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Electromagnetic Shielding Effectiveness of Grid-Mesh
Films Made of Polyaniline: a Numerical Approach

S. H. Kwon', B. R. Kim? and H. K. Lee?3

Abstract: The electromagnetic shielding effectiveness of grid-mesh films made
of polyaniline was numerically investigated, and the optimal size of the polyaniline
grid was determined through numerical analyses. The permittivity of polyaniline
was first determined from an inverse analysis based on experimental data. A series
of numerical analyses were carried out with 225 polyaniline grid-mesh films of
different thickness, spacing, and width, and the shielding effectiveness of every
grid was examined. In addition to the numerical analysis, the transparency of the
grid-mesh films and the amount of polyaniline material required to manufacture the
unit grid area (Imx1m) were calculated. The optimal dimensions of the grid mesh
were determined considering the following three factors: shielding effectiveness,
transparency, and the required amount of polyaniline material.

Keywords: Polyaniline, Electromagnetic Shielding, Optical Transmission, Grid-
Mesh Film, Optimal Grid Size

1 Introduction

In the last few years there has been intensive interest in electromagnetic (EM) wave
shielding due to a dramatic increase in EM pollution, which can potentially lead to
performance degradation or electromagnetic interference (EMI) of other electri-
cal/electronic systems. A typical EM wave shielding system is comprised of en-
tirely enclosed sheets or layers of electrically conductive metallic materials (e.g.,
steel or copper) (cf. Geetha et al., 2009). However, it is difficult to achieve both
sufficient shielding effectiveness and visual accessibility (or transparency) with en-
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tirely enclosed metallic shielding approaches (Hoeft et al., 1984). It is hence nec-
essary to develop a new shielding system to resolve the existing problems.

Mesh structures are very attractive as EM wave shielding systems due to their visi-
ble light transmittance characteristics as well as their reduced weight per unit area
compared to sheet types (Casey, 1988). In line with this, a variety of studies on
metallic mesh structures have been carried out to design EM wave shielding sys-
tems (Mitsuishi et al., 1963; Vogel and Genzel, 1964; Ulrich, 1967; Wood et al.,
1975; Bruneal et al., 1978; Moller et al., 2002; Roh et al., 2008). Although meshes
made of metallic materials (e.g., steel, copper, and aluminum) offer high elec-
tromagnetic shielding effectiveness, they have various drawbacks such as heavy
weight, corrosion susceptibility, and poor processibility (Yuping et al., 2005; Chen
etal., 2007). Recently, as substitutes for these metallic materials, a variety of intrin-
sically conductive polymers (ICPs) having high dielectric constants have received
a great deal of attention. These ICPs might provide solutions to the existing draw-
backs due to their lightweight, corrosion resistance, good processibility, and simple
conductivity control (Hoang et al., 2007; Nguema et al., 2008).

Polyaniline (PAN]) is one of the most promising and versatile ICPs, affording inter-
esting electrical characteristics along with good environmental stability (Abshinova
et al., 2008; Jadhav and Puri, 2008; Bhadra et al., 2009). Due to these character-
istics, PANI has been extensively investigated in relation to EM wave shielding.
Refer to a series of studies on EM wave shielding characteristics of PANI carried
out by many researchers (Mikeld et al., 1997, 1999; Lee et al., 1999; Koul et al.,
2000; Dhawan et al., 2002, 2003; Wang and Jing, 2005, 2007; Yuping et al., 2005;
Bhadra et al., 2009; Kim et al., 2010, 2011). In particular, several studies have
reported high dielectric constants, ranging from 10 to more than 10°, of PANI
composites (Joo et al., 1998; Dutta et al., 2002; Chwang et al., 2004; Yan and
Goodson, 2006; Lu et al., 2007; Ho et al., 2008).

