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ABSTRACT: Absorbing materials can absorb incident electromagnetic waves effectively and have important research value in radar fields.
However, the current absorbing materials are mostly affected by the thickness and flexibility of the dielectric substrate, and they have
shortcomings such as being not thin, not flexible, not folding, and not conformal with the protection target, which is not conducive
to practical application. In this paper, we propose a flexible absorbing material that can be folded freely for wearable and practical
engineering applications, which is composed of a conductive carbon paste ink resistance film layer, a flexible fabric dielectric substrate,
and a metal backplane. When the incidence angle is less than 30°, more than 90% absorption performance can be achieved at the operating
frequency of 9.5-11.5 GHz with polarization insensitive characteristics. Simulated and experimental results prove the effectiveness of
the structure. Our work provides the groundwork for the commercialization of future meta-devices such as wearable invisibility cloaks,

sensors, optical filters/switchers, photodetectors, and energy converters.

1. INTRODUCTION

Electromagnetic (EM) metamaterial is an artificial compos-
ite composed of ordered or disordered subwavelength unit
structures, with unique EM properties that natural materials
do not have [1-8]. By varying the geometry of the artifi-
cial resonator, the metamaterial can exhibit characteristics such
as the negative refractive index [9, 10], backward Cherenkov
radiation [11, 12], inverse Doppler effect [13—15], and plate
focusing [16-19]. In 2008, Landy et al. first proposed the
concept of metamaterial perfect absorber (MPA) [20], which
showed a very high absorption rate but was very thin, and can
achieve impedance matching through flexible structural design
and structural parameters adjustment. Compared with tradi-
tional absorbing materials, MPA has a broader development
potential, so it has attracted wide attention from researchers.
Thus, the research of EM metamaterials has been pushed to
a new climax, and various EM metamaterials have been pro-
posed [21-35], which play an important role in multiple fields
such as photodetectors, sensors, energy harvesters, and invisi-
ble cloak [36-38] technology.

Metamaterial absorber (MA) consists of a periodically ar-
ranged metal pattern resonance layer, an intermediate dielec-
tric layer, and a continuous metal backplane. Because most of
the MAs at this stage usually choose FR4 or Rogers series plate
and other hard substrates [39—41], there are shortcomings such
as not being thin, not flexible, not folding, and not conformal
with the protection target, which limit the practical application
scenarios of MA. Although there are metamaterial absorbers
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made of special material resistance films such as ITO (indium
tin oxide) combined with flexible dielectric substrates [42—45],
it is still challenging to achieve conformal covering of complex
irregular objects. Therefore, new flexible MAs need to be re-
searched and developed urgently.

In this work, we propose a flexible MA based on intaglio
printing technology. Conductive carbon paste ink and diluent
are adjusted according to a specific concentration ratio to make
aresistance film, and then the conductive carbon paste ink is di-
rectly printed on the flexible fabric dielectric substrate through
intaglio printing technology. Compared with traditional resis-
tance films that need to print a special material pattern such as
ITO on the PI film, the direct printing method further reduces
the thickness of the MA, which can achieve more flexibility,
foldability, and conformability with the surface of complex ir-
regular objects. The results show that the absorption rate of
the designed MA exceeds 90% in the frequency range of 9.5—
11.5GHz. Due to the high symmetry of the resistance film
structure, the MA is insensitive to polarization direction and
incident angle.

The proposed MA in this work demonstrates tremendous po-
tential in the field of flexible absorbers for practical applica-
tions and manufacturing processes. Utilizing a low-cost and
easily fabricated intaglio printing technique, this MA exhibits
notable advantages. Simultaneously, currently available flex-
ible MAs face limitations in achieving significant bending ef-
fects, making it challenging to achieve higher degrees of fold-
ing and bending freedom. The flexible MA presented in this
work stands out in this context by not only achieving a cer-
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FIGURE 1. Schematic of the proposed MA. (a) Three-dimensional unit cell. (b) The top view of the unit cell. (c) The side view of the unit cell.
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FIGURE 2. Simulation results. (a) Simulated absorption spectrum of proposed MA. (b) The surface current distribution of the conductive carbon
paste ink layer. (c) Electric field distribution in conductive carbon paste ink resistance film.

