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Abstract— This document discusses some of the advances in
additive manufacturing 3D-printing for electromagnetic
applications that have been investigated in the literature in the
last few years. Starting from the research activity of the authors
on this topic, this work summarizes and showcases the
effectiveness of the 3D-printing technology in electromagnetics,
with reference to UHF RFID technology. Specifically, the first
part of the work deals with Fused Deposition Modeling (FDM)
printing technigque and faces the problem of the characterization
of 3D-printable materials using a made-in-lab instrument based
on the T-Resonator theory, which has been purposely designed
to be 3D-printed. Once verified the dielectric properties of
substrates realized with common 3D-printable materials, two
techniques to improve their electrical permittivity are
explained. Moreover, the possibility to realize fully 3D-printed
RFID devices based on the use of novel 3D-printable materials
with noteworthy conductive properties is discussed. Then, two
new 3D-printed antennas are presented and discussed
highlighting some of the advantages of 3D-printing in
electromagnetics. Finally, the application in RFID of another
promising 3D-printing technology called Digital Light
Processing (DLP) and based on the photopolymerization of
liquid resins is discussed as well.

Keywords—3D printing, enhanced filaments, T-Resonator,
conductive filament, fully 3D printed antennas, UHF, RFID

. INTRODUCTION

3D printing by additive manufacturing is a disruptive
technology that is proving to be an increasingly promising
method to create high-detailed models in a fraction of the time
and at a fraction of the cost required by traditional techniques.
Moreover, the advent of affordable new 3D printers has
considerably stimulated the community to explore the
possible electromagnetic applications of this technology.
Indeed, 3D printing paves the way to novel and appealing
approaches to realize microwave components and antennas by
taking advantage of versatility, cost-effectiveness, and ease of
use.

In the earliest works on the matter, the Fused Deposition
Modeling (FDM) printing technique has been mainly used
with commercial materials like ABS (acrylonitrile butadiene
styrene) or PLA (polylactic acid) to realize substrates for
antennas or microwave components [1]-[9]. Further, many
others 3D-printable materials and techniques have been
explored, mainly focusing on the realization of flexible
devices [10]-[14]. On the other hand, the possibility to realize
3D-printed structure with conductive properties remains a
significant problem to be faced, even if some possible
solutions have been investigated in [15]-[19]. Some of these
solutions can be used to realize the first attempts of
3D-printing metamaterials or related metastructures like, for
example, plasmonic metamaterials or metasurfaces [21]-[23].
Nevertheless, the manufacturing techniques needed to realize
these structures are still “hybrid”, and the role of 3D-printing
is still limited. Moreover, the use of 3D-printed metamaterial
in RFID is still a research challenge.

As an extension of [24], this work summarizes and
showcases the effectiveness of the 3D-printing technology in
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electromagnetics by focusing the attention mainly on the
advantages of the 3D-printing for UHF RFID antenna
applications. The goal is to the provide the reader with
knowledge, techniques, examples, data, and experiences
useful to design increasingly complex electromagnetic RFID
structures. The research activity is discussed basing on some
authors” works on various aspects of 3D-printing in
electromagnetics [3], [5], [9], [12], [19].

As a first step, a research activity has been carried out with
the aim of characterizing the dielectric properties of the 3D-
printable materials at different working frequencies. For this
reason, a resonant structure, like the well-known T-resonator,
has been used to design a device capable of characterizing
3D-printed substrates. The device has been designed,
simulated and then realized in PLA by using the 3D-printing
technology itself. Specifically, the main steps of the
realization of a T-Resonator device are briefly recalled,
highlighting the aspects useful for UHF RFID designs.

As a second step, two possible solutions to increase the
permittivity of 3D structures are explained. In the former,
Barium Titanate (BaTiOs) is combined with a silicone matrix
to obtain hi-permittivity flexible substrates useful to design
compact and robust electromagnetic structures through 3D-
printed molds. A bracelet-shape UHF RFID tag has been
designed and realized with the enhanced material to assess the
advantages of the technique. Instead, in the latter, common
PLA has been used as matrix and doped with BaTiO3 as well,
thus allowing the realization of permittivity-enhanced
filaments useful to directly 3D-print advanced RFID antennas.

Purposely, the third part of the work is devoted to novel
fully 3D-printed devices. The electromagnetic characteristics
of a new 3D-printable filament with conductive properties,
called Electrifi, are used for designing and realizing a fully
3D-printed UHF RFID tags with PLA-made substrate and
Electrifi-made meandered radiating structure.

The last part of the work is dedicated to two examples of
complex 3D-printed antennas that smartly exploit the degree
of freedom offered by the “third dimension” of the 3D printing
technology with the aim of realizing efficient, miniaturized,
and reconfigurable RF devices. The former is a novel
microstrip antenna with the patch meandered along the
direction orthogonal to the plane hosting the patch element.
Other being meandered, the novel 3D antenna is also
miniaturized through a proper use of ceramic-doped materials.
The latter design is a tunable-band UHF RFID planar
inverted-F antenna (PIFA). Leveraging on two doped-PLA
3D-printed elements opportunely combined to realize a
sliding structure, the antenna resonance frequency can be
mechanically switched between two RFID bands. With the
same principle, the mutual position of the sliding elements
could be modified to adjust the matching in case of variations
of the background material rather than modification of the
used RFID chip.

Finally, another affordable 3D-printing by additive
manufacturing technology, the Digital Light Processing
(DLP), which exploits the photopolymerization of a liquid
polymer material, is briefly described and a first dielectric
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Fig. 1 3D-printed dielectric characterization. (a) Classic T-resonator
structure — (b) Model of a printable version — (c) Picture of the realized
system.

characterization of one of the just mentioned resins in the UHF
RFID band is also proposed.

