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ABSTRACT We report the fabrication methodology of stereolithography (SLA) printed molds for metal
and resin cast antennas. In the first method, a conical horn created using metal cast molds printed from a
glass-filled resin utilizes a casting technique allowing for low-cost 3D printing to fabricate metal antennas,
reducing the losses incurred by metallized plastics, while still producing complex geometries quickly. This
metal cast conical horn is compared to a horn constructed using a more traditional 3D printing method.
The second casting method demonstrates the interchangeability between creating parts via SLA printing
with a glass-filled resin and using the same resin cast into a reusable Polydimethylsiloxane (PDMS) mold.
We demonstrate this method by casting an interchangeable slug for a capacitively coupled, mechanically
reconfigurable disk loaded monopole. Simulated and experimental data are presented for S11, and Gain.
Simulated BW, directivity, gain and efficiency as a function of frequency are presented. The results
indicate that the 3D printed metal casting process produces antennas with a higher gain and lower return
loss than metallized resin antennas. The method is suitable for difficult geometries requiring resolution
of at least 50 μm. The capacitively coupled disk loaded monopole demonstrates the versatility of 3D
printing in antenna fabrication.

INDEX TERMS 3D printed antenna, disk loaded monopole, conical horn, metal casting, resin casting.

I. INTRODUCTION

ANTENNAS fabricated using additive manufacturing
technologies, such as 3D printing, present unique

opportunities on which to capitalize and, as in any new tech-
nology, some challenges. The 3D printing process allows
for geometries that would otherwise be very difficult to
achieve and supports rapid prototyping of components [1].
3D manufacturing technology has led to the realization of
mechanically configurable, liquid metal antennas embedded
in 3D printed structures [2]. The ability to easily prototype
and manufacture these more difficult to fabricate designs
make a compelling argument for further research in ele-
ments made possible by 3D printing technologies. Included
in the challenges of these approaches, antennas printed from
plastics and resins, such as acrylonitrile butadiene styrene
(ABS) and metallized with metallic inks, often have lower
efficiency because of low conductivity [3], [4]. Other mate-
rials commonly used in printing metallized antennas on
dielectric supports or substrates are polylactic acid (PLA)
extrusion printers and resins on stereolithography (SLA)

printers. These suffer the same performance issues seen in
other antennas in this class. In [5], the return loss for two
identical patch antennas is compared, where one is made
from copper and the other is made from PLA. The copper
antenna has a return loss of −25 dB, while the PLA antenna
has a return loss of −12.5 dB. In another paper [6], an SLA
printer was used to print horn antennas which were elec-
troplated with copper. These were compared to solid metal
horn antennas made on a lathe. The metal antenna’s gain
was found to be 0.5 dB higher than the resin antenna’s gain
across the design spectrum.
There are a few fabrication methods in which 3D print-

ing has been used to produce antennas thus far, each with
their own hurdles to widespread adoption. One technique,
touched on previously, entails printing a support structure
or substrate out of a dielectric material such as ABS and
then metallizing it using metallic inks [7]. Alternatively, an
antenna can be printed entirely out of a metal using a metal
3D printer [8]. However, this approach can be costly. In one
report, a dual extruder was used with a dielectric filament and
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FIGURE 1. Commercial off-the-shelf metal cast, aperture matched corrugated
conical horn, with mold seam annotated.

a graphene infused conducting filament to 3D print anten-
nas in a one step process [9], but the fabricated antennas
suffered from the same performance problems as metal-
lized dielectric antennas. Liquid metals such as Gallium,
Mercury and conductive liquid solutions have been used in
3D printed structures for mechanically reconfigurable anten-
nas [10]. Another approach is to print dielectric rod antennas
out of ABS plastic [11]. These approaches are not dissim-
ilar to our disk loaded monopole, however our approach is
designed for at scale production.
While fabrication methods discussed in the previous para-

graphs are already in use for 3D printed antennas, direct
printing of metallic structures using a metal 3D printer can
be expensive [12], and other methods suffer in performance.
Fortuitously, high temperature resins provide a pathway
by supporting production of low temperature metal cast-
ing molds on stereolithography 3D printers. The produced
molds can then be used to create purely metallic antennas
at a lower cost than is commonly seen in 3D metal printing.
One resin that is suitable for the casting process is Formlabs’
Rigid 10K, which has a heat deflection temperature (HDT) of
218◦C at 0.45 MPa [13]. The HDT of Rigid 10K is above the
melting point for many Bismuth-Tin alloys [14]. The cross-
ing of thresholds between the resin HDT and Bismuth-Tin
melting temperature is an ideal combination of materials for
the metal casting fabrication process. As a result of Bismuth-
Tin alloys and Formlabs’ resins being relatively inexpensive,
the material combination employed also provides for an inex-
pensive method of fabrication for difficult topologies, while
retaining most of the benefits of constructing solid metal
antennas.
While the casting process presented in this work resembles

