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ABSTRACT Three-dimensional (3D) printing technology is an area of research that has received great
attention in the last decade and it is pointed out by many as the future of manufacturing. 3D printing can be
described as an additive process that creates a physical object from a digital model, depositing materials layer
by layer. The ability to quickly produce complex structures at a reduced cost and without wasting materials is
the main reason why this additive manufacturing technique is increasingly being used instead of conventional
manufacturing processes. 3D printing has been applied in several scenarios, including automotive, maritime
and construction industry, healthcare, as well as in the antenna research field. This paper reviews the current
state-of-the-art of 3D printed antennas. Firstly, an overview of 3D printing technology is presented and
then a vast number of 3D printed antennas, categorized by their construction process, are described. Finally,
the main advantages and some of the limitations of using 3D printing technology in the construction of Radio

Frequency (RF) structures are presented.

INDEX TERMS 3D printing, additive manufacturing, antennas.

I. INTRODUCTION

Wireless communications is among the greatest technological
contributions to humanity [1], being defined as the transmis-
sion of information at a certain distance, without the need of
cables, wires or any other electrical conductors. An antenna
plays a fundamental role in a wireless communication system
and can be used both for transmitting and receiving a Radio
Frequency (RF) signal [2].

The antenna history dates back to the days of James
Maxwell, Heinrich Hertz, and Guglielmo Marconi. Maxwell
explored the theory of electricity and magnetism, being
the first physicist to estimate the propagation velocity of
electromagnetic waves through mathematical calculations.
He achieved this thanks to his well-known Maxwell’s
equations. In 1886, Hertz validated the first wireless
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electromagnetic communications system, becoming the first
person to send and receive radio waves. Some years later,
Marconi was able to send signals across the Atlantic Ocean
(1902) [3]. These achievements contributed to the first steps
in the world of wireless communications.

Since then, wireless communications have changed signifi-
cantly, being nowadays intrinsic in people’s lives. The advent
of the new generation of mobile communications (5G) will
allow an increase of transmission rates, coverage, and number
of connections, and the Internet of Things (IoT) concept will
become a reality, connecting everything and everyone [4].
Several devices will interact with the environment, leading
to an exponential increase of the number of objects with
integrated sensors.

As such, the main challenge for the RF engineer is to
develop high-performance systems, including antennas, with-
out compromising the user’s comfort, whether it concerns an
increase in the devices’ dimensions or a higher cost.
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Additive manufacturing, also known as three-dimensional
(3D) printing, is a technology with potential to accomplish
these demands, since it allows easy and fast prototyping.
3D printing consists of the additive construction of a solid
object based on a digital model [5], as shown in Fig. 1. This
technology has the advantage of being capable to produce
structures with different levels of complexity, with various
shapes, a great flexibility, and with low manufacturing cost,
when compared to other traditional techniques [5].
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FIGURE 1. 3D printing technology.

Three-dimensional printing has received great attention in
the development of RF devices, such as antenna elements [6].
Although additive manufacturing provides significant flex-
ibility in the production of antenna structures, an effort is
currently being made to investigate different techniques and
diverse materials to produce an antenna.

In this work, the fabrication of antennas with 3D print-
ing technology is evaluated, analyzing numerous and recent
structures, for different frequencies, and produced with vari-
ous materials and diverse techniques. The main advantages
of 3D printing are also discussed throughout the article,
as well as the challenges associated with this technology in
the RF devices production.

This paper is organized into five sections, in which the
present section intends to contextualize the work developed
and its importance in the scope of radio frequency systems.
An overview on the 3D printing technology is provided in
Section II, with a review of the history of 3D printing, a brief
description of the main techniques and some applications of
this technology. Section III reports some of the major works
found in the literature concerning the topic under review. The
main potentials and challenges associated with the production
of 3D printed antennas are presented in Section IV, ending the
paper with Section V, where main conclusions are made.

Il. OVERVIEW OF 3D PRINTING TECHNOLOGY
3D printing has been a concept widely discussed for the past
decade. However, the initial stages of this technology were
taken in the early 1980s, when Hideo Kodama started the first
attempts at rapid prototyping, having been the first to describe
the production of an object, layer by layer [8].

However, it was only in 1986 that the first 3D printing tech-
nique, Stereolithography (SLA), was patented. The author of
this achievement was Charles Hull, founder of 3D Systems
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Corporation and responsible for the first commercial 3D
printing product: the SLA-1 printer [9].

In 1988, Selective Laser Sintering (SLS) technology joined
SLA as one of the patented 3D printing techniques. This
technique was developed by Carl Deckard [9].

A year later, Scott Crump patented the Fused Deposition
Modeling (FDM) technology [10]. With this, it can be said
that, in less than 10 years, 3D printing was born.

Throughout the years, the evolution of 3D printing tech-
niques has been tremendous, with several additive manufac-
turing technologies being used nowadays. Some examples
of these techniques are: Material Jetting (MJ) [11], Binder
Jetting [12], Direct Metal Laser Sintering (DMLS) [13],
Selective Laser Melting (SLM) [14], Electron Beam Melting
(EBM) [15], among others. Even today, three of the most used
techniques are the ones first invented: SLA, SLS and FDM.
A brief description of how these three 3D printing techniques
work is presented below.

o SLA: this method uses a liquid resin, usually called

a photopolymer, which solidifies when exposed to a
beam of light, and an ultraviolet laser beam is generally
used [5].

o SLS: this technique also uses a laser beam to fuse.
However, the material used is a powder substance. The
printer uses the laser selectively, as the name implies,
on the printing platform and the powder particles are
melted transforming the material into a solid object [5].

« FDM: in this technique the process used is the extrusion
of the material, meaning that the so-called filament is
melted through an extrusion nozzle and it is deposited
in layers to create the desired object [5].

One of the key decisions when dealing with 3D printing
is the choice of material that will be used for each object’s
construction. There is a wide variety of materials with distinct
properties (elastic, waterproof, resistant to impact, or high
temperatures, among others), including polymers, ceramics,
metals, and concrete [16]. The choice of the most adequate
material will always depend on the type of application.

In recent years, 3D printing has grown significantly and
has undergone some changes, with a growing interest of the
industry in this technology.

In the automotive industry, several companies have already
been using 3D printing technology [17]-[19], where they
started by printing new components for recent cars or to
reproduce parts that are no longer manufactured [20].

This technology has also revolutionized products used in
the medical sector [21]-[23], especially concerning prosthe-
ses. This production technique allows to create prosthetic
models at a reduced cost, and at the same time customizing
the product to each of the patient’s needs [24].

Aviation is another example where 3D printing is
used [25], [26], [28], for instance, the new Boeing 787, has
some of its parts produced with this technology [29], which
clearly revokes any doubts regarding robustness.

In the construction industry, it is possible to use 3D printing
to produce some large building components [30]-[34], such
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as doors, walls, bridges, or even to ‘print’ an entire building.
As mentioned in [20]: ““3D printing is what many believe the
future of construction.”.

Following this trend of 3D printing exploration, mobile
communications are not an exception, and in fact, many
radiating structures have already been tested with 3D printing
construction methods. The diverse processes of this technol-
ogy are already used in the production of numerous antenna
systems [35].

Ill. 3D PRINTED ANTENNAS: STATE-OF-THE-ART
Generally, 3D printed antennas can be divided into three
main categories in terms of used materials in manufac-
ture: 1) those printed with dielectric materials and subse-
quently metallized, 2) those that are produced directly with
conductive materials and 3) dielectric antennas [36]-[44],
those that are merely printed with dielectric materials. The
production of dielectric antennas using 3D printing tech-
nology is considerably natural given the high precision of
some 3D printers and the characteristics of the polymer
materials normally used in 3D printing. In this way, it is
possible to create dielectric components that require fine
details and high precision, such as gradient index lenses
[45]-[49], dielectric rod antennas [50]-[52], and electromag-
netic crystals [53], [54].

However, the focus of this work is devoted on antennas that
are conventionally built with metal, that is, antennas printed
with dielectric materials that require later metallization pro-
cesses, or antennas printed directly with conductive materials.
Tables 1, 2, 3, 4, 5 and 6 summarize the current state-of-
the-art of 3D printed antennas with respect to the antennas’
construction process, used materials, Publication Year (PY)
and operating band.

A. WITH METALLIZATION PROCESS

1) L, 'S, C AND X BAND (1-12 GHz)

Table 1 condenses the current state-of-the-art of 3D printed
antennas with metallization process in the frequency range
of 1 GHz to 12 GHz.

The development of microstrip patch antennas for the
L-band with 3D printing technology is common due to the
structural simplicity of this antenna type and its quite easy
application. A tunable circularly polarized (CP) microstrip
patch antenna operating at 1.84 GHz was proposed in [55],
and its substrate was printed in Acrylonitrile Butadiene
Styrene (ABS) using the FDM technique. This material has
a dielectric constant (¢,) of 2.7 and a loss tangent (fan 6)
of 0.005. The use of 3D printing technology for the con-
struction of this antenna allowed the vertical integration of
the varactors in the 3D printed substrate, which would not
be possible with traditional manufacturing techniques using
commercially available substrates. In this 3D printed struc-
ture, an additional metallization process with an aluminum
tape was used to create the conductive parts of the antenna.
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Some antennas are manufactured by combining two addi-
tive processes [56]. The SLA technique was used to print the
antenna substrate, which has a €, of 2.83 and a ran 6 of 0.038,
and inkjet printing was applied to deposit the metallic layers
of silver ink, creating the radiating element. It was possible
to confirm that the greater the number of layers, the lower
the electrical resistance. The inkjet process used led to an
irregular surface, with the printed patch having a measured
surface roughness of 7183 nm. Nevertheless, this value did
not significantly affect the obtained results. The proposed
antenna operates in the GPS L1 frequency band and has a
directivity of 7 dB at 1.6 GHz.

