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Abstract: Wearable technology has been getting more attention for monitoring vital signs in various
medical fields, particularly in breathing monitoring. To monitor respiratory patterns, there is a current
set of challenges related to the lack of user comfort, reliability, and rigidity of the systems, as well
as challenges related to processing data. Therefore, the need to develop user-friendly and reliable
wireless approaches to address these problems is required. In this paper, a novel, full, compact
textile breathing sensor is investigated. Specifically, an embroidered meander dipole antenna sensor
integrated into an e-textile T-shirt with a Bluetooth transmitter for real-time breathing monitoring
was developed and tested. The proposed antenna-based sensor is designed to transmit data over
wireless communication networks at 2.4 GHz and is made of a silver-coated nylon thread. The
sensing mechanism of the proposed system is based on the detection of a received signal strength
indicator (RSSI) transmitted wirelessly by the antenna-based sensor, which is found to be sensitive
to stretch. The respiratory system is placed on the middle of the human chest; the area of the
proposed system is 4.5 × 0.48 cm2, with 2.36 × 3.17 cm2 covered by the transmitter module. The
respiratory signal is extracted from the variation of the RSSI signal emitted at 2.4 GHz from the
detuned embroidered antenna-based sensor embedded into a commercial T-shirt and detected using
a laptop. The experimental results demonstrated that breathing signals can be acquired wirelessly
by the RSSI via Bluetooth. The RSSI range change was from −80 dBm to −72 dBm, −88 dBm to
−79 dBm and−85 dBm to−80 dBm during inspiration and expiration for normal breathing, speaking
and movement, respectively. We tested the feasibility assessment for breathing monitoring and we
demonstrated experimentally that the standard wireless networks, which measure the RSSI signal via
standard Bluetooth protocol, can be used to detect human respiratory status and patterns in real time.

Keywords: antenna sensor; breathing status; embroidered textile; e-textile; wearable system

1. Introduction

In recent years, the market for wearable technologies involving advanced electronic
technologies, computer sciences and fashion has experienced significant growth. Among di-
verse wearable technologies, e-textiles are one of the most popular categories, with great in-
fluence in our daily lives and prevalence in many applications, including military, aerospace,
automotive, and medical fields [1]. The e-textiles are based on adding sensing electronic
components to clothes or creating fabrics based on conductive fibers/yarns/printing inks
in order to sense and respond to various external and environmental effects: mechanical,
electrical, chemical, etc. [2,3]. In the medical field in particular, e-textiles have been widely
used for continuous monitoring of vital signs [4]. To acquire vital signs from a person, there
are different types of devices, but in general, the measurement technique is divided into
two categories: wired and wireless. Wired systems are generally attached to the human
body to collect a vital sign using cables. These kinds of systems are often used in hospitals
and medical centers to measure vital signs on a daily basis, although several patients face
difficulties or discomfort during the measurement, particularly burn victims or child pa-
tients [5]. As a consequence, these techniques have restrictions for continuous monitoring,
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because any activity or movement is not accepted, and this limitation can bother the patient.
In contrast, wireless systems are gaining more popularity because they allow long-term
usability and provide convenient continuous monitoring of vital signs that could provide
additional understanding about disease progression, allowing prompt clinical intervention
because the data is sent and received wirelessly in real time [6,7].

Breath is one of the most important vital signs, and it is considered as a crucial indicator
to evaluate the physiological, physical state of human health, including diseases such as
sleep apnea, asthma and cardiopulmonary diseases [8,9]. Therefore, continuous monitoring
of breathing plays an important role in assessing a person′s health status. The growth of
demand for optimized medical breathing monitoring systems has led intensive research
to obtain simple, comfortable and accurate measurement solutions [10]. In the literature,
different methods were proposed for breathing monitoring. Breathing status assessment is
usually evaluated through human body temperature, movements or sounds. Specifically,
several techniques were proposed, such as the technique based on the modulation of cardiac
activity, the technique based on air temperature and the technique based on chest wall
movement analysis [11]. One of the techniques based on the modulation of cardiac activity
is an electrocardiogram (ECG), which requires the distribution of electrodes on the patient’s
body [12]. The main drawback of this technique is the complexity of the equipment and
difficulty of implementation. Another technique widely used for breathing monitoring
is the Respiratory Inductive Plethysmography (RIP) method [13]. This technique was
developed to evaluate respiratory status by measuring the abdominal wall and movement
of the chest. The disadvantage of this method is that the equipment is expensive and
cumbersome. The drawback of these methods is the complexity of their implementation
for daily use by the patient due to the wired connection. In addition, they require complex
techniques for processing data [14].

