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Abstract—Breath analysis as well as the detection of abnormal
respiratory rate can provide important feedback on people’s
health status. In this contribution we propose a wearable radiofrequency identification (RFID) epidermal device consisting
of a flexible open loop antenna, that enables an easy adhesion
on the user’s skin, coupled with a graphene oxide-based sensor
sensitive to the water vapour. The graphene oxide sensor was
characterised in reference conditions, while the communication
performance of the antenna was estimated by electromagnetic
simulations over a human head phantom as well as by means
of measurements on a volunteer. Finally, the whole system was
experimentally demonstrated to be capable of comfortably detecting the inhalation/exhalation cycles and abnormal patterns of
respiration like the apnea and tachypnea conditions by measuring
the changes in graphene oxide resistance.
Index Terms—Graphene oxide, RFID technology, Noninvasive
wireless breath sensor

I. I NTRODUCTION
Breathing is a physiological and natural act that usually
occurs unconsciously and continuously. Although breathing
is commonly considered as an ordinary autonomic function,
guaranteeing the supply of oxygen necessary for human survival, the onset of clinical and pathological conditions, often
involving the central nervous system (CNS), or emotional
states of excessive excitement or stress, such as several types
of panic attacks and anxiety disorders, may cause the alteration of the physiological rhythm of the respiratory acts.
Breath analysis plays hence an important role in the clinical
management of diseases responsible for respiratory dynamics alteration providing an useful monitoring methodology
of people’s health status [1]. In particular, monitoring the
respiratory rate and pattern of healthy individuals and of
subjects with clinical signs such to compromise the functional
capabilities of the respiratory system, is expected to enable an
early detection and diagnosis of complex syndromes. Breath
monitoring can indeed detect obstructive sleep apnea syndrome (OSA) and Rett syndrome, as well as can characterise
and classify disorders and diseases, such as asthma, chronic
obstructive pulmonary disease (COPD) or cardiac arrest [2].
Moreover, monitoring techniques based on the identification
of biomarkers and organic volatile compounds (VOCs) in
exhaled breath are recognised as a promising approach to noninvasively monitor the inflammatory status of the airway or
infections, such as ventilator-associated pneumonia (VAP) and
lung cancer, as well as to evaluate the objectives of modern
therapies in clinical trials [3].

Nowadays, conventional methods of breathing monitoring
are generally expensive and create discomfort for the patients.
They require the insertion of nasal probes and cannulas and the
use of bulky and uncomfortable equipment such as narrow thoracic and chest belts where respiratory sensors are integrated.
Moreover, the presence of wired interconnections for data
retrieval and transfer and the dedicated complex electronics
make difficult the use of such devices for a continuous and
prolonged monitoring [4]. Recently, wearable devices have
gained considerable attention for the potentiality of continuously and noninvasively collecting crucial information in real
time regarding a wearer’s health. In particular, the virtuous
merging of the well-assessed Radiofrequency Identification
(RFID) technology with advances in the field of materials and
epidermal electronics have progressively encouraged the rapid
development of a new class of ultrathin and bio-integrated
sensors, suitable to adhere to the skin as a tattoo as well as a
plaster, with considerable advantage in allowing simultaneous
monitoring of multi-physiological indexes and biomarkers
(Fig. 1) [5].

Fig. 1. Schematic illustration of noninvasive and wireless monitoring by
means of a RFID epidermal radio-sensor.

This contribution addresses the wireless breath monitoring
by means of a flexible UHF RFID antenna, coupled with a
nanomaterial resistive sensor made of graphene oxide [6], that
permits an easy adhesion on the skin. Graphene oxide (GO)
is a graphene derivative generally obtained by oxidation of
graphite in a mixture of strong acid and oxidising agent [7].
The well known hydrophilic nature of graphene oxide stems

from the interactions between the exposed functional oxygen
groups and water [8] resulting in good water dispersibility
and biocompatibility of such a nanomaterial, which are highly
important features in biomedical applications. Moreover, such
receptor has a great potential to be functionalized with chemical/biological substances for the selective detection of sweat
electrolytes and metabolites, such as the lactate [9] and of
some pathogenic bacteria [10]. This work hence demonstrates
the feasibility of a UHF RFID graphene oxide wireless sensor
to capture the inhalation/exhalation cycles as well as anomalous events like the apnea and tachypnea. First, a graphene
oxide-based humidity sensor is fabricated and characterised
to evaluate how the change in resistance of the nanomaterial
is modulated by the variable relative humidity (RH). Numerical modeling over a human head phantom, corroborated by
real experimental measurements on volunteer’s face, are then
performed for the purpose of analyzing the communication
performance of a newly developed open loop antenna. Finally,
some pioneering sensing applications of the whole wireless
radio-sensor to the noninvasive monitoring of the dynamic
characteristics of breathing are here reviewed.

