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Abstract: In this work, we proposed a flexible broadband metamaterial perfect absorber (FBMPA)
by exploiting a pasted conductive-graphene ink on a polyimide substrate. For the flat FBMPA,
an absorption over 90% was found to cover a wide frequency range (from 7.88 to 18.01 GHz).
The high-absorption feature was polarization-insensitive and regarded as stable with respect to the
oblique incidence up to 30 degrees of electromagnetic wave. The high absorption was maintained
well even when the absorber was wrapped. That is, the FBMPA was attached to cylindrical surfaces
(with the varying radius from 4 to 50 cm). For both flat and curved states, the absorption mechanism
was explained by the perfect impedance matching and the dielectric loss of the proposed absorber.
Our work provides the groundwork for the commercialization of future meta-devices such as sensors,
optical filters/switchers, photodetectors, and energy converters.

Keywords: metamaterial; perfect absorption; flexible; conductive-graphene ink

1. Introduction

A metamaterial (MM) is an artificial advanced material consisting of man-made
resonators arranged periodically in a subwavelength scale. By varying the geometry of
artificial resonators, the non-natural properties of MMs can be manipulated to have a
negative refractive index [1], backward Cherenkov radiation [2], inverse Doppler effect [3],
and more. In 2008, the so-called metamaterial perfect absorber (MPA) was devised by
Landy et al. [4], which showed a very high absorption but was very thin. The MPAs have
high potential for a variety of applications such as for photodetectors [5,6], sensors [7,8],
energy harvesters [9,10], and stealth technology [11–13]. Since then, the commercial uses of
MPAs for healthcare and civilian demands have induced more intensive research on them
and their applications.

MPAs can be obtained with a sandwiched multilayer of a periodically-arranged
metallic pattern, dielectric-spacer layer, and continuous metallic plate [10,13]. Most of the
recent MPAs are hard or stiff, since they are usually fabricated with a hard dielectric layer
such as FR4 [4] or silicon [14], which also makes the absorption behavior fixed. This turns
out to be a big challenge which limits the practical applications to real devices having
general rough surfaces. Therefore, the use of flexible substrates (polyimide, polymer, and
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paper) and conductive materials (graphene ink and conductive polymers) has appeared
to be promising for facilitating more applications [11,15–18]. Another important future
application is the broadband MPA, due to the standard requirements in modern electronic
devices integrated with MMs. Although some approaches for fabricating a broadband
absorber have proven to be effective (for example, lumped resistors [19,20] and multiple
resonators [21]), these require a complex fabrication process and a large unit-cell size.

In this work, we propose a broadband MPA using a flexible substrate and conductive-
graphene ink to achieve a wide-band absorption in a frequency range of 7.88-18.01 GHz.
We investigated the performance of this flexible broadband MPA (FBMPA) in two different
states, namely flat and wrapped around cylindrical objects of variable radii. The fidelity of
broadband absorption is considered for various incident- and polarization-angles of the
incoming electromagnetic wave.

2. Materials and Methods

Figure 1 shows the geometrical parameters of proposed FBMPA, which were de-
signed with the commercial CST software. The unit cell consists of three layers: a printed
conductive–graphene ink for impedance matching, a dielectric layer and a continuous
metallic plate. In simulation, the pasted conductive–graphene ink layer was modeled as
a resistive sheet with a thickness of 0.036 mm. The dielectric layer is a flexible polyimide
with a dielectric constant of 3.5 and a loss tangent of 0.0027 for a thickness of 2.5 mm. The
bottom layer is covered with a continuous copper sheet, whose thickness and conductivity
are 0.036 mm and σ = 5.8 × 107 S/m, respectively. The optimized parameters are a = 16.0,
p = 15.5, c = 4.0, w = 2.0, l = 1.0, and s = 2.0 mm.
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Figure 1. (a) Schematic of the three-dimensional unit cell and (b) the top view of FBMPA structure. (c) The measure-
ment setup.

