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Abstract

This paper explores the potential of Fused Deposition Mod-
elling (FDM) three-dimensional (3D) printing for the cost-
effective production of metallic-type antennas, particularly
horn antennas aiming at K-band. The focus is on the elec-
tromagnetic (EM) performance of two 3D printable metal-
lic materials: BASF - Ultrafuse 316L; and Formfutura -
MetalFil Classic Copper. Simulations were conducted on
horn antennas at 18 to 26.5 GHz, revealing that the to-
tal efficiency of the 3D printed antennas decreases almost
linearly with the increase in surface roughness, impacting
on the overall performance. The MetalFil Classic Copper
antenna exhibits a more pronounced decrease in efficiency
due to its lower electrical conductivity and increased sur-
face roughness. The study highlights substantial cost sav-
ings with FDM printing compared to traditional manufac-
turing methods, e.g., metal milling, with the Ultrafuse an-
tenna being approximately 10 times cheaper and the Metal-
Fil antenna around 100 times cheaper than their traditional
counterparts. Consequently, 3D printing is sought to be
a viable solution for fast prototyping while yielding simi-
lar EM radiation efficiency compared to that of traditional
milling (subtracting) techniques.

1 Introduction

Additive Manufacturing (AM), commonly known as 3D
printing, emerges as a pivotal technology for producing a
wide array of devices across diverse applications [1]. In
contrast to conventional subtractive manufacturing meth-
ods like machining, AM offers the notable advantage of
minimizing material waste. Furthermore, the availability of
numerous commercially accessible machines and materials
within the 3D printing realm facilitates the swift prototyp-
ing of specific components at a reduced cost [1]. However,
despite these advantages, a noteworthy gap exists in mate-
rial analysis. On 3D printable metals, datasheets predom-
inantly focus on mechanical and thermal properties, over-
looking electromagnetic (EM) properties such as electrical
conductivity. This poses challenges for researchers seeking
to incorporate these materials into devices like antennas or
other radio-frequency components. In many instances, the
lack of comprehensive studies on EM properties hinders the
seamless integration of 3D printed materials into applica-
tions requiring a nuanced understanding of these character-
istics.
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Figure 1. 3D Printed WR-42 horn antennas: (a) Ultrafuse
316L and, (b) MetalFil Classic Copper.

Particularly in Radio Frequency applications, 3D printing
methods are significantly of interest for the fabrication of
antennas (Fig. 1). As reported in [1], the current state-of-
the-art in 3D printed antennas encompasses a diverse range
of fabrication techniques, with the following being the most
common: FDM [2, 3], Stereolithography (SLA) [4, 5], and
Direct Metal Laser Sintering (DMLS) [6, 7]. These tech-
niques employ various materials in different formats, in-
cluding filaments [2, 3], resins [4, 5], and powders [6, 7]. In
the realm of antennas, when utilizing 3D printing, diverse
designs can be implemented, creating full dielectric, full-
metal, or hybrid 3D printed antennas, covering frequencies
from the L-band to the G-band.

This paper aims to assess the EM performance of selected
3D printable metallic materials relevant to antenna tech-
nology. The potential application of these materials lies in
the cost-effective construction of metallic antennas for var-
ious purposes. Horn antennas were chosen for evaluation
due to their straightforward design and fabrication, while
FDM was selected as the 3D printing method due to its
widespread availability. Notably, FDM 3D printing from
the connector side to the aperture side eliminates the re-
quirement for complex build supports, resulting in reduced
material waste. The paper’s structure unfolds as follows:
Section II provides a brief literature overview characteriz-
ing the employed materials, crucial for optimizing designs
in simulations. Section III presents a qualitative analysis of
the lateral surface of the samples. Section IV delves into
the simulation results. Lastly, Section V comprises the key
conclusions drawn from the study.



2 FDM material characterization for an-
tenna production

For the production of the horn antennas the chosen materi-
als were BASF - Ultrafuse 316L [8] and Formfutura - Met-
alFil Classic Copper [9]. To enhance the accuracy of sim-
ulations, a literature review was conducted to address po-
tential information gaps in the material models. The sum-
marized information is presented in Table 1. The density
values in the previous table were determined for flatwise
samples, aligning with the orientation in which the horns
would be subsequently 3D printed. In cases where specific
data was unavailable, certain values were extrapolated from
comparative analyses.

The Ultrafuse filament primarily consists of 88% 316L
stainless steel powder with particle sizes ranging from 2 to
17 µm, while the remaining portion consists of a thermo-
plastic polylactic acid (PLA) acting as a binder [10]. Before
printing, the material had a relative density of 4.85 g/cm3

[10], while post-printing density values are reported in the
technical datasheet [8] as 7.80 g/cm3, and in article [11] as
7.75 g/cm3, with the latter being considered for the simula-
tions performed in this work. Surface roughness measure-
ments in [12] at a deposition angle of 90° revealed average
values (Ra) of 8.38 µm and 4.84 µm at layer heights of
0.10 mm and 0.30 mm, respectively. A conversion to root
mean square (RMS) terms (Rq) yielded a value of 9.31 µm.
Electrical conductivity (σ ) was estimated by deriving ther-
mal conductivity (κ) data from [11], with a specified pro-
file resembling our scenario, resulting in an estimated σ of
106.94×103 S/m based on a κ of 0.791 W/m·K at 30 °C.

