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Abstract 

This research investigated whether there is potential to replace the materials now 

used in EMI shielding for mobile phones and Wi-Fi devices with Intrinsically 

Conducting Polymers (ICPs), which can be tuned to the frequency spectrum 

between 1 - 6 GHz. It also investigated other benefits that might result from use of 

ICPs in EMI shielding. 

 

Using only simple experiments and simulation, this thesis demonstrated that ICPs 

tuneable to the frequency range between 1 - 6 GHz do have potential to replace the 

current EMI shielding for mobile phones and Wi-Fi devices. ICPs can perform EMI 

shielding at least as effectively as the forms of shielding currently in use. 

Comparison of the experimental modelling results showed the possibility of 

implementing the simulation model and applying it universally across all the 

shielding devices made from different IPC materials. Both liquid and felt forms of 

ICPs proved effective as EMR shielding. The highest level of transmission loss S21 

occurred when ICP device material was made of woven fabric rather than a liquid 

PEDOT or PAni solution. 

 

Narrowband experiments suggested the ICP transmission loss S21 could be 

improved by using a liquid rather than a woven PPy fabric, from solid to liquid and 

varying the frequency. The wideband experiments suggest liquid ICP shielding 

devices could be further improved by combining different doping chemicals with 

the PAni and the PEDOT, all experiments were protected by aluminium conducting 

tape to protect the shielding devices from edge diffraction on the corners of the 

shielding device under test. 

 

Basic COMSOL Models fitted to the experimental data provide prediction rules for 

various ICP shielding devices in similar situations. More accurate measurements of 

material properties of the ICPs investigated requires further improvement of the 

modelling results.  
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At present, the ICP materials investigated are expensive, difficult to manufacture 

and require ingredients not readily obtainable.   Use of those materials in EMI 

shielding devices would, however, provide impetus for further development of ICP 

materials and enhancement of their technological performance.  

 

 This research highlighted scope for the use of ICPs in a wider range of applications 

and suggested directions for further research including processes to speed up 

production of high-yield ICP materials with an accurate conductivity. Evidence that 

ICPs can enhance or replace the current shielding materials should promote the 

reduction or elimination of metals and carbon shielding materials in a new 

generation of mobile phones and Wi-Fi devices. This can offer benefits in terms of 

performance and reduction of health and environmental impacts. 
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Chapter 1  INTRODUCTION 

Background 
 
Electromagnetic Interference (EMI) emissions are increasing worldwide due to the 

growing use of smart phones, second and third generation mobile phones, iPods, 

TVs, computers, tablets, GPS systems, e-readers, video game consoles and other 

electronic-based products and the increasing levels of electronic circuitry found in 

cars, planes, home appliances and machine tools.[1] The increasingly complex 

designs of Wi-Fi devices coupled with the rising speed of the digital communications 

circuits such as clocks, control buses, and power supplies has increased demand for 

faster reliable data transfer. 

 

Users of smart phones now expect to connect to the Internet wirelessly from any 

remote access point. They also expect their smart phones and other Wi-Fi devices to 

be accurate, reliable and safe and to operate without unwanted interference from 

other electronic devices. This has greatly stimulated interest in the provision of cost-

effective ways to shield mobile and Wi-Fi devices, laptops, PCs and other devices 

from Electromagnetic Interference (EMI) produced by electromagnetic radiation 

emitting devices. 

 

The scope for interference is now huge and growing, since all digital circuits can act 

as EM radiators and conductors can act like concealed antennas [2], [3], and [4] that 

can degrade the performance of other wireless devices.  Signals emitted by Wi-Fi 

devices stretch over many kilometres, if their standard non-directional antennae are 

changed to directional antennae.  

 

Over the last 30 years, regulators in the USA, European Union (EU), Australia and 

New Zealand have developed and published regulations and standards to protect 

electronic devices [5][6]. Those regulations have influenced communication device 

designs, and stimulated and encouraged use of shielding devices to maintain the EM 

transmission performance of mobile phones and other wireless devices.   The need 
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to shield mobile phones and Wi-Fi devices from unwanted communication signals 

always need to be balanced against the need to preserve the amount of 

electromagnetic interference radiated and/or absorbed from the device/system. 

This balance, called Electromagnetic Compatibility (EMC) is the subject of directives 

(such as European Directive 89/336/EEC.  Within Australia, EMC is stringently 

regulated and suppliers, manufacturers, importers and of all communication 

equipment are all required to comply with the Australian Communications and 

Media Authority (ACMA) regulations on EMC. 

 

Essentially, EMI shielding allows transmission of desired frequencies, while absorbing 

or reflecting EMI energy that would otherwise cause interference.  EMI shielding can 

be divided into four types depending on the frequency range and whether it is 

operating continuously or pulse. Electromagnetic Pulse (EMP) is a broadband 

frequency range, with high intensity short duration bursts of electromagnetic energy 

[d1988emp] akin to nuclear explosion and electric discharge.  Within the EMI power 

spectrum, there are three key segments, namely: 

 the range 1 - 100 KHz [8],  

 the radio frequency range 100 KHz to 1GHz [3],  

 Microwave and beyond frequency band now used in wireless LAN protocols 

(such as Bluetooth and the IEEE 802.11 specifications, that use microwaves 

in the 2.4 GHz band) [4][5] 

 
The recent need for higher bandwidth in wireless communications has seen its 

frequency region shift from the radio wave region into the microwave region [2], 

namely the 5 GHz frequency using IEEE 802.11a standards [6] Unlicensed National 

Information Infrastructure (U-NII) use frequencies in the 5 GHz range, while 

Metropolitan area network (MAN) protocols, such as WiMAX (Worldwide 

Interoperability for Microwave Access) are based on standards such as IEEE 802.16 

designed to operate between 2 to 11 GHz.  Shielding devices currently used in 

mobile phones achieve attenuation levels around 40dB to 60dB according to 

commercial shielding companies. 
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With the standards for the next generation of mobile phones likely to move to even 

higher GHz frequencies [154], there is growing demand for cost-effective EMI 

shielding to help maintain mobile phone performance [9][143] in GHz microwave 

frequencies. Unfortunately, the materials currently used in EMI shielding will not be 

able to provide effective shielding for these future frequency increases as these 

materials tend to produce more losses as the frequency increases [11]. Providing 

more cost-effective ways of providing the required level of shielding performance is 

therefore likely to require investigation of a wider range of materials than those 

currently used in EMI shielding of mobile devices. 

 

Current metal-based forms of EMI Shielding 
Since around 2001, the mobile phone shielding has typically used a metal-based 

conductive coating patterned over a plastic material as shown in Figure 1A 

 

Figure 1-1 Shielding materials in a mobile phone (Curtsey IHS) 
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Figure 1-1 shows the ability of shielding materials in mobile phones to provide the 

required EMI shielding by reflecting the unwanted radiation within the frequency 

spectrum of 30-10 000 MHz [11]. The attenuation is spread over more than 10 GHz 

without concentrating on shielding a specific frequency band within that range.  

 

The current EMI shielding technology uses metal shielding devices, which achieves 

an excellent shielding performance in terms of transmission loss, but adds to the 

cost and weight of mobile phones and as well as introducing problems of corrosion 

[8]. Manufacturers currently using metal composite polymers are seeking to deliver 

satisfactory phone performance whilst minimising both the use of costly metals and 

the weight of the phone.  

 

Alternative EMI shielding materials 
   
In addition to metal fibres, metal powders, aluminium structures, coatings, nickel 

and copper metalized fabrics, the required EMI shielding can also be achieved by 

using carbon to absorb unwanted radiation. Carbon fibre composites have already 

found widespread acceptance in the automotive and aerospace industries because 

compared to steel and other structural materials, these composites are strong, 

lightweight and less susceptible to corrosion. With carbon black now 20 times 

cheaper than nanocarbon and 7 times cheaper than carbon fibres, interest in the use 

of carbon is growing despite carbon shielding devices having problems relating to 

cost, sloughing, health and long-term environmental issues. [12] The paper’s findings 

of the case studies concludes that the use of nanotubes can exist not only in the 

production stages, but also in the usage and disposal stages of nanotube 

applications.  The chances and the shape of release is governed by the way CNT are 

used into the shielding material.  

 

Other current choices for the shielding device material include polyacrylonitrile 

(PAN) nickel-coated reinforced polymers, and, more recently, nano-reinforced 

polymer composites (NRPCs). Polymeric materials are appealing, because they can 
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be manufactured to have structures that respond to the EM radiation in ways that 

depend on the chemical structure used, and the EM frequency applied. [13][14][15].  

 

One class of polymer that is already being used in electronic materials and circuits 

and having some obvious potential for use in EMI shielding are the Intrinsic 

Conducting Polymers (ICPs), organic polymers that conduct electricity. Although 

these ICPs are sometimes called synthetic metals, [140] they weigh less than metals 

and do not corrode like metals.  As they are manufactured rather than mined, 

production costs for ICPs can be expected to decrease over time.  

 

While both the materials and the investigative methods adopted need to be 

affordable and cost-effective, it is important to be confident of the EMI data 

measured at a wide frequency range. There are many methods and standards that 

are currently used in testing shielding devices.  The test depends on the type of 

shielding device, the material and their applications.  Several existing standards such 

as ASTM D4935-99, ASTM ES7-83, MIL-STD-188-125A, IEEE-STD-299-1991, MIL-STD-

461C, and MIL-STD-462 are available to characterise a specific scattering parameter 

S21 of shielding devices. 

 

Scope for solutions based on new conductive materials 
 
 The increasing demand for cost-effective, environmentally-friendly and health-

promoting EMI-shielding devices to protect the environment and workplace, 

strengthen the need for new conductors that are lightweight, chemically stable and 

more easily adapted to a wider range of environments. Irfan Ullah (2012)[16] 

investigated the use of Energy Saving Glass (ESG), in conjunction with Frequency 

Selective Surface (FSS) metal materials, in measuring and filtering microwave 

radiations. He recommended that an Electromagnetic Wave Interceptor (EWI), which 

is a special type of EMR attenuating polymer painted on the receiving side of the 

handset, that should also be installed in mobile phones. 

 



 

 
 

19 

One current trend is the use of conductive paint as a shielding device method 

because the spray can be easily applied, re-moulded and are cost effective. Water 

paints are increasingly used in building paints to decrease the amount of volatile 

organic compounds.  

 

While common metal powders (silver, nickel) are among the most common 

conductive substances, dispersed metal particles get rusty in water-based paint. 

Non-metallic conductive fabrics, which do not corrode, have the potential for use in 

bedding, drapes, clothing, hats, windows, curtains, screen and tents to shield the 

user/wearer/environment from EM radiation.  Polymer matrices incorporate the 

metal/carbon fibres and colour substances can produce a shielding device with good 

material properties. 

 

Newer materials might also help to minimise some of the health and environmental 

concerns relating to the materials currently used to provide EMI shielding.  

 

Aims and research questions 
 
The overarching question this research study seeks to answer is whether ICPs, which 

can be tuned to the frequency spectrum between 1 - 6 GHz, have the potential to 

replace the current EMI shielding for mobile phones and Wi-Fi devices. Evidence that 

ICPs can enhance or replace the current shielding materials would promote the 

reduction or elimination of metals and carbon shielding materials in a new 

generation of mobile phones and Wi-Fi devices. 

 

That question will be addressed by conducting a literature review, and undertaking 

simple experiments and computer modelling for a small sample of commercially 

available ICPs to see whether it is possible to use the ICPs rather than materials like 

aluminium/carbon in Wi-Fi devices and mobile phones. Given the cost and time 

constraints on this study, this requires selection and evaluation of suitable, 

affordable and readily available ICP materials from the range of now commercially 

available ICPs discussed in the recent literature in the Wi-Fi band between (1-6 GHz).  
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This thesis will explicitly address a number of subquestions (SQs) relating to the 

ability of ICPs to shield and alter the transmission losses of the Electromagnetic 

Radiation (ER) at the main desired Wi-Fi microwave frequency.  

 

SQ1. Can simple experiments or simulations demonstrate whether ICPs can 

perform EMR shielding at least as well as the current forms of shielding in use? 

 

Addressing this question requires: 

 setting up experiments to measure the transmission loss of the ICP shielding 

devices and compare the ICP shielding devices with currently used conducting 

metals and microcarbon shielding devices. (Meaningful comparison of realistic 

simulation results requires that results obtained using samples of new 

polymer material be compared with the results with the current metal and 

carbon samples of the same size,  

 exploring the relationship between the results obtained from the standard 

assessment methods requiring use of an expensive equipment and simpler 

experimental methods,  

 using current affordable and commercially available simulation methods to 

make the assessment of the shielding potential of currently available and new 

ICPs simpler, speedier, more cost effective and more readily available, and 

 exploring and comparing simple simulation methods and more complex 

simulation methods. 

 
SQ2. Which materials and forms (solid, liquid, gel) of ICPs are most effective as 

EMR shielding? 

 

Addressing this question requires determining whether liquid or solid forms of the 

selected ICPs are best suited for use in experiments assessing whether their shielding 

properties are comparable with the currently used conducting metals and 

microcarbon shielding devices. 

 

SQ3. What other advantages might the ICPs confer? 
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Given the cost and time constraints on this study, work to address this question will 

be limited to: 

 reviewing literature to identify some additional advantages that may accrue 

from use of ICPs,  

 doing a few simple laboratory experiments relating to antibacterial properties 

of selected ICPs, and 

 identifying further fruitful avenues of research relating to the shielding 

potential and other advantages of currently available and new ICPs.   

 

Significance of this study 
 
This study investigating whether ICPs in EMI shielding devices could offer lesser or 

comparable transmission losses than the materials currently in use provides a firm 

base for, more in-depth research regarding the future use of ICPs in shielding devices 

for mobile phones and Wi-Fi devices. Those new materials have the potential to 

perform as well or better than those currently used in EMI shielding devices, while 

better addressing the current cost, manufacturing, environmental and health 

concerns. 

 

Interest in this application of ICPs was evident when the researcher reported some 

of the study’s findings at the conferences listed below: 

 

 W. Al-Shabib, S. W. Lachowicz, Modelling of intrinsic conducting polymer for 

Wi-Fi electromagnetic interference shielding Science and Information 

Conference (SAI), 2013 Publication Year: 2013, Page(s): 836 – 838 

http://ieeeexplore.info/search/searchresult.jsp?newsearch=true&queryText

=Al-shabib&.x=35&.y=2 , London, UK   

 W. Al-Shabib, S. W. Lachowicz, Modelling of polyaniline for Wi-Fi 

Electromagnetic Interference shielding, Modeling, Simulation and Applied 

Optimization (ICMSAO), 2013, 5th International Conference on Digital Object 

Identifier: 10.1109/ICMSAO.2013.6552654 Publication Year: 2013, Page(s): 1 

– 3 

 W. Al-Shabib, S.W. Lachowicz, International Symposium and Exhibition on 

Electromagnetic Compatibility: APEMC 2013. Barton, A.C.T, Engineers 

http://ieeeexplore.info/search/searchresult.jsp?newsearch=true&queryText=Al-shabib&.x=35&.y=2
http://ieeeexplore.info/search/searchresult.jsp?newsearch=true&queryText=Al-shabib&.x=35&.y=2
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Australia, 22 May 2013: pages: 260-261, Intrinsic conducting polymers for 

Wi-Fi electromagnetic interference, Engineers Australia, Melbourne, EMC 

Australia branch, ISBN: 9781922107022.  

 W. Al-Shabib, S.W. Lachowicz, O. Bass, Applications of Intrinsic Conducting 

Polymer for Wi-Fi Electromagnetic radiation environment pollution 

reduction, Abstract and Poster in the Science for the Environment 2013 

Conference, AARUS University, AARUS, http://dce-

conference.au.dk/scientific-content/abstracts/green-economy , Denmark. 

 W.Al-Shabib, “Where Research Minds Meet “ Abstract and Poster in the 

Health and Well being Symposium – organised by Dr Darren Gibson on 18th 

September 2013, ECU, Joondalup, Australia 

 W.Al-Shabib, H. Daryoush, Z. Xie, X. Zhao, Identifying smart conducting 

materials for Wi-Fi electromagnetic interference shielding, International 

Zurich Symposium on Electromagnetic Compatibility - EMC Asia, 2012, DOI: 

10.1109/APEMC.2012.6237899.  

 

Thesis outline 
 
The thesis is divided into the eight chapters outlined below.  

 

Chapter 1 has provided the background to this study and introduced the aims, 

objectives and the significance of this research.  

 

Chapter 2 reviews the literature, to identify: 

 the frequencies of interest for electromagnetic shielding,  

 current EMI shielding materials and the properties needed for an effective EMI 

shielding material, 

 evidence that ICPs are worth investigating for use in EMI shielding devices that 

absorb rather than reflect the unwanted EMR,  

 methods that could be used to evaluate the suitability of ICP materials for use 

in EMI shielding devices, 

 the key ICPs to use in both the laboratory experiments and in simulations 

intended to realistically model the expected transmission loss, and 

 metals and microcarbon shielding devices which could be compared with ICPs 

through laboratory experiments and simulations. 

http://dce-conference.au.dk/scientific-content/abstracts/green-economy
http://dce-conference.au.dk/scientific-content/abstracts/green-economy
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Chapter 3 is Methodology, which outlines:  

 the selection and acquisition/preparation  of ICPs to use in both the laboratory 

experiments and in simulations intended to realistically model the expected 

transmission loss, 

 the selection and acquisition of the metals and microcarbon shielding devices 

to be compared with those ICPs through laboratory experiments), 

 the selection of experimental methods to compare the performance of ICPs 

and  metals and microcarbon shielding devices, 

 the design and construction of the selected shielding devices and equipment 

to be used in the experiments and in simulation models to quantitatively 

assess each shielding device, 

 the selection of modelling methods, and 

 comparison of experimental and simulation results. 

