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Abstract: Smart textiles and wearable antennas along with broadband mobile technologies have
empowered the wearable sensors for significant impact on the future of digital health care. Despite the
recent development in this field, challenges related to lack of accuracy, reliability, user’s comfort,
rigid form and challenges in data analysis and interpretation have limited their wide-scale application.
Therefore, the necessity of developing a new reliable and user friendly approach to face these problems
is more than urgent. In this paper, a new generation of wearable antenna is presented, and its potential
use as a contactless and non-invasive sensor for human breath detection is demonstrated. The antenna
is made from multimaterial fiber designed for short-range wireless network applications at 2.4 GHz
frequency. The used composite metal-glass-polymer fibers permits their integration into a textile
without compromising comfort or restricting movement of the user due to their high flexibility,
and shield efficiently the antenna from the environmental perturbation. The multimaterial fiber
approach provided a good radio-frequency emissive properties, while preserving the mechanical and
cosmetic properties of the garments. With a smart textile featuring a spiral shape fiber antenna placed
on a human chest, a significant shift of the operating frequency of the antenna was observed during
the breathing process. The frequency shift is caused by the deformation of the antenna geometry
due to the chest expansion, and to the modification of the dielectric properties of the chest during
the breath. We demonstrate experimentally that the standard wireless networks, which measure
the received signal strength indicator (RSSI) via standard Bluetooth protocol, can be used to reliably
detect human breathing and estimate the breathing rate in real time. The mobile platform takes the
form of a wearable stretching T-shirt featuring a sensor and a detection base station. The sensor is
formed by a spiral-shaped antenna connected to a compact Bluetooth transmitter. Breathing patterns
were recorded in the case of female and male volunteers. Although the chest anatomy of females and
males is different compared, the sensor’s flexibility allowed recording successfully a breathing rate of
0.3 Hz for the female and 0.5 Hz for the male, which corresponds to a breathing rate of 21 breaths per
minutes (bpm) and 30 bpm, respectively.

Keywords: wearable antenna; multimaterial fibers; smart textile; wireless communication;
human breath detection

1. Introduction

Accurate monitoring of vital signs is very important, and conventionally this work has been done
by a health care professional at clinics or hospitals. In most countries, the cost associated with health
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care services continues to soar because of the increasing price of medical instruments and hospital care.
This would impose a significant burden on the socio-economic structure of the countries [1]. Nowadays,
we are witnessing a growing demand for “intelligent environments”, powered by emergent concepts
such as the Internet of Things (IoT). The IoT relies on sensors and actuators which are connected to a
single network allowing the transmission of information. The use of elements that are applied directly
to the body for capturing/communicating of data, such as sensors, could be an alternative diagnostic
tool for monitoring important physiological signs and activities of an individual in real-time. Thus,
the use of clothing, which is part of everyday life of persons, appears to be the most natural form to
integrate electronic devices. Such garments are often called smart textiles.

Smart textiles can be defined as textiles that are able to sense and respond to changes in their
environment. They may be divided into two classes: passive and active smart textiles. Passive smart
textiles have the ability to change their properties according to an environmental stimulation.
For example, a highly insulating coat would remain insulating to the same degree irrespective of
the outside temperature. Wide range of capabilities, including anti-microbial, anti-odor, anti-static,
and bullet proof are other examples in this category. Active smart textiles feature both sensors and
actuators. In this case, the sensor is used to detect a signal, while the actuator acts upon the detected
signal [2]. Active smart textiles are able to detect different signals from the environment such as
temperature, light intensity, vibrations, and pollution and act using various textile-based, flexible,
or miniaturized actuators. Smart textiles present a challenge in several fields such as medicine [3],
sport [4], fashion [5], and military [6]. This innovation will favor the interaction between the users and
their environment, and should have a wide potential of applications in our daily life.

1.1. Smart Textile Biosensors and Physical Signals

Many research projects are dedicated to exploring and developing smart textiles for medicine
and healthcare [3]. Wearable sensors can measure several physiological signals/parameters as
well as activities. Nowadays, telemedicine is improving personal health care thanks to the
development of wearable monitoring system. Indeed, wearable devices allow physiological signals
to be continuously monitored during normal daily activities. For example, a patient with chronic
diseases, pulmonary or heart problems, will continuously and simply monitor their health and
send updates to their physician through the Internet. This can overcome the problem of infrequent
clinical visits that can only provide a brief window into the physiological status of the patient.
Biosensors integrated into textiles have been used for electrocardiogram (ECG) [7], electromyography
(EMG) [8], and electroencephalography (EEG) [9–11]. Textile with integrated luminescent elements
for biophotonic sensing [12], conductive yarn for activity sensing [1], thermocouples for temperature
sensing, along with shape-, strain-, and movement-sensitive elements have been demonstrated [13,14].
The physiological signals measured with wearable sensors need a two-stage communication to transmit
the data to the remote healthcare server. In the first stage, a short-range communication protocol
is employed to transmit the measured data to a nearest gateway, such as smartphone, computer,
custom-designed field-programmable gate array (FPGA), or a microcontroller-based processing
board. The gateway is responsible for advanced data processing, display, and the next long range
communication stage, where the processed signal is transmitted to a distant server placed in a
healthcare facility. The data can be transmitted over the Internet or cellular communication network
such as general packet radio service (GPRS), 3G/4G, high speed packet access (HSPA), and Long-Term
Evolution (LTE) services [15–17]. The general overview of the remote health monitoring system is
presented in Figure 1.
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Figure 1. General overview of the remote health monitoring system.

