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Abstract—We demonstrate a simple and cost-effective 
method for fabricating silver-nanoparticle metamaterial 
structures on a flexible substrate based on inkjet printing. 
Specifically, we used inkjet printing with an ordinary 
printer to obtain an array of split-ring resonators (SRRs) 
on a sheet of paper. We designed the SRR array to 
exhibit a resonance in the THz region, which we 
observed through THz time-domain spectroscopy. We 
achieved good agreement between designed and 
measured THz transmission spectra for x- and 
y-polarized incident waves. In the measurement, we 
obtained the resonant frequencies of 0.305 THz and 
0.137 THz for x- and y-polarized incident waves, 
respectively. 
 

INTRODUCTION 

At present, metamaterials that work in the THz 
region are attracting much attention for observing novel 
phenomena, such as cloaking [1-3], and constructing 
novel devices, such as perfect absorbers [4], filters [5] 
and modulators [6]. 

Various methods have been proposed and 
demonstrated for fabricating THz metamaterials. 
Especially, fabrication methods based on 
microelectromechanical systems (MEMS) fabrication 
technologies are considered promising for making 
reconfigurable THz metamaterials on a flexible substrate. 
Since a moving structure can be achievable by applying 
MEMS technologies to metamaterials fabrication, a 
reconfigurable metamaterials can be obtainable. 
However, high-cost facilities are needed for fabricating 
metamaterials using MEMS, and a number of 
time-consuming and intricate processes are involved in 
MEMS-based fabrication procedures. 

In this paper, we propose and demonstrate a simple 
and cost-effective method for fabricating THz 
metamaterial structures on flexible substrates such as 
paper using an ordinary printer with ink containing silver 
nanoparticles. Specifically, we fabricated a 
two-dimensional array of split-ring resonators (SRRs) on 
a sheet of paper and performed THz transmission 
measurements. 

As a result of measurement, we achieved excellent 
agreement between theory based on finite element 
method simulation and experiment results. We confirmed 
that this method can produce metamaterials on flexible 
substrates with desired THz properties in a simple, 
reproducible, and cost-effective manner. 

 

SIMULATION 

In order to fabricate an SRR-based metamaterial on 
a sheet of paper through inkjet printing with 
silver-nanoparticle containing ink, we first designed a 
SRR array utilizing a finite element method (FEM) 
simulation with the COMSOL Multiphysics software 
package. The simulated device structure is shown in Fig. 
1. The dimensions of the SRR were determined through 
FEM simulations in a frequency range of 0.1 - 0.5 THz, 
except its width, which was determined by the resolution 
of the inkjet printer. The silver nanoparticle ink thickness 
and the period of the SRR were set to be 10 µm and 400 
µm, respectively. The substrate paper had a thickness of 
235 µm and a refractive index of 1.5+0.1i. The 
transmission spectra of the simulation used the air as a 
reference, and periodic boundary conditions were 
employed to represent the periodicity of the SRR array. 

Fig. 1. The design of the split-ring resonator used for 
simulations that is expected to have resonances in a 
range of 0.1 - 0.5 THz. 

Fig. 2. Simulation results of transmittance for x- 
and y-polarized incident waves, which are 
represented by blue line and red line, respectively. 



 
The simulation results are shown in Fig. 2. We 

obtained resonance frequencies of 0.3 THz and 0.14 THz 
for x- and y-polarized incident waves, respectively. 

FABRICATION 

Based on the simulation results, we fabricated an 
SRR array on a sheet of paper using silver-nanoparticle 
inkjet printing. The inkjet printing was performed by 
using a conventional inkjet printer with a cartridge filled 
up with the silver-nanoparticle ink. The 
silver-nanoparticle ink used in this study was developed 
by AgIC Inc. [7]. Unlike to the conventional 
silver-nanoparticle ink, this ink is not required an extra 
process such as baking after printing. It is dried in a few 
seconds after printing and has high conductivity. It is 
considered as a novel fabrication and low-cost tool to 
obtain an electric circuit on a flexible substrate. 

The SRR array is printed on the inkjet print paper 
with the thickness of 235  µm and the area of 2 cm × 2 
cm. The printed line of the SRR array consists of the Ag 
nanoparticle dots. Although some discontinuities 
between Ag nanoparticle dots are unavoidable, the 
conducting line could be obtained.  

MEASUREMENT 

We measured transmittances of three printed SRR 
arrays using THz time-domain spectroscopy. 
Measurement results for x- and y-polarized incident 
waves are shown in Fig. 3 and Fig. 4 as solid lines, 
respectively. They show resonances at 0.305 THz and 
0.137 THz for x- and y-polarized incident waves, 
respectively, which agree with the simulation results 
well. 

We were also able to observe little dispersion 
between measurement results. 

CONCLUSIONS 

We designed an SRR array and fabricated it on a 
sheet of paper using silver-nanoparticle inkjet printing. 
In the measurement, we obtained resonance frequencies 
of 0.305 THz and 0.137 THz for x- and y-polarized 
incident waves, respectively. The measured THz 
transmission spectra agreed well with simulated spectra. 
Moreover, we observed little dispersion in transmittances 
between three printed SRR samples.  

Our fabrication method is simple, reproducible, 
cost-effective, and applicable to a wide variety of THz 
metamaterials on various flexible substrates. 
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Fig. 3. The measured transmittances of three samples for 
x-polarized incident wave, which are represented by solid 
limes. The simulation result showed in Fig. 2 for 
x-polarized incident wave is also represented for 
comparison as dashed line. 

Fig. 4. The measured transmittances of three samples for 
y-polarized incident wave, which are represented by solid 
limes. The simulation result showed in Fig. 2 for 
y-polarized incident wave is also represented for 
comparison as dashed line. 