 
Chapter 4 presents the results of narrowband experiments and wideband 

experiments to assess transmission loss coefficients for each shielding device and 

assess the benefits of using ICPs to replace the current materials used to provide EMI 

shielding for mobile phones and Wi-Fi devices. It discusses the significance of the 

measurement methods used. 

 

Chapter 5 presents the results of: 

 constructing simulation models to assess the transmission loss and generate 

the necessary data for comparing the modelling and experimental results,  

 developing computational models for both the narrowband and wideband 

experiments to characterise the shielding devices and obtain the simulated 

transmission loss properties of each shielding device created to enable the 

ICPs to be compared with other materials used for EMI shielding, and 

 comparing the computational shielding model results with the experimental 

results. 

 

Chapter 6 compares the experimental results with the verified simulation results.  

 

Chapter 7 presents the results of laboratory experiments investigating the impact of 

the ICPs and other materials currently used in the mobile phone industry on the 
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culturing of a common bacteria. It also canvasses scope for further work on the 

environmental and health impacts of increased use of ICPS. 

 

Chapter 8 draws conclusions and discusses scope for further work to enhance the 

development and application of ICP-based shielding devices for mobile phone and 

Wi-Fi devices. 

 

Conclusion 
 
This chapter has provided the background to this study and introduced the study’s 

aims and research questions and explained the significance of this research. The next 

chapter reviews the literature relevant to the research questions this chapter has 

outlined. 
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Chapter 2 LITERATURE REVIEW 

Introduction 
 
This chapter reviews the literature relevant to the research questions outlined in the 

previous chapter. It explores: 

 the frequencies of interest for electromagnetic shielding,  

 current EMI shielding materials and the properties needed for an effective EMI 

shielding material, 

 why ICPs are worth investigating for use in EMI shielding devices,  

 methods that could be used to evaluate the suitability of ICP materials for use 

in EMI shielding devices, 

 the key ICPs to use in both the laboratory experiments and in simulations 

intended to realistically model the expected transmission loss, and 

 metals and microcarbon shielding devices which could be compared with ICPs 

through laboratory experiments and simulations. 

 

EMI shielding properties 
 
EMI shielding or the ability of a device to protect against unwanted frequencies, 

relies on electrical and mechanical properties such as conductivity, permittivity 

impedance, heat and chemical resistance, insulation, dielectric dissipation and 

moisture absorption. The material properties most relevant to its response to 

microwave frequencies are permittivity and conductivity, as permeability is not 

influential in the frequency range 1 - 6 GHz.  Absolute permittivity is the measure of 

the material's response impedance in a vacuum to the electromagnetic field 

impedance on that frequency.  

 

Published results for current materials commonly used in the EMI shielding include 

air, low-density polyethylene (LDPE) sheet with thickness of 1.5 mm, PET with 

thickness of 0.18 mm, aluminium foil with thickness of 0.015mm, and 15% weight 

VGCNF liquid crystal polymer (LCP) sheet with thickness of 1.25 mm.  In general, 

highly conductive materials are considered suitable for EMI shielding. 
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Table 2-1. Comparison of electrical conductivity 
] 

Material Conductivity (s/m) 

Copper 6.4x105 

Steel 6.3x105 

Aluminum 4.0x104 

Stainless steel 1.8x104 

Graphite 0.05.x104 

 
Electric conductivity depicts the relationship between the current density and the 

electric field strength. There are three types of electric conductivities, Dc 

conductivity, AC conductivity (and semiconductor conductivity. Table 2-1 shows the 

dc conductivity of 5 types of common shielding materials. The AC conductivity or the 

unidirectional flow of electric charge is the flow of charge that depends on the 

frequency of the electromagnetic radiation, while the semiconductor conductivity 

varies under different voltages and applied current [17].  

 

The electric conductivity of the materials is also EM frequency dependent; Luo and 

Chung [2][18] [19][[20][21] show that graphite will increase its conductivity at 1-2 

GHz much more than that in Table-2.1 at a dc conductivity to provide a higher EMI 

shielding than copper and that a polymer with nanotube carbon can also provide 

excellent EMI shielding at higher frequencies. At microwave frequencies, the 

material will, however, have capacitance-dominated impedance as the microwave 

frequency increase the capacitance dominated impedance decrease. [22] 

Chung [145] used the skin depth to show that nanocarbon composite is an effective 

shielding device, especially after electroplating with nickel.  

By contrast, all neat polymer materials are insulators, they do not reflect or absorb 

EM radiation. Polymers and rubbers are non-conducting materials, transparent to 

EMR. Light-weight conjugated polymer materials with electrical conductivity 

comparable to that metals can, however, be produced from non-conductive polymer 

materials via the process of doping, where a polymer is made to accept or donate 

electron or transfer charges [23]. Unlike metals, which reflect all EMR frequencies, 

these conductive polymers can be tuned to the mobile phone frequency to limit 

outside interference and incoming radiation. EMI shielding performance of metals 
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The high reflection loss and low absorption loss of aluminium give its high shielding 

effectiveness and stability. Depending on the frequency and network analyser, the 

incident electromagnetic energy, and type of materials mixed with the aluminium 

foil, can shield microwave frequencies from 40dB to more than 80dB. 

 

The website (www.chomerics.com) of Chomerics, a company specialising in mobile 

phone shielding, lists two materials which reduce the unwanted signals to a mobile 

phone at wideband frequencies. One identified as CHO-SEAL 1310 is all metal, 

consisting of silver coated with copper [24], while the other identified as CHO-SEAL 

S6304 is pure silver or hybrid coatings [25] as shown in figure 2-1. In mobile phones, 

these two types of CHO-SEAL provide more than 60 dB EMI shielding attenuation 

from 200 MHz to 10 GHz. 

 

Figure 2-1 Current shielding materials that are used in mobile phone 

 

 
While metals appear to be ideal materials for EMI shielding, they have several 

disadvantages including high cost, high reflection, heavy weight, susceptibility to 

corrosion, and a tendency to crack with use due to their brittle nature. [21][26] 

Corrosion of metal-based conductors is the important factor, which leads to a non-

linear effect on the receiver and this affects the EMI shielding specifications.   The 

corrosion on the transmitters and receivers creates a rusty bolt effect that has been 

the cause of intermodulation products since it was researched in the 1970s. [150] 

http://www.chomerics.com/
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EMI shielding performance of composite polymers 
 
One category of conductive polymers are composite polymers, which are polymers 

of non-conductive material coated with conductive metals. This coating is produced 

by manually or robotically spraying copper, nickel or zinc paints onto non-conductive 

material.  Electrolytic plating and vacuum metal techniques are required to make the 

minerals adhere to the polymer.  

 

The many advantages of using composite polymers in EMI shielding relate to cost 

reduction, weight reduction, ease of production, ability to improve the device in 

terms of colour, surface softness and the product shape complexity and because 

polymer materials are more acceptable than other metals. Mobile phones, laptop 

computers and other wireless networks (LAN) use the EMI shielding method despite 

its disadvantages in terms of flexibility, heavy weight, corrosion and difficulty in 

varying the tuning of both the shielding efficiency and frequency spectrum. [151] 

The novel metal SnO2 Nanowires (NWs) [34], was studied because the nanowires 

differs from normal wires because electrons in nanowires are quantum and 

therefore the electrons occupy different energy levels than the energy level of bulk 

materials and can be used to enhance the microwave absorption properties, of 

special materials rather than its reflective properties. Their research measured the 

complex permittivity and permeability of the SnO2 NWs/paraffin in a frequency 

range of 0.1 – 18 GHz [28].  

 

EMI shielding performance of carbon nanotube (CNT) and polymer 
 
The second generation shielding devices are the non-metal Carbon Nanotubes 

(CNTs) devices, which many researchers prefer for EM shielding applications. CNTs 

have a much larger possible length-to-diameter ratio than polymers, and they exhibit 

very high strength and flexibility, as well as good conductivity. The CNT wire glue, 

used to make solder-free connections and to support the latest advances in nano-

carbon technology, is used as 0.25 mm as a coating on the glass substrate. 
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A low volume fraction of Carbon Nanotube (CNT) in a non-conductive polymer 

provides conductivity without changing the polymer properties. CNT ranks among 

the strongest material known, acts as a semiconductor or conductor depending on 

the way the original sheet of graphene is rolled. CNT has excellent applications in 

electronic devices and sensors, and it is used for fuel cells and batteries. 

 

Carbon Nanotube (CNT) and other conductive fillers in non-conducting polymers 

have been investigated for EMI shielding. By comparison with the metal commonly 

used in EMI shielding, CNT has the advantages of low cost [29], low weight, high-

performance and thinness. CNT can also be used with a polymer binder layer to 

enhance performance [30], increase adhesion, abrasion resistance, and provide 

flexible broad range conductivity of (10-107 S/cm). Such an approach provides 

uniform and linear conductance [32], excellent transparency [33], and good 

adhesion durability, and good chemical resistance, ease of patterning, outstanding 

microwave, and shielding efficiency for electromagnetic interference applications.  

CNT does, however, have some disadvantages. All three of the main methods of 

synthesising CNT, namely arc discharge, laser ablation [34], chemical vapour 

deposition, are very expensive [35]. It is also difficult to controlling the dopant 

amount and difficult to synthesise particular types and shapes of nanotube, 

especially high quality, very long (1mm or more) CNT [36][37]. 

EMI shielding performance of graphene-polymer composites 
 
Another form of electromagnetic radiation shielding uses graphene and polymer. 

According to [147] a high Shielding Effectiveness (SE) can be obtained using less than 

0.1 weight % loading of grapheme.  As Graphene is an atomic-scale honeycomb 

lattice made of carbon atoms, it contains less carbon.  However this offers the same 

disadvantages as the carbon nanotube described in the previous section. 

 

Why ICPs are worth investigating for use in EMI shielding devices  
 
The third generation of shielding materials is a selected novel group based on 100% 

stable polymers called Intrinsic Conducting Polymers (ICPs). The electronics industry 
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already makes use of this type of conducting polymer in applications such as 

(LED)[39], plastic wires [40], signal processing [41], batteries [42], solar conversion 

[43], optical devices [44], displays and photovoltaic cells[45].  

 

The three types of these materials that can be used to shield a mobile phone from 

EMR are: 

 Composite Polymers, made conductive by the addition of nanofibres (carbon 

black, metals),  

 Doped Intrinsic Conducting Polymers (ICPs), and 

 ICPs made conductive by an electrolytic process, in which charge is 

transported by dissolved ions using ionic conductive polymers. That type 

works on a different principle from the normal electronic conductivity of 

metals.  

Each of the categories listed above will now be discussed in turn.  

 

Intrinsic Conducting Polymers (ICPs) 
 
The main ICPs materials used in the electronics industry are polythiophene, 

polyacetylene, Polypyrrole (PPy), polyaniline (PAni) and Poly(3-4-

ethylenedioxythiophene) (PEDOT:PSS). 

 
These ICPs have three main applications [46] to date: 

 as conductors to replace copper-based electronic circuits [47],  

 as active components in applications which require sensing [48]. For example 

in a gas hazardous environment.  Also windows and mirrors that become 

reflective when an electric current is applied, [49], and 

 in antistatic coating applied to electronics components [50]. The (PEDOT-

PSS) product Clevios P commercialised by Bayer AG laboratory has been 

extensively used as an antistatic coating. [141][148] 

 
The many advantages of using ICPs include: 

 ability to adjust and even reverse the amount of doping and hence the 

conductivity of the polymer,  
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 the ICP synthesis can be a very easy and inexpensive process. ICPs can be 

prepared by either an aqueous two-phase system [51] or liquid-liquid 

extraction. According to [51], the polymerization process reportedly takes less 

than 1 hour, but its conductivity reached 2.76 S cm - 1 at 25 °C,  

 ICPs have good electromagnetic properties, both their permittivity and 

dielectric loss decrease with increase in frequency,  

 ICPs exhibit a dominant shielding characteristic of absorption rather reflection 

like metals [52], and 

 ICPs are environmentally stable that depends on the rates of renewable 

resource for manufacturing and not mining, also pollution creation, and there 

is little non-renewable resource used in the manufacturing that can keep 

manufacturing ICPs indefinitely. The resources for metals and carbon cannot 

be continued indefinitely therefore the current shielding products are not 

sustainable. 

 ICPs are highly resistant to heat [28]. 

 because ICPs resist corrosion, ICP materials are cheaper to  maintain than 

metals. 

 
The disadvantages of using ICPs to provide   an electromagnetic shielding device are: 

 their unstable conductivity in room temperature, particularly for doped ICP 

materials [54][53],  

 some ICP materials are extremely sensitive to water vapor and air in controlled 

spaces [56],   

 ICP materials are not soluble in ordinary solvents, are difficult to melt and 

soften and cannot be treated like other thermoplastic polymers,  

 it is commercially difficult to find any high conductivity ICP that does not 

require use of metals or CNT to increase its conductivity, 

 poor mechanical properties mean other metals or CNT are required to 

enhance the mechanical properties of the ICPs,  

 ICPs are sensitive to changing environmental conditions and can change their 

colour and conductivity in response to environmental conditions, and 

 ICP materials have not been used for EM shielding in mobile phones. 

 

The key ICPs to assess for use in EMI shielding devices 
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While a wide variety of ICPs have potential value for use in EMI shielding, they are 

not all equally suitable. Doped polyacetylene for example has a very high level of 

conductivity, but is so unstable when exposed to air and vapour that it has no 

potential for use as an EM shielding device. The properties, current uses and of some 

specific ICPs with potential for use in EMI shielding will now be considered in turn. 

 

Polyaniline (PAni) 
 
The ICP material that appears best suited to the third-generation of EM shielding 

devices is Polyaniline (PAni), which can be made to conduct electric currents without 

the addition of conductive (minerals or carbon) substances and therefore can be 

classified as an ICP. PAni comes in different forms depending on the level of dopent 

used.  

 

A method for preparation of PAni in an organic medium could specifically involve the 

synthesis of poly-2, 6-di (thiophen-2-yl) aniline (PDOTA), poly-aniline/2,6-di-(tion-2-

yl) aniline (1:1) (CAD2), poly-2, 5-dimethoxyaniline/2, 6-di(thiophen-2-yl)aniline (1:1) 

(COO), poly-N1-(2,6-di(thiophen-2-yl)phenyl)benzene-1,4-diamine (PAFDOTA) and 

poly-2,6-dibromoaniline (PDOBA)[16]. One type of PAni material is a non-conductive 

powder with the properties summarised in the table below. 
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Table 2-2 Key properties of PAni 

Molecular weight  Average molecular weight > 15,000 

Particle size 3-100 m 

Surface area  5-20 m2/g 

Conductivity 2-4 S/cm 

Melting point  > 300°C (lit) 

Density  1.36 g/mL at 25°C 

Bulk density  18.8 lb/cu.ft. 

 
Due to its ability to mix with both organic and inorganic molecular components, PAni 

has been widely researched [58]. Looking specifically at PAni polymer blends shows: 

 PAni is the most environmentally stable of the ICPs with regard to 

temperature, humidity and force, 

 the materials for making PAni are readily available in any chemical 

laboratory. The electrochemical polymerisation of thiophene (to produce a 

conducting polymer when it is oxidised) is a common method for synthesis of 

PAni, 

 a range of metal-catalysed coupling reactions can be used to produce PAni.  

 PAni is available from several reliable chemical manufacturers including 

Sigma-Aldrich, Ormecon, Fibron, Eeonyx and Panipol [42,59], 

 PAni can be fabricated with other polymers to produce a structure with good 

mechanical properties (e. g. strength and flexibility) and can be doped with 

materials that form a conductive network inside the polymer [60]. PAni 

nanofibre can for example be synthesised by using electrochemical methods 

[61],  

 PAni has already gained it wide commercial application LEDs, and 

rechargeable batteries due to its special mechanism for accepting doping 

that changes its conductive properties [62], 

 PAni polymer blends may be made with conductivity between 10-11 and 10-4  

S/m High specific conductivity at high volume fraction saturation 

concentration, therefore good shielding against electromagnetic interference 

(EMI),[63]  

 PAni is good for very high frequencies such as 2 - 8 GHz, the magnetic field 

are not effective as permeability is very low (near 1). This will give the 
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freedom to use any metal material, [63] and therefore the focus of this 

research is on the electric field. 

 PAni was reported to form EM shielding with carbon nanotubes (CN),[64]  

and 

 Electro-polymerization can be used to apply a thin film  (10nm up to 100 nm) 

of PAni.[65] 

 

A conducting film was produced from PANI with SinO2. [66] Another conducting film 

was made by using a hybrid of dodecylbenzene sulfonic acid-doped polyaniline 

(DBSA-PANI) and 3-glycidoxypropyltrimethoxysilane (GPTMS) through sol–gel route 

[8]. As they reported in [146], for PAni blends with room-temperature conductivities 

in excess of 1,000 S/cm, resistivity decreases monotonically as the temperature is 

lowered down to 5K.  This makes this ICP material a good replacement for metal. 

 

A PAni material synthesised by conventional oxidative polymerisation was reported 

[16] as having a permittivity and conductivity useful in electromagnetic shielding. 

Further research is still ongoing on different blending and doping methods.  The 

study of the dielectric properties of polyaniline nano ferrite (PANI-Fe2O3) found it 

possessed a conductivity of 2.5 S/cm. These composites were prepared using 

chemical oxidative polymerization [68].  

 
Those researchers investigated the EMI shielding performance of PAni as a film 

blended with polystyrene by testing for EMI shielding performance for blends doped 

with different percentages of PAni. They found the best EMI shielding effectiveness 

(more than 58.59 dB) was achieved with a 50% loading of PAni.   PAni shielding 

effectiveness was reported to be more than 60dB when PAni was used with ABS 

(Acrylonitrile Butadiene Styrene).[51][70] 

 
The EMI shielding level was reported to change when the material is doped with 

benzene sulfonic acid or other protonic acid (fatty acid).  Changing the relative 

amount of PAni changes the frequency-dependent parameter, real permittivity, 
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imaginary permittivity, tan and the A.C conductivity and those parameters as shown 

in Figure 2-1. 

