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Abstract—This paper presents one of the first examples of the
exploitation of 3D-printing in the fabrication of microwave components and antennas. Additive manufacturing represents an enabling technology for a wide range of electronic devices, thanks
to its inherent features of fast prototyping, the reasonable accuracy, fully 3D topologies, and the low fabrication cost. A novel 3D
printable flexible filament, based on NinjaFlex, has been adopted
for manufacturing the substrate of a 3D printed patch antenna.
NinjaFlex is a recently introduced material with extraordinary
features in terms of mechanical strain, flexibility, and printability. Initially, the electrical properties of this material are investigated at 2.4 GHz using the ring resonator technique. The capability of selectively changing the dielectric constant by modifying
the printed material density by fine tuning printing infill percentage is verified experimentally. Subsequently, a square patch
antenna is prototyped through 3D printing and measured to validate the manufacturing technology. Finally, exploiting mechanical flexibility properties of NinjaFlex, the antenna is tested under
different bending conditions.
Index Terms—3D printing, flexible electronics, material characterization, NinjaFlex, patch antenna.
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I. INTRODUCTION

HE RECENT TRENDS in wireless sensor networks and
the Internet of Things require the availability of low cost,
compact and light weight, easy-to-integrate RF and microwave components and systems [1]. Moreover, applications in
the field of wearable electronics, agriculture, and domotics
have led to the investigation of novel materials and fabrication
technologies. Textile materials have been adopted for the
manufacturing of wearable components and antennas [2], plastic thin films have been proposed due to their flexibility [3],
and paper has been adopted as an eco-friendly material [4].
Furthermore, an innovative flexible magnetic composite material has been adopted for wearable bio-sensors [5].
Besides the aforementioned materials, the emerging 3Dprinting technology and the increasing commercial availability
of printers and materials have opened new possibilities to RF
and microwave designers [6]-[9]. The most interesting features of 3D printers are the manufacturing of complex 3D
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parts and the realization of arbitrary 3D shapes within bulky
materials. Current 3D manufacturing technologies include
fused deposition modeling (FDM), stereo-lithography (SL),
and laser sintering [10]. In particular, the FDM technique is
adopted in this work: it allows printing mainly plastic-based
materials but cannot manage metallic deposition, due to the
relative low temperatures (up to 280°C). The materials are
heated and extruded into a two-dimensional pattern. The
whole structure composed by 2D layers results into the final
3D printed structure. One unique feature of the 3D printing is
the capability of changing the density of the printed object, by
varying the infill percentage, from 100% to roughly 10% (depending on the printed material). This feature can be exploited
to fabricate dielectric substrates with the desired permittivity,
and this property can prove to be very attractive in the design
of printed components and antennas. Moreover, this manufacturing process permits to tune "on demand" the mechanical
properties of the material, achieving the desired lightweight
and flexibility properties.
Among the large variety of available materials for 3D printing, the NinjaFlex filament is one of the newest, as it was introduced in 2014. It is part of the family of thermoplastic elastomers (TPEs) materials, which combine thermoplastic and
rubber [11]. The result of this mixing is a material with extraordinary features in terms of mechanical strain, flexibility,
and printability. The combination of 3D printing and flexible
materials allows for the fast and easy manufacturing of bendable and conformal components and antennas [12]. Nevertheless, since this material was not originally intended for RF and
microwave applications, its electrical parameters (namely, dielectric constant and loss tangent) need to be determined.
Moreover, a technique needs to be developed for the metallization of the circuits, since it is not yet possible to print together NinjaFlex and high-conductivity materials.
This Letter presents for the first time the electrical characterization of NinjaFlex and its use in the implementation of a
flexible patch antenna. The paper is organized as follows: Section II describes the printing procedure of the Ninjaflex-based
substrate, and Section III highlights the possibility to obtain
substrate materials with different dielectric permittivity values
through the control of the infill percentage (preliminarily introduced in [13]), and presents the electromagnetic characterization results of some commonly used 3D printable materials
up to the frequency of 2.4 GHz, based on the ring resonator
technique. Finally, Section IV reports the design, manufacturing, and measurement of the patch antenna, and the characterization of its operation under different bending conditions.
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Fig. 1 3D-printed NinjaFlex substrate: (a) stack of printed layers;
(b) patterns with different infill percentage.