Grid-mesh films made of polyaniline might be a possible solution to easily achieve
both the required EM shielding effectiveness and sufficient transparency. In this
study, the electromagnetic shielding effectiveness of grid-mesh films made of polyani-
line was numerically investigated, and the optimal size of the polyaniline grid was
determined through numerical analyses. First, the permittivity of polyaniline was
determined from an inverse analysis based on the experimental data. Numerical
analyses were carried out with 225 polyaniline grid-mesh films of different thick-
ness, spacing, and width, and the shielding effectiveness of every grid was exam-
ined. In addition to the numerical analysis, the transparency of the grid-mesh films
and the amount of polyaniline material required to manufacture the same sectional
area of the films were calculated. The optimal dimensions of the grid mesh were
determined considering the following three factors: shielding effectiveness, trans-
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parency, and the required amount of polyaniline material.

2 Electromagnetic properties of polyaniline
2.1 General

In a waveguide system, the radiated electromagnetic wave is generally scattered by
an embedded material via reflection, absorption, and transmission. These forms
of scattering are expressed as the scattering parameters, and are commonly called
S-parameters (Kurokawa, 1965; Pozar, 2004; Kwon and Lee, 2009). The EM wave
shielding effectiveness can be quantitatively expressed by these S-parameters (Wen
and Chung, 2004). In particular, according to Nicholson and Ross (1970), the elec-
tromagnetic properties of materials can be obtained from S-parameter data. In the
present study, the S-parameters are experimentally obtained from coaxial tests on
PANI-coated films and the electromagnetic properties of PANI are calculated by
S-parameter data. As the specimens for S-parameters, the PANI-coated films were
manufactured by Elpani, Co. The details of the synthesis of PANI and manufactur-
ing of the films can be found in Lee et al. (2005) and Kim et al. (2010).

2.2 Measurement of the S-parameters of polyaniline

The ASTM D 4935-99 standard method using a circular coaxial transmission line
holder was performed to obtain the S-parameters of PANI. Although the ASTM D
4935-99 method is designed for EM wave shielding effectiveness, it can yield the S-
parameters, which are used for calculating the electromagnetic properties of PANI.
A frequency range of 30 MHz to 1.5 GHz was scanned. The scattering parameter
S;j is the ratio of the voltage at port i to the voltage at port j and can be expressed as
a complex number. The set of S-parameters on specimens with different thickness
of PANI (r=229, 366, 640, and 823 nm) is obtained from the tests. Figure 1 shows
the schematic configuration of the coaxial test measurement system.

2.3 Calculation of the electromagnetic properties of polyaniline

The method for calculating the electromagnetic properties from S-parameters is
described in Nicholson and Ross (1970). They report that scattering parameters
S11 and S, are related to the reflection coefficient (I') and transmission coefficient
(T') and are expressed by the following (Nicholson and Ross, 1970)
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Figure 1: Schematic configuration of the coaxial test measurement system

with

o Vie/e =] 3)
VUR/ER+1

T =exp [—j(a)/c) \/AT/ERI} 4)

where €g and Ug are the relative permittivity and permeability of the material,
respectively. In addition, j = +/—1, c is the speed of the wave under a vacuum, @
is the angular frequency, and ¢ is the thickness of the material.

The electromagnetic properties €z and g are complex functions with real and
imaginary parts, expressed as €g(or g) = €g(or Up) — jeg (or Up), respectively
(Nicholson and Ross, 1970; Baker-Jarvis et al., 1990). These properties can be de-
termined from the S-parameters through an inverse analysis (Nicholson and Ross,
1970; Kwon and Lee, 2009). In the present study, nonlinear least square opti-
mization using the Marquardt-Levenburg iteration kernel (Brown, 1970) is used for
calculating the electromagnetic properties, optimally fitting the S-parameters mea-
sured from the experimental test. Figure 2 exhibits a flowchart describing iteration
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algorithms used for determining the permittivity of PANI. It is noted that, for non-
magnetic materials, the real and imaginary parts of permeability, up and pg, are 1.0
and 0.0, respectively. The subscripts m and c¢ in the flowchart denote “measured”
and “calculated”. In the present study, the real part of the relative permittivity of
PANT is obtained as 5.961x 10°. Figure 3 shows the dielectric loss tangent of PANI
according to the frequency calculated from the present optimization.
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Figure 2: Flowchart describing iteration algorithms used for determining the per-
mittivity of PANI
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Figure 3: Dielectric loss tangent of PANI according to the frequency