For the MetalFil filament, the material consists of 80% cop-
per and 20% PLA, with a reported density of 3.4 g/cm3, as
depicted in the manufacturer’s datasheet [9]. However, the
available technical document does not specify whether this
density is before or after the printing process. Therefore,
it is assumed that this value corresponds to the pre-printing
state, considering its relatively low magnitude. For the sim-
ulations, considering the observed density increase of ap-
proximately 60% post-printing for the Ultrafuse 316L ma-
terial, a minimum increase of 50% in density post-printing
was assumed for the MetalFil material. This assumption led
to a calculated density of 5.10 g/cm3 for the MetalFil mate-
rial after the printing process. The study presented in [13]
describes that the resistivity (ρ) of the material is at 4×10−4

Ω·m, and, as such, the value of σ is 2.50×103 S/m.

The study in [14] presents Selective Laser Sintering (SLS)
3D printed scaffolds with stainless steel 316L powder,
demonstrating a σ of 1.8×106 S/m. This value is several
orders of magnitude higher than the value of 106.94×103

S/m presented for the Ultrafuse 316L filament. Addition-
ally, information from [15] indicates that aluminum has a
σ of 38×106 S/m, while copper has 59×106 S/m, the lat-
ter significantly higher than the reported value for Metal-
Fil. These discrepancies may be attributed to several fac-
tors, notably the impurity of the metal powders used in

Table 1. Summary of characteristics of the employed 3D
printing materials (after printing), and other full metal ma-
terial solutions.

AM Material Conductivity Density RMS Surface
Technique (Filament) [S/m] [g/cm3] Roughness [µm]

FDM BASF - Ultrafuse 316L 106.94×103 7.75 9.31
Formfutura - MetalFil Classic Copper 2.50×103 5.10 20

SLS Stainless steel 316L 1.8×106 – –
not applicable Copper 59×106 – –

the composite filaments and the presence of a polymeric
binder, such as PLA. These factors substantially reduce the
σ values in 3D printed metal composites compared to their
full-metal counterparts, whether they are 3D printed or not,
as was the case with the SLS steel scaffolds. Typically,
metallic-type antennas like horn antennas are created with
metals such as copper, aluminum, brass, or steel. Refined
metals such as the aforementioned ones can cost between
0.20 to 8 e/kg while the employed filaments cost vary from
55 to 150 e/kg. While the price of the employed filaments
might be several times higher than the refined metals, the
difference of cost relies mostly on the process of fabrica-
tion, since the final cost of an antenna can rely on a series
of investments accounting for fabrication equipment, engi-
neering, materials, logistics and others.

3 Qualitative analysis of material samples

To accurately simulate the antennas with their designated
materials, the initial step involved the creation of FDM
samples. These samples were meticulously crafted into pre-
cisely shaped 10 mm cubes, for all 3D printing materials,
maintaining a layer height of 0.20 mm. The manufactur-
ing procedure was carried out using a Flashforge Creator3,
highlighting the versatility of this 3D printing technology.
Following fabrication, the samples underwent qualitative
analysis through observation under a digital microscope,
focusing on their lateral side. To enhance observation and
image acquisition, a custom-fabricated light-box with uni-
form and diffuse lighting was utilized. Upon inspection, the
surface of the reference antenna, a WR-42 Standard Gain
Horn Antenna, whose body is crafted from machined alu-
minum, appeared very smooth, although marks from the
milling process were discernible (Fig. 2a).

The Ultrafuse (Fig. 2b) sample displayed nearly flawless
structures, showcasing even 0.20 mm layer raster lines and
an absence of significant defects. This indicates a high
compatibility and successful integration with the 3D print-
ing process. However, the MetalFil sample (Fig. 2c) ex-
hibited noticeable random defects, including uneven height
layers in the 0.20 mm raster lines and sporadic holes on the
surface. These anomalies were attributed to potential noz-
zle clogging during printing, likely stemming from the fact
that most commercially available 3D printers were not ex-
plicitly designed for handling composite materials. Despite
employing manufacturer-recommended settings, these may
not be optimal for the specific 3D printer used, necessitat-
ing future minor adjustments.

In the absence of specific studies on surface roughness for
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Figure 2. Microscope photos: (a) Aluminum machined
surface of the reference antenna, (b) BASF - Ultrafuse
316L, and (c) Formfutura - MetalFil Classic Copper.

MetalFil, a qualitative approach was adopted. Acknowl-
edging the inherent uncertainties in extracting roughness
values from a single image, it is assumed that the Rq for
MetalFil is approximately twice that of Ultrafuse, measured
at 20 µm.

