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ABSTRACT

Additive manufacturing (AM) has been used to produce materials and structural components with graded or anisotropic

mechanical properties, primarily through variations in local porosity. However, beyond structural applications, there are
significant technological opportunities for additively manufactured devices with spatial gradations of functional properties, such
as magnetic and dielectric properties, to provide novel device functionality. This paper describes a hybrid filled voxel AM technique
for producing devices with 3D, spatially graded relative permittivity. The approach is illustrated through simulation-informed
design, fabrication, and microwave characterization of a filled voxel dielectric gradient refractive-index (GRIN) lens that combines
a 3D-printed polymer lattice with a manual additive assembly of pre-densified dielectric voxels of tailored permittivity. The
hybrid-AM GRIN lens enabled a significant reduction in the length of a transmitting microwave antenna horn by 50%, while also
enhancing its directivity from 6.75 to 7.74 dB at 15 GHz. We demonstrate the potential of filled voxel hybrid-AM graded devices to
improve microwave device performance and to facilitate miniaturization.

1 | Introduction

Microwave lenses are key components in microwave engineering
and electromagnetics, where they are used to convert a plane
wave into a spherical wave, focusing microwave radiation to a
point, or to transform microwaves from a feed into a planar
wavefront, thus collimating the beam. These manipulations
enable the enhancement of microwave antenna performance
through beamforming, increased gain, and improved directivity
[1]. Conventional refractive lenses, typically featuring convex, or
spherical shapes, are often considered unsuitable for microwave
antenna systems due to design limitations such as their large
size and weight [2]. In contrast, flat lenses that are lightweight

and low-profile have attracted growing interest [3], utilizing ideas
from transformation optics [4,5], geometrical optics [6,7], field
transformations [8,9], and topology optimization [10].

For controlling electromagnetic wave propagation, flat lenses
are typically designed with a spatially varying refractive index.
Achieving a gradient index (GRIN) lens presents significant
challenges to conventional manufacturing techniques, but are
being progressively addressed. For example, metallic reso-
nant elements were employed as subwavelength units to
construct metamaterial structures that were fabricated into
GRIN lenses [11-13]. However, metamaterial-based lenses typi-
cally suffer from a narrow bandwidth, substantial energy loss,
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fabrication complexities, and high cost that restrict their broader
use [14].

Additive manufacturing (AM) has recently emerged as a promis-
ing method for producing graded and anisotropic structures.
Various AM technologies, including direct ink writing (DIW) [15],
grayscale digital light processing voxel printing (gDLP-VPP) [16],
and two-photon polymerization (2PP) [17], have been employed
to fabricate GRIN lenses in the optical domain, demonstrating
the capability of AM to achieve finely controlled, continuous
refractive-index gradients across scales, with high spatial pre-
cision and design flexibility. However, translating these AM
approaches to the microwave regime remains challenging due to
the larger device dimensions resulting from longer wavelengths,
and the need for material systems that meet electromagnetic
property requirements. A growing body of studies has begun to
explore these challenges. For example, creating air voids and
manipulating local porosity fraction within a printed polymer
has enabled graded and anisotropic effective refractive indices
[18-20]. This arises because refractive index n is related to local
permittivity ¢ and permeability u by n = \/a, and n can be
manipulated by local changes in the proportion of air (¢ = 1)
and an AM polymer (¢ = 2 — 2.7 [21]). Although this approach is
relatively simple and leverages the advantages of AM, the range
of the attainable refractive indices is inherently limited to values
bounded by the dielectric properties of the polymer and air. This
constrains the refractive index “contrast” achievable across the
lens and, subsequently, the device miniaturization potential.

