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Abstract. The individual experience of inadequate or insufficient sleep is one of
themost common health issues in the industrializedworld. The 65%of Italian pop-
ulation reports disturbed sleep experiences, while chronic sleep disorders affect
about 10% of the population. The people with inadequate and unsatisfactory sleep
often suffers drowsiness during the day associated with both somatic and mental
disorders. For these reasons, the systematic and continuative monitoring of sleep
is one of the main objectives in preventive, personalized and participatory sleep
medicine. The purpose of this paper is to describe the architecture of a “smart
mattress” (SmartBed) that is the main outcome of the Italian R&D project called
LAID. SmartBed will be able to non-obtrusively collect physiological and envi-
ronmental parameters and signals, to processing them and to provide information
about the quality of sleep, the levels of stress, and more generally the well-being
of an individual. Specifically, SmartBed will be able to estimate data relating to
cardiorespiratory activity, movements, body position, snoring and environmental
parameters. SmartBed aims to obtain a continuative and ecological assessment of
sleep and well-being of a person, in order to improve his quality of life. SmartBed
will be a fundamental tool for carrying out both longitudinal and epidemiological
studies on the quality of sleep and life on general population.
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1 Introduction

The inadequate sleep and insomnia are the most common human health issues in the
industrialized societies. As the experiences during the day deeply influences sleep qual-
ity, sleep also influences the efficiency of activities during wakefulness. In fact, insomnia
correlates with high rates of absenteeism from work, with the reduction of performance
capabilities, and with accidents at work or on the road. Sleepless people have more
frequent medical issues, indeed they use healthcare facilities and drugs much more

© ICST Institute for Computer Sciences, Social Informatics and Telecommunications Engineering 2020

Published by Springer Nature Switzerland AG 2020. All Rights Reserved

G. M. P. O’Hare et al. (Eds.): MobiHealth 2019, LNICST 320, pp. 153–162, 2020.

https://doi.org/10.1007/978-3-030-49289-2_12

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-49289-2_12&domain=pdf
http://orcid.org/0000-0003-4798-5196
http://orcid.org/0000-0001-6753-2333
http://orcid.org/0000-0002-5521-4108
http://orcid.org/0000-0001-9848-4071
https://doi.org/10.1007/978-3-030-49289-2_12


154 M. Laurino et al.

than non-sleepless. Among the health problems related to insomnia the best known are
metabolic diseases (diabetes and dyslipidemia), some cardiovascular diseases (myocar-
dial infarction andhypertension), aswell as cognitive impairment [1]. In addition, chronic
insomnia increases the probability of death due to myocardial infarction as well as the
vulnerability to affective psychopathology (Depression and Anxiety Disorders) [2]. In
order to obtain a new tool to identify sleep disorders in the general population, we con-
ceived an R&D project called LAID “Linking Automation to artificial Intelligence for
revealing sleep Dysfunctions”. LAID project aims to develop an innovative smart mat-
tress (SmartBed) able to identify insomnia or preclinical sleep disorders early, with the
final goals of reducing the socio-economic cost due to sleep disorders and increasing
individual well-being condition. More specifically, LAID project is concern about the
research and development of: i) a sensorized smart mattress for non-obtrusive physi-
ological data collecting, ii) an innovative algorithms for physiological data processing
and iii) a software for extraction of sleep quality index. With respect to previous devel-
oped smart mattress (e.g. [3]), LAID project aimed to obtain a low-cost product, with
multi-sensors integration and innovative algorithm for sleep quality estimation.

2 Materials and Methods

2.1 Overall Architecture

In order to estimate the global quality of sleep, it is important to evaluate not only the
physiological state of the subject but also the environmental conditions. Besides, it will
also possible to associate sleep issues with both physiological alterations and specific
features of environment where the subject sleeps.

The overall architecture of SmartBed is composed by the following functional blocks
(see Fig. 1):

• Physiological data collector (PDC)
• Environmental data collector (EDC)
• Docking station (DS)

Both PDC and EDC are wired to DS via serial communication interface. The DS of
the first prototype iswindows 10 based systemwith a tailored software formanagingPDS
and EDC, processing the signals and parameters from PDS/EDC, storing the collected
data, and finally extracting the sleep quality and well-being indices. The future version
of DS will be managed also by a user-friendly interface by mobile device and the data
will be sent and stored on specific cloud database.