tain degree of bending but, more importantly, aslo attaining a
higher level of flexibility than existing flexible MAs, enabling
a broader range of folding and bending. Moreover, because
the flexible MA does not require any hard substrate or PI film,
PET film intervention, the flexible effect is significantly better
than the existing flexible MA, and the flexibility is compara-
ble to that of flexible cloth. This characteristic makes the MA
not only suitable for covering regular object surfaces but also
capable of achieving conformal coverage on complex and irreg-
ular objects, providing an ideal solution for surfaces requiring
absorptive properties with vast potential for practical applica-
tions. Additionally, the flexible MA exhibits outstanding dura-
bility, remaining resistant to damage and deformation during
stretching processes, achieving a combination of lightweight
and stability. Due to these properties, this MA is expected to
have great potential in non-planar and conformal applications.

2. METAMATERIAL STRUCTURE AND METHODS

The proposed MA unit structure model is shown in Fig. 1. It
consists of three layers, with a periodic square resistance film
structure on the top, a flexible fabric dielectric substrate in the
middle, and a continuous metal backplane at the bottom. As
we all know, the structural design of metamaterials determines
the properties of metamaterials, so the desired properties can
be obtained by optimizing the structural parameters. Among
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them, the side length of the conductive carbon paste ink resis-
tance film m = 8mm,; the square resistance is 25 2/0J; the
thickness is about 10 microns; the thickness of the flexible fab-
ric dielectric substrate h = 1.43 mm; the dielectric constant is
2; the size of the unit cell p = 10 mm; the thickness of the bot-
tom copper layer ¢ = 0.035 mm; and the electrical conductivity
is 5.8 x 107 S/m. The numerical simulation was performed us-
ing CST Microwave Studio software. Periodic boundary condi-
tions were set in the z-y plane and the z-axis set to be open. The
normal incident plane wave propagates along the z-direction,
with the electric component along the y-direction and the mag-
netic field along the x-axis. Since the proposed MA is com-
pletely symmetric, the absorption efficiency of MA is insensi-
tive to the normal incident polarization angle.

The absorption was calculated by A(w) = 1 — R(w) —T'(w),
where R(w) = |S11|? and T'(w) = |Sa1|* are the reflection and
transmission, respectively. Since the metal backplane is located
at the bottom of the MA structure, the transmission disappears,
so the absorption expression can be simplified to A(w) =1 —
R(w) = 1—8511]?. The absorption spectrum of the simulation
result is shown in Fig. 2(a). The simulation result shows that in
the operating frequency band of 9.5-11.5 GHz, the absorption
effect is above 90%; the FBW is 19%; and there is an absorption
peak at 10.3 GHz.

In order to clarify the absorption mechanism of the design,
the surface current distribution at the frequency point of the ab-
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FIGURE 3. The picture of the intaglio printing machine.

sorption peak is monitored. The surface current distribution of
the conductive carbon paste ink layer and the metal backplane
corresponding to the absorption peak is shown in Fig. 2(b).
The current mainly accumulates in the edge position of the
square resistance film pattern, resulting in a strong electrical
resonance. In addition, the current direction of the surface re-
sistance film pattern and the bottom metal backplane reverse
parallel to form a current loop, resulting in magnetic resonance
in the structure. Due to the existence of conductive carbon paste
resistance film, the surface current causes ohmic loss and con-
verts EM energy into heat energy, which further expands the
absorption bandwidth.

In order to clarify the source of loss, the energy loss of this
frequency point is simulated, and the electric field size is drawn
for visual analysis, as shown in Fig. 2(c). It can be seen that the
energy loss mainly occurs in the surface resistance film, and
the energy loss is similar to the surface current distribution and
gathers at the edge of the square resistance film pattern, which
proves that the electric field is strongly coupled with the edge
of the square resistance film structure. Under the action of the
electric field, a large number of charges gather at the edge of
the square resistance film structure, causing a strong electrical
response and playing a major role in the loss.