Breathing (or respiration) is an important physiological task in living organisms. Breathing rate
(BR) is a vital sign used to monitor the progression of illness and an abnormal BR is an important
indicator of serious illness. Variation in BR can be used to predict potentially serious clinical events
such as heart attack [18,19]. For example, using changes in BR measurements, patients could have been
identified as high risk up to 24 h before the event with 95.5% confidence [20]. BR monitoring devices
are separated into two categories: contact and non-contact sensors. In contact BR monitoring sensor,
a direct physical contact with the body is needed. However, in non-contact monitoring sensor, the BR
is measured without making contact with the subject’s body [21]. The most popular contact-based
approach to derive the BR is from the ECG signal [22]. The ECG measurements have been performed
using different techniques such as conductive textile patches [23], and piezoelectric transducer [24].
However, these solutions require electrodes that should be securely attached to the user’s body,
which causes certain discomfort during long term use. Consequently, the contactless approach for BR
monitoring is highly suggested.

Textile based sensing is an important alternative which provides a more conformable and
user friendly approach for respiratory monitoring. The experimental results show that a simple
sensor consisting of conductive filament yarns can be used to monitor human breathing activity [25].
These types of sensors are integrated into textile by different methods [26]. Weft-Knitted Strain Sensor
made from silver coated nylon was used to fabricate a respiratory belt, which can be worn around
the chest or abdomen to monitor breathing rate (Figure 2a,b) [27]. Smart textile based on triboelectric
nanogenerators (t-TENGs) [28] was made by direct weaving of Cu-coated polyethylene terephthalate
(Cu-PET) warp yarns and polyimide (PI)-coated Cu-PET (PI-Cu-PET) weft, and fabricated a chest
strap that can monitor respiration rate and detect changes in the respiration patterns (Figure 2c,d).
Conductive silicone was used by Guo et al. [29] to fabricate straps located on the chest and abdomen
(Figure 2e,f). Flexible polymer optical fibers (POFs) based sensor have been used previously for breath
monitoring [30–32]. The POF-based sensors present some advantages such as the absence of electrical
interference, and good flexibility [33]. More recently, Wern et al. [34] integrated into a carrier fabric
highly flexible POFs that react to applied pressure to form a wearable sensing system (Figure 2g,h).
Other types of optical fiber that have been implemented in the wearable sensor include: fiber Bragg
grating (FBG) [35], macro-bending of single-mode fiber [36], and notched side-ablated POF on a fabric
substrate [37]. Actually, non-contact breath monitoring methods are not widely used by medical
professionals due to several reasons related to patient comfort and safety, electromagnetic interference
with existing medical equipment, and complexity of use.
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Figure 2. Textile based sensors for breath monitoring. (a) schematic diagram showing the geometry
of the silver-coated yarn (yellow) sensor (top) woven into a normal yarn, used in the fabrication
of the respiration belt (bottom); and (b) Monitoring of breathing rate in different scenario such as
normal, high rate and apnea [27]. (c) Schematic illustration of the warp and weft yarns and structure
of the woven t-TENG (top) used in the fabrication of the chest strap (bottom) for breath monitoring.
(d) Raw respiratory signal with four different breathing states, including deep, shallow, rapid, and
slow [28]. (e) Silicone conductive polymer straps (top); and (f) a prototype which consists of two
sensors [29]. (g) Prototype of the POF sensor (top) placed on human body for breath detection (bottom);
and (h) normalized respiration signals of four subjects for both conventional respiratory sensor and
POF sensor [34].

1.2. Wearable Antenna

For most applications of wearable sensors, wireless connectivity is one of the most critical
requirements as it eliminates all the mobility restrictions of a tethered communication system [38].
Antenna is the system component enabling this important feature. For IoT applications,
embedding antennas into clothing makes the garments become a smart interface for the interaction
between the user and the network. The wearable antennas should be thin, robust, lightweight,
and resistant to washing cycles and daily usage and, moreover, must be low cost for manufacturing
and commercializing [39]. Several antenna designs have been proposed for medical applications in
the industrial, scientific and medical (ISM) and Ultra High Frequency (UHF) bands. Karimi et al. [40]
fabricated a modified inverted-F antenna (Figure 3a), inkjet printed directly on the fabric using silver
nanoparticle ink with a frequency radiating at 2.45 GHz. With the rapid progress on the fabrication
of conductive textile, silver yarn was used to create a spiral antenna (Figure 3b) for a system that
senses heart rate, fall detection and measures ambient temperature [41]. Textile-based antenna for
wearable UHF radio frequency identification (RFID) tags (Figure 3c) were fabricated by patterning
of silver-plated fabric and brush-painting of silver ink on cotton fabric, and their performances after
recurrent washing were studied [42]. The proof-of-concept of the fabrication and performance analysis
of a flexible and stretchable patch square shape antenna on a 3-D printed substrate (Figure 3d) was
presented by Rizwan et al. [43]. Using lithography process, flexible microstrip-fed ultra-wide band
monopole antenna and ground was made up of copper on flexible substrate (Figure 3e) with a
resonance frequency at 7.8 GHz was presented by Zahran et al. [44]. Advances in material science
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and the use of flexible material in skin mounted devices gave rise to epidermal UHF RFID sensors
technology [45]. A Polycinyl alcohol/xyloglucan-based (PVA/XG) hydrogel featuring thin film
copper antenna was fabricated (Figure 3f), and used for human skin temperature sensing and drugs
delivery [46].

