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Prospect of application of gradient cellular structures with controlled

permittivity for 3D-printing of the Luneburg lens
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The study included designing of a material for 3D-printing of the Luneburg lens and investigating electrical and

mechanical properties of the cellular materials and controllability of their permittivity for use in manufacturing the

lens. It is shown that by means of structures based on minimum-energy triply-periodic surfaces, it is possible to

obtain the required values of permittivity by varying a degree of filling of space with matter. Geometries of the

minimum-energy triply-periodic surfaces are selected, a formula of the dependence of permittivity on the degree of

filling of the structure space is obtained, thereby making it possible to create intermediate layers of the Luneburg

lens with a pre-defined value of permittivity.
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Introduction

The VHG-range radio complexes (decimeter and cen-

timeter waves) use various types of antennas. Of particular

interest among them are spherical lenses made of dielectric

materials, which are designed to form a required directional

pattern (DP) in any direction and to scan space by means

of it by moving an emitter or switching several emitters

near its surface. The lenses are suitable for forming multi-

beam directional patterns, which is important for many

applications.

Taking into account the spherical symmetry of the lens,

it is possible to simultaneously form several directional

patterns of the antenna. At the same time, there is inde-

pendence of formation of separate beams and high scanning

performance under a condition of electrical switching [1].
In accordance with the classification given in the paper

[2], the spherical lenses can be manufactured of a homoge-

neous and a inhomogeneous dielectric. However, in case of

the homogeneous dielectric it is impossible to form a flat

wave front on a lens aperture, which corresponds to the

narrow directional pattern.

In VHF engineering, the most promising for application

are the Luneburg lenses (LL) that are named after the

German mathematician and physicist Rudolf Karl Luneburg

and described by him in the paper [3]. He has shown in

his study that the spherical lens refracts the beams arriving

thereinto, so that they exit the lens towards a diameter

crossing the source, if the refractive index n(r) satisfies the

condition (1):

n(r) =
√

ε′(r) =

√

2−
( r

R

)2

, (1)

where n — the refractive index in the point r ; ε′(r) —
relative permittivity of the lens material in the point r ;
r/R — a ratio of a current radial coordinate to the sphere

radius.

In the classic Luneburg lens, this condition is realized

by varying permittivity of the spherical lens from 2 in the

center to 1 on the surface. The diagram of transmission of

the beams is shown in Fig. 1.

A quite complicated technology of production of the

multi-layer structures with the spherical symmetry is one of

the main technological difficulties in manufacturing of the

Luneburg lens-based antennas, which has for a long time

restricted development of this field of antenna engineering.

In recent years, due to development of material science

and improvement of the production technology, there is

another surge of interest to the Luneburg lens.

In real conditions, it is difficult to accurately implement

the required law of variation of the refractive index n(r)
in the Luneburg lens. Usually, the continuous dependence

ε(r) is replaced by a step dependence, as shown on Fig. 2.

The number of the layers can vary, but it is seldom less than

four or noticeably higher than ten.
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Figure 1. Diagram of transmission of the beams in the spherical

Luneburg lens.
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Figure 2. Exemplified dependence of permittivity ε in the

Luneburg lens on the value of r/R; the dashed line — as per the

equation (1), the solid line — when manufacturing the Luneburg

lens by layers of different permittivity.

Traditionally, the Luneburg lenses have been assembled

from spherical layers that differ in permittivity, wherein its

manufacturing is labor-consuming. Besides, in doing so,

there is no smooth variation of permittivity. Application of

fillers with high values — when manufacturing the materials

it complicates the technology and does not result in drastic

reduction of the average density of the lens. Presently,

due to introduction of metamaterials, there is widespread

use of the Luneburg lenses produced by
”
MatSing“ [4]

in accordance with their developed technology. However,

these structures have a low strength and permittivity varies

discretely.

Various methods are used to adjust the value of permittiv-

ity. The most widely used method of manufacturing this lens

is to divide the sphere volume into layers of a homogeneous

material (ball layers), whose permittivity increases from the

external radius of the sphere to the center. Since the layers

have a complex hemisphere shape, the most promising

method of manufacturing at the moment is 3D-printing.