3. FABRICATION

The conductive carbon paste ink was printed by the traditional
intaglio printing technology. The conductive carbon paste ink
used is prepared by adding diluent and epoxy resin to the orig-
inal carbon paste according to a specific concentration. The
concentration ratio of specific square resistance values is ob-
tained through a large number of concentration configuration
experiments, and then multiple samples are configured accord-
ing to each concentration ratio for testing. Compared with the
traditional ITO resistance film that needs to be printed on a
medium such as PI film, the advantage of this work is that spe-
cific concentrations of conductive carbon paste inks can be di-
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rectly printed on a flexible fabric dielectric substrate through
intaglio printing technology to achieve thinner and more flexi-
ble characteristics.

Roll-to-roll intaglio printing has become the mainstream
technology for complex circuit printing because of its low cost,
large area, and high-speed printing advantages, and it has bet-
ter dimensional stability, durability, and pattern fidelity than
inkjet printing and screen printing. In order to take advantage of
these advantages of intaglio printing, the most important thing
to print a specific pattern of resistance film is to configure a
suitable conductive carbon paste ink. If the ink is too diluted, it
will flow during the printing process and be difficult to shape,
and if the ink is too thick, it will stick in the grooves on the
roller, resulting in insufficient ink transfer to the surface of the
flexible fabric medium. At the same time, the dilution and vis-
cosity of the conductive carbon paste ink will affect the square
resistance value of the printed resistance film. Through a lot of
experiments, the concentration ratio of the conductive carbon
paste ink stock, diluent, and epoxy resin corresponding to the
square resistance value required by this work is obtained.

The first is the configuration of conductive carbon paste ink,
25 g conductive carbon paste ink paste, 6 g diluent, and 2 g
epoxy resin mixed in a container and stirred evenly using a
blender. As shown in Fig. 3, the intaglio printing machine is
composed of three main parts: pressure roller, intaglio print-
ing roller, and scraper. Turn on the intaglio press to rotate the
roll, and at the same time, contact the clean scraper that has
been wiped with the rotating intaglio roll at an appropriate an-
gle. Then the configured conductive carbon paste ink is fully
filled with the groove of the roller, and the excess ink on the
surface of the intaglio roller is scraped with a scraper. Ideally,
the area without a groove on the intaglio roller will not leave
ink, but in fact, there will always be ink residue. After the ink is
evenly scraped on the roller by the scraper, the pressure roller is
pressed down to make the flexible fabric medium contact with
the rotating intaglio roller, so that the ink in the groove of the
roller is transferred to the flexible fabric medium.
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FIGURE 4. (a) 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 placed on an arch frame. The inset shows a schematic of the details
of the sample. (b) Absorption spectrum of the experiment results and flexible sample.

