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Abstract—Real-time and comfortable monitoring of the human
breathing could allow identifying anomalies in the rhythm and
waveform to be correlated with several pathologic disorders of
respiratory and cardiovascular systems. A wireless sensor based
on a flexible kapton substrate, suitable to be stuck over the face
skin like a plaster and provided with a graphene-oxide (GO)
electrode, is here proposed for application to the monitoring of
the moisture emitted during inhalations and exhalations. The
GO-based electrode increases its DC resistance when exposed to
humidity with a sensitivity of 60 Ω/RH. The device is compatible
with the Radiofrequency Identification (RFID) standard in the
UHF band. When used in battery-less mode it can be read up
to 60 cm. The RFID sensor has been successfully experimented
in a measurement campaign involving ten volunteers asked to
reproduce a set of predefined normal and pathological breaths.
The resulting resistance traces permit to well clusterize the breath
patterns with respect to the respiration rate (extracted by an
FFT) and to the average peak variation of the sensor’s resistance
with an accuracy close to 90%.

Index Terms—Breath sensor, graphene oxide, RFID technology,
skin antenna, wireless monitoring

I. INTRODUCTION1

Breathing is a rhythmic physiological act that occurs un-
consciously and guarantees the supply of oxygen for human
survival [1]. Anomalies in respiration rate and the tidal volume
variability can be correlated with disorders of the cardio-
vascular system as well as with the obstructive sleep apnea
syndrome (OSA) and the Rett syndrome [2]. Accordingly,
breath monitoring can be a useful tool for characterising
and classifying a wide range of diseases, such as asthma,
respiratory arrhythmia, chronic obstructive pulmonary disease
(COPD) or cardiac arrest [3].

The conventional measurement techniques for accurately
assessing respiratory functions mostly involve contact-based
instruments [4]. The polysomnography (PSG) [5] is the de-
facto gold standard tool for diagnosis of the respiratory
disorders at sleep. However, it is expensive, requires a time-
consuming monitoring procedure and generates discomfort for
the patients. PSG indeed requires the insertion of a nasal
cannula, the application of electrodes to specific body sites
and the use of strain gauge and pressure sensors [6] that limits
the patient mobility. Other widely used traditional systems [7]
are the impedance plethysmography [8], thermistors or flow-
meters embedded in a mouthpiece, a mask or a tube. Finally,
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the stethoscope, which still remains the most common method
for diagnosis of breathing problems, is prone to the subjectivity
of the physician [9].

Recent years have witnessed the emergence of less invasive
wearable monitoring devices and sensorised garments. A coin
size acoustic sensor [10] provides a remote real-time access
to the sound of the respiratory tract but performs poorly when
a patient coughs or sneezes, snores or cries (infants) or is in a
noisy surrounding [11]. MEMS (microelectromechanical sys-
tem) based on three-axis accelerometers have been proposed
in [12], [13] to achieve a 3D reconstruction of the movements
of the chest wall compartments occurring due to expansion
and contraction of the lungs in each respiration act. Although
this approach provides an accurate biofeedback regarding
breathing frequency and waveform, it however should be
used under supervision and in static conditions since body
movements may introduce artefacts.

Innovative solutions originate from the significant advances
in the Materials science and from the recent evolution of Skin
Electronics [14] combined with well-assessed Radiofrequency
Identification (RFID) technology. The virtuous merging of
these disciplines has indeed encouraged the rapid development
of a new class of minimally invasive ultra-thin plaster-like
devices that can adhere tightly to the soft and curved surface
of the skin [15]. Such devices can be wirelessly powered-
up and remotely accessed by a reader unit. The absence of
batteries, the simple electronics and the reduced amount of
conductive elements candidate RFID technology to be one of
the most promising solutions for epidermal applications [16].