The production of antennas for low frequencies might be a
challenge, due to the large dimensions of their structures, as in
the case of the antenna manufactured in [57]. This antenna
has a non-planar substrate of very large dimensions (1.128 m
of curvature radius, 1.219 m of arc length, and 18.034 cm
of width) to be generated on a standard 3D printer at once.
Its substrate was produced with the ABS-M30 filament using
the FDM technique, and the circular patch antenna elements
were copper plated. Although there is a discontinuity in
the manufacturing process (due to the production limitations
mentioned), the results obtained with the produced prototype
are in compliance with those obtained in simulation, with the
antenna operating at a central frequency of 1.24 GHz and with
a maximum gain of 4.7 dBi.

Attaching a SMA connector to a 3D printed antenna has
to be done carefully and using a suitable method. Since
most of the structures are printed on plastic-based materials,
traditional welding methods are not advisable due to the
high temperatures associated [55]. An alternative and com-
monly used technique for attaching connectors to 3D printed
antennas is using conductive silver epoxy, as demonstrated
in [55] — [57].

One of the main challenges associated with antennas
printed on dielectric materials is the correct choice of the
metallization process. A method that is commonly used is
the copper electroplating process. The use of this coating
technique in [58] resulted in good electrical conductivity and
satisfactory measured results. However, the antenna manufac-
turing process requires additional effort, since the structure
had to be divided into 3 sub-arrays due to the limited size
of the utilized SLA printer. This 3D printing technique was
also used to develop a Yagi-Uda Loop antenna operating at
2.45 GHz [59]. The material used was a resin (FormLabs
Durable [60]) with a dielectric constant of 2.78 and a loss
tangent of 0.06. The antenna was submitted to a surface
treatment process and later the structure was metallized with
a liquid metal alloy.

Antenna structures are quite complex and costly to produce
with traditional manufacturing methods, which is one of the
main reasons why 3D printing has drawn so much attention.
One example is the antenna proposed in [61], a compact dual-
polarized unidirectional wideband antenna (1.7 — 2.9 GHz)
that has a very complex structure. The authors choose to
print this structure with PC-ABS material and applied the
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TABLE 1. 3D printed antennas with metallization process in L, S, C and X band.

[Ref.] . Frequency T
(PY) Antenna Type Manufacturing process band Contribution
Presents the benefits of 3D printing technology to produce a
[55] Tunable CP microstrip FDM (ABS) and covered L tunable CP microstrip patch antenna, employing an L-slot in a
(2019) patch with aluminum tape square patch, that was not doable by traditional manufacturing
techniques.
[56] Demonstrates the use of alternative and inexpensive machines
(2016) CP patch SLA and Inkjet printing L for the manufacturing of a 3D printed patch operating in the
1.575 GHz GPS frequency band.
Proposes a conformal array antenna using a combination of
(2[(5)1]6) Conformal array FDM (ABhSiziind copper L 3D printing and copper plating techniques. The structure had
P e to be printed in two different parts due to its large size.
A lightweight, low-cost, and high-performance non-planar
linear array antenna was proposed for multi-mission
(2[8%) 6-element linear array e]eg;: i;lt(iincopﬁ)ecress S applications. The antenna was printed in three different
P ep sub-arrays due to the limited size of the printer, which
increases the complexity of the construction process.
[59] SLA (FormLabs Durable) Proposes a low-cost 3D printed deployable Yagi-Uda loop
(2019) Yagi-Uda Loop and coated with a liquid S antenna operating at 2.45 GHz. The printed structure
metal alloy underwent a treatment process before being metallized.
Reports a novel low profile dual-polarized antenna based on
[61] Dual-polarized Laser Sintering (PC-ABS) ME dipole antenna. The printed structure has a complex
unidirectional and copper electroplatin, S design, a reduced fabrication cost, and a total weight of onl
(2017) PP plating g g y
wideband process 105 g. A granular finish was observed due to 3D printing
process.
Presents a proof-of-concept of two "tree" antennas using
[62] Dual-band zigzag and SLA (liquid metal alloy Multi-band merely 3D printing technology. Both structures were quickly
(2017) helical EGaln) manufactured, have a low cost and can be applied in several
scenarios.
Investigate the effects of 3D printed inhomogeneous substrate
[64] Dual-band and Dual CP SLA and aluminum and ) and superst.rat.e on the operat.lon of patc}.l antenna. With t.he
(2018) patch copper plate Multi-band use of 3D printing it was possible to obtain a prototype with a
low profile, lightweight, reduced cost, and operating in
dual-band.
Sierpinski triangle 3D Presents a novel surface modification technique combined
(2[(6)?]7) fractal and Voronoi gi‘lgg?ggfffc :;r(;)leisr C with SLA 3D printing to create structures that are difficult to
tessellated PO PP fabricate with conventional processes.
Half-Width Microstrip Polyjet (Verow hltelflus),_ The HWMLWA produced demonstrates that 3D printing
[67] sputter deposition with Ti )
Leaky-Wave C technology can be adopted for the manufacture of antennas
(2017) (HWMLWA) and Cu, and then with complex geometries and that allows rapid prototypin
electroplated with copper plex g s rapia p ypimng.
. . . FDM (PC-ABS) and The process of manufacturing and metallizing a triple mode
(2[8?]7) Waveguuﬂ;::rrugated coated with a conductive C circular waveguide horn antenna with corrugated chokes is
silver ink presented in detail.
Polyjet (VeroWhitePlus) Prf)poses a slotted wgvegulde antenna array.that is fabrlgated
[71] Waveeuide arra and electroplated with C in three separate pieces and assembled using a Lego-like
(2018) € ¥ o P or process. Both the print resolution and the surface roughness in
PP the 3D printed antenna structure were verified.
(72] b ) FDM (PLA) and metallic A pyramid horn antenna was pr.esente?d for mllltary purposes.
2017) 'yramidal horn coating process X _The structure was printed .V&.’l[h a dlelectrlc_ma_terlal and
divided into two parts to facilitate the metallization process.
[73] . SL.A (liquid phot.osensn.l ve The dielectric structure took less than 3 hours to print and was
Pyramidal horn resin) and metallized using X . .
(2019) . later coated with a metallic spray.
a conductive ink
3D printing
. . (VeroBlackPlus) and 2D Proposes a combination of 3D and 2D inkjet printing of
(2[8111]7) Helilnc:;l ?:ttsgrll:n‘:lth Inkjet printing X dielectric and metallic inks, respectively, to fabricate a helical
& (commercial silver antenna monolithically integrated with a lens.
nanoparticle-based ink)
FDM (PLA) and coated A CP horn array antenna for CP—SAR sensor was developed.
[76] . . Although the material used to metalize the antenna does not
Horn array with a carbon conductive X . .
(2018) . have good electrical conductivity, the structure presents a low
material . ; L .
weight and a reduced waste of material in its construction.
The performance of three waveguide slot array antennas was
[86] . demonstrated. All prototypes presented a lightweight
(2016) Waveguide slot array SLA and metal plated X structure and much lower manufacturing costs in comparison
with traditional metal structures.
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TABLE 2. 3D printed antennas with metallization process in Ku, K and Ka band.