1. T-RESONATOR

In this section, the T-Resonator-based system detailed in
[5] is described and used to characterize 3D-printed materials.
It can measure the dielectric constant and the loss tangent of a
planar printed substrate, exploiting the well-known
T-Resonator theory [25]-[26]. Briefly, it consists in a two-port
microwave circuit composed of a microstrip line with an open-
end stub that resonates at odd-integer multiples of its
quarter-wavelength frequency. As for the mathematical model
of the T-resonator, both & and tand can be determined once
the scattering parameter Sy is known.

On such a basis, a structure capable to place a certain
pressure all over the “T”” —which must perfectly adhere to the
substrate under test— without considerably impacting on the
microstrip functioning has been designed. A 3D-printed
structure has been developed both to sustain and lock the
substrate under test between the two copper elements. In
Fig. 1b a simplified model is reported. The T-resonator
structure is placed upside down and the T-shaped line rests on
a dielectric structure sufficiently rigid but thin enough not to
interfere with the E-field lines of force. Screw regulators are
foreseen to assure the contact between the substrate under test
and metallic parts and to form a sandwich structure whose
height can be adjusted to adhere to substrates of different
thickness.

Lstuo (5.72 cm) and W (1.38 cm) have been calculated in
order to have characteristic impedance Zo=50 Q and first
resonance at around 900 MHz with a typical plastic substrate
of thickness 2 mm and permittivity &= 2.7. Moreover, a first
prototype reproducing the simple scheme of Fig. 1a has been

simulated with CST Microwave Studio, realized and tested
on PLA substrates of various densities. Obtained results have
been compared with outcomes from many simulations of the
whole structure when varying s and h parameters of Fig. 1b.
In order to safeguard both robustness and footprint, the
largest s and the smallest h guaranteeing comparable results,
i.e. s=3 mmand h =25 mm, have been selected.

Using this simple and powerful instrument, it is possible
to characterize the dielectric properties of the most common
3D-printable commercial materials, as well as to demonstrate
how the proper tuning of the infill parameter led to dielectric
constant customizability. Indeed, the infill parameter
determines how much the printer fills the 3D model inside. A
low value of infill means that the printed object has a greater
air percentage, whilst a 100% infill value, means that the
object has no empty space inside. As stated, a proper setting
of this parameter can vary with continuity the dielectric
constant of the final printed element. A characterization
example of how the PLA electromagnetic properties change
by varying the infill percentage has been studied in [3] and
reported in Tab. | for convenience. In particular, it can be
observed how both the dielectric constant and the loss tangent
of the material vary with a predictable behavior ranging the
infill from 20% to 100%. As expected, the lower is the infill
percentage, the lower are the values of dielectric constant and
loss tangent of the substrate under test.

The materials characterization using the T-Resonator has
also highlighted that, probably, the most problematic
drawback of the commercial filaments is their relatively low
value of dielectric constant. Specifically, it varies
approximately between 2 and 3, which could not be high
enough in some applications where, for instance, antenna
miniaturization is needed. For this reason, the next step of the
research aims at developing new materials and techniques to

TABLE |
DIELECTRIC PLA PARAMETERS
Infill % er tang
20 1.503 0.0031
30 1.578 0.0034
40 1.646 0.0035
50 1.8 0.0043
60 1.942 0.0048
70 213 0.0051
80 2.25 0.0054
90 2.371 0.0062
100 2.541 0.0071

overcome this limit, keeping on exploiting the 3D-printing
advantages.

1. ENHANCED MATERIALS

As stated, the main goal of this research is to overcome the
limits of common 3D-printable materials mainly by enhancing
the dielectric constant while preserving the low losses. At this
regard, two possible solutions have been investigated. The
former, rather useful when flexible devices are designed,
consists in the realization of a silicone compound to be shaped
through 3D-printed molds and electromagnetically enhanced
by adding highly dielectric powders. The latter consists in the
realization of a 3D-printable filament with an enhanced
dielectric constant. The material is realized by extruding a
specific ceramic-doped PLA-based mixture. Both materials
and techniques are described below:
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A. Silicone compound and the mold technique.

Briefly, the first proposed approach consists in realizing
3D-printed molds by using common filaments. Then, these
molds are filled with the desired silicone-based material with
enhanced dielectric properties so to realize, after drying, the
desired free-from-factor antenna substrate. The accurate
choice of both silicone matrix and doping material is crucial
for the final compound electromagnetic properties. Indeed, the
compound other than guaranteeing high dielectric constant,
must be homogeneous as well as easy to cast into the molds.
Accordingly, the silicone emerged as the most adequate
candidate as a matrix. It is a well-known, flexible, inert and
non-toxic material; moreover, a large literature has been
produced exploring the possibility to dope silicones with
ceramic powders, like for example [27]-[28]. In our
experience, both Alumina (AlO3) and BaTiOs; have been
tested as doping agents. They are both ceramic powders used
to increase the dielectric constant of the compound. In Tab. |1
dielectric constant and loss tangent for different percentages
of doping elements, obtained through the T-resonator of
Fig. 1c, are reported at around 1 GHz (in order to be
exploitable in UHF-RFID design). It can be observed that
BaTiOs produces a much higher impact on the final product
even with lower concentration of filler in the mixture. It is
worth noting that, once the permittivity of the two mixing
elements is known, the complex permittivity of the compound
can be efficiently forecast using the Lichtenecker’s equation,
already used in [29] and recalled in (1) for the sake of clarity.

|Og ‘é:compound = |Og ésilicone to |Og (éﬁller / ésilicone ) (1)

where ¢ is the volume fraction of the filler in the whole
composite, while ¢ is the complex permittivity.

