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Abstract. The process of restoring our body and brain from fatigue is directly 

depending on the quality of sleep. It can be determined from the report of the 

sleep study results. Classification of sleep stages is the first step of this study and 

this includes the measurement of biovital data and its further processing.  

In this work, the sleep analysis system is based on a hardware sensor net, 

namely a grid of 24 pressure sensors, supporting sleep phase recognition. In com-

parison to the leading standard, which is polysomnography, the proposed ap-

proach is a non-invasive system. It recognises respiration and body movement 

with only one type of low-cost pressure sensors forming a mesh architecture. The 

nodes implement as a series of pressure sensors connected to a low-power and 

performant microcontroller. All nodes are connected via a system wide bus with 

address arbitration. The embedded processor is the mesh network endpoint that 

enables network configuration, storing and pre-processing of the data, external 

data access and visualization. 

The system was tested by executing experiments recording the sleep of differ-

ent healthy young subjects. The results obtained have indicated the potential to 

detect breathing rate and body movement. A major difference of this system in 

comparison to other approaches is the innovative way to place the sensors under 

the mattress. This characteristic facilitates the continuous using of the system 

without any influence on the common sleep process. 

Keywords: movement detection, respiration rate, sleep study, FSR sensor. 

1 Introduction 

The importance of sleep in human life should never be undervalued. Our daily routine 

can be positively or negatively influenced by the quality of sleep. Studies show that the 

recommended sleep duration varies based on personal body attributes and even more – 

on the age group. However, the amount of sleep alone does not guarantee the good 
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quality of a rest [1]. The identification of the sleep stages and their durations, which 

present sleep cycles, is also necessary for the accurate evaluation of the quality of sleep.  

Sleep can be categorized into stages, which can be ascertained by processing the 

various electrophysiological signals during sleep. The examples of these signals would 

be Electroencephalography (EEG), Electromyography (EMG) and Electrooculography 

(EOG). The brain and muscle activity as well as the eye movements can be captured 

separately using these measurements [2]. Following the method determined by 

Rechtschaffen and Kales (R-K) [3] the obtained signals are being analysed to identify, 

which one of the six sleep stages the body is in.  

Rapid Eye Movement (REM) and Non-Rapid Eye Movement (NREM) are the two 

main categories of sleep stages. About 25% of the sleep typically occurs in the REM 

stage, while the remaining 75% occurs in the NREM [4]. REM, also known as the 

dream stage, is the stage where skeletal muscle activity is actively inhibited. The inten-

tion of this inhibition is preventing the physical manifestation of activities or move-

ments being executed in the dream. The eye muscles during this phase are engaged in 

rapid movements under the lids, which causes the name of this sleep stage [5]. NREM 

can be split in four stages of sleep. The first NREM stage can be described as the tran-

sition between being awake and sleep. In other words, it is the stage, where the process 

of falling asleep occurs. A person in this stage of sleep is still a bit in aware of his or 

her surrounding and can easily be awakened by sounds or other outside influences. This 

phase usually lasts about 5-10 minutes [6]. When the second NREM stage is attained, 

the subject is really sleeping, what means a transition from falling asleep to real sleep 

is completed. There are some characteristics typical for this stage: a person becomes 

less conscious of the surrounding, breathing and heart rate become more regular and 

the body temperature drops. Healthy people spend approximately 50 percent of their 

sleep in this stage [4]. NREM 1 and NREM 2 conjunct are also known as light sleep. 

The combination of NREM 3 and NREM 4 is also called deep sleep. Starting in NREM 

3 in the brain the delta waves or extremely slow waves appear to be switching with 

some faster waves. In this stage, core body temperature decreases even more than in 

NREM 2, heart rate slows down and the blood pressure drops down. During NREM 4 

stage only delta waves are produced by the brain. When a person wakes up during these 

stages (NREM 3-4), the first feelings can be groggy and disoriented [7]. These stages 

form a sleep cycle that for healthy adults continues 90-120 minutes and then repeats 

again [8].  

