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Design and Fabrication of a Plastic-Free
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Abstract— The majority of wearable and flexible 5G and
6G devices are based on plastic substrates, that are harmful
to the environment. Therefore, the development of sustain-
able and plastic-free radio frequency (RF) devices becomes
a crucial issue. In this regard, we present a fully biocom-
patible Planar Inverted-F Antenna (PIFA), fabricated on a
55 µm-thick chitosan substrate. Chitosan has a relative
dielectric constant of 5. This antenna is working at 4.5 GHz
in the sub-6 GHz band of the 5G spectrum. It has a very
compact footprint of 14 × 23 mm2 and a Specific Absorption
Rate (SAR) of 0.41 W/kg. The prototype has been fabri-
cated using an innovative fabrication protocol. A very good
agreement between numerical and experimental results has
been obtained. The measured realized gain is equal to
1 dBi at the resonant frequency. Our results demonstrate
the suitability of chitosan as a dielectric substrate for the
fabrication of plastic-free antennas and paves the way for
the development of sustainable wearable devices for the
Internet of Healthcare Things (IoHT) applications.

Index Terms— Plastic-free antennas, sustainable
devices, biocompatible chitosan substrate, sub-6GHz
band, IoHT, wearable devices.

I. INTRODUCTION

THE 5G and new 6G communication networks are opening
interesting perspectives for wearable and wireless sensor

nodes and are very promising for enhancing sensor capabilities
[1], [2]. New conceptions of sensing systems imply very com-
pact footprints and connection capabilities to: minimize the
impact of the devices, allow the sharing of data, and increase
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their flexibility. From this perspective, the development of
flexible electronics represents a crucial step forward to enhance
the wearability and robustness of new devices. In particular,
the development of flexible antennas is an open issue which
can have disruptive consequences in the fabrication of smart
and low-invasive systems.

In this frequency range, the standard de facto regarding flex-
ible antennas is represented by microstrips, due to their excep-
tional properties combined with straightforward manufacturing
production techniques [3]. However, the connected and flexible
radio frequency systems have disadvantages. The increasing
use of halogenated or toxic compounds are harmful to the
environment. The employment of the polluting plastic-based
flexible substrates such as Kapton [4], Polyethylene Naphtalate
(PEN) [5], [6], [7], Polyethylene Terephthalate (PET) [8], and
Liquid Crystal Polymers (LCPs) [9], [10].

In this scenario, the development of flexible and biocom-
patible plastic-free antennas becomes a crucial challenge to
open new applications in the quest for sustainability-conscious
technology development. One of the main choices regarding
flexible antennas is represented by textiles. The precise print-
ing of the metallic layer presents several challenges related
to the high deformability of these kinds of materials. Alterna-
tively, L. Andre et al. proposed a manufacturing process based
on the lamination technique, in which the radiative element
is placed on a plastic polyimide layer, and the dielectric
substrate is manufactured in parallel and attached using glues
[11]. Embroidered antennas [12], [13] can be obtained using
conductive yarns having low conductivity. Therefore, these
antennas present radiation efficiencies and gain lower than
other types of antennas.

An alternative solution commonly found in the literature
is represented by photographic paper-based antennas [14],
[15]. These substrates are obtained using complex fabrica-
tion processes and characterized by thicknesses in the range
of 200-400 μm. Their adhesion with the metal layers is very
poor, so some cracks after bending can happen. Furthermore,
these substrates are not optically transparent. Among nature-
derived polymers, chitosan displays a combination of advanta-
geous properties. It is a biocompatible material, according to
in vitro tests, which can be easily extracted at low cost from
numerous sources, such as shrimp shells [16]. Another impor-
tant feature of this material is its optical transparency, which
can reduce the visual impact by camouflaging the antenna.
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Fig. 1. Antenna overview: a) Sketch of the simulated antenna,
b) fabricated prototype.