[Ref.] . Frequency o
(PY) Antenna Type Manufacturing process band Contribution
Presents several satellite communications horn antennas and
[78] Several antennas and SLA with an additional Ku components produced with 3D printing technology and latter
(2018) components metallization process copper platted. The results obtained show higher losses than
the metallic prototypes due to the surface roughness.
Ring-focus Two different compact medium to high-gain antennas were
[80] dual-reflector and . . . .o )
. SLA and copper plating Ku designed, manufactured with 3D printing, and coated with
(2016) spline-profiled smooth ) . .
horn copper and were subsequently tested.
lf’oly]et (VeroWhltel.:’lus)., Demonstrates a Vivaldi antenna printed in two pieces and
[81] . . sputter deposited with Ti . . . .
Vivaldi Ku later metallized. The 3D printed antenna shows a high gain
(2017) and Cu and followed by .
. . and a large bandwidth of 20 GHz.
electroplating with copper
(82] Combination of Polyjet Presents the potential of using a combination of 3D printing
(2019) Phased-array (VeroWhite) with FDM Ku technologies for manufacturing antennas with complex
(ABS) and electroplating geometric features.
[83] Corrugated conical FDM (ABS) and spray Ku Reports a novel way to rapidly prototype a low-cost and
(2014) horn coated with conductive ink lightweight corrugated conical horn antenna for the Ku-band.
The performance of three waveguide slot array antennas has
[86] Waveguide slot array SLA and metal plated Ku and K been demonstrated. All prototypes p.resented a llghtwelght
(2016) structure and much lower manufacturing costs in comparison
with traditional metal structures.
e Hybrid process: SLA fmd A waveguide array antenna for mobile SATCOM applications
[87] Waveguide-fed horn electroless metal plating . . . : . s
. . . K was fabricated with a hybrid process, including 3D printing
(2017) array (8x8) combined with aluminum . .
CNC and conventional machining.
Polyjet printing Presents a compact, low-profile, and low-cost quasi Yagi-Uda
[88] Quasi-Yagi Uda (VeroWhitePlus) combined K antenna operating at 24 GHz. The structure was manufactured
(2017) & with Aerosol Jet printing with a combination of Aerosol Jet printing and Polyjet
(conductive silver ink) printing techniques.
Proposes a 3D printed circular waveguide antenna with
(2[(8)?23) Conical horn FDM (ABlizisnd copper K central frequency at 24 GHz for police radar gun. The
P & structure has a total weight of only 18 g.
[90] Pyramidal horn g?gi tfr[:tLrﬁe)t:ﬁidzgtlirss K Evaluates different techniques to coat a horn antenna
(2018) Y manufactured with FDM.
approaches
[91] Leaky-Wave Antenna SLA (polymer) and copper K Presents a new geometry of a LWA using the SLA technology
(2018) (LWA) plating and a metal-coating process.
. Describes the design, implementation, and manufacturing of a
(921 Dual-band offset SLS and conc_iuctlve spray Multi-band dual-band CP offset stepped-reflector antenna for K and Ka
(2015) stepped-reflector paint bands
FDM (ABS) and copper Demonstrat;s the feasibility of_m_anufacturmg K_a—b_and horn
[94] . . . antennas using low-cost 3D printing and metallization. Two
Pyramidal horn plating (with copper tape Ka . .
(2017) . . prototypes were fabricated and compared with a reference
and conductive copper ink) antenna
[95] . FDM. (PITA) an‘d copper Presents the simplicity and low-cost fabrication of a horn
Pyramidal horn metallization (with copper Ka . .
(2020) tape and conductive paint) structure combined with the good antenna performance.
Radiating slot Polyjet (transparent Two compact, light, rigid and low-cost antennas operating at
[97] surrounded by a oiljeth lener)) and Ka 28 GHz were developed. The structures were fabricated with
(2018) rectangular cavity and potyethy’ the FDM 3D printing technique and latter coated with a
. conductive spray .
corrugations conductive spray.
(98] ] SLA and subsequent Reports several me_tal—c_oa}ed 3D prl_nted Wavegmd_e dnges
Waveguide o Ka manufactured with distinct materials and metallization
(2019) metallization techniques
Polyjet and two different Offers the proposed antennas as a potential alternative for
[99] Corrucated horn metallization processes (jet Ka lightweight and low-cost millimeter-wave applications. The
(2020) & metal and electrolube 3D printed proposed antennas have high gain and wide
silver conductive paint) bandwidth.
[101] . . FDM (PLA) and copper . Proposes a simple and low-cost microstrip patch antenna
(2019) Microstrip patch metallization Multi-band operating in dual-band for mm-Wave 5G applications.

Laser Sintering technique. The antenna was subsequently
electroplated with copper. Due to the construction process,
the antenna structure has a total weight of only 105 g. How-
ever, the produced piece has a granular finish.

Through recent developments in flexible 3D printing
technologies, it is possible to create prototypes of fold-
able and compressible antennas, such as the Zigzag and
the Helical antenna presented in [62]. These prototypes
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TABLE 3. 3D printed antennas with metallization process in V, W band and above.

[Ref.] . Frequency T
(PY) Antenna Type Manufacturing process band Contribution
. . Provides a rapid prototyping approach to manufacture a
([21(;)126]) Reflect array P(;L}ge;gtrilcn;mugngﬂlRF \% reflectarray antenna operating at 60 GHz. The 3D printed
g P & antenna achieved a measured gain of 23.8 dBi.
Presents a comparison of a 3D printed horn antenna
[105] . S metallized with the JMT process with standard copper horn
(2018) Pyramidal horn SLA with jet metal process w antennas and 3D printed electroplated horn antennas at
mm-Wave frequencies.
[107] Corrugated horn Polyjet and coated in gold W Evaluates the performance of a 3D printed corrugated horn
(2016) antenna antenna.
. Reports a slotted waveguide array antenna with 12 radiating
([21(;)188]) Slottedazzvegmde SLA and el(f;:ttirr?less copper w elements and a differential feed design fabricated with 3D
y plating printing technology and with metallization process.
Presents the performance of a W-band horn antenna fabricated
[110] Multi-flare anele horn EBM and followed by w with 3D printing. The surface roughness and the metallization
(2016) & metallization of the polymer are mentioned as the main challenges in the
production.
Proposes an antenna prototype fabricated using a printed
[111] Compact antenna ba.s ed M]J (dielectric material) dielectric with copper metallization applied latter. In the
on the resonant cavity Above 110 GHz . . .
(2020) and copper plated measurements, an inaccuracy was observed in the 3D printing
antenna (RCA) concept method
A 3D printed horn antenna operating at 300 GHz was
[113] Corrugated pyramidal SLM (tin bronze powder) Above 110 GHz proposed. The gold-plating process proved to be a possibility
(2019) horn and gold-plated in the construction of 3D antennas since promising results
were obtained.
TABLE 4. 3D printed antennas without metallization process in L, S, C and X band.
[Ref.] . Frequency o
(PY) Antenna Type Manufacturing process band Contribution
[116] Radio frequency Demonstrates that 3D printing technology can be used
(2019) Identification (RFID) FDM (Electrifi) L successfully to quickly and easily produce an electromagnetic
flexible tag antennas structure.
[117] V-shaped meander line FDI[\:I é}fl;egre.ltefi procgss L Presen'ts an en;/llronmet:)r‘ltall‘y frlefndly 1n(tieglrated process that
(2013) dipole wit prmtlr.lg ap a consists on the }:011.1 1nation o pr.1nte € ec.tr(.)nlcs using
custom conductive ink) conductive ink together with 3D printing.
[114] . . Three antenna structures were designed and produced using
(2018) Fractal bow-tie FDM (conductive PLA) S different additive manufacturing approaches.
FDM (_Wlth double An embedded dipole antenna was designed, simulated, and
[119] . extruder: Nylon and a . . L "
Dipole . S fabricated with the 3D printing technology using
(2017) conductive filament based . . . . . .
bio-compatible dielectric and conductive materials.
on graphene)
[122] Patch FDM (PLA and C Proposes the manufacturing of a 3D-patch antenna using
(2018) Black-Magic 3D) commercially available dielectric and conductive filaments.
Demonstrates that 3D printing technology offers an easy and
[125] Dual-band Sierpinski - . efficient method to fabricate complex geometries, as is the
(2017) gasket DMLS (titanium alloy) Multi-band case of the Sierpinski gasket antenna manufactured with a
DMLS 3D metal printer.
Proposes a weight-reduction technique to manufacture
[127] o DMLS (aluminum 1(1ghtwc?1gh't Wavegulde components and antenn’as. A hpm
(2016) Pyramidal horn AISi10Mg) X antenna was produced with the help of 3D metal printing
technology and a metal-sheet perforation technique was used
to reduce the weight of the horn.
A 3D printed aluminum horn antenna for satellite
[128] Pyramidal horn SLM (aluminum X communications was presented. The manufactured prototype
(2019) y AlSi10Mg) has a good build quality and has advantages over antennas
fabricated with conventional techniques.

were manufactured with liquid metal alloy EGaln (Sigma-
Aldrich, 495425 [63]) using the SLA printing technique. This
alloy has great potential to be used in antenna systems since
it has high-conductivity and stretchable properties.

As can be seen in Table 1, a lightweight and low-
profile dual-band and dual-circularly polarized patch antenna
was developed at a reduced cost using the SLA printing

VOLUME 8, 2020

technique [64]. The antenna structure was printed with a
transparent color dielectric material, WaterShed XC 11122
[65], which has a permittivity of 3.11 and a loss tangent
of 0.0253. The radiating element was produced with two thin
slices of copper with a conductivity of 5.7x 107 S /m. The fab-
ricated prototype operates at 2.75 GHz and 3.2 GHz frequen-
cies, and obtained a gain of 6.7 dBi and 7.3 dBi, respectively.
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TABLE 5. 3D printed antennas without metallization process in Ku, K and Ka band.

[Ref.] . Frequency T
(PY) Antenna Type Manufacturing process band Contribution
[129] Slr;’gﬂ:?‘:ﬁzlde DMLS (aluminum Ku Proposes an evaluation of the manufacturing capacities of the
(2016) (SWAA) y AlSi10Mg) DMLS technique to produce a complex antenna design.
[130] Feed horn SLM (aluminum Ku Demonstrates the ability of the SLM process to fabricate a
(2018) AlSil0Mg) high-performance feed horn operating at Ku-band.
[132] . Emphasizes the advantage of the metallic 3-D printing to
(2019) Feed horn array SLM (aluminum) K rapidly manufacture geometrically complex structures.
. Presents 3D printing technology as a simple and low-cost
([2103 128]) Double—r}ig;g;:d square SLM (aluminum / copper) K process for manufacturing antennas, since the metallic horn
antennas were printed in one run.
[133] A Ka-band pyramidal horn antenna was manufactured to
(2016) Pyramidal horn Binder Jetting Ka evaluate the performance of the metal 3D printing technique:
Binder Jetting.
. Describes the design, implementation, and manufacturing of a
[134] Axial .corrugated DMLS Ka 3D metal printed low cost axial corrugated horn antenna
(2020) conical horn operating in the Ka-band
TABLE 6. 3D printed antennas without metallization process in V, W band and above.
[Ref.] . Frequency PN
(PY) Antenna Type Manufacturing process band Contribution
. . Proves the great potential of 3D printing technology
([2103155]) Conical a}?(()in;l)yramldal SLS (316L stainless steel) \% compared with traditional milling and injection moulding to
fabricate antennas for mm-Wave applications.
. An open-ended waveguide antenna operating at 60 GHz was
([21;178]) O[:l i?éiﬁgi(iogil:/e(;gr)de DMLS (stainless steel) v fabricated using the additive manufacturing technology. The
prototype was printed with the stainless-steel material.
. Presents the feasibility of aluminum AlSil0Mg material in the
([2103189]) Dual CP horn DMklssfil(l)l;\Idn;;lum \% fabrication of three-dimensional antennas using additive
manufacturing method.
[111] Compact antenna ba§ ed DMLS (stainless steel and Demonstrates the design and fabrication of a novel low-profile
on the resonant cavity . Above 110 GHz . . .
(2020) aluminum) all-metal antenna with resonant cavity configurations.
antenna (RCA) concept
. . A metallic 3D printed corrugated horn antenna operating at
([2101139]) Corrugat}?grg yramidal SLM (tin bronze powder) Above 110 GHz 300 GHz was produced with the SLM technique using a tin
bronze powder.
[136] . SLM (Cu-15Sn) with manual Presents a study of different metallic 3D printing technologies
(2016) Conical horn polishing Above 110 GHz and materials for millimeter and submillimeter applications.