closely the metal-based casting integral to many manu-
facturing processes [15], [16], [17], [18], [19], [20], the
use of 3D printing technology with a temperature tolerant
resin addresses several common challenges. What is evi-
dent from products like the aperture matched corrugated
conical horn in Figure 1, is that metal casting is already
used in antenna production; however, there is little indi-
cation in the literature that much research has assessed this

manufacturing method’s impact on antenna performance, and
where it has, the performance difference is significant [18].
Common casting techniques include gravity casting, high-
pressure die-casting, low-pressure casting [15], sand casting,
and lost wax casting [17]. Quality of the mold materials and
mold cleanliness are challenges of most techniques [16],
while methods for high-pressure die-casting, low-pressure
casting, and lost wax casting are complex processes with four
or more steps [17], [19]. The method presented in this paper
is a type of gravity casting, which has the advantage of pro-
cess simplicity, but is typically plagued by defects originating
from bifilm oxides, which can be exacerbated by pouring
velocity, direction of fill, and the rate of metal solidifica-
tion [20]. We solve this problem by using a glass-filled resin
with low thermal conductivity and with temperature deflec-
tion higher than the Bismuth-Tin alloy, allowing the mold to
be used as a crucible thereby eliminating the bifilm oxides
that lead to material defects. This process has two benefits:
If the molten alloy is poured into the mold, the creation of
bifilm, commonly seen as ‘skin’ on molten metals, will not
be folded into the alloy during the cooling process; secondly,
rather than being fed in through a vent, the metal can be fully
melted within the mold, lowering process complexity. Using
this process, and skipping the addition of materials such as
wax in the pre-casting stages, reduces not just the complex-
ity of the process, but also lessens issues such as incomplete
wax removal that could lead to voids if the hot alloy reacts
with the residue to create gasses rather than burning it off.
As additive manufacturing, especially SLA printing, does
not suffer from the same geometric complexity bounds as
other manufacturing (and casting) techniques, the precision
of 3D printing in this metal casting process allows for the
precise placement of vents in locations that other methods
may struggle to recreate. Furthermore, the resolutions from
SLA printing minimize, and potentially eliminate, the need
for machining as a major part of post-processing the metal
casting process.
In addition to being used to create the molds for metal

casting, SLA printer resins can be poured into PDMS molds
and cured using the same ultraviolet light post-process as if
they had been printed. The process presented in this paper
uses PDMS due to its well-researched use as a non-reactive
silicate-based mold material and ability to achieve feature
resolutions on the scale of 40 nm [21]. With this, the cre-
ation of resin-based parts can be done in a time trivial when
compared to the time needed for additive manufacturing
methods.
In this paper, we present an inexpensive fabrication

method which employs metal casting using 3D printed molds
to prototype complex geometries without sacrificing antenna
performance. Using this fabrication method, we present a
conical horn cast from Bismuth-Tin alloys into a mold
created with the glass-based Formlabs’ Rigid 10K resin.
We also demonstrate the efficacy of using a silicate-based
polymer, in this case PDMS, to create reusable molds for
casting the same Formlabs’ Rigid 10K resin to create the
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internal components of a capacitively coupled, mechanically
reconfigurable, disk loaded monopole. The conical horn pro-
duced in this paper is compared to the more traditional
3D printed antenna fabrication method of metalizing a 3D
printed dielectric structure with conductive ink.

II. 3D PRINTED METAL CASTING METHODOLOGY
The conical horn presented here was constructed from cast
metal (60Sn-Bi40). In this section, we will break down
the steps of this methodology to include materials used,
aspects of mold design, melting, pouring, and metal extrac-
tion. Taking advantage of the radially symmetric shape of
the horn allows for the demonstration of two slight variations
of this metal casting fabrication method.

