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• The effect of 3D printing process parameters on the microwave performance of
high rel. permittivity composites is
assessed.
• Layer thickness has a direct effect on
ﬁnal density and relative permittivity
of the 3D printed parts.
• • A 200 μm layer thickness, yielded the
highest rel. permittivity εr = 9.64 ±
0.016 and lowest loss tanδ = 0.003 ±
0.0003.
• The 3D printed samples’ complex permittivity can be controlled by adjusting
the material inﬁll control parameter.
• A Fresnel zone plate lens in with 50% reduction in thickness is demonstrated.
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a b s t r a c t
Fused ﬁlament fabrication (FFF) is a continuously growing additive manufacturing technology that aside from
physical prototypes can also deliver functional prototypes and devices for radiofrequency (RF) and microwave
applications. The very recent introduction of high-permittivity ﬁlaments for FFF has been one of the main facilitators for this major advancement, aiding microwave engineers to realise academics concepts that have thus far
been impossible to fabricate and therefore invent new designs. However, the value to the RF community of these
devices depends on accurate knowledge and repeatability of the electromagnetic properties of the materials
being used which strongly relies on the processing strategy used during printing. This paper investigates the
use of a high-permittivity ﬁlament and studies the impact of layer height and inﬁll density on the relative permittivity (εr) and loss tangent (tanδ). A maximum relative permittivity of εr = 9.63 ± 0.16 and tanδ = 0.003 ±
0.0003 was achieved with a 200 μm layer thickness and 100% inﬁll density. Finally, the results of this study are
used in designing, simulating, 3D printing and measuring the performance of a novel graded-index dielectric
lens operating at 10 GHz.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

⁎ Corresponding author.
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Additive manufacturing (AM) is a highly enabling production technique, where structures are manufactured in a layer-upon-layer manner. Fused ﬁlament fabrication (FFF) falls under the material extrusion
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AM process category, where a thermoplastic polymer – in the form of a
ﬁlament – is fed through a heated head and subsequently extruded via a
nozzle, depositing material to form monolayers. This is repeated in a
layer-upon-layer manner until the ﬁnal part is built. Due to the
technology's simplicity, FFF has always been considered as a low-level
AM technology, but due to the low cost it has been a key player in
familiarising scientists and engineers with 3D printing. Most importantly it has been responsible for providing the stimulus to generate
new ideas or materialise concepts that otherwise would require considerable time and costs to prototype and test through conventional fabrication routes.
In the telecommunications and microwave engineering world, AM is
an exciting and emerging avenue for prototyping or rapid manufacture
of RF devices, however there are limitations and challenges. The early RF
designs used conventional AM ﬁlaments which were not designed speciﬁcally for RF applications, creating very likely repeatability issues in
the performance of the printed devices. Therefore, to enable new degrees of design freedom, it is essential to develop new 3D printable materials with enhanced dielectric or even magnetic properties. Basic
concepts and early trials from a multitude of RF components, using standard FFF materials such as Acrylonitrile Butadiene Styrene (ABS) or
Polylactic Acid (PLA) have been demonstrated in the literature. However, the combination of a comparatively low relative permittivity
(εr ≈ 2.3–3.5) and high dielectric loss (tanδ ≈ 0.02–0.07) pose a limitation for RF applications where high permittivity materials are required
[1,2]. Relative permittivity is the ability of a dielectric material (insulator) to store electrical energy in an electric ﬁeld, where its dielectric
loss tangent denotes the material's ability to dissipate electrical energy
[3]. High-quality RF materials usually have relative permittivity ranged
from 1.5 to 10 with loss tangent from 0.0004–0.01. High relative permittivity and low loss materials would beneﬁt RF devices such as antennas,
ﬁlters, and ampliﬁers through compact designs and high efﬁciency.
Advanced polymer composites have been developed in the last decades to meet the demand of the high-permittivity RF materials for applications such as telecommunications and defence. Those advanced
composites are fabricated by using a polymer material acting as the
host or matrix and are inﬁlled with one or possibly more than one
evenly dispersed materials that possess a different dielectric constant.
Electroceramics are often used for their high permittivity and relatively
low loss, when compared to almost any polymer material [4,5]. There
are numerous studies available in the scientiﬁc literature that discuss
material combinations [6–9], synthesis [10], and associated performance in regards to microwave frequencies.
Filament feedstock for FFF with high permittivity and low loss has
only recently been developed [11–13] and a few are now commercially
available. Castles et al. were the ﬁrst to report the manufacture of an
ABS-based polymer composite ﬁlament, inﬁlled with BaTiO3, particulates
with solid loading up to 70 wt.%, achieving relative permittivity in the
range of 2.6–8.7 and dielectric loss in the range of 0.005–0.027 [11]. Wu
et al. reported the synthesis of a composite ﬁlament comprising of ABS,
containing a 32 wt.% of BaTiO3 microparticle ﬁller. Their 3D printed test
samples reported a relative permittivity value of εr = 11 [12]. Lugo
et al., discussed the additive manufacture of a multilayer dielectric rod antenna for mm-wave applications by using a unique polymer composite,
comprising of cyclooleﬁn polymer inﬁlled with MgCaTiO2 particles up to
30 vol.%. Their test samples achieved a relative permittivity of εr = 4.34
and tanδ = 0.006 measured at 44 GHz [13]. To the best of the authors'
knowledge, these are the only studies available on customizing highpermittivity FFF ﬁlament in the scientiﬁc literature to-date. However,
none of the studies have taken the effect of the printer parameters on
the effective density of the printed material into consideration and
thereby achieve full control over the printed the permittivity.
The AM process not only enables high-permittivity RF components
with bespoke geometries, but it also allows tailoring the ﬁnal dielectric
properties of the composite in a wide range. Taking advantage of effective medium theory [14,15], the ﬁnal property of the composite can be