II. 3D PRINTING OF NINJAFLEX SUBSTRATE
The 3D printer used in this work is the Hyrel System 30: it
is able to print a volume of 225x200x200 mm3, with a planar
resolution of 50 µm and a vertical resolution down to 20 µm.
This printer exploits the FDM technology, works with any
plastic materials (ABS, PLA, TPE, Nylon), and is particularly
suitable for printing soft materials, such as NinjaFlex.
The FDM printing technique has a variety of adjustable options that affect the final substrate properties, both from the
mechanical and the electromagnetic points of view. Important
properties include extrusion speed and temperature, individual
layer thickness/height, infill patterns and infill percentage. A
proper combination of this large number of options needs to
be identified, in order to achieve the desired material properties and a repeatable manufacturing process.
The individual layer height represents one of the most important features of 3D printers, which classifies the printers
between consumer and professional. In particular, the layer
height affects the resolution in the vertical dimension. A layer
height of 100 m is considered a standard value, and it can be
achieved by most of the commercially available 3D printers.
Several infill patterns can be adopted for the layers, including
rectilinear, honeycomb and concentric. For any infill pattern,
the infill percentage affects the density of the printed object
and, consequently, its electrical properties (i.e., the dielectric
permittivity) and mechanical stiffness.
The printed layers can be classified in external (top and bottom) layers and inner layers (Fig. 1a). The thickness of the external layers affects the overall mechanical stiffness. The external layers are always solid layers, with infill percentage of
100%. Moreover, the pattern adopted for the external layers is
usually rectilinear, to avoid porosity and to reduce the surface
roughness. On the other hand, the inner layers can be based on
any infill patterns and infill percentage, and this affects the
density of the printed object and its electrical properties. The
substrate selected for the design of the 3D printed antenna prototype has an overall thickness of 1.20 mm and it is printed by
stacking eleven layers. The bottom layer has a thickness of
200 µm and 100% filling. Its thickness is twice the thickness

Fig. 2 Ring resonator for the characterization of 70% infill NinjaFlex
substrate (dimensions in mm: r = 13, v = 1.3, w = 3, g = 0.8).

of the others layers, to achieve a strong adhesion on the printing bed. On top of this layer, another 100% filling layer is
printed, to attain better mechanical stiffness. The six inner layers have a height of 100 µm/layer and can exhibit different infill percentage (ranging from 40% to 100%, Fig. 1b), to selectively modify the electromagnetic characteristics of the NinjaFlex substrate. The top of the stack consists of three solid
layers (with 100% filling percentage): this final step is required to achieve better surface roughness of the substrate.
The rectilinear pattern is employed for all layers, independently from the infill percentage, as it is the most reliable pattern
even for low infill densities and permits a fast and easy fabrication process. The extrusion temperature was 235 °C and the
print bed temperature was 40 °C. The printing speed was
10 mm/s for the boundary and 20 mm/s for the inner part.
Once the dielectric stack has been printed, a suitable technique is needed for the realization of metal strips and patches
on the top and/or bottom faces of the substrate (Fig. 1). Inkjet
printing is a possibility for the manufacturing of conductive
traces, but the residual roughness and porosity of the printed
dielectric material could affect the quality of the conductive
traces. A possible alternative is based on attaching a copper
foil on both faces of the substrate, which is subsequently patterned. The chemical etching does not appear suitable, as it
involves the use of acids, that may damage the NinjaFlex material. A more attractive option is to employ a CNC milling
machine, adopted in the classical PCB process.
In this work, a 25 m thick copper foil was stacked on the
top of the substrate by using a thin layer of epoxy glue. Once
the epoxy is solidified, the desired pattern is obtained by milling machining. The bottom is fully grounded through standard
copper tape, as there is no need for milling machining.
III. RF CHARACTERIZATION OF NINJAFLEX
As the fabrication of dielectric materials by additive techniques is a new topic in the field of microwave components
and antennas, the use of the dielectric substrate obtained by
3D printing requires a preliminary electromagnetic characterization of its electrical properties, in terms of equivalent dielectric permittivity and loss tangent. The dielectric characteristics
of the substrate largely depend on the used printed material, as
well as the stack configuration and the height of the layers. In
addition, the same material can exhibit different properties if
printed with different settings.
Several techniques can be used to characterize dielectric
materials, which include metallic waveguides, cavity resona-
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Fig. 4 Photograph of the square patch antenna on NinjaFlex substrate
(dimensions in mm: A = 65, B = 55, L = 35.8, w = 3, g = 1, t = 7).
(a)