Using the described mold technique, an RFID on-body
application has been developed, consisting in a bracelet
realized with a Silicone/BaTiOs; compound with a dielectric
constant equal to 4.8, then used as substrate for an RFID tag
antenna shown in Fig. 2. In particular, Fig. 2a represents the
3D-printed mold, Fig. 2b a render of the bracelet tag where the
PIFA-inspired antenna can be observed. Finally, Fig. 2c
represents the realized tag where the metallic part has been
shaped on a thin adhesive copper tape through a cutting plotter
[30]. The tag has been fully characterized demonstrating an
adequate working range of almost 2.5 m when dressed. It is
worth highlighting that higher values of dielectric constant can
be achieved increasing the doping agent percentage.
Obviously, this could reduce the flexibility and ease of use of
the compound.

I

S

@ (b) ©

Fig. 2 (a) PLA printed mold to shape the bracelet — (b) Render of the
designed bracelet highlighting the antenna shape — (c) final prototype of
an UHF RFID tag for on-body application realized with the mold
technique.

TABLE Il
DOPED SILICONE SUBSTRATES PROPERTIES
F['(inr AlO, BaTiOs

& tand & tand
5 3.455 0.020 4.199 0.020
10 3.630 0.023 4.954 0.020
15 3.825 0.019 6.240 0.017

175 4.007 0.016 - -

20 4.040 0.016 - -

B. 3D-printable filament with enhanced dielectric constant

The goal of the research activity described below is to
realize filaments with a high dielectric constant value, which
could be easily printable with a common and affordable 3D
printer. As reported in [31]-[32] the main idea consists again
in increasing the electromagnetic properties of a base material
by adding highly dielectric powders. The PLA has been
chosen, instead of ABS adopted in [31]-[32], as a polymer
base material, due to its higher printability and lower toxicity,
whilst the BaTiOs has been confirmed as doping filler.

The mixing operation, in this case, has required a more
complex approach, due to the thermoplastic behavior of the
PLA, which is initially solid at room temperature. First of all,
the PLA, in a pellet form, has been milled (after freezing) to
reduce its granulometry, allowing for a more efficient dry
blending with BaTtiOs; powder. Then, the two materials have
been mixed by means of a twin-screw extruder, equipped with
a 2 mm circular rod die. The result is a printable PLA-based
filament which is shown in Fig. 3. The dielectric constant, as
expected, is dependant on the doping percentage in the final
product. Equation (1) remains a valid formula to forecast the
final permittivity value of the compound which achieved &, =
4.6 and tand =~ 0.015 for a doping percentage of 17.5% of the
total volume.

It is worth highlighting how the result strongly depends on
the starting permittivity of the polymer which, in this case, is
characterized by a dielectric constant of about 2.5 (see Tab. ).
A higher value can still be achieved increasing the powder
percentage in the mixing. However, increasing too much the
filler percentage could cause the filament to become brittle

Spool of enhanced
PLA/BaTiO3
filament

Fig. 317.5 % BaTiO; PLA-based filament in printing.
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and difficult to print, due to an increased viscosity during
extrusion.

V. CONDUCTIVE FILAMENTS AND FULLY 3D
PRINTABLE UHF RFID DEVICES

In this section the possibility of realizing a fully
3D-printed electromagnetic device, without the need of other
techniques to produce the antenna or its conductive parts. This
possibility has been investigated thanks to the availability of
conductive filaments for 3D printing on the market.
Specifically, in the first part of the research, two different
conductive filaments, respectively based on graphene and
copper inclusions, have been tested. As expected from the
conductivity values declared by the producers, the filament
based on copper inclusions, which is called Electrifi and
produced by Multi3D [33], revealed to be the most promising
one, with the conductivity at least two orders of magnitude
higher compared with the other. Specifically, the declared
Electrifi surface conductivity is about 1.6-10* S/m measured
at zero Hertz.

With the aim to test this new material in some real
applications, an UHF RFID tag has been realized exploiting
3D printing as a comprehensive manufacturing technique.

This prototype consists in a trapezoidal dipole tag antenna
designed to resonate at 866 MHz. The antenna shape is based
on a work presented by some of the authors in [19] where
different prototyping techniques (not including 3D printing)
are compared. The tag structure discussed in the present work
has been properly optimized and resized in order to consider
the electromagnetic properties of both Electrifi and PLA.

It is worth noting how, in the manufacturing process, no
other prototyping techniques but 3D printing have been
involved. Indeed, the final tag, shown in Fig. 4, has been built
during a single printing process. Specifically, in the order:

e The PLA has been printed as a substrate and a slot
has been created to allow for the upside-down
positioning of the RFID chip.

e The chip has been properly located onto the top
surface of the substrate using the slot as a guide.

e The antenna radiating element has been printed with
the Electrifi filament, connecting the chip in the
meantime.

The realized tag has been eventually tested with the
systems proposed in [34] in order to evaluate its
characteristics. In accordance with the normalized radiation
patterns shown in Fig. 5, a good dipolar behavior has been
obtained. However, as expected, a degradation of the
performance is registered in comparison with the same tag
produced with other techniques, due to the dissipative nature
of the polymeric matrix of the Electrifi. In particular, the final
tag guarantees a maximum reading distance of about 2 m. It is
a very remarkable working distance for one of the first
examples of RFID tag prototype completely realized with 3D
printing. Nevertheless, if compared with the companion
version realized with copper, which reaches a working
distance of around 8 m, the effects of the lower conductivity
of the Electrifi filament is apparent. In some cases, as will be
shown in the next sections, the shape of the substrate (used
only as thin and regular support in this case) can contribute to
compensate the effects the radiation efficiency reduction due
to the Electrifi adoption.