The unit cell was set with periodic boundary conditions in the x-y plane, and the
z axis was set to be open. A normal-incident plane wave propagated along the z direction,
with the electric component along the y direction and the magnetic field along the x axis.
The numerical simulation was done with CST Microwave Studio software [22].



Photonics 2021, 8, 440 3 of 9

The absorption of MPA is calculated from the transmission and the reflection: A =

1− R − T = 1− |S11|2 − |S21|2, where A is the absorption, and R = |S11|2, T = |S21|2
and S11, S21 are the reflection, transmission and the reflection, transmission coefficient,
respectively. The continuous copper sheet for the bottom layer allows the transmission to
be ignored (i.e., T = 0) so that the absorption expression becomes A = 1− R = 1− |S11|2.
The absorption can be, then, calculated simply by measuring the reflection coefficient
S11. The fractional bandwidth (FBW), which indicates the quality of performance for the
proposed FBMPA, is also evaluated by FBW(%) = 2

[(
fhigh − flow)/( fhigh + flow

)]
× 100,

where at the lowest (f low) and highest (f high) frequencies where the absorption is over 90%.
A prototype of the structure was fabricated to demonstrate the performance of pro-

posed FBMPA. The conductive–graphene ink was printed by screen printing. The employed
conductive-graphene ink was a commercial product by Dycotec Materials Ltd. [23]. The
measurement setup is shown in Figure 1c. A pair of horn antennas working as transmit-
ter/receiver was connected to a VNA (vector network analyzer) to measure the reflectance
of the sample. In the measurement process, the reflection coefficient of a copper plate
with the same size as the FBMPA sample was measured first for the calibration. Then, the
sample was placed at that exact location to be measured. The measurement was conducted
from 5 to 18 GHz.

3. Results and Discussion

Figure 2a shows the simulated and measured absorption spectra of FBMPA with a
sheet resistance of 70 Ω/sq. The simulated absorption spectrum is seen to be broader in
a frequency range from 7.88 to 18.01 GHz with an absorption above 90%, indicating an
absolute bandwidth of 10.13 GHz and an FBW of 78.25%. The measured absorption is quite
similar to the simulated one. The slight difference might be caused by the surface roughness
of the conductive-graphene ink layer. Figure 2b exhibits the spectra of the bent broadband
perfect absorber (BBMPA) structure with a radius of 40 mm. The simulated absorption
exceeds 90% from 6.7 to 19.8 GHz (FBW = 98.88%). The measured result indicates a good
agreement with the simulated one.
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Figure 2. Simulated and measured absorption spectra of the (a) FBMPA and (b) BBMPA structure (a bending radius of
40 mm).

To gain insight into the absorption mechanism of FBMPA, Figure 3 shows the distri-
bution of magnetic-energy density and surface power-loss density in the conductive-ink
layer (for the TE polarization) at absorption frequencies of 9.2, 13.0, and 18.2 GHz. The
surface currents at the top and bottom are anti-parallel to each other, confirming that strong
magnetic resonances are excited and play a dominant role for the high absorption. From the
distribution in Figure 3a, at a frequency of 9.2 GHz, we observe that the magnetic-energy
and surface power-loss densities are mainly concentrated on the resonant rings. Figure 3b,c
depict the magnetic-energy density and surface power-loss one in the conductive-graphene
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ink layer at 13.0 and 18.2 GHz, respectively. At 13.0 GHz, the energy is strongly dissipated
in the plus-shaped resonator, while at 18.2 GHz, the energy loss is located mainly in the
double-square structures. Hence, the broadband-absorption spectrum of FBMPA can be
explained by the efficient combination of these three kinds of constitutive resonances.
Each kind of resonance element activates two main absorption peaks. By using the low-
conductivity graphene ink (compared with that of the conventional metal), these peaks are
broadened to the extent that they overlap and enhance each other. Consequently, a high
absorption (over 90%) is achieved over a wide band. In other words, both Ohmic loss (in
the conductive-ink layer) and dielectric one are the origin of broadband absorption inside
the proposed FBMPA. It can be noted that these power-loss distributions are formed in
both dielectric (Pd) and conductive-ink (Pm) layers, which can be expressed by