Figure 3. Different forms of wearable antennas. (a) Modified inverted-F antenna inkjet printed on
fabric (left), and bending test of the antenna printed on fabric (right) [40]. (b) Silver yarn Spiral
antenna mounted on the user’s body for power received measurement testing [41]. (c) Silver-Based
Textile UHF Passive RFID Tags: silver-plated fabric tag (top), coated brush-pained tag (bottom) [42].
(d) Brush-painted wearable antenna fabricated on a 3-D printed substrate: patch (left) and ground
(right) [43]. (e) The flexible antenna 2D layout layers Top (left), bottom (center), and photograph of the
bent fabricated antenna (right) [44]. (f) Epidermal antenna: a prototype of hydrogel smart plaster [46].

The developed wearable antennas are mostly planar, specifically microstrip patch antennas,
because they mainly radiate perpendicularly to the planar structure and also their ground plane
efficiently shields the human body. However, the efficiency and the bandwidth of patch antennas
are directly proportional to the substrate thickness, and generally thicker substrate (6–7 mm) is
preferred [47]. In addition, it has been demonstrated that the ability of the textile fibers to absorb
moisture affects significantly the performances and reduces the operating frequency and bandwidth of
the patch antennas [47,48], while patch antennas produced by inkjet-printing technique are prone to
damage, operating frequency shifts, and losses due to compressing and tensioning of the conducting
ink surface. The design of epidermal antenna sensors is challenging as its characteristics are directly
affected by the human body tissue [49]. Furthermore, the thickness of the material and its characteristics
impact the gain, return loss, and the size of the antenna, along with the impedance matching which
is crucial in particular when the antenna is connected to biosensing devices and RFID chips if used
within RFID tags [50].

Major progress has been achieved to improve the performance of the wearable antennas presented
above. Nonetheless, further study and better characterization may still offer relevant improvements to
their design and to the optimization of their behavior for technology acceptance.

With the recent development in material sciences, the ability to integrate distinct functional
elements into a single device structure enabled the design of systems with higher-level functionality.
Several electronic devices were achieved based on multimaterial fibers integrated within a textile
host for acoustic and thermal applications, optical sensing, and RF detection [51–54]. In this paper,
a new generation of wearable antennas based on a functionalized fibers featuring a combination of
hollow-core glass, polymer, and metal layers in a well-defined geometry are presented. The mechanical
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properties of such multimaterial fibers allow them to be integrated into textiles using classical
industrial weaving process and make them essentially indistinguishable from the textile host, thus
preserving user-comfort of the traditional garments. First, multimeterial fiber antennas in dipole,
loop and spiral shapes were fabricated, and then characterized in terms of return loss (S11), gain and
radiation pattern to access its performance to determine its suitability to 2.4 GHz for the short range
wireless network communication. The 2.4 GHz operating frequency was chosen for compatibility with
well-known WiFi and Bluetooth protocol. The fiber antenna performances in different environmental
conditions, such as on a human body, under physical stresses, under direct water application, and the
ability to withstand multiple washing cycles with hydrophobic coating is presented. A first prototype
of a smart textile featuring a spiral fiber antenna placed on the chest level for human breath detection is
also presented. This is made possible by measuring the central frequency shifts of the antenna caused
by the chest movement, with an off the shelf vector network analyzer (VNA). A new smart textile
prototype based on wireless communication at 2.4 GHz is developed. It is composed of a stretchable
T-shirt featuring a spiral shape multimaterial fiber antenna sensor and a base station. We demonstrate
that the breathing pattern can be acquired wirelessly from the RSSI (Received Signal Strength Indicator)
data via standard Bluetooth protocol using the designed platform. Indeed, when a person wearing
the T-shirt starts breathing, the antenna shape changes and so does the resonance frequency and the
transmitted signal strength. We successfully recorded breathing signals of a female volunteer and a
male volunteer standing up in front of the base station using the same sensor despite the difference in
the chest anatomy. Breathing frequencies of 0.3 Hz and 0.5 Hz were obtained leading to a breathing
rate of 21 breaths per minutes (bpm) and 30 bpm, respectively.