Sleep is definitely not a waste of time. Research has demonstrated that the brain 

remains active during the process of sleep. Very important role in brain process such as 

memory consolidation and brain detoxification is played by sleep. During the person is 

sleeping, the brainstem, hippocampus, thalamus and cortex help to consolidate different 

kinds of memorial [9]. Moreover, during sleep, the glymphatic system detoxifies the 

brain from toxins that were built up while consuming energy during the day [10]. Un-

derstanding how do we sleep and analysing the individual human sleep patterns, can 

help to intervene and improve the quality of the sleep and consequential the life quality. 

The lack of sleep can result in many health issues such as migraine, insomnia, hyper-

somnia and in worst case scenario even death. 
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Nowadays sleep can be analysed with help of electrophysiological signals in sleep 

laboratories. Unfortunately, the sleep environment in sleep laboratories is very different 

from home and feeling being sleeping like at home cannot be reached. This makes it 

therefore even more difficult to obtain results equal to home-sleeping with high accu-

racy. In addition, continuous monitoring can be easier executed in home environment. 

Another important aspect to be taken into account is expense factor. Sleep study in 

sleep laboratory requires high financial and human resources. Respiration and heart 

rate, but also body movements are important in determining sleep behavior [11]. Fur-

thermore, monitoring body movement in addition to breathing during sleep can support 

the detection of apnoea and myoclonic [12]. The aim of this work is to develop an 

efficient system for collecting information about movement and respiration of a person 

while sleeping and without any additional physical contact to a person’s body such as 

wearable sensors.  

2 State of the art 

Sleep study and sleep stage classification as its part have different methods of meas-

urements and further data processing. The most widely used method for measuring 

sleep patterns is Polysomnography (PSG) [13]. PSG includes: Electroencephalography 

(EEG), Electrocardiography (ECG), Electrooculography (EOG), Electromyogram 

(EMG). Some other measurements could also be executed as a part of a PSG session, 

like e.g. video recording. 

There are also other methods used in sleep monitoring apart from PSG. One of re-

searches focused on the current state of the art on this field is [14]. Not only the com-

parison of presented on the market commercial devices with their properties and appli-

cation fields was executed, but also the short overview of current researches on the 

topic of health monitoring systems using sensors on beds or cushion was presented in 

this paper. 

Some methods are based on the use of motion sensors, which measure the body 

movement – actigraphy [15]. Actigraphy can be worn on the wrist or the hip to record 

sleep and wake behavior [16]. Actigraphy signals can be analysed with much more 

details, if they are recorded with a high sampling rate [17]. Then it is possible to derive 

even respiration from actigraphy recording. In most cases an actigraphy-method, 

pushes data to a computer after some period of time or even offline. Some other pro-

posing studies work with wearable devices and read time data [18]. The continuous 

wearing of the devices could provoke the feeling of being permanently in an uncom-

fortable environment, resulting that these methods have limitations in being used long-

term. Combinations of methods are also presented in research. An example is the com-

bination of actigraphy and respiration data [19]. The mentioned sleep monitoring meth-

ods cannot provide all data in comparison to PSG as described by R-K Method, but 

they could provide enough information to diagnose sleeping disorders and classify the 

sleep stages.  

Identifying of some ‘non-conventional’ sleep stages, such as the pre-wake stage, are 

also a topic of research [20]. This is important for quantifying drowsiness before and 
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after sleep as well as during the sleep phase. Here, the patient suddenly wakes up. The 

continuous analysis of everyday behavior is very helpful in such cases for detecting 

symptoms that might indicate sleep disease syndromes or other health issues.  

However, using the established method PSG can be very uncomfortable for long-

term observation of the patient, and, it is costly and difficult to setup for non-experts. 

This is one of reasons of a new research trend using non-invasive sleep study systems. 

Some of examples of sensors used are: video motion system, radar sensors [21], optical 

fiber sensors, piezoelectric sensors, load cells and pressure sensors (e.g. resistive) [22]. 

Piezo resistive, capacitive, piezoelectric or optoelectronic principles are applied to de-

tect pressure. Another type of pressure sensors is the Force Sensing Resistor (FSR) [23] 

that was used in several researches on sleep analysis. Comparing to the piezoresistive 

sensors that cannot hold up the value under long-term use, FSR keeps the output value 

stable. It consists of polymer thick film and interdigitating electrodes; FSR has a re-

sistance value that changes according to the applied force. The typical range of applied 

force recognized by FSR is from 0.01 kg to 10 kg. The deviation of the measured values 

is not more than ±2% in this range. The durability test showed that even under high 

temperature such as 170 ℃ and a force test applying 5.44 kg over ~1.5 cm², the value 

of the resistance remains in the tolerance range of FSR sensor. In the most of researches, 

FSR sensor was used over the mattress.  