One strategy to broaden the achievable refractive index range
in these devices is to fill the voids in the 3D printed polymer
lattice with a high-permittivity liquid medium [22, 23]. This
approach has achieved a local permittivity of up to 42 [24],
and a GRIN Eaton lens was fabricated by combining a 3D-
printed woodpile structure with infilling using a compound liquid
medium composed of benzene and acetonitrile [25]. By adjusting
the volume filling fraction of the constituent materials and the
composition of the benzene/acetonitrile mixture, a permittivity
range from 1 (air) to 40 was realized. However, devices utilizing a
liquid medium face limitations due to limited temperature range,
leakage and high loss [26].

Alternatively, composite polymer filaments with high dielec-
tric permittivity, such as an acrylonitrile butadiene styrene
(ABS)/ferroelectric barium titanate (BaTiO;) composite, can be
printed to provide a permittivity of up to 11 [27-29]. By vary-
ing the volume-weighted local proportion of high-permittivity
ABS/BaTiO; and low-permittivity ABS only, in conjunction with
different azimuthal rotations, a flat spiral phase plate (SPP) with
a gradient effective permittivity ranging from 2.65 to 11 was
fabricated [30]. However, filaments with a high fraction (up to
70 wt.%) of high dielectric ceramic powders such as BaTiO;
are susceptible to breakage and nozzle clogging during printing.
Furthermore, the detailed structures required and multi-material
AM can extend print times to many hours or even days.

Beyond filament-based extrusion, other extrusion-based AM
techniques such as DIW and ambient reactive extrusion (ARE)
have also shown potential for fabricating compositionally graded
functional composites [31-33]. For instance, by either printing
porous structures using a single high-filler-loaded dielectric ink

to vary the local air fraction [34], or actively mixing high- and low-
permittivity inks during extrusion to continuously tune the filler
ratio [35], these approaches have allowed a relative permittivity
gradient to be engineered. However, both methods demand
rheological tuning for successful fabrication and additional post-
processing, including sintering or extended curing, which hinders
their scalability for larger microwave components.

In this paper, we introduce a hybrid-AM “filled voxel” approach
for fabricating GRIN lenses designed for operation within the 12-
18 GHz frequency range. We use the lens to enable a reduction
in the physical dimensions of a conventional horn antenna,
while investigating the associated effects on antenna gain and
directivity. Faced with the challenge of printing the lens with
a continuous variation in relative permittivity, we discretize
the radially graded dielectric constant into elementary 3D units
termed voxels. To realize this discretized design in practice, seven
pre-made ABS/BaTiO; polymer composites with different BaTiO5
fractions and thus distinct permittivities are prepared, forming
a dielectric “color” palette. Each voxel within a 3D-printed lens
lattice is then additively assembled by hand from a calculated
mixture of the dielectric colors. This dual-additive route combines
the precision of 3D printing with the voxel-wise control of dielec-
tric composition. A GRIN lens is chosen to facilitate a reduction in
an idealized microwave horn antenna length by up to threefold,
while aiming to maintain key performance metrics in gain and
directivity. To obtain the required spatial variation of permittivity
in the lens, finite-element-based simulations were used. The
hybrid-AM GRIN lens performance in experiment aligns closely
with simulations, and the compact microwave horn coupled with
the GRIN lens enhances directivity compared with an optimized
reference horn operating over the same frequency range.

2 | Design of the GRIN Lens and Horn Antenna

A horn antenna, a fundamental and extensively utilized device
in microwave engineering, is frequently employed either as a
feed and/or as a receiving element within a communication
system. Horns offer a straightforward design and construction
process, good broadband performance, exceptional directionality,
and significant gain. In this study, a H-plane sectoral horn
antenna was selected because of its simplicity and good overall
performance [21].