effectively controlled by adjusting the volume fraction of the inﬁlling
materials within the polymer host, and realize a locally varied permittivity proﬁle to form a more advanced material (metamaterial). Although RF engineers have been tailoring dielectric properties by
perforating dielectric slabs, more complex internal structures and extreme volume fractions that brings superior electromagnetic advantages can be realised using AM thanks to the inhered advantage of the
manufacturing process. Again, the knowledge of the correct dielectric
properties after printing is vital for precisely tailoring the permittivities.
Nevertheless, these new ﬁlaments have given momentum to engineers to materialise several new concepts and ideas that could only be
made using additive manufacturing. Isakov et al. presented a 3D printed
anisotropic composite with meta-material features, where he used arrays
of high and low permittivity thermoplastics, showing that such a 3D
printed material could manipulate mm-wave operating frequency and
Mie-type resonances [16]. Zhang, demonstrated a fully 3D printed mmwave dielectric resonator reﬂect array, using a high-permittivity FFF materials of εr = 4.5 [17]. Espin-Lopez et al. reported the additive fabrication
of a novel antenna following a double-ridge waveguide conﬁguration
using a ﬁlament of εr = 4.5 [18]. Huang et al., designed and 3D printed
a unique wideband antenna comprising of sections with variable permittivity εr = 2.8–8.3, using a composite ﬁlament with εr = 10 theoretical
value [19]. Finally, Monkevich et al., demonstrated the additive manufacture of a custom dielectric Fresnel lens, using a composite thermoplastic
ﬁlament that possessed a bulk relative permittivity of εr = 4.4 [20].
Dielectric properties characterizations have shown that most fabricated samples have a lower permittivity than the value quoted from
the datasheet, and the difference is more signiﬁcant for the highpermittivity feedstock (e.g. ﬁlament of εr = 10 only produces printed
objects of εr = 8.3). The difference could invalidate the RF designs if
the datasheet values were directly used without characterising the dielectric properties after 3D printing. This extra characterization process
prevents widely deploying AM in practical RF applications, despite the
signiﬁcant potential advantages of these specialized FFF ﬁlaments. This
discrepancy between “ideal” permittivity value and printed values is
likely due to porosity induced during the FFF process and is highly dependent on the printer settings. Despite the research effort highlighted
above in both material development and device manufacture the effect
of FFF processing parameters on the permittivity and loss tangent have
not been investigated.
This study investigates the material properties of a commercial highpermittivity composite ﬁlament (εr = 10) for fused ﬁlament fabrication
after 3D printing. Compositional analysis has been used to identify the
high-permittivity additive and the particle size. Assisted by the thermal
analysis, suitable printing parameters have been established to form uniform monolayers that improve the homogenization. The internal structures and micro-defects of the printed samples that are resulted from
the layer height and their effects on dielectric properties of ﬁnal products
are explored. The manufacturing parameters for reliable and repeatable
producing samples with dielectric properties close to values obtained
from the data sheet (i.e. fully dense samples) are presented. Hereafter
samples with variable inﬁll were fabricated and the resulting relative permittivity and loss tangent were measured and assessed with comparison
to predictions of Maxwell-Garnett [14,15] and Wiener bounds [4,16]