Pd = πε f tanδ
y

Vd

∣∣∣E2
∣∣∣dV (1)

and

Pm =
1
2

√
πµ f

σ

x

Sm

∣∣∣H2
∣∣∣dS. (2)
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Figure 3. Three-dimensional distribution of the magnetic-energy density in the dielectric layer (top) and the surface
power-loss one (bottom) of MPA structure at (a) 9.2, (b) 13.0, and (c) 18.2 GHz (for the TE polarization).

In Equations (1) and (2), Vd, ε and tanδ are the volume, permittivity and tangential
loss, respectively, of the dielectric layer. Sm, µ, and σ are the surface area, permeability
and conductivity, respectively, of the conductor layer. f, E and H are the frequency, electric
and magnetic field of incident-plane wave, respectively [24]. It can be concluded that,
in the case of the FBMPA, the consumed energy is mainly dissipated in the conductive
layer rather than in the dielectric one, as shown by the magnitude of power-loss densities
in Figure 3.

For the BBMPA (with a bending radius of 40 mm), the distributions of power-loss
density at absorption frequencies of 9.2, 13.0 and 18.2 GHz are slightly changed, as illus-
trated in Figure 4. At 9.2 GHz, the power-loss density is concentrated on the outer edges
of resonant-ring structures. This is noticed mainly on the outer edges of resonant rings
and also the plus-shaped resonators at 13.0 GHz, and distributed on all three constitu-
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tive resonators at 18.2 GHz. Remarkably, the power loss dissipated in the dielectric and
low-conductivity layers contributes simultaneously to the total absorption of BBMPA [24]:

A′ =
Pm + Pd

Pin
and Pin =

Rl
η0,

, (3)

where A′ is the power captured by the BBMPA. η0 =
√

µ0
ε0

= 120π and Pin are the wave
impedance of vacuum and the time averaged incident power to the BBMPA, respectively.
R and l are the radius and height of cylinder, respectively. Therefore, the power-loss density
distributions are only concentrated around the curved sub-areas, which are symmetric
about the E-field axis, as shown in Figure 4.
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radius of 40 mm) (for the TE polarization).

The dependence of absorption behavior on the polarization and incident angle of the
incoming wave is also investigated for the FBMPA, as presented in Figure 5. Figure 5a,b
show the absorption is inversely proportional to the incidence angle in both cases of TE
and TM polarizations. Obviously, the absorption spectra remain relatively stable with an
increase of the incident angle up to 30◦ for the TE mode. Even when the incident angle is
increased to be 60◦, the absorption is still over 70%, which also covers a wide frequency
range from 7.7 to 18.9 GHz. For the TM mode, the FBW of absorption spectra drops from
78.25% to 41.6% as the incident angle reaches 60◦ from the normal. For both cases, the
mismatched impedance between the FBMPA and the surrounding environment reduces
the absorption for higher incident angles. Figure 5c shows the independence of absorption
spectra of the polarization angle. Since the polarization angle is changed from 0 to 90◦

(in case of the normal incidence), an FBW of 78.25% for the absorption spectra remains
unchanged owing to the symmetric constituent resonances.

