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Abstract. Continuous monitoring of a patient’s vital signs is
essential in many chronic illnesses. The respiratory rate (RR) is one
of the vital signs indicating breathing diseases. This article proposes
the initial investigation for determining the accelerometric sensor
position of a non-invasive and unobtrusive respiratory rate
monitoring system. This research aims to determine the sensor
position in relation to the patient, which can provide the most
accurate values of the mentioned physiological parameter. In order
to achieve the result, the particular system setup, including a
mechanical sensor holder construction was used. The breathing
signals from 5 participants were analyzed corresponding to the
relaxed state. The main criterion for selecting a suitable sensor
position was each patient's average acceleration amplitude
excursion, which corresponds to the respiratory signal. As a result,
we provided one more defined important parameter for the
considered system, which was not determined before.
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I. INTRODUCTION

One important aspect essential to the healthcare service is
the continuous monitoring of the patient's vital signs. This can
be done both in the hospital and on an ambulatory basis.
However, regular monitoring becomes a barrier to the patient's
everyday life. The creation, implementation, and usage of non-
contact vital sign monitoring systems make it possible to
monitor the patient unobtrusively, solving the abovementioned
problem. This can be achieved by installing such a system in
the patient's bed, regardless of location - in the hospital or home
(even using a regular bed). In this way, this step ensures that
indicators can be monitored anywhere [1]. One of the indicators
that require such monitoring is respiratory rate. This is because
its changes can indicate various severe medical conditions,
including sleep medicine [2].

Il. RELATED WORKS

Different invasive and non-invasive measurement methods
can be used to obtain breath information [3-4]. A non-invasive
measurement method, it is essential to note the existence of
approaches using low-cost and non-contact multimodal sensor
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fusion, which extracts vital signs related to sleep from radar
signals and sound-based context awareness techniques [5]. The
various systems in which sensors are combined with the patient
bed are also of particular interest. For example, an overview of
health monitoring systems for use at the bedside can be found
in [1]. Devices based on piezoelectric sensors can be
highlighted [6]. In the meantime, Albuhari etal. in [7] presented
a force sensor placed under the bed. An unobtrusive vital signs
monitoring system used to assess sleep stages is shown in [8].
In addition, there is an accelerometer-based heart rate (HR)
estimation system [9-10]. This system is also capable of
estimating HR through the use of an accelerometer sensor. The
same system is also capable of estimating RR [11].

Meanwhile, the authors of these works point out that the
measurement results highly depend on the choice of sensor, the
mechanical sensor holder, and its position. However, not all of
these system parameters have been addressed. Thus, Conti et al.
showed the choice of sensor for further studies [9]. More
recently, the process of determining a specific system setup
using a mechanical holder to obtain the most accurate
measurement results has been presented [11]. However,
determining the proper position of the sensor concerning the
patient to improve measurement results has still not been given
sufficient attention.

This work aims to determine the accelerometer sensor
position related to the patient for a non-invasive respiratory rate
measurement system using the particular system setup [11]. For
this purpose, the patient's amplitude values of the respiratory
signal at different sensor positions have been analyzed.

I1l. METHODS

In summary, the system consists of the following parts: the
mechanical holder, the sensor, and the computation unit with
data storage possibility. All mentioned parts of the system are
presented in the following subsections.

A. Mechanical holder

As noted earlier in the previous section, the measurement
results are severely influenced by several aspects. One of these
is the sensor holder because of its effect on the sensor's
oscillation under the mattress. It is essential to ensure that the
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sensor is attached to the hanger; therefore, constant contact
between the mattress and the sensor. In this paper, the
mechanical holder (presented in Figure 1) is used to fix the
sensor.

Head side

E : .1—

Accelerometer sensor

Legs side

Fig. 1. The mechanical holder for the non-invasive RR measurement system.
The holder has a special adjustment for plate hanger length and
thickness in order to obtain acceptable results [11].

B. Data acquisition

The system block associated with the signal acquisition
should consist of a computing unit transmitting the data to the
cloud or server, a storage module for data backup, and a sensor.

The ESP32 module has been selected as the computing unit
in this work. This is because this unit is sufficient for data
collection from the sensor. This device can support voltages up
to 5V according to its technical characteristics. It also fulfills
the cost requirements. The ESP32 module sends data to the PC
via WiFi using the access point. In addition, a micro-SD module
connected to the ESP32 allows each new entry to be locally
stored as a backup in case the WiFi connection fails while
sending data to the PC.

The ADXL355 accelerometer (Analog Devices) was used
due to its good performance ratio between cost and accuracy of
data acquisition. Its main features are low noise density, high
sensitivity, and programmable digital high and low pass filters.
Previously, this sensor has been applied successfully in non-
invasive cardiac signal-sensing systems [12].

