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ABSTRACT This paper presents a parametric study of classical additive 3D-printing settings for use on
conductive filaments in applications for high-frequency topologies. First, a wideband characterization was
conducted, printing a microstrip transmission line using a conductive filament with variations of typical
3D-printing settings, such as layer height, infill percentage, and infill pattern. The measurement results
show a dependence on the high-frequency transmission parameters with respect to the infill percentage
and the infill pattern. Finally, two antennas were 3D-printed using conductive material, a microstrip patch,
and a low-weight pyramidal horn antenna. The results for the patch agree with the losses found on the
line measurements, while the low-weight pyramidal horn exhibits no major differences compared with its
equivalent antenna, made using perfect conductors.

INDEX TERMS 3D-printing, wideband characterization, 3D-printed antennas, conductive PLA.

I. INTRODUCTION
Currently, 3D-printing has changed the methods of manu-
facturing and prototyping. The precision of new-generation
printers, in addition to the variety of materials, has made
possible the construction of structures and models that pre-
viously were too difficult or expensive to build [1]–[4].
3D-printing techniques vary depending on the materials,
accuracy and costs addressed by the manufacturer. Tech-
niques such as additive 3D printing, deposition and laser are
the most used, where the choice among them depends on the
materials, the required precision and the overall cost.

One of the issues that involves the realization of a
high-frequency topology such as an antenna is that some
specifications cannot be found on the market, either because
of its shape, size, resonance frequency or bandwidth, creat-
ing the need for the design and construction of prototypes.

The associate editor coordinating the review of this manuscript and
approving it for publication was Kwok L. Chung.

Depending on the structure, these prototypes can increase
the cost of the overall project and, in many cases, are
time-consuming in terms of the manufacturing process. The
easy-access to low-cost 3D printers can have a direct impact
on the reduction of costs and time for a final high-frequency
product [5]–[7]. In particular, additive 3D printing is an
emerging technology that offers great potential for the man-
ufacturing of low-cost, low-weight compact structural com-
ponents for wireless applications and mobile communication
systems that are also respectful to the environment.

In previous works, various additive manufacturing tech-
niques have been implemented, such as stereolithography or
3D printing with a subsequent metallization process for the
fabrication of high-frequency devices [8]–[18]. The afore-
mentioned techniques have facilitated the rapid manufac-
turing of prototype antennas, showing good performances
in terms of radiation characteristics [11], [19], [20]. How-
ever, there are few studies on 3D printing directly with
conductive materials [21]–[24], but most of them focus
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on the use of 3D-printed dielectric filaments [25], for
example, in lens applications [26], [27]. The new low-cost
PLA filaments available on the market with conductive
characteristics [28]–[30] open the possibility for electronics
applications, whether creating tracks on printed plates, filters,
antennas or other high-frequency devices. Nevertheless, it is
important to characterize the behavior of these new filaments
for their use in higher-frequency devices in terms of different
printing possibilities and to compare their behavior with that
of traditional metallized structures. It is important to note
that standard polylactic acid (PLA) can also be used as a
substrate for high-frequency structures from the perspective
of a complete fabrication of both dielectric and metallic parts
in 3D printing. Therefore, it is important to also characterize
the permittivity behavior of the PLA; several studies have
been done under this scope [31]–[34].

To date, few studies have addressed the characterization
of these new conductive filaments as a function of the
frequency [21], and no studies have been carried out to char-
acterize the performance of these filaments with respect to the
printing specifications. Depending on the specific software
used and the printer, each prototype can be constructed in
many different ways in terms of percentage of infill, wall
size, and height of the layer and infill pattern. Under this per-
spective, the objective of this article is to perform a wideband
parametric study, using a microstrip transmission line, of the
behavior of 3D printing for different printing parameters such
as infill quantity, infill pattern and layer height and, finally,
the use of these results for the construction of two types of
antennas.