Recently, there has been an increasing demand for wireless respiratory monitoring
methods, as they are practical to use for convenient and long-term continuous monitoring
of patients′ physiological status. These wireless techniques provide an excellent user expe-
rience because they usually involve a sensing system located at a remote location so that a
person can perform their usual activities while they are continuously monitored. Various
contactless methods were proposed to monitor breathing, such as ultra-wideband (UWB)
radars [15], camera-based systems [16], thermal imaging [17] and infrared thermography
based on wavelet decomposition [18]. Although these techniques are contactless, their
main drawback is that they suffer from difficulty of usage and inaccuracy.

Recently, new noninvasive and contactless alternatives have emerged that rely on
integrating sensors into clothing, which provides more comfortable and user-friendly ap-
proaches for breathing monitoring. Many studies have proposed sensing systems integrated
into textiles for breathing monitoring, including fiber Bragg grating-based sensors [19],
magnetometers [20], inertial measurement unit sensors [21] and multimaterial fiber antenna
sensors [22]. Although the proposed sensor systems embedded in textiles were able to
detect vital signs, methods for data processing and analysis must be developed, and user
comfort is still a requirement.

In this work we investigate, design and test a textile sensor for real-time breathing
detection. In particular, an embroidered meander dipole antenna-based sensor integrated
into an e-textile T-shirt with a Bluetooth transmitter for real-time breathing monitoring
is proposed in this work. The antenna-based sensor is designed to transmit data over
wireless communication networks at 2.4 GHz. The breathing detection is based on the
received signal strength indicator (RSSI) measurements. The respiratory system is placed
on the middle of the human chest. During breathing, the transmitted signal from the
antenna-based sensor is sensitive to the stretching caused by the expansion/contraction of
the chest, so it can be used for monitoring the respiratory signal. The respiratory signal is
extracted from the variation of the RSSI signal emitted at 2.4 GHz from the embroidered
antenna-based sensor integrated into a commercially made T-shirt and detected using a
base station (laptop). The paper is organized as follows: Section 2 presents the design of
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the proposed system and the approach for the sensing and data collection. Section 3 shows
the test results of breathing status. The discussion based on the results can be found in
Section 4. Finally, conclusions are drawn in Section 5.

2. Design and Fabrication of E-Textile T-Shirt for Breathing Monitoring
2.1. Mechanism of Breath Detection

During respiration, the volume of the breathing system changes due to the movement
of the chest wall and abdomen caused by contractions of the diaphragm and the inter-
costal muscles. Figure 1 presents a schematic representation of the ventral body cavity.
The contraction of the diaphragm leads the abdominal organs down, causing a decrease
in intrathoracic pressure. There are two various sorts of physical movements during a
respiratory period: breathing in, or inhalation (draws air into the lungs), and breathing
out, or exhalation (pushes air out of the lungs). During inhalation, the intercostal muscles
contract and the size of the thoracic cavity increases, and this is related to the lowering of
the diaphragm. Thus, this reduces the pressure within the alveolus so that air flows into the
lungs, as shown in Figure 1a. During exhalation, the intercostal muscles and diaphragm
relax, the abdomen and chest return to a resting position and lung volumes decrease, as
shown in Figure 1b.
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Figure 1. Schematic representation of the ventral body cavity: (a) expiration, (b) inspiration and
(c) chest movement during inhalation and exhalation.

The breathing sensing mechanism of the proposed system is based on the operation
frequency shift of the embroidered antenna sensor. When the textile antenna-based sensor
is worn by a human body, its geometry is subject to significant deformation due to the
body’s respiration (expansion/contraction). As a result, the operation frequency of the
embroidered antenna shifts downward or upward because of the strain applied on the
antenna by the chest movement. The breathing antenna sensor is connected to a Bluetooth
transmitter, which is placed on the middle of the chest position. The detuning of the antenna
frequency generates a mismatching in the transmitter, which affects the received RSSI. A
base station contains a laptop with a receiver Bluetooth module prepared to continuously
record the variation of the RSSI signal emitted by the embroidered antenna sensor.

