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요 약

본 논문에서는 수면하는 동안 신체 움직임을 감지하여 수면의 질을 측정하기 한 스마트 베개를 제안한다. 

제안된 스마트 베개는  9개의 가속도 센서를 내장하여 수면하는 동안 머리 는 몸의 움직임을 감지할 수 있다. 

스마트 베개의 효용성을 알아보기 해서 총 7명의 사용자를 선발하여 5일 동안 개발된 수면 베개를 사용하도록 

하고 이들의 수면 모습을 카메라로 녹화하는 한편 설문 조사를 실시하 다. 스피어만 상 계를 이용하여 수면 

 분당 신체 움직임과 수면품질의 상 계를 분석한 결과 수면  분당 신체 움직임이 많을수록 수면의 질이 

하되는 것을 확인할 수 있었다. 본 논문의 결과는 향후 수면 장애를 신속히 진단하여 치료하는데 활용될 수 

있다.

ABSTRACT

The sleep measurement system is important to detect sleep disturbances as early as possible to be diagnosed and 

treat the diseases quickly. This paper presents design of system to measure the quality of sleep by using nine 

accelerometer sensors embedded in the pillow to detect the acceleration of limb movement, e.g. head movements. The 

participants were asked to sleep using a smart pillow for five days. While sleeping, participants are recorded using a 

camera on a computer. After awakening, participants were asked to fill out a post-sleep questionnaire. Spearman's 

correlation was performed to test the correlation of gross body movement per minute rate with post-sleep questionnaire 

questions. Finally, the seven score of sleep quality were tested with gross body movement per minute rate. The result 

is the higher gross body movement per minute during sleep represented lower sleep quality. 
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Ⅰ. Introduction

The sleep quality is defined as one’s satisfaction 

of the sleep experience, integrating the aspects of 

sleep initiation, sleep maintenance, sleep quantity, and 

refreshment upon awakening [1]. The key 
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Fig. 1 The smart pillow designed and the positions of 
9 sensors

determinants of quality sleep include: sleeping more 

time while in bed (at least 85 percent of the total 

time), falling asleep in 30 minutes or less, waking up 

no more than once per night; and being awake for 

20 minutes or less after initially falling asleep [2]. 

Ⅱ. Body Movement and Sleep Quality 
Correlation 

The body movement detection during sleep has 

been studied for many years. Fukumoto et al. [3] 

presented his study that through visual observation 

and electroencephalogram (EEG) [4] recordings, the 

body movement during sleep was divided into three 

states: twitch movements (TMs), localize 

movements (LMs), and gross movements (GMs). 

Among these three stages, GMs described body 

movements that occurred for the longest time 

period, and they included movements such as 

turning over in bed, which usually continue for 

over 2 seconds.

A study by Kaartinen et al. [5] aimed to 

investigate the stability of movement-based 

activities over a two week period. Total 16 

registered participants used static charge sensitive 

beds (SCSB) for 14 consecutive nights in their 

homes. The results showed the correlations 

between subjective and objective measures over a 

period of 14 nights, which systematically showed 

the better subjective sleep quality as a function of 

low motility. In this study, they separated GMs 

from small body movements based on the duration 

of gestures. The GMs had the duration of motion 

over 5 seconds while the small body movements 

continued less than 5 seconds.

As it is mentioned so far, GMs were an 

extremely useful parameter to assess the sleep 

quality. This paper, therefore, focus on developing a 

device to detect GMs and measure the quality of 

sleep. Considering that a pillow [6] is usually used 

by people to support the body during sleep and the 

materials for it are easy and inexpensive to obtain, 

we have decided to develop a smart pillow that can 

measure the long-term quality of sleep using 

accelerometer sensors equipped inside. Using the 

smart pillow, it can be possible to measure the 

quality of sleep without interrupting the comfort of 

people in sleep.

Ⅲ. System Design

3.1 Design 

The proposed smart pillow has been designed to 

have 9 accelerometer sensors as shown in Fig. 1.  