Optimal directivity for a H-plane horn antenna is obtained
when its geometric dimensions satisfy the condition A = \/ﬁ
where A is the H-plane aperture width of the horn, R is the
distance from the phase center to the edge of the horn (designed
to be equal to the horn length in this study), and A is the
operating wavelength [36]. Here, a reference horn was selected
to operate at a frequency of 15 GHz, with R,,, set to 64 (120

mm) and A, to 3\/5/1 (84 mm). Because microwave horns
can be quite large, related to the wavelength, there is interest
in miniaturization while maintaining performance. Therefore,
we also chose a compact horn, shortened to a non-optimized
length of 24 (40 mm), and which ordinarily could be expected
to yield a significant loss of performance. Based on our prior
work using a different fabrication approach [21], our hypothesis
is that by adding a filled voxel GRIN lens to the shortened horn,
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FIGURE 1 | (a)Schematic diagram of the GRIN lens, (b) distribution of relative dielectric permittivity for different thicknesses of the GRIN lens,
comparing the reference horn (120 mm, dashed lines) with the shortened horn (40 mm, solid lines).

performance close to optimum can be recovered. Fundamentally,
to recover the directivity of the compact horn, the GRIN lens must
efficiently transform the otherwise spherical wavefront emitted
by the non-optimum horn back into a planar wavefront.

This transformation necessitates that electromagnetic waves
exiting the lens at any radial location exhibit uniform phase
velocity delay, as depicted in Figure 1a, implying the necessity for
a lens with a radially varying refractive index [37]. The refractive
index distribution profile for a GRIN lens, as a function of radial
distance from the lens center, is described by [21]:

Vrr+R -R

n(r) = n(0) — .

¢y

where n(r) and n(0) are the refractive index at a radial distance r
and at the lens center, respectively, and ¢ is the lens thickness.

Equation (1) demonstrates that enhancing the “contrast” - or
range - in refractive index across the lens (An = 1,4, — Nyin)
facilitates a reduction in both the horn length R and lens
thickness ¢ (and therefore weight). Figure 1b illustrates the radial
distribution of relative dielectric permittivity €.(r), for a non-
magnetic (n = \/@, # =1) GRIN lens with an aperture A = 84
mm, for a range of lengths R and thicknesses ¢.

To evaluate the microwave performance of various horns and
GRIN lenses, simulations were conducted using COMSOL
Multiphysics RF Module, a commercial finite-element analysis
software. Simulations were used to predict the far-field or “free
space” radiation patterns emitted by different horn designs. For
example, Figure 2 shows the simulated electric field distribution
at 15 GHz for three configurations: the reference horn with R, =
64 (Figure 2a), a shortened horn with Ry, = 24 (Figure 2b), and
ashortened horn coupled with a 20 mm thick GRIN lens featuring
an ideal, continuous graded permittivity profile according to

Equation (1) (Figure 2c). To mitigate reflections and to minimize
overall loss due to the presence of the lens over the open aperture
of the shortened horn, the design and simulation of the GRIN
lens also incorporated a 3 mm thick input and output impedance
matching layer with € = 2.62, based on simulations. The three
antennas had the same aperture size (A = 84 mm), but there
was significant wave broadening and reduced directivity when
the horn length was reduced by two-thirds. However, coupling
with the GRIN lens resulted in a notable refocusing of the
outgoing beam. These comparisons are analyzed in more detail
in subsequent sections.

3 | GRIN Lens Simulations Using a Discretized
Model

To fabricate the GRIN lens in practice, it is necessary to discretize
the ideal, continuous permittivity distribution along the radial
direction into discrete elements or voxels. This involved a step-
wise approximation of the continuous permittivity profile using a
specific number of discrete composite elements N, ;. In this case
and as illustrated in Figure 3, each voxel was chosen of uniform
dimensions. The voxel width r, ., is calculated from:

_ A_(Nrad +1)rl
rad — N

rad

@

where r, is the thickness of the voxel wall in the lattice structure.