2.2. Embroidered Antenna-Based Sensor Design

The textile antenna-based sensor is a critical component of wearable technologies,
especially in an e-textile system that implements wireless communication, localization and
sensing functions while it is integrated unobtrusively and comfortably into the clothes. The
implementation of the antenna-based sensor in textile materials first requires a dielectric
material characterization, as shown in Figure 2a. In this particular case, a split-post
dielectric resonator (SPDR) was used to determine the dielectric properties of the T-shirt by
means of the resonance method. The substrate is the cotton of a commercially available
T-shirt. The experimental dielectric constant and loss tangent of the cotton substrate were
εr = 1.3 and tan δ = 0.0058, respectively. Also, an Electronic Outside Micrometer was used
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to measure the thickness (h) of the T-shirt, obtaining h = 0.464 mm. After measuring all the
necessary parameters of the substrate, the proposed antenna-based sensor was designed
using the commercial CST Studio Suite 3D full electromagnetic simulator 2021. For the
design process, we started with a conventional dipole antenna, which has a large size, and
we carried out a parametric study of different parameters in order to minimize the size and
to optimize its behavior at 2.4 GHz. Moreover, the overall size of the proposed meander
dipole antenna was reduced by up to 54% compared to the normal textile dipole reported in
the literature [23]. A meander dipole antenna-based sensor was designed for compactness.
Its dimensions are presented in Figure 2b: w = 45 mm, L = 4.8 mm, d = 7.6 mm and g = 2
mm. The layout of the proposed model is converted to a stitch pattern by using Digitizer
Ex software (Figure 2c). This software is used in order to obtain a digital stitch format file
that can be read by the Singer Futura XL550 embroidery machine. The final prototype
of the proposed antenna-based sensor is depicted in Figure 2d. A commercial Shiel-dex
117/17 dtex 2-ply was used for the conductive layer. This commercial yarn is made of
99% pure silver-plated nylon yarn 140/17 dtex, which provides excellent conductivity. In
addition, this conductive yarn allows the antenna-based sensor to be integrated into the
cotton T-shirt without mobility restriction or compromising the comfort of the person under
test, due to its high flexibility. Figure 2 summarizes all the fabrication steps of the proposed
embroidered antenna-based sensor.
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Figure 2. Main steps for the fabrication of the embroidered antenna-based sensor. (a) Measure-
ment setup of the dielectric properties of material, (b) Antenna design model, (c) Digitization and
(d) Embroidered prototype.

2.3. Respiratory Antenna-Sensor Based on RSSI Measurement

A novel detection system based on the measurement of the power transmitted by
an embroidered meander dipole antenna-based sensor through a Bluetooth protocol was
presented. The proposed breathing system is composed of four parts: an embroidered
meander dipole antenna-based sensor integrated into a cotton T-shirt and placed on the
middle of the human chest, a transmission Bluetooth module, a receiver Bluetooth module
and a base station. The detection base station could be a laptop or tablet with a receiver
Bluetooth module. The breathing antenna sensor is connected to a Bluetooth transmitter,
which is placed on the middle of the chest position, maximizing the user′s comfort with
no restrictions of movement. The Bluetooth transmitter module is fabricated by means
of a commercial ESP32-WROOM-32UE [18], which contains a U. FL connector that needs
to be connected to an external antenna. In our case, the external antenna was a fully
embroidered meander dipole antenna-based sensor integrated into a T-shirt, as described
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in the previous section. The fabricated module was stitched by conductive yarn into the
T-shirt by means of two metallic pads to insure a good connection with the embroidered
antenna sensor. The ESP32 used in the fabricated transmitter module is a low-cost, low-
power system on a chip (SoC) series with Bluetooth and Wi-Fi capabilities. It is often used
for wearable electronics, mobile devices, and IoT applications. This transmission module
acts as an advertising beacon that follows the Bluetooth Low Energy (BLE) protocol, with
an operating frequency of 2.4 GHz. The transmitter Bluetooth module was fabricated and
sewn into the T-shirt. A commercial ESP32-WROOM-32U was used for programming our
fabricated transmitter module. The block diagram for the proposed breathing monitoring
system is presented in Figure 3. The custom board has a compact size 2.36 × 3.17 cm2, as
shown in Figure 3, which provides a high comfort level for the user wearing the T-shirt.
The proposed breathing wireless system was sewn into the T-shirt. To extract the received
signal strength indicator through Bluetooth protocol, a code was developed using Arduino
Software (IDE) to display the variation of the RSSI signal from the physical detuning of
the antenna sensor embedded into the T-shirt during the respiration process. The received
power of a BLE signal is disposable in the form of a received signal strength indicator (RSSI),
which is given by Bluetooth. It is an integer value representing the received power in dBm.
The breathing signal is extracted from the variation of the received signal strength indicator
(RSSI) from the antenna sensor embedded into the T-shirt. The RSSI measurement was
detected using a laptop connected to a receiver Bluetooth module (ESP32 ESP-WROOM-32).
This receiver module is a low-cost and low-power system on a chip microcontroller with
integrated dual-mode Bluetooth and Wi-Fi. It is well suited to a number of different IoT
(Internet of Things) devices, such as smart security devices (smart locks and surveillance
cameras), smart industrial devices and smart medical devices (wearable health monitors).
The respiration signal is obtained from the RSSI signal transmitted by the antenna-based
sensor, which is sensitive to the strain caused by the movement of the abdomen and chest
wall. After programming the receiver Bluetooth module, the receiver module receives the
Bluetooth signal from the transmitter antenna sensor, and it estimates the received power
of a BLE signal through RSSI data and sends all the obtained values via a serial connection
to the laptop. MATLAB was used to collect and visualize the breathing data information in
real time.
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3. Experimental Measurement and Performance Analysis