models. Finally, the proposed process was adopted to fabricate a
graded-index Fresnel Zone Plate Lens with a radially varied permittivity.
The lens is used to improve the antenna gain for telecommunication application and brings the advantages of longer communication range and
lower power consumption.
2. Materials & methods
2.1. Materials
The material used in this study is a polymer-ceramic composite
(TP21315, Rajamäki, Finland), comprising of an acrylonitrile-butadiene-
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styrene (ABS) matrix, that contains a particle-based ceramic inﬁll of high
relative permittivity. The material is commercially available in a ﬁlament
form of 1.75 ± 0.05 mm diameter ready for 3D printing and has a density
of 2.20 g/cm3 and a dielectric constant of εr = 10, according to the manufacturer's datasheet.
2.2. Additive manufacturing equipment
All manufacturing experiments were performed at room temperature using a desktop fused ﬁlament fabrication 3D printer (Replicator
2X, MakerBot, Brooklyn, New York, USA) equipped with a dual ﬁlament
extrusion module and ﬁtted with brass nozzles of 0.4 mm diameter. The
printing speed used for all manufacturing experiments was kept constant at 80 mm/s for maximum printing throughput (Table 1). To ensure
better adhesion of the ﬁrst layer, all test samples were printed on adhesive masking tape (3434, 3 M, Maplewood, Minnesota, USA), that was
placed on top of the build surface. The build surface was constantly
being heated above 110 °C. A thin layer of an ABS-based adhesive
(dimaﬁx™, Dima3D, Valladolid, Spain) was hand sprayed on the top
of the build surface to help with the bonding of the ﬁrst layer.
2.3. Analytical equipment
The composite thermoplastic ﬁlament was analysed via differential
scanning calorimetry (DSC) (2920 Modulated DSC, TA Instruments Inc.,
New Castle, Delaware, USA), to identify the material's thermophysical
properties such as glass transition, decomposition temperature and any
other thermophysical material interactions during heating. Thermogravimetric analysis (TGA) (Q5000-IR, TA Instruments Inc., New Castle, Delaware, USA) was used to investigate the composite's thermal stability
and the wt.% solid loading of the ceramic ﬁller. Both techniques were performed under an argon gas environment using a 200 ml·min−1 purging
rate, at a heating rate of 10 °C·min−1. All samples were introduced in
high purity aluminium pans, with an empty pan used as a reference to calibrate the baselines.
The identiﬁcation of the inﬁlling material within the composite was
investigated with an X-Ray diffractometer (D2 Phaser, Bruker AXS,
Karlsruhe, Germany) using CuKα radiation at λ = 1.54054 Å, operating
at 30 kV and 10 mA. A 1 mm divergence and a 3 mm anti-scatter slits
were used. Diffraction patterns were collected in the 10–80° 2ϑ interval,
using a 0.02° step size and 15/min rotation of the sample. Collected data
were analysed using Brucker's proprietary software (DIFFRAC.EVA 4.2.2,
Brucker AXS, Karlsruhe, Germany).
The microstructure of the ﬁlament feedstock and the cross-sections
of the 3D printed structures was investigated using a ﬁeld emission
scanning electron microscope (FESEM) (JSC 7800F, Jeol, Japan).
The dielectric properties, such as relative permittivity (εr) and dielectric loss (tanδ), of all the additively manufactured samples; of both
solid and variable inﬁll, were determined by placing the cylindrical 3D
printed test samples of 12 mm diameter and 4 mm thickness, into a
24 mm TE01δ cavity resonator (QWED, Warsaw, Poland), measuring
the transmission and reﬂection from the target sample, connected to a
Vector Network Analyser (VNA) (MS465B22, Anritsu, Japan) using