The article is divided as follows. In Section II, the mate-
rials used for the 3D printing and the 3D printer itself,
including the parameters that will be studied, are introduced.
In Section III, the wideband characterization of the material
using a microstrip transmission line is presented, and in
Section IV, two antenna applications are presented using the
previously characterized material.

II. FILAMENT AND PRINTER CHARACTERISTICS
To perform a wideband parametric study, it is important
to know the parameters of the materials that will be used
and the printer characteristics. Currently, there are sev-
eral commercial options for conductive filaments compat-
ible with standard 3D printers. Among these possibilities,
the chosen filament was the 1.75-mm Electrifi conductive
filament [28]. This filament has a resistivity of 0.006 �·cm,
one of the highest conductivities available on the market [28].
The suggested printing temperature for this filament is
between 140 and 160◦C, and the suggested printing speed is
between 14 and 45 mm/s.

The characterization of the conductive filament will be
done using a standard microstrip transmission line. There-
fore, there is the need for a substrate that holds the con-
ductive filament. To do a full integration in 3D printing,
a standard 1.75-mm PLA from the manufacturer Sakata
3D [35] will be used. As this filament will be used as a

FIGURE 1. Quarter-wavelength microstrip open stub resonator.
a) Isometric layout. b) Top view of the constructed resonator with copper
foils. c) Top view of the constructed resonator with conductive PLA.

substrate, it is necessary to characterize it in terms of its
relative permittivity εr . For this characterization, the method
proposed in [36], [37] was used, consisting of the use of a
quarter-wavelength microstrip open stub resonator to esti-
mate the effective dielectric constant εeff of the substrate,
using the central frequency and the bandwidth of the res-
onator (Q-factor). First, we calculate the εeff using the fol-
lowing equation [36]:

εeff =

(
n · c

4 · f0 · lstub

)2

, n = 1, 3, 5 . . . (1)

where c is the speed of light in free space, lstub is the
length of the stub and f0 is the central frequency of the res-
onator. Finally, to obtain the relative permittivity εr , classical
microstrip design equations are used [38].

In Fig. 1, the constructed quarter-wavelength open stub
resonator is shown. In Fig. 1a, the layout of the resonator is
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described, while in Fig. 1b, the top view of the constructed
device is shown. Copper foils were used for the metallic
parts of the resonator (microstrip line and ground plane).
The final dimensions of the resonator are the following:
hsub = 1.7 mm, lsub = Wsub = 100 mm, Wline = 4.5 mm
and lstub = 58.5 mm. In addition, and in order to obtain
the effective permittivity of a structure involving the PLA
plus the conductive filament, another resonator was build
using conductive filament (Fig. 1c). In this case, the height
of the microstrip line constructed with the filament was
of 1 mm.

The measured transmission coefficient |S21| of the
quarter-wavelength open stub resonator is included in Fig. 2.
The results show two resonant frequencies of the stub at
900MHz and at 2.7 GHz. From thismeasurement and accord-
ing to Eq. 1, the effective permittivity is approximately εeff ≈
2.07, which implies a relative permittivity εr ≈ 2.5 of the
PLA printed substrate. Using the same procedure for the
resonator constructed with the PLA, we can observe a shift
on the resonant frequency, which implies an overall effective
permittivity (PLA+conductive PLA) of approximately εeff ≈
1.84 for the first resonance and for the second resonance a
εeff ≈ 2.01. We can observe that the conductive filament,
which have other dielectric materials in order to make it
suitable for 3D printing, has an influence on the effective
permittivity of the printed structure. Also there is a frequency
dependence of this parameter on the material.

FIGURE 2. Measured |S21| of the quarter-wavelength open stub
resonator.

To print the conductive filament, it is necessary to set
the 3D printer with the specific parameters for a correct
deposition. The 3D printer used in this study is an Ocular
3D [39] custom-made 3D printer that can be seen in Fig. 4.
Some of the important technical parameters of the printer are
presented in Table 1. The parameters of the printer were set
to meet the requirements for printing the Electrifi conductive
filament. To achieve better printing of the filament, the hot-
end of the printer was modified with a CNC machine to
guarantee better filament flux during the printing process,
avoiding the damages that can be produced by the filament
getting stuck in this part of the printer. The modification

FIGURE 3. Diagram of the modified hot-end with a CNC machine (units
in mm).