As N,,; increased (and r,,; correspondingly decreased), the
arrangement in Figure 3 tended toward the ideal, continuous
variation in €, but became more challenging to manufacture.
Therefore, to determine the minimum radial discretization
number N,,; that provided sufficient beam refocusing while
maintaining manufacturability, simulations were conducted of
the far-field radiation pattern and directivity of a shortened horn
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FIGURE 2 | Simulated electric field distribution at 15 GHz for three configurations: (a) a reference horn with R, + = 64, (b) a shortened horn with
Rgnore = 24, and (c) a shortened horn coupled with the GRIN lens featuring an ideal continuous graded permittivity profile.

integrated with the GRIN lens for varying N, 4. Figure 4a shows
the resulting radiation pattern changes. For N, .4, = 5, there were
notable and undesirable side lobes in the radiation pattern. As
N, .q increased, side lobe intensity progressively diminished and
the “forward” directivity, at the radial angle of 0°, intensified.
Concurrently, the gain of the shortened horn coupled with the
GRIN lens also exhibited a slight improvement, increasing from
19.2t0 19.7 dB.

Figure 4b summarizes the simulated directivity performance of
the different arrangements, where directivity D is defined as the
ratio of the maximum radiated intensity U,,,, to the average
power radiated by the horn across all directions, formulated as
[36]:

U pax AU 6, )l ax
= = (3)

P/AT 1 [T U0, ¢)sin 0d0de

where 6 and ¢ represent the spherical coordinate angles, and P
is the total power radiated from the horn. Since the simulations
in this work were restricted to the H-plane (p = 7/2), the
computed quantity represents the partial directivity within this
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FIGURE 3 | CAD model of the radially symmetric GRIN lens with a
discrete radial distribution of permittivity into voxels of uniform size.

principal plane. Mirroring the trends observed in the radiation
pattern, partial directivity improved with an increase in N, .4
within the range 5-15, but with only marginal benefits for N4 >
11. Therefore, the optimal degree of discretization was set as
N, = 11.

To construct the discretized GRIN lens with N,,; = 11 implied
six bespoke materials with a specific permittivity of (center to
edge) 6.3, 6.2, 5.7, 4.9, 4.0, and 3.1, to fill the appropriate empty
voxel in the AM lens voxel framework. However, rather than
fabricate these six composite materials directly, it was decided
instead to discretize each voxel further into sub-voxels, and to
fill each sub-voxel with standard units of composite material of
known permittivity, drawn from a dielectric “palette” of materials
with permittivities of 3, 4, 5, 6, and 7. These materials were
fabricated in bulk as sheets, as described in the Experimental
Section. This further discretization of the voxels themselves
along the axial direction is depicted in Figure 5a. By stacking
different combinations of the standard materials within a voxel,
any arbitrary permittivity of the voxel can be achieved to within +
0.125. The advantage of this approach is that it allows for a more
flexible adjustment of lens permittivity profile to suit different
applications, from a standard palette of materials.

In the GRIN lens, microwave propagation can be assumed to
occur predominantly in the axial direction. Consequently, the
phase velocity delay within a voxel of the lens is determined by the
cumulative effect of the stack of sub-voxel composite elements on
a ray of incident microwave radiation, with each sub-voxel stack
contributing to the overall delay according to the local refraction
index n and thickness T according to:

nef'fT_”1T1 n,T, nyTy
P A A

)

where n, is the overall effective refractive index of the voxel,
N is the total number of sub-voxel composite elements along the
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axial direction. When the elements are of uniform thickness, the
formula simplifies to n,;; = (n; + n, + --- + ny)/N. By selecting
the right combination of standard elements of permittivities 3, 4,
5, etc., the voxel overall permittivity can be tailored.

Similarly to the radial discretization optimization, to determine
the optimal axial discretization number N, simulations of the
partial directivity of the shortened horn coupled with the GRIN
lens for different N, using sub-voxel elements with permittivities
of 3,4, 5, 6, and 7 were performed. Figure 5b shows the calculated
partial directivity in the frequency range 12-18 GHz retrieved
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Simulated (a) far-field radiation patterns and (b) directivity of the shortened horn coupled with a filled voxel GRIN lens for different