These FSR sensors can recognize sleep postures. One of researches [24] has not only 

classified in total eight positions, but also has proven a precision of up to 97%. Here, 

the project goal was to analyse the posture of bedbound patients for the avoiding of 

ulcers. Because of the high requirements of the system, this research is for categorizing 

postures. The algorithms for continually detecting bed posture has been developed with 

the low-cost pressure mat, consisting of pressure sensors.  

Not only movements during the sleep, but also changes in respiration and heart rate 

are important for the indirect classification of sleep stages. [25] demonstrates that pres-

sure sensors can also be used to analyse sleep states; there are used to observe the res-

piration and body movements. For the respiration signal validation, such parameter as 

Respiratory Rate (RR) was defined that results in a parameter the Respiration per Mi-

nute (RPM) and the number of apnoea, occurred during the measurement period. This 

number is used for calculation of the apnea-hypopnea index. Furthermore, RR can also 

be used in calculating of sleep depth and sleep cycles [26]. The dynamics of RR in 

terms of statistical properties can be exploited in addition [27]. Using the analysis of 

short-term and long-term correlation as defined by the random walk theory allows the 

distinction between NREM and REM sleep stages.  

The ECG itself, heart rate and heart rate variability can be used to analyse and detect 

sleep stages [28]. Sleep stages differ in terms of statistical properties of inter-beat in-

tervals of the heart [29]. This had been done successfully and not only sleep stages 

could be detected but also sleep disorders could be recognized [28]. Some specific sleep 

disorders are recognized with a very high reliability such as sleep apnoea [30]. For this 

identification both, heart rate interval analysis and ECG wave morphology such as R-

wave amplitude are combined to achieve a high accuracy. Other disorders are certainly 

more difficult to identify, such as insomnia.  
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FSR sensors were also used in [31] for measurement of respiration rate and body 

movements during sleep. 28 commercial FSR sensors are included in the system and a 

wireless network is built using ZigBee. The real-time communication between FSR and 

computer is ensured. The developed for this system software contains seven views: (1) 

the value of sensors using color, (2-4) the output signals from the FSR, (5-7) the average 

value of fields 2-4. Moreover, this research shows a good result in detecting body move-

ment and respiration rate. 

3 System architecture 

3.1 Evolution of a system design 

The system design of the mesh sensor network described in our approach started with 

the first version of the system [32] but soon have been revised in both hardware and 

software architecture. Previous hardware architecture was based on a series of off-the-

shelf microcontroller boards which didn’t provide many ADC pins but were easy to use 

and served well as a proof of concept implementation. They were interconnected using 

an I2C bus with resistor series based address arbitration - addresses were assigned de-

pending on the voltage measured at daisy-chained voltage divider. An Intel Edison 

board (trademark of Intel) was used as a mesh network endpoint, which served as a 

communication relay from the mesh network to external service, which recorded data 

and served as a visualization and analysis tool. The benefit of such system design was 

simplicity of implementation of each of the components but system as a whole required 

many hand-soldered boards and wires to connect sensors to sensor nodes. A large num-

ber of sensor nodes and an external computing unit was required to collect and process 

measurement data. To address these issues, a new system architecture was proposed - 

off-the-shelf microcontroller boards would be replaced with custom PCBs, which 

would enable the connection of a larger number of sensors. Hand soldered board func-

tionalities could be transferred to a PCB needed as an external computational unit and 

local data storage and processing has been enhanced. The implementation of proposed 

changes resulted in a system that is more cost-efficient, easier to install and manage, 

and it does not require external devices while retaining the feature of large scale inte-

gration via an API. 