 
Figure 2-2. Variation of real and imaginary permittivity with frequency  
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Figure 2-3. Variation of tan  and AC conductivity with frequency (Polymer Journal 
(2010) 42, pp 546-554 
 
The Results in figure 2-2 and figure 2-3 show PAni Composites with a concentration 

of more than 24% produce a polymer material that reduces the EM transmission 

that will make the polymer suitable for EMI shielding.  For example the undoped 

PAni has a conductivity of 6.28×10-9 S/m, while conductivities of 4.60×10-5 S/m can 

be achieved by doping to 4%  and 2.3x10 -3 while trying to reach a target of 

3.50×10+7S/m at 20o for aluminium and depends heavily on the temperature 

coefficient. [149] 

 

Poly(3-4-ethylenedioxythiophene) (PEDOT:PSS)  
 
PEDOT:PSS  has very good thermal stability, which can be used as a liquid solution 

[71] and has a high transparency in the visible frequency range [153]. It is available 

commercially from Heraeus and AGFA [72].  

 

The benefits of using PEDOT in the industry are excellent stability [144], large area 

processing, low cost [73], flexibility in using spin coater or dip coating.  A team at the 

Australian Centre of Excellence for Electromaterials Science at Monash University in 

Melbourne reported that PEDOT:PSS can be used as cathode for fuel cells that 
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convert hydrogen and oxygen.  A spin coater of Laurell WS-650-23NPP was used to  

try create a shielding device using the spin coating method. 

 

Polypyrrole (PPy) 
 
Polypyrrole (PPy) has been used in a vast range of applications which includes  

biosensors[74][57], gas sensors [158], wires, microactuators, antielectrostatic 

coatings, solid electrolytic capacitors, electrochromic windows and displays, 

packaging, polymeric batteries, electronic devices, and functional membranes. PPy is 

already used in a vast range of applications which includes bio-sensors [75] [76], gas 

sensors [77], wires [78], micro-actuators [79], anti-electrostatic coatings [59], solid 

electrolytic capacitor [80], electrochemical windows and displays, packaging, 

polymeric batteries, and electronic devices. PPy is also used for radar-absorbing 

materials (RAM) [28], camouflage netting [81], antennas and functional membranes. 

These diverse applications of PPy suggest PPy is worth investigating as an EMI 

shielding device 

 

Like PAni, Polypyrrole (PPy) also has good environmental stability that depends on 

the rates of renewable resources for manufacturing and not mining.  There is little 

non-renewable resources used in the manufacturing industry that can keep 

manufacturing PPy and PAni indefinitely, they are easy to produce from chemical 

compounds through chemical reaction, low costs of production [28] and higher 

conductivity compared to the rest of ICPs and have the great potential to replace 

metals and carbon. [82].  

PPy has a promising future in EM shielding because of its high shielding effectiveness 

(SE), good mechanical properties, ability to withstand harmful external environment 

influences (e.g. oxidation, corrosion), durability, and homogeneity.  

 

While both PAni and PEDS:PSS materials are available in liquid form, it is difficult to 

obtain liquid PPy.  PPy can, however, be coated on an organic polymer such as 

polyester. The typical substrate for coating PPy includes woven and nonwoven 

material, felts and knits of polyester, nylon, glass, quartz, spandex, polyolens, and 
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aramids. . Conducting fabrics can provide an absorption dominant interaction with 

the microwave radiation. The ability to use a nonwoven fabric to form a shield with 

PPy  [28] [83] enhances the attractiveness of using PPy in EM shielding devices.  

 

EeonTex produce a PPy material by treating a conductive textile such as the 

polyester fibres with a PPy material in a unique aqueous process.  EeonTex fabrics 

can be custom-made, designed for the desired electrical resistance, thickness, 

porosity, strength, and stretchability. Depending on the particular base fabric, 

EeonTex fabrics can be made to have surface resistivity between 10 ohm/sq and 10 

billion ohm/sq.  A PPy-coated textile foam sourced from Eeonyx Corporation [84] 

offers many advantages including flexibility, adaptability to different shapes, light 

weight and low cost. However, the major advantages are that it can be used with 

metal flakes and carbon fillers. [85]  

 

The data below was supplied by EeonTex for EeonFelt — F/PF-PI-PV-10/100[3] which 

is a polyester felt coated with PPy. This ICP material has enhanced stability and 

retardation, able to eliminate Si from dust SiO2 [ 86][143], clear electrostatic charges 

[87], and has a variety of other applications. The surface resistivity is between 3 and 

40/sq 
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Figure 2-4. Transmission characteristics of PPY 200 .m2 of nonwoven felt  (EeonTex 

PPy nonwoven shielding device data) 

 

 

 

Figure 2-5. Transmission loss vs frequency for various surface resistivity between 3 to 

40 /sq 

 

The data supplied for the PPY-coated fibre shows this type of nonwoven fabric ICP 

material can provide a sufficient level of shielding to warrant comparison with metal 

and carbon materials and stability at the desired microwave frequencies of (1-6) 

GHz. 
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Standards for testing shielding devices 
 
Many methods and standards are currently used in the testing of shielding devices. 

The type of shielding device, the material and their applications influence the test to 

be used. The existing standards including ASTM D4935-99, ASTM ES7-83, MIL-STD-

188-125A, IEEE-STD-299-1991, MIL-STD-461C, and MIL-STD-462 characterise the 

scattering parameter (S21) of shielding devices. As the current testing methods have 

limited dynamic range and relatively large specimen dimensions, these standards 

may be impractical and inadequate for testing new materials for use in EMI 

shielding. 

 

As newer forms of shielding devices may require materials that are rare or expensive 

at the time of exploratory testing, the specimen size required for exploratory testing 

of the transmission loss property needs to be kept as small as possible. Using the 

ASTM D4935-99 standard coaxial holder to measure SE is regarded as convenient 

because it requires relatively small specimens required for testing in unlike the 

military standards, which require 46cm square samples [88]. The ASTM D4935-99 

standard test device is a flanged circular coaxial transmission line, with internal 

conical shape that secures the shielding device and forms a capacitor load between 

the transmitter and receiver. Unfortunately, it has a complex shape and is difficult to 

manufacture.   

 

Measuring and comparing EMI shielding effectiveness 
 
The two common ways to measure the material’s shielding are: 

 Shielding Effectiveness (SE) [89], and 

 Scattering Parameters (S-Parameters)[90]. 

 
Shielding Effectiveness (SE) is the ratio of the transmitted Electrical Field (Et) or 

Magnetic Field (H) after hitting the shield, to the incident Electric Field (Ei) before the 

attenuation of the electric or/and magnetic field due to the reflection and 

absorption of the electric field or magnetic field.  



 

 
 

41 

The rations are shown in the following equations: 

SE=20.log(Et/Ei) for electric field or  

SE =20.log(Ht/Hi) for magnetic field  

Where E and H are the electric and magnetic fields and the subscripts (t) and (i) refer 

( t) the transmitted and (i)for incident waves.  

As the electromagnetic wave shielding for the electric wave Ei hitting the material in 

Figure 2-6 

 

Figure 2.6 Shielding Effectiveness (SE) 

 

Figure 2.6 shows the Shielding Effectiveness (SE) that has three components. Those 

three components are shown in three arrows coloured in pink, green and red. Those 

components indicate the amount of absorption EA which is the amount of absorption 

Absorption(A) , Er that is the Reflection(R) and Et is the amount of electric field 

transmitted (T) , the shielding effectiveness (SE) is the ratio of the RF energy incident 

on Ei  one side of the shield to the RF energy emerged from the other side of the 

shield Et expressed in decibels (dB). 
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For an infinitely good conductor, the shielding effectiveness will indicate the two 

terms, of the Absorption loss and the Reflection loss. In this thesis the main focus is 

on the ratio of the RF energy incident on the shielding device to RF energy 

transmitted from the shielding device. 

Calculates the plane wave shielding effectiveness of different conductors using the 

equation [160]:     

 

Where  is intrinsic impedance, d is the thickness of the shielding device and   is the 

conductivity of the shielding device 

The above equation is only suitable for very thin thicknesses that are less than the 

wavelength, the wavelength we are dealing with is around 12cm.   

Although the SE analysis is an easier way to compare shielding devices but in ICPs 

shielding devices the conductivity, thickness and the skin depth are of a different 

nature.  It is concluded that another analysis that is more appropriate to group all 

the shielding devices under one test. 

The skin depth in figure 2-6 relies on the conductor, dielectric properties of the 

material that is considered in the simulation software as part of Maxwell’s 

equations.   

                                                           

Where  is skin depth p is resistivity (Ω-metres)   is magnetic permeability = 0. r, f 

is the frequency (Hz),𝜋 is 22/7, 0  is 4 𝜋.10-7 Ω -1m-1, R varies depending on the 

materials type.   The skin depth is used in the Maxwell simulation software but the 

above equation, various spread sheets available with tables of current bulk materials 

on (http://www.rfcafe.com/references/calculators/skin-depth-calculator.htm ), 

those spread sheets are updated regularly and therefore skin depth analysis can be 

used to make a simple spread sheet model to compare all types of materials.  

In the frequency range 1GHz to 6GHz, transmission line will suffer from the skin 

depth effect and therefore waveguide is used where the dominant field can be 

controlled and made to have the electric field as a dominant mode [91] and [142]. 

http://www.rfcafe.com/references/calculators/skin-depth-calculator.htm
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The Absorption loss (A) is affected by the frequency, conductivity and thickness of 

the material. The Absorption loss (A) is directly proportional to the thickness of the 

shield expressed in skin depths [21] and it is linked to S12 and S21.  

 

The reflection loss (R), is the attenuation due to the reflection of the electromagnetic 

wave at the interfaces of the material, the value of R is related to S11 and S22. The 

reflection loss is independent of the thickness of the material, but it is related to the 

intrinsic impedance inside the material and the intrinsic impedance of free space 

[92], while the absorption loss is related to the thickness of the conducting material 

and that is directly related to the skin depths.  

 

The skin depth governs the minimum thickness of shielding devices for metal.    

Figure 2-7 below shows the variation of minimum thickness that is required for 

aluminium and copper as the frequency of the electromagnetic radiation increases, 

the thickness of the shielding devices decreases and a very thin layer of shielding 

metal are needed in the experiments.  

           

                Figure 2-7    the variation of skin depth with the frequency 

The scattering parameters are of more significance for any investigation when using 

intrinsic conducting polymers without the addition of any high conductive material. 

Scattering Parameters (S) show the response of a linear system. The S parameters of 
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one system can be compared to the response of another system or can be cascaded 

with another system and the changes to the response of the two systems.  

The S parameters calculation is a great tool to be applied to passive devices only.  

A full mathematical excel tool for detailed calculation of s- parameters can be found 

in http://www.microwaves101.com/encyclopedia/Sparameterspreadsheet.cfm  

and that provides a detailed analytical spreadsheet tool for calculating all the S-

parameters.     

 

Vector Network Analyser equipment (VNA) can be used to form a mathematical 

matrix showing how the EM wave propagates through a multi-port system. The S 

parameters are values in a matrix that accurately describe the values of a device that 

is used as a box without looking into what the contents of the box or its material 

properties as in the SE value that take into account the material properties of the 

whole system. The values of the S parameters are used magnitudes for a given 

frequency and this value relates the output voltage to the input voltage.  

Electromagnetic shielding testing methods 
 
The commonly available methods for testing the shielding of EMI interference and 

comparing effectiveness of the new conducting materials with the current materials 

are: 

 flanged coaxial cable method [92],  

 Faraday cage method [7],  

 anechoic chamber [93], and 

 OEMI method.[94]. 

 
Each of these methods will now be discussed in more detail. 

 

Flanged coaxial cable method 
 
As shown in figure 2-8 below, the flanged coaxial cable method uses a two port 

device to measure the shielding effectiveness of a thin material sheet. The flanged 

coaxial cable methods are used first without sample material under test [157] and 

http://www.microwaves101.com/encyclopedia/Sparameterspreadsheet.cfm
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then the material is inserted and the reduction of the signal is shown on the display. 

The VNA performs the measurement at specific frequencies. 

 

 
Figure 2-8. Flanged coaxial cable method 

 
The major advantages of the flanged coaxial cable method are: 

 that the coaxial fixture is a standard device,  

 only a small sample of the test material is required,  

 the SE values obtained are similar in different parts of the world,  

 the measured SE values are sorted into SE for reflection and SE for transmitted 

components,  

 this method has the higher dynamic range for SE values than other methods, 

and 

 the method permits evaluation of both the near field and far field shielding, 

and the results are repeatable for the material ranking in the shielding tables. 

 

 

Disadvantages of the flanged coaxial cable method include: 

 use of this method is mainly limited to the United States, 

 method requires expensive military grade equipment, and 

 results may not be representative of real-size object in real world situations. 

 

Faraday cage method  
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The Faraday cage method can be used to compare the measurements of various test 

samples to check their shielding capabilities. [38] In this method, an external 

electrical field is propagated through a cage or box made of good conductive 

material.  The charges along the surface rearrange themselves outside the box, while 

the field inside cancels itself.  

 

In this method, the test sample is placed on one side of metal box fitted with an 

internal receiving antenna. A transmitting antenna is placed outside the box. The 

network analyser transmits and receives the signals by the antenna, and is then 

stored as data files that can be analysed for the shielding quality of the sample.  

 
The major advantages of the Faraday Cage method are that it is: 

 cheap and easy to construct, and  

 good for small to medium-size test samples. 

 
The disadvantages of Faraday cage method include: 

 difficulty of achieving a good electrical contact between test specimens and 

the shielded box [95],  

 the method has a limited range of frequency of about 500 MHz, and 

 the results from different laboratories show poor correlation [96]. 

 

Anechoic chamber 
 
An anechoic chamber is a special chamber designed for a specific range of 

frequencies and these chambers vary in size [97]. Anechoic chambers [155] are 

designed to test the antenna and other devices, and shielding material without 

interference from outside the chamber's electromagnetic radiation or reflections 

from inside the chamber [93]. This method has been used to test, and to gauge the 

level of EMI.  

 

The major advantages of the anechoic chamber method are: 
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 the testing of devices or shielding materials yields shielding parameters that 

conform to Australian Communications and Media Authority (ACMA) 

standards, and 

 this method of testing has been used to clarify the doubts about the 

disadvantages of the other methods and to give assurance that the results are 

reliable and reproducible. 

 
The disadvantages of the anechoic chamber method include: 

 expense of constructing and using the anechoic chamber,  

 scarcity of anechoic chambers (Curtin University hosts the only such facility in 

Western Australia),  

 difficulties often encountered in gaining permission to access these rare 

facilities,  

 difficulty moving test samples to the anechoic chamber facility,  

 difficulty repositioning test samples or network analysers within the anechoic 

chamber, and 

 limitations on the size of the samples that can be tested within the anechoic 

chamber. 

 

Open EMI method  
 
An Open EMI (OEMI) method is enabling comparison of EMI shielding systems and 

was reported in [98].   This method was used to evaluate clothing fabrics that served 

as radiation detecting devices. 

 

This method tests the overall shielding system and compares it to another shielding 

device. Rather than isolating the device from the electromagnetic radiation, this 

method measures the actual electromagnetic radiation that a device encounters, 

measures the amount of transmission attenuated by the shielding device, estimates 

the amount of reduction of the original electromagnetic radiation and then 

measures the device’s response to a controlled source of EMR.  

 

The open to EMI experiment can be conducted in an ordinary communication 

laboratory by placing a device under test in the middle of an aluminium screen 
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190cm (height) x 115cm (wide) that was available in the communications laboratory. 

The Vector Network Analyser (VNA) at the centre of the experiment measures the 

transmission loss of the Shielding Device Under Test (SDUT) with the unique 

scattering parameters S21, S12 and reflection loss parameters S11, S22
, The forward 

scattered S11(t), and back  S21(t) scattered time-domain profiles are uniquely related 

to the intrinsic properties of the material tested.  The appropriate interpretation of 

the parameters S21 (t) and S11 (t) relates to the desired frequency.  

 

The VNA generates the S-parameters measurement results in the form of the S 

parameters versus frequency data files. These S-parameters measurements 

determine how well the SDUT reduces the EM radiations compared to S-parameters 

measurements when the SDUT is removed. The calibration provides equal 

transmission S21, and reflection S12 parameters should not differ significantly. 

 

This method requires its users to: 

 set the frequency range, and set the number of data points across the 

frequency range that S21 is experimentally measured,  

 measure the area on the aluminum screen that the SDUT occupies, and 

 calibrate the VNA in order to eliminate the losses in the coaxial cables and also 

perform standard calibration for reflection and transmission parameters for 

the two-port VNA. 

 
The major advantages of this OEMI method are: 

 enables non-contact measurement of the shielding device transmission loss in 

a real-world EM-polluted environment, 

 suitable for making microwave frequency measurements 

 simple to operate and interpret,  

 very cost-effective compared to the expensive anechoic chamber or coaxial 

methods, and 

 accuracy can be improved by taking advantage of ongoing developments in 

network analysis equipment to enable isolation of unwanted radiation and 

selection of desired frequencies. 

 
The major disadvantages of open EM method are that it: 
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 has rarely been used,  

 requires preparation of measurable shielding devices from materials to be 

tested, 

 needs the shielding device under test (SDUT) to be placed in a tightly EM 

sealed space inside the hole of a large, flat aluminum screen, 

 needs care to minimise EM reflection on the edges of the SDUT's border with 

the aluminum screen as well as the multiple reflections between antenna and 

surface of SDUT, and the diffraction effects at the edges of the SDUT, and 

 needs to have its results validated in terms of more widely used method(s) 

such as use of anechoic chamber. 