A. MATERIAL SELECTION
As touched on briefly in the introduction, the Rigid 10K resin
was chosen for the mold material owing to its high heat
deflection temperature and low thermal conductivity. The
HDT of Rigid 10K resin at atmospheric pressure is higher
than the melting temperature of Bismuth-Tin alloys [22]. As
a result of this higher HDT, the Rigid 10K resin, which can
be printed with a high degree of accuracy on Formlabs’ 3D
printers, is an ideal mold material for casting Bismuth-Tin
into. The properties of Rigid 10K allow for the 60Sn-40Bi
alloy to be poured into the molds without damaging them and
provides sufficient thermal insulation so that air can escape
from the molds before the metal solidifies. Considering these
materials, with the HDT of Rigid 10K being higher than
the melting point of the Bismuth-Tin, it is also possible
to melt the metal inside of the two-part mold presented,
eliminating the need for pouring all together. This approach
of using the mold as a crucible is not possible in sand
casting, or other metal casting processes using compacted
materials, due to the hard, unmelted alloy deforming the
mold. In both approaches used in this section, air evacuation
is important to achieve a smooth, non-porous surface, which
could alter the functionality of an antenna. The ability to print
the molds from Rigid 10K supports the option for molds to
be manufactured with the 25 micron resolution available in
the Form 3B printer [23].

B. MOLD DESIGN
The mold design is dependent on the geometry of the
antenna. For some geometries it is trivial to remove the
metal from the mold. For others, the mold may need to
be designed for ease of shattering, so that the metal is not
impinged during removal, but strong enough to endure the
forces present due to the difference in contraction of the
mold and metal materials as the metal cools. While Rigid
10K is brittle and will shatter with impact, it is not so brittle
that it is trivial to shatter without potentially damaging the
underlying metal. Designed weak points in the mold can
improve ease and success of mold removal. Topologies with
a high surface to volume ratio, and surfaces where the metal

surrounds the mold material were found to require mold
shattering. The need to shatter the mold in the latter case
occurs because the metal appears to contract faster than the
mold material as it cools, placing significant pressure on
the mold, when it is cast around it. Mold release, or other
agents to make removal of the cast horn easier, was not
used in either of the fabrication variations presented here.
To remove residue left over from the SLA print wash and
curing process, a high-grit sandpaper was lightly run over
the mold, but the mold was not sanded as part of the post
processing to change dimensionality or features.

C. MELTING AND POURING
To melt the Bismuth-Tin metal, ingots were placed in a
steel dish which was used as a crucible because of its high
melting temperature. This dish was placed on a commonly
available hot plate capable of reaching 232◦C. The resin
molds were heated on the hot plate at the same time so that
there would be no thermal shock when the metal was poured
into the mold. A Pyrex lid was placed on the dish during the
heating process. The temperature was raised in increments of
50◦C every 30 minutes to minimize thermal stress and thus
prevent premature shattering of the molds. As the Bismuth-
Tin melted, it was occasionally agitated to ensure all the
material had liquefied. After the Bismuth-Tin was poured,
the hot plate was turned off and the mold remained in the
hot plate while it was allowed to cool naturally.
In a separate instance, the bottom half of the mold was

used as the crucible to melt the Bismuth-Tin to reduce
the amount of bifilm oxides folded into the cooling metal.
The alloy and mold were both brought to a temperature
of 173◦C following the previously mentioned procedure.
Figure 6 shows the liquified metal in the bottom half of
the mold. The final horn is indistinguishable from the horn
made using the pour process.

D. METAL EXTRACTION
For molds that could be removed without shattering it is not
necessary to wait until room temperature for removal. As
seen in Figure 2, the cast Bismuth-Tin transitions to a solid
state well above the ambient room temperature. However,
for geometries that require shattering, it may be difficult to
remove the mold while it is hot to the touch. It was found that
wet sanding the inside of the molds with high grit sandpaper
before pouring could aid in ease of removal by smoothing or
removing residue left from print post-processing. For molds
that do not require shattering a light tap was all that was
needed to remove the cast metal. Molds that required shat-
tering were removed with a chisel and hammer, taking care
to avoid hitting the metal on the other side. This process
was tested with the creation of a conical horn, compar-
ing it to more traditional 3D printing fabrication methods.
In later sections, a detailed analysis of antenna design and
measurements for this topology will be discussed.
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FIGURE 2. Temperature of the cast Bismuth-Tin in the Rigid 10K SLA printed molds
measured with a FLIX E4 Thermal Imaging Camera as it cooled to room temperature.

FIGURE 3. From left to right; the multi-piece positive mold made from Formlabs’
BioMed Clear resin, the negative mold made from PDMS, and the final part cast from
Formlabs’ Rigid 10K resin.