Breathing pattern monitoring is a mandatory and crucial task in healthcare fields.
Indeed, the respiratory signal plays a key role in the estimation and prediction of the
physiological status of patients. To acquire a breathing signal from a person, diverse
systems and techniques are developed, but most of these techniques are generally attached
to the human body using wires. This leads to difficulties and discomfort for the patients
during the measurement, especially in burn victims or child patients. To improve user
comfort, we proposed an e-textile T-shirt by means of a wireless system that was stitched
to an embroidered antenna sensor for real-time breathing detection. During expiration
(exhalation) and inspiration (inhalation), shape variation of the chest provides quantitative
information about human breathing status. The transmitted signal from the embroidered
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antenna-based sensor is obtained and recorded by the movements of the chest and the
abdominal wall. Note that the transmitted signal from the antenna sensor is sensitive
to stretch caused by the mechanical deformation during breathing. This behavior was
described in detail in [24]. The breathing status is usually categorized into two types:
normal (eupnea) and abnormal (apnea) breathing. Abnormal respiration is a very important
indicator of chronic diseases such as chronic obstructive lung disease, pneumonia or
physiological instability, so the demand for a continuous respiratory system in real time
with a relatively low cost is very important in practice.

The signal acquisition of the proposed system was done by a female adult in a real
environment. Several precautions are considered during measurements, avoiding any
movements or action by other humans. For normal breathing, the participant was asked to
follow several conditions:

1. Respiration with small movement (walking);
2. Respiration with speaking activities (reading a book);
3. Stable pause without any other activities.

To acquire abnormal breathing, the signal was produced by pausing respiration for a
few seconds to imitate apnea, because real abnormal respiration is difficult to obtain.

Figure 4 summarizes the proposed approach to detect and classify human breathing
status. In the experiment, the transmitter module was stitched into a T-shirt and was worn
by the participant, as shown in Figure 5. The base station was prepared, and the receiver
Bluetooth module was connected to a laptop. The base station records continuously the
transmitted received signal strength indicator emitted by the embroidered antenna sensor.
The participant was breathing according to the above conditions. The RSSI values were
displayed in IDE software, and MATLAB read the data and plotted it in real time through
the serial port. The measured raw RSSI data and related smoothed RSSI curves of eupnea
breathing signals for different conditions are presented in Figure 6. The smoothed RSSI
signal can be obtained by the Loess fitting method using data analysis and graphic software.
The signal of normal breathing (eupnea) was generated, a signal that is similar to sinusoidal
breathing, and the breathing period was clear and could be distinguished. Therefore,
expiration (exhalation) and inspiration (inhalation) phases in each respiration period were
clearly extracted for different examples of the normal respiration status. The experimental
results demonstrated that breathing signals can be acquired wirelessly by the RSSI via
Bluetooth. The RSSI range change was from −80 dBm to −72 dBm, −88 dBm to −79 dBm
and−85 dBm to−80 dBm during expiration and inspiration for normal breathing, speaking
and moving, respectively. The RSSI measurements were recorded for the participant at 1 m
from the base station. Note that during movement, the participant maintains the physical
distance between the receiver and transmitter. We can observe that the transmitted received
signal strength oscillates as the participant breathes. The respiration signal is obtained with
11 breathing cycles in 60 s. Note that normal breathing rates for an adult person range
from 11 to 16 breaths per minute according to the respiratory rate chart [25]. The expiration
and the inspiration period are estimated to be 5 s, which is in a good agreement with the
regular breathing cycle from 3 s to 6 s. An example of abnormal (apnea) breathing status
is presented in Figure 7. No expiration and inspiration over a very short period imitates
apnea (absence of breathing).
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4. Discussion