3 Numerical analysis
3.1 General

In this study, the shielding effectiveness of PANI grid-mesh films with different
thickness (¢), spacing (s), and width (w) is numerically simulated. Figure 4 shows
the unit cell of the PANI mesh for the numerical analysis and the specimen notation
method according to a combination of analysis parameters. Here, “T” and ‘S’ de-
note the thickness and spacing of the grid in millimeters, respectively. In addition,
‘W’ is the width of the grid and is expressed as the ratio of width to spacing. In
order to determine the optimal grid size from the numerical simulation, the spacing
and width of the grid are selected under the following assumptions (cf., Jacoby et
al. (2009) and Zhang et al. (2009)): 1) the spacing of the grid is less than or equal
to half of the frequency (A); and 2) the ratio of width to spacing of the grid is deter-
mined as the approximate formula for optical transmission (T, picar = (1 —w/I )2,
where /=s-w). In particular, it is important that the optical transmission is not re-
duced below a minimum acceptable transparency (Sharples et al., 2001). Several
references suggest that the minimum acceptable transparency ranges between 25%
and 38%, and the standard transparency is in the range between 70% and 80% (cf.
Boyce et al., 1995; Mathew et al., 1997; Sharples et al., 2001). Table 1 shows the
analysis parameters of thickness, spacing, and width of the grid. In addition, Fig-
ure 5 presents a schematic description of the grid according to the ratio of width to
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spacing (w/s=0.2, 0.1, 0.05, 0.01, 0.005). The total number of grid-meshes simu-
lated in the analysis is 225; 5(thickness) x 9(Spacing) x 5(width).

Table 1: Analysis parameters of thickness, spacing, and width of the grid

Thickness, T Relative width, W Spacing, S
(mm) (width/spacing) (mm)
0.200 (W1)
0.100 (W2)
0.001 (T1) 0.050 (W3)
0.010 (W4)
0.005 (W5)
0.200 (W1)
0.100 (W2)
0.010 (T2) 0.050 (W3)
0.010 (W4)
0.005 (W5) 50 (S1)
0.200 (W1) 25 (S2)
0.100 (W2) 10 (S3)
0.020 (T3) 0.050 (W3) 5.0 (S4)
0.010 (W4) 2.5 (S5)
0.005 (W5) 1.0 (S6)
0.200 (W1) 0.5 (S87)
0.100 (W2) 0.25 (S8)
0.050 (T4) 0.050 (W3) 0.10 (S9)
0.010 (W4)
0.005 (W5)
0.200 (W1)
0.100 (W2)
0.100 (T5) 0.050 (W3)
0.010 (W4)
0.005 (W5)

3.2 Modeling of PANI grid-mesh

A series of numerical simulations for the grid-mesh films were carried out with
the commercial finite element (FE) program HFSS Ver. 11 (HFSS, 2008). The
program utilizes a three-dimensional full-wave FE method to compute the electrical
behavior of high-frequency and high-speed components (HFSS, 2008). Only the
unit cell of the PANI grid was modeled in the analysis under the assumption that
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Figure 4: (a) Unit cell of the PANI mesh for numerical analysis and (b) specimen
notation method according to a combination of analysis parameters
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Figure 5: Schematic description of the grid according to the ratio of width to spac-
ing (w/s=0.2, 0.1, 0.05, 0.01, 0.005)

Figure 6: Description of the PANI grid unit cell of the infinitely repeated space in
the FE program HFSS

the grid is infinite; that is, the unit cell is infinitely repeated in length and breadth,
as shown in Figure 6. Two ports were placed at the top and the bottom surfaces of
the specimen of Figure 6. The incident waves propagate from the upper port (Port
1), and the lower port (Port 2) accepts the waves transmitted through the grid. The
periodic boundary conditions were set to the side faces so that the same electric and
magnetic fields reappear on the opposite faces.