III. RESIN CASTING METHODOLOGY
Within this section is presented the methodology for creating
equivalents of SLA printed pieces through liquid resin and
reusable molds. The geometrically simple example shown
here is one of several pieces featured in an antenna topology
discussed later in this paper that work well with both small-
batch and scalable manufacturing methods. The final, resin
cast parts are created from a glass-filled resin, Formlabs’
Rigid 10K, and after post processing are identical to the parts
created on the Formlabs Form 3B and Form 3BL printers.
In this section we discuss the process for creating the pieces
for the positive mold, creating the negative PDMS mold, and
finally casting the SLA printer resin into the desired antenna
part. The results of the three-part process of molds and final
resin cast part are shown in Figure 3. Post processing for
the resin parts differs little from traditional processing of
SLA parts using an isopropyl alcohol wash and UV curing
following manufacturer instructions. Both molds are easily
cleanable, do not require the use of a mold release agent, and
are reusable. This section includes rationale for the materials
used, the mold designs, and the casting process.

A. MATERIAL SELECTION
First, PDMS was selected to create the negative mold due
to it being chemically inert, physically flexible, and resilient

to permanent warping during part extraction. Other silicone-
based mold creation methods were considered, but PDMS
cures clear, which makes it possible to UV cure the cast
resin through the negative mold without reducing efficiency.
PDMS properties have also been well studied, and common
issues with improper curing caused by contact with some 3D
printing materials are documented [21], [24], [25]. According
to the authors in [21], PDMS molds can have line features on
the scale of 40 nm, which is more precise than the maximum
resolution for current Formlabs’ SLA printers (25 microns)
and ensures that fine details will not be lost in the molding
medium. The Rigid 10K resin, used to cast the part, did
not bind to the PDMS mold during compatibility testing as
it does to other SLA resins. There were also no observed
curing inhibitions for the PDMS.
The multi-part positive mold was printed using Formlabs’

BioMed Clear resin [26]. BioMed Clear is a medical-grade,
rigid resin that prints clear even with wall thicknesses of
multiple millimeters. It was a desirable choice for visu-
ally confirming proper air evacuation without disturbing the
PDMS curing process. This biocompatible material prints
with a resolution of 100 microns and is non-porous, reduc-
ing the difficulty of removing cast materials by providing
a smooth surface. Rigidity, resolution, and resilience of the
multi-part mold are discussed in the following sections.

B. MOLD DESIGNS
The positive mold was printed out of BioMed Clear resin
in four parts; two identical pieces for the bottom cup, a lid
with an attached positive mold of the antenna part to be cast
in Rigid 10K, and an extra center insert used to make the
center of the PDMS negative mold flexible for easier part
extraction. This mold was designed so that all parts could be
printed on the Form 3B at the same time and to minimize the
amount of PDMS needed to create the negative. The mold
was held together during air evacuation and curing with a
piece of electrical tape wrapped around the circumference of
the two bottom halves of the cup, but nothing was used to
permanently connect any parts of the mold. Figure 4 shows
the pieces and an assembled version of the mold.
The negative mold was made from the two-part

SYLGARD 184 Silicone Elastomer Kit following manufac-
turer instructions. The mixture was poured into the assembled
bottom cup of the positive mold, and air evacuated out with
a hand pumped vacuum chamber. The lid and center insert
were added last to minimize air pockets. Due to HDT limita-
tions on parts printed from BioMed Clear [26], the negative
mold was left to cure at room temperature for two days
before the PDMS was extracted from the positive mold.

C. CASTING, CURING, POST PROCESSING
The pieces of the BioMed Clear positive mold were pro-
cessed after printing on the SLA printer using a 99%
isopropyl alcohol bath, rinsed with water, air dried, assem-
bled, and then UV cured for one hour at 60◦C following
manufacturer recommendations. The mold is held together
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FIGURE 4. The PDMS negative mold, and both assembled and disassembled
positive molds 3D printed from BioMed Clear resin.

by an interference fit of the two halves of the bowl against
the recession on the bottom side of the lid. By assembling
the mold prior to curing, warping was minimal and con-
sistent across parts. To prepare the mold for making the
PDMS, a piece of electrical tape was wrapped around the
circumference of the two bottom halves of the cup.
Due to the BioMed Clear resin having a max HDT of

67◦C (at 0.45MPa) [26], the PDMS was left to cure in the
positive mold for two days at room temperature as to not
damage the structural integrity of the molds instead of using
an oven to shorten the curing time. Formlabs has released
a high temperature resin that prints semi-transparent with a
HDT at 238 ◦C of 0.45 MPa [27], and it may be a suitable
alternative for printing as opposed to BioMed Clear. When
the PDMS was extracted from the positive mold, it was
inspected for damage and rinsed with water to remove any
residue.
The final antenna part was created by carefully pouring

Rigid 10K resin into the negative mold. During several stages
while being filled, the mold was tapped gently on the table
to encourage air bubbles to float to the surface. When filled,
the mold was immediately placed in the Formlabs’ UV cure
station while it was brought up to temperature, and cured
for 40 minutes at 60◦C.