A novel, fully embroidered meander dipole antenna-based sensor integrated into a
cotton T-shirt for real-time respiration monitoring using the technique based on chest wall
movement analysis was developed in our group. This study demonstrated the capability
of the embroidered antenna sensor to detect different breathing patterns [24]. However,
this breathing monitoring technique is inconvenient because the breathing mechanism uses
a connecting cable for VNA that restricts the use of the proposed system. To improve the
user comfort, an e-textile T-shirt with wireless communication of an embroidered antenna-
sensor for real-time breathing detection was developed in this work. The proposed system
is composed of a contactless antenna-based sensor integrated into a cotton T-shirtthat is
connected to a transmission integrated Bluetooth module and a laptop with a receiver
Bluetooth module. The area of the proposed system is 4.5 × 0.48 cm2, and the transmitter
module is 2.36 × 3.17 cm2. The breathing signal is recorded through the detection of the
transmitted received signal strength indicator (RSSI) by means of a base station (laptop).
Table 1 presents a comprehensive comparison between two proposed systems for breathing
monitoring. The proposed work demonstrated the ability of the embroidered antenna-
based sensor to detect the breathing signal in real time and communicate the data via a
Bluetooth protocol at 2.4 GHz to a base station. Our breathing detection systems embedded
into a commercially textile T-shirt are presented in Figure 8. The respiratory antenna sensor
is placed on the middle of the chest position of the human body to monitor breathing in real
time by means of the stretching deformation of the textile under the movement of the chest
during breathing. The working principle is based on the resonant frequency shift using the
vector network analyzer (VNA) (Figure 8a). This technique makes the user uncomfortable
due to the connection cable of the VNA. Therefore, we proposed an e-textile T-shirt based
on the received signal strength indicator (RSSI) detected wirelessly using a base station
(Figure 8b) that presents a high level of comfort for the user. The reliability of the proposed
system will be addressed in future work. Several studies on the durability and washability
of textile antennas have been presented in the literature [26,27]. Different coating materials
(latex, silicone and so on) are used to protect the antenna from detaching in the laundry.
According to those studies, the effect of coating materials on antenna performance is far less
significant than manufacturing tolerances. Table 2 provides a comparison of the proposed
work with other studies that monitored breathing with different methods, and we can see
that a few textile sensors were found in the literature. The main novelty of our research is
the development of a new wireless communication platform for breathing monitoring using
a fully embroidered antenna sensor embedded into a commercial T-shirt and connected
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to a transmission Bluetooth module, which offers a compact size compared with reported
works, provides a high level of comfort for the user and is comfortable for long-term use.

Table 1. Comparison between two systems for breathing monitoring.

Breathing
System Sensor Type Measuring

Parameter Technique Advantages Disadvantages

System 1
(our previous

work)

Meander dipole
antenna sensor

connected
to a SMA

Frequency shift
of the S11

Vector Network
Analyzer (VNA)

• Wide frequency
range operation.

• No signal
interference.

• Not comfortable
for long term use.

• Movement
restriction

• Requires a
connection cable
for VNA.

• Not portable.

System 2 (our
current work)

Meander dipole
antenna sensor
connected to a

Bluetooth
transmitter

Received Signal
Strength

Indicator (RSSI)

Wireless
communication
with a portable

base station

• Portable.
• Comfortable.
• User friendly.
• Low energy

consumption.

• The signal strength
depends on the
distance between
the transmitter and
the detection base
station.

• Interference with
another RF signal
at 2.4 GHz.
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Table 2. Comparison with other breathing systems.

Ref [28] [29] [30] [31] [32] [33] [34] This Work

Sensor type Microphone Thermistor Spiral
antenna Camera Piezoelectric Resistive Multimodal

Patch
Dipole
antenna

1 C.T Mobile
phone

2 PAT 3 BT Wired WatchPAT wired WIFI 3BT

Method Recording
sound Nose airflow RSSI Image

analysis Raw signal 4 RIP
Signal

amplitude RSSI

Real-time Yes Yes Yes Yes Yes No Yes Yes
Textile No No Yes No No Yes No Yes

Size (mm2) 450 × 250 _ 200 × 100 50 × 76 70 × 60 310 × 40 65.53 × 26.67 45 × 4.87

1 C.T: Communication technology. 2 PAT: Portable analogue transmission. 3 BT: Bluetooth. 4 RIP: Respiratory
Inductive Plethysmograph.
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5. Conclusions