In order to obtain various values of permittivity in these

layers, different methods are used. In general, they are

reduced to variation of a printing density. For example,

by varying a size of the elementary cubic cell [5,6] or

by varying a diameter of the cylindrical cell [7]. Besides,

there are other methods of creating the Luneburg lens with

variable permittivity: varying a thickness of the dielectric

plate in the waveguide [8–10], drilling holes in the dielectric

plate to control effective permittivity by the density of the

holes [11–13], varying permittivity by means of additional

metamaterials [14].

The present study proposes a new approach to developing

the Luneburg lens, which consists in using the gradient

cellular materials based on the triply periodic minimal

surfaces (TPMS) with controlled permittivity, which are

manufactured by means of additive technologies.

The TPMS are a class of analytically pre-defined surfaces

that have three-dimensional periodicity and a zero average

curvature and consist of recurring elements with the least

possible area. The application interest to these surfaces has

quite recently appeared, as the materials with the TPMS

geometry can be manufactured only using the additive

technologies. Owing to its smooth saddle-like shape, the

structures with the TPMS geometry demonstrate no stress

concentration, thereby positively affecting their mechanical

characteristics and a value of energy absorption [15–21].
Besides, using the TPMSes, it is possible to created the

gradient structures [22] by varying the thickness of the cell

wall, thereby adjusting material porosity and respectively

controlling permittivity in the required directions.

Thus, a design of the spherical Luneburg lens of the

TPMS-based gradient structures will allow improving the

physical-mechanical indicators as well as smoothly varying

permittivity inside the Luneburg lens, approaching the law

of variation of permittivity in the sphere as obtained by

Luneburg.

The aim of the present study is to apply the cellular

dielectric structures with the TPMS geometry, which are

obtained using the additive technologies, in creation of the

Luneburg lens. Using 3D-printing and TPMS, it is possible

to manufacture the gradient structures with variation of their

porosity, thereby continuously varying permittivity along the

sphere radius, as much as possible approaching the law of

variation of the permittivity coefficient in the spherical body

as deduced by Luneburg.

1. Materials and methods

Since the TPMSes can be manufactured only by means of

the additive technologies, a technology of obtaining a highly-

filled composite (filled with a dielectric) was developed

for 3D-printing in Fused Deposition Modeling (FDM) [23].
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The main raw material was ABS 2332 (ABS) — acryloni-

trile butadiene styrene (a thermoplastic amorphous triple

copolymer of acrylonitrile, butadiene and styrene) produced
by PJSC

”
SiBUR Holding“ and rutile titanium dioxide

(TiO2) produced by
”
Crimea TITAN“ under the grade

”
Crimea TiOx220“ (TU 2321-001-17547702-2014), with

the particle size of 15 µm. Selection of ABS as a printing

material was based on the fact that it is one of most widely-

used materials in the sphere of the additive technologies and

it has a high value of permittivity (at 10GHz: ε = 2.6) and

relatively high strength characteristics (the bending strength

σi = 69MPa, the tensile strength σs = 45MPa).
For the filler, titanium dioxide (TiO2) was used and it

has high dielectric properties at the standard temperature

conditions (ε = 15− 170, tg δ = 0.0016 a the frequency

of 1MHz) [24,25], which is extremely important when

using the lens. It is known that filling the polymer

with titanium dioxide can make it possible to significantly

increase permittivity of the polymer [26] and, therefore, it

is possible to produce the structure with high porosity and

required permittivity. The present study has the samples

of the ABS material manufactured, which have a various

degree of titanium dioxide filling χ, mass%: 0, 20, 40.

The maximum percent of titanium dioxide filling was 40%,

as a filament made of the material with the high content

of titanium dioxide was spontaneously destroyed, thereby

making it impossible to print by it.

For the designed composite materials, technological

parameters of 3D-printing were selected. It was printed

by Fused Deposition Modeling in the 3D-printer
”
Artillery

Sidewinder X1“ with a nozzle diameter of 0.4mm at the

extruder temperature of 240 ◦C and the table temperature

of 90 ◦C with a printing rate of 60mm/s.