FIGURE 4. Custom-made EIE 3D printer from Ocular 3D.

TABLE 1. Ocular 3D EIE custom 3D printer technical specifications.

consisted on modifying the inner diameter of the hot-end and
heatbreak, drilling a hole to fit a teflon tube of 4.1 mm of
outer radius and 2 mm of inner radius.

The wideband characterization will be done using a
microstrip transmission line printedwith the Electrifi conduc-
tive filament, varying the infill percentage, the layer height
and the infill pattern. Therefore, the printer setup used for the
correct deposition of the filament is shown in Table 2. These
parameters can be set with a standard 3D-printer software,
such as Ultimaker CURA [41].

TABLE 2. 3D-printer settings for conductive filament.

III. MICROSTRIP LINE CHARACTERIZATION
The effects of the various printing settings are studied
through a wideband characterization using a 3D-printed
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FIGURE 5. Measured transmission losses of the reference transmission
line over the PLA and compared with a standard microstrip line etched on
FR-4.

FIGURE 6. Constructed microstrip lines. a) 3D-Printed substrate with
copper foil. b) FR-4 substrate with etched copper line.

microstrip line. Parameters such as infill percentage, infill
pattern and layer height were studied with respect to their
influence on the transmission losses of the transmission line.
Before the characterization of the 3D-printedmicrostrip lines,
a reference 50 � microstrip line is made with copper foils
over the previously characterized PLA. The dimensions of the
printed PLA substrate are 70 mm× 70 mm× 1.7 mm. Fig. 5
shows the transmission losses (in dB/mm) of the transmission
line over the PLA substrate, compared with a traditional 50�
microstrip line etched on a FR-4 substrate (εr = 4.4, tanδ =
0.02) and Fig. 6 shows the constructed microstrip lines. From
these results we can see that the losses introduced by the PLA
substrate are comparable with a traditional FR-4 substrate.
The PLA microstrip line with copper foils will be used as a
reference line in terms of the dielectric losses introduced by
the PLA substrate (as we assume that the losses due to the
copper foils are negligible), in order to analyze only the losses
introduced by the conductive filament on the microstrip
line.

A. 3D-PRINTED MICROSTRIP LINE CHARACTERISTICS
Fig. 7 contains the constructed microstrip line template that
will be used for the characterization. Fig. 7a shows an iso-
metric view of the layout of the printed microstrip line. The
transmission line is printed over the previously characterized
PLA substrate of height hsub = 1.7 mm and lateral dimen-
sions of Lsub = Wsub = 70 mm. The Electrifi conductive line

FIGURE 7. 3D-printed microstrip line. a) Isometric layout b) Top view of
the constructed microstrip line.

is printed with a height of helec = 1 mm andWline = 4.5 mm.
Finally, the ground plane is made with a copper foil and
two 50 � SMA connectors (one on each side of the line),
soldered using the same conductive filament as the microstrip
line. A top view of the constructed 3D-printed microstrip
line is shown in Fig. 7b. To compare the measurements and
to remove the dielectric losses introduced by the substrate,
the transmission losses of the copper microstrip line etched
on the same PLA substrate was subtracted from the mea-
surements results of the fully 3D microstrip line transmission
coefficient.

FIGURE 8. Different infill percentages for the microstrip line. a) 10% infill.
b) 50% infill. c) 100% infill.

Once the microstrip line dimensions were defined,
the printer settings for the study were set. First, and as
shown in Fig. 8, three variations of the infill percentage were
defined: 10% (Fig. 8a), 50% (Fig 8b) and 100% (Fig. 8c).