(b)

Fig. 3 Experimental characterization of NinjaFlex substrate:
(a) measured transmission coefficient of three ring resonators on substrates with different infill; (b) relative dielectric permittivity and loss
tangent versus the infill percentage of the NinjaFlex substrate.

tors, and coaxial probes [14]. The method adopted in this work
is the ring-resonator technique, which has been widely and
successfully adopted for numerous non-standard materials,
including paper [15]. This technique permits to determine the
effective permittivity of the substrate from the analysis of the
resonance frequencies of the ring, and the loss tangent from
the evaluation of the quality factor of the ring resonances.
The ring resonator was designed by using the commercial
full-wave simulator Ansys HFSS (Fig. 2). The dimensions
have been selected to achieve the first resonance at 2.4 GHz,
for a substrate thickness of 1.2 mm and by assuming a dielectric permittivity of 3.0. The input/output feeding microstrip
transmission lines has been chosen to achieve the characteristic impedance of 50 . The dimension of the gaps between the
input/output microstrip lines and the ring resonator was kept
intentionally large, in order to obtain a loaded quality factor as
close as possible to the unloaded one. All dimensions of the
structure are given in the caption of Fig. 2.
Three different NinjaFlex 3D printed substrates have been
characterized by using the ring-resonator technique, with infill
percentage of 100%, 70% and 40%, respectively.
The measurement was performed by using an Anritsu
37347C vector network analyzer (VNA). The input and output
feeding lines were connected to the VNA cables with standard
SMA-to-microstrip transitions attached to the circuit with
conductive epoxy glue. The prototype ring resonator with 70%
infill percentage, together with the connectors and the VNA
cables, are shown in Fig. 2.

Fig. 3a shows the measured frequency response of the three
ring resonators with different infill in the frequency band
around the first resonance. As expected, a lower infill density
leads to a higher resonant frequency. This phenomenon is due
to the higher percentage of air in the substrate with lower infill
density that decreases its effective dielectric permittivity.
Based on these measurements, the values of permittivity and
loss tangent have been retrieved for each sample [15]. Fig. 3b
shows the resulting values of dielectric permittivity and loss
tangent versus the infill percentage of the inner layers, compared to the theoretical values derived from the Bruggeman’s
model. Error bars shown in Fig. 3b were derived as in [15].
The results show that both permittivity and losses increase
with infill percentage, due to the different balance between
dielectric material and air. The printer was set to modify only
the infill percentage of the inner layers, keeping the external
layers nominally at 100% infill for all configurations.
IV. IMPLEMENTATION AND TESTING OF THE ANTENNA
Based on the material characterization described above, a
linearly polarized patch antenna has been designed and implemented on NinjaFlex substrate 100% infill. The stack of
layers of Fig. 1 was used for printing the substrate.
The design of the antenna has been performed by using the
full-wave simulator Ansys HFSS. The antenna dimensions
have been optimized for operation frequency of 2.4 GHz, and
the input microstrip line has been designed for a characteristic
impedance of 50 . The thickness of the substrate is 1.2 mm,
the dielectric permittivity is 3.0 and the loss tangent 0.06.
The antenna has been manufactured by adopting the technique described in Sec. II. A photograph of the prototype is
shown in Fig. 4, together with all relevant dimensions of the
antenna. The SMA-to-microstrip connector was attached to
the microstrip line with a conductive epoxy glue.
The antenna performance has been assessed through the
measurement of the input matching, the radiation pattern and
the gain. The measurements have been performed by using an
Anritsu 37347C VNA, and the radiation pattern and the gain
were measured in an anechoic chamber.
The magnitude of the reflection coefficient is shown in
Fig. 5a. The overall agreement between measurement and
simulation is good over the entire frequency band from 1 GHz
to 5 GHz. The measured resonance frequency is shifted down
by 70 MHz with respect to the simulated one, corresponding
to a shift of 3%. It could be attributed to printing variations
due to inherent errors involved with most 3D-printers [16].
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(a)

Fig. 6 Measured reflection coefficient of the flexible patch antenna
under four different bending conditions.

verification under both nominal and bending conditions have
been presented and discussed. This proposed 3D printing–
based manufacturing technique paves the road to wearable applications and rapid prototyping of antennas on novel 3D
printable flexible substrates with easily tunable and optimized
electrical and mechanical characteristics.
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