2. Smart Textile Based on Multimaterial Fiber Antenna: Design and Fabrication

2.1. Fabrication of the Fiber Antenna

Fiber antennas consisted of metal-glass-polymer fiber composites. They were fabricated using
hollow-core silica fibers (available commercially at Polymicro Technologies, Phoenix, AZ, USA) with
an inner radius of 100 µm and outer radius of 181µm, covered with an 18 µm thick polyimide layer
(Figure 4a). Silver thin layers were deposited in the inner surface of the hollow-core fiber using a redox
chemical reaction [55]. The reaction consists in the precipitation of an aqueous solution composed of a
mixture of silver nitrate (AgNO3), potassium hydroxide (KOH), dextrose (C6H12O6), and ammonium
hydroxide (NH4OH), injected into the fiber’s hollow core. Using the scanning electron microscope
(SEM) images, the inner silver coating had the thickness of 150 ± 30 nm (Figure 4b). The measured
electrical dc resistivity of 3.8 ± 1 Ω/cm for the inner silver conductor along with the geometry
of the structure of the antenna (Figure 4c–e) provided a good electrical matching to the standard
50 Ω impedance of the RF components, while the external polyimide coating provided long-term
protection against the heat/humidity in the environment. Using the conductive multimaterial fiber,
we have fabricated the most efficient and simplest designed antennas for 2.4 GHz operating frequency:
center-fed half-wave linear dipole (Figure 4c), loop (Figure 4d), and a half-turn Archimedean spiral
shape (Figure 4e). Typical dipole antenna consists of a pair of tubular conductors aligned in tandem so
that there is a small feeding gap at the center, the length of half wavelength dipole is given by l = λ/2
at 2.4 GHz equals to 61 mm. Thus, two 30 mm fibers were used, as can be seen in the dipole inset in
Figure 4c. Loop antenna becomes resonant as the perimeter of the loop, p, approaches one wavelength
in size p = 122 mm which corresponds to a radius of 19.5 mm, as shown in Figure 4d. In this case,
single piece of multimaterial fiber was used. Half-turn Archimedean spiral is a special case of the
dipole antenna with λ/2 at 2.4 GHz equals to 10 cm fabricated using two 50 mm long fibers, as shown
in Figure 4e. As it is known from the antenna theory [56], operating frequency of the dipole and loop
antennas can be adjusted for particular applications simply by varying their length.
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Figure 4. (a) Structure of the polyimide coated hollow-core silica fiber with an inner diameter of
200 µm and outer diameter of 362 µm. (b) SEM image of the deposited silver layer in the hollow-core
fiber. Geometry of (c) linear dipole, (d) loop, and (e) spiral fiber antenna Dipole and (f) loop
antennas fabricated from the conductive multimaterial polyimide hollow-core silica fiber and designed
for the 2.4 GHz communication network. (f) Loop antenna weaved into a cotton fabric (top),
and spiral fiber antenna stitched manually into a stretchable textile and connected to an electrical SMA
connector (bottom).

2.2. Textile Integration

Two different methods to integrate the antennas into textile have been used. The first one was
a computerized loom (Little Weaver from AVL Looms Inc., Chico, CA, USA), with 40 cm weaving
width [57]. The fiber antennas themselves represented only a few substitution threads in the fabric and
their flexibility made them unobtrusive enough to be essentially indistinguishable from the textile host.
An example of a loop antenna integrated into textile is shown in Figure 4f (top). The fibers withstood
weaving process, textile manipulation, and heat/humidity (i.e., +60 ◦C temperature and 80% relative
humidity for 96 h) tests without any damage or performance losses [53,54,57]. The second method
was to manually sew the antenna onto the textile and fix the ends using cyanoacrylate glue, as shown
in Figure 4f (bottom).

3. Emissive Properties of the Fiber Antenna in Free Space

The emissive properties of the designed antennas in terms of return loss (S11), gain (efficiency),
and radiation pattern, were characterized experimentally and numerically using ANSYS HFSS software.

3.1. Return Loss

The key parameters that describe the antenna resonance frequency are the S-parameters, and more
specifically S11. The textile integrated antennas were connected to an SMA connector by soldering a
tin-coated copper wire (127 µm in diameter) inserted through the inner hollow core. The frequency
shift and the return loss S11 of the antenna were continuously measured using a VNA (HP Agilent
8722ES, Santa Clara, CA, USA). A 50 Ω coaxial cable was used to connect the VNA and the SMA
connector. Measured and simulated S11 in free space are shown in Figure 5a for linear dipole and loop
antenna, and in Figure 5d for spiral antenna. From these figures, we can observe that both experimental
and numerical results are in a good agreement, and the operating frequency of the designed antennas
is at 2.4 GHz.

No difference in terms of return loss S11 was observed when the antennas were integrated into a
cotton textile or into a stretchable textile (mainly made of 90% of polyester). This could be explained
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by the fact that the dielectric permittivity of the cotton and the polyester materials are very close,
and were measured at εr = 2.077 for cotton, and εr = 2.122 for polyester [58].

Figure 5. Measured and simulated return loss (S11) for dipole and loop (a), and spiral (d) fiber antennas.
E and H radiation patterns of dipole (b), loop (c) , and spiral (e) textile antennas operating at 2.4 GHz.
Solid curves represent experimental measurements and dashed curves represent numerical simulations.

3.2. Gain

The efficiency of an antenna is related to its gain and directivity. It is defined as the power radiated
relative to the power delivered to the antenna. Textile antenna gain measurements were conducted
using the technique based on well-known Friis equation approach [59] and described in details in the
previous work [57]. The gain value is determined using the following equation:

|S21|2 = (1− |S11|2)(1− |S22|2)GTGR(
c

4πR f
) (1)

where GT and GR correspond to the gain and S11 and S22 are the return loss of the transmitting and
the receiving antennas, respectively. The S21 scattering parameters represents the power transmitted
from one antenna to the other at certain frequency f , and c is the speed of light. In this case, an
Aaronia HyperLog 7060 antenna (Aaronia USA, Seneca, SC, USA) with a known gain, GT , was used
for transmission, and the textile antennas under test as the far field receiver. The transmitter and
receiver antennas were connected to a VNA. The measurements were performed for the line-of-sight
transmission in an unobstructed lab environment over a distance R = 162 cm and at 100 cm high above
the ground, with an RF absorber placed on the ground to eliminate multipath propagation.