In order to study permittivity of the composite, exper-

imental samples of the designed composites were printed

with 100% filling during printing. The samples for measur-

ing permittivity were rectangular parallelepipeds with the

sizes 23× 10× 10mm.

The permittivity was measured in a waveguide path

in JSC
”
Scientific and Research Institute Vector“ by

completely filling a cross section of the short-circuited

waveguide [27]. A measurement line R1-28 was used

during the measurements. As a result of measurements,

permittivity of the printed solid samples (the sample filling

degree ϕ = 100%) of the produced filled composite at

10GHz was ε(ABS+40%TiO2) = 3.95, and permittivity

of the unfilled ABS plastic was ε(ABS) = 2.6.

The geometry of the structures was based on the

triply periodic minimal surfaces that have relatively high

mechanical properties among the cellular materials [28]. It

is known that these structures can be obtained only by 3D-

printing. When using the additive technologies, it is possible

to manufacture the TPMS-based structures with anisotropy

of the properties, thereby implementing continuous variation

of permittivity by gradient variation of porosity (the space

filling degree, respectively). That is why, for designing the

gradient structures, the experiments included selection of

the most reproducible TPMS geometries without hanging

structural elements that result in formation of defects.

The 5 TPMS geometries were selected and modeled in

the
”
MS Lattice“ software (Fig. 3), and then printed in

the 3D-printer. The samples were parallelepipeds of the

size 23× 10× 10mm. The selected TPMSes were printed

from the ABS plastic with the various content of TiO2. At

this, it varied the space filling degree to obtain various

degrees of ε. Then, measurements of their permittivity

were performed on a series of the three samples, wherein

the measurement error was about 3%. The experimental

data were analyzed by the
”
Origin“ software; in particular,

the magnitude k of the equation (2) was determined

based on a plotted curve with the largest coefficient of

determination.

For long-term operation of the Luneburg lens, its manu-

facturing requires structures with high strength indicators.

In order to determine the TPMS geometry with the

best mechanical properties, physical-mechanical tests of

the samples made of the ABS material with the various

degree of titanium dioxide filling χ were performed. The

compression tests samples were cubes with a facet size

of 30mm with the various TPMS geometry. The tests

were performed in accordance with [29]. The samples for

bending tests were manufactured as beams (the sample size

80× 10× 4mm), while the samples for tensile tests were

manufactured as blades (the sample of the 1A type) with

100% filling. The samples were sized in accordance with

regulatory documents [30,31]. The tests were performed in

a table-top universal tester
”
Metrotrest REM-50-A-1-1“ at

the loading rate of 5mm/min.

Specific strength indicators were obtained by assigning

the result of the mechanical tests to the sample den-

sity. The sample weight was measured on the analytical

scales
”
Ohaus Pioneer PA−214C“. The beam volume was

measured geometrically by overall dimensions using the

vernier caliper
”
ShTsTs-1-150-0,01“; the blade volume was

calculated in the 3D-model by the
”
SolidWorks“ software.

a b c

d e

Figure 3. Types of the TPMS geometries selected for printing:

”
Primitive“ (a),

”
IWP“ (b).

”
Gyroid“ (c),

”
Diamond“ (d),

”
Neovius“ (e).
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2. Results

The experiments included selection of the most repro-

ducible TPMS geometries. As a result of printing of the

selected samples, it was concluded that the least quantity

of visible defects was observed in the following kinds:

”
Gyroid“,

”
Diamond“,

”
Neovius“ (Fig. 4).

Fig. 5 shows the dependence between a percent of

space filling and permittivity of the printed samples with

the various TPMS geometry. The obtained dependence

is described by the Lihteneker formula for the composite

materials (2), in which the coefficient k was selected by

variation [32]. Owing to the obtained dependence, it is

possible to predict the properties of the Luneburg lens

intermediate layers:

εk = ϕ · εk
1 + (1− ϕ) · εk

2 , (2)

where ε1 — the permittivity of the medium 1 (the material),
ε2 — the permittivity of the medium 2 (air), ϕ — the degree

of space polymer filling, k = 0.45694 — the coefficient

depending on the system isotropy.

