
 

 

 

 

Printing Conductive Traces to Enable High 

Frequency Wearable Electronics Applications 

 

 

 

 

By 

Ying Ying Lim 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

A Doctoral Thesis  
 

Submitted in partial fulfillment of the requirements 

for the award of 

Doctor of Philosophy of Loughborough University 

March 2015 

 

 

 

 

© by Ying Ying Lim (2015)



   

I 

 

Abstract 

 

With the emergence of the Internet of Things (IoT), wireless body area networks 

(WBANs) are becoming increasingly pervasive in everyday life.  Most WBANs are 

currently working at the IEEE 802.15.4 Zigbee standard. However there are growing 

interests to investigate the performance of BANs operating at higher frequencies (e.g. 

millimetre-wave band), due to the advantages offered compared to those operating at 

lower microwave frequencies. This thesis aims to realise printed conductive traces on 

flexible substrates, targeted for high frequency wearable electronics applications. 

Specifically, investigations were performed in the areas pertaining to the surface 

modification of substrates and the electrical performance of printed interconnects. 

 

Firstly, a novel methodology was proposed to characterise the dielectric properties of 

a non-woven fabric (Tyvek) up to 20 GHz. This approach utilised electromagnetic 

(EM) simulation to improve the analytical equations based on transmission line 

structures, in order to improve the accuracy of the conductor loss values in the 

gigahertz range. 

 

To reduce the substrate roughness, an UV-curable insulator was used to form a 

planarisation layer on a non-porous substrate via inkjet printing. The results obtained 

demonstrated the importance of matching the surface energy of the substrate to the ink 

to minimise the ink de-wetting phenomenon, which was possible within the 

parameters of heating the platen. Furthermore, the substrate surface roughness was 

observed to affect the printed line width significantly, and a surface roughness factor 

was introduced in the equation of Smith et al. [22] to predict the printed line width on 

a substrate with non-negligible surface roughness (𝑅𝑎 ≤ 1 µm). 

 

Silver ink de-wetting was observed when overprinting silver onto the UV-cured 

insulator, and studies were performed to investigate the conditions for achieving 

electrically conductive traces using commercial ink formulations, where the curing 

equipment may be non-optimal. In particular, different techniques were used to 

characterise the samples at different stages in order to evaluate the surface properties 

and printability, and to ascertain if measurable resistances could be predicted. 



   

II 

 

Following the results obtained, it was demonstrated that measurable resistance could 

be obtained for samples cured under an ambient atmosphere, which was verified on 

Tyvek samples. 

 

Lastly, a methodology was proposed to model for the non-ideal characteristics of 

printed transmission lines to predict the high frequency electrical performance of 

those structures. The methodology was validated on transmission line structures of 

different lengths up to 30 GHz, where a good correlation was obtained between 

simulation and measurement results. Furthermore, the results obtained demonstrate 

the significance of the paste levelling effect on the extracted DC conductivity values, 

and the need for accurate DC conductivity values in the modelling of printed 

interconnects. 

 

Keywords: Printing techniques, Surface modifications, Flexible substrates, De-

wetting phenomenon, RF performance simulation, High frequency dielectric 

characterisation.  
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Chapter 1. Introduction 

 

1.1 Research Background  

It is anticipated that the Internet of Things (IoT) will become a reality in the future 

when sensors and internet connectivity enable individual devices to communicate, 

and thus becomes a feature of everyday living. To this end, wearable electronics 

offering ubiquitous connectivity are a promising development. 

 

Wireless Body Area Networks (WBANs) comprise of wireless networks of 

wearable electronics devices. WBANs may be used for communications such as 

for monitoring the health and physiological conditions of its wearer (e.g. 

patients)[1, 2], in search and rescue operations [3] and in military operations [4, 5]. 

In particular, there has been a keen interest in the military domain in developing 

capability for body worn antennas [4, 5]. The key advantages of body worn 

electronics (i.e. wearable electronics on clothing) compared to traditional or 

mounted electronic devices include reduced weight, the possibility of covertness 

and user comfort. 

 

Most WBANs are currently working at the IEEE 802.15.4 Zigbee standard [6]. 

There is a growing interest in investigating the performance of WBANs in the 

millimetre wave band (e.g. 60-GHz band), due to the advantages offered compared 

to when operating at lower frequencies. One advantage lies in the higher data rates 

that can be obtained (e.g. for audio and video sharing), which translates to reduced 

transmission times. This is aimed towards the high data rate requirements in 5G 

radio access. Another advantage lies in the increased security and lower 

interference with adjacent WBANs, due to the stronger attenuation of these signals 

in the atmosphere. This aspect is critical for medical sensor networks in hospitals 

operating in the Industrial, Scientific and Medical (ISM) band, which currently 

coexist with other equipment working in these bands. Operation in the current ISM 

band gives rise to security concerns [7, 8] of external systems interfering with 

current BANs (e.g. denial of use or data falsification), which poses a problem for 

the medical sensor networks. Furthermore, millimetre wave band WBANs are 
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crucial for enabling the secure transfer of sensitive data in military operations 

requiring covertness. Lastly the demand for highly miniaturised wearable devices 

motivates the use of higher frequencies [9]. If the size of the sensors and front-end 

electronics in a wearable device are large, the overall device may be bulky for use 

in long term monitoring applications (involving the collection of movement or 

psychological data), where users’ comfort is key. 

 

For high frequency applications such as those in the millimetre wave band, 

realising fine pitch interconnects is imperative since the wavelength (i.e. 

interconnect dimension) scales inversely with frequency [10]. From the electrical 

perspective, conductive traces with low resistance are crucial for good performance 

[11], which translates to low interconnect losses at higher frequencies. 

Furthermore, fine pitch interconnects enable a higher density of integration to be 

achieved, such as in multi-functional sensor systems.  

 

Based on the above context, this research aims to realise fine pitch interconnects, 

targeted for high frequency wearable electronics applications. For such 

applications, fabrics are perceived as a promising substrate to integrate electronic 

circuitry, so as to obtain lighter modules along with improved user comfort. 

