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A Flexible, Foldable Metamaterial Absorber Fabricated
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Abstract—Metamaterial absorbers are widely used in sensing, clocking, imaging, etc. Currently, most
metamaterial absorbers are integrated by hard substrates, which limit their applications for non-planar
and irregular surfaces. In this paper, a flexible, foldable metamaterial absorber is proposed using a
matrix-assisted catalytic printing method. The absorber is composed of periodically patterned eight-
round sector copper arrays supported by a polyethylene terephthalate substrate. Experimental results
show that the absorber exhibits one absorption peak near 10.2 GHz.

1. INTRODUCTION

Metamaterials are artificial materials formed by periodic “meta-atoms” to exhibit unique
electromagnetic properties that are not available in natural materials [1,2]. Due to their exceptional
properties, massive researches on metamaterials have been carried out in recent years. Numerous
related applications have been proposed [3—-16], such as invisibility cloaks, super-diffusers, spinners
sensors, optical illusion devices, and absorbers. Among these applications, metamaterial absorbers
(MAs) attracted significant research interests because of their high absorption capability. Since Landy
et al.’s pioneering work in 2008 [16], various MAs have been proposed [17-26], playing important roles
in various fields including sensing, cloaking, imaging, etc.

However, many studies of MAs have focused on the use of hard substrates. These MAs are not
flexible enough that are not able to conformally overlay complex, irregular surfaces. Although there are
also MAs using special materials such as ITO (Indium Tin Oxide) as substrates that are ultrathin and
flexible, these MAs are limited to specific materials and not able to be folded.

In this paper, we propose one MA achieved by matrix-assisted catalytic printing (MACP)
technology [27]. As a demonstration, we use polyethylene terephthalate (PET) as the substrate and
patterned copper on PET to make the metal resonant unit cell. Experimental results show that the
absorber exhibits one absorption peak near 10.2 GHz. This absorber is flexible and foldable made by
MACP process and could conformally overlay on complex, irregular surfaces. Owing to these properties,
it is expected that this proposed MA may have great potential for non-planar and conformal applications.
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2. DESIGN AND SIMULATION RESULTS

Figure 1(a) presents a schematic illustration of the proposed MA. The unit cell and some relevant
parameters are shown in Figs. 1(b) and (c). It consists of three layers: a metal resonant structure,
a dielectric substrate, and a metal backplane. Its simulation focuses on the metal resonant structure
and dielectric substrate. The PET is used to design the flexible dielectric substrate. The dielectric
constant of high purity undoped glass fiber PET is 3.1(1 4 ¢0.025), and the tangent of the dielectric
loss angle is 0.008. The material used for the metal resonant structure is copper with a conductivity of
o =5.8 x 10" S/m and a thickness of 0.5 um.
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Figure 1. Schematic of the proposed MA. (a) Perspective view of the proposed MA. (b) Top view of
the unit cell. P =7mm, R = 0.7mm, R; = 1.4mm, Ry = 3.25mm, W = 0.6 mm. (c) Side view of the
unit cell. h = 0.25 mm.

The overall unit cell is an eight-round sector (ECS) structure, with a circular structure in the
middle. There are mainly five design parameters: P, W, R, Ry, and Ry. P refers to the overall length
of the unit cell (including the distance from the left and right unit structures); W refers to the width of
the gap between each sector; R is the radius of the hollow circle in the center; Ry and Re(R = Ry + L)
are the radii of the inner and outer circles, respectively, and L is the side length of the sector. Since the
proposed MA is fully symmetric, the absorption efficiency of the MA is insensitive to the polarization
angle at normal incidence.

The absorption A could be defined as A = 1—|S1; ]2 —|S21 |2, where S11 is the coefficient of reflection,
and S; is the coefficient of transmission. Since the thickness of the metal ground plane is much larger
than the penetration depth of electromagnetic waves, Sa; is considered as zero, and the absorption could
be simplified as A = 1 — |S11|2. The absorption spectrum of the simulation result is shown in Fig. 2(a).
The simulation result exhibits one absorption peak at 10.2 GHz. The basic principles of MAs can be

(a) 1 (b) 20000 V/m
0.8 £ S 1
Ry A
o :
] !
20.4 s

0.2

| -
08 9 'lIO 1‘1 12 I

Fregency (GHz) 0

Figure 2. Simulation results. (a) Simulated absorption spectrum of proposed MA. (b) Electric field
distribution in ECS structure.
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explained from electrical and magnetic resonance perspective, which can be visualized by plotting the
electric field magnitude. Fig. 2(b) shows the electric field distribution in ECS structure. It is observed
that the electric field is strongly coupled to the ECS structure. Under the effect of the electric field,
a large number of electric charges are accumulated at the arcs of the ECS structure, causing a strong
electrical response. Perfect absorption is caused by the LC resonance in the ECS structure.

3. FABRICATION

The MACP method is used in the fabrication process. MACP is a multi-functional printing method
for low-cost and simple fabrication of metal conductors on various flexible materials such as plastic and
textile substrates. With the help of MACP, we are able to fabricate metal conductors with multi-scale
and complex patterns on various plastic and flexible material substrates.