 

Computer modelling of electromagnetic shielding systems 
 
Computer modelling is an essential tool for characterisation and designing of 

electromagnetic shielding system in order to comply with electromagnetic 

compatibility requirements [99]. There are already many analytical modeling tools 

including web-based calculators and apps for solving EMC design problems. The EM 

computer modelling techniques can be divided into three categories: 

 lumped circuit modelling,  

 transmission mine modelling, and 

 modelling using full wave Maxwell's equations. 

 
Each of these computer modelling techniques will now be discussed in turn. 

 

Lumped circuit modelling  
 
In this modelling method, discrete components (resistor, capacitor and inductance) 

are used to form an equivalent circuit. This type of modelling suffers from the 

increase of the resistance with the frequency and it is mainly suitable for 1D 

modelling [100].  

 

Transmission line modelling 
 
Transmission lines carry microwave frequencies signals to different places. 

Transmission lines can be used to model and calculate impedance and other 
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propagation characteristics. The model analyses transmission attenuation in terms of 

lumped circuit components such as impedance, inductance and capacitance [101]. 

Using different frequencies and different lengths for a transmission line enables 

derivation of an equation describing the wave propagation within the transmission 

line.  

 

In transmission line modelling, increasing the frequency [102] produces a huge 

increase in the resistance of the conductors. This tends to increase the attenuation 

of the transmitted signal along the transmission line. This skin effect [103] starts to 

increase the resistance of any thin conducting layers within the square root of the 

frequency.  

 

This old and established method is only suitable for 2D simulations. It does not rely 

on the properties of the object under test.  

 

Modelling with full wave Maxwell's equations  
 
All software modelling of microwave transmission [104] uses full wave Maxwell's 

equations. The various modelling methods based Maxwell's equations differ only in 

the extent to which they simplify calculations undertaken and the interpretation of 

the results obtained. The extent of these simplifications affects the price of the 

modelling package, the time to solve the equations, the desired dimensions of the 

model, the bandwidth that is needed to be simulated.   

 

Other issues relevant to EMI shielding materials 
 
In addition to the concerns about the performance of mobile phones and other Wi-FI 

devices, there are four other key concerns arising from the increased use of current 

shielding devices: 

 concerns about environmental disposal of current mobile phones that contain 

dangerous materials,  

 concerns about the extensive use of chemicals that are used and mining 

excavations of current shielding devices,  
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 concerns about human health problems linked to increased exposure to 

electromagnetic emissions, given that Wi-Fi and mobile phone devices are 

increasing in speed and design complexity and more people are routinely 

using those devices throughout their day-to-day activities, and 

 concerns about the heightened risk of spreading bacterial infections through 

contaminated mobile phones and other Wi-Fi devices. The growing human 

dependence on and attachment to these devices increases the risk of the 

devices becoming contaminated by harmful bacteria that can remain 

infective for many hours.  

 

Environmental concerns 
 
Concerns about safe and appropriate disposal of shielding materials relate to long 

term environmental effects [105][106][143], cost and future availability. There are 

also persistent concerns relating to the environmental and social impacts created by 

the extraction of the metals now in use and the production and their disposal of 

mobile phones and Wi-Fi devices [107][108].  The mining of those metals incurs 

significant economic, environmental and social costs such as environmental damage 

from mining, quarrying and processing, transport and waste disposal operations.  

Those operations can all damage habitats, use scarce water, create noise and pollute 

air, land and water with toxic chemicals.  Social impacts can include damage to the 

social fabric resulting from miners being required to live away from their families 

while engaged in their mining work. 

 

Within a mobile phone, the key areas that contain dangerous materials are: 

1. the covers and keypads, that contain metals like chromium, brominate in 

the protective chemical coating to protect the cover 

2. the LED screen, which contains liquid crystals (mercury),  

3. circuit board, which contains lead and mercury,  

4. batteries, which contains cadmium, nickel and lithium. 

 
EU countries have banned at least 6 materials (lead, cadmium, mercury, hexavalent 

chromium, Polybrominated biphenyls (PBB) and Polybrominated diphenyl ethers 

(PBDE).  Another EU regulation called Waste Electric and Electronics Equipment 
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(WEEE) directive that has been introduced is to make it compulsory for the 

producers of mobile phones to return the phone and discard safely all waste 

materials that they produce.[109]  The objective of those directives is to make the 

design of electronics devices environmentally friendly.  Leading makers in EU 

countries, including Motorola, LG, Sony Ericsson and Philips, have all implemented 

eco-design aspects.   EU Restriction of Hazardous Substances (RoHS) directive has 

been extended into the companies production lines, including reducing the amount 

of hazardous substances used in their products. 

 

The current mobile phone shielding materials contains approximately 40% metal 

plastic composites and/or 40% nanocarbon plus polymers in composites. Despite 

manufacturers of mobile phones implementing environmentally-friendly designs, 

[110], the life cycle of the current mobile phone produces environmental impacts 

relating to the materials and energy used in manufacturing and processing the 

mobile phone. Disposal of mobile phones can release dangerous chemicals into the 

groundwater systems and soils. Although each mobile phone contains only a very 

tiny amount of toxic chemicals, disposal of billions of mobile phones can release 

large amounts of these chemicals. 

 

Concerns regarding human health 
 
Despite a lack of any clear evidence that radiation emitted by mobile phones poses a 

health hazard for humans, concerns about their impact on human health [111, 112, 

113] persist.  There are well-reported concerns about prolonged exposure to EM 

fields and pulses associated with mobile phones, heightening the risk of developing 

leukaemia, breast cancer and other cancers, of producing neurodegenerative 

disorders, miscarriages and impaired male fertility [114].   

 

A recent study  [115] investigating the influence of the electromagnetic field of 

mobile phone frequency exposure on health outcomes found half of the children 

and nearly every adolescent owned a mobile phone, which was used only for short 

durations per day. Although the measured exposure was far below the current 
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ICNIRP reference levels, the most reported chronic symptom in phone-using children 

and adolescents was fatigue [115]. Some multidisciplinary reports investigating the 

impact of mobile devices on general happiness, mental abilities and behavioural 

issues, cautioned expectant mothers about using mobile phones during pregnancy 

[116]. Another study investigating brain tumour risk and mobile phone use in 

children and adolescents strongly recommended monitoring for brain tumours.  

 

The strength of these concerns has led companies to develop devices to reduce the 

harmful radiation such as: 

 special earpieces to overcome any need to hold mobile phones close to a 

human head while in use [117],  

 special EM shields claimed to block EM harmful radiations when placed inside 

the mobile phones, and 

  the Aires Shield device made of a silicon-based microprocessor said to 

neutralise harmful EM radiation from a mobile phone.  Its manufacturer claims 

that EM radiation could cause brain cancer and other mental illnesses.  

 

While the long-standing health concerns highlighted above all relate to long-term 

health impacts, there is also growing interest in investigating key short-term health 

impacts of using mobile devices. Concerns about heightened risk of spreading 

bacterial infections through contaminated mobile phones and other Wi-Fi devices 

parallel concerns about increasing bacterial resistance to antibiotics. [118]  

 

The average human body contains about ten times more bacterial cells than the 

amount of human cells and most of these bacteria are beneficial to human health. 

Pathogenic bacteria can, however, cause incredible damage to a human body and 

may even result in human death. Different strains of a single species of bacteria can 

also have quite different effects on human health. 

 

The much-studied bacterial species Escherichia coli (E. coli) commonly found in 

faeces has one particularly virulent strain. The enterohemorrhagic stereotype of this 

bacterium known as Escherichia coli O157 or E. coli O157 causes illness, typically 
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through consumption of food contaminated by unwashed hands. Infection by this 

strain of E. coli may lead to diarrhoea, and later may result into kidney failure. [119] 

 

 Transfer of the E. coli bacteria by touch to much-used mobile phones that do not 

receive regular cleaning can facilitate the spread of diarrhoea, extreme abdominal 

cramping and pain, nausea and vomiting, and in extreme cases, death. In 2011, 

researchers from the London School of Hygiene & Tropical Medicine and Queen 

Mary, [120] University of London reported that 15% of mobile phones tested in the 

U.K. had traces of E. coli bacteria from faecal matter. The hands and mobile phone 

samples were collected from 12 cities in Britain. In each city, 390 samples were 

taken from mobile phones and hands.  Then the samples were analysed in the 

laboratory to identify the bacteria and other germs. The findings showed that 

despite 95% of people washing their hands with soap, 92% of mobile phones and 

82% of hands had bacteria on them, and moreover 16% of hands and 16% of mobile 

phones were found to harbor the dangerous E. coli bacteria that causes infection 

and diarrhoea. The people who had bacteria on their hands were three times as 

likely to have bacteria on their mobile phones [120]. The outer shielding of a mobile 

phone is particularly conducive to bacteria growth because the mobile phone heats 

up as it is used. As infrequent cleaning of mobile phones heightens the risk of 

bacterial contamination. Health authorities now need to consider publishing policies 

and guidance to address the hygiene of mobile phones [121] especially in hospitals 

[122]. 

 

Conclusion 
 
This chapter reviewed the literature relevant to the research questions outlined in 

the previous chapter. The next chapter outlines the methodology selected to 

address those research questions. 
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Chapter 3. Methodology 

Introduction 
 
In the light of the literature reviewed in the previous chapter, this chapter outlines 

the methodology selected to address the research questions stated in Chapter 1.  

Choice of materials 
 
As the previous chapter has shown, a wide variety of ICPs have potential to be used 

for EMI shielding for communication.  The requirement for communication shielding 

devices is to reduce the  EMR energy that reflect away by try to  get devices that 

absorb the EMR energy rather than reflecting it. 

 

Given the time and financial constraints on this study, it was necessary to limit the 

investigation of Intrinsic Conducting Polymer (ICP) materials to those the literature 

review had revealed to be: 

 affordable, 

 accessible within the time allocated for the study, 

 suitable for investigation with low-cost methods that could for the most part 

be conducted using facilities available to the researcher at Edith Cowan 

University (ECU), 

 suitable for testing in form (liquid, gel, coating, foam) as a shielding device in 

terms of stability, conductivity and thermal sensitivity, and 

 able to be tested and modelled in ways comparable to the metals and carbon 

nanotubes already used in the EMI  shielding of mobile phones and other Wi-

Fi devices, 

 

PPY 

  
Felt shielding devices do not require any additional coating. The one meter square of 

PPY material acquired for this project had a uniform coated surface, a resistance 

surface resistivity of 200/sq band with transmission loss (S21) percentage loss is as 

shown in figure 2.4. The suitability of the supplied PPY nonwoven microfibre was 
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investigated using two methods, the Shielding Effectiveness (SE) parameters or 

transmission loss (S21) method.   

 

Preparation/acquisition of PAni 
 
As noted in the previous chapter, doping can be used to produce a more conductive, 

doped form of PAni. When this researcher did initially attempt to using the limited 

laboratory facilities available convert the inexpensive powder form of PAni into a 

more conductive, doped form, the result proved so unsatisfactory. The doped PAni 

powder had low conductivity, which was not maintained after the liquid dried. Work 

on the powder form was abandoned in favour of liquid forms of PAni. 

 

PAni can be used from two sources, Polyaniline (PAni) salt and Polyaniline base that 

was purchased from Sigma-Aldrich Pty. Ltd. The PAni salt was a ready-made solution 

mixture of polyaniline emeraldine base (different powder weight) plus 2% Xylenes 

and the PAni base powder polyaniline was an emeraldine base dissolved in different 

types of solvents. Two solvents used for doped polyaniline powder, were 1-Methyl-

2-pyrrolidinone [123], and nitric acid to dissolve the powder.  

 

This researcher purchased a small quantity of a very expensive form of PAni doped 

with BSA (benzene sulfonic acid) (product number 650013) from Sigma Aldrich. The 

other form of liquid PAni acquired was polyaniline salt already dispersed in xylene (2-

5 wt %).  

 

Selecting a coating method for PAni and PEDOT:PSS 
 
A clear choice had to be made as to whether to use spin coat or dip coat for making 

shielding device from liquid. Initial consideration of factors such as cost, need for 

specialised equipment, ease of use, control of the coating thickness and process, 

consistency of the coatings suggested spin coating would be the preferred coating 

method.  A choice of shielding devices on glass substrates, were suitable for spin or 

dip coat.  The dip coat is an easier method and does not require expensive spin 
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coating machine however the thickness cannot be accurately controlled and 

measured. 

 

Spin coating liquid shielding devices 
 
Spin coating a glass substrate involves spreading it with a thin layer of an ICP in liquid 

form and then repeating the process as required to increase the thickness of the 

coating. A PAni shielding device can be made using a controlled spin coating method 

[124] to create thicknesses, enabling investigation of the relationship between the 

thickness of the coating and the transmission, absorption and reflection parameters.  

The purpose of this step is to provide a layer of the conductive PAni or PEDOT:PSS 

material so that its electromagnetic shielding transmission loss (S21) could be tested.  

 

As the spin coating method is preferred for measurement of thin layer shielding 

device S-parameters, the researcher attempted to use spin coating to make shielding 

devices using liquid versions of PAni and PEDOT:PSS. A spin coating device made by 

Laurell (model WS-6505) was used to coat substrates with liquid PAni and liquid 

PEDOT:PSS. The process involved cleaning a glass slide, positioning the cleaned slide 

in the centre of the spin coater, then using a pipette to apply a drop of either of PAni 

or PEDOT:PSS to the centre of substrate holder. The substrate holder was then 

rotated at 500 rpm for 60 seconds and substrate sample dried inside a vacuum 

chamber.  

 

Attempting to produce a more conductive, doped form of PAni using the limited 

laboratory facilities available created significant problems relating to: 

 agglomeration, preventing  a smooth coating,  

 difficulty achieving a proper dispersion with the solvent, and  

 inconsistent conductivity of the coating.  

 

Working with PAni in a liquid form eliminated the problems of dispersion and 

agglomeration. The initial glass substrate slide made as a shielding device was  
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76.2 x 25.4 mm with a 1mm thickness and was coated with a thin layer of PAni and 

PEDOT:PSS. Although the spin coating process was a success, the transmission loss 

results for this size of device were not encouraging, because of its small size of less 

than one wavelength and a larger substrate was impossible to achieve. 

 

The glass substrate was then enlarged to the available glass substrate of  

15cm x 15 cm x 3mm, but the spin coater could not hold a glass substrate of this size.  

The spin coating machine therefore needed to be large enough to take a  

15cm x 15 cm glass substrate and any spin coating processor suitable for this task 

would have a diameter up to 300mm or a 230mm square substrate capability. 

 

Unfortunately the spin coating process is designed for small slides, larger size spin 

coaters are not readily available devices. To overcome difficulties experienced with 

spin coating, the researcher switched to producing shielding devices dip coated with 

PAni or PEDOT:PSS. 

 

Dip coating 
 
Dip coating is a simple and inexpensive process, which involves immersing a 

substrate into a reservoir of solution for 5 minutes so that the substrate is 

completely covered with a thin layer on one side, and then withdrawing the 

substrate from the liquid PAni solution. This coating method relies on a combination 

of the gravity-induced draining of liquid solution [125] and evaporation of solvent 

[126]. 

 
One distinguishing feature of the dip-coating technique [127] and one that makes it 

particularly useful with mobile phone or Wi-Fi devices, is its ready adaptability to 

different shapes (e.g. onto a plate, cylinder, or irregular shaped object). Dip coating 

does however produce more variable results than spin coating in terms of thickness 

of the coating and hence the consistency of conductivity. 
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Measuring the thickness of the dip-coated layer 
 
The thickness of a shielding device with a thin layer of liquid on a substrate can be 

measured by: 

 non-contact methods including Optical Coherence Tomography (OCT) and 

Ellipsometry, or 

 contact methods (microscope, prolometry, and digital Vernier caliper). 

 

Other methods to measure the thickness for a shielding device with a thin layer of 

liquid on a substrate include laser triangulation, digital holography, Atomic Force 

Microscopy (AFM) and interferometry. This study sought simple, inexpensive 

solutions that would be applicable to all the shielding devices and not too time 

consuming. 

 

Ellipsometry 
 
This is a non-contact optical device that transmits light from a light source and 

detects that light by a detector and the data from the reflection and the phase are 

converted into thickness. As the maximum layer for thickness determination is 

typically about 100 nm, this method is only useful for a thin film and could not be 

applied to all the shielding devices. This method therefore had to be rejected. 

 

Prolometry 
 
This thickness measurement method is a contact method using a stylus that moves 

across the surface, measures the original substrate and then moves to the thin layer. 

As the stylus photometry method requires a reference, it is not suitable for 

measuring a liquid paint surface. This method therefore had to be rejected 

 

OCT 
 
Optical Coherence Tomography (OCT) is used by opticians in biomedical imaging 

[80], and in art applications requiring both micrometer accuracy and depth 

resolution up to a millimeter. All of these methods could be used for accurate 
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measuring of the thickness of very tiny objects, but are time consuming and 

expensive. This method therefore had to be rejected. 

 

Microscope method 
 
In this method, a basic confocal microscope is calibrated and the thickness is 

compared to a slide of known thickness.  In more advanced microscopes, a graticule 

focuses the microscope system on the differences between the two surfaces. This 

focusing system and the digital scale allow non-contact, highly accurate 

measurements of differences between the heights of the two surfaces. This method 

was rejected because of its complexity compared to use of the digital Vernier caliper. 

 

Digital Vernier caliper 
 
The digital Vernier caliper has a series of rectangular plates etched into a copper 

frame that stretches the length of the bar and is usually covered by a taped scale. 

Mounted above this in the movable metal jaw, that is a similarly plated slider board. 

When these rectangular boxes align and misalign, signals sent to an electronic chip 

within the calliper’s case generate the readings on the visual display. As this simple, 

reliable, well-established method has a measuring range of 0-150 mm, resolution of 

0.01 and accuracy of 0:02mm, it was clearly the most appropriate method to use to 

measure the thickness of the dip-coated layer in all the shielding devices. This 

method was therefore used for measurement of both the PAni and PEDOT:PSS 

shielding devices. 