 

1.2 Problem Statement and Research Motivation 

To date, much of the work on wearable electronics uses conductive fibres and 

fabrics to form interconnects and antennas. These components are designed in the 

lower gigahertz frequency range below 3 GHz [12-15], due to the limitations of 

conductive fabrics. Challenges exist in using conductive fibres (and fabrics) to 

realise interconnects on fabrics. Firstly, issues arise in obtaining homogeneous line 

width and gaps [12, 13] using conductive fibres, which results in a reduced 

bandwidth of operation [12]. In addition, significant interconnect losses arising 

from the skin depth effect would result at higher frequencies, since the plated metal 

thickness of conductive fabrics is restricted to several hundred nanometres to 

maintain fabric properties [15]. 
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Alternatives to the use of conductive fibres are printing technologies which offer 

fine pitch [16-18] and higher frequencies of operation [19, 20], through the 

deposition of traces onto the substrate of interest. These include inkjet printing and 

screen printing. However one challenge with realising interconnects on fabrics 

results from their being porous materials with inherent surface roughness, which 

has implications for the printing technique used for realising fine pitch 

interconnects. Among the printing technologies available, inkjet printing is 

currently the most viable technology used to realise fine pitch interconnects. 

However, using inkjet printing to deposit pico-litre ink volumes onto the fibrous 

surface of a non-woven fabric (shown in Figure 1.1) results in a penetration of the 

silver nanoparticles into the fibres [21]. This leads to discontinuous printed traces, 

and therefore necessitates surface modifications to alleviate the surface roughness 

and/or porosity of the substrate for inkjet printing. In order to achieve the research 

aim, the following four challenges related to the deposition of fine pitch 

interconnects and their electrical performances at high frequencies need to be 

overcome. 

 

 

    Figure ‎1.1 SEM image showing inkjet printed silver nanoparticles on the surface of Tyvek 

 

(i) Overcoming the surface roughness of substrates 

Most researchers consider substrates with relatively smooth surfaces for inkjet 

printing [18, 22, 23], where fine pitch interconnects are obtainable [16, 17]. The 

challenges of realising fine pitch on substrates with surface roughness (e.g. fabrics) 

arise from the ink spread on such surfaces [24, 25], which adversely affects the 

print resolution of the interconnects [25]. This necessitates a need for surface 

treatments to modify the substrate surface and alleviate the surface roughness. 

10 µm

Silver 

nanoparticles
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(ii) Obtaining electrically conducting traces on the planarisation layers 

UV-curable dielectric paste/inks [26, 27] have been used to form planarisation 

layers to alleviate the substrate surface roughness. From literature, the properties of 

the UV-curable dielectric paste/inks used were formulated to match the surface 

energies of the silver inks to be overprinted, such that no de-wetting would occur. 

Others [28] ensured that the UV-curable ink was properly cured using a high 

intensity UV source, prior to overprinting with a silver ink. In terms of material 

analysis, little work has been reported on the final cure status of such dielectrics 

[29, 30]. As such the assumption made by the author is that the dielectrics are fully 

cured. From what has been done so far, there exists a need to understand the 

parameters to be addressed to eliminate de-wetting when the surface energies of 

the ink and the planarisation layer are not matched, or when the UV source used 

for curing is non-optimal. 

 

(iii) Determining the dielectric properties of fabric as a substrate for high 

frequency applications 

The dielectric properties (dielectric constant, loss tangent) of fabrics are not readily 

available from manufacturers as they are not typically considered for high 

frequency applications. This is in contrast to conventional laminates used for such 

applications, where the dielectric properties are characterised to broadband 

frequencies [31, 32]. From literature researchers have characterised the dielectric 

properties of fabrics up to 10 GHz [33], but encountered issues in the repeatability 

of the results arising from the test structure used. Thus another research motivation 

is to characterise the dielectric properties of a fabric up to broadband frequencies 

( 20 GHz), with repeatable results.   

 

(iv) Determining the RF performance of printed interconnects 

From literature, work abounds on the electrical performance of printed 

interconnects in the DC and megahertz frequency range [18, 34-38]. Printed 

interconnects in this context refer to interconnects deposited by technologies other 

than printed circuit board (PCB) technology (e.g. inkjet printing, screen printing).  

 



Chapter 1  Introduction 

5 

 

While the RF performance of printed interconnects have been reported up to 30 

GHz [18], to the author’s best knowledge, there is no simulation model at present 

which predicts the RF performance of fine pitch printed interconnects, because 

most of the applications considered are in the megahertz frequency range. 

Furthermore challenges arise in modelling for printed interconnects which have 

non-ideal characteristics (non-rectangular profile, surface roughness) and possibly 

small thicknesses (e.g. inkjet printed traces). Thus another research motivation lies 

in wanting to be able to accurately predict the high frequency performance of 

printed interconnects, so as to reduce the number of fabrication trials, with the aim 

of getting a right first time design. In addition there is a need to evaluate how 

variations in the test structures would influence the measured results and the 

simulation correlation. 

 

1.3 Research Aims and Objectives 

This thesis aims to address the knowledge gaps with regards to obtaining printed 

conductive traces of fine pitch (< 400 µm pitch) on flexible substrates, targeted for 

high frequency wearable electronics applications as explained in Section 1.2. The 

term “pitch” is defined as the centre-to-centre spacing between the printed traces, 

as shown in Figure 1.2. In this thesis, high frequency refers to the frequency range 

from 20-30 GHz. To pursue this aim, the following objectives were identified. 

 

          

                                  Figure ‎1.2 Definition of “pitch” in the context of this thesis 

 

1. To characterise the dielectric properties of a non-woven fabric up to     

30 GHz. 

To develop a methodology to improve the current analytical approach for dielectric 

characterisation (based on transmission line structures). This is since the conductor 

loss formulas available according to the literature are not intended for calculating 

the transmission line characteristics beyond the higher gigahertz frequencies. From 

pitch

Printed trace
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the measurement aspect, a different measurement setup will be used for the 

electrical characterisation and the repeatability of the results will be evaluated. 