The most innovative aspects of SmartBed is the PDC and the integration between
PDC/EDCdata. PDC ismade of a custom designed acquisition unit and it has two kind of
sensors: three-axial accelerometers and a pressure matrix. The mattress of SmartBed is
made by Materassificio Montalese S.P.A. (Pistoia, Italy), the PDC is design and develop
by EB Neuro S.P.A (Firenze, Italy), EDC and DS by BP Engineering S.P.A. (Carrara,
Italy).
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Fig. 1. Overall architecture of SmartBed.

2.2 Accelerometers

The accelerometric signals collected bySmartBedwill be used to evaluate the cardiac and
respiratory activities and movements of the subject during the night in a non-obtrusive
way. The used accelerometers are the PNADXL362 (AnalogDevice), their specifications
are reported in Table 1.

Table 1. Accelerometer specifications

Number of axes 3

Range ±2 g

Supply voltage 3.3 V

Sensitivity 1 mg/LSB

Raw data noise level 175 µg/
√
Hz (ultralow noise mode)

Bit resolution 12 bits

Sampling frequency 128 Hz

Shape and dimension Circular, diameter 2.2 cm

We used three accelerometers simultaneously but in different positions of the mat-
tress. One was placed in a central area of the mattress, and the other two in lateral and
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contro-lateral sites (as shown in Fig. 2). In this way, by mediating the signals from dif-
ferent accelerometers we can reduce the noise. Furthermore, if the subject places itself
on non-centered positions our idea is to select or set a higher weight to the accelerometer
closer to the subject. Indeed, we can obtain the exact body position of the subject on the
mattress by using the pressure matrix.

The accelerations collected from PDC are used to estimate the movements, the
cardiac and respiratory activities of the subjects on SmartBed during the night.

Fig. 2. Position of accelerometers (white dots) over the pressure matrix.

2.3 Pressure Matrix

Starting from the analysis of the literature and considering the lower complexity, the
lower cost and the greater tolerance to external disturbances, we have considered the
resistive sensormatrix solution, similar to the one reported in [4]. Considering the project
specifications (spatial resolution <10 cm, single mattress measuring 190 × 90 cm), we
have built amattress cover based on a resistivematrix of 15×13uniformly spaced sensing
areas that cover a surface of 125 × 75 cm (i.e. head and feet will not be considered
in this first version of the prototype). Figure 3 shows a schematic description of the
proposed solution: the central layer is a pressure sensing semi-conductive fabric while
the additional two layers are fabrics with integrated row and column conductors (note
that row and column conductors are perpendicular).

Two analogmultiplexers are used to scan rows (rowmux) and columns (columnmux)
in order to select all the sensing areas of the resistive matrix. The row mux sequentially
connects each row conductor to Vcc (3.3 V) through a pull-up resistor R1 (2 K�). When
a row is selected (i.e. powered), the col mux sequentially connects each col conductor
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Fig. 3. Proposed solution: mattress cover based on a resistive matrix with 13 column conductors
and 15 row conductors for a total of 195 sensing areas.

to a voltage divider stage (pull down resistor R2, 10 K�). In this way, each crossing
between a row and a column represents a sensing area whose electrical resistance will
decrease as the applied pressure increases.

For the pressure-sensing layer,wehaveused the semi-conductive fabricCARBOTEX
03-82 by SEFARAG. The top and bottom layers are made of a PET fabric (from SEFAR
AG) with integrated evenly spaced metallic stripes. According to our indications, the
metallic stripes have 2 cm width and are separated 3 cm in the top layer and 8 cm in the
bottom layer. As described in [5], this sensing architecture has parasitic resistivity on the
transversal directions due to the conductivity of the pressure-sensing layer. To reduce
the cross-talk due to the parasitic resistivity we have built our prototype by additionally
cutting the sensing layer in stripes parallel to the column direction (around 3.5 cm
width). The stripes were then sewn to the top layer to be centered with respect to the
row conductors. Figure 4 reports the details of the pressure sensing matrix prototype.

Fig. 4. Pressure sensing matrix: on the left the top layer, on the right the bottom layer.
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2.4 Environmental Data

As expected, environmental acoustic noise also influences sleep [6–9]. Ohrstrom [7]
has shown that intermittent acoustic noise causes a worsening of sleep with respect
to constant levels of noise. In a report prepared for the World Health Organization in
1995, Berglund and Lindvall [11] recommend a continuous noise level no higher than
30/35 dB indoors and a maximum of 45 dB for intermittent noise exposure caused
by single noisy events. Several studies have shown that sleep is influenced by both
environmental temperature and humidity [9, 12, 13].

