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ABSTRACT

Enhanced backscattering of microwave radiation is demonstrated experimentally in a biomimetic radially anisotropic spherical metamaterial
component. The core-shell device replicates the optical function of nanospheres observed in the tapetum reflector of the compound eye of
the shrimp Litopenaeus vannamei (Boone, 1931) and translates the effect from the optical domain to microwave frequencies. Analytical Mie
theory calculations and numerical-method simulations are used to describe the origin of the observed scattering from a single dielectric
sphere in terms of its multipolar Mie resonances. The fabrication of components using additive manufacture and their experimental charac-
terization are described. The results show that the introduction of radial anisotropy in the shell more than doubles the monostatic radar cross
section compared to the equivalent isotropic case. This work represents a practical demonstration of a synthetic bio-inspired structure, har-
nessing performance-enhancing adaptations that have evolved in nature. The results augment the range of techniques available for the con-
trol of electromagnetic scattering with relevance to applications in the manipulation of radar return signals.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0152735

Electromagnetic metamaterials are engineered composites that
are typically composed of constituents with sub-wavelength dimen-
sions. They can be designed to have tailored or enhanced electromag-
netic properties and can even exhibit material parameters that are not
found in nature. The ability to realize the often complex geometries
required has been enhanced by advances in fabrication techniques
such as 3D printing and nanofabrication. Moreover, the natural world
itself provides instructive examples that inform electromagnetics
research through the many elaborate structures that have evolved in
living organisms for the control of light." Natural structures that deter-
mine optical properties, including reflectivity, iridescence, and polari-
zation control, have provided inspiration and design information for
analogous biomimetic devices” as well as the translation of their geom-
etries from optical to microwave length scales.” One goal for engi-
neered metamaterials and meta-atoms is the manipulation of the
scattering of electromagnetic waves by particles with dimensions
smaller than or close to the wavelength. It has been shown that the

strength and directionality of scattering may be controlled by structur-
ing a particle in order to adjust the frequencies and magnitudes of the
Mie resonances that it supports.” The term “superscattering” is used to
refer to total scattering from multiple resonances that exceeds the the-
oretical limit for that of a single resonance.” Diverse applications have
been identified for tailoring of scattering, including wireless power
transfer, radar signature control, and the enhancement of nonlinear
optical processes,*” while mode selection and tuning are used in the
design of dielectric resonance antennas.””’

An important concept arising from the spectral coincidence or
“stacking” of multiple Mie resonances is termed the first Kerker condi-
tion,'” as illustrated in Fig. 1."" In this case, the electric dipole (ED)
and magnetic dipole (MD) scatter the incident field with the same
phase in the forward direction and opposite phase in the backward
direction. If the magnitudes of the two modes are matched, the conse-
quent wave interference eliminates backscatter and enhances forward
scattering. For modes arising from a dielectric particle, the contrasting
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ED + MD

FIG. 1. Sketch illustrating Mie scattering and the first Kerker condition. (Left)
Indicative electromagnetic near-fields of the electric dipole (ED) and magnetic
dipole (MD) resonances for a generic dielectric sphere with size comparable to the
wavelength. (Right) The corresponding radiation patterns with equal electric field
amplitude specified for each mode, and their sum that has zero backscatter. Arrows
indicate the relative polarity of the electric fields in the forward and backward
directions.

electric field distributions between the electric and magnetic mode
families within the particle allows their resonances to be tuned differ-
entially through structuring of the internal geometry. For example, the
introduction of a low permittivity core within a high permittivity
sphere was proposed in order to preferentially move the spectral posi-
tions of the electric modes to higher frequencies due to their greater
electric field flux at the center of the sphere."” The enhancement of
backscattering was then demonstrated by using this effect to pull elec-
tric modes into overlap with selected magnetic modes having the req-
uisite relative phase.”” Among other geometries and concepts that
have been considered theoretically, the example of homogeneous radi-
ally anisotropic spheres has relevance to this work.' "'’

In recent years, researchers have identified materials and nano-
structures that use optical scattering to enhance the sensitivity of com-
pound eyes of certain shrimp species. The presence of the crystalline
pteridine material isoxanthopterin was identified,'® and its anisotropic
refractive index was found to have the value n=1.96 for one of its
principal axes. This very high index among biological materials sug-
gests utility of isoxanthopterin in optical reflectors. The arrangement
of isoxanthopterin crystals in spherical core-shell nanoparticles was
characterized as featuring a radially anisotropic shell surrounding an
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isotropic core'” and was identified as providing efficient backscatter-
ing. The role of the scattering in enhancing the sensitivity of the com-
pound eyes was reported, whereby the presence of particles in a retinal
structure called the tapetum reflector helps to concentrate light in the
light-sensitive rthabdoms of the retina as well as reducing crosstalk
between adjacent rhabdoms. Beck et al. described the influence of the
high refractive index for light polarized tangentially to the particle sur-
face on the magnitude of the scattering cross section due to the align-
ment of the electric fields of the magnetic modes."” Short range
ordering of the nanoparticles has also been reported to contribute to
the light gathering."”