Table 1
List of processing parameters used in this study.
Parameter

Value

Nozzle temperature
Build plate temperature
Layer height
Printing speed
Nozzle diameter
Extrusion width
Contour – inﬁll overlap
Raster angle

240 °C
110 °C
100–300 μm
80 mm/s
400 μm
400 μm
20%
−45°/45°

3

coaxial cables [21]. The properties were calculated using QWED's proprietary software. All measurements are reported as an average out of
5 different additively manufactured samples together with standard
error.
Finally, the radiation proﬁle and directive behaviour of the graded
index Fresnel lens were measured in an anechoic chamber. Directivity
and gain measurements were measured using three-dimensional
scans of the radiated ﬁelds. The above measured data were compared
to simulated performance that were modelled using CST Studio Suite,
(CST Microwave Studio, Dassault System).

3. Results & discussion
3.1. Material analysis
A ﬁlament sample was subjected to XRD in order to identify the type
of the inﬁlling material used in the composite. Phase identiﬁcation of
the collected diffraction pattern revealed the presence of SrTiO3, with
peaks associated to the (100), (110), (111), (200), (210), (211), (300)
and (310) lattice plains, as shown in Fig. 1. These were indexed to the
cubic perovskite structure with a = 3.90 Å lattice constant. All obtained
data agree with the ICDD PDF 89–4934. Strontium titanate (SrTiO3), is a
well-known ferroelectric material that is widely been used as a dielectric, for multilayer ceramic capacitors because of its high dielectric constant [22,23].
Subsequent imaging via scanning electron microscopy using
backscattered electrons, showed spherical nanoparticles of 500 nm approximate diameter as measured in-situ. The element maps also acquired via EDS showed the sole presence of strontium and titanium,
conﬁrming the previous ﬁndings via XRD. Both results are shown in
Fig. 1.
Fused ﬁlament fabrication (FFF), is considered as a common method
for 3D printing a polymer melt and involves extruding a thermoplastic
material through a heated nozzle. During the FFF process, the material
is heated up to a temperature, past its glass transition (Tg) where the
material exhibits a pseudoplastic ﬂow behaviour, allowing its deposition. Higher extrusion temperatures are expected to improve adhesive
bonding between layers, leading to better mechanical properties,
where too high extrusion temperatures will have the adverse effect
due to polymer decomposition, resulting into weakening of the printed
features [1].
For different materials of the same type (i.e. ABS ﬁlaments of different colour) their thermophysical properties do not vary signiﬁcantly.
However, this may not be the case for polymer-matrix ceramic
nanoﬁller composites, due to immobilisation of the polymer chains
caused by interfacial phenomena between the ceramic nanoparticles
and the polymer. The latter has been documented to cause changes in
the Tg of the polymer [2–4].
The material was subjected to thermal analysis via differential scanning calorimetry, to analyse its thermal behaviour upon heating and extract information useful for the successful manufacture of threedimensional test samples. Calorimetric data shown in Fig. 2a, revealed
a double glass transition reaction at Tg1 = 68 °C and Tg2 = 105 °C and
a major endothermic peak at 285 °C, suggesting the decomposition temperature (Td). This was plotted against the thermal behaviour of a white
uncoloured ABS 1.75 mm in diameter ﬁlament sample (Sigma-Aldrich,
Dorset, UK).
The second glass transition temperature of Tg2 = 105 °C is a characteristic value belonging to the poly(styrene-co-acrylonitrile) phase of
ABS. For thermoplastic materials regarded as more-temperature sensitive, such as ABS and ABS-based composites, it is vital to maintain a
build surface temperature above the glass transition temperature
point. This will allow the material to develop adhesive bonds with the
substrate, thus leading to better mechanical interlocking providing stable foundations for building up the desired geometry.
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Fig. 1. (a) XRD patterns of the TP21315 composite material, (b) Backscatter electron image showing the ceramic nanoparticles and element maps showcasing the presence of (c) strontium
and (d) titanium content within the material.