The idea of using an RFID tag to sense the breath rhythm,
by means of the collection of the relative humidity (RH) in the
inhalations/exhalations, was recently introduced in [17], [18].
The relative humidity of exhaled breath is higher than the one
of the inhaled (ambient) air. Indeed, air in the lungs is almost
saturated with water at body temperature of 37°C. During
exhalation, the breath goes throughout the cool membrane
lining the nose and loses some of its moisture, still maintaining
a high water quantity. Finally, the mixture with ambient air at
nose level further reduces its moisture content. The RH% of
the exhaled breath is hence determined by the velocity/rate
and volume of the flux of the air that strictly depend on the
human variability and on the health status [19], [20] . Thus, an
even qualitative detection of the RH in the surrounding of the
nose [19] can provide information about rhythm and intensity
of the breath and permits to discriminate different breathing
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patterns. For this purpose the RFID tag was augmented with
a sensor utilising graphene oxide (GO) coating as a sensitive
nanomaterial [21] to capture the breath emission.

GO is a graphene derivative, generally obtained by oxidation
of graphite in a mixture of strong acid and oxidising agents
[22]. Graphene and its derivatives already collected intensive
research interest in a wide range of bio-applications thanks to
the outstanding physical and chemical properties and, above
all, for the intrinsic biocompatibility [23]. Among the several
proposed examples, it is indeed worth recalling the lactate
detection and the bacterial growth monitoring just inside the
mouth [24], [25]. The well known hydrophilic nature of
graphene oxide originates from the interactions between the
exposed functional oxygen groups and water [26] resulting
in good water dispersibility and biocompatibility. In these
pioneering experiments, the GO sensor was connected to a
general-purpose sensor-oriented RFID board [27] that was
applied to a medical face mask. A profile of breath measure-
ment was presented in case of normal respiratory rhythm and
apnea. However, the antenna was not optimised for the on-
face placement and it was readable up to not more that 30 cm
in battery-less mode. A similar approach has been adopted
in [28], where a printed graphene sensor has been interfaced
to the ADC of a sensor-oriented RFID IC such to wirelessly
monitor ammonia. Finally, graphene has been also largely
investigated as antenna conductive material in several RFID
applications, for example as textile devices [30], analogue
sensor [29] and low-cost printing [31].

This work makes a further step toward the real applicability
of breath monitoring with GO-based RFID tags by addressing
the topic of improving reading range of the tag and discrim-
inating different breath anomalies. By extending the work in
[32], it is here described a skin-attachable GO sensor-oriented
tag with two-times the read distance of the face mask antenna
in [18].

The paper is organised as follows. Section II resumes the
nanomaterial-based sensor and its resistance-humidity curve.
A flexible antenna, suitable to host such a sensor and to
be attached onto the face is introduced in the Section III.
Section IV gives details of the fabrication of the epidermal tag
prototype and explores the real communication performances
when the antenna is directly brought in conformal contact with
the cheek of a volunteer. Finally, pivotal results of dynamic
characteristics of breathing through an experimental campaign
involving ten healthy subjects are presented in Section V,
where a simple data processing is introduced to discriminate
several breathing patterns (apnea, tachypnea, bradypnea and
deep breath).

II. GRAPHENE OXIDE-BASED SENSOR

The considered graphene oxide sensor (Fig. 1) is borrowed
from [18]. A p-doped silicon (Si) wafer with a 300 nm-thick
SiO2 top layer was used as substrate over which parallel gold
electrodes and contacts were photolitographically patterned.
20 nm-thick gold (Au) layer with 2 nm chromium adhe-
sion promotion layer formed two pairs of parallel electrodes

separated by 5 µm distance. The larger triangular contact
pads were chosen to ease the external connections. During
measurements only one pair of electrode was connected to the
RFID interface board. The second pair served for redundancy.
A 3 µl drop of commercially available graphene oxide solution
(2 mg/ml) was drop-cast and left to dry in ambient conditions.
While the graphene oxide solution was drying, 10 V peak to
peak alternating voltage with 1 MHz frequency generated by
function generator was applied between the electrodes. After
initial few minutes of drying, a tiny quantity of solution was
carefully removed so as to avoid coffee ring effect ensuring
a uniform deposition during drop evaporation. After complete
drying, the substrate was annealed at 195◦C for 15 minutes
on hot plate in dark. Raman characterization confirmed that
the film was Graphene oxide. Some degree of reduction was
observed but not enough to be termed as a fully reduced-
graphene oxide, hence it will be hereafter mentioned simply
as Graphene Oxide.

