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ABSTRACT: This paper reports on a new manufacturing strategy that offers a low-cost,
simple, and repeatable method for printing frequency selective surface (FSS) elements using
materials with slightly lower conductivity than metals. By employing an inkjet printer to
simultaneously pattern the FSS elements on the substrate and digitally control the dot density
of the nanosilver ink mixture and aqueous vehicle, surface resistances can be achieved much
closer to the desired values compared to the stencil printing method.
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1.0 INTRODUCTION

The global electronics industry is increasingly demanding devices that are smaller, lighter,
and more cost-effective to manufacture than previous models. In recent years, printed
electronics technology hasbeen utilized for constructing various components such as Coplanar
Waveguide (CPW) Lines [1], RFID tags [2], antennas [3] - [6], FSS [7, 8] and sensors [9] —
[12]. This approach helps reduce costs associated with conventional fabrication methods by
enabling direct printing from a computer, thereby eliminating the need for photolithography
and milling and reducing production time [13, 14]. Additionally, material waste is minimized
by printing only the required patterns or areas [15]. All the applications mentioned above
employ conductive ink which is delivered through a printer.

Moreover, this method presents an advantageous approach for manufacturing thin microwave
absorbers. Recently, an inkjet printing technology was employed to fabricate a metal-backed
resistively loaded Frequency Selective Surface (FSS) [8]. The FSS pattern, featuring a surface
resistance using conductive ink. The absorber design is based on the use of a lossy substrate
and therefore only requires a very small surface resistance to construct the FSS elements. In
certain applications, utilizing high conductivity metals for creating resonant elements within
periodic arrays [12], [13] may not be desirable, demanding selective patterning of materials
exhibiting a surface resistance higher than that of commercially available conductive inks. This
paper introduces an alternative printing strategy utilizing an inkjet printer to simultaneously
pattern elements with a single value of surface resistance and uniform ink thickness at once.

2.0 INKJET PRINTING OF RESISTIVE FSS

The study utilizes a desktop color inkjet printer, specifically the Epson Stylus C88+, equipped
with CMYK (Cyan, Magenta, Yellow, Black) cartridges and MicroPiezo technology. This
printer operates by delivering ink droplets through a piezoelectric head, achieving resolutions
of 360 dots per inch in both vertical and horizontal planes. Unlike thermal inkjet printers that
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rely on vapor bubble formation as depicted in Figure 1, the piezoelectric technology allows
for the use of various types of solvent-based inks [13], enhancing versatility. The monochrome
head features 180 nozzles, while the color head has 177 nozzles (59 for each CMY color),
enabling the production of three different sizes of ink droplets, with a minimum volume of 3
picoliters (pL). These droplets are deposited on flexible substrates with dimensions up to A4
size and thicknesses of up to 0.27 mm.

Epson MicroPiezo Technology

Thermal technologies
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cause the ink reservoir wall to
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droplets with satellites and misting.

or misting.

Figure 1: Comparison the comparison of inkjet technology methods [14].

For printing FSS elements, Metalon™ JS-B25P nanosilver ink and Metalon™ aqueous vehicle
from Novacentrix are utilized in varying volume ratios. The JS-B25P ink is electrically
conductive, containing 25 wt% Ag, and is formulated to achieve thin film sheet resistances
as low as 60 milliohm/square. This ink type has previously been employed in printing solar
cell antennas. The aqueous vehicle, used to clean the printer head and prevent blockages, is
also water-based but significantly less conductive, containing 5 - 10 wt% Ethylene glycol and
Glycerine.

Several common color models or parameters are available for modifying color characteristics
within patterns. These include RGB (Red, Green, Blue), black and white, greyscale, CMYK
(Cyan, Magenta, Yellow, Black), Lab (Luminance, a & b for chrominance), HSL/V (Hue,
Saturation, Lightness/Value), indexed, and web-safe colors. The selection of a specific model
depends on the desired output or application. However, for this study, only RGB and CMYK
models are used to simplify the study of the ink by reducing the number of parameters
involved.

2.1 Colour Model

When working with a standard inkjet color printer equipped with four different color
cartridges, understanding the color model is essential. A color model is defined as a set
of colors systematically organized to be interpreted by computers. While numerous color
models exist, the most prevalent are RGB and CMYK.

RGB serves as a color model primarily used for computer display, where Red, Green, and
Blue are fundamental colors of light. These colors are combined in varying intensities to
generate secondary colors. In computer systems, each color’s intensity is represented by a
numerical code ranging from 0 (no light) to 255 (full intensity).

Conversely, CMYK is a color model tailored for printing, where each color component mixes
to produce both primary and secondary colors in the RGB spectrum. Similar to RGB, CMYK
colors are represented numerically, typically ranging from 0 to 1 (100%). These color models
(RGB and CMYK) are interconnected through combinations of two or more colors.