In this work, we demonstrate a functional biomimetic compo-
nent for microwave backscatter enhancement inspired by the shrimp
eye structures. The component harnesses an advantageous physical
configuration arrived at through evolution and showcases the use of
additive manufacture to realize a microwave version requiring a com-
plex geometry. Experimental results and simulations are presented for
design variants that elucidate the role of the anisotropy in manipulat-
ing the backscatter, while providing a quantitative indication of the
performance benefit introduced vs equivalent structures without
anisotropy. The work is motivated by the desire to increase the palette
of techniques available for the manipulation of electromagnetic
radiation.

In order to replicate the biological scattering structure and inves-
tigate the physical origin of the backscattering enhancement, a suite of
simulations was undertaken leading to the design and fabrication of a
set of experimental microwave samples. Three different structures
were specified with permittivities that are summarized in Table L
These core-shell structures are illustrated in Fig. 2. The first design was
based on the particle found in the eye of the whiteleg shrimp L. vanna-
mei described by Palmer et al.,'” which featured a radially birefringent
shell with ordinary refractive index (tangential polarization) n, = 1.96,
extraordinary index (radial polarization) n, = 1.40, an isotropic cyto-
plasm core with refractive index 1.33 and radius r=95nm, a shell
thickness t=70nm, and an overall diameter of 330 nm. The shell
region had a spatial-average refractive index n,,=1.77, using the
definition

Hay = (21, + 1) /3. (1)

While this structure yielded backscatter in the wavelength range
350-700 nm, our version is scaled and translated for operation in the
microwave domain. It is noted that the characterization of the shell of
the shrimp-eye structure found a layered assembly of birefringent iso-
xanthopterin platelets. Such a configuration is distinguished from the
microwave version presented here, in which the construction is
entirely of isotropic component materials. The effective birefringence
of the shell region instead results from the electromagnetic boundary

TABLE |. Effective relative permittivities specified for the core and shell regions of
the three sample designs.

Design 1 Design 2 Design 3

Core 2.0 2.0 2.0
Shell 3.85 (tangential) 3.12 (isotropic) 4.5 (isotropic)
1.89 (radial)
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FIG. 2. Core-shell sample geometries and experimental setup. (a)—(c) Partial sec-
tions of core-shell particles, indicating the core region (blue) and the solid layers of
the shell (grey). (a) Geometry featuring a radially anisotropic shell formed from con-
centric layers of isotropic material and air as implemented in design 1. (b) Variant
geometry featuring a solid isotropic shell, as used for designs 2 and 3. (c) Cross
section schematic showing the local orientation of radially anisotropic principal
axes. (d) Anisotropic sample during 3D printing. (e) The completed sample, with
diameter 66 mm. (f)—(h) Experimental setup for microwave backscattering measure-
ments. (f) General view of the setup within the anechoic chamber. (g) Detail of the
sample and its mount. (h) Detail of the horn antennas. A metal screen (not shown)
was placed vertically between the antennas to reduce crosstalk between them.

conditions at the interfaces between successive layers with contrasting
permittivity. Specifically, the continuity of the tangential electric field
E and the normal (i.e, radial) electric displacement D must be satis-
fied. The consequent “form birefringence” has principal axes that are
orientated tangentially and radially with respect to the particle. For a
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plane wave propagating in an “effective medium” comprising an infi-
nite array of alternating flat layers, the effective permittivities are given

byZ(J

€18
£ =— "
fiea + foer’

where f; and f, are the fractional thicknesses of the two layers and &;
and ¢, are their respective relative permittivities. The multi-layered
shell yields radial anisotropy in the permittivity using these principles
in a modified form in which the sub-wavelength stratification is
applied to a spherical geometry and only has a small number of
boundaries. Accordingly, the target relative permittivity for the aniso-
tropic shell constituents was ¢, = 6.6 for the solid layers with air spacer
layers and a core permittivity of ¢, = 2.0.