Further analysis using thermogravimetric analysis shown in Fig. 2b,
revealed the materials thermal decomposition proﬁle from room temperature up to 1000 °C. The polymer exhibited a small weight loss of
2 wt.% up to 350 °C, attributed mainly to water and polymer decomposition vapours. Extensive weight loss was evident between the
400–450 °C temperature range, where the polymer part of the composite decomposes completely. The sample's weight stabilised past 450 °C
temperature to 67.89 wt.% of the starting sample's weight. The latter
also suggests the amount of the SrTiO3 ﬁller that is contained within
the composite, also known as solid loading, since SrTiO3 does not decompose until well above 2000 °C.
3.2. Effects of layer thickness on the microwave properties
Layer thickness is the process parameter in almost any additive
manufacturing process that controls the height of each individually
printed layer, thus it deﬁnes the printing resolution on the z-axis.
Aside from that, layer thickness has a strong impact on the overall
time and costs required to complete a part, since in a bottom-up building process a comparatively thicker layer will take less time. Additionally, this process parameter can affect the aesthetics of the printed
part as a smaller layer thickness is expected to result in a smoother

texture with reduced surface roughness. Even though the aesthetics
are not greatly important when manufacturing or prototyping functional components for RF devices, the surface texture is known to
have an effect on the materials interaction with the electromagnetic
wave, and becomes more signiﬁcant at higher frequencies [24].
Fig. 3a shows the measured relative permittivity (εr) and dielectric
loss (tanδ) of cylindrical test samples as a function of layer thickness.
It is evident that there is signiﬁcant variation in both relative permittivity and dielectric loss as layer thickness changes, where normally those
magnitudes would be expected to be either constant or exhibiting a
small variation. A maximum relative permittivity of εr = 9.64 ± 0.016
and dielectric loss tanδ = 0.003 ± 0.0003 was measured for samples
printed with a 200 μm layer thickness at 80 mm/s printing speed. This
is comparable to the bulk material's properties, as manufactured via injection moulding, that were εr = 10 and tanδ = 0.004, measured at
2.4 GHz using a split-post dielectric resonator.
Following microwave property measurements in the resonant cavity, the samples' density was quantiﬁed via the Archimedean principle.
The resulting curves from the density measurements; as seen Fig. 3b
had an identical trend between the samples' density and relative permittivity, where the highest density of ρ = 2.08 ± 0.003 g·cm−3. The
latter suggested that the layer thickness parameter had a strong effect

Fig. 2. (a) DSC curves overlay of TP21315 and white uncoloured ABS ﬁlament samples, (b) TGA curves overlay of TP21315.
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Fig. 3. Layer thickness vs. (a) relative permittivity and dielectric loss, (b) relative permittivity vs. density.