A sensor mesh design is well-suited in this scenario, in case a system requires a large 

number of sensors, which can be accessed from a single point. When connecting sen-

sors to nodes, a time and processor power consuming task of AD conversion is dele-

gated from an endpoint to the external processors. Now, a horizontal system scaling 

can be implemented. Attention has to be payed to how this is done. Too granular scaling 

requires a high bandwidth for the communication channel and increases latency. In 

contrast to that a conglomerated system requires more complex microcontrollers 

providing more pins and a higher computational power to process data. The best ap-

proach is to tune the system granularity according to the hardware structure of the so-

lution. In this case, a node is placed between two rows of sensors. It supports up to eight 

sensors in a row and up to 16 in total.  
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The planned coverage requires three nodes, while total bed coverage requires only 

six nodes. In comparison to the previous system that required 20 boards. The nodes are 

still communicating with the endpoint via single I2C but address arbitration is now 

implemented digitally. Again, this allows easier system scaling and eliminates the need 

for voltage divider resistor boards. The development platform used to collect measure-

ments now consists of two nodes, each connected to 12 sensors and an endpoint like 

shown in Figure 1.   

 

Fig. 1. A new sensor-bed system hardware architecture 

3.2 Sensor node implementation 

A node is implemented as a small and simple PCB. It features an ATMEL SAMD 21 

microcontroller based on 32-bit ARM architecture. The benefit of this exact microcon-

troller is the large number of 16-bit resolution AD pins and the compatibility with a lot 

of widely-used frameworks and tools. The node PCB uses resistors required for meas-

uring pressure, internal bus connectors for easy interconnection to other boards, a low 

noise voltage regulator, programming connector, reset button and micro-USB con-

nector. The sensor connector consists of two pins - ground and voltage input pin. 8 pin 

pairs are located on each side and they are directly attached to the sensors. Program-

ming and debug connector has a cortex debug pinout and is used to flash firmware 

images and debug. There are two system bus connectors so that boards can be easily 

chained together. Power is supplied over a system bus or a micro-USB connector and 

can be connected only on one node. Figure 2 shows board implementation. 

 

Fig. 2. Node PCB design 
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The firmware is based on ARM mbed framework and is written in C++. In regular 

intervals, the node measures voltage value on sensor pins and saves that data in a local 

buffer. Sample rate can be increased to improve the time resolution or reduced to save 

power. When a request arrives via a system bus, the microcontroller processes the re-

quest and returns the latest measurements. The node can also change its bus address or 

work with the endpoint to update addresses of other nodes in case the right request is 

received. The bus itself is based around I2C communication while two pins are reserved 

for location sense in and sense out. This architecture allows fully digital address arbi-

tration that starts broadcasting from the endpoint node: all nodes reset their addresses 

and wait for a high signal on sense input pin. When this happens, the node takes the 

offered address and responds to the bus. After that, the endpoint instructs that node to 

rise its sense output pin high so that the next node can catch the address. This arbitration 

algorithm allows users to place boards in any order and for their sensor mesh network. 

3.3 Data collection 

The data collection is done on the endpoint node. Periodically, an endpoint queries the 

network for the latest data. Received from sensor values are being stored along their 

timestamps and node locations in a local database. For the beginning, a relational data-

base was chosen as it offers an easy and fault tolerant option for storing data but it 

turned out to be a bottleneck: the data storage took longer than the sensors’ readouts. 

Nonetheless, it enabled a systematic access to collected data directly on the endpoint. 

A custom RESTful API was implemented to allow both external services and a visual-

ization interface to read stored data. The API serves JSON messages and it serves in-

formation on current system setup and sensor values; as well as previous values deter-

mined by either number of reading and/or timestamp.  

The implemented data visualization utilizes the aforementioned API to display a live 

histogram of current sensor values, historic values for sensors on each node and the 

heat map of the system. The real-time histogram helps users to detect sensor issues 

during operation. Past values are available for each sensor, while the heath map shows 

the ‘birds-eye’ view of the bed at given point in time.  

4 Results 

Finally, it was important to prove the system architecture for movement and breathing 

detection. Therefore, a test-system was setup and several experiments have been exe-

cuted for its evaluation. 

24 sensors were connected to the system under the chest area of the mattress. In a 

first step, experiments were executed with three test persons in different age groups. 

Two male and one female persons have participated in study. In total, about two hours 

were spent in bed by each; simulating sleep in different positions have been recorded. 