Three-dimensional printing is a very versatile technology,
as it can quickly produce not only simple objects but also
more complex structures. It can be said that the creation of
an object with 3D printing is only limited to the designer’s
imagination since the drawing is done in digital format and
does not need a mold like other techniques. In this way,
designers have freedom in the process of building the object,
as in [66], where the authors proposed two complex antenna
structures: a Sierpinski triangle 3D fractal antenna and a
Voronoi tessellated antenna. A SLA printer was used to print
the structures on a dielectric material and electroless deposi-
tion of copper was used to metallize the antennas. The struc-
tures were immersed in an ethanol-based saturated palladium
chloride solution and then incubated with a homemade cop-
per electroless deposition bath. Although satisfactory results
have been obtained, three-dimensional printing technology
had to be supported with various post-printing processes to
create the desired antenna.

The authors of [67] used the Polyjet technique to print a
Half-Width Microstrip Leaky-Wave Antenna (HWMLWA).
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The antenna has a simple structure and it was printed in
the dielectric material VeroWhitePlus 3D [68]. The printed
structure was metallized using sputter deposition and then
it was electroplating with copper. It was possible to con-
firm a measured gain of 6.8 dBi at 6 GHz and, in general,
the measured results are in agreement with those obtained
in simulation. The authors justify that a small discrepancy
in results is due to small deviations in the dimensions of the
printed antenna and in the losses associated with the silver
epoxy used to attach the SMA connector to the ground plane.

In order to simplify the printing and coating process,
the structure of the triple mode circular waveguide antenna
with corrugated chokes presented in [69] was printed in
two halves. The antenna was manufactured with a dielectric
filament (PC-ABS) and coated with Novacentrix silver con-
ductive ink [70]. With the objective of obtaining a sufficient
conductor thickness, it was necessary to apply several layers
of silver paint. The fabricated prototype operates correctly
in the frequency band from 7.5 GHz to 7.90 GHz. Another
alternative to simplify the metallization process is presented
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in [71], where a slotted antenna array was printed in three
different pieces using a polyjet printing process. The material
used was the VeroWhitePlus [68] polymer and the structure
was submitted to a cleaning and polishing process. Then,
the designed antenna was metallized and electroplated with
copper. Finally, a silver epoxy and a Lego-like process were
used to assemble all parts. The manufactured prototype has a
measured gain of 15.86 dBi at 7.7 GHz. Although the results
obtained are in according with the simulated ones, there are
some small discrepancies that are justified by the tolerance of
printing resolution and by the surface roughness of the printed
material.

The X-band is typically used for military and civil radar
applications, such as traffic control and climate monitoring.
Horn antennas are widely used in these frequency bands due
to their versatility, ease of construction, wide bandwidth and
high gain [2]. In order to evaluate the 3D printing technol-
ogy in the construction of an antenna for military purposes,
a horn antenna was designed to operate at a central frequency
of 10 GHz [72]. The structure was printed with a common
Polylactic Acid (PLA) filament and sliced into two parts
to facilitate the metal coating process. In the measurement,
a reflection coefficient of less than -18 dB and a gain of
more than 12 dBi was observed in the entire operating band
(8 — 12 GHz).

Xuyi Zhu and Bing Zhang also reported in [73] a 3D
printed horn antenna for X-band applications. The antenna
was developed using the SLA technique and printed with
a liquid photosensitive resin. This material has the follow-
ing properties: relative permittivity of 2.54 and loss tangent
of 0.04. The metallization of the structure was realized with
a conductive paint of resistivity 6.0 x 107> Q.cm. It was
verified that the manufactured antenna operates correctly in
the entire X-band with a gain greater than 14 dBi. Another
important aspect is that the printing process was completed
in less than 3 hours, thus highlighting one of the main char-
acteristics of 3D printing which is the rapid prototyping. The
authors of [74] also mention that one of the main advantages
of this technology is to quickly produce complex structures,
although the proposed antenna requires several steps to be
manufactured. A combination of 3D and 2D inkjet printing
process was used to produce a helical antenna. The mate-
rials used were a photosensitive polymer (VeroBlackPlus)
and a commercial silver nanoparticle-based ink from Sigma
Aldrich [75]. The antenna underwent a surface treatment
process and, then, ten layers of silver ink were printed,
which resulted in a conductivity of 3.8 x 10° §/m. The total
antenna manufacturing process took less than 6 hours. In the
results obtained, small discrepancies were observed between
the measured values and those obtained in the simulation,
something which is justified by the roughness of the inkjet
printed metal surface.

Also for the X-band, it was developed a PLA-based 3D
printed CP horn array antenna [76], where the structure was
printed with PLA and coated with a carbon conductive mate-
rial. There is a slight variation between the values obtained in
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simulation and those measured due to the low conductivity of
the carbon material used in the antenna’s coating.

2) KU, K AND KA BAND (12-40 GHz)
Table 2 reveals the information from the 3D printed antennas
with metallization process for the Ku, K and Ka bands.

The Ku-band is typically used for satellite services.
As mentioned in [77], nowadays, satellites need to be flexible,
easy to produce and yet at a reduced cost. In this sense,
some research works have been developed in the Space and
Telecommunications area with the use of three-dimensional
printing technology [78]. A wide variety of components were
produced and tested, such as waveguides, filters, and horn
antennas. The structures were manufactured with a high pre-
cision SLA 3D printer using Somos PerFORM resin [79]
which allows a suitable detail resolution. It was necessary to
use a metallization process and the printed components were
coated with a layer of copper between 100-150 um thick.
All the designed prototypes operate properly in the Ku-band.
Although the horn antenna obtained a satisfactory radiation
diagram, the authors refer to the surface roughness of the
structure as the main reason to justify the losses found in the
measured gain.

The SLA technique was also used to manufacture two dif-
ferent compact antennas: a ring-focus dual-reflector antenna
and a spline-profiled smooth horn antenna [80]. This tech-
nique is a strong candidate for the production of RF struc-
tures, as it offers high resolution and good surface properties
when compared to other additive methods. The two antennas
were designed to have a high gain both in the transmission and
reception bands. Their structures were printed on plastic and
later were copper plated. Despite a small discrepancy found
in both prototypes due to measurement inaccuracies, a good
matching was observed between the expected and measured
results.

Also, for the Ku-band, the design, production and measure-
ments of an Ultra-Wideband (UWB) Vivaldi antenna were
presented in [81]. The antenna’s structure was printed with
the material VeroWhitePlus [68], sputter-deposited with Ti
and Cu, and followed by electroplating with copper to reduce
conductor losses. The structure was divided in two parts
so that the interior sections could be easily metallized and
were subsequently assembled using a Lego-like process and
silver conductive epoxy. Promising results were obtained,
with a measured bandwidth of 20 GHz and a maximum gain
of 10.3 dBi.

In some researches a combination of different 3D printing
technologies is used to manufacture an antenna, as is the case
of the phased-array antenna presented in [82]. In this work,
an industrial-level Polyjet printer and an entry-level FDM
printer were used. The main body of the antenna was printed
in two parts to simplify the cleaning and metallizing process.
The structure was metallized with a commercial copper-
electroplating process. In the measurements, the antenna
exhibited a good agreement with the results obtained in sim-
ulation, both in terms of return loss and radiation patterns.
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The 3D printed and electroplated antenna weighs 522 g,
which is relatively lower when compared to the weights of
a conventional aluminum and copper antenna, which weigh
1026 g and 3397 g respectively. Once again, it was possible
to manufacture a complex structure with high resolution, low
weight, and good performance characteristics.

The research performed in [83] used the metallic spray
coating to produce a corrugated conical horn antenna. The
structure was printed in two parts on a Fortus 250 MC 3D
printer [84] using an ABS filament (¢, ~ 2.8 and tan § ~
0.005). The total printing time was approximately 8 hours.
The interior of the printed parts was covered with three layers
of Super Shield 841 [85] and later the antenna was joined
with acrylic and metal fasteners. Using this coating method,
it is not possible to effectively control the uniformity of the
metallization layer thickness, as well as the surface rough-
ness, since a manual process was realized. However, it was
possible to obtain a maximum measured gain of 19.61 dBi at
16 GHz, verifying the feasibility of 3D printing technology
in the rapid prototyping of RF components.