Figure 7 shows the simulated electromagnetic field distribution for the unit cell of
the PANI grid at 3 GHz, and the red color represents higher intensity of the electric
field. It can be seen from the figure that the electric field is symmetric and reappears
in the opposite faces due to the periodic boundary conditions, and the PANI grid
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Figure 7: Electromagnetic field distribution for PANI mesh for an incident wave of
3 GHz (a) in three dimensional view and (b) in a cross-sectional view
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prevents penetration of the EM wave.

The unit cell for all the simulation cases listed in Table 1 was modeled with tetra-
hedral elements and the convergence was checked on the basis of the difference
between the S-parameters at the previous and current steps as the number of ele-
ments was increased. When the difference was less than a predefined tolerance, the
analysis was performed with the last mesh refinement, decreasing the frequency
from 3 GHz to 30 MHz.

4 Results and discussion
4.1 S-Parameters and Shielding Effectiveness

Figure 8 shows the S-parameters obtained from the numerical analysis. The S-
parameters expressed in dB scale for several specimens are plotted over the fre-
quency axis. It is shown in the figure that S;; increases and S»; decreases, re-
spectively, with an increase of the frequency. This indicates that the proportion of
the transmitted wave becomes higher as the frequency increases. Therefore, the
shielding effectiveness of the grids can be calculated from the proportion of the
transmitted wave at a frequency of 3 GHz, which is the maximum frequency in the
numerical analysis.

Figure 9 shows the shielding effectiveness of the PANI grid-mesh films at 3 GHz.
The S;; parameters at 3 GHz are plotted in the figure. It is shown in the figure that
the shielding effectiveness increases with an increase of the thickness of grid. In
addition, it is observed that the shielding effectiveness increases with a decrease of
the spacing and an increase of the width of the grid, respectively.

4.2 Determination of optimal grid size

In general, the shielding effective values, that is, the S,; parameters, needed for
many applications are at least -30 dB, i.e. the shielding would reduce the EM wave
to as little as 0.1% of its initial strength (Greshham, 1988; Huang, 1995). Therefore,
for determination of the optimal grid size, -30 dB was selected as the target value
of the shielding effectiveness. Tables 2 to 6 show the shielding effectiveness and
optical transmittance (transparency) of the specimens (T series girds) that satisfied
the target value of the shielding effectiveness. In addition, the amount of PANI
material used in manufacturing a grid of unit area (1 m x 1 m) was calculated and is
expressed in the tables. The results in the tables could be used as fundamental data
in determining the optimal grid size of PANI to shield EM waves while obtaining
required optical transmittance.

In the present numerical analysis, the optimal grid size can be determined from
the tables under the following conditions: 1) the shielding effectiveness exceeds
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Figure 8: S-parameters obtained from the analysis

Table 2: Shielding effectiveness, transparency, and volume of PANI for T1 series
grid (t=0.001 mm)

Specimens | S w S71 Transparency| Volume of
(mm) | (mm) | (dB) (%) PANI in
Imx1m grid
(mm?)
T1-S1-W1 | 0.1 0.02 -30.0 | 56.3 360
T1-S2-W1 | 0.25 0.05 -30.0 | 56.3 360

the target value (-30 dB); 2) higher optical transmittance (having values over 90%
transparencies); and 3) a smaller amount of PANI used in manufacturing the grid.
For thicknesses of 0.001mm and 0.01mm, as shown in Tables 2 and 3, no specimen
provided more than 90% transparency. Tables 4 and 5 show that both more than
98 % transparency and the target shielding effectiveness (-30dB) can be obtained
with PANI of 400 to 500 mm? per unit grid area (1mx 1m) for grid thicknesses of
0.02mm and 0.05mm, respectively. However, for the thickness of 0.1 mm, 1,000
mm? per unit area (almost double that for the cases of thickness of 0.02mm and 0.05
mm) is needed to achieve the same level of transparency, although the shielding
effectiveness is substantially enhanced. The following specimens are the grid size
of PANI that satisfied with the optimal conditions: T3-S2-W4, T4-S1-W5, T4-S2-
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Figure 9: Shielding effectiveness of the PANI grid-mesh films: (a) T1 series, (b)
T2 series, (c) T3 series, (d) T4 series, and (e) T5 series (continued)

W5, and T4-S3-WS5. In addition, thicknesses of 0.02 to 0.05 mm are relatively
economically attractive.

