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Abstract—In this letter, a novel, flexible inkjet-printed metama-
terial absorber is proposed. The unit cell consists of a miniaturized
Jerusalem-cross resonator and a completely conductive bottom.
Because the conductive patterns are inkjet-printed using silver
nanoparticle inks on paper, the proposed metamaterial absorber
is flexible. It is also eco-friendly because it does not produce
any chemical waste. In this letter, the working principle of the
proposed miniaturized unit cell is explained, and parametric sim-
ulations are described. The inkjet-printing process is delineated,
and the silver nanoparticle inks and paper used are characterized.
The performance of the proposed absorber is demonstrated with
a full-wave simulation and measurements at the -band. The
experimental results show that the absorption rate at 9.09 GHz is
greater than 99% at the normal incidence. Angular and polariza-
tion insensitivity are also experimentally demonstrated.
Index Terms—Absorber, electric LC resonator (ELC), flexibility

and polarization independent, inkjet-printing technology, meta-
material, paper substrate, silver nanoparticle ink.

I. INTRODUCTION

T HE METAMATERIAL-BASED electromagnetic (EM)
absorber is composed of periodic conductive patterns on

a planar substrate. It has been studied widely since it was first
introduced by Landy et al. [1] because it has several advan-
tages, such as low cost, thin geometry, and easier extension
to large areas. Many metamaterial absorbers show near-per-
fect absorptivity in spite of the absence of conventional EM
absorbing material, such as ferrites, because metamaterials
can independently adjust the effective permittivity and perme-
ability. Therefore, perfect impedance matching between the
metamaterial and air can be achieved, and the transmitted EM
wave with zero reflection can be perfectly absorbed and dissi-
pated by conductive and dielectric losses at strong resonance.
Recently, various metamaterial absorbers have been researched
for narrowband [1], [2], broadband [3], [4], polarization insen-
sitivity [4], [5], wide angle [5], and active characteristics [6], [7]
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in microwave [1]–[6], terahertz [7], [8], infrared [9], [10], and
optical regions [11]. In addition, metamaterial absorbers have
been applied in diverse areas, such as bolometer [12], electro-
magnetic interference (EMI) [13], plasmonic sensor [10], and
stealth technology [14]. Taking the characteristics of practical
environments into consideration, many researchers have also
investigated flexible metamaterial absorbers for curved, as well
as flat, surfaces [14], [15].
In this letter, a flexible metamaterial absorber printed on

a paper substrate by inkjet-printing technology is proposed.
An inkjet-printed metamaterial absorber on a paper substrate
has not been reported before, so this is the first attempt to
demonstrate the potential of a metamaterial absorber that
employs inkjet-printing technology. The proposed absorber
exhibits near-perfect absorptivity at the resonant frequency.
Near-perfect absorptivity is retained even when the flexible ab-
sorber is attached to a cylindrical object because of the angular
insensitivity of the unit cell design, as well as the flexibility
of the paper. The angular insensitive unit cell was inspired by
[16]. In this work, a unit cell is miniaturized by increasing its
effective capacitance and inductance. The proposed absorber is
insensitive to polarization because of the structural symmetry
of its unit cells. The miniaturization of the unit cell permits
high absorptivity for incidence angles up to 40 . The proposed
absorber is also flexible because of its paper substrate.

II. DESIGN OF THE INKJET-PRINTED
METAMATERIAL ABSORBER

A. Structure of the Unit Cell
In general, metamaterials exhibit complex electric permit-

tivity characteristics, as well as complex magnetic perme-
ability under effective medium approximations [8]. When
an EM wave enters the metamaterial normally, the intrinsic
impedance ( ) of the metamaterial is defined by and ,
as shown in the following equation:

(1)

By making and identical, the intrinsic impedance
can be perfectly matched to that of the free space, 377 , which
means that there is no reflected wave from the metamaterial

(2)

In addition, the metamaterials can have high absorptivity
owing to the large imaginary parts of the refractive index ,
which indicate the loss components. As a result, the perfect
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Fig. 1. Top view and bird’s-eye view of the unit cell of the inkjet-printed meta-
material absorber: 4.58 mm, 5.7 mm, 2.5 mm, 1.6 mm,

0.5 mm, 0.5 mm, and 1.19 mm.