Three customized waveguide slot array antennas were
developed in [86] for three different frequencies: 10.7 GHz,
12.5 GHz, and 21.7 GHz. The structures were produced
in plastic with the Stereolithography 3D printing technol-
ogy and were later copper plated. The antennas revealed
an excellent agreement between the simulated performance
and the measurements, presenting simulated antenna effi-
ciency values of 100%, 83.4%, and 95%, and measured gains
of 15.1 dBi, 24.6 dBi, and 29.5 dBi, respectively for the
10.7 GHz antenna, 12.5 GHz antenna and 21.7 GHz antenna.
The authors highlighted that one of the main advantages of 3D
printing compared to conventional metal manufacturing is
to provide the customization of components without any
additional cost since the 3D printing cost is essentially based
on the volume of plastic used. In this way, it was possible
to manufacture the three antennas with a total cost of less
than 1900 USD, which is much lower when compared to
commercial customized slot arrays that typically have costs
in the order of 10k USD [86].

Sometimes it is difficult to choose only one production
method for an antenna, and that is the case of the 8-by-
8 antenna array produced in [87]. The antenna was divided
into two subsystems and a hybrid process was selected for
its fabrication. The upper part consists of horn elements and
septum polarizers and was printed in a single block with the
3D SLA printing technique. Subsequently, the structure was
submitted to an electroless metal plating. The lower subsys-
tem consists of the horizontal signal distribution networks
and it was produced in aluminum using the conventional
Computer Numerical Control (CNC) technique. In this way,
the authors took advantage of each of these techniques to
produce the antenna. The total weight of the prototype is 36%
lighter than if it was all made of aluminum. The array was
designed to operate at 20 GHz and has a measured efficiency
of approximately 80%.
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In [88] it was demonstrated the combination of two
techniques to manufacture an antenna. In this structure,
the Aerosol Jet printing technology was combined with the
3D Polyjet printing technique to produce a Quasi-Yagi Uda
antenna. The substrate was printed with a photopolymer resin
(VeroWhitePlus [68]) and a layer of copper was sputtered on
the backside. The design pattern of the antenna was produced
using an Aerosol Jet printer. After the antenna was printed,
it was submitted to a baking and curing process. The silver
ink used can achieve a conductivity around 10% of solid
silver. A slight deviation was verified in the minimum value
of the reflection coefficient, denoting an undesired inaccuracy
in the antenna’s manufacturing process since it is known that
the resonance is very sensitive to its dimensions. However,
the authors state that the main advantage of the fabrication
technique used is that the entire process is carried out in a
single step and without wasting materials, thus reducing the
overall cost when compared to conventional techniques.

When the operating frequency increases, the proper
manufacture of an antenna with 3D printing technology
can become a very complex and time-consuming process,
as described in [89]. A circular waveguide antenna for K-band
applications was printed with an ABS filament, and then
it was covered with copper. The structure printed in ABS
was submitted to a brief smooth bath to improve the surface
of the antenna. The copper coating method was developed
with chemical baths and had five sub-processes to prepare
the 3D object before the electrolytic plating. The produced
antenna obtained a measured gain of 20.5 dBi at 24 GHz.
This complex process used resulted in the production of a
low-profile prototype, weighing only 18 g, and showing some
promising results.

In [90], three different techniques to coat a horn antenna
were studied. The manufacture of the antennas was based
on a two-stage process: the structure was first printed with
FDM technology using a PLA filament and later a conductive
material was deposited. In a first approach, the metallization
was performed with a highly conductive shielding lacquer,
referred to as EMC-spray, where a copper-based solvent was
used. The second technique consisted of galvanic electroplat-
ing on PLA. Finally, a Neotech AMT Piezo Jet system with a
highly conductive silver paste was used for covering the inner
surfaces of the plastic structure. Regarding the surface rough-
ness, the prototypes built have values between 5 and 10 pum,
slightly higher when compared to the reference antenna that
has only 1.5 um of surface roughness. However, the overall
performance of all the 3D printed antennas is comparable
to common all-metal reference antennas. It should also be
noted that these antennas have a weight between 5-8 g (much
lower weight than the metallic reference - 33 g), stating the
ability of 3D printing technology to produce lightweight RF
structures.

Also for the K-band, a novel topology of a dual-polarized
leaky-wave antenna (LWA) was developed with the sup-
port of 3D printing technology [91]. The antenna structure
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consists of a modulated triple-ridge square waveguide perfo-
rated on its top wall and the authors chose to print the antenna
with the SLA technique due to its high precision and low
roughness (tolerance of the manufacturing process of 40 um
and approximately 250 nm of surface roughness [91]).
The structure was 3D printed using a nonconductive UV-
photosensitive polymer and subsequently metallized using a
chemical plating process with copper. The good antenna per-
formance proved the potential of the additive manufacturing
technique for the fabrication of complex antenna geometries.

In [92] a 3D printed antenna was developed using the
SLS technique. This antenna has a parabolic structure and
was designed for dual-band operation (20 and 30 GHz). This
report confirms that three-dimensional printing is a viable
solution to build high frequency and medium-size antennas.
Despite presenting an adequate gain and good efficiency, its
construction process is relatively complex. The manufacture
of the antenna took a total of 72 hours and it was still neces-
sary to apply a conductive spray paint to make the structure
reflective.

Frequency bands are being allocated in the millimeter-
wave region for future 5G/IoT systems, as they enable high
data transmission rates [93]. The 28 GHz band is pointed out
as an operating frequency for these systems and numerous
works have been developed in this band. The study of antenna
production with 3D printing technology is no exception.
As shown in Table 2, there are several antenna structures
using different feeding and metallization methods for this
band. In [94] two identical pyramidal horn antennas were
reported for the frequency of 28 GHz. These antennas were
printed with ABS material and later metallized with copper.
Two approaches were adopted for the structure’s coating:
one with conductive paint and the other using copper tape.
The first prototype was completely painted, both inside and
outside, with copper spray, while the second one was cov-
ered with copper tape on the outside surface. This finishing
difference between both prototypes led to a significant result
on their gains, whereas the antenna coated with the conduc-
tive paint obtained 18.6 dBi, and the antenna covered with
copper tape reached 9.4 dBi, nearly half. It is proved that,
when working with very small dimensions, it becomes hard
to execute the post-printing metallized structures printed in
dielectric materials.

A similar study was developed in [95], where several
prototypes were built using a common PLA filament and
two different metallization techniques: with copper tape and
with conductive paint (RS EMI/RFI Shielding Aerosol [96]).
In the last metallization approach, the influence of the number
of sprayed layers applied to the structure was also studied.
The horn antenna was designed to operate at 28 GHz with
a gain value of 12 dBi. The simulated horn antenna presents
a maximum total efficiency of 95.6% at 28 GHz. In the con-
struction of all prototypes, the metallization layer was applied
in the outer surface of the 3D printed structure. All pro-
totypes exhibited a good correlation between the simulated
and measured results and proper matching of the antenna at
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the desired frequency, 28 GHz. In terms of measured gain,
the antenna using copper-tape obtained a value of 11.23 dBi
while the measured value of the antenna metallized with
conductive ink was 10.79 dBi. In the case of the spray-coated
antenna, it was also proven that the greater the number of con-
ductive paint layers, the better the antenna performance. It is
also important to note, once again, the ability of 3D printing
technology to manufacture structures at a reduced cost, since
the copper tape antenna has a total material cost higher than
the one coated with four layers of paint.

The authors of [97] developed two compact and
lightweight antennas, with a rigid and low-cost structure. The
antennas were designed for 28 GHz, being the first antenna
fed by a waveguide and the second using a microstrip line.
To improve their performance, a new structure consisted by
a resonant slot surrounded by a rectangular cavity and two
corrugations was tested. The material used was a transparent
polyethylene that allows the production of a solid, rigid, and
light prototype. Once again, the antenna’s structure had to
be submitted to post-printing treatment with a conductive
spray. The authors state that this coating method allows to
reduce the cost of producing the antenna when compared
to other conventional metallization processes. However, this
technique has a negative feature, as it is not possible to guar-
antee uniform thickness throughout the structure. Despite this
problem, both antennas perform well.

The selected material and metallization technique are two
of the most important aspects to be considered when building
an RF structure with 3D printing technology. In this sense,
an impressive research was developed in [98], where dif-
ferent materials and metallization techniques were analyzed
to produce waveguide devices. A total of six prototypes
were manufactured using four different materials (Nanotool,
Accura SL 5530, Material D, VisiJet SL Clear [98]) and three
different metallization processes (electroplating, electroless,
and vacuum coating technology). In general, the results are
positive and similar to the simulation, with only a signifi-
cant degradation being observed in the measurement of the
transmission coefficient of the prototype that was vacuum-
coating. This result is due to the fact that the thickness of the
metallic layer of this prototype (in the order of nanometers) is
much inferior to that recommended to obtain a good metallic
performance. It is advised that the thickness of the metal layer
should be seven times greater than the metal skin depth at
the operating frequency, being these values between 0.33 and
0.40 pum for copper at the Ka-band. Thus, the authors empha-
size the importance of the metallization process of the plastic
structures.