C. Signal processing

The signal processing for RR estimation was implemented
in MATLAB. In the first step, the raw data from the ADXL355
(breathing signal) was divided into windows corresponding to
the subject's position on the bed at time points according to the
experiment protocol. The average breathing amplitude was then
estimated for each window and subtracted to compensate for
the sensor's gravitational acceleration effect and possible non-
ideal positioning. A bandpass and moving average filter were
then applied to the signals, with the moving window applied
twice to minimize the error of detecting false breath peaks. For
the bandpass filter, a frequency range of [0.05; 0.5]Hz has been
chosen, sufficient to analyze human breathing at rest. Finally,
the average respiratory signal amplitude excursion values for
each window and patient position were calculated. The
maximum difference between the calculated respiratory
amplitude values was estimated to determine the preferred
relative sensor position for RR estimation.

D. Experiment design

An experiment was performed to identify the most
appropriate sensor position related to the patient to detect
respiratory rate. In the beginning, the ADXL355 was placed
under the bed mattress. The motion sensor was positioned in the
bed center at chest level during the experiment. Then positions
approximately corresponding to the level of the xiphoid process
(solar plexus), diaphragm, and abdominal muscles were used to
acquire data from other sensor positions (see Figure 2).

D1 —
— D2

D3 —
D4

Fig. 2. The scheme of considering sensor distribution.

The sampling rate has been set at 31Hz, sufficient for the
breathing signal bandwidth. In the beginning, the subject was
asked to lie on the bed in a prone position (i.e., abdominal
position), then the measurement was started. In order to record
one series of measurements, the subject had to lie for 5.5
minutes in a relaxed state. The subject was also required to
change one's body position on the bed in the following
sequence: prone position, right side, backside, and left side
every 80 seconds. It is important to note that the time window's
first and last 10 seconds were removed from the 80-second
window during the signal processing phase. One of the reasons
is to stabilize the sensor position using a holder mounted under
the bed when the person is already lying on the bed. It is also
important to achieve a relaxed patient state in the first seconds
of the experiment and then obtain data. Thus, a time interval of
60 seconds was estimated for each patient's position. In the data
processing phase, this interval would be divided into 30-second
epochs for analysis. In addition, this measurement series
duration (5.5 minutes) is due to the need to wait a few seconds
after all necessary procedures during one series before finishing
data recording. After each recorded series of measurements, the
position of the transducer was changed according to the order
presented above. For this, the patient had to get out of bed. This
was also due to avoiding the same patient position during
measurements. Moreover, this approach provides more precise
data for further evaluation of the sensor position. One series of
measurements was performed for each holder set.

IV. RESULTS

The result of this initial research is a definition of
accelerometric sensor position that allows us to get acceptable
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measurement results of respiratory signals from patients. Figure
3 shows typical acceleration signals from one subject’s position
and one of the considered sensor distributions.

Respiration Post-filtering (Mean)

’MWW

Fig. 3. Example of extracting signal.
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In order to determine a proper sensor position concerning the
patient, it is important to evaluate the average acceleration
amplitude excursion that corresponds to the respiratory signal.
The data were collected from 5 subjects (four men and one
woman) who participated in the experiment. It is important to
note that all subjects had approximately the same body
composition. Thus, the amplitude excursion values were
calculated from 10 30-second windows for each patient subject
position. Table 1 shows the results for normal patient breathing
in all considering bode positions and sensor distributions.

TABLE I. AVERAGE ACCELERATION AMPLITUDE EXCURSION
Subiject position
Sensor Prone Right Supine Left
distribution
Average acceleration amplltude excursion [10*
, m/s?]
D1 3.032 1.034 1.317 0.743
D2 3.420 1.157 1.693 1.216
D3 2.384 1.286 2.978 1.368
D4 4.569 1.119 0.879 0.662

The sensor distributions D2 and D3, which correspond to
xiphoid process and diaphragm, allow getting the maximal
value of considering parameter (average amplitude excursion)
based on the presented results. However, it is important to carry
out additional measurements and evaluation results to
determine the best of these distributions.

V. CONCLUSION AND FUTURE WORK

The study determined the preferred position of the
accelerometer sensor about the patient for a non-invasive
respiratory rate measurement system. Meanwhile, the
evaluation of respiratory signals is challenging due to the strong
influence of ambient noise. As mentioned earlier, among the
factors affecting signal quality are the mechanical design and
position of the sensor under the mattress and the minimum
number of sensors to achieve high system accuracy.

The mean acceleration values of the amplitude of regular and
deep breathing signals were analyzed to determine the proper
position of an accelerometer sensor for monitoring the patient
respiratory rate. Based on the results, it was determined that the

position which corresponds to xiphoid process and diaphragm
was the preferred position among those considered in this initial
study for further work with the system used in this paper.

Despite many advantages, such as the simple design
combined with efficient hardware and unobtrusive
measurement capability, the system in question and the study
as a whole still has enormous potential for improvement.

For example, more subjects need to be included in the study,
which would give a more accurate and complete picture of the
measurement results. Equally important is the validation of the
results obtained using registered and recognized vital sign
monitoring systems (e.g., polysomnography), which would
significantly improve the results' quality. Also, no
consideration has been given to reviewing and obtaining data
from other perspectives. This can be achieved by shifting the
sensor some distance away from one or more considered
positions. In addition, there is also potential for a signal
processing algorithm. One of the possible ways, for example, is
to consider the system for heart rate and sleep apnea detection.
In other words, there is a need for future research to improve
the system, as this research is at an initial stage.
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