 

 
 
 
 
 
 
 
 

 
Figure 3-1: Digital Vernier caliper 
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Devices and setups 
As no single device or experiment setup could meet all these requirements, the 

study required: 

 a number of different experimental devices and setups,  and 

 open to EMI and anechoic chamber measurements at narrowband and 

wideband frequencies, and 

 a range of modeling simulations. 

 

In all the experiments undertaken, the ICP-based shielding devices tested differed 

thicknesses due to the ICP material used for the coating and the method used to 

achieve the coating method. The SDUTs contained a thin layer of: 

 either PAni  (dip coated on the surface of the 150mm x 150mm glass substrate,  

 or PE-DOT:PSS (0.25mm thickness dip coated on the surface of the 150mm x 

150mm glass substrate, or 

 or polypropylene fabric coated on a 150mm x 150mm substrate of NW170-PI-

20-PV3, a polyester non-woven fabric, containing both natural polyesters and 

a few biodegradable synthetic polyester.  

 

OEMI calibration procedure  
 
The OEMI method was chosen to measure the S21 parameter of the shielding devices 

coated with PAni, PEDOT:PSS, PPy and compare them to the established materials in 

the current mobile phone shielding devices. As discussed in Chapter 2, this method 

places the shielding device under test between two antennas (microwave horns for 

wideband measurements, and Yagi-Uda antennas for narrowband measurements, 

that measures the transmission/reflection loss from the shielding device.  The 

narrowband is used to focus  measurement around the Wi-Fi frequency of 2.45 GHz, 

use this initial study for a simple 2D model to simulate the results and also test the 

speed of the software for meshing and materials properties. 

Figure 3-2 shows the procedure that was followed to obtain the S-parameters.  The 

main source that was used to obtain the S21 from this procedure is the VNA.  Also it 

is noted that the calibration of the two ports were important in the procedure and 

was time consumed to reduce all the reflection and unwanted interference. The 
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outcome of the OEMI procedure is the S21. The experiments focussed on measuring 

the S-parameters generated as results of the calibration procedure. At first the focus 

of the narrowband experiment is the Wi-Fi frequency interaction with ICP materials 

and more specifically on the S21 data because the transmission data is the one that 

penetrates through the shielding device to reach the mobile devices. This 

transmission loss parameter S21 is a measure that can be used to compare different 

types of ICP devices with the currently available conducting materials used for EMI 

shielding of mobile phones and Wi-Fi devices. 
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                       Figure 3-2. OEMI calibration procedure 
 

 

S-parameter analysis  
 

The S-parameter measure is the outcome of the calibration procedure figure 3.2 and 

it is a standard analysis that is used in RF and microwave modelling and in all linear 

operating frequency system modelling. The S-parameters have both a real and 

imaginary number, the value of S-parameters depend upon the type of material used 
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in the shielding device, the characteristic impedance of the source, the load used to 

measure it, and the frequency measurements. If the transmitting and receiving 

antenna's bandwidth changes, then the S-parameters change accordingly. Likewise, 

a change in the load or source impedance also impacts on the S-parameters.  This S-

parameter measure is a simple way to compare an EM shielding device.  

The analysis method is governed by the following equation 

 

(
𝒃𝟏
𝒃𝟐

) = (
𝑺𝟏𝟏 𝑺𝟏𝟐
𝑺𝟐𝟏 𝑺𝟐𝟐

) 𝒙 (
𝒂𝟏
𝒂𝟐

)     Equation 3.1 

Where: 

S11=b1/a1 
 
S22=b2/a1 
 
S21=b2/a1 
 
S12=b1/a2 
              
 

 
                Figure 3-3 General two port characterisation with Z0 impedance 
 
 

The (a) and (b) in equation 3.1 of the S parameters measurements are vectors but in 

this research it was not necessary to keep the angle for the vectors of the S-

parameters, and magnitude only S-parameters, was used to simplify the results.  It is 

assumed that the vector network analyser (VNA) generates the magnitude. 

S-parameter magnitudes are presented in logarithmic based decibels (dB). Because 

S-parameters are complex voltage ratios. 
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Figure 3-4 S-parameters method 

 

Figure 3-3 shows the two port characterisation of equation 3.1. The incident EM 

radiation at port 1 is (a1) in figure 3-4, incident EM radiation at port 2 is (a2) in figure 

3-4 , exiting EM radiation from either port 1 is (b1) and the incident EM radiation on 

port 2 is (a2) the exiting EM radiation from port 2 is (b2). The first step is to 

terminate port 2 with the characteristic impedance so that b2 and a2 are zero, and 

then terminate port 1 with the characteristic impedance so that a1 and b1 are zero. 

Reflection coefficient, S21 describes the forward transmission coefficient 

(responding port 1st). 

 

The relevant equation (3-1) assumes a matrix symmetrical about its diagonal. 

Parameters along the diagonal, S11 and S22, of the S-matrix are referred to as 

reflection coefficients, because they refer to the reflection occurring at a single port. 

The other diagonal S-parameters, S12 and S21, are referred to as transmission 

coefficients, because they refer to what happens to EM radiation transmitted from 

port 1 to port 2 and vise versa.  

 

The procedure used to obtain the S21 is as follows. The VNA allows computer 

controlled frequency tracking of both narrowband and the wideband experiments. In 

1 second, the VNA transmits a signal to sweep the SDUT with the required frequency 

range and obtains the important parameter S21.  The VNA generates a RF signal that 
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passes through Port 1, which is connected to the transmitting antenna focused on 

the SDUT. The SDUT will generally reflect some fraction, b1, of the incident wave 

amplitude, a1. The VNA serves to separate and measure both the incident wave 

amplitude (a1) and the reflected wave amplitude (b1).  

 

The coefficients S21 and S12 are calculated and may have the same value. When the 

network analyser is a 2-port analyser, S21 = S12 and changing the input antenna and 

output antenna ports does not change the transmission properties. The key 

scattering parameter S21 can then be used to compare the EM shielding devices. 

 

OEMI measurements of SDUT 
 

This study used a VNA two ports instrument, Agilest E5071C (9 kHz to 8.5 GHz) to 

measure the parameters for the SDUT. Prior to making any  scattering parameters 

measurements, the VNA had  be calibrated by following the above standard 

calibration procedure of making short, open and matched circuit termination to 

eliminate the VNA and other RF radiations in the laboratory.  

 

Two calibration methods were used. The first calibration method used with VNA 

(EC5071C), was a manual method described in the manufacturer website link 

(http://cp.literature.agilent.com/litweb/pdf/5989-5478EN.pdf ). This type of 

calibration requires use of the calibration kit 85032F supplied with the VNA in 

different N type connections, for an open circuit, a short circuit, and a matched 50-

ohm load. The calibration kit is used to provide a calibration over open matched load 

with a very low reflection over a wide bandwidth.  

 

After calibration, the Vector Network Analyser (VNA) model E5071C was used to 

transmit and receive two types of bands, a narrowband around Wi-Fi frequency 2.45 

GHz and wideband between 1-6 GHz, the VNA has a capability for computer 

controlled frequency tracking of both narrowband and the wideband experiments.  

http://cp.literature.agilent.com/litweb/pdf/5989-5478EN.pdf


 

 
 

67 

The general setup for an S-parameter test with two ports including the Shielding 

Device Under Test (SDUT) is used between Port 1 and Port 2 of the VNA is shown in 

Figure 3-5. The VNA generates a RF signal that passes through into Port 1, which is 

connected to the transmitting antenna that is focused on the SDUT.  The VNA serves 

to separate and measure the incident wave amplitude, a1, and the reflected wave 

amplitude, b1. The coefficients S21 and S12 are calculated and may have the same 

value.  

The thickness of the SDUTs differed because of the different materials used and the 

methods used to coat the device with the ICP.  The SDUT is placed on an aluminium 

screen 2000mm height and 1200 mm width with a square hole in the centre of the 

screen to hold 150mm x 150mm SDUT.  

 

 

    
                                     Figure 3-5. Procedure for OEMI measurements of S21 
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Figure 3-5 show the two antennas that were placed on opposite the aluminium 

screen connected with coaxial cables to the VNA. One antenna was attached to port 

1 and a matching replica receiver antenna to port 2 without the SDUT holder was 

inserted in the middle of the aluminium screen. The SDUT was placed tightly in the 

device slot of 150 mm x 150 mm and secured tightly with aluminium tapes to the 

large aluminium screen, in order to reduce the measurement uncertainty caused by 

air gaps. Aluminium tape was used to reflect the EM where the SDUT met the 

aluminium screen.  Care was also taken to address the multiple reflections between 

antenna and surface of SDUT, and the diffraction effects at the edges of the SDUT. 

Highly conductive aluminium tape was used to cover all the edges. 

 

Each SDUT was tested for two types of frequency bandwidths by using a Vector 

Network Analyser (VNA) model E5071C to transmit and receive two types of bands, a 

narrowband range around Wi-Fi frequency 2.45 GHz and a wideband range between 

1-6 GHz. The important parameter S21 of the EM radiation data is measured for all 

SDUT materials and compared with the EM radiation data when there is no shielding 

device in square hole of the aluminium screen. Results of these measurements 

performed in the OEMI method can be checked with the anechoic chamber method. 

 

To measure the transmission losses S21 of the devices at narrowband and wideband 

frequencies, two experiments set up were created. The first objective of each 

experiment was to observe the transmission loss (S21) of EM-shielding device created 

from each of the ICP materials, and compare its S21 to metal and carbon shielding 

devices at the chosen frequency. The value of S21 was normalised to the S21 of the 

reference (no shielding device) S21. The next two sections discuss the commonalities 

and differences in the experimental setup for narrowband and wideband 

measurements made using the OEMI method.  

 

Narrowband experimental OEMI set up 
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These OEMI experiments related to the narrowband of the Wi-Fi frequency of 2.45 

GHz. The transmission loss data S21 is the one that penetrates through the SDUT to 

reach the receiving antenna that resembles penetrating a mobile phone device.  

 

The main components of the narrowband experiments are a network analyser 

(E5071C NA), two balanced feed antenna Yagi-Uda antennas with integrated balun, 

and an aluminium screen (1900mm X 1150mm) with 150mm X 150mm shielding 

device holder in the middle, 2 coaxial cables, and the shielding device under test 

(SDUT). 

 

    
                  Figure 3-6. Yagi-Uda balanced feed antenna with integrated balun in OEMI  
                                                                                                                experiment  
 

balanced feed antenna Yagi-Uda with integrated balun is commonly used in mobile 

communications applications such as Bluetooth, Wireless LAN, etc. The  Yagi-Uda 

antennas was selected for this research because of their narrowband width (~6db) 

and their ability to operate at low power levels over coaxial line or strip-line that 

resembles mobile phone transmission/reception at 2.45 GHz. A balun patch was 

attached to the Yagi-Uda antenna on one side with the ground plane on other side of 

the balun patch.  

 

Wideband experimental OEMI set up 
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The wideband experiments aimed to measure the transmission loss (S21) and to 

observe the EM shielding devices of ICP materials in the wideband frequency range 

of 1-6 GHz and compare them to metal and carbon shielding devices within that 

frequency range of 1-6 GHz. This (1-6) GHz experiments used horn antennas type LB-

1080 M-SF that was supplied by Ainfoin rather than the Yagi-Uda antenna used in 

the narrowband experiments.  The frequency gain plot for the horn antenna is 

shown in the figure below 

 

                                           Figure 3-7 frequency gain plot for LB-1080M-SF 

The main components of the wideband experiment are network analyser (E5071C 

NA), two horn antennas, and an aluminium screen (1900mm x 1150mm) with a 

150mm x 150mm shielding device holder in the middle, 2 coaxial cables, and the 

shielding device under test. The setup for the wideband experiments is shown in the 

figure below.  
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Figure 3-8. Horn antenna 1 to 6 GHz EM shielding set up 
 

Figure 3-8 shows on the left the experimental setup with the aluminum screen 

separating the two identical horn antennas by a 150mm by 150mm area for testing 

shielding devices. Figure 3-8(a) is a photo shot of the actual experiment with the 

SDUT is representing the reference as there is no shielding device in the center 

between the two identical horn antennas, figure 3-8(b) is the sketch of the 

experiment.  

Validation via the anechoic chamber method 
 
As noted in Chapter 2, the anechoic chamber method is the preferred method for 

obtaining performance data on shielding devices and measures performance of 

electromagnetic shielding devices by their transmission loss S21.  It is the only 

method used to certify devices for EM compliance. 

 

This study used the anechoic chamber method to verify whether the transmission 

loss S21 results obtained for the ICPs materials and other materials by the OEMI 

method obtained from other methods fell within an acceptable margin of error.  The 

researcher checked: 

 whether the scattering parameters obtained by the OEMI method were within 

acceptable error of 10dB of the anechoic chamber method, and 

  how closely the scattering parameters of the shielding device correlated with 

those obtained by the more accurate anechoic chamber method. 
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The anechoic chamber measurements were conducted at the International Centre 

for Radio Astronomy Research (ICRAR), a joint venture between Curtin University 

and The University of WA. Unfortunately, ICRAR refused to allow the researcher to 

bring the measuring equipment used in the original open EM method setup in the 

Edith Cowan University laboratory into the anechoic chamber setup in ICRAR. The 

VNA was substituted for the While the E5071C analyses with the ICRAR VNA (a 

Rohde & Schwarz R&S ZVL6 operating at (9 kHz to 6 GHz). 

PPy shielding device thickness sensitivity experiment setup 
 
A thickness sensitivity experiment was used to investigate whether the reduction of 

thickness of PPy shielding device could reduce or increase the transmission loss. 

Because of the importance of thickness those changes at the Wi-Fi frequency of 2.45 

GHz, this experiment used a setup similar to that for the narrowband experiment in 

Figure 3-5 and two thicknesses of  the shielding device normalised to the reference 

transmission loss (without PPy shielding device). A full thickness was used of 25mm 

first and then half of 25mm was used in the device under test holder. 

Simulation methods 
The objective in using the simulation methods was to see whether the computer 

simulations matched the experimentally obtained data obtained for the various 

shielding devices by the OEMI method experiments in the narrowband and 

wideband frequency ranges.  To simulate the experimental results without using an 

expensive experimental setups that requires expensive testing equipment and ICP 

materials, each shielding devices tested was modelled in a computer simulation 

modelling software. 

 

Use of simulation modelling methods [128] generated a new set of problems not 

present in the experimental methods. These problems relate to the accuracy of the 

model, the parameters of the model, and the approximation of the model to the real 

life situation where all EM radiations are present in the experimental setup of the 

testing of the shielding device and perhaps most importantly to the processing of 

instant of real time that is required for modelling the transmission for that area. 
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An EMI simulation modelling of the EM shielding device during the testing process is 

therefore not an easy task if high accuracy is the goal. However, the simulation 

modelling tools can however still be invaluable assets if the model serves to simplify 

the shielding device testing process, reduce the cost and the time frame needed to 

finalise the assessment of the new type of shielding devices. In mobile phone and 

Wi-Fi devices, it is important to recognise the strength of the electric field and the 

electric field distribution, however it is difficult to calculate and accurately locate the 

electric field around the shielding device. 

 

A finite element simulation modeling called COMSOL was used to model 

transmission loss S21 for EM shielding devices under test by solving the Maxwell 

equations [129].  COMSOL is based on the finite-element method, and is able to 

solve multi-physics problems. COMSOL generates a model of the experiment using 

electromagnetic solver to Maxwell's equations and the electromagnetic wave, 

COMSOL uses the finite elements method (FEM) to generate a model of the 

experiment to approximate the electric field at the chosen frequency domain to 

display the electric field intensity.  

 

COMSOL Multiphysics is the only FEM method simulation software that uses a finite 

element code, allowing partial differential equations (PDEs) to be solved in 2D and 

3D domains. The Using PDEs solves the explicit mathematical of Maxwell equations 

without the need to assign elements, and therefore allows to deal with more physics 

without adding to the solving time. 

 

The COMSOL solver formulation has the advantages of simulating the scattering 

parameters of the shielding devices. The COMSOL modelling offers the choice of 1D, 

2D and 3D Modelling [130] and can be used on various Windows and Mac platforms. 

The electromagnetic shielding application modes where the governing PDEs are 

present in several examples and the PDEs can be freely defined. The electromagnetic 

application module in COMSOL is used. The COMSOL Graphical User Interface (GUI) 

requires the input of geometry, shielding device material properties and boundary 

conditions of the experiment. 
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FEM is the most widespread modelling method that is formed from the optimal 

solutions used within the calculus of variations. FEM is a method that is primarily 

based on solving Partial Differential Equations (PDEs)[131]. FEM subdivides space 

into elements, for example tetrahedral and the electric fields inside these elements 

are expressed in terms of a number of basic functions, i.e. straight line, polynomials 

or spline. These expressions are inserted into the functions of these equations, and 

the variation of the functions is made zero. FEM produces a very sparse matrix 

equation that can be solved using matrix algebra, in a very fast solution times.  

 

COMSOL is a general simulation method suitable for many multiphysics applications, 

and has the advantage of modelling a wide band of frequency in one run yielding 

much faster results than other simulation methods. COMSOL starts in time domain 

and convert the results to frequency dimension via Fourier transform. The problem 

with COMSOL is the difficulty in including fine details in the geometry, and the 

inclusion of the antenna model.  

 

Another simulation software based on FEM solver is HFSS (Ansoft HFSS simulation), 

which has much better interface, which enables the user to include very fine details 

in the geometry of simulated structure and antenna model. High Frequency 

Structural Simulation (HFSS) is the best specialised commercial software for the 

design of Microstrip Patch Antenna (MPA), Dielectric Resonator Antenna (DRA) & 

Metamaterial based antennas, especially for three-dimensional (3D) modelling of the 

antenna. The HFSS simulation technique is suitable for small or moderate objects 

compared with the operating wavelength. Repeating the simulation modelling with 

HFSS can serve to validate the COMSOL modelling technique and explore the 

accuracy of the modelling.  