from the simulations. Although the directivity showed a slight
upward trend as N,, increased from 4 to 20, the improvement
was marginal. Specifically, the average partial directivity over the
frequency range was 10.24, 10.30, 10.35, and 10.33 dB for N, =
4, 5,10, and 20, respectively. Based on this limited variation and
considering fabrication efficiency, N, = 10 was selected as the
optimal value for the GRIN lens design. Since the discretization
optimization was conducted mainly through simulations, the
reliability of this simulation-based approach was further verified
by comparing the simulated and measured far-field results of the
final design, as discussed in Section 4.
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(a) Schematic diagram of the filled voxel GRIN lens discretized for different axial discretization numbers, and (b) the simulated

directivity of the shortened horn coupled with a filled voxel GRIN lens for different axial discretization number N .
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FIGURE 6 | X-ray tomography images in the (a) y-z plane, (b) x-y and (c) x-z plane of the interior of a 20.2 vol.% ABS/BaTiO; sub-voxel element
(9.8 x 6.8 x 2mm). (d) Low and (e) high magnification scanning electron micrographs of the cross-section of a 20.2 vol% ABS/BaTiO; sub-voxel element.

In addition to the discretization parameters, the influence of
the wall thickness that forms the lattice containing the empty
voxels on the lens performance was also investigated. As shown
in Figure S1, the peak gain shows a slight increase from approx-
imately 19.2 to 19.4 dB when the lattice wall thickness (¢,4)
decreased from 1.0 to 0 mm. The average side-lobe level showed
a modest reduction of about 2.8 dB as t,,; decreased from 1.0
to 0.5 mm, beyond which the change became marginal. This
weak dependence can be mainly attributed to the subwavelength
dimension of the lattice walls relative to the operating wavelength
at 15 GHz (=~ 20 mm). At such a subwavelength scale, variations
in wall thickness only slightly alter the voxel-to-wall volume
ratio, leading to a small reduction in the voxel-averaged effective
permittivity and, consequently, a minor influence on the overall
focusing efficiency. Based on these results, a wall thickness of 0.5
mm was adopted for fabrication, corresponding to the smallest
dimension that could be reliably achieved.

4 | GRIN Lens Performance

Figure 6a-c shows three images of internal 2D slices or planes of
a composite element, in this case containing 20.2 vol.% BaTiO;,
imaged using X-ray computed tomography (XCT). The BaTiO;
particles had strong X-ray absorbance compared with the ABS,
and provided the gray level contrast in the image. The brighter
regions indicate areas with a higher proportion of BaTiO;. In
the x-y plane, BaTiO; distribution appears relatively random.
In contrast, the x-z and y-z planes exhibit a banded structure
characterized by elongated, BaTiO;-rich regions aligned parallel
to the z-axis, suggesting a layered internal structure within the
composite. This non-uniform BaTiO; distribution resulted from
the z-axis pressure during the field-assisted sintering technology
(FAST) process, which induced the alignment of the milled com-

posite fragments during polymer flow and consolidation. Overall,
there were no large scale voids. Figure 6d,e shows x-y plane cross-
sectional scanning electron microscopy (SEM) images of the same
20.2 vol.% BaTiO; composite element. The particle size of BaTiO,
ranged from 0.3 to 2 um. At the microscale, there was significant
local agglomeration of BaTiO; particles. However, given the
working frequency of 15 GHz, corresponding to a wavelength of
20 mm, the sub-millimeter-scale non-uniformity was assumed to
have minimal impact on the overall effective relative permittivity
at the frequency of interest.

Representative XCT slices of the composites with low (1.5 vol.%),
medium (9.1 vol.%), and high (20.2 vol.%) BaTiO; fractions
are shown in Figure S2. All samples exhibited similar parti-
cle banding previously described for Figure 6, irrespective of
BaTiO; fraction.

