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ABSTRACT

In mechanical engineering, truss structures have attracted much attention because of their mechanical strength and light weight. However,
electromagnetic properties of truss structures have been rarely reported. We experimentally and numerically investigated a terahertz transmis-
sion through a truss structure composed of metallic meshes. In the experiments, a resonant transmission was observed through the metallic
mesh truss structure. The frequencies and spatial distributions of the resonant modes were investigated in the numerical simulations. The
frequencies of the resonant modes obtained from the numerical simulations agreed well with the observed frequencies. The field distribu-
tions of the resonant modes resemble those of the resonant modes of a Fabry-Perot resonator. Because truss structures are practically empty,
they could be applied in realizing sensors to detect the chemical reactions of gases or molecular biomaterials in response to their changing
refractive index.

© 2019 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/10.1063/1.5119385

Recently, in the field of mechanical engineering, much research
has been conducted on light and elastic materials." * Among them,
truss structures are composed of a mesh having an extremely thin
structure, and their size is easy to control; therefore, truss structures
have been applied to large structures, such as legs in a nanosized
structure. In addition, the thickness and weight of a material con-
stituting a truss structure can be controlled to maintain the rigidity
or increase the ductility intentionally. Another advantage of a truss
structure is that it has a skeleton structure, and therefore, it is easy to
access the cycle and height, and the structural characteristics can be
predicted.

It has been reported that three-dimensional metallic wire struc-
tures can exhibit interesting electromagnetic (EM) properties such
as a photonic band gap and extremely low-frequency plasmons.”"’
Metamaterials composed of metallic resonant structures exhibit
numerous exciting EM properties and phenomena such as nega-
tive refractive index,"’ negative refraction,’ magnetic response at
a terahertz (THz) frequency,”’ toroidal dipolar response,’* high

chirality,13 effective zero-refractive index,'® perfect absorption,l’—
and invisible cloaking.'® Thus, truss structures composed of metal-
lic meshes can be expected to exhibit interesting EM properties.
Moreover, owing to the mechanical flexible properties of the metal-
lic mesh truss structures, it is possible to add new functional EM
properties. However, the EM properties of the metallic mesh truss
structures have been rarely studied.

Recently, manipulating THz radiation has attracted much
attention because it can realize promising applications such as
nondestructive evaluation, home security, biological and medical
imaging, and THz communication. Modulation of the intensity or
phase of a THz radiation can be realized using graphene,'” ' topo-
logical insulators,” organic/inorganic hybrid materials,”* plas-
monic structures,”*”*° and metamaterials.”"”” A three-dimensional
periodic structure composed of dielectric meshes has been pro-
posed to manipulate THz radiation.”*”’ Thus, the metallic mesh
truss structures that respond to THz radiation could be useful in
controlling it.
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In this paper, THz transmission through a truss structure
composed of nickel-tungsten alloy wires is studied via THz time-
domain spectroscopy (THz-TDS). The metallic mesh truss struc-
ture exhibited a resonant transmission at certain frequencies. The
numerical simulations revealed that the resonant modes resembled
those of a Fabry-Perot resonator. A metallic mesh truss structure
could be useful in implementing sensors for the detection of chem-
ical reactions of gases, liquids, and biomedical materials occupy-
ing a structure. Furthermore, a metallic mesh truss structure with
mechanical flexibility could act as a THz tunable filter and THz
modulator.

A sample was fabricated based on a polymeric template with
the out-of-plane truss elements formed by a mask-based lithogra-
phy technique and the self-propagating photopolymer waveguide
technique,l which was also used for Microlattice and Shellular.” Fol-
lowing this, postprocesses (i.e., electroless plating of Ni-P, polish-
ing, and etching) were sequentially performed to finally obtain the
sample.