on the density of the printed parts as it was very likely that defects in the
form of air gaps could have been formed as a result of poor adhesion between layers during extrusion.
In the FFF technique, the extrusion system (also known as hot-end,
or liqueﬁer) is heating up the feedstock thermoplastic material to a
pre-set temperature, where its viscosity drops down and thus deposition can be achieved. Due to the melt and solidiﬁcation mechanisms
taking place in FFF, the localised temperature at the point of extrusion
should be exceeding the glass transition temperature to allow for efﬁcient thermal diffusion bonding between both the adjusted printed
tracks and the previously deposited underlayers. As this is a localised effect, when printing a relatively thicker layer, it is very likely for the onset
temperature to fall well below the glass transition point, as a thicker
material will facilitate faster heat dissipation mechanisms to the ambient temperature. In the opposite scenario where a relatively thinner
layer is printed, the localised temperature may eventually exceed the
material's glass transition, allowing the material to behave more like a
viscous liquid and cause over-melting. The above hypothesis is in line
with ﬁndings that arose from the relative permittivity and density
measurements.
Further analysis by scanning electron microscopy of the crosssectioned samples was pursued to conﬁrm the above hypothesis. The
micrographs shown in Fig. 4, revealed the evolution of the parts' porosity as a function of layer thickness, in the form of air gaps in between
layers and the adjacent printed tracks, causing the drop in the materials
overall density and associated relative permittivity. The samples printed
with a layer thickness setting of 100 μm; shown in Fig. 4a, appeared to
be collapsed together with being poorly adhered to the under and
above layers (z-axis). The samples printed with the maximum layer
thickness setting of 300 μm; shown in Fig. 4e, even though they seemed
to be better adhering in the z-axis direction, were found to be poorly
connected to the rest of their adjacent tracks. Finally, the printed test
samples found to have less porosity; as conﬁrmed via SEM, were the
ones fabricated with the layer thickness of 200 μm; Fig. 4c. This is also
in agreement with the density measurements previously performed
through the Archimedean principle.
3.3. Effects of material inﬁll on the microwave properties
One of the great and enabling beneﬁts that additive manufacturing
has to offer, is the ability to create bespoke parts that exhibit desirable
properties, either by changing their geometrical characteristics or by introducing graded properties throughout their whole body, thus
realising highly sophisticated and functional devices. In the realm of microwave engineering, being able to control the dielectric properties is
considered a great tool for several reasons, such as the ability to achieve

a range of dielectric properties out of a single material, manufacture
more complex devices, and when their function relies on the combination of multiple dielectric properties.
A simplistic but effective way to control a dielectric material's relative permittivity is by introducing material inclusions of either relatively
higher or lower dielectric constant. This approach is based on the effective medium theory for composites comprising out of two components;
a high and low permittivity respectively and describes the minimum
(εmin) and maximum (εmax) expected effective permittivity [25–27].
The above can be easily realised, through the means of additive
manufacturing, by adjusting the material inﬁll (%), a parameter that
controls the amount of material being deposited per given volume. For
example, a 10% material inﬁll setting would translate to a 3D printed
part where only 10 vol.% of material is used and the rest 90 vol.% consists
of air gaps. A series of test samples were 3D printed, where the grid inﬁll
pattern was used. Compared to the typical rectilinear pattern that produces a woodpile type of printed layer structure, the grid offers a twodimensional pattern which ensures a more accurately printed volume
fraction.
Fig. 5a, shows the relative permittivity and dielectric loss of the 3D
printed test samples, as a function of the material inﬁll parameter. As
expected, the test samples' relative permittivity values progressively increased together with the increasing amount of printed material's volume fraction. The dielectric losses were fairly constant around tanδ =
0.0025 but slightly higher for 60% and 100% for no apparent reason.
Fig. 5b, shows the comparison of the relative permittivity measurements of the 3D printed samples as a function of variable material inﬁll
(%), to the theoretical values calculated as per the Maxwell-Garnett
[14,15] and Wiener bounds [4,16] models for the effective medium theory (Eqs. (1)–(3)), which to-date are the most commonly adopted
models for predicting the effective permittivity of two-component composites. It is seen that the measured performance is in closer agreement
to the theoretical values of the Wiener upper bound (εmax) model and
does not match the trend predicted by the Maxwell-Garnett (εMG).
This is ascribed to the fact that according to the Wiener's theorem,
such dielectric activity can only be achieved for a composite dielectric
that consists of plane-parallel layers disposed along the dielectric ﬁeld
and any inclusions (the second part of the composite) are not randomly
oriented. For the case of the Maxwell-Garnett, it is considered as the
most idealised model for a two-phase composite with isotropic dielectric components and inclusions of spherical geometries. However, this
is not the case since the inﬁlling pattern used in this study created dielectric inclusions of orthogonal/cuboidal geometries. The grid inﬁll pattern creates anisotropic internal structure, meanwhile the cuboids have
a higher surface area to volume ratio, therefore, this results in greater
capacitance and leads to higher permittivity when the inﬁll percentage
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Fig. 4. (a–e) Electron micrographs showing printing defects occurring for different layer thicknesses over the range of 100–300 μm.