Fig. 2. Simulated reflection coefficients of the proposed absorber for different
lengths of (a) the outermost arm and (b) the crosswire .

metamaterial absorber can be achieved by impedance matching
between the metamaterial and air and large enough loss com-
ponents, in spite of the thin configuration and the absence of
EM-absorbing materials.
Fig. 1 shows the geometry of the proposed absorber’s unit

cell. The unit cell is made up of a Jerusalem-cross with an in-
ternal ring resonator on the top layer and a completely metal-
covered bottom layer. The metallic pattern on the top layer is
printed on a paper substrate using silver nanoparticle ink. There-
fore, it has inductive and capacitive components and generates
an electric resonance. Because the bottom layer of the proposed
absorber is fully covered with a conductor, the transmission of
the incident EM wave is zero.

B. Full-Wave Analysis
Because the modified Jerusalem-cross pattern has inductance
and capacitance components, the LC resonance is generated

at a specific frequency, defined by

(3)

The resonance frequency depends on the and of the elec-
tric resonator on the top layer. Therefore, it can be shifted by
changing the geometry of the top layer’s metallic pattern. In
particular, the outermost arm and crosswire ( and , respec-
tively, in Fig. 1) are the primary geometric parameters that de-
termine and , respectively. To extend the unit cell design in
[16] to the miniaturized unit cell design proposed here, a para-
metric study was performed for different values of and . For
this study, a full-wave simulation was performed by applying
the finite-element method (FEM), using a commercial high-fre-
quency structure simulator (HFSS) from ANSYS, Inc., Pitts-
burgh, PA, USA. We used the master–slave boundary condition
in the HFSS to analyze an infinite array of the and parameters
for the proposed absorber. Fig. 2 shows the simulated reflection

Fig. 3. Simulated normalized impedance of the proposed absorber.

Fig. 4. Simulated reflection coefficients for different numbers of sheets of
paper.

coefficients of the proposed absorber for different values of
and . When is decreased, is also decreased, resulting from
(3), in an increased resonance frequency, as shown in Fig. 2(a).
Similarly, is decreased when is decreased, resulting in an in-
creased resonance frequency, as shown in Fig. 2(b). Therefore,
the miniaturization of the unit cell can be achieved by shifting
to a higher resonance frequency.
Fig. 3 shows the impedance of the proposed absorber normal-

ized to the impedance of the air. The proposed absorber exhibits
resonance at 9.25 GHz with a real part that is near unity and an
imaginary part of zero. This means that the proposed absorber
has a good impedance matching to air at the resonance fre-
quency, which leads to low reflection. In addition, because the
real part of the normalized impedance is not perfectly matched
to unity, it is possible to improve the performance by manipu-
lating the geometry of the proposed absorber. To achieve perfect
absorptivity with normalized impedance matched to unity, the
transmitted wave must be attenuated by dielectric losses from
the substrate. As shown in Fig. 4, as the substrate thickness in-
creases, the reflection coefficients become lower and the fre-
quency decreases.

III. INKJET-PRINTING PROCESS AND EXPERIMENTAL RESULTS

A. Inkjet-Printing Technology
When printed on the substrate, the silver nanoparticle ink

forms a silver nanoparticle agglomeration containing polymers,
dispersant, and surfactants necessary for uniform deposition by
the inkjet. Owing to these impurities, the silver nanoparticle
ink has poor conductivity immediately after printing, and a sin-
tering process is therefore necessary to burn off the solvent
and impurities. The sintering process also increases the bonding
strength between the silver nanoparticle ink and the substrate,
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Fig. 5. (a) Flexible inkjet-printed absorber prototype and (b) absorber proto-
type coated on a polyethylene-terephthalate (PET) cylinder.

and melts the nanoparticles together to form a conductive layer.
There are many sintering processes, such as thermal, laser, ul-
traviolet flash lamp, and microwave sintering. In this study, the
thermal sintering process was used because of its simplicity and
efficiency. A higher conductivity value can be achieved by in-
creasing the sintering temperature.
For the inkjet printing process, a Dimatix DMP2800 inkjet

printer with a Dimatix 10 pL cartridge (DMC-11610) was uti-
lized. The angle of the printer head was set to print a pattern
with a drop spacing of 20 m, resulting in a print resolution of
1270 dots per inch. The ink that was used for the fabrication was
DGP 40LT-15 C from Advanced Nano Products Company, Ltd.
Once the desired pattern was formed, it was sintered in an oven
for 2 hours at 130 C to eliminate impurities. The conductivity
of the silver used to produce the printed pattern ranges from

to S/m, with a roughness of approximately
11 to 15 nm [17]. The conductivity value obtained is approxi-
mately 14.3% to 17.5% of the conductivity value of bulk silver
( S/m), and similar to that of bulk iron ( S/m).