Chitosan obtained with this protocol also presents optimal
piezoelectric properties suggesting its use in complex sys-
tems integrating radiofrequency antennas with microelectro-
mechanical transducers (MEMs) [17], [18]. The exploitation of
chitosan-based biocompatible materials in a wearable antenna
whose Specific Absorption Rate (SAR) is lower than the max-
imum threshold allows envisioning the design and realization
of an Internet of Healthcare Things (IoHT) biosensor node.
Despite its optimal properties, to the best of our knowledge
chitosan-based antennas working in the sub-6GHz band have
not yet been reported in the literature.

In this work, we propose the design and fabrication of
a Planar Inverted- F Antenna (PIFA) on a 55 μm-thick
chitosan substrate. The radiative part of the antenna is made of
biocompatible silver nanoparticle ink. It is fabricated implying
a novel and innovative approach developed for thin microwave
devices [16]. The developed prototype has a very compact
footprint of 14 × 23 mm2 and it works in the sub-6GHz of
5G spectrum at a frequency of 4.5 GHz. Finally, it has been
characterized in terms of scattering parameter S11 using Vector
Network Analyzer (VNA) and 2D radiation pattern.

II. DESIGN AND SIMULATIONS

The schematic diagram of the proposed antenna is reported
in Figure 1 a). The light blue part represents the dielectric
substrate, whereas the white portion is the radiative element.
The overall dimensions are 14 × 23 mm2. The antenna is
composed of two L-shape regions: W1xH2 (3.5 × 10 mm)
responsible for the resonant tuning of the resonant frequency
and W2xH6 (7 × 3 mm), responsible for the impedance
matching at 50 �. The width of the strips is equal to H3
(1 mm). The portion W5xH1 (8 × 6 mm) represents the
ground plane whereas the region in the middle of the device
is used as feeding point in which we put the 3D model of an
U.FL connector.

The device has been placed on a 55 μm-thick chitosan
substrate that has a relative dielectric constant of 5 in
3 – 6 GHz range [15].

PIFA has been simulated by means of a Finite Difference
Time Domain (FDTD) solver. The scattering parameter S11
and radiation patterns for E-plane and H-plane have been
calculated. The simulated results are shown in Figure 2 a)-c).
In figure 2a) the trend of the simulated scattering parameter

Fig. 2. Comparison between simulated (red curve) and measured (blue
curve) for: a) scattering parameter S11, b) 2D polar plot for the plane
Φ = 0◦, c) 2D polar plot for the plane Φ = 90◦ at the resonant frequency.

S11 (red curve) is reported: there is a dip of −26 dB at 4.5 GHz
with a bandwidth of about 450 MHz. In Figure 2 b) and 2 c)
the polar plots of the radiation pattern for E-plane (� = 0◦)
and H-plane (� = 90◦) at the resonant frequency are shown.
For � = 0◦, the main lobe magnitude is equal to 1.33 dBi
and the main lobe direction is equal to 15.0 deg. Whereas for
the � = 90◦ the main lobe magnitude is equal to 1.27 dBi
and the main lobe direction is equal to 0 deg.

The maximum value of the realized gain at 4.5 GHz is
equal to 1.38 dBi. Further analysis has been performed for the
evaluation of the SAR, to investigate the possibility to place
the antenna on the human body. The simulations for SAR
results have been carried on a simplified model composed of
four layers (i.e. bone, muscle, fat and skin) [19], [20]. The
result of the analysis performed on 10 g of tissue shows that
the SAR value at the resonant frequency of 4.5 GHz is equal
to 0.41 W/kg, well under the European limit of 2 W/kg.

III. FABRICATION AND CHARACTERIZATION

The PIFA has been fabricated using an innovative fab-
rication protocol (Figure 3) developed for thin devices and
implemented to fabricate the presented antenna.

The preliminary step is the fabrication of the chitosan
substrate. An aqueous solution with 1 % w/v of Chitosan
(890000 avg M. W., Glentham) and 1 % v/v of Lactic Acid
(Sigma Aldrich) is stirred until the polymer is dissolved. Then,
40 mL of the solution are poured into a glass Petri dish and
left to dry overnight at 200 mbar and 40◦C. According to the
protocol described in the literature, the film is then soaked
in NaOH 1 M for 60 minutes and then washed with water
until the pH of the washing water is 7. Finally, the film is
peeled off from the Petri dish and ready to be employed for the
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Fig. 3. Fabrication steps.

fabrication of the antenna. To avoid impurity contamination,
all the steps are performed in a clean room.