Also for the Ka-band, two corrugated horn antennas were
manufactured using 3D printing technology and compared
to one produced in aluminum using the traditional CNC
technique [99]. The Stratasys Object30 Prime printer [100]
was used to print the antenna structures which were later met-
allized. While the first 3D printed prototype was coated by jet
metal (JMT) metallization process, the second was metallized
using electrolube silver conductive paint (SCP). This last
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metallization technique is very attractive since the 3D struc-
ture does not need any treatment process before and after
printing. In the measurements, all prototypes have band-
widths greater than 6 GHz. Regarding the maximum gain,
the aluminum antenna has a value of 18.9 dBi at 30 GHz,
while the 3D printed antennas have values of 16.2 dBi and
18.5 dBi, respectively for the 3D printed JMT antenna and the
3D printed SCP antenna. The main reason that deteriorates
the gain of the 3D printed JMT antenna is the existence of
the air gap between layers. In the case of the 3D printed
SCP antenna, the slight difference observed in the gain is
due to the metallization process that was performed man-
ually, which produces a non-uniform layer of paint. The
authors report that the roughness of the 3D printed antenna
is unlikely to be responsible for gain losses since the printer
used provides objects printed with a smooth surface and with
low surface roughness. These particular 3D antennas have
a manufacturing cost lower than 8 USD and a weight of
approximately 10 g.

In [101], a simple, low-cost and dual-band microstrip
patch antenna was developed. The structure was designed
to operate in the 28 GHz and 38 GHz frequencies. In the
antenna manufacture, the substrate was first 3D printed using
a PLA filament, which has a relative dielectric constant (e,)
of 2.75 and a loss tangent (tan §) of 0.01, and the metallization
process consisted of pasting a strip of copper on the 3D
printed substrate. The proposed antenna provides impedance
bandwidth from 28.35 GHz to 29.9 GHz and from 36.89 GHz
to 39 GHz, considering the S;; < —10 dB criteria. The
satisfactory gain of around 5dBi for both frequencies proved
that the proposed antenna is a suitable candidate for future
mm-Wave 5G applications.

3) V, W BAND AND ABOVE (ABOVE 40 GHz)
Table 3 summarizes the gathered information about 3D
printed metallized antennas in this frequency region.

It is necessary to take into consideration the metallization
process used in the production of 3D antennas with dielectric
materials, mainly for high-frequency applications, since the
characteristics of the metallic layer will have a significant
impact on the antenna performance. In this sense, the authors
of [102] decided to replace the electroless plating technique
with RF magnetic sputtering to coat a thin seed copper film
on the 3D printed surface. The structure was printed with
VeroBlue RGD240 material and the Stratasys Object30 [103]
system was used. Before metallizing the antenna, a surface
treatment process was realized to clean and improve the
adhesion between the polymer surface and the metal film
surface. Subsequently, the metallic deposition process was
applied, where the deposition time was taken into account
due to heating, thus avoiding the deformation of the plastic
structure. A 3D printed reflect-array antenna was designed to
operate at 60 GHz with a maximum gain value of 25 dBi.
In the measurements, a maximum gain of 23.8 dBi was
obtained and this marginal difference may be due to the
misalignment of the open-ended waveguide feed. The weight
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of the measurement cable can cause bending of the 3D printed
support, as it is not as rigid as the metallic one, thus causing
misalignment. However, the 1.2 dBi gain difference does not
significantly affect the antenna performance, validating the
feasibility of using this metallic coating method for high
frequency applications.

The resolution of the 3D printer used in the antenna fab-
rication process can influence its design, as it is the case of
the rod antenna with constant gain based on spoof surface
plasmon polaritons (SPPs) presented in [104]. The radiating
number of SPPs unit cell had to be chosen with a tapering step
of 25 pm, the maximum resolution of that 3D printer. Regard-
ing the construction process, the structure was 3D printed and
later coated with a 10 wm metallic layer, which allows good
conductivity and does not affect the SPPs antenna size. In a
laboratory environment, it was possible to measure a gain
between 12.9 and 16.5 dBi in the 50 — 70 GHz operating
band. The small discrepancies noticed between the simulated
and measured results are due to manufacturing tolerances.
However, the authors reported that 3D manufacturing has
advantages when compared to conventional techniques since
it allows the direct integration of the feeding network and rod
radiating element, eliminating the misalignment effect.

A horn antenna was designed to 77 GHz [105], in a band
which is typically used for automotive radar applications
[106]. The antenna was 3D printed and metallized with silver
ink using the JMT process. The paint used has good electrical
conductivity, approaching the value of metallic silver when it
has a 2.5-3 pum thick layer. The manufactured antenna has
S11 values below -20 dB in the 75-90 GHz band. Regarding
the gain, a difference of only 0.6 dB was observed between
measurements and simulations. This difference is justified
either by the possible misalignment of the antennas in the
measurement process or by the antenna manufacturing toler-
ances or even by the surface roughness, since this parameter
was not considered in a simulation environment.

Also for the W-band, a corrugated horn antenna was fabri-
cated with the Polyjet process and coated in gold [107]. The
structure was 3D printed in two different split blocks and,
after that, it was gold plated. In a simulation environment
was obtained a radiation efficiency of 99% due to the high
conductivity of gold. In the measurements, it was observed
a difference between the simulated and measured reflection
coefficients mainly due to the non-uniformity of the metal-
lization process and the surface roughness.

A 3D printed slotted waveguide array antenna has also
been made for automotive radar applications [108]. The
antenna body was manufactured with polymer material
Accura SL 5530 [109] on a SLA printer. Subsequently,
the structure was covered with a copper layer by electroless
plating. In the measurements, despite showing the tendency
of the simulations, the results denoted a minor absolute shift,
both in the reflection coefficient and in the gain. This devi-
ation is related to the surface roughness and manufacturing
tolerances since the antenna design considered a slot length
of 1.87 mm and the fabricated prototype exhibited a value
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of 1.91 mm. In [110] the deviations in the dimensions of the
manufactured horn antennas were analyzed and confirmed.
In addition, it was also observed under the microscope that
some small areas of the antenna were not correctly metallized,
leading to a non-uniform surface that affects the antenna
performance.

THz antennas tend to have delicate geometry details due
to their short wavelength, which implies more attention
in the manufacturing methods used [111]. Regarding this,
the authors decided to use a commercial 3D printer, a Strata-
sys J750 industrial-grade 3D printer [112], since it is pos-
sible to achieve better print resolution values. This printer
works based on the Material Jetting principle and the material
VeroPureWhite RGD837 was used. For the structure’s metal-
lization, an initial conductive layer was deposited using PVD
(Physical Vapor Deposition) followed by a layer of 10 um
of copper. The manufactured prototype revealed a maximum
gain of 12.1 dBi at 146 GHz, with a gain reduction of about
4 dB and a deviation in frequency concerning the value
obtained in simulation. These differences can be caused by
the metallic coating, since it is likely that the internal surfaces
of the structure are not fully coated, and by the imprecision
of the 3D printing process, respectively.

In [113] the influence of gold coating on 300 GHz cor-
rugated horn antennas was studied. The antenna was first
3D printed in bronze with the SLM technique and its char-
acteristics were analyzed and, later, it was gold-plated in
order to study the influence of this plating process on the
antenna performance. The prototype that was merely printed
on metal is described later in sub-section III-B3 of this work.
The antenna that was gold-plated exhibited a measured gain
of 24.83 dBi, more 1.91 dB than the antenna that was not
subjected to any post printing process, and it was also possible
to improve the antenna’s efficiency by 15% with this process.
These results are intuitive since the conductivity of gold is
superior to that of bronze. Despite the authors state that the
main drawback of this method is the roughness of the printed
surfaces, especially in the high-frequency bands, the antenna
performance was improved with the gold-plating process.

B. WITHOUT METALLIZATION PROCESS

1) L, 'S, C AND X BAND (1-12 GHz)

The current state-of-the-art on 3D printed antennas without
metallization process, for the L, S, C, and X band is listed
in Table 4.

The advances in three-dimensional printing have led to the
advent of new materials that can be used in antenna systems,
such as conductive filaments. In [114] two PLA filaments
are characterized, one dielectric and another conductive, with
dielectric constants of 2.53 and 9.35, respectively. Three
different structures were constructed using these materials.
Although the conductive filament is promising for the manu-
facture of RF devices, the results obtained from the antennas
produced with this material were by far worse than those
obtained from the antennas printed with the dielectric PLA
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and coated with copper. Regarding conductive filaments,
Electrifi is considered to be the most conductive filament
available on the market [115]. This material is specified with a
conductivity of 1.67 x 10* § /m at zero Hertz (DC), depending
on some printing properties, such as printing speed and tem-
perature [115]. The Electrifi material was characterized and
studied in [116], where it was concluded that the conductive
properties of the antenna produced with this material are
inferior to those of the antennas made with other techniques.
However, the antenna manufactured with Electrifi is the one
with the best relation in terms of production cost and time
consumption, since the studied structure can be printed in a
few minutes and its material cost is less than 2€.

An integrated three-dimensional printing process was also
studied, which consists on the combination of a dielectric
material together with conductive nanoparticle ink [117].
A total of 72 conductive paint samples were tested to realize
which one is most suitable for the respective application.
The ink that showed the best performance was 4.5 gr/ml
SSX ink cured at 85°C for 15 minutes, since it has good
adhesion to the surface and a resistivity of only 6.6 x
1077 Q.cm. As a dielectric substrate, a common PLA fila-
ment was used. The antenna was designed to operate at 1 GHz
and regarding the results obtained with this process, it was
observed a good matching between the measurements and the
simulation.

In [119] a dipole antenna was designed for the central fre-
quency of 3.2 GHz. The authors decided to print the antenna
exclusively using FDM technique, so a 3D printer with double
extruder was used, allowing to use two different materials in
the same printed prototype. The nylon material was used as
a substrate, and a conductive graphene-based filament was
employed to the conductive part of the antenna. The printed
prototype reveals a reasonable matching between the mea-
sured and simulated reflection coefficient, thus demonstrat-
ing that graphene can be a possible solution for the antennas’
conductive parts production. However, the measured cross-
polarization levels were higher than the simulated ones, being
the rough surface of 3D printed antenna one possible reason
for this issue.