 

2. To reduce the surface roughness of substrates for trace deposition using 

inkjet printing. 

To select a suitable surface modification technique to planarise the surface 

roughness of substrates, and to investigate the effect of the substrate roughness on 

the printed trace widths. 

 

3. To realise electrically conducting traces using inkjet printing.                               

To understand the parameters required to eliminate de-wetting when the surface 

energies of the planarisation layer and the silver ink are not matched. A sub-

objective is to eliminate de-wetting and obtain measurable resistances for silver 

traces overprinted onto the planarisation layer, based on the hypothesis that the 

deposition of clear linear traces does not necessarily indicate that the traces are 

conductive. 

 

4. To predict the high frequency performance of printed transmission lines.      

To develop a methodology for accurate design which includes a consideration of 

variations in the test structures and non-ideal transmission line characteristics 

present in the fabricated transmission line structures. The results from the 

simulation model are correlated with experimental measurements. In addition, 

simulation guidelines for the modelling of printed transmission lines are developed. 

 

To meet the research objectives set out in this thesis, two substrates are being 

considered for use. The first substrate considered is a non-woven fabric (Tyvek). 

This particular material is selected as it has previously been studied by other 

researchers [39, 40] using screen printing and inkjet printing techniques.  

 

Nevertheless it is challenging to deposit traces onto Tyvek using inkjet printing, as 

shown from a pilot study the results of which are documented in Appendix A. The 

first challenge in inkjet printing onto untreated Tyvek arises from the fibrous 

surface (Figure 1.1) of the substrate, which results in a penetration of the silver 

nanoparticles into the fibres. Another challenge in printing onto Tyvek lies in the 
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inherent substrate roughness of the material. As described further in Appendix A, 

the deposition of dielectric layers (SU-8 coating, UV-curable dielectric) was not 

found to sufficiently planarise the substrate surface. The combination of substrate 

roughness and porosity present in Tyvek was found to increase the complexity of 

using inkjet printing to deposit conductive traces, and necessitates a simplification 

of one of the variables in order to achieve the objectives set out in this thesis.  

 

Due to the challenges encountered in printing onto Tyvek, RO3006 [31] was 

considered as the other substrate in this thesis. RO3006 is similar to Tyvek in that 

it is a flexible substrate (due to its PTFE-based properties), and is designed for high 

frequency applications [31]. These properties make RO3006 a potential substrate 

for high frequency wearable electronics [41]. In the thesis, RO3006 is used as a 

reference substrate in the dielectric characterisation of Tyvek, due to its well-

characterised broadband dielectric properties (up to 40 GHz). In particular, these 

known dielectric properties can be used to validate the extraction methodology for 

obtaining the dielectric properties of Tyvek (as described in Chapter 4 of this 

thesis). Furthermore, knowledge of the high frequency dielectric properties of 

RO3006 is imperative for investigating the RF performance of printed 

interconnects, such that uncertainties arising from the substrate properties do not 

arise in the modelling process. This pertains to the work detailed in Chapter 7 of 

this thesis.  

 

Apart from being flexible substrates, a common challenge also exists in inkjet 

printing onto both RO3006 and Tyvek, due to the substrate roughness present on 

both surfaces. While Tyvek has an inherent surface roughness, the substrate 

roughness present on RO3006 is a trade-off for good adhesion of the cladded 

copper to the substrate. This is evident after etching away the top metal layer, 

where copper dendrite imprints are left on the etched substrate. Yet in contrast to 

Tyvek, RO3006 is a non-porous substrate. This property aids in simplifying the 

study of alleviating the surface roughness of a substrate based on the inkjet printing 

technique (as described in Chapter 5 of this thesis). 
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1.4 Thesis Structure   

This thesis focuses on addressing the four objectives set out in Section 1.3 in order 

to obtain printed conductive traces on flexible substrates targeted for high 

frequency wearable electronics applications. The thesis presents the results of the 

research towards achieving the objectives in a systematic manner. Chapter 1 

provides an overview of the research background and motivation needed to 

understand the research gaps, and the approaches to be undertaken to address them. 

Chapters 2 and 3 provide literature reviews of possible printing technologies for 

realising fine pitch interconnects, along with the material and electrical 

characterisation techniques which are relevant to this work. The research gaps 

pertaining to this thesis are identified from these two chapters. 

 

Chapter 4 presents the dielectric characterisation of a non-woven fabric up to 20 

GHz, where the results were validated with RO3006 as the reference substrate. In 

this case the upper frequency of 20 GHz was constrained by the equipment set-up. 

Research objective 1 is addressed in this chapter. 

 

Chapters 5 and 6 focus on alleviating the substrate roughness and obtaining 

electrically conductive printed traces, based on inkjet printing. Chapter 5 discusses 

the experimental results from using a UV-curable dielectric to deposit a smooth 

planarisation layer on RO3006. In addition, the effect of the substrate roughness on 

the printed line width is investigated by reconsidering the empirical formula 

proposed by Smith et al. [22]. Chapter 6 goes on to investigate the processing 

parameters to be addressed to eliminate the de-wetting of the silver ink on the 

planarisation layer, such that clear linear traces are obtained. The study also 

demonstrates that measurable resistances can be obtained for silver traces 

overprinted onto the UV-curable dielectric, for the case where the curing 

equipment is non-optimal. Research objectives 2 and 3 are addressed in these 

chapters. 

 

The work in Chapter 7 seeks to address research objective 4, where a methodology 

is proposed to accurately predict the high frequency performance of printed 
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interconnects on RO3006 substrate. This includes the consideration of non-ideal 

transmission line characteristics to emulate the actual printed structures.  

 

Finally, Chapter 8 summarises the key contributions of this thesis and offers 

directions for future work. The overall thesis structure also is summarised in Figure 

1.3. 