B. Fabrication and Measurement Setup
The properties of a paper substrate in the microwave fre-

quency range have been reported in [16]. The reported dielectric
constant ( ) of a 0.23-mm-thick Kodak premium photo paper
was 3.0, and the loss tangent ( ) was 0.05 at 0.8 to 10 GHz.
The paper substrate has a relatively high , which is benefi-
cial for microwave absorber designs, although it is detrimental
to radio frequency circuit designs. Therefore, the high is
best utilized in a paper substrate applied as a microwave ab-
sorber. A prototype of the proposed absorber was printed on a
paper, as shown in Fig. 5(a). The printed prototype consisted
of unit cells with a total area of mm.
The substrate consisted of four sheets of Kodak premium photo
paper attached to each other with an adhesive, with a resulting
total thickness of 1.19 mm. To demonstrate flexibility, the pro-
totype absorber was coated on a polyethylene- terephthalate
(PET) cylinder with a 4.56-cm radius. Fig. 5(b) shows a pho-
tograph of the absorber on the PET cylinder. It is known that
this type of ink may crack when the polymer is folded because
the polymer layer becomes hard after sintering. However, in
this work, the ink did not crack because the proposed flexible
absorber was not folded; instead, it was attached to the curved
surface as shown in Fig. 5(b). The ink may be cracked when the
absorber is repeatedly curved and flattened.

Fig. 6. Illustration of measurement setup.

To verify the performance of the proposed absorber, the fab-
ricated prototype was measured using a bistatic radar cross sec-
tion (RCS) measurement setup as in [4], as shown in Fig. 6. For
the measurement, the prototype absorber was surrounded by a
wedge-tapered absorber, and two horn antennas were placed 1m
away from the prototype absorber to satisfy the far-field condi-
tion. In addition, a time gating function in the vector network
analyzer was applied to measure only the reflected signals from
the prototype absorber. To measure the absorption rate for dif-
ferent polarization angles , the prototype absorber was rotated

. To measure the absorption rate at different incidence angles
, the transmitting antenna was rotated , and the receiving an-
tenna was placed at an angle to satisfy Snell’s law.

C. Discussion of Experimental Results
From the reflection and transmission , we can ob-

tain the absorption from

(4)

Because the bottom layer of the prototype absorber was com-
pletely covered with a metallic sheet, there was no transmission
wave from the absorber. Therefore, we can neglect the transmis-
sion and obtain the absorption by measuring only the reflection
coefficient.
The measured reflection coefficients for a vertically polarized

incident wave on planar and curved surfaces are shown in Fig. 7,
in which the full-wave simulation result from the HFSS is com-
pared with themeasurement results.When the absorber was on a
planar surface, greater than 90% absorptivity was achieved from
8.8 to 9.46 GHz. In addition, greater than 90% absorptivity was
achieved from 8.84 to 9.58 GHz, even when the absorber was
coated on the curved surface of the PET cylinder.
To observe the absorptivity for different polarizations at

normal incidence, one horn antenna was placed in front of the
sample absorber, and the reflection coefficients were measured
for different . The measured absorption ratios are plotted in
Fig. 8(a). The plot indicates over 99% absorption at 9.09 GHz
for all polarization angles.
The incident angle sensitivity of the proposed absorber was

also investigated. The measured absorption ratios are shown in
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Fig. 7. Simulation and experimental absorptivity results for vertically polar-
ized incident waves ( 0 , 0 ) on planar and curved surfaces.

Fig. 8. Measured absorption ratio of the prototype absorber on a planar surface
at different (a) polarization angles (varied from 0 to 90 ) and (b) incidence
angles (varied from 0 to 60 ).

Fig. 8(b). The plot shows over 95% absorptivity at 9.09 GHz
when is less than 30 . When was greater than 50 , the
absorptivity decreased drastically. However, the proposed ab-
sorber maintained greater than 72% absorptivity at 9.09 GHz
and greater than 78% absorptivity at the absorption peaks, which
occurred at different frequencies for different .

IV. CONCLUSION

In this letter, we have proposed a novel flexible inkjet-printed
metamaterial absorber. The proposed absorber was fabricated

on a paper substrate using silver nanoparticle ink. Because of
the high conductivity of the ink, the proposed absorber exhibits
a high absorptivity, similar to a conventional metamaterial ab-
sorber. Furthermore, the proposed absorber is light and flexible
because of its paper substrate, achieving over 90% absorptivity
from 8.84 GHz to 9.58 GHz when coated on a PET cylinder.
The proposed absorber exhibits polarization insensitivity and
absorptivity of over 95% at 9.09 GHz for angles of incidence
of less than 30 .
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