 

The choice of the method for the model is important, as choosing the wrong type of 

analysis, can lead to excessive long computing time and errors. The main drawback 

of this modelling proved to be the lengthy processing time taken to solve the 

Maxwell equations by the finite elements method.  
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The model of the EM shielding devices involved two types of modelling, narrowband 

and wideband: 

 the narrowband modelling process was used to model shielding devices that 

protects systems from interference that normally arises from deliberate 

transmissions such as radio and TV stations, pager transmitters, cell phones, 

etc and it is centered around the Wi-Fi frequency 2.45 GHz, and  

 the wideband modelling type is used for the protection from the wideband 

frequency shielding devices [132] from a wideband frequency between 1-6 

GHz that includes 2.45GHz.  

 

PAni shielding device temperature sensitivity experiment setup 
A temperature sensor experiment was used to investigate whether a PAni shielding 

device could serve as a temperature sensor. Because of the importance to monitor 

those changes at the Wi-Fi frequency of 2.45 GHz, this experiment used a setup 

similar to that for the narrowband experiment in Figure and subjected the shielding 

device holder to a temperature increase. A hair dryer was held perpendicular at 90 

degree on the PAni shielding device for 300 seconds and then at 300mm away from 

the PAni shielding device to heat the PAni SDUT. 

 

A noncontact infrared thermometer GM550 with the specifications shown in the 

figure below was used to measure the temperature increase, the response time and 

the transmission loss S21 variation. 
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Figure 3-9. GM550 specifications 
 

COMSOL 2D modelling 
The COMSOL modelling undertaken started with simple 2D narrowband around the 

Wi-Fi frequency 2.45 GHz. A 2D model displays the real dimensions of two 

aluminium chambers separated by the SDUT. In the model, a 2D aluminium chamber 

of size 0.1 m, is separated by a gap between of 0.015 m from another 2D aluminium 

chamber as shown in the figure below. The 2D modelling is justified here because of 

the advances in 2D that improved the speed and complexity by reducing the 

problem into a series of 1D integration equations 
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Figure 3-10. 2D Narrowband COMSOL modelling approximation 
 
The figure above shows the approximation of the real life experiment to 2D 

simulation with the SDUT in the centre of the gap between the two chambers. The 

main advantage with setting up this model in 2D is that a laptop computer can be 

used to solve the model much faster and uses less memory than normal PC. The 

shielding device is then inserted into the gap between the two exterior metal 

chambers that are adjusted and scaled to simulate the 2D experimental results. 

 

The 2D model allows its users to determine the types of measurements anticipated, 

and this study focused on the S21 transmission loss measurement. The 2D model also 

allows its users to: 

 vary and scale the shielding device under test size according to many factors 

such as its applications,  

 set the frequency range,  

 view cross section levels, and 

 vary the material properties used in the chambers and the shielding device 

under test 

 more flexible and easier than 3D. 
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The COMSOL 2D model is divided into 7 parts, namely: RF physics, material 

properties, the geometry, meshing, frequency range, study of the selected frequency 

domain and displaying the results. The RF physics is based on equations derived from 

Maxwell's Equation and Ampere and Faraday's laws, embedded in COMSOL to 

describe the wave behaviour. 

 
Creating a customised 2D model of the experimental setup was simple. This COMSOL 

2D narrowband model depends on the dielectric properties of the material that is 

used in the SDUT inserted between the transmitter and receiver. The material 

properties required for the COMSOL model are the electrical conductivity, relative 

permittivity, relative permeability and the refractive index. This study obtained those 

materials properties from the manufacturer or from the literature.  

 

The customised 2D model also required specification of the geometry parameters of 

the experimental setup.  The model used represented two rectangular rooms with 

aluminum walls coupled together by the SDUT. Use of this geometry meant the 

transmitter transmits the 2.45 GHz frequency as a far distance source, the two 

chambers acted like two empty metal compartments resembling waveguides. The 

waveguide materials could be varied from air to different dielectric materials. In this 

2D model, the hollow two chambers are in the x and y planes, while the z plane has 

the electric field. As a single propagating mode of TE10 wave is used, only the z-

component needs to be solved. 

 

The COMSOL model assumes that the effects of wave propagation delays and the 

magnetic field are neglected and that the charges in the material that is used in the 

SDUT is linear. The COMSOL model generates the S-parameter of transmittance loss 

S21 of the shielding device for several frequencies around 2.45 GHz. This customised 

COMSOL 2D narrowband modeling shown in the figure below was used in the 

microwave region of 2-3 GHz narrowband or 1-6 GHz wideband.  
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Figure 3-11. 2D narrowband shielding device model 
 
While many types of meshing can be used, this customised 2D model used the the 

faster standard meshing tool, that can as shown in Figure 3-10,the meshing is 

varying in details according to the regions. 

 

Figure 3-12. Meshing of the 2D model 
 
The Electromagnetic Wave (EW) interface is used to approximate the electric field 

radiation in the whole the model. The S21 parameter, the important parameter 

corresponding to the transmittance loss, is given by the curve showing the frequency 

and the amount of attenuation in the path of the plane wave between the 

transmitter port 1 and receiver port 2 with the electric field in z direction (Ez). 
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COMSOL 3D modelling 
To add another dimension to the 2D model, so that the simulation can better model 

the experimental results in chapter 4, a 3D model was created using the actual 

dimensions of the two aluminum compartments separated by the SDUT and taking 

account of the thickness of the SDUT. Like the COMSOL 2D models, the COMSOL 3D 

models simulate the electromagnetic wave transmission loses and the EMR 

distribution between the transmitter and receiver for frequency range for 2-4 

frequency range (GHz). This study’s use of the COMSOL 2D model focused on the 

frequency of 2.45 GHz that is in current use, while use of the COMSOL 3D model 

focused on the wider band of 1-6 GHz that will be used in the future.  

 

As always, the COMSOL model depends on the dielectric properties of the material 

that is used in the SDUT inserted between the transmitter and receiver. The 3D 

model allowed the researcher to determine the types of measurements anticipated, 

vary the device size, set the frequency range, view cross section levels, and vary the 

material properties that are used in the SDUT and simulate anechoic chamber 

measurements. The model could accommodate shielding devices thicknesses from 

0.05 mm up to 25 mm. 

 

In the customised 3D model, a 3D square aluminum box of size 0.1m is separated by 

a gap of 0.015m from another 3D aluminum box. Each compartment was made of 

aluminum with total length and width of 0.1m and width 0.1m in the model. The 

SDUT is inserted into a gap between the two metal exteriors boxes that is adjusted 

and scaled to simulate the 3D experimental results.  The 3D model in the microwave 

region of 1-6 GHz acts like two empty metal compartments that resemble 

waveguides. The waveguide materials can be varied from air to different dielectric 

materials. In this 3D model, the two hollow boxes are in the x and y plane, while the 

z plane has the electric field. As a single propagating mode of TE10 wave is used, only 

the z-component needs to be solved. 

 

Validation of the COMSOL simulation via HFSS 
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COMSOL is a general simulation method for many multiphysics application, and has 

the advantage of being able to modelling a wide band of frequency in one run and 

generating the results more quickly than other simulation methods, because it starts 

in time domain and convert the results to frequency dimension via Fourier 

transform. The problem with COMSOL is the difficulty of including the details in the 

geometry, and the inclusion of the antenna model. 

 

Another special software method High Frequency Structural Simulator (HFSS) can be 

used to address some of the shortcomings of COMSOL and validate the COMSOL 

computer model in terms of S21 transmission lose simulation output. HFSS, a 3D 

finite element method solver for electromagnetic structures from Ansys, is the best 

specialised commercial software for the design of Microstrip Patch Antenna (MPA), 

Dielectric Resonator Antenna (DRA) & Metamaterial based antennas, especially for 

three-dimensional (3D) modelling of the antenna. This important EM commercial 

software is used mainly for antenna design, and the design of complex RF electronic 

circuit elements including filters, transmission lines, and packaging. 

 

HFSS has a much better interface, which enables its user to include very fine details 

of the geometry of the simulated structure and antenna model. Like COMSOL, HFSS 

is an FEM-based method. The HFSS simulation technique is suitable for objects of 

small or moderate size compared with the operating wavelength. 

 

This researcher’s objective in repeating the simulation modelling with the Ansoft 

HFSS simulation was therefore used to validate the above COMSOL modelling 

technique [156] and become familiar with the accuracy of the modelling. The first 

validation model was done with 3D chambers that measure S21 as the experimental 

aluminum screen of 2m width.  

 

The first 3D simulation was attempted with no shielding device between the 

transmitter and the receiver and both the transmitter antenna and the receiving 

antenna were encapsulated in a waveguide. To reduce the time taken to produce a 

result, the model was simplified by removing the waveguide around the antennas. 
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Another model using Horn antennas operating in 1-6 GHz, was used to generate the 

transmittance loss S21 as a function with wideband frequency for 1-6 GHz for 

comparison with the wideband COMSOL simulation results. Further refinement of 

the model involved removing the shielding device in the simulation between the 

transmitting horn antenna and the receiving horn antenna.  

 

Other simulation options considered but not adopted 
Parallel computing could have been used to reduce the simulation processing time. 

Those methods are cheap and available and mainly involve use of transputer arrays 

and clustered workstations over the local network. In the case of this research project, 

there was no funding available to reduce the processing time. 

 

Another approach would be to use IVEC supercomputers and cloud computing. 

Cloud computing is arguably the true future of computing, whether for personal, 

corporate or military purposes. One technique that can be used with cloud 

computing is to use is an object-oriented C++ finite element framework for the 

development of tightly coupled multiphysics solvers from Idaho National Laboratory 

called MOOSE (Multiphysics Object Oriented Simulation Environment). MOOSE is a 

generic platform for engineers seeking to understand data in general, and software 

systems in particular. The major benefit of using MOOSE is that it can be easily 

coupled to other physics (like heat conduction, chemistry and more) [133].  

 

The input to MOOSE is the experimental data, that contains all the geometry of the 

objects, material properties and relationships. This data is loaded in MOOSE via 

importers that can import data from various sources and in various formats. MOOSE 

uses parallel processing to solve Finite Elements Method (FEM) and numerically 

approximate the Partial Differential Equations (PDEs) to reduce the simulation time. 

The advantage of MOOSE is that it eliminates the disadvantage of parallel computing 

that is the change of the model in the software to segments, without adding to the 

cost and software alteration time. 
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Clearly, MOOSE is an open source software that could give a real time modelling of 

the shielding device [134]. Unfortunately, when this researcher applied to access 

open source MOOSE subjected to the necessary security clearance, access was 

denied on the grounds that this researcher was born in Iraq. 

 

Comparing experimental measurements and simulation results  
 
The simulation data points can be considered as (n) pairs of data consisting of two 

coordinates representing S21 and frequency as (xi; yi) and i is between (1 to n) for 

experimental and simulation separately. Those data points can then be plotted by 

hand as a straight line defined by the equation y = mx + c where m is the slope m and 

c is the intercept on the y axis.  Provided the scatter in the data is small, the line that 

is drawn is a satisfactory straight line.  

 
By comparison with other mathematical models (logarithmic, polynomials of 

different degrees, and moving average), linear models are simple and can show the 

errors between the actual measurements and the simulation model.  More modern 

methods can be used to address any nonlinear errors in this model.  

 

Bacterial experiments 
 
Considerations of time, cost, facilities and expertise limited the scope of the health-

related investigations that could be carried out for this study.  In acknowledgement 

of the health concerns relating to mobile devices, this study include a brief 

experiment investigating the short-term impact of phone shielding materials on the 

growth of a common species of bacteria. The aim was to investigate whether new 

ICP shielding devices might be any more effective than current shielding materials in 

inhibiting the growth of E. coli bacteria. 

 

Imanvision Devices Ltd. (Australia) arranged for this experiment to be performed 

with direct help, supervision and verification from a highly skilled microbiologist 

technician in a government microbiology laboratory. An experienced qualified 

microbiologist Dr. Asfar Al-Shbib [135][136], who performed the experiments 
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comparing the impact of shielding device made of an ICP material with a popular 

model of a contemporary mobile phone. The ICP material tested was nonwoven PPy, 

while the mobile phone tested was an iPhone 3 manufactured and marketed by 

Apple Inc., Cupertino, California. 

 

One of the most common methods of calculating bacteria cell number on the device 

under test, namely the Surface Viable Count [137](section 1.6), was used to assess 

bacterial growth. In this method, material contaminated with E. coli bacteria is 

swabbed and diluted in a solution that will not kill the E. coli bacteria that is 

collected, and does not support its growth.  

 

A volume of liquid (or a portion of solid) from the device under test is first diluted 10 

fold into buffer and mixed thoroughly. Around 1.0 ml portion of this first dilution is 

then diluted a further 10 fold, giving a total dilution of 100 fold. This process is 

repeated until a concentration that is estimated to be about 1000 cells per ml is 

achieved. Samples of the highest dilutions (lowest bacterial density) are then taken 

and spread with a sterile glass rod onto a solid medium that will support the growth 

of the E. coli bacteria. Agar with 5% blood is considered an excellent medium for 

growing E. coli bacteria as it provides the nutrients required. While the blood is not a 

selective medium, it helps the growth of different types of bacteria and fungus. 

 
After aliquots of the diluted solution are deposited on agar to allow growth of 

colonies, the total number of colony forming units (CFUs) on each agar plate can 

then be counted [138][139]. When dilution of swabbed sample from the device 

under test is high enough, individual E. coli bacteria cells are deposited on the agar 

and these then give rise to colonies. By counting each colony, the total number of 

colony forming units (CFUs) on the plate can be determined. Multiplying this count 

by the total dilution of the solution yields an estimate for the total number of CFUs 

in the original sample. 

 

To investigate whether EMI shielding materials impacted the growth of bacteria, 

colonies of E coli were nurtured in specially prepared Petri dishes under laboratory 
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conditions. Both of the shielding device materials under test (nonwoven PPy and an 

iPhone 3) were swabbed and the bacteria removed were then diluted in 5% sheep 

blood agar. As E. coli bacteria produce hemolysins, which break down the red blood 

cells causing a change of colour, use of sheep blood therefore helps to show the 

bacteria, aid identification of the type of bacteria. , and assists the counting, 

comparison of the number of E. coli colonies on the growth medium. Three trials 

were performed for each of the test materials. 

 

 

Conclusion 
In the light of the literature reviewed in the previous chapter, this chapter outlined 

the methodology selected to address the research questions stated in Chapter 1. 

This exploratory research focused on investigating scattering parameters of shielding 

devices coated with three ICP materials, namely PAni, PEDOT:PSS and PPy. Both PAni 

and PEDOT:PSS were used in a liquid state while PPy was used as a felt. 

Methods chosen to give reliable, reproducible results within the time, budget and 

equipment and other constraints on this research project and suggest directions and 

scope for future research.  

The next chapter presents and discusses the experimental results relating to the 

scattering parameters for the ICP-based shielding devices.     
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Chapter 4. Narrowband and wideband experiments 

Introduction 
In the light of the literature reviewed in Chapter 2 and the methodology discussed in 

Chapter 3, this chapter outlines the results of the narrowband and wideband 

experiments undertaken to address the research questions stated in Chapter 1.  

 

ICP materials based on PPy, PAni and PEDOT:PSS were tested and compared with the 

current mobile phone materials (copper, aluminum and carbon) by using OEMI 

experiments to assess the level of transmission loss (attenuation) for the incoming 

EM radiation at the narrowband of Wi-Fi frequency of 2.4 GHz and at a wideband 

frequencies of (1-6) GHz. Results obtained by the OEMI method were then validated 

by repeating the experiments in an anechoic chamber.  

 

A further experiment investigated whether the PAni shielding device could be used 

as a temperature sensor.  

 

OEMI experimental results  
The OEMI experiment setup was used to compare the performance of shielding 

devices made of PAni, PPy, and PEDOT materials with shielding devices made of 

aluminium and carbon. The effectiveness of the shielding device in reducing the EM 

radiation (that is how well the device serves to intercept the EM radiation) is shown 

by comparison with the baseline reference measured when there is no SDUT. Three 

methods were used to measure the s-parameters and specially S21.  

 

OEMI experimental results – narrowband 
 
The narrowband results are summarised in the figure below were obtained at 2.45 

GHz for all SDUT as shown in Table 4-1 below. Performance of ICP shielding devices 

made from (PPy, PAni and PEDOT) are compared with those of the current shielding 

devices made from aluminium and nanocarbon. Figure 4.1 shows the capability of 

the SDUT to limit the transmission loss S21 for metals with thickness between 0.02 
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mm and 0.5 mm, nanocarbon 0.5 mm and ICPs of PEDOT, PAni and PPy of thickness 

between 25.4 mm to 0.5 mm.  The thin layer of aluminium foil of 0.02 mm is 

adequate to provide -43 dB, while the thickness of PPy had to be increased to 25.4 

mm to provide the same transmission loss. This increase in the thickness of PPy felt 

demonstrate that PPy has a higher absorption than copper, and thus the 

electromagnetic energy diffracted around the shield or reaching the receiving 

antenna after multipath. This increase in thickness of PPy could not be repeated to 

PAni and PEDOT because the dip coating method provided one layer of thickness 

and it would have been difficult to control the process of increase thickness.  In the 

case of PPy the shielding device is made of felt and can be increased at a standard 

thickness. 

 

 

 

 

Figure 4-1: Narrowband transmission loss for all the shielding devices 
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Table 4-1. Extracted narrowband results for S21 at 2.45 GHz 

 

 

Experimental results – wideband 
 
The experimental wideband results for all tested shielding devices are shown in the 

figure and table below. 

 

Figure 4-2. Wideband transmission loss S21 for all shielding devices 
 

SDUT 
(shielding device under 
test) 

S21 (dB) Thickness 
(mm)Approx. 