For comparison with the anisotropic shrimp-eye replica, two
designs were specified with shells that were isotropic both in terms of
the materials of their construction as well as omitting form anisotropy.
Design 2 featured a shell permittivity of ¢, = 3.12, thereby providing
an isotropic equivalent to the anisotropic sample according to Eq. (1).
The purpose of this design was to investigate the difference in scatter-
ing behavior depending on the presence or absence of anisotropy in
the shell. In a third design, the permittivity of the isotropic shell was
tailored in order to obtain an approximate match in the backscattering
magnitude and spectrum to that of the shrimp-eye analogue. The pur-
pose of this experiment was to identify the increase in isotropic per-
mittivity required to realize the same performance offered by a lower
index anisotropic medium. All three designs featured an overall diam-
eter of 66 mm, comprising a core of radius r=19mm and a shell of
thickness ¢ = 14 mm. The anisotropic shell was formed from six layers,
each 2.33 mm-thick, alternating between solid dielectric and air.

Numerical simulations of the electromagnetic scattering behavior
of the full structures were performed for plane wave incidence using
the finite-element method in the Comsol Multiphysics software.”’ An
analytical Mie theory calculation method'"'> was used to obtain the
scattering contributions from individual Mie resonances. In the analyt-
ical model, the concentrically layered shell was replaced by a homoge-
neous anisotropic medium according to the effective medium
calculations, and the air spacer layers were estimated to have an ¢, of
1.1 owing to the presence of sparse, thin (0.6 mm) solid struts. The
designs were prepared using the assumption of lossless materials. The
samples were fabricated by fused-filament fabrication additive
manufacturing using a Raise3D Pro2 (Raise3D, Irvine US). In each
sample, the core was printed with a sub-wavelength lattice leaving air
gaps with an infill fraction that was tuned to achieve the specified iso-
tropic relative permittivity. The required infill fraction was calculated
according to an effective medium calculation,”

&) = fier + fra, 2

-1
V:'S’eff—7 3)
Ero — 1

in which v is the volume fraction of solid material, &, is the desired rel-
ative permittivity, and ¢,, is the relative permittivity of bulk material.
The parameters were verified by a set of calibration tests, which were
measured using a 5.1 GHz split-post dielectric resonator (SPDR),
(QWED, Warsaw, Poland) yielding the effective relative permittivity
&o and effective loss tangent tand.s The anisotropic design was
printed entirely with PREPERM ABS800 (Premix Oy, Rajamaki,
Finland) dielectric thermoplastic (¢, =8, tand =3.3 x 1073), with a
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core infill percentage of 23% (e.=2.0251, tan .4 = 1.59 X 1072).
Each solid layer of the shell region was printed with an infill of 90%
(e = 6.6548, tan ooy = 3.16 X 107%). Both isotropic designs were
printed using multiple materials, and their dielectric parameters were
obtained from measurements on 3D printed test samples. The cores
were printed using high-impact polystyrene (HIPS) (BASF, Germany)
(measured &, = 2.49, tan § = 8.53 x 10~ *), with an infill density of 70%
(calculated e = 2.043, tan oy = 7.277 X 107%). The solid shells of
both isotropic designs were printed with PREPERM ABS320
(6 = 3.07, tan 0,5y = 4.066 x 10*) and PREPERM ABS175-TP20280
(6o =443, tan Sy = 3.676 x 10°), respectively. All parts were printed
using 0.800 mm brass nozzles, a layer thickness of 0.200 mm, a printing
speed of 40 mm/s, and extrusion and build surface temperatures of
240°C and 100°C, respectively. A 20% overlap between the contour
and the infill sections was applied to improve part density.

The frequency-dependent backscattering from the microwave
samples was measured using a quasi-monostatic configuration in an
anechoic chamber, as shown in Fig. 3. The transmission and collection
of radiation were performed by a pair of Flann Microwave DP240-AB
dual-polarized horn antennas, which were approximately co-located,
connected to an Anritsu MS46122B vector network analyzer. The
sample was mounted on a fiberglass pole topped with Rohacell 31HF
foam, which has a low relative permittivity (¢, = 1.04). The horns were
positioned 3 m from the sample in order to present approximately flat
incident phase fronts across its spatial extent. The measurements were
calibrated using a 50 mm-diameter stainless steel sphere.