The permittivities of the materials with BaTiO; fractions of 1.5,
5.3, 9.1, 12.9, 16.6, 20.2, and 30 vol.% were 2.7, 3.1, 3.8, 4.5, 5.2,
5.8, and 9.6, respectively, with a loss tangent of 6.04 X 1073,
1.27x107%,1.78 x 1072, 2.24 X 1072, 2.40 X 1072, 2.62 X 1072, and
4.83 x 1072, respectively. The relationship between BaTiO; vol-
ume fraction and the measured permittivity of the sub-voxel
composites is presented in Figure S3. By manually filling the
3D-printed lattice with these sub-voxels in different proportions
according to the design (Figure S4), the completed filled voxel
GRIN lens was fabricated, whose overall appearance is described
later.

Figure 7a-c presents the experimental far-field radiation pattern
in the azimuthal plane for the three antenna configurations:
the reference horn with R, = 64, the shortened horn with
Ryuore =24, and the shortened horn coupled with the filled
voxel GRIN lens. At 15 GHz, both the reference horn and
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the shortened horn with the GRIN lens exhibited significantly
more directionality than the 24 horn without the lens. In the
“forward” 0° direction, the transmission coefficient (—32.9 dB)
of the shortened horn coupled with the filled voxel GRIN lens
exceeded that of the reference horn (—35.4 dB). This highlighted
the effectiveness of the filled voxel GRIN lens in enhancing
antenna performance, despite the non-optimal, reduced physical
dimensions of the horn antenna. The half-power beam width
(HPBW) of the reference horn ranged from 11° to 22° across 12—
18 GHz, whereas shortening the horn to 24 increased the HPBW
to 31°-57°, indicating a substantial loss of beam confinement.
Integration of the GRIN lens into the shortened horn reduced
HPBW to 11°-18°, comparable with or narrower than that of
the reference horn, depending on frequency. The beamwidth
variation across frequency was also smaller, which shows that
the lens restores the beamwidth degraded by horn shortening and
stabilizes the beam shape over a broad operating band, consistent
with the observed directivity enhancement. The oscillations in
the experimental radiation pattern, appearing as fringes in the
images, were attributed to the non-ideal nature of the receiver
horn that led to a super-imposed standing wave between the
transmitter and receiver. Additionally, there was a minor devia-
tion of & 3% in the common plane shared by the transmitting and
receiving horns that was only detected during post-experiment
data processing, but had little effect on the clear trend in the
data.

Figure 8a shows the measured partial directivity derived from the
radiation patterns for all three antenna systems. This comparison
demonstrated the significant reduction in directivity when the
horn was shortened to a third of its original length. In contrast,
adding the filled voxel GRIN lens to the shortened horn not only
compensated for the reduction in performance but significantly
enhanced directivity, surpassing that of the reference horn in
the 12-17.3 GHz frequency range. Specifically, at 15 GHz, the
directivity of the shortened horn coupled with the GRIN lens
was 7.74 dB compared with 6.75 dB for the reference horn. These
trends closely match the simulation results shown in Figure S5,
which also predicted enhanced directivity of the shortened horn
when coupled with the filled voxel GRIN lens. The simulated
directivities were slightly higher than measured, which may be
attributed to minor deviations in geometrical accuracy during
printing and the presence of small air gaps between stacked sub-
voxels in the assembled lens. Overall, the agreement indicates that

o A LN
(@)} (@)} (6)] (@) ]
Radiation 821, dB

o)
o

16 1812 14 16 18

Experimental radiation patterns for (a) the reference horn, (b) the shortened horn, and (c) the shortened horn coupled with the GRIN

the simulation-based discretization model described in Section 3
provides a reliable basis for guiding the lens design. Furthermore,
Figure 8b shows the return loss behavior for the same three
configurations. All losses were below —10 dB over the 12-18 GHz
range, indicating that the horn antenna coupled with the GRIN
lens had reasonable impedance matching.