2.2 CMYK to RGB Conversion

Understanding the relationship between the color models RGB and CMYK is crucial for two

main reasons:

i.  Notall software platforms offer the capability to set CMYK values directly. Therefore, it is
necessary to identify corresponding RGB values to ensure accurate color representation.

ii. If colour cartridges are to be used, it is simpler to identify a mixed ink ratio if a certain
colour (surface resistance in this work) is required.
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The red (R), green (G), and blue (B) components can be calculated using either online
converters or the following equations:

R=255x (1-C) x (1 -K) 1)
G=255x (1-M) x (1-K) )
B=255x(1-Y)x(1-K) 3)

Here, K represents black. These equations illustrate that adjusting any RGB color component
affects the primary color. Additionally, it demonstrates the possibility of using a single CMYK
color to produce various shades of a similar color. This capability allows CMYK printers to
potentially utilize a single cartridge (if individual selection is feasible) for printing patterns.

2.3 RGB and Dot Density

In addition to generating various colors perceivable by the human eye, the RGB model
fundamentally represents the concentration of primary colors as dots. For instance, pure black
and light gray, despite sharing identical black color values (and RGB values), they differ in dot
concentration. This distinction was demonstrated by printing an identical rectangular pattern
with varying RGB values using a Canon monochrome laser printer equipped with standard
toner ink. The dot concentrations were examined using a Zeiss Stemi DV4 microscope, with
results for three different RGB values depicted in Figure 2.

The images reveal that for a solid black color (RGB 0,0,0), the pattern received the maximum
number of dots, making it challenging to discern the highly concentrated dots. Conversely,
when RGB values were increased to (50,50,50), the dot arrangement became more distinct as
fewer dots were deposited (white dots indicating no or minimal ink deposition). Similarly,
at higher RGB values such as (100,100,100), fewer dots were printed, further illustrating the
relationship between RGB values and dot density. In printed electronics, the number of dots
that are used to print the pattern, determines the conductivity of the ink.

(0,0,0) (50,50,50) (100,100,100}

Figure 2: Optical microscope image of the dot concentration of rectangular patterns
printed using a monochrome laser printer for 3 different RGB values

2.3 Printing Process and Settings

The printer utilized in this study is equipped with four cartridges (CMYK). During the
printing process, it is sufficient to fill only the K cartridge with nano-silver ink. However, to
prevent damage to the printer head, it is necessary to fill the remaining CMY cartridges with
the aqueous vehicle, as all four cartridges are used and consume ink during the head cleaning
process. The nano-silver ink and aqueous vehicle are deposited into the cartridges using a
syringe, as illustrated in Figure 3.
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Figure 3: Nano-silver ink and aqueous vehicle filling process into the CMYK
empty cartridges of an Epson Stylus C88+ inkjet printer

3.0 EXPERIMENTAL VALIDATION

CST Microwave Studio software was employed to determine the physical dimensions of
a periodic array of copper dipoles, designed to resonate at 15.3 GHz when exposed to TE
(vertically) polarized waves at normal incidence.

An experiment was conducted to determine the dot concentration and ink composition
required to achieve specific surface resistance values for loading the FSS elements. This
process involved experimental testing and modification of the ink to slightly reduce its
conductivity by:

i.  reducing the dot concentration of the printed features.
ii. adding one or more liquid additives.

In this study, a 15 x 15 cm? array of linear dipoles was patterned on a 0.14 mm thick Novele
IJ-220 substrate using the Epson Stylus C88+ inkjet printer and were printed with three
different ink mixture volume ratio of (ink__ : aqueous vehicle ;) 1:5, 1.7 and 1:9 and various
RGB settings.

The surface resistance in the numerical model was adjusted to achieve the best fit with the
measured transmission and reflection response plots of inkjet-printed FSS with identical
dimensions.

The measured transmission coefficients were plotted over the frequency range of 9 — 18
GHz for each of the three ink mixtures and various RGB color modes that resulted in a null
depth greater than 5 dB at resonance (16 in total). These experimental results were compared
with numerical predictions obtained by adjusting the surface resistance of the dipoles in the
electromagnetic simulator to achieve the best fit. Figure 4 illustrates the measured spectral
transmission plots for the three ink mixtures alongside the numerical results, including the
corresponding surface resistance values. The RGB printer settings were varied between (0,0,0)
and (27,27,27). It is observed that the surface resistance can be increased by reducing the dot
density and/or the fraction of silver nano particles in the ink composition, and moreover it
is possible to engineer the same resistance by choosing different combinations of these two
print variables. Excellent agreement with the predicted reflectivity plot is observed thereby
confirming that inkjet printing provides a better means than stencil printing, to tightly control
the surface resistance value of the FSS elements.
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Figure 4: Measured spectral transmission plots of inkjet printed FSS at normal incidence and best fit
simulated data for different RGB values of (a) 1:5 mixture, (b) 1:7 mixture, (c) 1:9 mixture

40 CONCLUSION

Animportant outcome from this work is the demonstration of a new alternative manufacturing
strategy which provides a low cost, simple and repeatable means to solve this problem. By
employing an ink-jet printer to simultaneously pattern the FSS elements on the substrate
and digitally control the dot density of the solvent and nanosilver ink mixture, it is shown
that it is possible to obtain surface resistances that are much closer to the desired values for
optimum FSS performance. Numerical predictions are fitted to experimental transmission
and reflection response plots of inkjet printed dipole FSS arrays, constructed using three
different ink mixtures and features printed with nine different dot densities. It is shown that
surface resistance values in the range of 0.1 — 200 Q/sq are obtainable.
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