The feasibility of a contactless device for human breath detection based on a fully
embroidered antenna-based sensor embedded into a commercial T-shirt has been presented
and tested. An antenna sensor has been fully integrated into an e-textile T-shirt with wire-
less capability. We have demonstrated the ability of the wireless communicating portable
system to monitor breathing in real time and communicate the data via a Bluetooth protocol
at 2.4 GHz to a base station. The proposed wireless system demonstrated experimentally
the breathing signal by means of the received signal strength indicator (RSSI) via stan-
dard Bluetooth protocol. The capability and accuracy of the proposed wearable device to
detect in real time a breathing signal of a female volunteer has been demonstrated. The
obtained results could make our proposed e-textile T-shirt a potential device for healthcare
applications, such as in chronic obstructive pulmonary illness or sleep apnea and various
respiration disorders in neonates, children and adults.

Author Contributions: M.E.G.: Conceptualization, methodology, investigation, software, data cu-
ration, formal analysis, writing—original draft. R.F.-G.: Writing—review and editing, supervision,
visualization, project administration. I.G.: Writing—review and editing, supervision, validation,
visualization, project administration. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Spanish Government-MICINN under Projects TED2021-
131209B-I00 and PID2021-124288OB-I00.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Aroganam, G.; Manivannan, N.; Harrison, D. Review on wearable technology sensors used in consumer sport applications.

Sensors 2019, 19, 1983. [CrossRef] [PubMed]
2. Rein, M.; Favrod, V.D.; Hou, C.; Khudiyev, T.; Stolyarov, A.; Cox, J.; Chung, C.-C.; Chhav, C.; Ellis, M.; Joannopoulos, J. Diode

fibres for fabric-based optical communications. Nature 2018, 560, 214–218. [CrossRef]
3. Dagdeviren, C.; Yang, B.D.; Su, Y.; Tran, P.L.; Joe, P.; Anderson, E.; Xia, J.; Doraiswamy, V.; Dehdashti, B.; Feng, X.; et al. Conformal

piezoelectric energy harvesting and storage from motions of the heart, lung, and diaphragm. Proc. Natl. Acad. Sci. USA 2014, 111,
1927–1932. [CrossRef] [PubMed]

4. Aliverti, A. Wearable technology: Role in respiratory health and disease. Breathe 2017, 13, e27–e36. [CrossRef] [PubMed]
5. Stoppa, M.; Chiolerio, A. Wearable electronics and smart textiles: A critical review. Sensors 2014, 14, 11957–11992. [CrossRef]
6. Cesareo, A.; Nido, S.A.; Biffi, E.; Gandossini, S.; D’Angelo, M.G.; Aliverti, A. A wearable device for breathing frequency

monitoring: A pilot study on patients with muscular dystrophy. Sensors 2020, 20, 5346. [CrossRef]
7. Abbate, S.; Avvenuti, M.; Light, J. Usability study of a wireless monitoring system among Alzheimer’s disease elderly population.

Int. J. Telemed. Appl. 2014, 2014, 617495. [CrossRef]
8. Bates, J.H.T. Systems physiology of the airways in health and obstructive pulmonary disease. Wiley Interdiscip. Rev. Syst. Biol.

Med. 2016, 8, 423–437. [CrossRef]
9. Gholamrezaei, A.; van Diest, I.; Aziz, Q.; Vlaeyen, J.W.S.; van Oudenhove, L. Psychophysiological responses to various slow,

deep breathing techniques. Psychophysiology 2021, 58, e13712. [CrossRef]
10. Liu, H.; Allen, J.; Zheng, D.; Chen, F. Recent development of respiratory rate measurement technologies. Physiol. Meas. 2019,

40, 07TR01. [CrossRef]
11. Massaroni, C.; Nicolò, A.; Presti, D.L.; Sacchetti, M.; Silvestri, S.; Schena, E. Contact-based methods for measuring respiratory rate.