As sensors are placed like a mesh with about 5cm distance to each other, the signals 

have differences in amplitudes and they have recorded movements of different parts of 

body with varying intensity. For simple and clear visualisation at Figure 3, signals from 
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only three sensors are presented. The signal from each sensor is represented with dif-

ferent colour and this visualizes the change of its pressure value over the time.  

 

Fig. 3. Signals from 3 sensors 

The distance between sensors represented by the blue and orange line is the maximal 

one, used in experiment. These two sensors were place on opposite vertices of a rectan-

gular sensor mesh. From this figure, it is possible to draw the conclusion that in spite 

of distances between sensors, all of them can record the signal with a sufficiently high 

sensitivity for recognizing significant movements.  

Figure 4 presents data from just one sensor, placed as the top left element of the 

sensor mesh. It recorded 7 minutes of an experiment with first sitting on the bed, then 

lying on it, changing the position and finally getting out of the bed. 

 

Fig. 4. Test sleep-simulating flow 
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All movements are clearly recognizable and also the periodical signal can be slightly 

seen. Figure 5 shows the zoomed-in representation of this periodical signal. It is neces-

sary to mention, that the frequency of signal recording was equal to 1Hz. This is the 

main reason, why the periodical signal seems to be not very clear and why it is not 

possible to recognize exact peaks.  

 

Fig. 5. Zoomed in graph with breathing peaks 

As a reference device for evaluating the respiratory rate recognition we used a 

Zephyr BioHarness - chest belt sensor [33]. Participants have used this device during 

the test and it shows that the device and the sensors are synchronized with inaccuracy 

< 0.5s. For respiration rate recognition applied in a sleep study, this is accurate enough, 

because the data processing will be done for 30s intervals. Figure 6 shows, the Zephyr 

BioHarness as a reference, zooming on the breathing signal from for the same period, 

as in Figure 5.  

 

Fig. 6. Reference zoomed in breathing graph from Zephyr BioHarness 
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The Zephyr BioHarness system uses a different type of sensors and signal processing 

methods, anf therefore, the visualisations of signals shows some differences. The place-

ment of sensors and distance to the measured object – human chest is playing an im-

portant role for the recorded and represented signals. Nevertheless, on both graphs, 

from the sensor bed system and from the chest belt device, the same amount of 16 

periods between peaks can be recognized. Of course movement/speaking/etc. should 

be taken into account to recognize and classify some rare sleep disorders like parasom-

nias with sleep walking, talking during sleep, or sleep terrors. Therefore, it is not always 

possible to clearly detect all peaks on a respiration graph, but even with the inaccuracy 

of 1-2 breaths per minute it could be acceptable for most cases of sleep studies; as 

breathing rate variability and not respiration rate itself is more important for the con-

clusions about quality of sleep or its disorders. 

5 Conclusion and future work 

The proposed low-cost system enables measurement of different biovital parameters 

relevant in sleep phase analysis. The system architecture is composed of a grid of pres-

sure sensors integrated in a common bed. It does not provoke any form of discomfort 

during sleep since the sensors are placed below the mattress and there no sensors are 

attached to the body. Body movements and respiration signals could be obtained with 

help of the sensors. As a consequence, the system seems suitable for sleep analysis 

providing data related to respiration rate and body movements.  

Evaluating the system work with the reference device has confirmed that even with 

a frequency of 1Hz, a breathing rate can be recognized. As next step, a long-time ex-

periment with over the night monitoring will be executed and results will be evaluated. 

In parallel, work on higher scan frequencies have been already started, This may open 

the possibility to improve the results and enable heart rate recognition. An intermediate 

step will be the connection to a sleep stage classification algorithm [2] for performing 

an experiment at a sleep laboratory, where the results can be evaluated in cooperation 

with sleep medicine experts. The algorithms will include an analysis of high resolution 

actigraphy recordings in order to derive respiration as shown in previous studies [17]. 

The algorithms will make use of the dynamics behavior of respiratory rate [27] and of 

heart rate dynamics [29]. Combining different features from respiratory rate, heart rate 

and ECG will improve the analysis further to predict sleep stages and sleep disorders 

[28]. 
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