V. EXAMPLES OF ENHANCED 3D-PRINTED ANTENNAS

In this Section various aspects of the 3D printing
technology have been exploited to realize complex 3D-
electromagnetic devices. The goal is to definitely demonstrate
the usefulness of the 3D-printing technology for realizing
complex structures, substrates, and radiating elements by
using simple and cost-effective 3D printers. In particular, the
possibility of realizing unconventional non-planar structures
leveraging on the “third dimension’’ enabled by the 3D
printing technology is studied. Just to give an idea, an example
of electromagnetic structure based on 3D-printed dielectric
lens for a log-periodic dipole array is proposed in [20].

The next subsections discuss about the design of
miniaturized and reconfigurable antennas making use of
advanced 3D-printed materials, methods, and novel design
techniques.

A. Miniaturazing antenna using 3D-printing

The starting point is a common 2.4 GHz patch antenna,
designed and simulated in CST (Fig. 6a), considering a simple
PLA substrate (er = 2.55 and tand = 0.007) with copper
annealed conductive parts. Consequently, a miniaturization
process has been started, exploring two possible ways to
achieve the goal. These are: increasing the er of the substrate,
using one of the BaTiO3 PLA-based filament already
introduced in Section 111 B, or exploiting the third-dimension
degree of freedom introduced by the manufacturing process.
In the former case, the PLA of the substrate has been
substituted with a doped one realized with a 17.5% of BaTiO3,
bringing to an increase of the dielectric constant from 2.55 to
4.6. The result has been a decrement of the antenna size of
about a 40% in terms of surface ratio of the radiating element
(Fig. 6b). On the contrary, in the latter case the substrate
material remained the PLA, but the radiating element has been
“meandered” (Fig. 6¢), thus reducing the planar projection
size of the antenna. Even in this case a reduction of about 40%

Fig. 4 Fully 3D printed UHF RFID tag made of PLA (substrate) and

Electrifi (antenna).
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Fig. 5 Normalized radiation patterns of the fully 3D-printed dipole UHF
RFID tag antenna.
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Fig. 6 3D models of the 4 simulated patch with L and W as reference
parameters. (a) Normal patch antenna — (b) Normal patch antenna with
size reduction due to the higher dielectric constant of the substrate — (c)
Meandered patch antenna with size reduction due to the meandering —
(d) Final version of the patch antenna with size strongly redued due to
both meandering technique and doped substrate.

is achieved, only exploiting the third dimension in a way as
simple as possible

Finally, a last patch has been designed and simulated with
both the BaTiOs substrate and the antenna meandering
technique to combine their advantages. This results in a patch
antenna which can exhibits a planar size reduction of about
60% compared with the normal one, as can be seen in Fig. 6d.
The W and L parameter values of the four antennas are
reported in Tab. I11, as well as the radiating element area and
the simulated radiation efficiency. It is worth noting how both
the antenna types (b) and (c) have almost the same dimensions
in terms of “L” and “W”. This means that the size reduction
obtained by increasing the dielectric constant of the substrate,
can be completely achieved even with simple meandering
technique. Moreover, it is clear how the radiation efficiency
of the meandered versions of both the standard antennas,
improves sensibly. For instance, when comparing the results

TABLE Il
PATCH SIZES ON XY PLANE AND RAD. EFFICIENCY
L projected Radiating | Simulated
Antenna OnF;(YJ plane w Element | Radiation
type [mm] [mm] Surface Efficiency
[mm?] [dB]
@ 36.6 47 1720.2 -151
(b) 28.5 35 997.5 -2.75
© 28 35 980 1
(d) 22 31 682 -2.27

Fig. 7 Normal patch (right) and size-reduced patch (left).
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Fig. 8 Measured (continous lines) and simulated (dotted lines) Si;

parameters of the two prototype antennas.
related to antenna of Fig. 6¢ with those of Fig. 6a, the effects
of the unconventional shape of the substrate are clear both in
terms of size reduction and radiation efficiency increment of
the meandered version. Such a radiation efficiency increment
is straightforwardly exploitable to partially balance the
degradation effect due to the conductivity of the Electrifi
filaments in the fully 3D-printed device realization, as
anticipated in the previous Section.

Finally, comparing the efficiencies of the antennas made
with simple PLA with the ones realized with the
BaTiOs-enhanced PLA, a slight degradation is observed. This
is due to the higher losses of the latter which, however, are
comparable with those of a standard FR4 substrate.

In order to practically evaluate these results, two of the
four simulated prototypes, have been realized. Specifically,
the standard one as well as the one with the highest size
reduction. Both the substrates of the prototypes have been
printed with the same printer setting: temperature 205 °C;
speed 2600 mm/min; nozzle diameter of 0.5 mm and a layer
height of 0.2 mm. The radiating elements have been produced
shaping the antenna profiles with a cutting plotter, onto a
copper adhesive tape, whilst SMA connectors have been
soldered on the antennas in order to perform the scattering
parameter measurements.

A picture of the two final prototypes is shown in Fig. 7
while in Fig. 8 a graph highlighting the good agreement
between measured and simulated Si; results is presented. In
particular, it can be observed that the behavior of the
miniaturized antenna is perfectly predictable from the
simulation, demonstrating the doped filament is well
characterized.