 

 

 

Figure ‎1.3  Schematic showing the overall thesis plan 
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Chapter 2. Printing Technologies for Trace  

Deposition 

 

This chapter reviews the work done and identifies challenges towards realising 

conductive traces using printing technologies. Section 2.2 provides an overview of 

some of the key technologies, while Section 2.3 focuses on inkjet printing as a 

potential technique for obtaining fine line resolution and discusses the challenges 

involved.  

 

2.1 Techniques for Realising Traces on Fabrics 

Literature abounds in the use of copper tape, conductive threads and fabrics to 

realise traces. For higher frequency applications, fine pitch trace printing 

technologies are required as the dimensions scale inversely with frequency [10]. 

Muller et al. [42] recommended line width and space resolutions of within 50 µm 

for millimetre wave applications. For millimetre wave measurements, the pitch of 

the transmission lines has to be at or within 100 µm  to match the RF probe tips 

[43]. Viable technologies for obtaining fine pitch trace printing include screen 

printing and aerosol deposition. These techniques are discussed in this section.  

 

2.1.1 Copper Tape 

Salonen et al. [44] employed copper tape to realise the conductive traces of patch 

antennas. While the antenna geometry is well-defined, a main drawback is the 

"rigidisation effect" [13] due to the use of the copper tape, where the tape can be 

bent only to a limited degree. This is in contrast to fabrics, which are drapable. 

Consequently, using stiffer copper tapes on textiles would result in a possible 

deformation of the conductive patterns, and/or delamination of the copper tapes 

when bent. This causes the antenna performance to be unpredictable.  

 

To mitigate the effect of bending and the "rigidisation effect" on copper metal 

layers, Maleszka et al. [45] considered the use of meshed conductors. In their work 

[45], textile antennas and transmission lines were designed with meshed ground 

planes. The measured loss for a meshed transmission line was found comparable to 
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that of a solid line structure across a certain frequency band. For the textile antenna, 

it was noted that a copper film of 50 µm thickness (with adhesive on the underside) 

was used to form a patch antenna, with the ground plane being a meshed copper 

plane. Apart from improving the bending flexibility, the implementation of a 

meshed ground plane resulted in a reduction of the copper area by 35 % [45]. 

 

In terms of the electrical performance, the conventional copper foil or films are 

good options for forming the traces, since they are sufficiently thick (at 17.5 µm 

and above) for the skin depth at higher frequencies. The main drawback lies in that 

the fabrication process to obtain fine line resolution on fabric is tedious and 

subtractive.  Laser processing can be an option to achieve the fine dimensions, but 

this can be an expensive process to obtain the required precision. Another 

drawback in using foils and films is that they are not as stretchable compared to 

fabrics, which could result in delamination when used on fabrics. 

 

2.1.2 Conductive Fibres and Threads 

To date, much of the work on electronic textiles (eg. textile antenna, textile 

electrodes) uses conductive fibres and threads to form conductive traces and 

patterns [12, 14, 46, 47]. 

 

Cottet et al. [12] used conductive fibres on a woven fabric to form transmission 

lines, and characterised them in terms of the attenuation constant, characteristic 

impedance (GS, GSG and GSSG configurations), up to 6 GHz. The dielectric 

permittivity of the fabric was extracted using parallel plate capacitor structures (2 

different plate sizes and considering 1-8 textile layers between the plates). From 

the results, significant losses due to impedance mismatches were observed, which 

arise from the large geometrical variations between adjacent traces [12]. Firstly, 

the measured lines were not uniform; geometrical variations were observed in the 

distance between the wires which led to changes in the impedance. Consequently, 

there is the presence of parasitic odd-modes due to uneven ground potential for 

coplanar waveguide (CPW) lines, and the line becomes a λ/2 resonator which can 

prohibit transmission at certain frequencies. This in turn limits the usable 

frequency range of a transmission line.  
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In forming transmission lines on woven fabrics, it is noted that the distance 

between yarns vary (Figure 2.1), where yarns are formed from bundles of fibres 

twisted together. Consequently, one can deduce that an asymmetrical CPW would 

result, which gives rise to parasitic modes excited at high frequencies and a limited 

bandwidth of operation. Cottet et al. [12] noted variations with regards to the 

location of fibres within the yarn as well as the location of the yarns within the 

fabric. These irregularities arise from the deformability of the textile as well as the 

manufacturing process. On the other hand, the issue of limited operating bandwidth 

may not arise for the case of non-woven fabric, as they are not made from warp 

(length) and weft (width) yarns interwoven at right angles, but obtained through 

bonding or felting.  

 

 

Figure 2.1 Variations in textile geometry (a1≠ a2), adapted from Cottet et al. [12]  

 

Seager et al. [14] demonstrated a fabric antenna operating at 406 MHz using 

embroidered conductive threads. The spiral antenna was based on a cross dipole 

configuration and was designed for the purpose of achieving size reduction. While 

a reduced Q-factor was observed for the fabric antenna compared to a copper spiral 

antenna, the former was more resistant to bending when subjected to simple 

flexing experiments [14]. 

 

The main drawback of using conductive threads lies in the minimum dimension 

achievable. For instance, the minimum achievable spacing between two 

embroidered traces using an industrial machine is limited to about 1-1.5 mm [48]. 
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For high frequency applications, a need arises for fine pitch (line width/spacing) 

with accurate dimensions (minimal dimension tolerances). Furthermore, fine pitch 

would enable a higher degree of module integration. In addition, embroidered 

traces on fabrics may not be very flexible, particularly when dense circuitries are 

embroidered into the fabric. Furthermore, embroidered transmission lines were 

found to have usually large losses which reduce the usable frequency range to 2-4 

GHz [48]. 