This approach provided gain measurements of 3.34 dBi for the linear dipole and spiral textile
antenna, and 1.76 dBi for the loop textile antenna. Both linear dipole and spiral antennas’ gains are
comparable to the 3.45 dBi gain of a common rubber ducky antenna manufactured by Bplus Technology
Co. Ltd. (Taipei, Taiwan).

3.3. Radiation Pattern

The radiation patterns of the textile antennas were measured in an anechoic chamber using the
Aaronia HyperLOG-7060 antenna and a tunable signal generator on the transmission side, while the
textile samples were kept fixed on a dielectric holder and acted as far-field receivers [57]. Linear dipole
(Figure 5b), and loop (Figure 5c) textile antennas exhibit patterns in E and H radiation planes in
agreement with numerical simulations. The radiation pattern of the textile integrated spiral antenna is
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more complicated and demonstrates a combination of the classical half-wave dipole and multiple-turns
spiral radiation pattern, as shown in Figure 5e [60].

4. RF Smart Textile in Different Environmental Conditions

As described in Section 1.2, the performance and reliability of the existing wearable antenna are
affected by the environmental conditions, such as moisture in the textile, and mechanical stress. In the
case of multimterial fiber antenna, the advantage relies on the chemically stable, mechanically strong,
and thermally robust cladding materials used to shield efficiently the embedded conductive sliver film
within the fibers from the environmental perturbations such as water, detergent, chemical exposure,
and high temperatures (High Tg for both silica glass and polymer). Nevertheless, the multimaterial
fiber antenna performances need to be tested in the presence of lossy dielectric medium (which could
be caused, e.g., by rain, washing or sweat) and against any external deformations.

4.1. Influence of Moisture

Textiles with integrated fiber antennas were tested under direct water application [61]. When the
textile samples get wet, a shift of about 1.27 GHz of the operating frequency was observed, as revealed
from the return loss measurements shown in (Figure 6a). As the smart textile dries out, the operating
frequency returns to its original value and the textile antenna regains its performance. The shift
observed in this experiment is related to the amount of water used, and can vary from a few MHz
to reach easily a large value (≈1.27 GHz). In this case, the fiber antennas become nonoperational in
the ISM band, which is clearly not desirable, especially in the case of medical applications. As the
performances of any antenna are affected in the vicinity of any conductive medium [62], the observed
frequency shift effect in the presence of a lossy dielectric medium is not surprising as the dielectric
constant of water, εr = 80.1 for water at 20 ◦C [63], significantly different than that of the air (εr = 1)
in the near-field of the radiator. Thus, the influence of moisture on the antenna properties could be
significant, meaning that, for practical uses, the antenna needs to be protected, for example by coating
with a waterproof polymer or using hydrophobic textiles rather than the conventional fabrics [64].

Figure 6. (a) Experimental measurements of the return loss S11 of the textile antenna as a function of
moisture amount under direct water application. (b) Hydrophilic and hydrophobic wetting conditions.
(c) Return loss S11 measurements under direct water application after superhydrophobic coatings
application on both the antenna and the textile. (d) Return loss S11 measurements and frequency shift
of the textile antenna with superhydrophobic coatings after 10 and 20 washing cycles.
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4.2. Effect of Superhydrophobic Coating

Water is a polar molecule and its interaction with a physical surface can be classified as attractive
or repulsive depending on the surface material composition. A material is called hydrophilic when its
surface attracts a water droplet, and the latter tends to stick to the surface more than it sticks to itself,
and will have a contact angle (CA) less than 90◦. However, a material is called hydrophobic when
the water droplet has a tendency to stick to itself more than it sticks to the surface, and, in this case,
the water will bead up with a CA greater than 90◦. In addition, there are two particular cases worth to
mention. When a water droplet is completely absorbed by a surface, the latter becomes totally wet and
the CA is ≈0◦, but, when the surface is not wet in the presence of water (no absorption), then the CA
is ≈180◦. The four interactions between a water droplet and a surface are schematically described in
Figure 6b.

A superhydrophobic coating (Ultra Ever Dry (UED), UltraTech International, Inc., Jacksonville,
FL, USA) with CA≥ 160◦ was applied on the multimaterial fiber antenna using a small aerosol sprayer
and left to dry under ambient conditions. A second type of a spray-on coating textile shield (Drywired,
Los Angelos, CA, USA) was applied on the textile. Coating the textile host is performed for several
reasons: (1) to prevent the water from being absorbed by the textile; (2) to give a better protection;
and (3) to preserve the antenna performance.

With the UED and textile shield superhydrophobic coatings being applied on the smart textile,
the emissive performance of the fiber antenna was tested in terms of return loss (S11). Under direct
water application, a minor frequency shift of 0.073 GHz was observed as shown in Figure 6c,
while without coating it could be as large as 1.27 GHz as shown previously (Figure 6a). Such small
frequency shift allows the fiber antenna to stay operational and to maintain an uninterrupted
connection in the 2.4–2.5 GHz ISM band.

