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Abstract — Wearable technology in healthcare refers to
medical devices for real-time monitoring of a wide
variety of biomedical parameters of the human body.
The Health 4.0 scenario has led to the rapid
development of these systems in all fields of medicine.
However, a wearable non-invasive device for skin
health monitoring for skin hydration control or cancer
prevention is still an open challenge. In this regard, this
paper addresses the design and the implementation of
a low-cost portable system for skin diagnostics
purposes which is based-on microwave reflectometry
technique. For this purpose, a specific sensing element
(SE), connected to a miniaturized vector network
analyzer (m-VNA) has been designed and assessed for
the optimal detection of the variation of the dielectric
properties of the skin. The proposed system has been
validated, first, through full wave simulations, then,
directly on human skin, demonstrating a good potential
for achieving a fully wearable system for skin
monitoring and diagnostics.
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I.  INTRODUCTION

The development and the advancement of wearable
monitoring technologies have delivered a wealth of results
in the health sector [1,2], allowing the real-time monitoring
of many physiological parameters [3-5] in a non-invasive
or minimally invasive manner. Numerous recent efforts
have led to an increased efficiency of sensing capability and
measurement accuracy of wearable sensors [6]. However,
there are still many challenges in the skin monitoring field
[7], which is of great importance since the skin behaves like
a barrier [8] between the organism and the outside,
defending the human body from the intrusion of bacteria
and pathogens and retaining the nutrients and water. For
these reasons, it is necessary to preserve and monitoring the
health of the skin, that can often incur the development of
various diseases, which can be either dermatological or
cancerous. In this regard, the skin hydration level control

and the monitoring of suspicious lesions over time are
crucial. As a matter of fact, most of dermatological diseases
(such as atopic dermatitis, ichthyosis, psoriasis and
eczema) [9-12] cause dehydration of the skin, a dangerous
and sometimes painful condition. In addition, a severe
dehydration can go beyond the skin and cause symptoms
such as vertigo, disorientation and metabolic disorders [ 13].
On the other hand, some individuals, such as workers
exposed to ultraviolet rays [14], harmful chemicals, or
having a genetic predisposition [15], are at major risk to
develop a skin cancer. In this case it is useful to provide
prevention by conducting a quick check on any skin
abnormalities that might appear on the skin. In this context,
it is worth remembering that, at present, the diagnosis of
cancer is typically made by the dermatologist simply
through a visual examination of the skin, making the
evaluation highly dependent on the experience of the
doctor. However, a definite diagnosis can be carried out
only after a biopsy, which is an invasive procedure.

For all these reasons, in many situations, a portable and
wearable device capable to monitor in real-time the skin
hydration status or to perform periodic checks for
prevention purposes becomes fundamental. In addition,
the possibility to generate an alert and to tele-transmit the
data to the doctor can be useful. However, most of the
state-of-the-art skin monitoring systems are not wearable
and are unsuitable for real-time use. Other kinds of
technology are very expensive (e.g., Confocal Raman [16],
Near-IR [17] or Terahertz Spectroscopy [18]) while other
methods based on bioimpedance or capacitance
measurements [19, 20] are characterized by low
measurement accuracy. On such basis, the aim of this work
is the development of a low-cost, wearable skin monitoring
system suitable for skin hydration monitoring but also for
future applications in skin cancer prevention. Previous
works demonstrated the feasibility of microwave-based
systems for these applicative scenarios [21,22]. In fact,
both scenarios involve a sudden change in the dielectric
properties of the skin depending on the ongoing chemical-
physical process. This phenomenon can be detected
through the microwave reflectometry, a technique that
exploits the interaction between an electromagnetic (EM)
field and the tissue under test. For this reason, a thorough
design of the sensing element (SE) to be in contact with
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the skin has been carried out. This allowed the
optimization of the related sensitivity for discriminating
the dielectric variations of skin tissues even in areas of a
few millimeters.

The present work is organized as follows. Section II
describes the basic theoretical background behind the
proposed system and the used experimental setup. Section
IIT addresses the design of the SE and numerical analysis.
Section IV describes the experimental tests performed
directly on human skin. Finally, conclusions and future
work are outlined in Section V.

II. MATERIALS AND METHODS

Microwave reflectometry (MR) is a powerful tool for
several monitoring and diagnostic applications [23-26].
The basic concept is to propagate an EM test signal and to
analyze the reflected one [27-31] which contains useful
information on the chemical and physical composition of
the tissue. In fact, the reflected signal is strictly correlated
to the frequency-dependent complex dielectric
permittivity £°(f) [32].

e =ete )]

where £ () and £”(f) are the real and the imaginary part
of the complex permittivity, respectively. To do this, it is
enough to measure the reflection scattering parameter
S11(f) at the SE when it is placed in contact with the skin.
The Si1(f), which depends on the dielectric properties, can
be measured through vector network analyzers (VNAS).
These instruments are generally bulky and expensive. In
order to overcome this issue and for the purpose of the
present application, it is adopted a low-cost, compact and
portable VNA. In particular, in this work, a nano VNA
developed by HCXQS and operating in the frequency
range [50 kHz — 3 GHz] has been adopted.

Fig. 1. Picture of the reflectometry-based measuring system: the
VNA and the designed coaxial SE.