An advantage of the conductive ink over the conventional metallic material is that
we can manipulate easily the sheet resistance and the conductivity of layer. The sheet
resistance of conductive-graphene ink can be engineered to suit a particular application by
adding functional materials (such as binder, dispersant, surfactant, slip agent, and more).
The absorption characteristics of BBMPA depend on the sheet resistance of conductive
ink as indicated in Figure 5d. The simulated results show that the low resistance gives
rise to multi-peak absorption while the high one leads to a wide-band absorption. The
local absorption is maximized when the sheet resistance comes to be 30 Ω/sq. However,
the widest-band absorption (with an absorption higher than 90%) is obtained for a sheet
resistance of 70 Ω/sq. When the sheet resistance of graphene ink is increased to be
500 Ω/sq., the absorption is reduced to be roughly 80% in the frequency range of interest.
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For the practical applications, the absorbers should be flexible mechanically to cover
different shaped objects. The absorption of the cylindrical-absorber model (for vertically-
polarized incident wave) was simulated and shown in Figure 6 to study the absorption
performance of BBMPA. To simulate the curved BMPA, we construct a full structure instead
of the unit cell, as shown in Figure 6a. A normal-incident plane wave propagates along
the z direction, with the electric field along the y axis and the magnetic one along the x
direction. Figure 6b illustrates the simulated absorption for the bent-absorber model with
different bending radii in the range of 40–500 mm. When the bending radius is 500 mm, the
curved structure is nearly planar; the absorption spectrum is almost identical to that of the
planar structure. As the bending radius decreases from 500 to 80 mm, the absorption in a
frequency region from 16 to 20 GHz is enhanced. Then it is reduced gradually when it keeps
decreasing from 80 to 40 mm. It is noteworthy that when the bending radius decreases
from 80 to 40 mm, the low-frequency edge of absorption spectrum is also changed. The
absorption around 7.5 GHz is enhanced while that around 9 GHz is reduced when the
MPA is bent further, meaning that the low-frequency edge of the absorption spectrum
is not totally flat any more. The absorption band exceeds 95% with an FBW over 80%
for all bending radii. The fact that we can achieve robust broadband absorption in the
presence of deformation suggests these flexible absorbers might be well suited for many
practical applications.

Finally, in order to demonstrate the advantages of proposed absorber over other
similar structures, the performance characteristics of the proposed structure are compared
with recently-reported broadband absorbers by using conductive ink as shown in Table 1.
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Table 1. Performance comparison of the proposed FBMPA with recently-reported MPAs by using
conductive ink.

Reference
Operating
Frequency

(GHz)

Bandwidth
(GHz)

(Absorption
over 90%)

FBW (%)
(Absorp-
tion over

90%)

Thickness
(mm)

Number of
Dielectric Layers Flexible

[25] 12–23 11 62.86 6 1 (stereo structure) no

[26] 3.21–14.35 11.14 126.88 9.2 2 no

[27] 6.58–16.38 9.8 85.4 3.3 1 no

[28] 6.66–7.04 0.38 5.55 7.2 1 yes

[29] 8.43–10.38 1.95 20.73 1.06 4 yes

[30] 2.34–18.95 16.61 156 11.3 3 yes

This work 7.88–18.01 10.13 78.25 2.5 1 yes

The absorbers in Refs. [25–27] have a large bandwidth, but are thick and not flexible.
The absorbers presented in Refs. [28–30] are all flexible, but either require more complicated
fabrication process due to the multilayer stack-up structure as in Refs. [29,30] or have a
small FBW like in Ref. [28]. The proposed FBMPA shows a good balance among large FBW,
small thickness and flexibility.

4. Conclusions

A flexible broadband metamaterial perfect absorber based on conductive-graphene
ink, integrated on a polyimide substrate, was characterized for both flat and bending
states. The magnetic resonances in both planar and cylindrical resonators gave rise to a
broadband absorption of 90% in a greatly-wide frequency range (FBW = 78.25% for the
FBMPA and FBW over 80% for the BBMPA). Furthermore, the proposed BMPA works
stably with respect to the incident angle (up to 30◦ in the TE mode and 60◦ in the TM
mode). These results suggest our proposed flexible and broadband metamaterial perfect
absorbers could be appropriate for the commercial applications involving next generation
of flexible, ultra-broadband, polarization/oblique-incidence insensitive, low-cost, and
ultrathin-wearable electromagnetic absorbers in near future.
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