The comfortable range of temperature for a human is between 22.8 °C and 26.1 °C in
summer and between 20 °C and 23.9 °C in winter. High humidity is not suited to higher
temperatures than to lower temperatures (e.g. relative humidity of 60% at 26.1 °C and
85%at 20 °C are both optimal) [10]. In addition, exposure to light can alter sleep, through
the inhibition of melatonin secretion in humans.

Therefore, all these studies have shown that is extremely important to monitor and
evaluate environmental conditions in order to assess the quality of sleep and overall
well-being.

The EDC module is based on Seeeduino V4.2 board. It is composed by several
sensors to collect the following environmental variables: i) sound intensity, ii) tempera-
ture, iii) relative humidity, iv) luminosity and v) atmospheric pressure. All the variables,
except for the sound intensity, is collected with a sampling frequency of 1 Hz. Since the
environmental sound intensity is the only parameter that has a potentially fast dynamic
and it is also be used to evaluate the respiratory activity and snoring, its sampling fre-
quency is set to 20 Hz. All the signals and parameters are collected synchronized with
respect to the data from PDC.

2.5 Processing Algorithm

In the first prototype of SmartBed, the DS module is a windows 10 based system with
a tailored software able to collect simultaneously all the signals from PDC and EDC.
The software on DS on the next prototype of SmartBed will also contain the processing
algorithm to estimate the sleep quality index that is now in a preliminary version. The
sleep quality index will be mainly obtained from the integration of two kind of infor-
mation: macrostructure of sleep (sleep stages, sleep duration and sleep apnea episodes)
and environmental condition. The macrostructure of sleep will be estimates from the
following parameters: the cardiac activity, the respiratory activity, the movements and
the body position during the night. The cardiac activity (heart rate and heart rate vari-
ability) will be estimated from the ballistocardiogram obtained from the accelerometer
signals and by using validated algorithms available in literature [14–16]. The respira-
tory activity (breathing rate) will be obtained from signals of accelerometers, pressure
matrix and sound sensor [17–19]. The movements of the subject will be evaluated from
the accelerometers and the pressure matrix. Finally, the body position will be assessed
with pressure matrix (Fig. 5).
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Fig. 5. Flow information and processing stages from sensors to sleep quality index.

3 Results

The actual prototype of SmartBed can acquire and store the data from both PDC and
EDC. In Fig. 6 the signals (60 s) of each axis of the three accelerometers are reported
during a recording of a subject laying on SmartBed.

Fig. 6. Signals from the three 3-axial accelerometers of 60 s with a subject standing on SmartBed.
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The accelerometers respond consistently to the accelerations to which they are sub-
jected by the person on the mattress, it is possible to clearly detect the macroscopic
movements by the subject on the mattress. The next step of the project will be dedicated
to the evaluation of the quality of the signals for the estimation of indexes of the cardiac
and respiratory activity.

Figure 7 reports the processed output of the pressure-sensing matrix when a subject
is lying on the mattress in two different positions (i.e. center of the mattress and towards
his right). The chest, the upper arms and the legs can be easily recognizable. The image
reported in the figure is obtained by a linear interpolation of the raw output values in
each sensing area. In addition, a threshold algorithm is applied to compensate for the
sensor bias.

Fig. 7. Pressure maps with same subject in two different positions on the mattress (on the left the
subject is centered on the mattress, while on the right the subject has moved to his right).

4 Conclusion

Years of scientific evidence have reported the importance of the sleep that is strictly
related to our psychophysical wellbeing, the stability of our mood, our memories and
cognitive abilities, and to the quality of our health. It is also well known that sleep
alterations can completely modulate homeostatic condition and adaptive functions of
subjects during the day.

The main aim of LAID project will be the design and development of a “smart
mattress” (SmartBed) able to record vital and environmental signals/parameters in a
non-obtrusive way, to analyze them and to provide information about the quality of
sleep and more generally about the well-being and on quality of life of an individual.

The first stage of the LAID project is concluded and now the first hardware and
software prototype of SmartBed is available and well-working.

In conclusion, the first prototype of SmartBed has good performances regarding
the acquisition of measures related to the physiology of the subject on the sensorized
mattress and the environmental parameters. At now, the signals and parameters collected
that can be collected are: i) 3-axial accelerations, ii) pressure matrix, iii) environmental
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parameters (noise, temperature, relative humidity, atmospheric pressure and luminosity).
Future activities will be aimed at integrating the signals and testing the system with an
adequate number of subjects.
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