VOLUME 7, 2019 106817



F. Pizarro et al.: Parametric Study of 3D Additive Printing Parameters Using Conductive Filaments on Microwave Topologies

FIGURE 9. Different infill patterns used for the study. a) Concentric.
b) Triangle. c) Zig-zag.

For each infill percentage, three infill pattern variations were
studied: concentric infill, triangle infill and zig-zag infill.
The patterns are defined in Fig. 9. Finally, the lines will be
constructed using the various infill percentages and infill pat-
terns with three different layer heights: 0.2 mm, 0.25 mm and
0.3 mm. This heights were chosen because of its stability dur-
ing the printing process. Tests done with lower layer heights
(i.e. 0.1 mm layers) shows poor stability in their dimen-
sions during the printing process. In total, the combination
of these parameters leads to the construction of 27 different
3D-printed microstrip lines.

B. MEASUREMENT RESULTS
The scattering parameters of the 27 3D-printed microstrip
lines weremeasured using a Rohde&Schwarz ZVA40Vector
Network Analyzer (VNA) on a band from 1 to 10 GHz.
The measurement results in terms of transmission losses
(in dB/mm) for all the constructed lines are presented
in Fig. 10. For a better analysis, the results are shown with
respect to infill percentage. That is, Fig. 10a corresponds
to the 10% infill percentage lines with the combination of
different layer heights and different infill patterns, and the
same is true for the 50% infill percentage (Fig. 10b) and 100%
infill percentage (Fig. 10c). Note that in all the represented
measurements, the reference copper line case is subtracted to
neglect the dielectric losses introduced by the PLA substrate.
Additionally, for all measurements, the reflection coefficient
|S11| had values below -10 dB over the whole band.

From Fig. 10, we can see that if we increase the infill
percentage, the losses tends to be lower at higher frequencies,
while in the lower part of the band (below 4 GHz), there were
no significant differences between the different infill percent-
ages. Another important result is that the difference between
the infill patterns becomes more relevant, while the infill
percentages are lower. For example, if we consider Fig. 10a,
we can see that in the higher part of the band (above 5 GHz),
the losses difference between each infill pattern becomemore
significant, with values that can differ up to 7 dB between
two different patterns. This result can be explained because
at lower infill percentages, the infill pattern becomes more
noticeable than at higher infill percentages, when it tends to
become a more uniform infill. Finally, concerning the layer
height, there is a slight tendency in all cases in which the

FIGURE 10. Transmission losses difference with respect copper line for
different infill percentage as function of layer height and infill pattern.
a) 10% infill. b) 50% infill. c) 100% infill.

0.2-mm layer has the lowest losses on average. Nevertheless,
and as explained before, while increasing the infill percent-
age, the difference between the infill pattern and the height
layer becomes less significant for most of the cases.

IV. EVALUATION ON ANTENNA APPLICATION
With the results obtained with the characterization, we con-
structed two different antenna topologies: a microstrip patch

106818 VOLUME 7, 2019



F. Pizarro et al.: Parametric Study of 3D Additive Printing Parameters Using Conductive Filaments on Microwave Topologies

antenna and a pyramidal horn antenna. First, the microstrip
patch antenna was made to compare a simulated result using
the manufacturer specifications for the filament with a mea-
sured one. This is an important topology to asses to establish
the relationship between the measured losses in the filament
for a resonant type topology and its impact on the radiation
pattern.

On the other hand, the pyramidal horn antenna was made
to assess two different parameters: first, to test an aperture
antenna topology with a waveguide feed and, then, to eval-
uate the impact on the radiation parameters of reducing to a
minimum the weight of the antenna using the lower quantity
of filament possible for its fabrication. Both antenna radiation
patterns were measured in an anechoic chamber.