4.3. Effect of Machine-Washing

Textile featuring multimaterial fiber antenna covered with hydrophobic coating was first washed
in 1 L of deionized water with 1 mL of a household detergent at 40 ◦C during 15 min using a heated
magnetic stirring plate, then thoroughly rinsed in a hot tap water at 60 ◦C and dried by hot air (≈70 ◦C)
flow [61]. The performances of the coated antenna were determined by measuring the return loss after
10 and 20 washing cycles. The corresponding results are shown in Figure 6d. After 10 washes, the
operating frequency remains very close to the frequency of the dry antenna. However, after 20 washing
cycles, the connection with the antenna at 2.4 GHz is interrupted since the operating frequency shift
becomes noticeably large 350 MHz. In practice, the coating should be re-applied after 10–15 washes to
maintain stable antenna performance. No difference in terms of hydrophobicity was noticed between
a textile sample coated for the first time and a textile sample with restored coating after consecutive
application of the coating.

4.4. Influence of Conductive Medium: Frequency Shifts and Mechanical Stress

It is well known that the performance of an antenna is affected by the proximity of any conductive
medium such as human body [62]. Problems of frequency shifting and power dissipation have been
extensively studied in the context of implantable antennas [65]. The human body is a very complex and
inhomogeneous layered structure comprising muscle, fat, and skin tissues, each exhibiting different
dielectric properties that may vary considerably from one person to the other [66]. A variety of
physical and numerical models, also known as “phantoms”, or simulated human body (SHB) have
been proposed [67,68] for this study. A one-layer phantom representing muscle tissue was used, and its
composition was chosen according to the considerations presented in [66] for 2.4 GHz frequency.
More specifically, the physical body phantom consisted of 60% (by weight) deionized water, 40% sugar,
and 2 g gelatin per 100 mL [60]. Along with the body phantom, a SHB model was implemented in
the ANSYS environment [69] including the human body dielectric properties [68]. The model is a
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simplified version of the exterior human body where it does not contain any organs. For muscle at
2.45 GHz, the conductivity is equal to 1.73 S/m, and the relative permittivity is 52.73, with a mass
density of 1040 Kg/m3 [70,71]. With these models and without applying any hydrophobic coatings
on neither the textile nor the antennas, the loop antenna exhibited a significant central frequency
shift of about 200 MHz, while the dipole and the spiral textile antenna exhibited a smaller frequency
shift of about 16 and 72 MHz, respectively. In the proximity of tissues, the resonance frequencies
are detuned downwards according to perturbation theory [72]. As shown in a recent study [73],
below ≈1 mm distance between the antenna and the body, the dominating mechanism is caused by
the parasitic inductance with very low contribution from the capacitive coupling. For example, for the
fiber loop antenna the measured impedance (Zloop = 60.4 + j8.26) has a higher inductive component
comparing to the one in the dipole antenna impedance (Zdipole = 52.5 + j0.14) and the spiral antenna
(Zspiral = 46.09− j16), which increases in the proximity of the phantom, and demonstrates a greater
frequency shift than the fiber dipole antenna.

Figure 7. Schematic representation of the induced stretching deformations applied to the: (a) loop;
(b) dipole; and (c) spiral fiber antennas integrated into textile; and the corresponding return loss
variations (d–f) respectively. The direction of the tensile stress is indicated by the arrow.

When textile fiber antenna is mounted on a body, its geometry is subject to significant deformations
caused by the body shape. The antenna deformation causes changes to the RF emissive properties of
the smart textile [54,57,64]. Therefore, the effect of mechanical deformations needs to be quantified for
the multimaterial fiber antennas. Investigation of the frequency response as a function of stretching
deformation have been performed for dipole, loop and spiral fiber antennas [57,60,68]. The experiments
were realized by applying surface tensile stress on the textile with a constant increment [57,60,68],
and measure the frequency shifts from the return loss curve. The direction of the applied deformation
with respect to the orientation of the antenna is shown in Figure 7a–c. For the loop textile antenna,
Figure 7d shows a constant emission frequency even under highest deformation. This could be
explained by the fact that the length of the loop antenna remains constant under stretching loads,
while the dipole textile antenna exhibited significant frequency shifts of ≥ 150 MHz, as shown in
Figure 7e, due to the dipole folding into a V-shape under increasing stretch loads. The stretching
deformation applied to the spiral antenna results in a larger frequency shift of 360 MHz, as shown in
Figure 7f, compared to the loop and dipole antennas. It is worth noting that the stretching deformation
applied to the spiral antenna does not cause any elongation to the antenna, and only the radii of the
spiral fiber changes [68]. This experiment demonstrates that the spiral antenna geometry is more
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flexible than the dipole and loop antennas, making it more vulnerable to any physical stresses applied
in different directions.