After the synthesis of the substrate, the protocol goes on
with the fabrication of the antenna prototype. The first step
is the deposition of the Silver- based ink on a donor glass
by means of NanoDimension’s Dragonfly LDM multi-material
3D printer. The antenna has been printed with a thickness of
35 μm in order to guarantee the optimal conductivity of the
ink (the minimum threshold is fixed at 17 μm). The process
has been performed at 140◦C to allow a proper sintering of
the ink and then, in less than two hours, 25 antennas have
been printed. The fabrication protocol continues by cutting
each single antenna from the glass sheet with a diamond tool.
The third step is the functionalization of the surface with
the deposition of an interlayer of PEDOT: PSS/ Glycerol.
A 200 nm thick layer has been spin-coated on the surface
to guarantee an optimal adhesion between the Silver-based
ink and the chitosan substrate. The PEDOT: PSS has been
cured for 30 minutes at a temperature of 140◦C. The last two
steps consist in attaching the dielectric chitosan substrate to
the donor glass and then peeling off the metal from it. This
last procedure was performed after placing the sample under
a vacuum for two hours.

In the end the final prototype has been obtained as shown
in Figure 3 a). The U.FL connector has been placed on the
feeding point in order to perform the characterization step,
the measured results are shown in Figures 2 b)-c).

The device has been characterized in terms of scattering
parameter S11 by means of a Vector Network Analyzer (VNA)
and 2D polar plots for the radiation pattern. In Figure 2 b) the
comparison between the measured (blue curve) and simulated

TABLE I
COMPARISON BETWEEN FLEXIBLE ANTENNAS

(red curve) scattering parameter S11 of the antenna is reported.
A very good agreement in terms of resonance dip has been
found. In addition, the measured curve presents a slightly wide
bandwidth with respect to the simulated one. This effect is
attributed to three main factors: (i) the metallic losses since
the Ag-based ink is a combination of silver nanoparticles
and solvent molecules, (ii) the integration of the connector,
and, especially, (iii) the soldering and the insertion loss of
the U.FL to SMA transition cable. All these effects become
more relevant at the resonant frequency because there is a
maximum power transfer to the device and consequently a
higher dissipation.

In Fig. 2b) and c) the comparison between the measured
(blue curves) and simulated (red curves) polar plots for the
planes phi = 0◦ and φ = 90◦ are shown, respectively. The
trends of the radiation patterns are in good agreement for both
planes. In general, slightly lower values in the measurements
can be observed due to mechanical alignments. In particular,
measured radiation pattern for plane φ = 0◦ (Fig 2b)), presents
a lower minimum value than the simulations. This is due to the
presence of the cable in front of the antenna, the losses of the
measurements set up and the soldering of the connector. For
the φ = 90◦ plane, (Fig. 2c)), there is a good agreement also
in terms of minimum value, −15 dB for both the measured
and the simulated results. The measured value of the gain is
1 dBi at the resonant frequency which is fully in line with the
numerical findings.

Table I compares the proposed antenna with other flexible
antennas reported in the literature. It is highlighted that the
proposed antenna presents a higher bandwidth with respect
to the reported plastic-free antennas, whereas the gain is
comparable. Finally, it is characterized by a non-invasive
and lightweight profile due to its very compact footprint.
Furthermore, it is transparent to the visible spectrum.

IV. CONCLUSION

In this letter, we present the design of the first prototype
of fully-biocompatible silver-based PIFA placed on a flexible
chitosan substrate. The prototype has been fabricated by
means of an innovative fabrication protocol in the field of
antennas. The measured results show a very good agreement
with the predictions made through numerical simulations. The
fabricated antennas are characterized by a very high flexi-
bility and transparency of about 80%, showing the potential
of chitosan as dielectric substrate in the field of antennas.
These results pave the way for the next generation of plastic-
free and sustainable health-monitoring devices for IoHT
applications.
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