 

2.1.3 Conductive Fabrics 

Locher et al. [15] evaluated a textile antenna design using conductive fabrics. Prior 

to that, they investigated the sheet resistance variation with strain stress for a 

knitted conductive fabric, where it was observed that the resistance values with 

respect to the elongation differs in the x- and y- direction. A conductive fabric of a 

woven type (Nora) [49] was found to provide the lowest sheet resistance (0.02Ω/), 

though the elasticity is less compared to the knitted fabric. In addition, the knitted 

fabric has a tendency to curl [15], which makes the adhesion to the substrate 

difficult. Locher et al. [15] also studied different methods of obtaining a proper 

adhesion of the conductive fabric to the textile substrate, with considerations given 

to the retention of the trace dimensions upon adhesion and ensuring that the 

attachment does not alter the sheet resistance of the conductive fabric or the 

dielectric properties of the textile substrate. ‘Heat-n-bond’ adhesive sheets 

(activated by ironing) were found to be the best option, since an even layer of 

adhesion can be obtained and the material does not penetrate through the 

conductive fabric or textile substrate. This is in contrast to sewing where wrinkling 

occurs beyond a minimum seam spacing. Furthermore, a liquid textile adhesive 

was not ideal as it was difficult to obtain an even distribution of the adhesive. 

 

Locher et al. [15] reported that the plating thickness of the fabrics was restricted to 

several hundred nanometres [15] in order to maintain textile properties. As such, 

the implication of using conductive fabrics is that significant losses would result at 

higher frequencies due to the skin effect. This is particularly so in the millimetre 

wave regime where the skin depth at 60 GHz is 0.27 µm. The skin depth is a 

function of frequency and describes the current distribution in a conducting 
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material. The alternating current density is maximum at the surface and decreases 

with increasing depth in the conducting material. The skin depth is represented by 

equation (2.1) [50]: 

 

     𝛿 = √
2

𝜔𝜇𝜎
                      (2.1) 

where  is the skin depth over which magnetic fields are attenuated by a factor of 

1/e, =2f is the frequency of operation (rad/s), µ is the magnetic permeability of 

the conducting material (H/m) and σ is the conductivity of the conducting material 

(S/m). At 0 Hz, the entire thickness of the conducting material is utilised for the 

electric current. At higher frequencies, the current flows between the outer surface 

of the conducting material and the skin depth. This reduces the cross-sectional area 

and results in an increase of the conductor resistance. Ideally the metal thickness 

should be five times that of the skin depth to minimise the metal losses.  

 

2.1.4 Screen Printing  

A few researchers [39, 51] have considered screen-printing on fabrics towards 

realising flexible electronics. While this technique offers finer feature sizes 

compared to those obtained using embroidered traces, the minimum pitch 

achievable by screen-printing is typically limited to line width/spacing of around 

100/100 µm [52] on common substrates such as Kapton, Mylar and glass.  While it 

is possible to define smaller feature sizes of 50/50 µm on the screen [53], this is at 

the expense of increased screen costs. Another advantage of screen printing is that 

no surface modifications are required for the substrate to obtain continuous traces. 

 

Merilampi [54] investigated screen printing on fabrics, where fabrics were 

considered to be a possible substrate for printed radio frequency identification 

(RFID) tags. While the temperature tolerance depends on the fabric type, most 

fabrics can withstand the curing temperature of printed thick film (PTF) ink. In 

addition, the average thickness of PTF is dependent on the substrate material, 

where the variation is most obvious on porous, rough substrates (eg. paper and 

fabric). Different fabric absorbs different amounts of ink, due to different woven 

structures and surface finishes. This affects the morphology of printed film.  
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In the area of smart fabrics, an EU project (Microflex) [55] was started in 

Southampton University with the goal of developing processes and materials, to 

fabricate microelectromechanical systems (MEMS) devices which are printed onto 

fabrics [55, 56]. Most of the processes and devices fabricated were noted to be 

implemented using screen printing [56, 57]. 

 

On the other hand, Pourdeyhimi et al. [40, 58] screen-printed coplanar waveguide 

(CPW) transmission lines onto non-woven fabrics (Tyvek and Evolon). In contrast, 

woven fabrics were not found to be suitable substrates for screen-printing due to 

their pore sizes (spaces between yarns and pores among fibres in the yarns). 

Consequently the printed resolution on a woven fabric would be constrained by the 

yarn diameter and yarn spacing. The printed CPW transmission lines onto the 

nonwoven fabrics yielded dimensions of 1400/400 µm (linewidth/spacing). 

However, as the dielectric properties of the Tyvek and Evolon fabrics were 

unknown, the printed line dimensions were not based on 50 impedance, but 

rather on the possible dimensions achievable while keeping the signal transmission 

intact [59]. While the characteristic impedance values of the CPW lines were 

measured [40], no information was available on the transmission line losses with 

respect to frequency. From the work done by Karaguzel et al. [40, 58] there exist a 

gap to build upon in terms of investigating the minimum dimensions achievable (ie 

fine line printing) on fabrics from the electrical perspective, particularly for high 

frequency ( 20 GHz) applications.  

 

Unlike conductive threads and tape, obtaining conductive traces on fabrics after 

screen printing involves a low temperature curing process, due to the upper 

temperature limit which the fabric material could withstand. For instance, 

Pourdeyhimi et al. [58] considered conductive inks with curing temperatures of 

110-120 C in printing onto fabrics. Printing onto low temperature substrates 

necessitates sourcing for pastes and inks which could be cured or sintered at lower 

temperatures. 

 

Though no surface treatments are required for the substrate during screen printing, 

the printed trace characteristics (eg. minimum width/spacing realisable, final 
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thickness, surface quality) are influenced by a myriad of factors such as the mesh 

count, mesh thickness, emulsion layer thickness, the paste property [60] and its 

interaction with the mesh and substrate during printing [60]. For instance, the 

printed thickness (t) obtained after curing can be estimated using equation (2.2)[61]: 

 

𝑡 = [(𝑀𝑒𝑠ℎ 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 × 𝑂𝑝𝑒𝑛𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜) + 𝐸𝑚𝑢𝑙𝑠𝑖𝑜𝑛 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠] 

                            𝑥 (𝑊𝑒𝑡 𝑡𝑜 𝑑𝑟𝑦 𝑟𝑎𝑡𝑖𝑜)              (2.2) 

 

With respect to equation (2.2), the actual thickness obtained is further dependent 

on the mesh-paste interaction, and the paste adhesion onto the substrate. This could 

give rise to residual paste on the mesh after printing, which affects the printed 

thickness on the substrate. The mesh-paste interaction also affects the levelling of 

the paste, and the resulting surface roughness of the printed traces [60]. 