A. 3D-PRINTED PATCH ANTENNA
The 3D-printed microstrip patch is presented in Fig. 11. This
patch was designed for a resonance frequency f0 of 2.5 GHz.
The substrate used for the antenna was the same PLA used on
the microstrip line characterization. In terms of the permittiv-
ity, the value used for this design was a εeff = 2.01 (εr ≈
2.41) and hsub = 1.7 mm, which corresponds to the charac-
terized value obtained with the quarter-wavelength open stub
resonator printed with the conductive filament at the antenna
frequency band. In addition a tanδ = 0.02 was used for the
PLA dielectric losses, in agreement to the measured shown
results in Fig. 6. The isometric layout of the printed patch
antenna is shown in Fig. 11a. The final dimensions for this
antenna were Wsub = Lsub = 100 mm, Lpatch = 36.95 mm,
Wpatch = 45.45 mm, Lins = 10 mm, Wins = 2 mm and
helec = 1 mm. In Fig. 11b, a top view of the constructed
patch is shown. As previously mentioned, the 50 � SMA
connector was soldered to the feeding microstrip line using
the same Electrifi conductive filament. Finally, the antenna
was constructed using 100% infill, 0.2 mm of layer height
and a concentric infill pattern.

The first assessed parameter was the reflection coeffi-
cient |S11| of the 3D-printed antenna. The results are shown
in Fig. 12. The antenna was simulated using ANSYS HFSS
software and using the conductivity parameters for the fila-
ment given by the manufacturer. As a result, the measured
|S11| of the constructed antenna gives a resonance frequency
f0 ≈ 2.5 GHz, which matches the results obtained with sim-
ulation. Note that both cases (simulation and measurement)
are well matched at the resonant frequency.

Another parameter of the antenna that was measured was
its gain radiation pattern. These results are also compared
with two reference antennas, one etched in FR-4 and another
done with the same PLA substrate and copper foils, with
its central frequency also at 2.5 GHz (Fig. 13). Both ref-
erence antennas have the same feeding topology and are
constructed on a substrate with the same dimensions as
the fully 3D-printed antenna (Wsub = Lsub = 100 mm,
hsub = 1.7 mm).

The results for the simulated and measured gains are illus-
trated in Fig. 14. We can see that in both planes (Fig. 14a

FIGURE 11. Microstrip 3D-printed patch antenna. a) Isometric layout.
b) Top view of the constructed microstrip patch antenna.

FIGURE 12. Simulated and measured reflection coefficient |S11| as a
function of frequency of the microstrip 3D-printed patch antenna.

for the E-Plane and Fig. 14b for the H-plane), a good
agreement between the simulated and measured results was
found in terms of the radiated mode of the patch. How-
ever, the values of the maximum gain differ in both cases.
For the HFSS simulation using PLA substrate and the con-
ductive filament, the maximum gain obtained was 2.7 dB,
while in measurements, this value was around 1 dB. This
can be explained because the manufacturer does not provide
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FIGURE 13. Constructed patch antennas for comparison. a) Copper foils
over PLA. b) Copper etched over FR-4.

FIGURE 14. Measured and simulated gain for the 3D-printed patch
antenna with conductive filament and compared with two reference
antennas at the resonant frequency f0 a) E-Plane. b) H-Plane.

information regarding conductivity for high frequency, and
therefore, conductive or dielectric losses are higher than the
nominal specified value. In comparison with the reference
antennas, we can see that both constructed antennas are very
similar in terms of maximum gain (around 3 dB) and con-
firming the similarities in terms of dielectric losses between
both substrates.

B. 3D-PRINTED PYRAMIDAL HORN ANTENNA
The other constructed antenna was a pyramidal horn antenna.
This is a widely used antenna topology that has been

assessed in previous works using 3D printing [13], [19],
[20], [42]–[44]. The difference in the present work is that
the antenna was constructed using the least possible amount
of conductive filament, and its radiation characteristics were
measured to compare them with an identical simulated
antenna made by perfect conductor (PEC) layers and with a
horn antenna simulated with the electrifi parameters.