When the part was successfully removed from the PDMS
mold, it was washed in a 99% isopropyl alcohol bath for
15 minutes before being dried and inspected. The part was
placed in the UV cure station for another 10 minutes at 60◦C
to dry further before 2500 grit sandpaper was used to remove
the sharp edge left from the meniscus. For aesthetic purposes,
the part can be wet sanded using a high grit sandpaper to
make the top face match the sides that were cured against
the PDMS, but this was not utilized. The mold shown in
this section is reusable; the final antenna part was easily
removed without the need for mold release agents, and
any extra resin that was accidentally spilled on the mold
during the filling process was allowed to cure and then
flaked off.

TABLE 1. Relative permittivity measurements rigid 10K.

IV. CONICAL HORN
A conical horn is one of two antennas presented as an
example of the metal cast fabrication method. We show two
variations of the metal cast fabrication method, pouring the
molten alloy into the two-part mold and melting the alloy
directly by using the bottom half of the mold as the cru-
cible, which produces identical results. Conical horns are
a common antenna that can be difficult to fabricate. The
fabricated conical horns are to compare 3D printing fabrica-
tion methods, with the expectation that the metal cast horn
will perform significantly better than a metallicized resin
horn. Horn antennas can be an expensive antenna structure,
but also have broad applications such as reflector feeds,
cell tower antennas and metrology. Conical horns have the
advantage of being able to be made on a CNC lathe, owing
to their cylindrical symmetry, however the process could
be made even less expensive and faster than that afforded
by a lathe. The conical horn presented here is fabricated
using two processes. The metal casting process described in
Section II is used to fabricate the conical horn, as well as
the more traditional method of 3D printing the antenna out
of a dielectric and metallicizing it.

A. DESIGN AND CONSTRUCTION METHODS
The silver ink metallicized resin horn was printed from the
same Formlabs’ Rigid 10K resin used to make the mold
for the metal cast antenna. The Rigid 10K resin was cho-
sen because of its ability to withstand the temperature of
the silver ink curing process. To design and simulate the
antenna, we first had to determine the relative permittivity
of the Formlabs’ Rigid 10K resin and the resistivity of the
Novacentrix HPS-FG181 ink used to metallize the antenna. A
patch antenna was used to determine permittivity of the resin
and it was found to be 3.3 (See Table 1), which was in the
expected range, given the high glass content of this particular
resin [13]. The expected resistivity of the Novacentrix silver
ink for the recommended cure time of 30 minutes at 140◦C
was provided in correspondence from the manufacturer and
was 34 μ�-cm.
The Form 3B printer has a build size of 145 mm by

145 mm [23]. The antenna design was restricted in size
so that either fabrication process could be performed with
only a single print. The initial design started with a conical
waveguide that had a quarter-wave radius for 5 GHz in free
space and a feed that was approximately a quarter-wave
from the back wall. Simulations performed in HFSS and
parametric sweeps were an integral part of the design process
for the horn. These simulations were refined to include the
known parameters of the material used in both horns. The
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FIGURE 5. Conical Horn CAD model.

TABLE 2. Conical horn antenna dimensions.

horn and aperture were restricted to limit the size of the
antenna and a parametric sweep was performed to fit the
size parameters while also achieving a band of 5.3 GHz to
6.3 GHz. The resulting parameters can be seen in Table 2
and the CAD design can be seen in Figure 5.
The resin antenna was designed so that a standard SMA

fitting with the pin extended can be used as the feed. This
was secured in place with high temperature epoxy, so that
the Novacentrix ink could be cured in contact with the fit-
ting ground. The Novacentrix HPS-FG181 was applied by
brushing a light coat onto the inside of the conical horn and
curing the ink for 30 minutes at 140◦C.

The metal cast antenna used a mold that was designed
from the negative of the CAD model seen in Figure 5. The
mold, seen in Figure 6 a, was designed such that metal would
be poured in the bottom cup and the top cup inserted. Four
clips were used to center the top portion of the mold in the
bottom. Due to the top portion of the mold being buoyant
in the Sn-Bi alloy, a ceramic weight (Figure 6 c) was used
to hold down the top portion of the mold during the cooling
process. Excess metal was allowed to overflow into the pan
and was cut off around the edge during the cleanup process.
The fabrication process of the metal cast conical horn was
identical to that described in Section II.