The form of the experimental curves ε = f (ϕ) of

Fig. 5 can be described by a quadratic dependence

a b c d e

Figure 4. Printed samples of the various geometries:
”
Primi-

tive“ (a),
”
IWP“ (b),

”
Gyroid“ (c),

”
Diamond“ (d),

”
Neovius“ (e).
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Figure 7. Results of mechanical compression tests of TPMSes.

(aϕ2 + bϕ + c = ε), and using it, it is possible to

determine the required values of the filling degree for the

required value of permittivity. In particular, for the curves

1−3 whenε = 1.1 (at the lens edge) the filling degree

takes the value ϕ1 = 5.1%, and when ε = 2 (in the lens

center) does it ϕ2 = 43.3%. The obtained values of ϕ can

be used for designing the device made of the material with

a titanium dioxide proportion χ = 40%.

Fig. 6 shows the dependence of the value of permittivity

of the TPMS samples on the quantity of titanium dioxide in

the composite.

Based on the results of the mechanical tests, determined

are the compression strength of the TPMSes (Fig. 7), the
tensile strength and the bending strength (see Table) thereof
and their specific values.

3. Discussion of the results

Among the printed TPMS samples, the most successful

in terms of the printing quality are the samples
”
Gyroid“,

”
Diamond“ and

”
Neovius“. The printed samples

”
Primi-

tive“,
”
IWP“ exhibited significant defects. Probably, it is

related to presence of the hanging structural elements that

are difficult to be reproduced when printing the small-size

Technical Physics, 2025, Vol. 70, No. 7
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Results of the mechanical tests of the 3D-printed solid witness

samples with various titanium dioxide filling

Filling degree χ
Strength σ

0% 20% 40%

σt , MPa 29.8 27.1 26.5

σt.s , MPa·cm3/g 32.8 25.2 19.5

σ f , MPa 48.7 47.3 44.1

σ f .s . , MPa·cm3/g 53.3 44.0 34.0

Note. (σt ) — the tensile strength; (σt.s ) — the specific tensile strength;

(σ f ) – the bending strength; (σ f .s ) — the specific bending strength.

samples, as well as to the fact that the used filament has a

nonuniform diameter along its length due to presence of the

filler. Thus, the mentioned geometries were excluded from

further consideration.

It follows from the results of measurement of permittivity

(Fig. 5) that with decrease of the degree of space filling ϕ,

the value ε decreases, which is related to increase of the

size of air-filled pores. Besides, based on the obtained

results, it follows that varying the filling degree resulted in

production of the material with the value of ε equal to 2 —
the sample with the geometry

”
Diamond“ and

”
Gyroid“

with the content of TiO2 χ = 40% and the filling degree

ϕ = 42%.

The minimum obtained permittivity ε = 1.16 is quite

close to the required value and can be used in the layers

that are close to the Luneburg lens surface. This value of

permittivity was obtained in the sample with the geometry

”
Gyroid“ and

”
Diamond“ when ϕ = 16%. It should be

noted that the TPMS geometry insignificantly affects the

value of permittivity, as with almost the same filling the

value of permittivity of all the structures was the same

(Fig. 5, the curves 1−3). At the same time, there is an

observed exponential function between the percent of space

filling ϕ and permittivity ε in accordance with (2), thereby
making it possible to predict values of permittivity of the

Luneburg lens layers.

Based on the study results, the most promising in terms

of practical application were the geometries
”
Diamond“

and
”
Gyroid“. These TPMSes were printed with the least

visible defects and the value of permittivity can be varied

in the wide range. No small value of permittivity could

be obtained in the geometry
”
Neovius“ since with small

fillings the structure was not reproduced, so it was decided

to abandon further use of this TPMS.

With increase of the quantity of titanium dioxide in the

composite, the value of permittivity is growing as expected

(Fig. 6). At the same time, there is an observed quadratic

dependence of ε on the quantity of titanium dioxide, which

is most pronounced in the samples with large space filling.