In this section, results are first presented for designs 1 and 2,
comparing the anisotropic shrimp-eye analogue with its isotropic
equivalent with shell permittivity &, = 3.12. Design 3 is discussed later
in the context of the effect of the use of materials with larger permittiv-
ity. The simulations and experimental results for the monostatic radar
cross section (RCS), normalized to the cross-sectional area, for designs
1 and 2 are shown in Fig. 3. The experimental data [Fig. 3(b)] show
quantitative agreement with the finite-element method simulations
[Fig. 3(a)]. The comparison between the designs shows that the intro-
duction of anisotropy results in an RCS enhancement of more than a
factor of two for the lowest frequency scattering peak at around
3 GHz. A small downward shift in frequency is also observed. An alter-
native measure of backscatter is presented in finite-element simula-
tions in the supplementary material, whereby the normalized
backscatter is integrated over the backward hemisphere [Fig. S1(b)]
and is compared with the total normalized scattering cross section
[Fig. S1(a)]. This measure shows a similar backscatter enhancement to
the monostatic RCS results. The hemispherical backscattering
accounts for approximately one quarter of the total scattering in the
anisotropic design at frequencies near the lowest frequency RCS peak.

Figures 3(c) and 3(d) show analytical Mie theory calculations for
the same two designs of the scattering cross section (o) contribu-
tions, normalized to the sample cross-sectional area, within the fre-
quency range of interest due to the first three modes of each of the
electric and magnetic resonance families: dipoles, quadrupoles, and
octupoles. Of particular note are the relative strengths of the electric
dipole (ED) and magnetic dipole (MD) modes. The simulations show
that neither of the designs have a match in the ED and MD strengths
within the 2-3 GHz frequency range in which the relevant RCS peak
occurs. Accordingly, they do not satisfy the first Kerker condition for
total backscatter suppression. However, the results show that the
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FIG. 3. Scattering performance of the anisotropic sample (design 1) and its isotro-
pic equivalent (design 2). (a) and (b) Monostatic radar cross section normalized to
the sample cross-sectional area, (a) Finite-element method simulations. (b)
Experimental measurements. (c) and (d) Analytical Mie theory calculations of the
scattering cross section contributions due to the first three modes of each of the
electric (E) and magnetic (M) resonance families. Labels D, Q, and O refer to
dipoles, quadrupoles, and octupoles, respectively. (c) Anisotropic shell (design 1).
(d) Isotropic shell, &. = 3.12 (design 2).
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design with radial anisotropy in the shell has a strengthened MD reso-
nance relative to that of the isotropic design, while leaving the ED
strength largely unaffected. For the isotropic component [Fig. 3(d)],
the dimensionless scattering parameter for the MD mode has a peak
value of 1.65 at 2.64 GHz, which is a factor of 2.06 stronger than the
broad ED resonance that peaks at 2.32 GHz. For the anisotropic design
[Fig. 3(c)], the MD parameter reaches 2.16 at 2.35GHz, a factor of
3.27 stronger than the approximately coincident ED mode.

Observing the effect of introducing anisotropy on the backscat-
tered radiation highlights the importance of the difference between the
internal field geometries of the two mode families as well as their rela-
tion to the orientation of the principal axes of the shell permittivity.
The electric dipole has no radial magnetic field component, while the
magnetic dipole has no radial electric field."" The strengthening of the
MD magnitude is, therefore, expected due to the alignment of its elec-
tric fields with the large tangential permittivity, while the electric fields
of the ED mode are polarized orthogonally to that direction. By alter-
ing the relative strength of the electric and magnetic resonances in this
way, the scattering performance is pulled further from the first Kerker
condition by the weakening of the destructive inference in the back-
ward direction. Consequently, the backscatter is enhanced. The
observed downward shift in frequency may also be attributed to the
larger tangential permittivity, which results in the resonance occurring
at a longer wavelength.

The results presented above indicate that the presence of anisot-
ropy provides an advantage in biological optical structures, where the
available dielectric material parameters are constrained. Greater flexi-
bility is available in the microwave domain in terms of permittivity,
which allows one to investigate what isotropic shell permittivity is
required to achieve equivalent backscattering performance to the
anisotropic case. Figure 4(a) shows finite-element method simulations
of monostatic RCS and corresponding experimental measurements in
the absence of anisotropy for a sample with a shell permittivity of
&, =4.5 (design 3). The results are comparable to that of the aniso-
tropic sample; however, the permittivity corresponds to a refractive
index of 2.12, which is larger than is typically found in biological mate-
rials.'”*** Figure 4(b) shows simulations of the scattering cross sec-
tions for the modes of this design with shell permittivity ¢, =4.5. In
this case, the MD scattering parameter reaches 2.63 at 2.15 GHz, a fac-
tor of 2.18 stronger than the ED mode. While the magnitude of all of
the modes is increased relative to those of the lower permittivity ver-
sion shown in Fig. 3(d), the relative strengths of the ED and MD
modes remain similar. Therefore, an increase in RCS is expected as a
consequence of an increase in total scattering. Simulations of the back-
scatter integrated over the backward hemisphere [supplementary
material, Fig. S2(b)] show comparable magnitude with the anisotropic
design, while the total normalized scattering cross section [Fig. S2(a)]
shows increased scattering at the relevant frequencies. These results
demonstrate the utility of the inclusion of anisotropy as a strategy for
scattering enhancement in the shrimp eye.