Fig. 1. (a) Prototype of graphene oxide sensor and (b) its top view schematic
including a Si/SiO2 wafer with two pairs of parallel gold (Au) electrodes.
Size: l =1000 µm, w=100 µm, s = 5 µm, d = 100 µm; (c) cross section
schematic of the device

The calibration curve of the sensor (Fig. 2) is approximately
linear with the sensitivity (i.e., the resistance difference gener-
ated by 1% change in the relative humidity (RH) level) equal
to S[R] = 60 Ω/RH. The increase in resistance with rising
humidity levels originates from the electrostatic adsorption
of water molecules over GO surface following the increased
interlayer spacing of graphene oxide sheets. In particular,
the relative variation of the resistance is about 4 kΩ within
humidity ranging from dry air to 66% RH . The rise time-
constant is 0.9 s.

III. THE RFID SENSOR SKIN-TAG

The tag antenna layout (Fig. 3(a)), to be used in the
UHF band (860 − 960 MHz) [33], comprises a copper trace
forming an open loop layout over a PET substrate (εR = 1.9,
σ = 0.008 S/m, and thickness 140 µm). The antenna is
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Fig. 2. Calibration curve R ! RH of the GO at room temperature (24 ˚ C
± 1 ˚ C).

connected to AMS SL900A microchip [34] that is provided
with analogue input ports connected to a 10-bit Analog-
to-Digital Converter (ADC). External sensors, such as the
considered GO, can be directly connected to the SL900A
IC sensing ports through the gold electrodes. The variation
of the GO resistance due to the sensing activity is hence
continuously measured and converted into a digital signal
by the internal ADC of the die and then transmitted to the
external reader during the conventional RFID interrogation.
Since sensor is physically and logically disconnected from the
radiation part of the antenna, no impact is expected on its
operative frequency or radiation performances.

The size of the antenna meets a possible trade-off be-
tween reasonable radiation gain and moderate overall size
for application onto the face. The open loop shape of the
antenna prevents the input port of the chip to be short-
circuited in DC, as required by the data-sheet. The antenna
design also includes two pads for the battery connection so
that the device will be usable in both fully passive mode
(power sensitivity pchip = −6.9 dBm) as well as in battery-
assisted passive (BAP) mode (pchip = −15 dBm) so as
to significantly improve the read range and also to perform
periodic measurements and internally store the data even in
absence of the reader (data-logging modality).

The antenna response was simulated by means of the Finite-
Integration Technique (FIT) modelling in CST Microwave
Studio 2017, over a homogeneous standard anthropomorphic
model of human head (Fig. 4(a)) with permittivity and con-
ductivity εR = 41.2 and σ = 0.95 S/m.

The performance parameter to be maximised in this con-
figuration was the power transfer coefficient for the tag’s
antennas-microchip interface, τ = 4Rchip RA

|Zchip +ZA |2 ≤ 1, where
ZA = RA + jXA is the input impedance of the tag’s antenna
and Zchip = 123 − j303 Ω is the RF equivalent impedance
of the microchip at 915 MHz for harvesting mode. For
this purpose, the antenna meanders (a and b) were hence
properly sized in order to match the resistance of the chip. The
antenna reactance was adjusted by the use of a lumped tuning
inductor L placed between the microchip and the antenna. The
numerical simulation included a real inductor model [35] (Fig.
3(b)) with the purpose to properly account for the frequency
detuning due to possible self-resonance and parasitic effects.

Fig. 4(b) shows the simulated power transfer coefficient of

Fig. 3. (a) Open loop antenna layout. Size [mm]: L1 = 28 .5, L2 = 62 .5,
a = 14 .5 and b = 18 . (b) Scheme of the real tuning inductor.

the tag for different values of inductance. The peak of the
power transfer coefficient is quite stable (0.9 < τ < 1) for
L = {47, 51, 56, 62} nH . Therefore, the antenna response
may be easily tuned in the European (866 - 869 MHz), in
the North American (902 - 928 MHz) or Japanese (952 - 956
MHz) RFID frequency bands fr by simply selecting a proper
inductor.

Fig. 4. (a) Skin antenna over a homogeneous numerical head phantom. (b)
Simulated power transfer coefficient ! for some values of the lumped tuning
inductor. (c) Gain polar plot at 915 MHz onto a transverse plane and (d) onto
a sagittal plane (max gain = -11 dB).

The gain pattern is represented in Fig. 4(c-d) on the