FIGURE 6. Metal cast conical horn molds and casting process - (a) The assembled
mold used when fabricating via pouring the melted Sn-Bi alloy. (b) The assembled
mold, with higher outer rim, used when melting the Sn-Bi alloy in the bottom mold.
(c) Assembled mold with ceramic weight to keep the top half in place while cooling.
(d) Sn-Bi alloy melted using the bottom mold as the crucible.

FIGURE 7. Fabricated conical horns.

Both the metallicized resin conical horn and the metal cast
conical horn can be seen in Figure 7. The silver ink coating
of the resin is applied on the inside surface as noted in the
figure. The inside surface is the waveguide boundary. Both
versions of the antenna have identical dimensions. For the
metal cast horn, a hole was drilled to place the antenna feed
and Sn-Bi solder used to affix the feed in the hole. Some
sanding was done to the metal cast horn to remove burrs on
the edges and make the edge surface smooth.

B. RESULTS AND DISCUSSION
As alluded to in the introduction, owing to relatively lower
resistance one would expect the metal cast antenna to out-
perform the resin metallicized antenna. This expectation is
attributed to losses in the silver conductive ink, which has
a significantly higher resistivity than 60Sn-40Bi (which is
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FIGURE 8. Simulated and experimental results for conical horns.

FIGURE 9. Measured and simulated maximum gain of conical horns as a function of
frequency.

0.383 μ�-cm [28]) in the cast variety and possibly to minor
losses in the dielectric on which the silver is applied, as some
of the wave leaks through the ink. The better performance
of the metal cast antenna, shown in Figure 8 and Figure 9 is
consistent with the expectations. The metallicized resin horn
was resonant from 5.2 GHz to 6.2 GHz, while the metal cast
horn was resonant from 5.2 GHz to 7.2 GHz. With a band-
width of 2 GHz, the metal cast horn had twice the available
bandwidth of the metallicized resin horn.
It was expected that the metal cast horn would have a bet-

ter return loss and higher gain than the resin printed horn,
due to the higher losses in the resin horn. It can be seen
that both the simulated and experimental return loss for the
metal cast conical horn is −18.5 dB in dominant mode and
−13 dB in dominant mode for the resin horn. The gain
of the metal cast antenna is also closer to what would be
expected for a conventional conical horn with an aperture
this small and approaches the simulated maximum gain of
12.5 dB. It is also worth noting that a simulated conical

FIGURE 10. Simulated gain of horns at 5.8 GHz - (a) Measured and simulated gain of
conical horn about the elevation. (b) Measured and simulated gain of conical horn
about the azimuth.

horn made of perfect electrical conductor (PEC) with the
same dimensions is not significantly better than one sim-
ulated from 60Sn-40Bi. While the metal casting process is
slightly more complex it did not take any more time than the
curing time required for the resin process and led to better
results. Furthermore, the price of both methods is reason-
ably low compared to the price of horns currently on the
market.
Figure 10 shows the simulated and measured gain of the

horns as a function of the azimuthal angle Theta and the
colatitude Phi at 5.8 GHz for the horn. There is a signifi-
cant difference in measured gain in the direction of highest
directivity as a function of frequency between the metal cast
and the resin horn. The lower gain of the resin horn com-
pared to the metal cast horn as seen in Figure 9 is expected,
due to the losses in the silver conductive ink. What is clear
from the differences in simulation and measurement for the
resin horn in Figures 7 and 8 is that there are significant
losses in the silver conductive ink that are not accounted for
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in simulation. The model used in simulation was based on
the ideal case. However, this simplified approach overlooks
the reduced conductivity of the ink compared to metal and
materials that may include polymeric binders and conductive
polymers as part of the silver conductive ink used to metal-
lize the resin horn. These materials are often included to aid
in keeping the silver conductive ink particles in electrical
contact with each other and to make the inks mechanically
stronger and more flexible. These polymeric binders and
conductive polymers have their own permittivity, loss tan-
gent and conductivity, which impact the experimental results
of a real antenna [29].

V. CAPACITIVELY COUPLED DISK LOADED MONOPOLE
Here we present a modular antenna topology, a capacitively
coupled disk loaded monopole, that allows for quick and easy
change of network configuration, without any need for expos-
ing the metallic components to the environment (presented
with a different matching structure and a reflector in [30]).
Modifying systems without exposing metallic components is
especially useful in harsh and corrosive environments like
the deck of a ship or in coastal cities, where salt water can
quickly degrade materials if not properly sealed [31] after
installation. Modular systems provide advantages to maritime
operators and city planners allowing them to reuse previous
infrastructure, when older systems are replaced. The disk
loaded monopole presented here allows for these changes
to be made quickly and easily via a resin embedded inter-
changeable portion that determines the operating band of
the antenna. The topology is an example of the resin cast-
ing methodology presented in Section III, and was designed
with this manufacturing technique in mind. In the following
section we detail the design of the capacitively coupled disk
loaded monopole designed to be configured over a range that
includes 2.45 GHz WiFi and the 2.3 GHz amateur satellite
band.