recovery, reproducibility, and response speed to the gas under
test, the sensor was exposed to cyclic increasing concentrations
of humidity. In these measurements, the water molecules to
be detected were separately vaporised with precisely dosed
concentrations by means of a flow-system comprising a massflow controller (MKS Instrument inc.) and an airtight chamber,
wherein the sensor was placed. The measurement protocol
consisted to flow synthetic dry air through the system for 1
hour to establish a system baseline, then to flow the selected
dry/humid air mixture at different concentrations for 30 minutes (exposure time) and subsequently to flow dry air to clean
the sensor surfaces for 30 minutes (recovery time). The profile
of the resistance variation vs. time with respect to the relative
humidity changes from dry to saturation is shown in Fig. 3a.
The resistance variation follows the typical exponential profile
of adsorption/desorption process. The peaks are approximately
proportional to the concentration of the humidity level. The
reference humidity data during the measurements (Fig. 3b)
are provided by the Electronic Nose sensor [11] used as
hygrometer.

II. G RAPHENE OXIDE - BASED S ENSOR
The considered graphene oxide sensor (Fig. 2) is composed
by a Si/SiO2 wafer with parallel gold electrodes. 3 µl of
commercially available graphene oxide solution (2 mg/ml)
was deposited over the electrodes by drop casting and left to
dry in ambient conditions. While the graphene oxide solution
was drying, 10 V peak to peak alternating voltage with
1M Hz frequency generated by function generator was applied
between the electrodes. After complete drying, the substrate
was annealed at 195 C for 15 minutes on hot plate in dark.
Fig. 3. a) Graphene oxide resistance variation vs. time when the humidity
increases from the dry air value to the saturation, alternated with recoveries
with dry air; b) the humidity data vs. time as detected by the E-Nose.

Fig. 2. a) Prototype of graphene oxide sensor and b) its top view schematic
including a Si/SiO2 with p-type doped silicon wafer (300 nm SiO2 layer)
and Au 20 nm layer with 2 nm chromium adhesion promotion layer.

A. Humidity Sensing characterisation
The characterisation of the device as humidity sensor was
based on the change in graphene oxide resistance due to the
absorption and desorption of water vapour. In order to test the

A drift phenomenon is visible in the graphene response thus
revealing a slow recovery of the sensor to humidity. However,
such a behaviour could be also correlated to other factors,
for instance, the condensation effect of the vapour water
deposited on the surface of the graphene oxide layer during the
cycle of measurement and the presence of possible leakages
through the ducts of the mass-flow controllers. Fig. 4 shows
the calibration curve of the sensor, i.e. the sensor resistance
vs. the relative humidity variation. The profile appears almost
linear with respect to the increasing moisture levels and it is
therefore possible to extract the sensitivity of the sensor, i.e.
the slope of the linearised curve, as the resistance difference
generated by 1% change in the RH level:
|4R|
|R(RHhigh )
=
|4RH|
|RHhigh

R(RHlow )|
= 60 ⌦/RH.
RHlow |
(1)
In particular, the relative variation of the resistance is about
4 k⌦ within humidity range from dry air to 66% RH.
S[R] =

Fig. 4. The calibration curve R $ RH corresponding to the response shown
in Fig. 3a.

Fig. 5. Open loop antenna layout. Size [mm]: L1 = 28.5, L2 = 62.5,
a = 14.5 and b = 18.

III. L AYOUT OF THE RFID SENSOR TAG
The sensor tag layout, to be used in the UHF band
(860 960M Hz), consists of an open loop antenna connected
to AMS SL900A microchip that is provided with Analog-toDigital Converter (ADC) capability and suitable to connect external sensors (Fig. 5). The size of the antenna (L1 = 28.5mm
and L2 = 62.5 mm) is such to meet a possible trade-off
between a reasonable antenna gain and moderate overall size
for application onto the face. The open loop geometry is
motivated by the constrain that the considered microchip can
not be connected to a closed conducting path because of a lack
of short-circuit current protection. Tuning elements, such as an
inductor and meanders (a and b), are instead properly sized to
optimally match the chip impedance (Zchip = 123 j303 ⌦
at 915 M Hz).
Fig. 6 shows the power transfer coefficient ⌧ of the tag
evaluated by means of the the Finite Difference Time Domain
(FDTD) Method in CST Microwave Studio 2016 implementation when the tag was placed onto a homogenous box with
average electromagnetic parameters of the human body.
The antenna design includes pads for the battery connection
so that the device will be usable in both fully passive mode
(power sensitivity Pchip = 6.9dBmW ) as well as in batteryassisted mode (Pchip = 15 dBmW ) to significantly improve
the read range and also to perform periodic measurements even
in absence of the reader (data-logging modality).
The antenna was then simulated over a human head phantom
modelled by a shell (✏R = 3.7 and
= 1.6e 3 S/m)
filled with a liquid which represents the average material
properties of the head (✏R = 41.2 and
= 0.95 S/m in
UHF RFID band). Fig. 7 shows the 3D radiation pattern of
the antenna which perfectly adheres to the phantom’s cheek

