluate the feasibility of the proposed system. Portability of the system was one
of the main principles in our design. Thus, HAVAS was tested on three different
types of mattress in order to see whether the mattress can affect the functionality
of the system or not. We asked each person to lie on the selected mattresses with
the same posture. Table 2a shows the results of this test. The average values of

Fig. 3. The setup of the prototype system.
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(a) Select audio file page (b) Basic avatar at alarm time

Fig. 4. Two screen shots from the developed app.

captured data are on the same range. Hence, the proposed system is portable
and can be used on various mattresses.

Table 2. The results of the feasibility tests.

(a) The mattress type test

Mattress Type Avg. of ADC Value

Spring 598.95

Sofa Bed 545.05

Foam 642.36

(b) The bed state experiment

Bed State Avg. of ADC Value

Empty 0

Sitting 397.99

Lying 598.95

Table 2b shows the average of ADC values for three scenarios: empty bed,
sitting on the bed, and lying on the bed. Each participant performed these
scenarios on the same mattress (i.e. spring mattress). It is clear that the average
for the empty bed is much less than the other two while sitting values and lying
values are in different ranges.

Figure 5 shows the ADC values during body movement at 0.01 second time
intervals. In this experiment, the user turned from supine position to right log.
Using the changes on values, HAVAS counts the number of movements and
monitors the progress of the sleep cycle. The haptic feedback test was the last
conducted experiment. As Fig. 6 shows, the user experienced the vibrotactile
feedback in this order: two gentle short vibration pulses (0.5 second) at the



HAVAS: The Haptic Audio Visual Sleep Alarm System 255

beginning and middle of tw and one vibration of a continuously rising intensity
at the end of the alarm tw.

We discussed the sharing bed problem earlier, but there is another concern
regarding the proposed system. Bed sheets are usually washed frequently. How-
ever, it is not easy to wash objects that have electronic parts. This smart bed
sheet can be used as a mattress cover and placed under a normal bed sheet in
order to reduce the need to wash.

Fig. 5. The ADC values while a user is changing his posture from supine to right log.

Fig. 6. The vibrotactile feedback test result.

6 Conclusion and Future Work

We have presented a smart portable alarm system that can help eliminate sleep
inertia by addressing sleep stages. This system uses embedded sensors to monitor
the progress of the sleep cycles and finds an optimal awakening time during the
predefined time window. Then, it provides tangible, audio, and visual feedbacks
to the users in order to wake them up. Moreover, we conducted some prelimi-
nary tests to validate the feasibility of the proposed system and were met with
conclusive results. However, an extensive trial is needed to evaluate the accuracy
of sleep stage detection and study the effect of provided haptic feedback in long
term uses.
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