5. Multimaterial Fiber Antenna for Real Time Breath Detection

5.1. Breath Detection Mechanism

A Simplified air volume change in the lungs during breathing is shown in Figure 8a. During
respiration, human chest and abdomen are subject to a mechanical deformation and dielectric
properties modification caused by the air exchange between the lungs and the external environment.
The inhalation phase is primarily due to the contraction of the human diaphragm. The contraction
of the diaphragm due to the enlargement of the thoracic cavity causes the intra-thoracic pressure to
fall. The latter induces lung expansion due to inspiration. In the exhalation phase, the diaphragm and
inter-costal muscles relax. Consequently, the chest and abdomen return to the rest position. The tidal
volume during normal breathing is typically estimated as 7 mL per kg of body mass, which, in the
case of 25–34-year-old male patient, is equivalent to the chest circumference expansion of 7.37 cm [74].
During inhalation or exhalation, the dielectric properties of the whole torso are noticeably changed.
For example, the relative permittivity, εr, of the inflated lungs at 2.45 GHz equals to 20.51 while the
relative permittivity of deflated lungs at the same frequency equals to 48.45 according to Gabriel [75].
However, a possible way to detect breathing is to have a high sensitive sensor capable of detecting
simultaneously the physical deformation and the change in dielectric properties of the medium.
As discussed above in Section 4.4, the emissive properties of multi-material fiber antennas are affected
by these two mechanisms, in particular, the spiral shape fiber antenna showed a higher sensitivity to
the mechanical deformation, along with a significant frequency shift in the vicinity of a body phantom.
Consequently, the spiral fiber antenna could be used as a sensor to detect the human breathing [68].

Figure 8. (a) Simplified air volume change in the lungs during breathing. Schematic representation of
the working principle for breath detection. (b) Breathing sensor is placed on the chest of human body;
spiral antenna configuration change under the stretching load caused by the chest expansion during
the breathing, and the induced central frequency shift is measured using a VNA (c), or through the
RSSI signal detected wirelessly using a base station (d).

5.2. Breath Detection Based on Frequency Shift Measurements

A spiral fiber antenna was integrated into a fitted T-shirt at the mid-chest position (Figure 8b),
allowing the chest expansion to slightly stretch the antenna, as shown in Figure 8c. The operating
frequency shift was continuously measured using a VNA connected to the antenna through an SMA
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connector by mean of a coaxial cable, as presented in Figure 8c. With this configuration, Guay et al. [60]
performed a series of measurements to detect breathing of a volunteer asked to take four breaths,
followed by one minute of relaxed, shallow breathing, and four more deep breaths. A frequency
shift of 120 MHz was detected for deep breathing, while relaxing, shallow breathing led to smaller
4–15 MHz frequency shifts. These measurements validate the proposed respiration sensor based on
multimaterial fibers in spiral shape arrangement integrated into a standard T-shirt for breath detection.
Although these measurements seem to be very promising, the user’s comfort which is an important
factor as discussed in the introduction needs to be addressed.

Received signal strength based breathing monitoring is emerging as an alternative non-contact
technology. A wireless systems operating at a 2.4-GHz frequency to estimate the respiration rate
has been presented recently [76–79], and showed limitation in term of detection accuracy and heavy
mathematical treatments.

5.3. Breath Detection Based on RSSI Measurements

A new detection scheme based on the measurement of the power transmitted by the spiral
antenna through a Bluetooth protocol was developed. The proposed portable platform to monitor the
respiration is composed of four parts: a spiral fiber antenna integrated into a textile, a transmission
module, an energy harvesting module, and a base station as described in Figure 8d. The breathing
sensor made from a spiral antenna connected to a Bluetooth transmitter is placed at the mid-chest
position, and during breath, the transmitted signal from the sensor is sensitive to strain caused by the
chest movement, so it can be used for monitoring the breathing signal.

The transmission module is a Bluetooth transceiver (Nordic Semiconductors SoC nRF51822)
transmitting and receiving at a band rate of 250 kbps, and acts as an advertising beacon on three
channels following the Bluetooth Low Energy (BLE) protocol with a 2.4 GHz operating frequency
over a narrow bandwidth of 80 MHz. The energy harvesting is achieved through BQ25570 chip
(Texas Instruments, Dallas, TX, USA) connected simultaneously to two solar cells panel (1.2 V, 200 mW)
and a small flexible rechargeable battery. The solar cells are connected to the rechargeable battery to
recharge it when the battery voltage goes below 3 V until it reaches 4.3 V. The collected energy is 3 mW
when the solar cell is closely and directly exposed to indoor light. The breathing pattern is extracted
from the variation of the signal strength emitted at 2.4 GHz from the T-shirt’s sensor and detected
using a home made base station [68].

Breathing Patterns

The breathing patterns were obtained with the help of a male volunteer and a female volunteer
wearing the T-shirt with the spiral antenna integrated at the chest level, standing up at 1 m distance
away from the base station. The sampling period was set to 20 Hz to measure the maximum breathing
rate of 1.2 Hz, which satisfies the Shannon constraint. Data were first filtered using a band-pass filter
with a cut-off frequency of 0.11–1.9 Hz. The center frequency of the filter was chosen with respect
to the maximum and minimum breathing frequency expected from a human subject under normal
conditions [68]. Breathing frequency (BF) was extracted from the treated signal using a fast-Fourier
transform (FFT) to detect the dominant frequency.