Following the conductive filaments, two possible solutions
available on the market are the Protopasta filament [120],
a conductive PLA with a conductivity of o &~ 6.67 S/m, and
the BlackMagic 3D graphene-enhanced PLA filament [121],
with a conductivity of 0 & 166 S/m. The authors in [122]
selected the Black Magic 3D filament to manufacture a
5.8 GHz patch antenna due to its higher conductivity com-
pared with Protopasta. To build the antenna, a Lulzbot Taz
5 dual print head 3D printer with a printing resolution
of 0.1 mm, [123], was used in order to simultaneously print
the substrate in PLA and the conductive patch and ground
plane of the antenna in BlackMagic. In the experimental
results, a consistency with the simulated results was wit-
nessed. However, there was a significant reduction in the
gain values due to the meaningful losses observed in the
conductive material.
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The research in [124] intends to study the flexibility of
the materials used in 3D printing. A bow-tie antenna was
proposed and two materials were used to produce the antenna:
a flexible PLA as a dielectric complemented by a conduc-
tive ABS where needed. The antenna has a compact size,
lightweight and a flexible structure. Although the studied
antenna has good bandwidth, its structure is quite fragile.

As can be seen from Tables 4, 5, and 6, the DMLS tech-
nique is widely used to produce 3D metallic antennas, as it
is one of the few technologies that allow the direct creation
of metallic parts from a 3D digital model [13]. A 3D metal
printed Sierpinski gasket antenna was fabricated with this
technique and a Titanium alloy was used [125]. The structure
is 1 mm thick and has a multi-band performance. The connec-
tor was attached to the antenna with the help of a conductive
silver epoxy adhesive. In the measurements, a difference
of 1 dB and 2.19 dB was observed when compared to the
simulated model, respectively for the frequencies of 4.2 GHz
and 8.4 GHz. This difference is due to the surface roughness
and no additional treatment was applied to reduce this effect.

The same authors evaluated the influence that surface
roughness has on the antenna performance [126]. For this,
the authors gradually reduced the surface roughness of the
3D metal printed Sierpinski multi-band antenna produced
in [125] and previously presented. The post-printing pro-
cess of surface treatment consisted of several steps, using
techniques such as wet blasting and polishing. The achieved
results showed that it was possible to improve the antenna
performance by reducing the surface roughness of the struc-
ture. Regarding the measured gain of the antenna without
treatment, the values were 4.07 dB and 4.45 dB, compared
with the measured gain values of the antenna after being
wet blasting and polishing, an improvement of values was
verified: 4.89 dB and 6.19 dB, respectively for 4.2 GHz and
8.4 GHz. It was possible to prove that the surface roughness
of an antenna has an impact on its performance. From the
results obtained, it was possible to observe that the antenna
gain reduces with the increase of the surface roughness.

The DMLS technique has the advantage of being able
to use both metal alloys or pure metals, but either way
their respective material properties are not affected [13].
This technology was used to manufacture a horn antenna
for the X-band [127]. A metal-sheet perforation technique
was applied to reduce the total weight of the antenna. The
material used was an aluminum alloy (AlSi10Mg) which has
good properties in terms of resistance and electrical conduc-
tivity. Also, for the X-band and using this aluminum alloy,
a horn antenna was manufactured with the SLM printing
technique [128]. The antenna was designed to have a direc-
tivity of 18 dBi at 7.9 GHz and a thickness of 1 mm. The
measured results are quite satisfactory since there is a clear
matching with simulations. However, authors recommend a
more robust structure, with a thickness of at least 1.5 mm, and
a post-printing treatment to prevent oxidation and dirt from
the antenna.
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2) KU, K AND KA BAND (12-40 GHz)

Table 5 presents an overview of the state-of-the-art on
3D printed antennas produced without any metallization pro-
cess for the frequency range of 12 to 40 GHz.

For the Ku-band, the combination of the DMLS technique
with the AlSilOMg material was also used to manufacture
a slotted waveguide antenna array (SWAA) [129]. This alu-
minum alloy, previously mentioned, has an electrical conduc-
tivity of 2.3 x 107 §/m [129]. The manufactured prototype
presents an impedance mismatch observed by the minimum
value of the reflection coefficient, this fact naturally leads
not only to a lower efficiency at the operating frequency, but
also to a consequent lower performance of the antenna. This
discrepancy may be due to the roughness of the structural sur-
face, especially relating to the 0.3 mm differences observed
in the prototype dimensions. On the other hand, the feed
horn manufactured in [130] revealed a remarkable agreement
between the measured and simulated results, which confirm
the quality of the manufactured antenna. The antenna struc-
ture was printed with 3D printing SLM technology using the
aluminum alloy AlSi10Mg material and with a manufacturing
process consisting of several steps, that lasted approximately
24 hours. In this approach, a treatment process (shot-peening)
was used to reduce the roughness of the antenna surface and
the discrepancies observed in the structure dimensions are
in the order of 0.07 £ 0.01 mm, values well under of those
reported in [129].

Horn antennas are typically used as a feed source for lens
antennas. In [131], a feed composed of a horn array with a
nonuniform aperture was proposed to feed a lens antenna.
The feed horn array was manufactured with SLM technology
using aluminum. Although the outside of the structure has not
undergone any treatment, the inner surface has been subjected
to a polishing process to minimize the ohmic losses and
the cross-polarization. Even so, there was a slight reduc-
tion in the feed horn gain caused by the surface roughness.
However, this manufacturing process is less time-consuming
than traditional milling and molding processes. Moreover,
the manufacture of complex antenna geometry is practically
impossible using conventional techniques. The proposed horn
array feed highlights the flexibility of 3D printing technology
to implement geometrically complex structures over conven-
tional manufacturing techniques, as well as the simplicity of
the manufacturing process and the physical robustness over
3D printed antennas with dielectric materials.

Taking advantage of the 3D printing technology, two
double-ridged square horn antennas were proposed in [132]:
one was made with aluminum alloy and the other using cop-
per. The printing technique used was SLM, and the structures
were printed in one run, requiring no coating or additional
assembly process, which is clearly an advantage in the pro-
duction time, when compared to other antennas printed on
dielectric materials. The external surface of the antennas has
undergone a polishing process, while the internal surface
has not been subjected to any improvement. Both prototypes
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obtained an Sq; value < —10 dB in the entire K-band (18 to
26 GHz). The aluminum alloy antenna obtained a maximum
measured gain of 13.23 dBi at 25 GHz and the copper antenna
achieved a value of 13.5 dBi at 24 GHz. These slight vari-
ations are due to the differences in the conductivity of the
materials used or because of the surface roughness, being
that the aluminum alloy antenna has a rougher finish. The
satisfactory results of these two prototypes combined with
their simplicity of construction, confirms the 3D printing as
a promising technology to produce RF devices.

It can also be observed from Table 5 that a pyramidal
horn antenna was fabricated for the Ka-band using the Binder
Jetting technique [133]. The material chosen was 420 stain-
less steel metal powder with copper infiltration, which has
a DC electrical conductivity of 3.73 x 10° S/m and a sur-
face roughness value of 6.26 pum. The produced antenna
operates across the entire Ka-band (26-40 GHz), with good
results. In [134] a 3D metal printed axial corrugated horn
antenna was proposed using AlSilOMg material, with the
DMLS printing technique. The manufacturing tolerances of
the printer used have the following values: £ 150 um and
=+ 50 pm on the z-axis and x-y plane, respectively. The man-
ufactured horn has a gain over 12 dBi across the Ka-band. The
observed differences between simulated and measured results
can be associated with manufacturing and measurement
errors.

3) V, W BAND AND ABOVE (ABOVE 40 GHz)
3D printed metal antennas for frequencies above 40 GHz are
summarized in Table 6.

With the innovation that three-dimensional printing
technology brought to wireless communication systems,
the authors of [135] studied the design of horn antennas in the
V-band (50 — 75 GHz). There, both a conical and a pyramidal
horn antennas were developed using the SLS technique. The
biggest contribution in this study is the fact that the radiat-
ing structures do not require any post-printing metallization
process, being printed on 316L stainless steel. Despite this
attempt, the measured results of the reflection coefficient of
the two horns reveal clear divergences in comparison with
those obtained in simulation. This disparity is justified by the
surface roughness of the antennas.

Concerning the surface roughness of a metallic structure,
an comprehensive work was developed in [136], where
two different 3D printing technologies with distinct materi-
als were analyzed. The first technique consists of printing
316L stainless steel using binder jetting and sintering, while
the second uses SLM technology and a Cu-15Sn powder.
In addition, three post-printing surface treatment processes
were studied: manual polishing, gold electroplating, and
micromachined process (MMP). Regarding the two materials
used, Cu-15Sn is slightly softer than 316L stainless steel
and, therefore, easier to polish. Comparing the three treat-
ment processes, the one that obtained a smoother surface
was the MMP treated antenna, however, with higher cost.
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Consequently, the authors refer that the manual polishing
process is an appropriate choice considering a compromise
between cost and performance. According to this study,
the authors manufactured three conical horn antennas with
manually polished Cu-15Sn for E-band (60 — 90 GHz),
D-band (110 — 170 GHz), and H-band (220 — 325 GHz).
A good agreement was witnessed between the simulated and
measured results, with all the prototypes obtaining a gain
greater than 21.5 dBi.