B. Tunable double-band UHF RFID planar inverted-F
antenna design

Interesting scenarios are expected by combining the
clever use of the third dimension in 3D-printing structures
with the availability of printable materials characterized by
an enhanced permittivity. This could pave the way to the
possibility of realizing, for example, some complex dielectric
structures with modular parts, capable of interacting with
each other in different ways depending on different operative
conditions. Some appealing ideas at this regard are, for
example, the possibility to realize antennas with parameters
like gain, return loss and directivity which can be tuned by
mechanically moving some antenna elements; the possibility
to realize antennas physically reconfigurable and so capable
to better suit stringent constraints, only when it is really
needed; the capability to tune the performance of 10T devices,
like RFID tags or BLE nodes, depending on the
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characteristics of the surface on which they are applied to; the
possibility to change the working frequency of RF circuits;
and these just to name a few.

In particular, without loss of generality and with a purely
explicative purpose in this paragraph a novel 3D-printed
RFID tag, based on the design of a tunable 3D-ptinted PIFA
antenna with an unconventional shape, is described. The
proposed antenna layout is reported in Fig. 9. The device is
composed of two main 3D-printed dielectric parts:

a) the body, hosting antenna radiating element, feeding
line, and ground plane:

b) the base, hosting a rectangular ring wrapped around the
body (see Fig. 9).

As for the antenna body, the radiating element, the
feeding line and the ground plane are realized by properly
shaping, through a cutting plotter, a 50 um adhesive copper
tape according to the antenna parameters reported in Tab. 1V.

As for the antenna base, the ring is internally covered
with a thin strip of 50 um adhesive copper tape placed on
three of the four sides of the ring. The copper inside the ring
provides electrical contact between the antenna radiating
element and the ground plane, according to the PIFA
requirements. Thanks to the proposed 3D-printed structure
the body is free to move inside the ring, where the copper acts
as sliding shorting wall for the PIFA.

This movement allows to vary the distance between the
shorting wall and the feeding line of the antenna, thus
enabling a tuning procedure that can mechanically adapt the
antenna parameters to the ones that better suits the needs of
the specific application.

In order to reduce the size of the whole antenna, the
prototype has also been simulated considering the same
doped PLA, realized with a 17.5% of BaTiOs, previously
described in section Ill. During the simulations, the main
antenna parameters have been tuned in order to match the
impedance of an Impinj Monza 6 IC, characterized by a very
low power activation threshold of -20 dBm.

The simulations have been performed calculating the S11
curve for 2 different configurations of the antenna,
corresponding to different positions of the wrapping ring
(respectively for the parameter s in Fig. 9 equal to 1.2 mm
and 3.2 mm). As can be seen in Figure 11, this results in two
diverse operative conditions of the PIFA. The former is more
suitable for working in the European band (865-867 MHz),
whilst the latter is more appropriate for applications in the
American band (902-927 MHz). This simple result has to be
intended as a prove of concept for the tuning of other
important antenna parameters. Indeed, many other
characteristics like, for example, the quality of the conjugate
matching between chip and antenna when varying the
background material (or the chip itself) could definitely get
benefit from a reconfigurable antenna geometry.

VI. OTHER 3D-PRINTING PROMISING TECHNIQUES

Some last considerations need to be done regarding other
types of techniques for additive manufacturing 3D-printing.
Indeed, Fused Deposition Modelling (FDM), is only one of
the different techniques that allow to print objects in 3D. This
is the most used one and the most adopted in literature, due to
both its ease of use and its cost-effectiveness. However,
especially in the last few years, the resin-based (also known as
vat polymerization) 3D-printing technology is spreading out

dL F& .

Fig. 9 Render of the proposed PIFA design.
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Fig. 11 Simulated S;; curves for both the working configurations.

also in the consumer market. Specifically, the advent of the
Digital Lightening Polymerization (DLP) technology has
made the cost of this type of printer more and more affordable.
Briefly, it works using a high-resolution screen emitting UV
light (typically at 405 nm), to photopolymerize a sensible
resin. This allows to print objects with a resolution even 10
times higher if compared with the standard for the FDM.
Moreover, more complex geometries can be easily realized,
due to the unnecessary presence of printing supports.

In order to explore the possibilities enabled by this kind of
technology, a preliminary study has been made to characterize
the dielectric properties of one common commercial resin. A
cheap Anycubic Photon-S DLP 3D printer has been used to
produce a simple 40x80x1.6 mm® substrate, with the
Anycubic 405 nm resin provided by the manufacturer.
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Subsequently, a copper adhesive tape has been shaped into a
properly dimensioned T through a cutting plotter, so to obtain
a T-Resonator as shown in Figure 12.

The 52 mm length of the stub allows to measure the
dielectric properties of the polymer at a frequency around 800
MHz, near the working band of UHF RFID technology.
Specifically, values of & = 3.11 and tand = 0.033 have been
found. From this preliminary investigation, it is clear how the
resin exhibits higher value for dielectric constant, but also for
loss tangent if compared with common materials printable
with FDM technology. Despite the higher losses of this
specific resin, the printing technology is appealing since it
allows to realize geometries which are unprintable otherwise.
Moreover, further studies could show the possibility to
combine a resin matrix with some kinds of doping agents to
enhance the dielectric properties as has been already done for
the PLA with BaTiOs.