3 sensor is placed on the top, middle, and the 

bottom of the pillow. At the top and bottom of the 

pillow, three sensors are placed at the two ends 

and center of the pillow while three sensors are 

placed around the center of the pillow at the 

middle.

To optimize the number of accelerometer sensors 

and identify which accelerometer sensor detects 

movements, the group of the sensors are classified 

using their locations as in Table 1 and 2. Also, to 

study the effect by the accelerometers in detecting 

movements, we varied the number of 

accelerometers active from 3 to 9 in our 

experiments.
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Number of Sensor Sensors

3 1 - 3

5 1 - 5

7 1 - 7

9 1 - 9

Table 2. Sensor grouping based on the number 
of the accelerometer sensors

Fig. 2 The Processing unit using two Arduino boards

Fig. 3 Experimental Setup

Sensor group per 
Location

Sensors

Top 4, 5, 9

Middle 1, 2, 3

Bottom 6, 7, 8

Right 2, 4, 7, 8, 9

Centre 1, 2, 3, 8, 9

Left 3, 5, 6, 8, 9

Table 1. Sensor grouping based on the location 
of the accelerometer sensors 

3.2 The Processing Unit

The processing unit (MCU) is the key 

component of the smart pillow. 27 ADC ports for 

interfaces between 9 accelerometer sensors with a 

microcontroller are required. An accelerometer 

sensor consists of 3 axes, each of which have one 

output pin [7]. Thus, 9 accelerometer sensors 

require 27 ADC ports. In Fig. 2, it is shown that 

two Arduino Mega 2560 boards [8] are designed to 

measure signals from the accelerometer sensors, 

which converted analog voltages into digital data.

These two boards are connected through 

communication between inter-integrated circuits. 

The board 1 acts as a master that receives data 

from board 2 which acts as a slave. The board 2 

read data from 4 accelerometer sensors. Each of 

these data is divided by 255 because the maximum 

value that is sent is 255 while the ADC arduino 

data can reach 1023.  

After all the accelerometer sensor data from 

board 2 have been sent, board 2 multiplies each 

value of data by 255 and added it to the remaining 

data division. This is to return the accelerometer 

sensor data values compatible to the board 2. After 

all data from board 2 is received, board 1 reads 5 

data accelerometer sensors on it. After all the 

values from the 9 accelerometers are collected, the 

board 1 sends data to the computer using bluetooth 

communication per 0.125 seconds with sampling 

rate of 8 Hz.

Ⅳ. Experiments

4.1 Experiment Setup

In Fig. 3 it is shown that an experiment is set 

up for a participant to record his GMs during 

sleep. The developed JavaFX application is used to 

record the accelerometers readings and a camera is 

to record the movements of the body of the 

participants during sleep to serve as truth labels 

and for future references. The position of the 

notebook is facing directly to the participant upper 

part body during the recording.
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Subject Left Centre Right

 
Subjective 

Quality
Restfulness

Depth 
of Sleep

Subjective 
Quality

Restfulness
Depth of 

Sleep
Subjective 

Quality
Restfulness

Depth of 
Sleep

1 0.558 0.692 0.692 0.55 0.741 0.741 0.513 0.718 0.718

2 0.289 -0.577 0.289 0.577 -0.289 0.577 0 0.289 0

3 0.707 0.894 0.738 0.707 0.671 0.316 0.707 0.894 0.517

4 0.354 -0.224 0 -0.707 -0.447 -0.289 -0.354 -0.447 0.289

5 0.447 0.105 -0.671 0.447 0.738 0.224 0.894 0.738 -0.224

6 0.211 0.053 0.105 0.211 0.053 0.105 0.211 0.053 0.105

7 0 0.354 0.289 0 0.354 0.289 0.289 -0.354 0.289

Table 3. Within-subject correlation analysis of subjective quality, restfulness and depth of sleep with gross body 
movements in sensors left, centre, and right