A. DESIGN AND CONSTRUCTION
An ideal version of this topology designed and simulated in
air has a spacing between each disk of 1/16th wavelength,
with the first disk connected to the feed pin 1/16th wave-
length above the ground plane. The first and second disk, and
third and fourth disk are capacitively coupled. The second
and third disk are joined by a conducting wire. The radius
of the first disk is 1/8th wavelength and each successive disk
is 5% smaller. This design allows for a significant portion
of the antenna that need not be attached, but instead, be
situated in appropriate proximity and alignment to the feed.
Using the disks allowed for enough reactive elements to
easily tune input impedances on one conductor and resonant
frequency on another, without having to change the size of
the interchangeable slug, as depicted in Figure 11.
The immediately obvious problem with this design is that

it is not realizable without introducing some other structure
to support the floating elements. This was not an oversight,
but an integral part of the complete design of the topology.

FIGURE 11. Capacitively coupled disk loaded monopole topology [30].

TABLE 3. Capacitively coupled disk loaded monopole design parameters [30].

The topology presented here is designed to be embedded in
a dielectric substrate to completely isolate the metallic com-
ponents from the weather. Embedding the antenna in resin
with tunable capacitively coupled components allows for a
reconfigurable structure that is ideal for marine and coastal
environments, where salt water can have devastating effects
on exposed metallic materials. This allows for reconfiguring
exterior system components without damaging or replacing
existing weather seals, thereby reducing the risk of corro-
sion and failure. Embedding the antenna in resin required
only minor modifications to the design. Dividing all dimen-
sions by the square root of the relative permittivity of the
Formlabs’ Rigid 10K resin (3.3) used as the dielectric pro-
duced a very close response. A parametric sweep in Ansys
HFSS was used to finish tuning the parameters, which can
be seen in Table 3. During the parameter sweep the feed
disk size (r1) needed to tune the input impedance of the
desired band of configurable frequencies was found to be
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FIGURE 12. Resonant frequency as a function of tuning disk radius.

6.43 mm. Following that the linear relationship between res-
onant frequency and tuning disk radius (r2) was determined
and can be seen in Figure 12. Because the tuning disk is in
the interchangeable slug portion of the antenna it allows the
antenna to be reconfigured by changing only the disks in the
capacitively coupled portion of the antenna, which can all be
placed in a small cylinder. Disks 3 (r3) and 4 (r4) are only
scaled. Two such example configurations were constructed,
one at 2.45 GHz WiFi and the other at the 2.3 GHz amateur
satellite band.
One major design problem remained, which was sig-

nificant reflection between the resin free space boundary.
A numerical parametric study was performed to find the
optimal matching structure geometry. There are several pos-
sible geometric solutions to this problem, but generally they
all entail creating a gradient of effective permittivity to free
space as a function of distance radially. Several dielectric
matching structures were considered, however a wide bicon-
ical matching structure top loaded with a dielectric resonator
resulted in the best performance (See Figure 13). The match-
ing structure fits on top of the interchangeable slug, which
rests on the ground plane and feed disk.
The antenna was designed such that the entire dielectric

portion of the antenna could be easily molded using the
resin casting methodology described in Section III. One such
example of a cast part was produced for the interchangeable
slug from Figure 13 b and 13 e. To save prototyping time
the remaining parts were printed directly, but could also
be easily cast in 2 or 3 part molds as well. The ability to
produce molds by 3D printing supports fast production of
the molds and fast prototyping of the antenna itself, while
the molds allow for fast production at scale.

B. RESULTS AND DISCUSSION
Simulated results were compiled for several configurations
for both S11 and Gain. Specifically, the S11 at each resonant
frequency in the designed band of configurability (2.2 GHz

FIGURE 13. (a) Assembled capacitively coupled disk loaded monopole, (b) cad
model with inside view, (c) interchangeable slug top, (d) feed disk, (e) interchangeable
slug bottom, (f) general topology [30].