VII. 3D-PRINTING IN ELECTROMAGNETICS: POSSIBLE
APPLICATIONS, LIMITS AND FURTHER DEVELOPMENT

As explained before, 3D-printing in electromagnetics
involves different but connected topics. The proposed
techniques can be effectively applied to many interesting
frameworks dealing with both experimental research and real
applications. On the one hand, the mold technique described
in sections I1I.A, could be proficiently used in medical or
wearable applications or whenever the capability to realize
flexible structures with a conformable shape is needed. On
the other hand, the capability of easily using 3D printable
filament to realize devices with customizable shapes and
enhanced dielectric properties (described in 111.B) can be very
useful in applications where reduced antenna size is
mandatory. Finally, the capability to realize fully 3D printed
devices would shorten the prototyping times while reducing
manufacturing costs, thus speeding up the R&D activities.

Summarizing, additive manufacturing by 3D printing can
naturally adapt to different application constraints, thanks to
its degrees of freedom in designing complex structures. This
feature, combined with cost-effectiveness and ease of use
makes 3D printing technology in electromagnetics
potentially suitable for several application frameworks. For
instance, a 3D-printed slotted waveguide array antenna with
12 radiating elements has been proposed in [35] for

Fig. 12 Resin-made T-Resonator printed with a DLP 3D printer.

automotive applications. Another example is described in
[36], where DLP 3D-printing has been used to realize a
low-cost mm-vawe antenna for various RF sensing
applications like food-safe and health.

However, despite 3D-Printing can guarantee interesting
perspectives in electromagnetics, some limits need to be
discussed. The first one is related to the working frequency
of the targeted device. If, for instance, Electrifi filaments
want to be used, it must be considered that the minimum
printing thickness is limited by the technology (FDM)
constraint. Moreover, also the accuracy of the printed
“conductive” tracks other than its rugosity, are not adequate
for working frequencies higher than some GHz. To give an
idea, when printing tracks of a nominal width of 0.3 mm, an
effective width variable between 0.32 and 0.35 mm is
generally obtained. This uncertainty can compromise the
predicted behavior of the designed device depending on the
wavelength. Then, preliminary tests have shown that
conductivity of the conductive filament depends on different
factors, such as the printing pattern and the thickness of the
tracks.

In this regard, a new activity is in progress to evaluate the
conductivity of printed Electrifi tracks in a wide range of
frequencies when varying the thickness, so to provide the RF
designer with accurate values to define the material in the
electromagnetic simulation environment. Moreover, the
properties of hybrid polymer/conductor materials and their
use in the fast prototyping of RF devices by 3D-printing will
be deeply explored in future works. Finally, a more effective
use of the DLP 3D printing technology, especially in the
framework of the UHF RFID applications, will be also
explored trying to exploit the higher precision of this
technique with respect to the traditional FDM one.

VIII.

In this work, many different aspects of the 3D printing in
electromagnetics have been discussed. This should introduce
the reader to the fundamentals of the matter, making him
understand, in the meantime, the complexity and the
promising prospects of this research branch. It is authors’
opinion that the realization of fully 3D-printed innovative
devices, exploiting in the meanwhile the advantages
introduced by the third-dimension degree of freedom, is
definitely possible other than desirable.

CONCLUSIONS

REFERENCES

[1] S.S. Patel, I. J. G. Zuazola, and W. G. Whittow, “Antenna with three
dimensional 3D printed substrates,” Microw. Opt. Technol. Lett., vol.
58, no. 4, pp. 741-744, 2016.

[2] M. Mirzaee and S. Noghanian, "Additive manufacturing of a compact
3D dipole antenna using ABS thermoplastic and high temperature
carbon paste,” 2016 IEEE International Symposium on Antennas and
Propagation (APSURSI), Fajardo, 2016, pp. 475-476.

[3] R. Colella and L. Catarinucci, "Wearable UHF RFID Sensor-Tag
Based on Customized 3D-Printed Antenna Substrates,” in IEEE
Sensors Journal, vol. 18, no. 21, pp. 8789-8795, 1 Nov.1, 2018.

[4] M. Dionigi, C. Tomassoni, G. Venanzoni and R. Sorrentino,
“SimpleHigh-Performance Metal-Plating Procedure for
Stereolithographically 3-D-Printed Waveguide Components”,IEEE
Microw. Wirel. Comp. Lett.,Nov. 2017, vol. 27, no. 11, pp. 953-955.

[5] L. Catarinucci, R. Colella, P. Coppola and L. Tarricone, "Microwave
characterisation of polylactic acid for 3D-printed dielectrically
controlled substrates,” in IET Microwaves, Antennas & Propagation,
vol. 11, no. 14, pp. 1970-1976, 19 11 2017.

[6] M. I. M. Ghazali, S. Karuppuswami, A. Kaur and P. Chahal, "3-D
Printed Air Substrates for the Design and Fabrication of RF

2469-7281 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: UNIVERSITY OF LECCE. Downloaded on July 27,2020 at 08:51:42 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JRFID.2020.3001043, IEEE

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

2469-7281 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Journal of Radio Frequency Identification

Components,” in IEEE Transactions on Components, Packaging and
Manufacturing Technology, vol. 7, no. 6, pp. 982-989, June 2017.

L. A. Berge and M. T. Reich, "A UHF RFID antenna for a wireless
sensor platform with a near-isotropic radiation pattern,” 2013 IEEE
International Conference on RFID (RFID), Penang, 2013, pp. 88-95.
R. A. Ramirez, E. A. Rojas-Nastrucci and T. M. Weller, "UHF RFID
Tags for On-/Off-Metal Applications Fabricated Using Additive
Manufacturing,” in IEEE Antennas and Wireless Propagation Letters,
vol. 16, pp. 1635-1638, 2017.