4 Horn antenna fabrication and simulation

After material characterization, horn antennas were specif-
ically designed for the K-Band (18 to 27 GHz), aligning
with the WR-42 waveguide standard (18 to 26.5 GHz) of
a chosen reference antenna. Subsequently, the 3D printed
models were simulated using the values provided in Table
1. Horn antennas were designed with waveguide dimen-
sions of 10.668 mm (width) by 4.318 mm (height) and an
overall length of 120 mm. All horn antenna materials were
modeled as lossy metals. The wall thicknesses of the refer-
ence antenna and copper antenna were set as 1 mm, while
the Ultrafuse was increased to 2 mm. In the case of the
latter, this adjustment aimed to enhance the hardness and
stability of the printed part.

All simulations were carried out using CST Microwave
Studio, covering both the reference antenna and the FDM
printed antennas. The realized gain over the frequency ob-
tained for the three antennas is illustrated in Fig. 3a, indicat-
ing values ranging from 18.57 to 21.31 dBi, 16.61 to 19.14
dBi, and 17.89 to 20.52 dBi, within the bandwidth defined
between 18 to 26.5 GHz for the reference, MetalFil, and
Ultrafuse antennas, respectively. This clearly demonstrates
the impact that the selected materials have in realized gain
performance. The return loss is depicted in Fig. 3b, demon-
strating a good match for all three cases, although the alu-
minum antenna exhibits deeper resonance nulls throughout
the frequency band.

Antenna radiation patterns for all simulated antennas are
presented at 22 GHz in Fig. 3c and Fig. 3d, for azimuth and
elevation, respectively. The azimuth and elevation patterns
are similar for all three cases, with a slight difference for
the MetalFil antenna. Azimuth sidelobe levels (SLL) for
the reference, Ultrafuse, and MetalFil antennas were -29.1
dB, -29.5 dB, and -29.4 dB, respectively. The azimuth half-
power beamwidth (HPBW) was 17.8°, 17.9°, and 17.9° for
the reference, Ultrafuse, and MetalFil antennas. For ele-
vation, SLL was -11.5 dB for the reference and Ultrafuse
antennas, and -11.0 dB for the MetalFil. The elevation
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Figure 3. Simulated results for the MetaFil, Ultrafuse and
reference antennas: (a) realized gain, (b) return loss, (c)
azimuth, and (d) elevation radiation patterns at 22 GHz.

Figure 4. Antenna total efficiency as a function of surface
roughness at 22 GHz.

HPBW was 17.3° for the reference and MetalFil antennas,
and 17.2° for the Ultrafuse. At 22 GHz, total efficiency was
98.2% for the reference antenna, 89.7% for the Ultrafuse
antenna, and 64.8% for the MetalFil antenna.

A study of the total efficiency as a function of Rq was con-
ducted for all the simulated 3D printed antennas at a fre-
quency of 22 GHz, as depicted in Fig. 4. This analysis
aimed to observe the extent of the impact of surface rough-
ness on the performance of each antenna. As surface rough-
ness increases, the efficiency of the antenna decreases al-
most linearly. For the same surface roughness value, e.g.
5 µm, the efficiency values are 91.7% and 67.9% for the
Ultrafuse and MetalFil antennas, respectively. This differ-
ence of approximately 24% is due to the properties of the
materials themselves. In this case, since both densities are
very similar, the difference could be mainly attributed to the
lower σ in the MetalFil antenna. This can also explain the
lower gain presented in Fig. 3a. Lastly, the horn antennas
were manufactured (Fig. 1) using a Flashforge Creator3,



employing a layer thickness of 0.20 mm and following the
manufacturer’s recommended fabrication settings [8, 9].

5 Conclusions

In this study, simulations provided insights into the impact
of surface roughness and σ on the 3D printing of horn an-
tennas, evaluating their feasibility for fabrication using the
FDM technique. The findings revealed that total efficiency
decreases almost linearly with increasing surface rough-
ness, subsequently affecting realized gain. This trend could
be attributed to the rise in resistance due to the increase of
effective area, which then increases the absorption of radia-
tion through the antenna structure. With an increase in sur-
face roughness, the scattering of EM waves also increases,
redirecting the radiated energy to undesired directions. Ad-
ditionally, it was observed that a decrease in σ results in a
drastic reduction in efficiency, as more power is dissipated
as heat in the antenna structure. Since the material becomes
less capable of reflecting EM waves, it also increasingly ab-
sorbs more radiation. This highlights the importance of us-
ing both highly conductive and smooth materials in the fab-
rication of metal-type antennas via 3D printing techniques,
such as 3D printed horn antennas.

Furthermore, the estimated cost for fabricating both anten-
nas through FDM, considering the materials, power con-
sumption and fabrication process, the Ultrafuse antenna
costs approximately 10 times less than traditional machin-
ing fabrication. In contrast, the MetalFil antenna is esti-
mated to be around 100 times less expensive than machin-
ing, at an expense of lower performance. Ongoing efforts
involve the production of additional horn antennas using al-
ternative 3D printing materials and AM techniques. Subse-
quently, EM measurements will be conducted in an ane-
choic chamber for all the 3D printed horn antennas, aiming
to evaluate their performance and make comparisons with
the simulated models. For future endeavors in the charac-
terization of metallic materials, it is recommended to utilize
appropriate equipment for assessing σ and surface rough-
ness, thus optimizing the designs during simulation stage.
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