Advances in additive manufacturing techniques have expanded
the range of dielectric materials that they offer for microwave applica-
tions. The available material properties include larger relative permit-
tivities than those discussed above,” leading to further scope to
manipulate the resonances using the same multilayered shell design
concept. The consequence of increasing the permittivity of the solid
layers in the shell of our anisotropic architecture is illustrated in
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FIG. 4. Scattering performance of the isotropic sample with an elevated shell per-
mittivity &.=4.5 (design 3). (a) Monostatic radar cross sections normalized to
cross-sectional area. Comparison of finite-element method simulation and experi-
mental measurement. (b) Analytical Mie theory calculations of the scattering cross
section contributions due to the first three modes of each of the electric (E) and
magnetic (M) resonance families.

analytical method calculations in Fig. 5. The scattering cross section
contributions from the first five multipoles of each mode family are
compared for electric modes [Fig. 5(a)] and magnetic modes [Fig.
5(b)]. The monostatic RCS is shown in Fig. 5(c). The effective anisot-
ropy parameter & — &, is displayed on the primary ordinate axis. The
isotropic permittivity of the solid layers of the shell required to obtain
this anisotropy, as calculated using Egs. (2), is shown on the secondary
ordinate axis. Its magnitude covers the range 5-30, while all other
design parameters are unchanged from the shrimp-eye analogue
design. Each plot is normalized to the cross-sectional area of the design.
The results show that the spectral positions of the electric and magnetic
modes move down in frequency at differing rates as the anisotropy is
increased. For larger anisotropies, the ED and MD modes can be sepa-
rated in frequency, thus further preventing destructive interference in
the backward direction at frequencies approaching 1 GHz. This mecha-
nism complements the tuning of the relative strengths of the modes.
Furthermore, the potential for stacking higher-order multipoles to
achieve a superscattering effect’ is apparent, although beyond the
scope of this work. Through these mechanisms, the concentrically lay-
ered shell concept offers a plurality of processes for mode manipulation
and scattering control, over and above that suggested by the nanoparti-
cle found in the shrimp eye.

In conclusion, we have designed, fabricated, and experimentally
demonstrated a metamaterial component that provides enhanced
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FIG. 5. Analytical Mie theory calculations of scattering for variants of the concentrically
layered shell design, in which the relative permittivity of the solid layers of the shell is a
variable parameter. The effective anisotropy parameter & — ¢, is shown on the primary
ordinate axis. The isotropic permittivity of the solid layers of the shell required to obtain
this effective anisotropy is displayed on the secondary ordinate axis. The first five multi-
poles of each mode family are included. The data are normalized to cross-sectional
area. (a) Total scattering cross section contribution due to electric multipoles. (b) Total
scattering cross section contribution due to magnetic multipoles. (c) Monostatic RCS.

backscattering of microwave radiation. Analytical theory and numeri-
cal method simulations have been used to explain how the spherical
structure achieves the enhancement by utilizing radial anisotropy to
manipulate its Mie resonances. The demonstration of this mechanism

ARTICLE pubs.aip.org/aip/apl

using a 3D-printed structure adds to the suite of available geometries
and concepts for the control of Mie scattering. Through the use of iso-
tropic materials with form anisotropy, the need for anisotropic materi-
als that would require a means of angular alignment in fabrication is
avoided. This bio-inspired development has shown the transfer of
optical concepts that benefit the visual acuity of the eye of a shrimp to
a manufacturable microwave device that has applicability in the
manipulation of radar return signals, and can potentially be adapted
for other wavelength regimes. The component offers an all-dielectric
and partially hollow construction, while providing reflectivity without
the requirement for a specific orientation. In this way, the format of
the structure is suited to each of the very diverse deployments of the
shrimp eye and radar scatterer, while also being capable of assembly
using biological processes in optical form as well as fabrication in
scaled-up form by additive manufacture for operation at microwave
frequencies as demonstrated in this work.

See the supplementary material for additional finite-element sim-
ulations of normalized backscatter integrated over the backward hemi-
sphere and total normalized scattering cross section.
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