R. Colella, L. Catarinucci, A. Michel and P. Nepa, "Design of a 3D-
printed circularly polarized antenna for portable UHF RFID readers,"
2017 IEEE International Conference on RFID Technology &
Application (RFID-TA), Warsaw, 2017, pp. 225-228.

M. Rizwan et al., "Embroidered passive UHF RFID tag on flexible 3D
printed substrate,” 2017 Progress in Electromagnetics Research
Symposium - Fall (PIERS - FALL), Singapore, 2017, pp. 818-822.

S. Moscato, R. Bahr, T.R. Le, M. Pasian, M. Bozzi, L. Perregrini, and
M.M. Tentzeris, “Infill-Dependent 3-D-Printed Material Based on
Ninjaflex Filament for Antenna Applications”, IEEE Antennas Wirel.
Propag. Lett., 2016, 15, pp. 1506-1509

L. Catarinucci, F. P. Chietera and R. Colella, "Permittivity-
Customizable Ceramic-Doped Silicone Substrates Shaped with 3D-
Printed Molds to Design Flexible and Conformal Antennas,” in IEEE
Transactions on Antennas and Propagation.

M. Ramadan and R. Dahle, "Characterization of 3-D Printed Flexible
Heterogeneous Substrate Designs for Wearable Antennas," in IEEE
Transactions on Antennas and Propagation, vol. 67, no. 5, pp. 2896-
2903, May 2019.

E. Massoni et al., "3-D Printed Substrate Integrated Slab Waveguide
for Single-Mode Bandwidth Enhancement,” in IEEE Microwave and
Wireless Components Letters, vol. 27, no. 6, pp. 536-538, June 2017.
G. Venanzoni, M. Dionigi, C. Tomassoni and R. Sorrentino, "Design
of a Compact 3D Printed Coaxial Filter,” 2018 48th European
Microwave Conference (EuMC), Madrid, 2018, pp. 280-283.

K. Lomakin et al., "3D Printed Slotted Waveguide Array Antenna for
Automotive Radar Applications in W-Band," 2018 15th European
Radar Conference (EURAD), Madrid, 2018, pp. 389-392.

O. A. Peverini; M. Lumia; F. Calignano; G. Addamo; M. Lorusso; E.
P. Ambrosio; D. Manfredi; G. Virone, “Selective Laser Melting
Manufacturing of Microwave Waveguide Devices," in Proceedings of
the IEEE ,vol.105, no.4, April 2017, pp.620-631

M. Rizwan, M. W. A. Khan, H. He, J. Virkki, L. Syddnheimo and L.
Ukkonen, "Flexible and stretchable 3D printed passive UHF RFID
tag," in Electronics Letters, vol. 53, no. 15, pp. 1054-1056, 20 7 2017.
R. Colella, A. Rivadeneyra, A.J. Palma, L. Tarricone, L.F. Capitan-
Vallvey, L. Catarinucci, J.F. Salmeron, "Comparison of Fabrication
Techniques for Flexible UHF RFID Tag Antennas,"” in IEEE Antennas
and Propagation Magazine, vol. 59, no. 5, pp. 159-168, Oct. 2017.

Y. Zhang, Y. Jiao and S. Liu, "3-D-Printed Comb Mushroom-Like
Dielectric Lens for Stable Gain Enhancement of Printed Log-Periodic
Dipole Array," in IEEE Antennas and Wireless Propagation Letters,
vol. 17, no. 11, pp. 2099-2103, Nov. 2018.

Xie, Yangho & Ye, Shengrong & Reyes, Christopher & Sithikong,
Pariya & Popa, Bogdan-loan & Wiley, Benjamin & Cummer, Steven.
(2017). Microwave metamaterials made by fused deposition 3D
printing of a highly conductive copper-based filament. Applied Physics
Letters. 110. 181903. 10.1063/1.4982718.

Shashank Pandey, Barun Gupta, and Ajay Nahata, "Terahertz
plasmonic waveguides created via 3D printing,” in Opt. Express 21, pp.
24422-24430, 2013

La Spada, L., Spooner, C., Hag, S. et al. Curvilinear MetaSurfaces for
Surface Wave Manipulation. Sci Rep 9, 3107, 2019.

R. Colella, F. P. Chietera, F. Montagna, A. Greco and L. Catarinucci,
"On the Use of Additive Manufacturing 3D-Printing Technology in
RFID Antenna Design," 2019 IEEE International Conference on RFID
Technology and Applications (RFID-TA), Pisa, Italy, 2019, pp. 433-
438.

K. P. Latti, M. Kettunen, J.-P. Stoem, and P. Silventoinen, “A review
of microstrip T-resonator method in determining the dielectric
properties of printed circuit board materials,” IEEE Trans. Instrum.
Meas., vol. 56, no. 5, pp. 1845-1850, Oct. 2007.

R. E. Collin, Foundations for Microwave Engineering. Hoboken, NJ,
USA: Wiley, 1985.

S. Koulouridis, G. Kiziltas, Y. Zhou, D. J. Hansford and J. L. Volakis,
"Polymer-Ceramic  Composites for Microwave Applications:
Fabrication and Performance Assessment," IEEE Trans. Microw.
Theory Tech, pp. 4202-4208, Dec. 2006.

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

A

A.A. Babar et al., ."Small and Flexible Metal Mountable Passive UHF
RFID Tag on High-Dielectric Polymer-Ceramic Composite Substrate,"
IEEE Antennas Wirel. Propag. Lett., vol. 11, pp. 1319-1322, 2012.

R Popielarz, C. K. Chiang, R Nozaki, Jan Obrzut, “Dielectric Properties
of Polymer/Ferroelectric Ceramic Composites From 100 Hz to 10 GHz”.
Macromolecules, vol. 34, pp. 5910-5915, 2001.