Fig. 6. Simulated power transfer coefficient ⌧ of the tag placed onto a
homogenous liquid phantom.

with a maximum antenna gain equal to 11 dB at 900 M Hz,
comparable with the gain of epidermal antennas [12].
IV. P ROTOTYPE AND BREATH PATTERNS DETECTION
A prototype of the antenna was fabricated by carving a flexible adhesive-backed copper foil stuck on a thin biocompatible
substrate by means of a two-axis digital-controlled cutting
plotter. The graphene oxide sensor was loosely connected
to two pins of the antenna by means of thin wires and the
resulting graphene oxide RFID sensor was hence attached

Fig. 7. Antenna radiation pattern in presence of a head phantom.

through a 20 µm-thin polyurethane film onto a volunteer’s
cheek to capture breathing sequences (Fig. 8).

Fig. 8. Prototype of the passive tag connecting the graphene oxide sensor.

The communication performance of the prototype was characterised through the measurement of the realized gain, i.e. the
gain of the tag attached directly onto a volunteer’s face scaled
by the mismatch to the IC. The measurement setup comprised
a typical long-range UHF fixed reader (ThingMagic M5 ASIC)
connected to a linearly-polarized 5 dB gain PIFA antenna. The
measured realized gain is compared for corroboration with the
numerical simulation (Fig. 9) with a good agreement especially
within the North America RFID band around 915M Hz, where
the antenna is optimally tuned. The maximum read distance of
the device is up to 60cm in passive mode, i.e. with no battery
onboard.
We asked a subject to wear the device and to continuously
and deeply breathe through the nose for a few minutes sim-

Fig. 9. Measured and simulated realized gain G⌧ of the tag attached directly
onto a volunteer’s cheek.

ulating common respiratory patterns: normal/deep breathing
with alternating short intervals of simulated anomalous events,
such as apneas and tachypnea. Fig. 10 depicts the change
in graphene oxide resistance on exposure to breath. The
sensor is able to collect breathing data in real-time enabling
the remote transmission through a wireless communication
interface. The changes in resistance for each breath cycle are
clearly detectable in comparison with the signal oscillations
occurring, in particular, during a temporary suspension of
breathing by the subject (apnea condition). The estimated
maximum dynamic range of the normal breathing signal
(117 ⌦) is indeed much higher than the standard deviation
value of the noise level (7.6 ⌦). In particular, during the
breathing out, human breath is strongly humidified (RH >
60%), and therefore the amount of water on the surface of
the graphene oxide layer increases, and in turn its resistance.
While, during the breathing in, the amount of water absorbed
by the graphene oxide drop is reduced since the relative
humidity of the surrounding environment is almost always
lower than the exhaled air. Finally, the measured resistance
profile, shown in Fig. 10, emphasises the capability of the
sensor to detect and to discriminate the breathing peaks
compared to the condition of apnea and, in particular, to
identify the changes in the breathing frequency enabling a realtime monitoring of the onset of anomalous respiratory events.
A video demonstrating the real-time detection of different
respiratory patterns is available online at the following link
https://www.youtube.com/watch?v=cEbpfayG38c.
V. C ONCLUSION
In this contribution, the humidity sensing intrinsic capabilities of a sensor made of graphene oxide were investigated
in order to introduce a new class of wireless wearable RFID

Fig. 10. Different respiratory patterns of a subject recorded when the antenna,
embedding the graphene oxide sensor, is directly stuck on face.

sensors capable of detecting different respiratory patterns.
In particular, experimental results show that changes in the
graphene oxide resistance are correlated with the rate of
respiration of different respiratory events: from normal breath
to tachypnea with alternating apnea condition. Moreover, we
were able to stick the whole system, comprising the antenna
and the graphene oxide-sensor, directly on the face, close to
the nose, enabling a superior comfort for the user as well
as a wireless continuous and close monitoring of breath. The
next step of research will be focused on refining the device
with the further possibility to just deliver the graphene oxidesensor directly to the surface of an anti-snoring nasal plaster
by using a rubber stamp or the usual inkjet printing technique
as well as to biologically and chemically functionalize such a
nanomaterial for ubiquitous detection of biochemical targets
which may help to identify and manage patients at risk and
thereby reduce the incidence of serious adverse events.
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