Type 
 

Frequency 
(GHz) 

No SDUT (reference 
baseline) 

-22 0 air 2.45 

PEDOT -35 0.5 Liquid 2.45 

PAni -37 0.5 Liquid 2.45 

Copper -40 0.1 foil 2.45 

Carbon (nano) -43 0.5 Liquid 2.45 

Aluminum -43 0.02  foil 2.45 

PPy -48 25.4 felt 2.45 



 

 
 

89 

 
 

Table 4-2. Wideband results for the same thickness at 
different frequencies 

 

 

As the table above shows, the ICP (PEDOT, PAni and PPy) shielding devices provided 

a different level of attenuation from -3 dB below the reference attenuation to -33 

dB, while the conventional and current shielding devices have the same range level 

of attenuation around -23 dB. 

OEMI experimental results – thickness variation of PPy 
Reducing the thickness of PPy felt to half of its original size of 25mm at Wi-Fi 

frequency of 2.45 GHz produced the following results, summarized at an early stage 

of this research  

 
Figure 4-3 PPy shielding device at 12.5 mm of PPy thickness 
 

SDUT 
(Shielding device under test) 

S21 at 1 GHz 
(dB) 

S21 at 2.45 GHz  
(Wi-Fi frequency) 
(dB) 

S21 at 6 GHz 
(dB) 

No device (Reference baseline) -32 -32 -32 

PEDOT -35 -35 -35 

PAni -37 -45 -40 

PPy -50 -60 -65 

Copper -45 -47 -60 

Aluminium -50 -55 -55 

Carbon (nano) -50 -50 -55 
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Figure 4-4 transmission loss variation with the change of PPy thickness to 25mm 

 

From figures 4.3 and 4.3 we can show that the shielding devices increases as 

thickness increases and the transmission loss follows the antennas frequency 

bandwidth as it shown in figure 4.5. 

 
Figure 4.5 the variation of thickness with transmission loss for two thickness 
 
The ICPs materials have a better absorption at the above frequencies of concern and 

it is controlled by three factors conductivity, permeability and thickness therefore 

the reflectivity of the ICPs shielding devices at the frequencies of concern is less than 

metal shielding devices and it depends only on conductivity and permeability 

OEMI experimental results – temperature sensitivity of PAni 
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Varying the temperature from 25Co to 80Co over 300 seconds at the Wi-Fi frequency 

of 2.45 GHz produced the results summarised in Figure 4-6. 

 

Figure 4-6. Temperature sensitivity of PAni 
 

Results obtained using the narrow band experimental setup show that the 

transmission loss S21 of the PAni shielding device changed with temperature.  

Measurements were recorded approximately every 60 seconds as temperature 

increased from 20°C to 80°C, over a 300-second period showed a variation of 

approximately 1dB in the transmission loss (S21). This is a good start for a variable  

 



 

 
 

92 

Figure 4-7. Variation of temperature with time for PAni shielding device 

Since its transmission S parameter increases with the increase of temperature, the 

PAni shielding device could be used as a temperature sensor to tune the increase of 

the transmission without any need to change the shielding device or introduce 

different type of materials. 
 

Anechoic chamber results 
The results for all the shielding devices tested in the anechoic chamber at 

frequencies of 1, 2.45 and 6 GHz are shown in Table 4-3.   

 

Table 4-3. Results of anechoic chamber tests 

SDUT 
(shielding device under test) 

S
21 at 1 GHz 

(dB) 

 S
21 at 2.45 GHz 

(dB) 

S
21 at 6 GHz 

(dB) 

No device (Reference) -35.0  -32.4 -26.1 

PEDOT -35.0  -32.4 -26.1 

PAni -32.4  -34.4 -27.1 

PPy -47.1  -47.5 -48.7 

Copper -46.9  -44.4 -47.5 

Aluminium -47.9  -47.8 -47.7 

Carbon (nano) -48.9  -51.5 -57.5 

 
 

Validation of the OEMI results for PAni shielding device 
The OEMI method results and anechoic chamber results are compared by 

establishing a maximum error between the two methods for testing the ICPs 
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shielding devices.  This validation for OEMI method is conducted so that there is no 

doubts that the OEMI method can be used in the future to validate the transmission 

loss S21 results.  The whole results for aluminium. Reference, PPy, PEDOT, and PAni is 

shown in Figure 4-8, the figure shows a red straight line fitting for the anechoic 

chamber results, those points are compared with the OEMI experimental results. 

  

Figure 4-8 anechoic chamber results for aluminium, reference, PEDOT, PPy and PAni 

with straight line fit 

The steps of validation for PAni are: 

1. The OEMI result of broadband of PAni shielding device extracted data from 

the wideband experiments are shown in Figure 4-8. Six data points are 

selected across the 1-6 GHz bandwidth and a red line is drawn on the 

anechoic chamber result of PAni  figure 4-10.  The anechoic chamber result 

for PAni is used to plot a straight line to show the errors between the 

experiment red dot point and anechoic chamber method. The straight line is  

used to generate 6 points across the frequency bandwidth (1-6) using EXCEL 

to generate a simple linear fit, as shown in Figure 4.11.  Figure 4.12 

summarise the validation process for PAni shielding devices.  

A linear model is simpler than a quadratic model, and often works just as well 

for most purposes. In a simple linear fit the variables are independent of each 

other, if any other fit like quadratic then there is a correlation between x and 

x 2 and therefore the fit will be unreliable.  The linear fit is perfect for making 

a forecast and that requires a reliable estimate of the parameters.  
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2. The anechoic chamber results of broadband experiments of PAni shielding 

device extracted data marked as (B) in Figure 4.6 where analysed  by using 

MATLAB linear fit and the result where imported to EXCEL to compared with 

OEMI results for error as  seen in Figure 4-7. 

and the anechoic chamber proved to have an acceptable linear relationship between 

2 GHz and 5 GHz, with acceptable small error for the PAni shielding device at 2 GHz 

as shown in Figure 4-11.  The maximum error between the OEMI experiments and 

the standard anechoic chamber method was about -10 dB.  

 

Figure 4-9 PAni S21 extracted from the OEMI experiments in figure 4.2 
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Figure 4-10 Anechoic chamber results for PAni with MATLAB straight line fit and red 

dots representing the corresponding, OEMI method  

 

 

 

Figure 4-11 the extracted error between PAni anechoic chamber and OEMI 

experiment 

This error shown in figure 4.11 resulted from a combination of the reflection, load 

matching, diffraction, and other frequency interferences at the time of the 

experiment.   

The whole verification process is summarised in figure 4-12 below, the process was 

repeated for all the shielding devices that was used in OEMI experiments. 

  

Figure 4-12 A summary of the verification pross 
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Manual Calibration of EC5071C VNA is important in reducing errors, the two VNA 

used different calibration methods. The EC5071C requires short, open and matched 

calibration, while the Rohde-Schwarz ZVL in the anechoic chamber method used an 

automated calibration method. However this shouldn’t give any errors if calibration 

procedure is followed for EC5071C.  The calibration process is described in details in 

the process is described in the manufacturer website link 

http://cp.literature.agilent.com/litweb/pdf/5989-5478EN.pdf . 

 

Conclusion 
In light of the literature reviewed in Chapter 2 and the methodology discussed in 

Chapter 3, this chapter outlined the results of narrowband and wideband 

experiments undertaken to address the research questions stated in Chapter 1. The 

OEMI experiment that is used in chapter 4 is justified by the acceptable error that is 

produced using a simple linear fit that relates the data values at three important 

frequencies. 

The next chapter outlines the results of the simulations undertaken to address the 

research questions stated in Chapter 1.  

 

http://cp.literature.agilent.com/litweb/pdf/5989-5478EN.pdf
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Chapter 5. Modelling 

Introduction 
In the light of the literature reviewed in Chapter 2 and the methodology discussed in 

Chapter 3, this chapter outlines the results of the simulations undertaken to address 

the research questions stated in Chapter 1. It presents the results of: 

 constructing COMSOL and HFSS simulation models to assess the transmission 

loss and generate the necessary data for comparing the modelling and 

experimental results,  

 developing computational models of both the narrowband and wideband 

experiments to characterise the shielding devices and obtain the simulated 

transmission loss properties of each shielding device created to enable the 

ICPs to be compared with other materials used for EMI shielding, and 

 comparing the computational shielding model results with the experimental 

results for both PPy and PAni. 

 

Narrowband modelling 
The narrowband modelling process was used to model shielding devices that protect 

systems from the interference that normally arises from deliberate transmissions 

such as radio and TV stations, pager transmitters, mobile phones, etc. and it is 

centred on the Wi-Fi frequency 2.45 GHz.  

The following simulation results for transmittance loss S21 as function with 

narrowband frequency relate to the narrowband experiments in Chapter 4 with Wi-

Fi transmitter and receiver of EM through Yagi-Uda antenna at operating frequency 

of 2.45 GHz. The 2D was the first step, in order to use the data that was acquired, 

with the second step is to visualise and then quantify through comparing the 

transmission loss of the ICPs shielding devices and try to correlate the visualisation 

the narrowband experiments. As the thickness was fixed and differ because of the 

scarcity of the ICPs materials and the variation of the materials state for two types 

shielding devices of liquid (coated on substrate) and felt materials. 2D simulation has 

many advantages in that it is easy and requires little computing time.  COMSOL is the 

only commercial FEM that uses 2D. 
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The first simulation was done with a 2D square that measured the same as the 

aluminium screen 0.2m by 100 m compartments with no shielding device in the gap 

in the middle of aluminium screen as shown in Figure 5-1. 

 

 
Figure 5-1. Reference with no shielding narrowband 2D model 

 

Figure 5-2 shows the results of entering the relevant material parameters from the 

manufacturer’s data sheet and simulating insertion of a PEDOT shielding device holder 

measuring 150mmX150mm. 
 

            
                   Figure 5-2. Narrowband 2D PEDOT model 
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Figure 5-3 shows the results of entering the relevant material parameters and 

simulating (insertion of a PPY shielding device in the shielding device holder). 

 

Figure 5-3. PPY narrowband 2D model 

 

Figure 5-4 shows the result of entering the relevant material parameters and 
simulating the insertion of a PAni shielding device in the holder. 
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Figure 5-4. Narrowband 2D PAni S21 parameter 
 
The figure below shows the S-parameters as a function of frequency of the Wi-Fi 

antenna of 2.45 GHZ. 

 

    
                                     Figure 5-5. 3D wideband model 

 

COMSOL 3D simulations 
A 3D model was devised to add another dimension to the 2D model and better 

model the experimental results presented in Chapter 4. In this model, a 3D square 

aluminium box of size 0.1m is separated by a gap of 0.015m from another 3D 

aluminium box. The shielding device is inserted into the gap between the two metal 
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exterior boxes adjusted and scaled to simulate the 3D experimental results of 

Chapter 4.  

 

The following simulation results for transmittance loss S21 as function with narrow 

band frequency 2.45 GHz that relates to the narrow band experiments in chapter 4 

with Wi-Fi Yagi-Uda antenna with operating frequency of 2.45 GHz. Figure 5-10 

shows the results of the first simulation done with a 3D square that measured the 

same as the aluminium screen 0.2m without any shielding device in the middle of 

aluminium screen. 

 

 
Figure 5-6. Reference 3D narrowband simulation (no shielding device) 

 
Inserting a PPy shielding device between the transmitter and the receiver, the 

reduced the transmission losses S21 is shown in Figure 5-7. 
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Figure 5-7. PPy S21 2D shielding model 
 
Figure 5-8 shows the results of a wideband 1-6 GHz simulation for a PPy 3D model 

with a PPy shielding device inserted between the transmitting horn antenna box and 

the receiving antenna box.  The blue data points on the simulation plot are selected 

for comparison with the 3D experimental data at those frequencies. 

 

 
Figure 5-8. 3D wideband PPy shielding device simulation 
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The PPy shielding device was then replaced with the PAni shielding device. 

 

HFSS 3D validation results 
The first 3D simulation was attempted with current shielding device between the 

transmitter and the receiver and both the transmitter antenna and the receiving 

antenna encapsulated in a waveguide as shown in Figure 5-9 produced the results 

shown in Figure 5-10.  

 

     

 
Figure 5-9: The first attempted HFSS 3D wideband model 

 

Figure 5-10. 3D-wideband S21 simulation with metal and carbon shielding devices 
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Running the HFSS simulation for material properties of current shielding device took 

a full day and for 1 GHz bandwidth, as it can be seen from the running time on figure 

5-9. To reduce the running time, the model was simplified by removing the 

waveguide around the antennas as shown in Figure 5-11.  

 

 
Figure 5-11: HFSS second validation model 
 
This model was used to generate the transmittance loss S21 as a function with 

wideband frequency for 1-6 GHz that compares with the wideband COMSOL 

simulation results presented earlier in this chapter. Figure 5-12 shows the S21 versus 

the operating frequency for the HFSS simulation with PPy as a shielding device and 

Horn antennas operating in 1-6 GHz. 

 

           
Figure 5-12. HFSS S11 and S21 simulation of PPy shielding device  

 
The next step was to remove the shielding device in the simulation between the 

transmitting horn antenna and the receiving horn antenna. Figure 5-13 below shows 
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the 3D model results with no shielding device between the transmitting horn 

antenna box and the receiving antenna box. 

 

 
Figure 5-13. HFSS S21 simulation with no shielding device 

 
The initial results were very limited in numbers compared to the results obtained 

with COMSOL software. These initial results showed the simple and easy-to-run 

COMSOL simulation closely approximated the more specialised HFSS simulation 

software.  

 

       Figure 5-14 HFSS initial results compared to 2D and 3D COMSOL simulations 

Although a very limited HFSS simulations that mainly concerned with PPy shielding 

devices that shown in figure 5-14.  The simulation results of COMSOL 3D seems to 

follow closely the HFSS simulation while the COMSOL 2D simulation results diverge 

downwards.   
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Scope for further modelling research 
Clearly, there is scope for further simulation work using methods other than Finite 

Elements Method (FEM) such as: 

 Method of Moments (MoM) is used in ZELAD software, and is faster than other 

solvers that were used in this research.  

  Finite Differences in the Time Domain (FDTD). Unlike other finite elements 

modelling methods. FDTD runs well with various arbitrary shapes also has a 

wide bandwidth and can be used in parallel computing.  

Accuracy of the FEM results could be shown via the JCM suite software, which uses 

advanced mathematical methods and technologies from computer science to deliver 

exceptionally short computation times, compact data space requirements and highly 

robust software. JCM suite uses automatic Fourier decomposition to drastically cut 

the computation time while increasing accuracy.  

 

Conclusion 
This chapter outlined the results of the simulations undertaken to address the 

research questions stated in Chapter 1. The COMSOL modelling started with simple 

2D narrowband around the Wi-Fi frequency 2.45 GHz before focusing on the 3D 

frequency band between 1 and 6 GHz.  

Simulation of the S21 experimental results after the anechoic chamber verification 

and the experimental results proved to be 90% accurate based on straight line fit. 

The 3D (HFSS) software was used to validate the COMSOL model results, but the 

completed HFSS model required both large amounts of memory and long processing 

time. The figure below shows the amount of time it took to draw the model, it took 

more than 24 hours to plot a more complicated model to the OEMI method. 

 

Verifying the COMSOL method through a very small number of HFSS simulation 

software runs showed that it had acceptable accuracy Use of general COM-SOL 
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software is therefore an appropriate method to solve Maxwell equations while 

usefully constraining both computation time and memory needs. However the 

interpretation of the data can be said that it is lacking substance and rigor because 

of the number of data points and also ignoring the antenna‘s parameters. In the 

present form, it is not possible to judge if the results are consistent or not but it is an 

initial step towards adapting the OEMI method for testing new types of ICPs 

shielding devices and comparing the transmission loss with other shielding devices. 

As a result of this modelling it would have been better to use the waveguide 3D 

model in COMSOL to represents a measurement in a rectangular waveguide. 

The next chapter compares the experimental results with the verified simulation 

results. 
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Chapter 6. Comparing experimental results and simulations 

Introduction 
This chapter compares the experimental results with the verified simulation results. 

It investigates whether the Electromagnetic Radiation (EMR) measurement 

simulated by COMSOL 4.3b provided valid results with the experimental data. This 

model has its advantages in EMC design with better cost effective design that 

include less Electromagnetic (EM) reflection, that can help improve the functionality 

of any device based on ICP materials. 

 

A linear model was used to compare the modelling results and the experimental 

data. By comparison with other mathematical models (logarithmic, polynomials of 

different degrees, and moving average), the linear model is simple and shows the 

errors between the actual measurements and the simulation model.  

 

PAni narrowband shielding device comparison 
Figure 6-1 below shows the experimental data results in blue with the straight line 

approximation and the COMSOL simulation results for six selected frequencies 

between (2-2.7) GHz. As discussed in Chapter 5, this narrowband simulation 

positioned the PPy shielding device surrounded by two aluminium chambers in a 

mid-wall on which the s SDUT was placed. One chamber was attributed as the 

transmitter side and the other chamber is as a receiver chamber. The dimensions of 

the chamber were optimized for operating range of 2-3 GHz. Both the simulation 

and the experimental setups had a maximum dynamic range of approximately 60 dB 

over the entire frequency range and the various SDUT. 
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Figure 6-1. PPy narrowband shielding device simulation vs experimental results 
 

COMSOL simulation results obtained from the 2D model were compared to the 

experimental results obtained for the narrowband of 2-3 GHz. These results were 

used to verify the electromagnetic transmission loss measurements that can be used 

in PAni shielding device applications such as radiated emissions & immunity, 

shielding characterization of connectors, antenna measurements, characterization of 

material properties, etc. The PAni experimental results presented in Figure 6-2 were 

obtained at room temperature for a square-shaped PAni-coated shielding device. 