 

In general, the viscosity of pastes and inks (inkjet printing) affects the spreading 

and slumping of the printed features. This in turn influences the printed line width 

and line cross-sectional profile [62]. As such a paste with a higher viscosity would 

be preferable for fine line printing since this would result in reduced paste spread. 

The minimum printed line width attainable would be affected by the screen mesh 

count along with the paste spread. In screen printing traces onto fabrics, 

Pourdeyhimi et al. [58] suggested that the surface tension of the paste used 

(relative to surface of nonwoven) would have a significant effect on the printed 

lines since this affects the dispersion of the ink into the substrates. 

 

2.1.5 Aerosol Deposition 

Aerosol deposition (AD) [63] may be another viable technology for depositing 

conductive traces onto fabrics with the main advantage of using this process being 

that the deposition is done at room temperature. Although the mechanism to date 

has not been fully clarified [63], the deposition behavior has been much 

investigated [63, 64]. As illustrated in Figure 2.2, this process involves the 

acceleration of metallic particles (sub-micron to micron range) by a gas flow. Upon 

impact onto a substrate, the particles undergo deformation and a portion of the 

particle kinetic energy is converted into a bonding energy between the particle and 

the substrate [63]. Base anchor layers are then formed. Akedo et al. [63] have 
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demonstrated that a dense and hard layer could be formed on a polycarbonate 

substrate at room temperature using ceramic particles.  

 

       

   Figure 2.2 Diagram showing the aerosol deposition process, adapted from Akedo et al. [63] 

 

In addition, Imanaka et al. [64] have used the AD process to realise multi-layer 

ceramic capacitors in a RF module. AD was selected in this application as the 

deposition temperature was lower than the temperature which could be withstood 

by the epoxy resin [64]. Furthermore a thick ceramic film is realisable using AD, 

where the high dielectric constant of the ceramic film aids in the miniaturisation of 

the capacitor footprint in the module.  

 

The particle-substrate interaction in AD is specific to the particle and substrate 

considered. From literature, work has been done on ceramic films [63, 64], metal-

dielectric composites [65] and dielectric films [66]. Lim et al. [67] used AD to 

investigate the deposition of a copper film on glass substrates, but observed that the 

copper film delaminated from the glass surface during a tape test. The results 

indicate the lack of a base anchor layer present for the copper film formed [67]. As 

copper particles are relatively soft in comparison with ceramic particles, the results 

suggest that considering a different particle size [67] or adjusting the velocity 

speed of the metal particles may aid in strengthening the impact between particle-

substrate. 

  

Substrate

Fracture and embedding 

of particles upon impact 

onto substrate
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2.2 Inkjet Printing for Fine Pitch Resolution 

From literature, Muller et al. [19] achieved fine line printing through screen 

printing onto low temperature co-fired ceramic (LTCC) substrates, where screens 

with a high mesh count and finer wire diameter were used. On LTCC, fabrication 

capabilities of 50/50 µm were achievable [19, 20]. Baras et al. [20] also employed 

screen printing to realise passive components on LTCC in the millimetre-wave 

regime (up to 67 GHz). The performance for a particular circuit design was found 

to be repeatable across different runs, with 10 samples considered in each run. This 

suggests that there is a good repeatability of the circuit dimensions. Furthermore, 

the conductor thickness obtained from screen-printing is well over the skin-depth 

at millimetre wave frequencies, which minimises the conductor loss due to the 

skin-depth effect at those frequencies. Nevertheless, Baras [68] noted that the 

edges of printed lines at any resolution were rather rough due to the rheology of the 

printing paste used [68], and the edge roughness was on the order of some 2-3 µm. 

Apart from that, the surface roughness of the substrate may also influence the 

surface roughness of the printed traces when considering substrates with non-

negligible surface roughness. 

 

Unlike screen-printing, inkjet printing does not require any patterned screen masks. 

Being a direct write technique, traces could be directly patterned without the need 

masks or photolithography steps unlike in the printed wiring board (PWB) industry 

[69]. In addition, highly dense and finer pitch metal traces targeted for future 

highly integrated electronic devices can possibly be achieved using inkjet printing, 

where it is expected that trace width dimensions would be decreased from the 

current 35 µm to less than 20 µm  in 2010 [70].  

 

From literature, fine pitch has been achieved with inkjet printing on smooth 

surfaces [71-73]. Azucena et al. [71] used inkjet printing to obtain a coplanar 

transmission line with transition dimensions of 100/100 µm on glass. Shaker et al. 

[72] demonstrated a resolution of 50/65 m for a meander line which was inkjet 

printed on liquid crystal polymer (LCP). In addition Takano et al. [73] has 

demonstrated 5 µm and 40 µm wide lines in the printing of terahertz metamaterials 

on a high resistivity silicon substrate. These structures were printed using a super-
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fine inkjet printer developed Murata et al. [17, 74]. These conventional packaging 

substrates, while possessing smooth surfaces, yield only limited degrees of 

flexibility and user comfort if considered for body sensors. Therein lies a potential 

to exploit inkjet printing to realise printed fine line traces on fabrics - achieving 

higher density integration on a conformal "substrate", along with the weight 

reduction of sensors by replacing bulky wires with conductive traces for data 

transfer.  