Finally, it is worth noting that the obtained optimal values are suitable within the
scope of the present numerical analysis. However, for cases beyond the scope of
the present study, it is possible to predict the optimal grid size by interpolating the
present results.

5 Concluding remarks

The effects of grid-mesh films with polyaniline on EM wave shielding according to
different grid thicknesses, spacings, and widths have been presented in this study.
In particular, the optimal grid size of PANI for effective EM wave shielding and suf-
ficient transparency was determined. The permittivity of PANI was first calculated
through an inverse analysis based on existing experimental data, and numerical
studies on the suitable variables (thickness, spacing, and width of the grid) were
carried out with 225 different PANI grid-mesh films. From the numerical analysis
results, the following salient features were found.
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Table 3: Shielding effectiveness, transparency, and volume of PANI for T2 series
grid (t=0.01 mm)

Specimens | S w So1 Transparency| Volume of
(mm) | (mm) | (dB) (%) PANI in
Imx1m grid
(mm?)
T2-S1-W1 | 0.1 0.02 -49.2 56.3 3600
T2-S1-W2 | 0.1 0.01 -43.3 79.0 1900
T2-S1-W3 | 0.1 0.005 | -394 89.8 975
T2-S2-W1 | 0.25 0.05 -53.8 56.3 3600
T2-S2-W2 | 0.25 0.025 | -45.0 79.0 1900
T2-S2-W3 | 0.25 0.0125 | -56.4 89.8 975
T2-S3-W1 | 0.5 0.1 -47.5 56.3 3600
T2-S3-W2 | 0.5 0.05 -40.5 79.0 1900
T2-S3-W3 | 0.5 0.025 | -37.6 89.8 975
T2-S4-W1 | 1 0.2 -34.4 56.3 3600
T2-S4-W2 | 1 0.1 -30.1 79.0 1900

Table 4: Shielding effectiveness, transparency, and volume of PANI for T3 series
grid (t=0.02 mm)

Specimens | S w So1 Transparency| Volume of
(mm) | (mm) | (dB) (%) PANI in
Imx1m grid
(mm°)
T3-S1-W1 | 0.1 0.02 -54.8 56.3 7200
T3-S1-W2 | 0.1 0.01 -54.7 79.0 3800
T3-S1-W3 | 0.1 0.005 | -43.3 89.8 1950
T3-S2-W1 | 0.25 0.05 -53.5 56.3 7200
T3-S2-W2 | 0.25 0.025 | -484 79.0 3800
T3-S2-W3 | 0.25 0.0125 | -40.3 89.8 1950
T3-S2-W4 | 0.25 0.0025 | -33.5 98.0 398
T3-S3-W1 | 0.5 0.1 -46.6 56.3 7200
T3-S3-W2 | 0.5 0.05 -46.0 79.0 3800
T3-S3-W3 | 0.5 0.025 | -35.6 89.8 1950
T3-S4-W1 | 1 0.2 -35.6 56.3 7200
T3-S4-W2 | 1 0.1 -30.7 79.0 3800
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Table 5: Shielding effectiveness, transparency, and volume of PANI for T4 series
grid (t=0.05 mm)