 

Figure 6-2: PAni narrowband shielding device experimental vs. modelling results 
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As the scatters in the data were imprecise, a straight line of best fit was generated 

via Excel using the method of least squares. The linear model for the modelling data 

is y = -2E-09x - 26.252, and the model for the experimental data is y = 1E-09x - 

46.587.  These results show a relationship between the experimental and simulation 

data points represented by two straight lines approximations with a constant error 

between the two straight lines. Error parameters could be added to correct the 

COMSOL model to take account of other experimental factors. 

 

PAni wideband shielding device comparison 
A new PPy shielding device was tested in Chapter 4 and then as discussed in Chapter 

5, the simulation results of the wideband simulation data points were obtained with 

the PAni shielding device surrounded by two aluminium chambers in a mid-wall on 

which the SDUT was placed. One chamber was attributed as the transmitter and the 

other as a receiver. The dimensions of the chambers were optimised for operating 

range of 2-5 GHz. Both the simulation and the experimental setups had a maximum 

dynamic range of approximately 60 dB over the entire frequency range. The 

comparison of OEMI testing results with the COMSOL modelling results is shown in 

Figure 6-3 below. 

 

 
Figure 6-3: PPy wideband shielding device simulation vs experimental results 
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Figure 6.4: Modeling vs. Experimental PAni wideband shielding device  

 
 
As the scatters in the data were imprecise, a straight line of best fit was generated 

via Excel using the method of least squares. In Figure 6-4, the experimental data 

results are shown in blue with the straight-line approximation of y = 1E-09x - 46.757. 

The more than 100 experimental data points were compared to the COMSOL 

simulation results for selected (7) COMSOL data points between 2-5 GHz that are 

shown in brown as a straight-line approximation of y = -2E-09x - 27.272. 

 

These results show a relationship between the experimental and simulation data 

points represented by two straight lines approximations with a constant error 

between the two straight lines. Error parameters could be added to correct the 

COMSOL model to take account of other experimental factors. 

 

Conclusion 
This chapter compared the experimental results with the verified simulation results. 

The COMSOL simulation model approximated the experimental data points obtained 

from the OEMI experiments. These results show a relationship between the 

experimental and simulation data points represented by two straight lines 

approximations with a constant error between the two straight lines for both results 

of the PPy shielding devices. Error parameters could be added to correct the 

COMSOL model to take account of other experimental factors. One of those error 

sources is  to select a method for measuring antenna far-field patterns, polarization, 



 

 
 

112 

input impedance, gain and directivity that those experiments in this chapter 

neglected if those experiments to develop further in the use in mobile 

communications and telecommunications shielding technologies.  

Antennas experiments require sound theoretical background in antenna theory, 

radiation and state of art equipment capable of providing the necessary accuracy 

and purity of the measured data. Another error is the size of the aperture in the 

conductive plane is close to a free space wavelength. This causes major issues when 

the permittivity of the insert changes the effective size of the aperture. 

Another source of error is the effect of cable radiation even though the cables are in 

relatively close proximity to each other. This elimination is done through the 

calibration process but the error source will affect the results. 

The next chapter presents the results of laboratory experiments investigating the 

impact of EMI-shielding materials on the culturing of a much-studied species of 

bacteria. 
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Chapter 7. Can shielding materials influence bacterial growth? 

Introduction 
This chapter presents the results of laboratory experiments investigating the impact 

of the ICPs and other materials currently used in the mobile phone industry on the 

culturing of a common bacteria. It also highlights scope for further research on how 

greater use of ICPs could impact environmental and health matters.    

 

Materials and Method 

The main item is to grow the E.Coli in specially prepared Petra dishes. Blood agar 

with 5% blood is an excellent medium for growing E.Coli bacteria in nutrients and an 

environment that the E.Coli bacteria to grow, other materials like gloves and distilled 

water, . The samples of PPy ICP shielding devices compared to the most popular I 

Phone 3 as it is shown in  Figure 7-1 

 

Figure 7.1 Two samples of shielding devices (PPy and current IPhone 3) 

The procedure of the experiment is explained briefly in chapter 3. 
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Results 
The preliminary results summarised in Table 7-1 clearly show that the PPy shielding 

material inhibited bacterial growth to a greater extent than the material used in the 

iPhone 3 cover. These results indicate that ICP may offer significant advantages over 

conventional phone materials in terms of bacterial control.  

 
Table 7-1: Number of coliform bacteria colonies present on agar plate 
 

Shielding type Trial 1 Trial 2 Trial 3 

IPhone 3 1700 1800 1700 

ICP (PPy) 700 700 500 

 
This was an initial investigation into this aspect of mobile phone shielding devices, its 

results are indicative rather than definitive.  This brief experiment did not aim to 

demonstrate a statistically significant difference in terms of a shielding material’s 

ability to inhibit bacterial growth under controlled laboratory conditions. The 

marked difference in the results obtained for the two different types of shielding 

does, however, suggest scope for further research. 

 

Scope for further research 
There is clearly scope for further systematic tests of the PPy shielding device 

material and other ICP materials to verify the preliminary results presented in this 

chapter. Other investigations could also be conducted to see whether ICP shielding 

devices had any demonstrable short-term or long-term impact on sleep 

disturbances, heart palpitations, migraines and general health of people using 

mobile phones and Wi-Fi devices. 

 

In term of health and environmental impacts, it is likewise worthwhile to 

contemplate what happens when these devices reach the end of their working lives. 

Mobile phones are currently discarded in large quantities each year as newer 

technologies emerge. The discarded mobile phones can have long-term damage on 

the environment. Work is needed to research the materials that can be recycled and 

ways to reduce toxic wastes at landfills. As ICP materials use no toxic materials, their 
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increasing use could protect the environment by reducing waste and encouraging 

recycling. 

 

One of the key advantages of using ICP shielding devices is that they are made of 

100% plastics and plastics are an area of significant manufacturer research. While 

having embedded metal parts makes some existing plastics difficult to reuse, 

eliminating metal parts facilitates recycling. Manufacturers are already exploring 

ways to improve ease of recycling and testing the suitability of compostable bio-

plastics made from plant materials.  

 

Conclusion 
This chapter presented the results of laboratory experiments investigating the 

impact of the ICPs and other materials currently used in the mobile phone industry 

on the culturing of a much-studied common bacteria. It also discussed the scope for 

further research looking at the health and environmental impacts of incorporating 

ICPs into mobile phone and Wi-Fi devices.  

 

The next chapter reviews the methods used to address the study’s research 

questions and discusses findings obtained over the four years of the study, their 

significance and scope for further research. 
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Chapter 8. Conclusions and future work 

Introduction 
This chapter reviews the methods used to address the study’s research questions and 

discusses findings obtained over the four years of the study, their significance and scope for 

further research. 

 

Advantages and limitations of the methodology adopted 
As noted in Chapter 3, this researcher encountered difficulties in getting ICPs materials for 

thickness measurements, payments, equipment, software license approvals, access to 

anechoic chambers, difficulties arranging the transfer of the test equipment to the anechoic 

chamber, delays in obtaining up-to-date computing facilities to run the selected simulation 

software. All of the factors constrained the methods adopted and the extent of 

experimentation and simulation. The methodology adopted was, however, able to 

adequately address all the research questions that were originally proposed at the start of 

the research. 

 

The overarching research question 
This thesis focused on the making, testing and modelling of ICP shielding devices for future 

use in mobile phones and Wi-Fi devices. My over-arching research question for this research 

study was whether ICPs tuneable (focused on the shielding device) to the frequency range 

between 1 - 6 GHz have potential to replace the current EMI shielding for mobile phones 

and Wi-Fi devices in OEMI environment. This study also explicitly addressed a number of 

subquestions (SRQs) relating to the ability of ICPs to shield and alter the transmission losses 

of the Electromagnetic Radiation (ER) at the main desired Wi-Fi microwave frequencies. 

 

By successfully evaluating a selection of currently commercially available ICPs discussed in 

the recent literature (nature) in the Wi-Fi band between (1-6 GHz), I have shown that ICPs 

tunable (Focused on the shielding device)  to the frequency range between 1 - 6 GHz do 

have potential to replace the current EMI shielding for mobile phones and Wi-Fi devices. 

Evidence that ICPs can enhance or replace the current shielding materials should promote 

the reduction or elimination of metals and carbon shielding materials in a new generation of 
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mobile phones and Wi-Fi devices. This use of ICPs could reduce the current environmental 

problems and health concerns. 

 
The next few sections explicitly address each of the subquestions (SQs) within my 

overarching research question.  

 

SQ1  
This question asked ‘Can simple experiments or simulations demonstrate whether ICPs can 

perform EMI shielding at least as well as the forms of shielding currently in use?” 

 

I have shown that simple, inexpensive experiments and simulations do demonstrate that 

ICPs can perform EMI shielding at least as effectively as the forms of shielding currently in 

use. This thesis provided evidence obtained from experiments and simulations showing ICPs 

can provide effective EMI shielding for Wi-Fi devices and mobile phones.  

 

This was achieved by: 

 identifying the key ICPs to use in both the laboratory experiments and in simulations 

intended to realistically model the expected transmission loss (see Chapters 2 and 3),  

 selecting the metals and microcarbon shielding devices to be compared with those 

ICPs through laboratory experiments (see Chapters 2 and 3), 

 purchasing the required materials (see Chapter 3), 

 designing and constructing the selected shielding devices to be used in the 

experiments and in simulation models to quantitatively assess each shielding device 

(see Chapter 3). This research used the new generation of VNA where calibration 

eliminated the many reflections and diffraction scenarios problems that had 

previously prevented use of an OEMI method, 

 performing a series of narrowband experiments to assess transmission loss 

coefficients for each shielding device (see Chapter 4), 

 performing a series of wideband experiments to assess transmission loss coefficients 

for each shielding device in anechoic chamber in order to verify the transmission loss 

shielding property of each by shielding device used in the OEMI method experiments, 
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 constructing COMSOL and HFSS simulation models to assess the transmission loss S21 

and generate the necessary data for comparing the modelling results with a series of 

OEMI experiments, 

 developing computational models of both the narrowband and wideband 

experiments to characterise the shielding devices and obtain the simulated 

transmission loss properties of each shielding device created to enable the ICPs to be 

compared with other materials used for EMI shielding, and 

 comparing the computational shielding model results with the experimental results 

and produce a straight line fit for both PPy and PAni. 

 

Comparison of the experimental modelling results showed the possibility of implementing 

the simulation model and applying it universally across all the shielding devices made from 

different IPC materials. 

 

The accuracy of the modelling and the experimental data were analysed by a least squares 

straight-line approximation. The straight-line approximation was used because of the 

combination of different types of data that were taken under different conditions. Models 

fitted to the experimental data provide prediction rules for various ICP shielding devices in 

similar situations. 

 

Future improvement on the modelling results is required to yield accurate material 

properties measurements. For this research, the relevant material properties were obtained 

from data sheets and the literature and no actual material measurements were undertaken 

to confirm the accuracy of those data. As the material properties affect the accuracy of the 

simulation, on-site measurements of the material properties of the shielding device might 

reduce the errors. 

 

SQ2 
This question asked ‘Which materials and forms (solids, liquids, gels) of ICPs are most 

effective as EMR shielding?’.  
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At present, the ICP materials investigated are expensive, difficult to manufacture and 

require ingredients not readily obtainable.   Use of those materials in EMI shielding devices 

would, however, provide impetus for further development of ICP materials and 

enhancement of their technological performance.  

 

Further research is still needed to address the process of improving the speed of producing 

high yield ICP materials with an accurate conductivity. The doping process should be 

classified according to the nature of the applications. The type of doping and the 

development of nanomaterials research produce better conductivity enable comparison of 

those nanomaterials with the current ICP materials. 

 

All of the ICP shielding devices selected, constructed and tested by this researcher yielded 

results showing that these devices were similar or better than the current shielding 

materials. This research has shown that liquid and felt forms of ICPs can be effective as EMR 

shielding. The highest level of transmission loss S21 occurred when ICP device material was 

made of woven fabrics rather than a liquid PEDOT or PAni solution.  

 

The narrowband experiments suggest the ICP transmission loss S21 could be improved by 

using a liquid rather than a woven PPy fabric, from solid to liquid and varying the frequency. 

The wideband experiments suggest liquid ICP shielding devices could be further improved 

by combining different doping chemicals with the PAni and the PEDOT and edge diffraction 

on the corners of the shielding device under test. 

 

ICPs are already used in antistatic coating applications in electronics components. As an active 

component, ICP is used to make the windows and mirrors reflective when current is applied, 

poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT-PSS).  A product like 

Clevios P has been extensively used as an antistatic coating and commercialised by Bayer AG 

laboratory. The successful incorporation of new ICPs into the shielding devices would serve 

to introducing those materials into other fields such as industrial devices, agriculture, medical, 

car industry, aviation and military devices. Use of ICP materials should help to improving the 

3D printing industry. 

 



 

 
 

120 

 

 

As a liquid conducting material, PAni is very effective for use in future printed circuit boards 

(PCB) with e-beam lithography. This process can make the PCB smaller, lighter and 

corrosion-resistant.  

 

ICPs in the form of nonwoven fabrics clearly have many applications beyond their use in EMI 

shielding. There is potential to produce clothing items such as scarves, hats, socks, pajamas 

and anything else that can knitted from radiation-reducing fabric.  

 

SQ3 
This question asked “What other advantages might the ICPs confer?” 

 

This thesis highlighted the potential benefits associated with the use of ICPs in EMI shielding 

in Chapter 1 and 2 as well as providing experimental evidence in Chapter 7 of the greater 

anti-bacterial properties of the ICPs compared with shielding materials used in an iPhone. 

 

Scope for further research 
This research suggests scope, and provides a firmer base for, more in-depth research 

regarding for future use of ICPs in shielding devices for mobile phones and Wi-Fi devices. 

The ICP shielding devices are also important in a new branch of military research called 

spectrum warfare and electronic warfare (EW) that are emerging in the top U.S. military 

priority.  

The research was a pilot research in this field and further rsearch needs to observe the 

following points: 

 Although all the shielding devices were tested in the same EM radiation environment 

but problems from cable radiation and cable coupling. Precautions regarding the feed 

cables and the radiation field distances. 

 The balanced Yagi-uda antenna with integrated balun gave, high gain, good 

performance with large bandwidth to cover the shielding device at 2.45GHz 

frequency. In this research, the effects of antenna performance has not been 
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included and future research should include the antenna’s description and 

parameters.  

 Although aluminium tape was used to seal the edges which is a desirable to have 

good electrical contact across the aperture and acts as an enclosure comprises a lid 

and a box made of highly conductive material, preferably mild steel without 

adhesive.  This practise improved the EMI of the device.  In the future experiments 

there should be a pattern on the conductive tape that provide cancellation of the 

adjacent electric field lines. This practice will provide multiple point contact between 

the electric field lines on the tape that provides conductance and by earthing the 

experiment, the results can be improved. 

 Thickness of the shielding devices was not considered and future research should 

look into how to include the thickness in the model, and also Frequency Selective 

Surface pattering if a method of accurate coating is successfully applied. The ICP’s 

materials is great candidate for such application.  In this thesis attempt to create FSS 

shielding was stopped when the spin coating was abended and replaced by dip 

coating method.  

 The conductivity can be made to change by including ICPs materials in bulk materials 

pr conducting polymer, as seen in the changing of conductivity with 1dB and when 

the temperature was removed the conductivity returned back, a further experiments 

are needed to establish the rigger for this important application. 

 The research is focused on “OEMI method” this method is used to compare rather 

than characterise the shielding device on the same EM condition without subjecting 

the device to absorbers or faraday cage.  There was a suggestion by an expert in the 

field EM that “a parallel-plate arrangement of using two metallic plates (at distance 

of a few centimeters) and small quantity of absorber material (e.g. Eccosorb) to 

reduce echoes on side walls. This 2D equivalent of an anechoic chamber would allow 

also a direct comparison with 2D simulations, however this suggestion came at a 

very late stage of the research and this is was approved by the University for extra 

funding. 
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Other potential developments include electrostatic materials, conductive adhesives, printed 

circuited boards, artificial nerves, antistatic clothing, piezo ceramics, active electronics 

(diodes, transistors), aircraft structures, switches, molecular electronics, electric displays, 

chemical sensors, rechargeable batteries, drug release systems, optical computers, ion 

exchange membranes, electromechanical activators, and smart structures. 

 

Use of PAni as a liquid conducting material has potential to make printed circuit boards 

(PCB) smaller, lighter and corrosion-resistant. Use of PAni to replace copper in telephone 

wires would confer similar advantage and enhance the reliability of telephone networks 

requiring both PCBs and copper wires.  

Another potential research is the use of ICP’s material in replacing the copper wires that are 

currently used for voice and data communications. The copper wires that currently are used 

is out of date and voice telecommunications. The following pictures shows the urgent need 

to start replacing them with ICP’s wires. 

 

 

Figure 8.1 The current state of the copper telecommunications underground wires and the 

various attempts to stop copper from rusting (curtesy of 3A Kathy Telecommunications Pty 

Ltd)  

 

Figure 8.1 above shows the long term danger on the collapse of the data communication 

that banks, security alarms, and day to day broadband communications depends upon.  The 

copper industry is out of date and the other alternative fibre optics is expensive to test, 

dangerous to handle and expensive to run.  The time to start replacing millions of tons of 

copper wires with the future alternative had passed away and already the system is showing 
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signs of collapsing. The using a wired land line phone will reduce the effects of 

electromagnetic radiation and improve quality of life. 

 

 

Conclusion 
Using only simple experiments and simulation, this thesis has demonstrated the potential to 

make far greater use of ICPs in shielding devices for mobile phones and Wi-Fi devices. It has 

also highlighted the scope for use of ICPs in a wider range of applications and suggested 

directions for further research in solving the current problems in telecommunications and 

health issues in the transmitting of E-coli through mobile phones by introducing the ICPs 

materials to those applications. Further improvement of the modelling results is required to 

yield accurate material properties measurements. 
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