Sensors 2019, 19, 908. [CrossRef] [PubMed]
12. Charlton, P.H.; Birrenkott, D.A.; Bonnici, T.; Pimentel, M.A.F.; Johnson, A.E.W.; Alastruey, J.; Tarassenko, L.; Watkinson, P.J.; Beale,

R.; Clifton, D.A. Breathing rate estimation from the electrocardiogram and photoplethysmogram: A review. IEEE Rev. Biomed.
Eng. 2017, 11, 2–20. [CrossRef] [PubMed]

13. Bricout, A.; Fontecave-Jallon, J.; Colas, D.; Gerard, G.; Pépin, J.-L.; Guméry, P.-Y. Adaptive accelerometry derived respiration:
Comparison with respiratory inductance plethysmography during sleep. In Proceedings of the 2019 41st Annual International
Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), Berlin, Germany, 23–27 July 2019; IEEE: New York,
NY, USA; pp. 6714–6717.

http://doi.org/10.3390/s19091983
http://www.ncbi.nlm.nih.gov/pubmed/31035333
http://doi.org/10.1038/s41586-018-0390-x
http://doi.org/10.1073/pnas.1317233111
http://www.ncbi.nlm.nih.gov/pubmed/24449853
http://doi.org/10.1183/20734735.008417
http://www.ncbi.nlm.nih.gov/pubmed/28966692
http://doi.org/10.3390/s140711957
http://doi.org/10.3390/s20185346
http://doi.org/10.1155/2014/617495
http://doi.org/10.1002/wsbm.1347
http://doi.org/10.1111/psyp.13712
http://doi.org/10.1088/1361-6579/ab299e
http://doi.org/10.3390/s19040908
http://www.ncbi.nlm.nih.gov/pubmed/30795595
http://doi.org/10.1109/RBME.2017.2763681
http://www.ncbi.nlm.nih.gov/pubmed/29990026


Sensors 2022, 22, 8667 11 of 11

14. Satija, U.; Ramkumar, B.; Manikandan, M.S. A review of signal processing techniques for electrocardiogram signal quality
assessment. IEEE Rev. Biomed. Eng. 2018, 11, 36–52. [CrossRef]

15. Wang, P.; Ma, Y.; Liang, F.; Zhang, Y.; Yu, X.; Li, Z.; An, Q.; Lv, H.; Wang, J. Non-contact vital signs monitoring of dog and cat
using a UWB radar. Animals 2020, 10, 205. [CrossRef] [PubMed]

16. Mateu-Mateus, M.; Guede-Fernández, F.; Rodriguez-Ibáñez, N.; García-González, M.A.; Ramos-Castro, J.; Fernández-Chimeno,
M. A non-contact camera-based method for respiratory rhythm extraction. Biomed. Signal Process. Control 2021, 66, 102443.
[CrossRef]

17. Jakkaew, P.; Onoye, T. Non-contact respiration monitoring and body movements detection for sleep using thermal imaging.
Sensors 2020, 20, 6307. [CrossRef]

18. Abbas, A.K.; Heimann, K.; Jergus, K.; Orlikowsky, T.; Leonhardt, S. Neonatal non-contact respiratory monitoring based on
real-time infrared thermography. Biomed. Eng. Online 2011, 10, 93. [CrossRef]

19. Presti, D.L.; Massaroni, C.; Formica, D.; Saccomandi, P.; Giurazza, F.; Caponero, M.A.; Schena, E. Smart textile based on 12 fiber
Bragg gratings array for vital signs monitoring. IEEE Sens. J. 2017, 17, 6037–6043. [CrossRef]

20. Milici, S.; Lázaro, A.; Villarino, R.; Girbau, D.; Magnarosa, M. Wireless wearable magnetometer-based sensor for sleep quality
monitoring. IEEE Sens. J. 2018, 18, 2145–2152. [CrossRef]

21. Cesareo, A.; Previtali, Y.; Biffi, E.; Aliverti, A. Assessment of breathing parameters using an inertial measurement unit (IMU)-based
system. Sensors 2018, 19, 88. [CrossRef]

22. Roudjane, M.; Bellemare-Rousseau, S.; Khalil, M.; Gorgutsa, S.; Miled, A.; Messaddeq, Y. A portable wireless communication
platform based on a multi-material fiber sensor for real-time breath detection. Sensors 2018, 18, 973. [CrossRef] [PubMed]

23. Elias, N.A.; Samsuri, N.A.; Rahim, M.K.A.; Othman, N. The effects of human body and bending on dipole textile antenna
performance and SAR. In Proceedings of the 2012 Asia-Pacific Conference on Microwave, Kaohsiung, Taiwan, 4–7 December
2012; IEEE: New York, NY, USA; pp. 34–36.