Specimens | S w So1 Transparency| Volume of
(mm) | (mm) | (dB) (%) PANI in
Imx1m grid
(mm?)
T4-S1-W1 | 0.1 0.02 -65.9 56.3 18000
T4-S1-W2 | 0.1 0.01 -59.0 79.0 9500
T4-S1-W3 | 0.1 0.005 | -58.8 89.8 4875
T4-S1-W4 | 0.1 0.001 | -42.6 98.0 995
T4-S1-W5 | 0.1 0.0005 | -31.3 99.0 499
T4-S2-W1 | 0.25 0.05 -61.2 56.3 18000
T4-S2-W2 | 0.25 0.025 | -53.0 79.0 9500
T4-S2-W3 | 0.25 0.0125 | -534 89.8 4875
T4-S2-W4 | 0.25 0.0025 | -36.9 98.0 995
T4-S2-W5 | 0.25 0.00125) -37.1 99.0 499
T4-S3-W1 | 0.5 0.1 -51.3 56.3 18000
T4-S3-W2 | 0.5 0.05 -39.3 79.0 9500
T4-S3-W3 | 0.5 0.025 | -374 89.8 4875
T4-S3-W4 | 0.5 0.005 | -33.7 98.0 995
T4-S3-W5 | 0.5 0.0025 | -30.2 99.0 499
T4-S4-W1 | 1 0.2 -36.2 56.3 18000
T4-S4-W2 | 1 0.1 -37.6 79.0 9500
T4-S4-W4 | 1 0.01 -30.5 98.0 995

(1) The shielding effectiveness increased with an increase of the thickness and
width of grid and a decrease of the spacing of the grid.

(2) The T3-S2-W4, T4-S1-W5, T4-S2-W5, and T4-S3-W5 specimens were the grid
size of PANI that satisfied with the optimal conditions.

(3) The economic range of the grid thickness was found to be from 0.02 to 0.05
mm, and the optimal dimensions of PANI grids to achieve both -30dB shielding
effectiveness and transparency exceeding 98% were suggested.

(4) The obtained optimal values are suitable within the scope of the present nu-

merical analysis. However, for cases beyond the scope of the present study, it is
possible to predict the optimal grid size by interpolating the present results

In conclusion, the results of the present study showed the potential use of PANI
grid-mesh films as an EM wave shielding systems. In addition, the relatively rea-
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Table 6: Shielding effectiveness, transparency, and volume of PANI for TS5 series
grid (t=0.1 mm)

Specimens | S w So1 Transparency| Volume of
(mm) | (mm) | (dB) (%) PANI in
Imx1m grid
(mm?)
T5-S1-W1 | 0.1 0.02 -81.5 56.3 36000
T5-S1-W2 | 0.1 0.01 -73.6 79.0 19000
T5-S1-W3 | 0.1 0.005 | -63.0 89.8 9750
T5-S1-W4 | 0.1 0.001 | -53.8 98.0 1990
T5-S1-W5 | 0.1 0.0005 | -47.4 99.0 998
T5-S2-W1 | 0.25 0.05 -70.2 56.3 36000
T5-S2-W2 | 0.25 0.025 | -53.6 79.0 19000
T5-S2-W3 | 0.25 0.0125 | -57.9 89.8 9750
T5-S2-W4 | 0.25 0.0025 | -43.2 98.0 1990
T5-S2-W5 | 0.25 0.00125| -43.8 99.0 998
T5-S3-W1 | 0.5 0.1 -48.1 56.3 36000
T5-S3-W2 | 0.5 0.05 -46.1 79.0 19000
T5-S3-W3 | 0.5 0.025 | -46.5 89.8 9750
T5-S3-W4 | 0.5 0.005 | -42.7 98.0 1990
T5-S3-W5 | 0.5 0.0025 | -45.4 99.0 998
T5-S4-W1 | 1 0.2 -38.8 56.3 36000
T5-S4-W2 | 1 0.1 -34.7 79.0 19000
T5-S4-W3 | 1 0.05 -34.0 89.8 9750
T5-S4-W5 | 1 0.005 | -38.0 99.0 998
T5-S5-W1 | 2.5 0.5 -30.5 56.3 36000

sonable grid size of PANI for effective EM wave shielding and sufficient trans-
parency was determined in the present study. However, further experimental works
based on the present results need to be carried out to for field applications of PANI
grid-mesh films.
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