For this design, the antenna was conceived to radiate in the
C-Band, with a gain of around 15 dB at 5.8 GHz, and fed with
a standard WR159 waveguide with a 50 � SMA transition.
This frequency for this antenna was chosen for two main
reasons: the first is that this frequency band is used for vehicle
communications [45], and the second is to compare the losses
in a different topology, known to have less losses than the
microstrip [38]. A layout of the designed antenna is shown
in Fig. 15. The final dimensions for the design parameters
are lfeed = 9.4 mm, lwg = 41.7 mm, awg = 40.38 mm,
bwg = 20.19 mm, Rap = 82.8 mm, Lap = 82.8 mm,
Wap = 121 mm and hap = 91.4 mm.

FIGURE 15. Layout of the 3D-printed pyramidal horn. a) Top view. b) Side
view.

Regarding the construction of the antenna, it was printed
using a concentric infill pattern, with walls of a width of
1 mm, divided in 0.2-mm height layers, and an infill per-
centage of only 10%. The combination of these parameters
provides a constructed antenna that has a total weight (aper-
ture plus feeding) of only 27 grams. This antenna has very
low weight compared to a metal-based antenna with similar
characteristics, with values of around 750 to 800 grams [46].
In terms of the 3D printing process, the horn can be printed
without any supporting structure because of the angles
obtained for the horn aperture are lower than the critical angle
that the printer can print without a support structure for this
material. Therefore the printing process was a normal additive
process layer-over-layer. In Fig. 16 is shown the structure of
the horn antenna on the CURA software before printing. The
3D-printed pyramidal horn antenna is shown in Fig. 17.

The gain radiation pattern of the antenna at 5.8 GHz was
measured in an anechoic chamber (Fig. 18), and its results are
presented in Fig. 19. The measured results are compared with
two HFSS simulated result obtained using the same designed
horn antenna but using a perfect electric conductor (PEC) on
the walls and other comparison using the Electrifi conductive
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FIGURE 16. Pyramidal horn view on CURA software.

FIGURE 17. 3D-printed pyramidal horn.

FIGURE 18. 3D-printed pyramidal horn in the anechoic chamber.

filament parameters on the walls. From Fig. 19a (E-plane)
and Fig. 19b (H-plane), we can see that we had good agree-
ment between the simulations (both PEC and Electrifi) and
measurement in both planes, having very similar maximum
gains (around 15 dB on simulation and 14.3 dB on mea-
surement). This can be explained because, in this kind of
waveguide topology, the losses are lower than for a resonant
topology such as themicrostrip patch antenna due to the lower
currents [38], [47], [48].

FIGURE 19. Radiation pattern for simulated (PEC), simulated (electrifi)
and measured (electrifi) 3D-printed pyramidal horn antenna at 5.8 GHz.
(a) E-Plane. (b) H-Plane.

V. CONCLUSION
This work presented a wideband parametric study of clas-
sical 3D-printing settings for use in printing high-frequency
topologies with Electrifi conductive filament. The three stud-
ied parameters, infill percentage, infill pattern and layer
height, were varied to construct 27 3D-printed microstrip
lines. The results show that there is a dependence between
the infill percentage and the losses (the lower the infill per-
centage is, the higher the losses) for frequencies above 4GHz.
In addition, the infill percentage has an influence on how the
different infill patterns can be important in terms of losses on
the line. The obtained measured results are important in terms
of the use of the conductive filament and printing parameters
for high-frequency topologies.

Two antennas were also constructed using 3D printing: a
microstrip patch antenna and a low-weight pyramidal horn
antenna. The microstrip patch antenna exhibited a good radi-
ation pattern in terms of the radiated mode but with higher
losses than for the simulated antenna. The low-weight pyra-
midal horn antenna showed good agreement in comparison
with the simulated antenna, showing lower losses than the
microstrip antenna. This can be explained by the fact that
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the values of currents for waveguide topology tend to be
lower than in a resonant topology such as the microstrip
patch antenna. As the low-weight horn antenna has a similar
behavior to that of its fully metallic equivalent, it can be
very useful for applications where weight is an important
issue, such as antennas with critical mechanical movements
or antennas on unmanned aerial vehicles (UAV).
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