24. El Gharbi, M.; Fernández-García, R.; Gil, I. Embroidered Wearable Antenna-based Sensor for Real-Time Breath Monitoring.
Measurement 2022, 195, 111080. [CrossRef]

25. Fleming, S.; Thompson, M.; Stevens, R.; Heneghan, C.; Plüddemann, A.; Maconochie, I.; Tarassenko, L.; Mant, D. Normal ranges
of heart rate and respiratory rate in children from birth to 18 years of age: A systematic review of observational studies. Lancet
2011, 377, 1011–1018. [CrossRef]

26. Heikkinen, J.J.; Laine-Ma, T.T.; Kivikoski, M.A. Flexible fabric-base patch antenna with protective coating. In Proceedings of the
2007 IEEE Antennas and Propagation Society International Symposium, Honolulu, HI, USA, 9–15 June 2007; pp. 4168–4171.

27. Kellomäki, T.; Virkki, J.; Merilampi, S.; Ukkonen, L. Towards washable wearable antennas: A comparison of coating materials for
screen-printed textile-based UHF RFID tags. Int. J. Antennas Propag. 2012, 2012, 476570. [CrossRef]

28. Watanabe, K.; Kurihara, Y.; Nakamura, T.; Tanaka, H. Design of a low-frequency microphone for mobile phones and its application
to ubiquitous medical and healthcare monitoring. IEEE Sens. J. 2010, 10, 934–941. [CrossRef]

29. Milici, S.; Lorenzo, J.; Lazaro, A.; Villarino, R.; Girbau, D. Wireless breathing sensor based on wearable modulated frequency
selective surface. IEEE Sens. J. 2016, 17, 1285–1292. [CrossRef]

30. Roudjane, M.; Bellemare-Rousseau, S.; Drouin, E.; Belanger-Huot, B.; Dugas, M.-A.; Miled, A.; Messaddeq, Y. Smart T-shirt based
on wireless communication spiral fiber sensor array for real-time breath monitoring: Validation of the technology. IEEE Sens. J.
2020, 20, 10841–10850. [CrossRef]

31. Penne, J.; Schaller, C.; Hornegger, J.; Kuwert, T. Robust real-time 3D respiratory motion detection using time-of-flight cameras.
Int. J. Comput. Assist. Radiol. Surg. 2008, 3, 427–431. [CrossRef]

32. Gunaratne, P.; Tamura, H.; Yoshida, C.; Sakurai, K.; Tanno, K.; Takahashi, N.; Nagata, J. A Study on breathing and heartbeat
monitoring system during sleeping using multi-piezoelectric elements. In Proceedings of the 2019 Moratuwa Engineering
Research Conference, Moratuwa, Sri Lanka, 3–5 July 2019; IEEE: New York, NY, USA; pp. 382–387.

33. Ramos-Garcia, R.I.; da Silva, F.; Kondi, Y.; Sazonov, E.; Dunne, L.E. Analysis of a coverstitched stretch sensor for monitoring of
breathing. In Proceedings of the 2016 10th International Conference on Sensing Technology, Nanjing, China, 11–13 November
2016; IEEE: New York, NY, USA; pp. 1–6.

34. Elfaramawy, T.; Fall, C.L.; Arab, S.; Morissette, M.; Lellouche, F.; Gosselin, B. A wireless respiratory monitoring system using a
wearable patch sensor network. IEEE Sens. J. 2018, 19, 650–657. [CrossRef]

http://doi.org/10.1109/RBME.2018.2810957
http://doi.org/10.3390/ani10020205
http://www.ncbi.nlm.nih.gov/pubmed/31991803
http://doi.org/10.1016/j.bspc.2021.102443
http://doi.org/10.3390/s20216307
http://doi.org/10.1186/1475-925X-10-93
http://doi.org/10.1109/JSEN.2017.2731788
http://doi.org/10.1109/JSEN.2018.2791400
http://doi.org/10.3390/s19010088
http://doi.org/10.3390/s18040973
http://www.ncbi.nlm.nih.gov/pubmed/29587396
http://doi.org/10.1016/j.measurement.2022.111080
http://doi.org/10.1016/S0140-6736(10)62226-X
http://doi.org/10.1155/2012/476570
http://doi.org/10.1109/JSEN.2009.2038230
http://doi.org/10.1109/JSEN.2016.2645766
http://doi.org/10.1109/JSEN.2020.2993286
http://doi.org/10.1007/s11548-008-0245-2
http://doi.org/10.1109/JSEN.2018.2877617

	Introduction 
	Design and Fabrication of E-Textile T-Shirt for Breathing Monitoring 
	Mechanism of Breath Detection 
	Embroidered Antenna-Based Sensor Design 
	Respiratory Antenna-Sensor Based on RSSI Measurement 

	Experimental Measurement and Performance Analysis 
	Discussion 
	Conclusions 
	References