- 2.8 GHz) was recorded and plotted against the radius of
disk 2 in Figure 14. This was done to confirm that the
antenna’s input impedance remained matched throughout its
configurable band.
For the two example configurations 2.45 GHz and

2.3 GHz, S11 was simulated from 2 to 3 GHz. Measurements
were made for this same band for both configurations and
plotted against the simulated results as seen in Figure 15 a.
There is good agreement between simulation and measure-
ment in the S11 data for both configurations, with a larger dif-
ference seen in the 2.3 GHz configuration. The loss tangent
of the Rigid 10K resin is unknown and is likely responsible
for the difference between simulated and measured results.
Simulated and measured results for gain in the 2.4 GHz
configuration about the elevation angle are presented in
Figure 15 b and about the azimuth in Figure 15 c.
The antenna has cylindrical symmetry and radiation patterns
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FIGURE 14. S11 at resonant frequency vs tuning disk radius.

TABLE 4. Capacitively coupled disk loaded monopole design parameters simulated
maximum gain, directivity and radiation efficiency of 2.45 GHz and 2.3 GHz
configurations.

in various configurations differ predominantly by maximum
gain. The simulated maximum gain, directivity and radiation
efficiency of both configurations are presented in Table 4.
Bandwidth, directivity, gain and radiation efficiency are plot-
ted in Figure 16 for all tuning disk radii in the linear band
of configurability.
The results show that the capacitively coupled disk loaded

monopole topology allows for an easily reconfigurable
antenna, but more importantly it is an ideal showcase for
the advantages of direct and indirect applications of addi-
tive manufacturing in antenna production. Direct printing
of the dielectric materials allowed for rapid prototyping of
the antenna, and rapid manufacturing of molds for mass
production capabilities. Furthermore, additive manufacturing
opens several doors when it comes to matching structures
for antennas in different environments. This is especially
true for soil probes and antennas used for concrete assess-
ment [32], [33], [34]. The topology is a demonstration of
how additive manufacturing can solve many material issues
with antennas today, while still keeping production capacity
in mind.

VI. CONCLUSION
In this paper, we presented two antenna fabrication method-
ologies that indirectly employ additive manufacturing. The

FIGURE 15. (a) Measured and simulated S11of capacitively coupled disk loaded
monopole, (b) Measured and simulated gain of capacitively coupled disk loaded
monopole about the elevation at 2.45 GHz. (c) Measured and simulated gain of
capacitively coupled disk loaded monopole about the azimuth at 2.45 GHz.

first methodology presented cast low-melting temperature
metals into additively manufactured molds made using a
high temperature tolerating, glass-filled resin on an SLA
printer. As an example of this methodology a conical horn
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FIGURE 16. (a) Simulated bandwidth vs configured resonant frequency of
capacitively coupled disk loaded monopole, (b) Simulated directivity, gain and
radiation efficiency vs configured resonant frequency of capacitively coupled disk
loaded monopole.

was fabricated and compared to a dimensionally identical
horn constructed using a more traditional approach. The sec-
ond methodology presented consisted of a multi-part casting
process where a negative mold was created from PDMS
cast into a clear SLA printed positive mold, whereupon the
final part was created from casting the glass-filled resin into
the PDMS negative. Parts from a capacitively coupled disk
loaded monopole were used as an example of this fabri-
cation methodology. The capacitively coupled disk loaded
monopole has a complex topology and can benefit from
the rapid prototyping afforded by additive manufacturing.
Measurements for this topology were taken and compared
to simulation in multiple configurations.
Measurements taken on the conical horns show an advan-

tage in the metal casting methodology in performance
compared to the metalized version while still reaping the
same cost saving advantages shown in other additive manu-
facturing processes. This is achieved while maintaining the
advantage of fast prototyping often attributed to additive
manufacturing. Furthermore, for some geometries the metal
cast molds may be reusable in part or full, thereby allowing

for at scale production in a way that was not available
with direct additive manufacturing methodologies. The resin
casting methodology presented retained most of the bene-
fits of additive manufacturing while allowing for completely
reusable molds. This reusability provides a method of at scale
production of dielectric component structures, while the use
of additive manufacturing for the molds supports the ability
to replace and update these parts quickly. Combining these
two practices results in a process which can be optimized
for both rapid prototyping and production at scale.
The presented capacitively coupled disk loaded monopole

topology shows the versatility of additive manufacturing
and how it can be used to produce configurable antennas
specialized for a variety of physical environments. This phys-
ically reconfigurable topology allows for minimal effort to be
expended in updating network requirements, while maintain-
ing the weather seal for equipment in maritime environments;
especially shipboard environments where the antenna may
be the only component in the system outside the hull. Even
outside of highly corrosive conditions, the ease of reconfig-
uration enables active development and testing in variable
environments. The work presented here merges the bene-
fits of additive manufacturing and casting methodologies
to recast prototyping techniques into cost-effective, at-scale
production capability.
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