 

In terms of the high frequency performance of printed interconnects, a few authors 

[71, 75]  have measured the insertion loss of coplanar transmission lines which 

were inkjet-printed onto glass substrates. Azucena et al. [71] reported higher 

insertion losses of 3-4 times for the inkjet printed transmission lines compared to 

electroplated copper transmission lines, which could be attributed to the lower DC 

conductivity of the printed lines after thermal sintering [71]. From a system 

perspective, Xie et al. [76] demonstrated a wearable bio-patch module comprising 

of a system-on-chip (SoC) die, where the interconnects were realised using inkjet 

printing. The inkjet printed interconnects were tested to 10 MHz to ascertain that 

digital signals could be transmitted, and the overall size of the module was found 

to be comparable with commercial products [76]. 

 

Unlike commonly used substrates such as FR4, glass or polyimide, fabrics have not 

been extensively studied, particularly in the area of inkjet printing. While 

Karaguzel et al. [77] has evaluated inkjet printing onto fabric, the deposition 

involved a non-conductive test fluid (mixture of glycerol, water, 4 % red acid dye).   

One of the fabrics used in their work was Tyvek, which is a high density 

polyethylene with a high surface volume fraction SVF (50 %) nonwoven fabric. 

The fibres in Tyvek are 0.5–10 µm, and the nondirectional fibers (plexifilaments) 

are first spun and then bonded together by heat and pressure without binders. The 

Tyvek substrate used by Karaguzel et al. [77] was surface treated on one side to 

facilitate inkjet printing. 

 

Inkjet printing onto fabrics necessitates the use of a conductive ink which can be 

cured at low temperatures. Typically, fabrics can withstand temperatures up to 

around 200 °C [78]. For the case of the Tyvek fabric, the material starts to soften at 
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118 °C and melts at 135 °C. At present, there are not many commercial conductive 

pastes or inks which can be sintered at low temperatures. Table 2.1 shows a list of 

such possible pastes and inks which could be considered for application onto 

fabrics. With the exception of Intrinsiq's copper-based ink which is cured via 

photonic curing or infrared (IR) laser, most of the conductive inks and paste can be 

cured/sintered within a range of 100-180 °C. Several of the products in Table 2.1 

(from Intrinsiq, Nanomas Technologies, Harima Chemicals, Kunshan Hisense) are 

formulated using nanoparticles with particle sizes ranging from 3-45 nm. This is 

due to the size dependent melting point of nanoparticles. Small particle sizes (nm) 

significantly reduces the melting point of nanoparticles from the bulk melting point, 

thereby allowing for very low processing temperature for sintering nanoparticles 

into conducting films. 

 

From Table 2.1, it can also be observed that inkjet inks typically possess higher 

conductivities compared to screen printed pastes, though the trace thickness 

obtainable for a single printed layer are much smaller. Whereas the silver inks 

typically comprise of solvents and silver nanoparticles, silver paste formulation 

(Figure 2.3) include organic and inorganic components [79].  

 

 

Figure 2.3 Typical composition of silver pastes, adapted from Zhang [79] 
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Table 2.1 Conductive pastes and inks with low temperature drying conditions

Company 
Product 

Code 
For use in 

Average 

Conductivity 

(S/m)  

Remarks 

 

Creative  

Materials 
125-13 

Screen print & 

Picodot jetting 
2.5x10

6
 

Fine line widths and spaces. Very resistant to flexing and creasing. Best 

properties obtained when curing at 170°C-180°C for several minutes.  

Can also be cured within a range of 50°C-150°C. 

 

124-29 
Screen print & 

Picodot jetting 
8.3x10

5
 

Very resistant to flexing and creasing. Best properties obtained when curing at 

100°C for several minutes. Can also be cured within range of 50°C-150°C. 

 

 

 

Dupont 

5064H 

 

 

Screen print 

4.4x10
6
 

Drying Condition: 130°C (10-20 min). 

 

PV416 2.5x10
5
 

Fine line print capability.  

Drying Condition: 130°C-180°C (5-60 min).  

 

9169 2.2x10
6
 

Fine line print capability.  

Drying Condition: 120°C-170°C (5-30 min).  

 

 

Intrinsiq 

 

CP-002 Screen print 4.8x10
6
 

Copper-based paste. Drying Condition: 60°C for 15-30 min. Sintering Condition: 

IR laser at room temperature or Xenon flash lamp system (photonic curing).  

 

CI-002 Inkjet 1.2x10
7
 

Copper-based ink. Drying condition: 50°C-60°C (15-30 min) Sintering condition: 

IR laser at room temperature or Xenon flash lamp system (photonic curing).  

 

Advanced Nano 

Products 

 

DGP 

40LT-15C 
Inkjet 8.7 x 10

6
 Curing temperature: 120°C-150 °C; Plastic films. 

Harima 

Chemicals NPS-JL Inkjet 2 x 10
7
 Curing condition: 120°C-150°C (60 min); for low temperature substrates. 

 

Kunshan 

Hisense 

Jet-100 

Inkjet 4 x 10
7
 

70°C-150°C (30 min);   Paper, PET, PI, Silicon. 

Jet-200 100°C-150°C (30 min); Paper, PET, PI, Silicon. 

Jet-600C 100°C-150°C (30 min); PET, PI, Silicon. 
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Due to the higher conductivity obtainable, inkjet printing may be a viable 

technique for high frequency applications, since the trace thickness required at 

those frequencies is much less due to the skin effect phenomena and could be 

obtained by printing several layers. Beyond achieving printability, Smith et al. [22] 

introduced an equation to predict the printed line width based on the measured  

contact angle values, as shown in Figure 2.4. 

 

 

Figure 2.4 Diagram showing the relationship between final track width and contact angle, 

adapted from Smith et al. [22] 

 

                                  𝑤2 =
πd3

6∆x
θ

4(sinθ)2−
cosθ

4sinθ

                                                    (2.3) 

 

From equation (2.3), w represents the final track width,  is the equilibrium contact 

angle in radians, d is the dot diameter and x is the dot spacing. The assumption 

made was that the contact angle of the ink on the substrate is low, such that the 

drop becomes a cylindrical cap shape. However, it was noted that this equation was 

verified on smooth substrates possessing negligible surface roughness and porosity 

[22]. For substrates with non-negligible surface roughness such as fabrics, it is 

unclear if equation (2.3) would still be valid, i.e. yield an accurate estimation of the 

printed line width. Further investigations would be needed to determine the validity 

of the equation for substrates with non-negligible surface roughness. 