In MACP method, catalytic salt is printed, with the help of a delivering matrix polymer, onto a
substrate with a thin layer of receiving matrix polymer [28-30]. In the fabrication process, we choose
polyethylene glycol (PEG), poly[2-(methacryloyloxy)ethyl-trimethylammonium chloride] (PMTEAC),
and (NHy)2PdCly as the catalyst salt, delivering matrix polymer, receiving matrix polymer, and catalyst
salt, respectively.

The overall fabrication procedure is shown in Fig. 3. The first step of the whole procedure is surface
treatment which has a great impact on subsequent metal pattern printing. The PET was immersed in an
ethanol solution containing Vinyltriacetoxy-silane (VTMS) to make it able to bond the polymer brush
layer tightly. Then, the PET was soaked in deionized water containing Methacryloxyethyltrimethyl
ammonium chloride (METAC) and Potassium persulfate (KPS). The purpose of this step is to form
a layer of PMETAC polymer brush on the surface, which facilitates the subsequent adhesion of the
catalysts. Then the PET was cleaned and dried. The next step is screen-printing catalytic ink. The ink
used in screen-printing is composed of PEG and (NHy)2PdCly. In screen-printing process, the catalysts
diffused through the screen and formed ink pattern on the surface of the PET substrate. Thus, the
PET dielectric substrate with a catalyst layer bound on the surface can be obtained. The last step is
electroless deposition in the presence of catalysts. The PET was put in a specially formulated solution
(sodium hydroxide, copper sulfate pentahydrate, sodium tartrate and formaldehyde) to deposit copper
pattern by electroless deposition. The as-fabricated copper pattern on PET was MA.

Surface treatment

Screen-printing Electroless deposition

Scraper

PET

Figure 3. Schematic illustration of the fabrication process. Surface treatment could form a layer of
PMETAC on the PET. Screen-printing could print the catalyst ((NH4)2PdCly) as we want. Finally,
the copper deposits on the catalyst region thus form the metal pattern.

4. EXPERIMENTAL RESULTS

Several samples were fabricated with the aid of the MACP. The high-transparent flexible substrate
PET used in fabrication maintains its light-transmitting characteristics before and after fabrication,
and the metal pattern printed on the surface maintains its own shape well in the process of bending,
deformation, and friction, without breaking and damage, showing great flexibility and foldability.
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Figure 4. Measurement setup for evaluating the performance of the MA. The metasurface is placed
in an anechoic chamber. The transmitter and the probe are connected to the vector network analyzer.
The transmitter is set at approximately 50 cm away from the MA. The inset shows a schematic of the
details of the sample.

The reflection of the samples was measured by a pair of horn antennas connected to a Ceyear 3672A
vector network analyzer. Measurement setup is shown in Fig. 4. The reflection of a copper plate with
the same size at the same position was also measured as a comparison. Fig. 5(a) shows the absorption
spectrums of the experiment results. We observe that the samples can achieve high absorption at 10,
10.3, 107, and 11.2 GHz, respectively. Compared with the simulation results, the frequency of absorption
peak is not the same, and the absorption frequency band expands to a certain extent.

There are some differences between the performance of the MA obtained by the experimental tests
and the simulation. The causes are as follows: due to the pattern diffusion caused by ink leakage,
screen printing will lead to the increase of Rj, Ry and the decrease of W, R, thus the frequency of
the absorption peak will become higher, as shown in Fig. 5(b); because of the limitation of the size of
the container, the immersion in the substrate fabrication process is not sufficient, resulting in a loose
combination of some catalysts and the dielectric substrate, so that the substrate cannot deposit enough
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Figure 5. (a) Absorption spectrums of the experiment results. (b) Absorption spectrums of the MA
for different structural parameters. The black curve represents the original simulation result, whereas
curves of other colors represent simulation results of different parameters.
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metal, and Ry, Ro decrease while W, R increase, thus the frequency of the absorption peak will become
lower, as shown in Fig. 5(b); metallic copper will be gradually oxidized after deposition, which will
affect the absorption performance.

Because of the above reasons, the fabricated sample is actually equivalent to a metasurface
composited with multiple similar structures with different parameters, and the overall absorption
frequency band is equivalent to a composite of multiple frequency bands. The overall performance
of the sample will change owing to the change of the unit structure. Therefore, there is a certain
deviation from the simulation results.

5. CONCLUSION

In summary, an MA achieved by MACP has been proposed. The absorber is composed of a periodically
patterned eight-round sector copper arrays supported by a PET substrate. The procedure of the
fabrication based on MACP is introduced. Several samples were fabricated by MACP successfully.
The performance of the MA is demonstrated with simulation and experimental test. The experimental
results exhibit one absorption peak near 10.2 GHz. The proposed MA is flexible, foldable, and able
to conformally overlay complex, irregular surfaces, which can be used in non-planar and conformal
applications.
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