Based on the obtained data for the mechanical character-

istics (Fig. 7), it follows that the largest compression strength

was demonstrated by the samples with the geometry

”
Neovius“, while the least value thereof was observed for

the samples with the geometry
”
Gyroid“. The samples of all

the geometries exhibit the same dependence of the strength

on the degree of titanium dioxide filling: with increase of the

content of titanium dioxide the specific value of the strength

decreases. At this, the structures with the large percent of

TiO2 filling to a greater degree exhibit brittle fracture (after
the test partial fracture of the sample was recorded), while

the samples made of the unfilled plastic exhibit only plastic

strain without formation of visible cracks. This behavior

of the material may be attributed to the fact that with the

large quantity of the filler there are more phase interfaces

formed in the structure, which result in increase of the

stress concentration and formation of a large number of

microcracks. The unfilled ABS contains no titanium dioxide

particle and the behavior of the material under compression

loading is typical the plastic materials. It also follows from

Fig. 7 that with filling the plastic with titanium dioxide

χ = 40% the value of the specific strengths turns out to

be the largest for the geometry
”
Diamond“, whence it can

be deduced that printing of this geometry with the large

quantity of the filler turns out to be with the least defects.

The specific strength indicators for rupture and bending

also decrease with addition of titanium dioxide (see Table).
It can be attributed to the fact that due to increase of

the filler content there is observed adhesion interaction

between the polymer and the filler, which is substantially

less than the polymer strength [33]. At this, the cracks

formed in the composite under mechanical loading probably

proliferate along a polymer-filler boundary. With increase

of the quantity of the filler in the composite the titanium

dioxide particles form agglomerates, thereby contributing

to reduction of adhesion and facilitating crackability at the

interphase boundaries.

Conclusion

The study included designing of the composite material

that is a polymer matrix based on the ABS plastic and filled

with titanium dioxide. It is shown that with increase of

the percent of the filler permittivity increases. By using this

material in the 3D-printing, it is possible to vary permittivity

within the range from 1.16 to 2 that is required for creation

of the Luneburg lens.

Based on the designed polymer material, using the FDM

technology, the various TPMS types are manufactured:

”
Primitive“,

”
IWP“,

”
Gyroid“,

”
Diamond“,

”
Neovius“. In

accordance with selection criteria: the printing quality,

reproducibility, the mechanical properties, provision of the

required range of permittivity, the weight, etc. the two

most suitable TPMS geometries are selected:
”
Gyroid“ and

”
Diamond“. For the samples of the selected geometries,

the dependence of permittivity on the degree of space

filling has been determined. Using this dependence, it is

possible to obtain the Luneburg lens intermediate layers

Technical Physics, 2025, Vol. 70, No. 7
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with certain values of ε. As a result, for both the

samples the values of ε are obtained in the required

range. However, for the geometry
”
Diamond“ the greater

values of the compression strength for TPMS are obtained:

σc = 15.23 (when χ = 0%), 14.09 (when χ = 20%), 12.92
MPa (when χ = 40%). It should be noted that it is still

possible to use the structure
”
Gyroid“ in the future when

designing the Luneburg lens due to its lesser weight with

other geometrical parameters being the same.

The main conclusions:

1) the geometry of the cellular structure is determined for

manufacturing the spherical Luneburg lens of the designed

composite material —
”
Diamond“;

2) for the designed material, there is the exhibited

exponential function of permittivity ε on the degree of space

filling ϕ (ε ∼ ϕ2) and the titanium dioxide proportion χ

(ε ∼ χ2);
3) for the designed material, the value of permittivity at

the same degree of space filling is still the same for the

various TPMS geometries;

4) it is proven that it is possible to apply the gradient

cellular structures for designing the antenna devices, which

have the required values of permittivity of the material

(ε = 1.16− 2).
Practical importance. Application of the gradient cellu-

lar structures will make it possible to obtain continuous

variation of permittivity along the radius in the spherical

Luneburg lens.

Further research will be dedicated to designing a spherical

Luneburg lens prototype based on TPMS with gradient

variation of the properties, thereby improving its electrical

characteristics in radiolocation with a wide space scanning

angle, as well as its mechanical characteristics for its

application in severe climatic conditions and under external

impacts in aviation and sea vessels.
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