The enhancement of directivity and simultaneous miniaturiza-
tion of the horn antenna using the filled voxel GRIN lens
illustrates the potential of AM to widen traditional design limita-
tions, potentially allowing for more sophisticated and functional
microwave devices. A key next step in our approach will be the
automation of placing sub-voxel elements into each voxel using
a pick-and-place system that, in principle, is readily integrated
into our ToolChanger or other modular AM platform. In parallel,
extrusion-based AM techniques such as DIW or ARE could also
be incorporated as complementary filling routes on the same
platform, enabling automated deposition of high-permittivity
pastes directly into the printed voxel lattice. This would enable
fully “hands-free” GRIN lens manufacturing to improve con-
sistency and scalability, and to significantly reduce production
time. Beyond research prototyping, the filled voxel approach
is inherently compatible with current additive manufacturing
platforms and automated assembly workflows. The modular
nature of voxel filling allows integration into multi-material FDM
systems or pick-and-place robotic units already widely deployed
in electronics manufacturing. This compatibility may reduce
the barrier for adoption in existing production lines and may
aid scale-up.

In parallel with these manufacturing considerations, building
upon the filled voxel concept, there is significant potential to
extend to more complex designs, such as lenses with graded
refractive index in two or three dimensions, classically exem-
plified by the Eaton [38] and Luneburg lens [39]. These lenses
require precise radial and spherical gradations in refractive
index, with a relatively high index (n > 2) at the center, or in
other volumes, for optimal functionality [40]. Compared with
conventional porosity-based [18, 19] or standalone ink-extrusion
AM approaches [33, 35] that typically yield a limited refractive
index range or suffer from composition-lag during continuous
ink mixing, the filled voxel technique can enable much higher
refractive indices and rapid gradations in high-index regions,
minimizing overall system dimensions. Such capabilities could
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find application in the design and manufacturing of devices
across telecommunications and aerospace sectors.

The filled voxel concept also readily allows for more diverse mate-
rial types - such as magnetic, conductive, and different phases of
materials such as liquids and gases - to be integrated in a single
component. This adaptability would allow for more advanced
tailoring of electromagnetic, acoustic, or even thermal properties
to suit specific applications. For instance, microchannels have
been designed that form an internal, interconnected lattice, or
repeating 3D pattern of voxels, that were then filled with low
melting point Field’s metal [41] to create internal circuits or
resonating metamaterial structures. Extending this functionality
further, the filled voxel concept could be combined with metallic-
AM-fabricated lattices, enabling metamaterials with mechanical
reinforcement or integrated thermal management [42-44]. Alter-
natively, filled voxels could be combined with flexible or mechan-
ically deformable lattice frameworks to realize reconfigurable
devices whose properties can be tuned dynamically via structural
actuation. Such combinations could enable the development of
shape-morphing electromagnetic components, wearable systems,
or robotic elements with adaptable functionalities.

5 | Conclusions

A hybrid filled voxel AM approach developed for microwave
devices that combines additive manufacturing with a palette
of standard dielectric sub-voxel composite elements has been
successfully demonstrated. The approach has been exemplified
for a discretized GRIN lens for a microwave horn. Modeling
was used to optimize the discretization of the radial permittivity
distribution of the GRIN lens, and then similarly for the sub-
voxel arrangement of standardized dielectric materials. The lens
was successfully fabricated and experimental performance was
in good agreement with simulations. After coupling with the
GRIN lens, the overall size of the horn plus lens antenna system
was reduced by 50%, while directivity increased from 6.75 dB to

S11,dB

Reference horn

-45  — Shortened horn
—— Shortened horn with GRIN lens
_50 1 1 1 1 1
12 13 14 15 16 17 18

Frequency, GHz

The measured (a) partial directivity and (b) return loss of the reference horn, shortened horn and shortened horn coupled with the

7.74 dB at 15 GHz. The filled voxel concept offers a method to
incorporate higher dielectric constant materials into AM than
is so far possible from directly printable materials. The concept
can also be extended to high permeability, conductive or other
functional voxels, and offers a high degree of design freedom in
the design, simulation and fabrication of new microwave devices.