is relatively small. For Additively manufactured devices with variable
inﬁll the effective permittivity should therefore be calculated using the
linear Wiener upper bound (εmax) model (Eq. (2)).
Wiener upper bound : ε max ¼ f ∙εhost þ ð1−f Þ∙εinclusion
Winer lower bound : ε min ¼

Maxwell−Garnett :

εhost ∙ε inclusion
f ∙εinclusion þ ð1− f Þ∙εhost

ε MG −ε host
ε
−ε host
¼ f ∙ inclusion
εMG þ 2∙εhost
εinclusion þ 2∙εhost

ð1Þ
ð2Þ

ð3Þ

3.4. Additively manufactured Fresnel zone plate lens
The ability to manufacture a wide range of dielectric constant values
simultaneously can be readily applied in fabricating a dielectric Fresnel

zone plate lens (FZPL). The FZPL is a compact lens that shapes spherical
waves from a focal point to planar waves, allowing beam shaping and
hence enabling high directivity antennas. This is particularly useful for
wireless communications as high directivity antennas increase communication range, reduces power consumption, and minimises interference. A FZPL is usually composed of several concentric annular
sections with either a grooved or ﬂat surface. A ﬂat surface FZPL is superior compared with a grooved one as it reduces the shadow blockage effect [28]. However, fabricating the ﬂat FZPL is challenging in practice
because it requires several tightly ﬁtted dielectric zones with different
dielectric constant values. Traditionally, the dielectric zones are implemented with perforated dielectric slabs, however, the number of perforations is often limited to maintain mechanical strength and prevent
material cracking. Further, perforating a thick dielectric slab could be a
challenge and higher permittivity materials can often be brittle. The additive manufacturing process is the ideal candidate for realizing the
tightly ﬁtted concentric dielectric zones of a FZPL. A 3D-printed FZPL

Fig. 5. (a) Material inﬁll vs. relative permittivity and dielectric loss, (b) Relative permittivity vs. Material inﬁll (%).
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Fig. 6. (a) Design schematic and (b) 3D printed Fresnel zone plate lens.

works from 8 to 10 GHz has been reported in [29]. The ﬁlament was
used in [29] had permittivity of 4.4, which resulted in a lens thickness
of 20.5 mm. The thickness of the lens can be signiﬁcantly reduced and
thus leads to a low-proﬁle, low-weight and low-volume lens antenna
if high-permittivity material is used. A FZPL shown in Fig. 6 was designed following the dimensional parameters enlisted in Table 2 and
Table 3 to work at the centre frequency of 10 GHz. The required permittivity for each ring and the ring radius were determined using
Eqs. (2) and (3) [29]. The lens thickness was reduced by 50% due to
the utilization of the εr = 10 ﬁlament.
Fig. 7, shows a comparison between the simulated performance of
the FZPL lens in CST Microwave Studio, versus the measurements acquired in the anechoic chamber. An WR90 open-ended waveguide
was used as the feed and placed 30 mm away from the lens. Since the
previous section; 4.3, provided a good estimation in determining the effective permittivity of 3D printed non-solid dielectrics, the FZPL was
modelled by using homogenous dielectrics in the simulation for reducing the computational time and complexity. It should be noted that the
printed dielectrics in the lens, had anisotropic dielectric properties in reality, due to the anisotropic internal structures (εrx = εry ≠ εrz; see coordinate system in Fig. 7b). However, since the electric ﬁeld illumined by
the source is always parallel to the lens plane, the value of εrz does not
affect the lens performance. Therefore, the dielectrics were simulated
by using isotropic dielectrics. Fig. 7a shows the measured and simulated
realised gain of the FZPL across the frequency range from 8 to 12 GHz.
The measurement showed a good agreement with the simulated values,
and the FZPL lens offered 12 to 18 dBi realised gain, which increased the
gain of the source by 5 to 11 dB. The increased lens gain directly
beneﬁted the received power at boresight by increasing the received
power by 3.2–12.6 times. This is particularly useful for long distance
communications such as satellite applications. The measured −1 dB
gain bandwidth of the lens was ≈18.5%. The lens gain and the bandwidth are comparable with the lens reported in [29], the 50% thickness
and volume reduction clearly shows the beneﬁt of using high-