Seven volunteers were involved in this study 

with an average age of 32.29 years. Each 

participant’s GMs during sleep was recorded for the 

consecutive five days at their own homes. For the 

ease of recording purposes, the participants are 

requested to sleep on mattresses. The participants 

were trained how to operate the computer 

application for the recording, and requested to start 

the recording before sleep and close the application 

upon woke up. Then, participants were required to 

fill up the Likert 5-scales post-sleep questionnaire 

(PSQ) which contained sleep hours, awaking hours, 

estimated sleep latency, number of awaking, 

estimated sleep time, estimated deep sleep duration, 

subjective sleep quality and estimated depth of 

sleep. The general sleep quality was calculated by 

summing all the scores collected from the 7 

subjective parameters (sleep quality, restfulness, 

depth, sleep latency etc. [5]). Spearman's correlation 

were computed between PSQ (subject quality, 

restfulness and depth of sleep) and general sleep 

quality with GMs rate per minute.

V. Result and Discussion

5.1 Raw Accelerometer Signal

Fig. 4 shows an example of the measured signal 

data  from a participant in one day sleep. The raw 

values from the accelerometers have been filtered 

with the fifth-order Butterworth bandpass filter 

with frequency range between 0.25 Hz and 2.5 Hz 

as suggested by [7].

It can be seen that some magnitudes of the 

value drop mostly from sensor 1, 2 and 3 that are 

placed at the middle of the pillow. The values from 

the other sensors are relatively stable. The drop 

is mainly due to the changes of weight on the 

pillow as participants can move their heads 

while sleeping.

5.2 Correlation of subjective sleep quality

In Table 3, it is shown that the Spearman's 

correlation of subjective quality, restfulness, 

and depth of sleep with GMs per minute 

measured at the location of the sensors left, 

center, and right. In general, the highest 

correlation was experienced by participants 

with almost the same habitual sleep, namely 

sleeping at 12AM and waking up at 6AM, 

with a duration of sleep between 5 hours to 6 

hours. Most participants who had irregular 

habitual sleep and sleep duration had a low, 

even negative correlation. The bold numbers 

in table 3 showed the highest correlation. It 

can be seen that the highest correlation was 

experienced by participants 3, 5, and 7.
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Fig. 4 Measured values from 9 sensors
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Subject Top Mid Bottom

Subjective 
Quality

Restfulness
Depth of 

Sleep
Subjective 

Quality
Restfulness

Depth of 
Sleep

Subjective 
Quality

Restfulness
Depth of 

Sleep

1 0.703 0.883 0.883 0.784 0.893 0.893 0.815 0.86 0.86

2 -0.577 0 -0.577 -0.577 -0.866 -0.577 0.289 0 0.289

3 0.354 0.671 0.158 0.707 0.671 0.316 0.707 0.671 0.316

4 0 -0.447 -0.289 -0.707 -0.447 -0.289 -0.725 -0.918 -0.444

5 0.894 0.527 -0.224 0.224 0.632 0.671 0.224 0.105 -0.224

6 0.211 0.053 0.105 0.369 -0.105 -0.053 -0.949 -0.791 -0.949

7 0 0.354 0.289 -0.557 0.354 0 0.577 -0.354 0.289

Table 4. Within-subject correlation analysis of subjective quality, restfulness and depth of sleep with gross 
body movement in sensor top, sensor mid, and sensor bottom

In Table 4, it is shown that the Spearman's 

correlation of subjective quality, restfulness, and 

depth of sleep with GMs per minute measured 

at the location of the sensors top, middle, and 

bottom. The highest correlation values of 

participants 3, 5, and 7 are indicated bold. 

ⅤI. Conclusion and Future Work

This study focuses on the design of smart 

pillow for sleep quality measurement with nine 

accelerometer sensors. The sensors are placed 

with three each on the top, center, and bottom 

of the pillow. GMs are used to derive the 

sleep quality in this study. These GMs are 

derived from the number of movements during 

sleep in one night divided by the duration of 

sleep in units of minutes. Low GMs per 

minute indicate good quality of sleep, whereas 

high GMs per minute indicate poor sleep 

quality. Sleep movements are detected using 

the developed smart pillow.

There are following further works for future 

improvements: 

1. Improved the calibration method of 

accelerometer sensors for better measurements 

and assessments.

2. Should be confirmed by data after an 

extensive experiment with more subject 

analysis.
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