In a first test, the male volunteer was asked to perform ten breaths to detect a correlation between
the respiration and the received signal at the base station. The RSSI measurement together with the
filtered signal are presented in Figure 9a. In this figure, the inhalation and the exhalation phases in
each breathing cycle (BC) are clearly extracted. We can observe that the RSSI signal oscillates as the
volunteer breathes, and the base station detects ten BCs during 20 s. The inhalation and the exhalation
period is estimated to ≈2.3 s. The BF measurement obtained using FFT is shown in Figure 10 a with
peak at ≈0.5 Hz, which corresponds to 30 bpm.

In the second test, the female volunteer was asked to perform nine regular breaths with the same
sensor placed on the chest. The result is displayed in Figure 9b. Although the chest anatomy of a female
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is different from a male, the sensor detected accurately nine BCs within 26 s. From this measurement,
the inhalation and the exhalation period is estimated to be ≈2.9 s, and the BF is measured at ≈0.35 Hz
(Figure 10b), which corresponds to 21 bpm.

These results demonstrate that the previously reported method for contactless breath detection
using frequency shift measurements can be implemented on a fully wireless portable platform.
The unobtrusive integration of the multi-material fiber sensor into textile allows taking full advantage
of the high user comfort associated with the traditional garments, which is important for particular
medical applications, such as 24 h monitoring of newborns or elderly persons. A comprehensive
comparison between the two platforms, their advantages and disadvantages, is summarized in Table 1.

Figure 9. Breathing signal patterns obtained from the RSSI measurements (blue) and the corresponding
filtered signals (red) for regular breathing of female (a) and male (b) volunteers.

Figure 10. Output of Fourier transform of the breathing signals detected for the male (a) and the female
(b) volunteers. (BF) stands for breathing frequency.
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Table 1. Comparison between the two smart T-shirt platforms.

Smart T-Shirt Sensor Measured Parameter Detection Cons Pros

Platform 1

Spiral fiber
antenna
connected to
an SMA

Frequency shift via
return Loss S11

Vector Network
Analyzer (VNA)

1. Requires a 50 Ω cable for SMA-VNA
connection;

2. Measurements are sensitive to the
cable position;

3. Mobility restriction;
4. Not comfortable for long term use;
5. Not portable.

1. No signal interference;
2. User friendly;
3. Wide frequency range operation;

Platform 2

Spiral fiber
antenna
connected to a
Bluetooth
transmitter

RSSI

Wireless
communication with
a portable base
station

1. Interference with RF signal at 2.4 GHz;
2. Signal strength depends on the

distance between the transmitter and
the detection base station;

3. Free space between the transmitter
and the reception;

4. Mobility restriction.

1. Wireless detection at ISM band;
2. User friendly;
3. Low energy consumption;
4. Comfortable
5. Portable
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6. Conclusions and Future Work

A new generation of wearable antennas for healthcare monitoring was fabricated by integrating
polymer-glass-metal fiber composites into a well defined geometry. The mechanical properties of the
fibers enable an easy integration of the antenna into textile using the classical weaving methods, thus
leading to a development of new wireless communication platform. The RF emissive performance of
the textile-integrated fiber loop, dipole and spiral antennas were characterized in terms of return loss,
radiation pattern and gain, and found to be comparable to the commercial wireless router antennas,
and suitable for short range wireless networks in the ISM band at 2.4 GHz. The environmental
endurance of the proposed smart textile was characterized in terms of frequency shifts and return
loss in the presence of moisture, and then enhanced by the application of superhydrophobic coatings
(CA ≥ 150◦) on the fibers and the textiles. The water-repelling properties of the coating allowed a
minimal frequency shift under direct water application, which means an uninterrupted connexion
during application in the ISM band. In addition, the performance of the fiber antennas was not
affected during repeated washing and drying up to 15 cycles. The advantage of the multimaterial
composition of the antenna relies on the robust cladding materials used to shield efficiently the
embedded conductive sliver film within the fibers from the environmental perturbations. The high
flexibility of the multimaterial fiber antenna with spiral geometry increases the sensitivity of the
antenna against physical deformation in the vicinity of a body phantom, and causes a significant
shift to the operational frequency in comparison to the dipole and the loop antennas. A smart T-shirt
prototype featuring a contactless and non-invasive multimaterial spiral fiber antenna placed on the
middle of the human chest was fabricated for breath detection. This is made possible through the
frequency shift of the antenna exhibited due to the lung volume change and textile stretching under
the chest movement. Typical frequency shifts of 4–200 MHz were measured using off the shelf VNA
instrument. To improve the user comfort, a wireless communication sensor was developed. The sensor
is made from a multimaterial spiral fiber antenna connected to a Bluetooth transmitter. The human
breath is recorded through the detection of the transmitted RSSI signal by mean of a base station.
Breathing signals of a female and a male volunteer were successfully recorded with the same sensor,
and a breathing rate of 0.35 Hz for the female and 0.5 Hz for the male were measured, leading to a
breathing rate of 21 bpm and 30 bpm, respectively.

The goal of this work was to demonstrate the capability of the newly developed sensor to detect
in real time the breathing patterns of a human and communicate the data via a Bluetooth protocol at
2.4 GHz to a base station. For medical applications, such as in situ diagnose of respiratory illnesses
and monitor people suffering from asthma, sleep apnea or chronic obstructive pulmonary disease, it is
important to validate our system. This could be done by a head-to-head comparison with gold standard
equipments such as a spirometer or a pneumotachograph, which is the subject of our future work.
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