L. Catarinucci, R. Colellaand L. Tarricone, "Prototyping flexible UHF
RFID tags through rapid and effective unconventional techniques:
Validation on label-type sensor-tag,” 2012 IEEE International
Conference on RFID-Technologies and Applications (RFID-TA), Nice,
2012, pp. 176-181.

Wu, Yingwei et al. “Fabrication of Composite Filaments with High
Dielectric Permittivity for Fused Deposition 3D Printing.” Materials
(Basel, Switzerland)vol. 10,10 1218. 23 Oct. 2017.

Castles, Flynn, et al. “Microwave dielectric characterisation of 3D-
printed BaTiO 3/ABS polymer composites.” Scientific reports, vol. 6
2016.

Electrifi by Multi3Dllc info page [Online].
https://www.multi3dllc.com. Last accessed: May 4 2019.
R. Colella, F. P. Chietera and L. Catarinucci, "Electromagnetic
Performance Evaluation of UHF RFID Tags With Power Discretization
Error Cancellation,” in IEEE Transactions on Antennas and
Propagation, vol. 67, no. 5, pp. 3545-3549, May 2019.

K. Lomakin et al., “3D Printed Slotted Waveguide Array Antenna for
Automotive Radar Applications in W-Band," 2018 15th European
Radar Conference (EuRAD), Madrid, 2018, pp. 389-392.

A. Vorobyov, J. R. Farserotu and J. -. Decotignie, "3D printed antennas
for Mm-wave sensing applications,” 2017 11th International
Symposium on Medical Information and Communication Technology
(ISMICT), Lisbon, 2017, pp. 23-26.

Available:

BIOGRAPHIES

Riccardo Colella received the M.Sc. degree (with
honors) in Telecommunication Engineering from
the University of Salento (ltaly) in 2010, and the
Ph.D. degree from the same University in 2015.
Currently, he is Researcher at the Institute of
Clinical Physiology of the National Research
Council (IFC-CNR), Italy. His research activity is
mainly focused on the design of innovative RFID
antennas and systems, wirelessly-powered sensing
systems for the Internet of Things, wearable
antennas for healthcare applications and novel RF

devices in the framework of 3D-printing and flexible electronics. He
authored about 110 papers appeared in international journals and in national
and international conferences, two chapter books with international diffusion
and a patent.

Francesco Paolo Chietera received the M.Sc.
degree in Communication Engineering at the
University of Salento (ltaly) in 2018, with a thesis
named “Enhanced UHF RFID Antennas
exploiting additive manufacturing 3D printing”.
His main field of interest is about 3D-printing in
Electromagnetics, with a particular focus on RFID
technologies for sensing and traceability as well as
for 10T applications in general. He coauthored
more than 10 papers on these topics. He is
currently collaborating with the Dept. of

Innovation Engineering of the University of Salento, with the
“Electromagnetic Solution for Hi-Tech” group.
Francesco Montagna, qualified industrial

technician in electronic and telecommunications
expertise (1997 high school leaving qualification
diploma, Industrial Institute of Technologies
Enrico Mattei Maglie (LE) - Italy).

From 1999 he was involved in not-destructive
testing research  activity in  ultrasound
technologies applied to material study and
characterization.

In 2003 started his activity as technician at
University of Salento and in 2015 was appointed

as technlcal responsible of laboratories of Sciences and Technologies of
Material.

Authorized licensed use limited to: UNIVERSITY OF LECCE. Downloaded on July 27,2020 at 08:51:42 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JRFID.2020.3001043, IEEE

Journal of Radio Frequency Identification

His works at University of Salento are focused to the 3D-printing technology
applied to thermoplastics, thermosettings and composite materials reinforced
with short and long fibers.

He has experience in thermal analysis, mechanical analysis, electronic
microscopy and computer tomography.

Author of more than 20 papers on international journals, many presentations
at international conferences and 2 patents.

Antonio Greco was born in Gallipoli, Lecce, Italy,
on 14 December 1974. In 1998, he received his
master degree in Materials Engineering. Since
2002, he is assistant professor in Materials Science
and Engineering at the Department of Innovation
Engineering of the University of Salento. His
research is mainly focused on polymer, composites
and nanocomposites processing and
characterization. He is author of about 90 papers on
international, peer-reviewed journals.

Luca Catarinucci is Associate Professor in
Electromagnetic Fields at the Department of
Innovation Engineering - Univesity of Salento,
Lecce, Italy, where he teaches Microwaves and
Electromagnetic Solutions for Hi-Tech. Besides
§ . various activities in the classical areas of
TN Electromagnetics, in 2005 Catarinucci begun a
new research tread referred to Radiofrequency
) Identification Systems (RFID), dealing with
reader and tag antenna design, realization of
microwave circuits for the integration of UHF RFID Systems with sensor
networks, design of automatic platforms for the over-the-air performance
evaluation of RFID tags, prototyping of fully passive RFID tags provided
with computational and sensing capabilities, study of new antennas for
handheld RFID readers, joint use of 3D-printed electronics and RFID, and
introduction of Doppler-based RFID-inspired backscattering modulation.
Catarinucci authored more than 150 scientific works of which 65
international journals, 4 chapters of books with international diffusion and
more than 80 proceedings of international conferences. Moreover, he holds
2 National Patents about RFID technology.

2469-7281 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: UNIVERSITY OF LECCE. Downloaded on July 27,2020 at 08:51:42 UTC from IEEE Xplore. Restrictions apply.