6 | Experimental Section

The dielectric composite sub-voxel elements were fabricated
using high permittivity BaTiO; particulate (Sigma-Aldrich,
Dorset, UK) and commodity polymer ABS (MFI-22, Styrolution,
Germany). Initially, ABS was dissolved in acetone, followed by
the addition of 30 vol.% BaTiO; into the solution, which was then
stirred for 12 h to ensure uniform dispersion. After stirring, the
solution was dried in a tray, and the resultant solid composite
residue was then mechanically milled into smaller pieces using
a blade mixer. These fragments were subsequently consolidated
into dense 80 mm diameter and 3 mm thick discs in a field-
assisted sintering technology (FAST) machine (Dr. Fritsch, DSP
507), operating at 120 °C and 4 MPa for 10 min. The consolidated
disc was subsequently mechanically ground to 2 mm uniform
thickness before being sectioned into cuboid sub-voxels using
a computer numeric control waterjet cutter, as illustrated in
Figure 9a. The same process was applied to create the other six
types of sub-voxels, with BaTiO, fractions of 1.5, 5.4, 9.1,12.9, 16.6,
and 20.2 vol%. The internal structure of the sub-voxel composite
elements was investigated using X-ray computed tomography
(XCT, North Star Imaging Inc.) and scanning electron microscopy
(SEM, Zeiss Merlin). The permittivity of the sub-voxels with
different BaTiO; fractions was measured using the split post
dielectric resonator (SPDR) method and a Rohde & Schwarz
ZNB20 vector network analyzer (VNA) operating at 15 GHz.

The GRIN lattice comprising radial voxels to be filled with stacked
sub-voxel composite elements was additively manufactured from
polylactic acid (PLA) using a ToolChanger 3D printer (E3D Inc.)
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Fabrication and measurement of the filled voxel GRIN lens: a) ABS/BaTiO3 sub-voxel elements prepared by FAST; b) schematic

illustration of the assembly showing the lattice body, top and bottom covers, and stacked sub-voxels; c) the assembled filled voxel GRIN lens; d) an
AM H-plane horn antenna alongside the shortened horn coupled with the filled voxel GRIN lens; e) the arrangement for the experimental far-field

measurement conducted within an anechoic chamber.

via the fused filament fabrication (FFF) method. As shown in
Figure 9b, the printed structure consists of three detachable parts:
a lattice body, a top cover, and a bottom cover. During assembly,
the bottom cover was first attached to the lattice body, after which
the sub-voxel elements were manually inserted into each cell with
a close sliding fit, leaving an estimated clearance of approximately
0.1 mm between the sub-voxel edges and the lattice walls to ensure
repeatable positioning without excessive compression. After all
cells were filled, the top cover was aligned and fixed to complete
the assembly, forming the finished filled voxel GRIN lens shown
in Figure 9c. The stacking configurations used to achieve the
desired permittivity profile in each voxel are detailed in Figure S4
(Supporting Information).

The experimental evaluation of the various horn configurations
involved measuring angle-dependent far-field transverse electric
(TE) polarization radiation patterns within the x-y horizontal
plane. Measurements were conducted in an anechoic chamber
over a microwave frequency range of 12-18 GHz, utilizing a
Rohde & Schwarz ZNB20 VNA in conjunction with transmission
and receiving horns. All the horns were printed in carbon
fiber filled nylon (Onyx, Markforged) on Markforged Mark Two
3D printer, using standard temperature and layer resolution
settings and 0.4 mm diameter nozzles. The inner surfaces of
the horns were coated with copper conductive ink by hand
(Caswell, USA, 79 uQ - cm volume resistivity). Figure 9d shows a
photograph of the 3D-printed, optimally designed H-plane horn
antenna and the shortened horn attached to the filled voxel GRIN
lens. The horns were positioned on a synchronized turntable
in the anechoic chamber, and the azimuth-plane (horizontal)
scanning system is illustrated in Figure 9e, and the distance
between the transmitting and receiving horns was maintained at
1.5m.
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