Figures 1(a) and 1(b) show the side and top views of the sample,
respectively. The periodicity of the sample is about 1525 ym. The tar-
geted thickness of the wire is 200 ym, but the sample has a thickness
ranging from 200 to 260 ym, and the cross-angle between the wires
viewed from the truncated side is about 45°. The measured height of
the structure is about 3.5 mm for the sample. The area of each entire
sample is 8 mm x 10 mm.
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A standard THz-TDS system was employed to measure the
transmission THz pulses through the sample.”’ The schematic of
the THz-TDS system is presented in Fig. 1(c). In the system, the
pumping femtosecond-laser has a repetition rate of 82 MHz, central
wavelength of 800 nm, and power of about 250 mW after passing
through a 3-mm pinhole and chopper. A p-type InAs wafer is used
to generate a THz pulse, and a 5-ym dipole gap antenna on a low-
temperature grown GaAs substrate is used to detect it. The truss
structure is placed in the middle of the four parabolic mirrors on
which the THz pulse is focused, and the full width half maximum
of the focused THz pulse is about 2 mm. The sample is fixed to a
7-mm metal hole. The THz pulse is normally incident on the sam-
ple. To observe the resonance frequency of the sample accurately, a
dry air-tight box is used during the measurements.

Figure 2(a) shows the measured data of the time-domain wave-
forms of the transmitted THz pulses through the sample and air.
The time-domain data were measured in 150 ps (inset), and the time
step was 10 ym/c (~0.033 ps), where c is the speed of light in air. The
peak-to-peak value of the transmitted THz pulse through the sam-
ple is much smaller than that of the transmitted THz pulse through
air because the sample composed of metal wires strongly reflects the
THz pulse. Figure 2(b) shows the spectral amplitudes of the THz
pulses transmitted through the sample and air. They are obtained
from the time-domain waveforms via fast Fourier transformation.
The amplitudes of the THz pulses were normalized to the maximum

FIG. 1. Side (a) and top (b) views of the sample.
Schematic view of the THz time-domain spectroscopy sys-
tem employed in the experiments (c).
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FIG. 2. Measured time-domain waveforms of the transmitted THz pulses through
the sample (red) and air (black) (a) and their spectral amplitudes in the frequency
domain (b). The insets in (a) and (b) represent the time-domain data measured
for 150 ps and normalized spectral amplitude in the range from 0.05 to 0.30
THz, respectively. A resonant transmission through the sample is clearly observed
around 0.15 THz.

amplitude of the THz pulse transmitted through air. The inset shows
the transmitted amplitude of the THz pulse through the sample in
the range from 0.05 to 0.30 THz. A resonant transmission is clearly
observed around 0.15 THz.

Numerical calculations were performed to investigate the reso-
nant transmittance. COMSOL Multiphysics was employed for the
numerical calculations. Figure 3 shows the measured (black) and
calculated (red) transmittance through the sample in a range of fre-
quency from 0.11 to 0.18 THz. The calculated resonant transmit-
tance around 0.15 THz is in good agreement with the measured
resonant one. The resonant modes were investigated by numerical
calculations. In fact, since the measured data are very noisy below
0.1 THz in our measurements, it is not possible to observe the res-
onant transmittance below 0.1 THz. However, the resonant modes
below 0.1 THz can be observed in the calculated transmittance.

Figure 4(a) shows the calculated transmittance of a THz pulse
through the sample. The calculated transmittance shows resonant
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FIG. 3. Measured (black) and calculated (red) transmittance through the
sample.
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FIG. 4. Calculated transmittance through the sample (a) and spatial distributions
of the resonant modes at 0.066 (b), 0.103 (c), and 0.151 THz (d) in a unit cell.
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peaks at 0.066, 0.103, and 0.151 THz. Figures 4(b)-4(d) show the
three-dimensional spatial distributions of the electric fields of the
lowest third resonant modes of the sample at 0.066, 0.103, and 0.151
THz, respectively. The field distributions of the resonant modes
resemble those of the resonant modes of a Fabry-Perot resonator,
satisfying the relation between the length of the resonator, L, and
resonant wavelength, Are, where L = nA./2 and n is a positive integer.

Truss structures composed of metallic mesh wires can be eas-
ily compressed or stretched by an external force. So, the resonant
transmittance frequencies of a sample are expected to increase under
compression along the vertical direction of the sample because its
height is reduced along the vertical direction. Furthermore, because
truss structures are practically empty, they can be applied in real-
izing sensors to detect the chemical reactions of gases or molecular
biomaterials in response to their changing refractive index.

In conclusion, the THz transmittance through a truss structure
composed of metal wires is investigated experimentally and numer-
ically. The truss structures can exhibit resonant transmittance. The
calculated spatial distributions of the electric fields of the resonant
modes and resonant frequencies show that their features resemble
those of a Fabry-Perot resonator. Therefore, the truss structures
may be applied in implementing filters and sensors owing to their
structural properties.
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