4. RESULTS AND DISCUSSION

Several samples were prepared by intaglio printing. A pair of
horns are connected to a vector network analyzer and placed
on an arch in the laboratory to measure the reflection of the
sample. As shown in Fig. 4(a), the reflection of copper plates
of the same size at the same position was measured for com-
parison. Fig. 4(b) shows the absorption spectrum of the ex-
perimental results and flexible sample. We observed that the
sample achieved more than 90% absorption rate in the range of
8.8—11.8 GHz, and the wave peak was near 10 GHz. Due to the
use of epoxy resin in the manufacturing process, the conduc-
tive carbon paste resistance film printed on the surface of the
sample can maintain its shape and electrical conductivity well
in the bending, deformation, friction, and other processes of the
flexible fabric medium, which is not easy to break and damage,
fully reflecting the flexibility and foldability of the sample.
Compared with the simulation results, the frequency of the
absorption peak is very similar, only slightly shifted to the low
frequency, and the absorption frequency band has a certain de-
gree of expansion. The experimental test results differ from the
simulation ones within a specific range for the following rea-
sons: Due to the slight thickness difference of the flexible fab-
ric medium at different positions, the conductive carbon paste
ink on the printing roller is not uniformly transferred to dif-
ferent positions of the flexible fabric in the process of intaglio
printing, resulting in slight differences in the resistance of the
resistance film square at different positions; secondly, because
the thickness of the cloth medium is not uniform, the frequency
band will be offset to a certain extent. Due to the above rea-
sons, the prepared sample is equivalent to a metasurface com-
posed of multiple similar structures with different parameters,
and its overall absorption frequency band is equivalent to the
combination of multiple frequency bands, so there is a certain
deviation between the experimental and the simulated results.
Since the above are all reflected absorption results obtained
under the vertical incidence of EM waves, but in the actual ap-
plication scenario, EM waves will appear in oblique incidence,
and maintaining good absorption stability at different incidence
angles is an important indicator of MA. Therefore, we also sim-
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ulated the changes in the absorption curve of the absorbing
structure when the incidence angle increased from 0° to 60°
under TE and TM polarizations, as shown in Figs. 5(a) and (b).
As can be seen from Fig. 5(a), in TE polarization mode, when
the incidence angle does not exceed 30°, the absorption rate is
less affected by the incidence angle, and the absorption effect is
stable. When the incidence angle is 45°, the absorption band-
width is narrowed, but the absorption rate of more than 80% can
still be maintained in the working band. According to Fig. 5(b),
in the TM polarization mode, when the incidence angle does not
exceed 30°, the absorption rate basically does not change and is
little affected by the change of incidence angle. When the inci-
dence angle is between 45° and 60°, the frequency point where
the absorption peak is located will move to the high frequency,
and the absorption rate will decrease to a certain extent, but
there is still more than 80% absorption effect in a certain fre-
quency range. By placing the horn antenna at different angles
of the arch frame, we conducted experiments on the absorption
effects of the samples at different incidence angles under TE
and TM polarization modes, respectively. The experimental
results are shown in Figs. 5(c) and (d). According to Fig. 5(c),
it can be seen that in TE polarization mode, when the incidence
angle does not exceed 30°, the absorption effect of the samples
at different incidence angles will be greatly improved. The ab-
sorptivity is less affected by the change of incident angle and
has a stable absorbing effect. When the incidence angle is 45°,
the absorption bandwidth of more than 90% is narrowed, but
the absorption rate of more than 80% can still be maintained
in the working band. It can be seen from Fig. 5(d) that in TM
polarization mode, when the incidence angle does not exceed
15°, the absorption rate basically does not change and is little
affected by the change of incidence angle. When the incidence
angle does not exceed 45°, the absorption band will move to
high frequency, but there is still more than 90% absorption ef-
fect in a certain frequency range. The experimental results are
basically consistent with the simulated ones. Through the anal-
ysis of the absorption curve of electromagnetic wave, it can be
seen that the absorption rate of the absorption structure can be
maintained at different polarization modes and different inci-
dent angles, and it has a good angle insensitive characteristic.
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FIGURE 5. (a) Simulation results of absorption rate at different incidence angles in TE polarization mode. (b) Simulation results of absorption rate
at different incidence angles in TM polarization mode. (c) Experimental results of absorption rate at different incidence angles in TE polarization
mode. (d) Experimental results of absorption rate at different incidence angles in TM polarization mode.

5. CONCLUSIONS

In summary, a flexible foldable broadband MA prepared by in-
taglio printing technology is proposed. The absorber is com-
posed of a conductive carbon paste ink resistance film, a flex-
ible fabric medium and a metal backplane. Several sam-
ples were prepared by intaglio printing technology. Through
simulation and experiments, it can be seen that the absorber
can achieve more than 90% absorption in the range of 8.8—
11.8 GHz; the FBW is 29%; and the polarization and incident
angle is insensitive. These results indicate that the flexible
wideband MA proposed by us is flexible, foldable, and capa-
ble of conformal covering on the surface of complex irregular
objects, and can be applied to the commercial applications of a
new generation of flexible, ultra-thin, ultra-wideband, wearable
EM absorber in the near future.
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