For the sake of a performance assessment, comparative
measurements were carried out between this miniaturized
VNA and a very accurate and expensive VNA thus
confirming a good measurement accuracy ensuring a

deviation in the order of 2%. The instrument is currently
controlled by USB port for PC interfacing but, it can be
casily adapted for a remote control and data tele-
transmission. This option, together with the small size of
the PCB of the electronic equipment, will make the setup
fully wearable in the near future. As for the designed SE,
in order to guarantee a non-invasiveness for the in-vivo
measurements and sensitivity in the skin layer only, a
specific open-ended coaxial probe has been chosen and
customized.

IS, 0

fIGHz]
a)

200 + —
150

—— 83

—-
[&) B -]
o O O
1 | 1
1]
(%))
| 1

50 4 i
-100 4 ]
150 - i
-200 4 ]

T T
20 22 24 26 28 30
fIGHz]
b)

S, (0 phase (°)

Fig. 2. Simulation results for the S11(f) of the SE for 6 skin
different states (different dielectric permittivity). The s1 curve
corresponds to the dry condition, while from s2 to s6 the
dielectric properties increase of the 2% each time. Magnitude
(a) and phase (b).

III. DESIGN OF THE SENSING ELEMENT AND
NUMERICAL ANALYSIS

In previous work [21] the proposed SE was a planar
three-wire transmission line characterized by comfort and
high measurement accuracy but not suitable for monitor-
ing small areas. For this reason, in this work, an enhanced
version of the system is presented. As explained above, the
general configuration of open-ended coaxial probe has
been customized in order to ensure simultaneously non-in-
vasiveness, portability, penetration depth only in the skin
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layer and capability of discriminating the dielectric prop-
erties of the tissue.

To this purpose, full wave simulations have been
carried out through the CST Microwave Studio® software
modeling the SE in contact with a three-layer structure
composed by skin, fat and muscle. The dielectric
parameters of the different tissues are reported in Gabriel
& Gabriel’s database [33]. It is worth noting that coaxial
probe measurements are possible because of the fringing
fields between outer and inner conductors of the SE placed
on the tissue. More in detail, the fringing fields interact
with tissues, causing changes in the scattering parameter
measured by the VNA. In order to improve the sensitivity
in terms of the fringing field effect and to make the
discrimination of the dielectric properties more sensible to
the corresponding variation of the S;i(f), a flange around
the coaxial probe has been added in the design phase.
Subsequently, a specific fine tuning of the parameters of
interest, such as inner and outer diameter of the SE, size of
flange and input power level, has been carried out in order
to identify the optimal configuration of the SE.

Finally, a set of full wave simulations has been carried
out varying the dielectric permittivity of the skin layer.
More in detail, starting from the dry skin condition (s1),
the subsequent simulation data conditions (corresponding
to s2, s3..., s6) have been obtained by an incremental
increasing of 2% in the dielectric permittivity values of the
skin. Figure 2 shows the corresponding variations in terms
of the response of the reflection coefficient S;; in
magnitude and phase, respectively. In this way, the ability
of the designed SE to discriminate small dielectric
properties variations of the skin has been assessed.

IV. EXPERIMENTAL RESULTS

After the design phase and the sensitivity analysis, the SE
was realized and tested in-vivo on human skin, in
particular on the forearm of a volunteer subject.
Measurements were performed considering three different
conditions, so as to cover a different variety of dielectric
properties, such as more or less hydrated skin. More in
detail, the first measurement was performed in the dry skin
condition. Then, a moisturizing lotion was applied on the
skin to increase the dielectric permittivity, which can be
directly associated to the hydration condition and,
consequently, a second measurement was performed. The
third measurement was performed in conditions of wet
skin, through the application of a water-impregnated swab.
The results corresponding to these three real situations, are
summarized in Figure 3, showing the good capability of
the system in terms of dielectric discrimination among
dielectric properties associated to different skin conditions.
In fact, as is well known, as the hydration level increases,
the dielectric permittivity increases due to the very high
value of water’s relative dielectric permittivity (=80), and
this corresponds to a decrease in the magnitude of the
reflection coefficient Sy;(f).
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Fig. 3. Comparison of measurement results for the Si(f) of the
SE for the three tested conditions: dry skin, skin with moisture
lotion and wet skin: magnitude (a) and phase (b).

This phenomenon is evident both in the case of wet skin
and skin with a moisture lotion. Furthermore, for the sake
of assessing the capability in discriminating potential skin
abnormalities, such as skin tumors, ulterior tests will be
executed on patients with skin lesions through the
supervision of the medical personnel. As a matter of fact,
skin tumors have significant differences compared with
healthy tissue, and this results in a dielectric contrast
between normal and cancerous skin tissues at microwave
frequencies [34, 35]. This aspect suggests the potential of
the system also for skin cancer early diagnostics.

V. CONCLUSIONS AND OUTLOOK

In this paper, the design, realization and implementation of
a portable low-cost skin hydration sensing system based-
on microwave reflectometry has been presented. First, a
numerical analysis was performed in order to identify the
optimal configuration of the SE which is characterized by
non-invasiveness, high sensitivity in detecting dielectric
variations of the superficial skin area and applicability for
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both cancer prevention and skin hydration monitoring.
Subsequently, experimental tests were carried out in-vivo
directly on human skin, through a low-cost portable VNA,
analyzing different skin conditions associated to different
dielectric properties. Results show the possibility of
implementing a fully wearable system for skin hydration
monitoring purposes. Starting from these results and given
the amount of potential of the proposed method, further
activities will be focused on the possibility of extending
the use of the system also for skin cancer detection. In
addition, efforts will be dedicated also to the full
wearability of the device, to the implementation of data
tele-transmission and to the fully assessment of the method
on a large-scale campaign on voluntary subjects.
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