Furthermore, it can also be observed from Table 6 that two
antennas were fabricated with the DMLS technique for the
V-band: an open-ended waveguide antenna (OEWGA) [137]
and a dual CP horn antenna [138]. The OEWGA was printed
with stainless steel and operates in the 57 to 64 GHz fre-
quency band. In the measurements, a gain of 10.8 dBi was
found, with a deviation from the theoretical value of approx-
imately 0.6 dB. This slight disparity is due to experimental
imperfections. On the other hand, the dual CP horn antenna
was printed with the aluminum alloy A1Si10Mg. In this work,
an important change is proposed since the surface rough-
ness was considered in simulation environment and it was
found that the values for the S-parameter change approx-
imately 1 dB when the surface roughness varies between
0 and 100 um. The prototype has a measured bandwidth from
50 to 52.69 GHz and a gain of 12.70 dBi. The differences
between the measured and simulated results are related to
the manufacturing of the antenna structure, where the surface
roughness is much higher than that which was considered
before the manufacture of the antenna.

It can be said that the most attractive feature of 3D printing
on metal is the ability to produce structures that do not require
any post-printing treatment, saving time and labor [111].
In this way, two antennas were manufactured using the DMLS
printing method: one printed with aluminum (AISi10Mg) and
the other with Stainless Steel (316L) [111]. The reflection
coefficients of both antennas present a good correlation with
the simulated results, where a bandwidth range from 126 GHz
to 170 GHz was verified. The maximum measured gain is
15.5 dBi at 135 GHz, 1 dB less than the simulated gain
due to metal losses. There was also a slight shift in the
frequency that can be attributed to the tolerances of the 3D
printing process. The manufactured structures have a surface
roughness of 12 £ 2 um and 16 & 2 um, respectively for the
material aluminum and stainless steel.

Moving up in frequency, a 300 GHz corrugated horn
antenna was produced using the SLM printing process [113].
The material used was a bronze tin powder (CuSnjg). This
structure was subsequently subjected to a metallization pro-
cess using a thin layer of gold. However, the characterization
of this antenna has been described previously in section III-
A3 and, here, only an analysis is made of the antenna merely
printed on metal. In the measurements, the untreated horn
antenna presented a Half Power Beam Width (HPBW) of
8.05° corresponding to a gain of 22.92 dBi. Although this
technique has relatively high surface roughness and printing
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TABLE 7. Typical material options in the construction of 3D printed antennas.

Material Type Properties Refs
: . = s , [82], [83],
ABS Dielect & = 2.69 (531571, 18
e tan s = 0.012 @ MHz [139] [89]. [94]
. . = 72], [76], [90], [95],
PLA Dielect er = 2.7 [
e tan s = 0.008 © ! MHz [140] [101], [122]
. . . — 671, [711, [81], [82],
Vero White Dielectric €r = 2.97 [
tan 6 = 0.0285 @ 1.5 GHz [141] [88]
Black Magic 3D Conductive filament o~ 167 S/m [121] [122]
Electrifi Conductive filament o~ 1.67 x 10% S/m  [115] [116], [118]
Stainless Steel 316L Conductive o~ 1.35 x 108 S/m  [142] [111], [135]
Aluminum AlSil0Mg Conductive o ~23x107 S/m [129] [123’252?1]’3%1]29]’

tolerances, the results obtained are good, considering that
these antennas operate at very high frequencies.

IV. THE CHALLENGES AND POTENTIALS OF

3D PRINTING

3D printing technology is pointed out as the future of manu-
facturing due to its ability to quickly produce complex struc-
tures [35]. Recently, a great effort has been made towards
maximizing the usage of 3D printing technology. However,
there are still some challenges to be overcome for this tech-
nology to be used on a large scale in antenna industry.

One of the main limitations of three-dimensional printing
technology is the challenge of creating metallic/conductive
elements. As noted, most of the work developed in the
antenna research field requires metallization after the printing
process, adding some complexity to its construction. For its
metallization, different processes have been reported, from
covering with copper tape, coating with conductive spray
paint or even using chemical baths. The complexity of plating
the structures, as well as the performance of the antennas,
depends on the process used and the antenna’s design.

There are antenna structures that are printed in different
parts, either because the printer used has printing area lim-
itations or because inside’s structure metallization process
is easier, as observed in [57] and [72], respectively. In both
cases, there is a discontinuity in the printing process, which
not only increases the complexity in the antenna construction
but can also affect its performance, since an assembly process
has to be realized to reunite the different printed parts.

In the antenna design, it is essential to consider the material
used to build the structure. Regarding the properties of the
chosen material, electrical conductivity is one of the main
parameters to be considered. The low conductivity of some
materials, such as some of the available conductive filaments,
can significantly affect the performance of the antenna. In this
sense, in the construction of a 3D printed antenna, it is advis-
able to use a material with high electrical conductivity, but
this is as important as the material’s strength and robustness
after printing.

Bearing this in mind, it is important to highlight the mate-
rials most oftenly used in the construction of 3D printed
antennas. Table 7 summarizes the main materials used in
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the antennas described throughout this paper, and they were
divided in two major categories: dielectric and conductive
materials. The main material properties are also listed, as well
as some of the works that use these same elements. Regarding
the properties of the materials, typical values were consid-
ered, and these can differ according to individual conditions,
such as frequency and printing temperature.

The surface roughness of a 3D printed structure is one
of the main drawbacks in the antenna production, both in
those printed with dielectric material and subsequently met-
allized or in those printed directly with conductive materials.
This factor is due to the materials used in 3D printing.
In this sense, it is advisable to take into consideration the
choice of 3D printing technology when manufacturing an RF
component, since the surface roughness differs depending on
the technique used. Therefore, considering the surface rough-
ness, the optimum choices are SLA and SLM techniques,
respectively for dielectric and metallic 3D printing [143].
To improve the quality of the surface, the main technique used
is polishing the structure, often done with manual processes.
However, there is also mechanical or chemical polishing that
can be more uniform than manual, but with higher costs.
These techniques allow to smooth the surface of the structure,
which translates into better antenna performance.

Another challenge associated with the production of anten-
nas with 3D printing technology is the influence of manu-
facturing precision. Since the resonance frequency depends
on the antenna’s structure, small inaccuracies in its manu-
facture will have a significant impact on its performance.
This is a problem that worsens with the increase of the
operating frequency since it conducts to a structure with
very small dimensions. In this sense, the resolution of the
3D printer used is an important aspect to consider in the
production of RF devices, mainly for higher frequencies.
One possible solution for this problem is to use 3D printers
with high resolution quality, however, these machines have a
high cost.

Despite these issues, the creation of an antenna with 3D
printing technology has its advantages when compared to
conventional techniques. Rapid prototyping is one of the
defining characteristics of 3D printing. The process of print-
ing small structures can take a few minutes to be complete
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and the entire process of building an object, from the design
to the construction of the prototype, can be finished in a few
hours.

As the object to be printed is based on a digital model,
the limitation in the structure design is restricted to each
creator’s creativity, being possible to print structures with
high complexity. In this way, 3D printing technology is very
flexible, as it allows the conception of several structures that
can be applied in numerous scenarios.

The construction simplicity of 3D printing is another rea-
son why this technology is so sought after today. With the
use of this technology, it is not necessary to create molds to
produce a particular object, as it is required with other con-
ventional manufacturing techniques. For this reason, the pro-
cess of producing an object with 3D printing becomes simple,
with just a ‘click’ to transform a digital model into a three-
dimensional piece.

Increasingly, the reduction of the ecological footprint
becomes a decisive factor in the selection of a method of
producing objects. 3D printing, unlike many other manufac-
turing techniques, uses only the material needed to build the
desired prototype. In this way, three-dimensional printing is
considered as an eco-friendly technology since the waste of
material is almost zero. For this same reason, there is also a
cost reduction in the production of an object.

Bearing in mind what was mentioned earlier, 3D printing
is a potential solution for the antennas production, since
it allows the rapid development of compact, robust and
lightweight objects at a low cost that can be implemented in
sensors for monitoring the everyday life.

V. CONCLUSION

3D printing is considered to be one of the technologies of the
future. However, it is already present in many daily realities.
Recently, 3D printing has taken a giant leap due to its poten-
tial and it is becoming increasingly popular, a trend which
can be explained by the numerous applications in which it is
used.

This article reviews the current state-of-the-art of the 3D
printed antennas, revealing that this technology is suitable
for rapid prototyping of low-cost radiating structures. In this
paper, a detailed study has been performed on the recent
antenna structures produced with the additive manufacturing
method. The 3D printed antennas have been presented in a
structured and organized form, taking advantage of two main
categories regarding their construction technique: with and
without post-printing metallization process.

Within the context of this work, it was considered that,
in general, the antennas created with this technology per-
formed adequately, either in reflection coefficient, band-
width, or maximum gain values. Regarding the construction
method, the manufacturing complexity of the prototypes
depends always on the antenna structure and its respective
application.

There are still some circumstantial challenges that need
to be overcome for the antenna structures to be completely
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fabricated using three-dimensional printing technology. It can
be said that the two main challenges associated with this
technology in the production of radiating structures are the
surface roughness and the limited dimensional tolerance.
These problems can significantly affect the performance of an
antenna, especially for high frequencies. However, the exist-
ing researches in higher resolution printers will certainly lead
to a new paradigm of 3D printed antennas.

The structures analyzed in this article show promising
results and point out three-dimensional printing as a viable
option to be used in mobile communications, in order
to provide an excellent quality-cost ratio for commercial
applications.
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