Table 2
Design parameters for the additively manufactured GRIN lens.
Parameter

Value

Radius (r, mm)
Focal length (f, mm)
Thickness (t, mm)

52
30
10.11

permittivity ﬁlament. Furthermore, a simulation was also carried out
to justify the importance of printing the material in the correct value.
For instance, the permittivity proﬁle would be inaccurate if printed permittivity of up to 8.3 (as reported in [17]) is achieved. The simulation
showed that the realised gain of the lens with incorrect permittivity
proﬁle was reduced by 2 dB at the centre frequency of 10 GHz, which
equivalent to a 37% loss in received power at boresight direction.
Measured and CST-simulated radiation patterns at the centre frequency of 10 GHz of both the E-plane (the plane that contains the electric ﬁeld vector) and H-plane (the plane that contains the magnetic ﬁeld
vector, normal to the E-plane), are illustrated in Fig. 8. The −3 dB
beamwidth of the FZPL was measured as ≈16° in E-plane and ≈18° in
H-plane. The measured ﬁrst side lobe was −14.8 dB in E-plane
and − 17.1 dB in H-plane. The beamwidth and the sidelobe level are
comparable with the lens reported [29].

4. Conclusions
Fused ﬁlament fabrication is regarded as the most accessible and
commonly used prototyping process within the family of additive
manufacturing processes, being able to deliver from physical to functional prototypes and also small batch bespoke RF devices. The recently
available materials that possess superior microwave properties; not
commonly found in standard materials using in fused ﬁlament fabrication, has allowed for the technology to pose as a signiﬁcant enabler for
the realm of telecommunication engineering. This work presents an experimental study based on the processing conditions using during fused
ﬁlament fabrication; a material extrusion additive manufacturing process and their impact on the microwave properties: relative permittivity
(εr) and loss tangent (tanδ).

Table 3
Relative permittivity, material inﬁll settings and dimensions of concentric dielectric
cylinders.
Toroid

Relative
permittivity
(εr)

Inﬁll
(%)

Outer
diameter
(mm)

Inner
diameter
(mm)

0
1
2
3

1
9.6
5.7
2.9

N/A
100
53
17

–
67
86.2
104

–
45
67
86.2
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Fig. 7. (a) Measured and simulated realised gain of the 3D printed graded-index Fresnel lens over frequency, (b) Simulated 3D realised gain pattern at 10 GHz.

• Layer thickness had a very strong contribution to the density and associated dielectric properties of the 3D printed samples. For a given
extrusion temperature and printing speed, too thick layers will result
to insufﬁcient interlaminar bonding causing air voids in between the
adjacent printed tracks thus reducing permittivity and increase loss.
On the contrary, too thin layers are expected to deform due to the excessive temperatures that may develop at the point of extrusion and
cause over-melting. A combination of 80 mm/s and 200 μm layer
thickness were found to provide the best measured performance
with εr = 9.64 ± 0.016, and tanδ = 0.003 ± 0.0003. Signiﬁcantly different process parameters will result in signiﬁcantly lower permittivities, which highlights the importance of a well-controlled and tested
printer setup before devices are made.
• A large relative permittivity variation range of 6.58 (from 3.02 ±
0.03 to 9.64 ± 0.16) has been effectively achieved by strategically
controlling the material inﬁll from 20 to 100%. Dielectric properties as low as εr = 3.02 ± 0.03, and tanδ = 0.003 ± 0.0003 were
recorded, corresponding to a 20% material inﬁll factor. This
tuneability on permittivity will be of practical importance in
many areas of RF engineering, and it will support fundamental
new devices as the correct permittivity values now can be produced in a controlled manner.
• The collected data were used to simulate and manufacture via FFF, a
Fresnel zone plate lens with locally varied permittivity values. The

close agreement between the simulation and measurement conﬁrmed
that the proposed method was capable to accurately produce a complicated permittivity proﬁle. This demonstration shows how the highpermittivity composites and fused ﬁlament fabrication could provide
access to innovative properties that can be used to realize novel functional RF devices.
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