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2.2.1 Surface Modifications  

This section discusses surface modification techniques used in literature. These 

modifications are used to improve the substrate surface to facilitate good 

printability when overprinting with silver inks/pastes.  

 

(a) Planarisation Layers 

Challenges exist in using inkjet printing to define conductive traces or electronic 

circuitry onto textiles. This is since fabrics are porous materials with surface 

roughness. The effect of substrate roughness is particularly significant due to the 

slight metal thickness achievable for a single inkjet printed layer (typically < 1 

µm). There is little literature addressing this issue in inkjet printing, as most 

researchers consider substrates with relatively smooth surfaces for the printing [22, 

80-84]. To overcome the surface roughness, a planarisation layer(s) would be 

required prior to the overprinting of silver traces by inkjet printing. This type of 

surface modification is further illustrated in Figure 2.5. 

 

  

Figure 2.5  Diagram showing the use of planarisation layer to overcome the surface roughness 

of the substrate (A) No planarisation layer (B) One layer of planarisation (C) Two layers of 

planarisation 

 

Denneulin et al. [27] applied an intermediate layer on paper substrates via inkjet 

printing, where the layer was realised using UV curing. In particular, an UV-

curable ink was developed to yield surface properties such as smoothness, 

absorption capacity and surface energy which are homogeneous for most of the 

substrates considered. Conductive patterns were then overprinted using a carbon 

nanotube (CNT) ink which was also an in-house formulation  [27]. 
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Li et al. [26] also introduced an intermediate layer on textiles, prior to overprinting 

with silver inks. Specifically the planarisation layer was applied via screen printing 

onto a polyester/cotton textile, following which the layer was UV-cured. Due to an 

insufficient wettability of the silver ink onto the planarisation layer, 2-3 layers of 

silver ink were overprinted [85]. Similar to Denneulin et al. [27], the UV-curable 

insulator ink used by Li et al. [26] could be tailored to match the surface energy of 

the silver ink, such that de-wetting would not occur [85]. 

 

Similarly Hakola et al. [28] over-printed silver onto an UV-curable insulator layer 

(deposited via inkjet printing), where they ensured that the insulator layer was 

properly cured prior to printing the silver ink. From the specification provided it 

was noted that the equipment used for UV curing [86] comes from a major 

industrial manufacturer. 

 

However Yakoub et al. [87] encountered de-wetting issues in overprinting silver 

onto a UV-cured insulator layer deposited via inkjet printing. Both silver and 

dielectric inks were commercial formulations. It was noted that the de-wetting 

observed could be due to curing equipment used for the curing (Fe-doped Hg lamp 

from 200-500 nm) [88]. This is since ink manufacturers typically recommend a 

specific light source for curing the inks, according to the ink formulations [89, 90]. 

To resolve the de-wetting issue to obtain printability, Yakoub et al. subjected the 

samples to plasma treatment followed by a second round of UV curing [87] to tune 

the substrate surface for improved wettability with silver ink used. 

 

(b) Coatings for Improved Line Resolution 

Andersson et al. [91] evaluated the application of coatings as a form of surface 

treatment prior to inkjet printing, though the pre-coatings [92] which were used 

were targeted for enhanced imaging in graphics (e.g. photography and paintings) 

rather than for the printing of conductive inks. In their work [91], the main 

objective was to achieve improved print quality with better line definition 

compared to uncoated substrates. Prior to inkjet printing, the pre-coatings were 

applied onto polyimide and polyethene (low temperature substrates). The study 

concluded that the coatings improved the print quality significantly. For instance a 

200 µm wide trace printed on polyethene substrates resulted in line widths which 
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were 1.5-2 times the designed trace, as compared to around 4.5 times on the 

uncoated substrate [91].  

 

Lin et al. [93] also sought to improve the resolution of inkjet printed traces through 

the deposition of a hydrophobic layer onto a hydrophilic substrate (polyimide) 

using microcontact printing. Such 'surface energy patterning' enhances the control 

of the ink flow and spread, which in turn improves the printed resolution. Inkjet 

printed patterns with gap dimensions of 15 µm could be obtained from applying 

this technique. The results from these studies suggest that hydrophobic coatings 

could be useful in obtaining finer printed line widths/gaps. 

 

(c) UV/Ozone Treatment for Tuning Wettability of Surfaces 

The use of UV/ozone was originally proposed for cleaning sample surfaces [94]. 

However, several authors have used it to alter the surface tension of samples such 

that the surfaces are more hydrophilic, with the extent of hydrophilicity dependent 

on the UV/ozone exposure time [95-98]. For instance Ma et al. [98] used UV-

ozone treatment to tune the wettability in polydimethylsiloxane-based (PDMS-

based) microfluidic devices. In particular, it was observed that UV–ozone 

treatment uses less energy than oxygen plasma during the surface modification 

process of PDMS [99], resulting in a slower change in the water contact angle of 

the surface [100]. As such UV-ozone treatment was used to tune the wettability of 

PDMS [98]. 

 

(d) Plasma Treatment for Tuning Wettability of Surfaces 

The use of plasma treatment was observed to affect only the top layer of textiles 

(<100 nm) [101], resulting in changes to the adhesion properties.  Yuen et al. [102] 

combined both plasma treatment with pre-coating for digital inkjet printed cotton 

fabrics. Their main objective was to investigate the effect of plasma treatment on a 

cotton fabric prior to inkjet printing. Oxygen was used as the plasma medium for 

the inkjet printing. Plasma treated cotton samples with and without the application 

of a pre-coat were evaluated, prior to inkjet printing. SEM images reveal that 

plasma treatment aided the filling up of the fibre cracks when the pre-coat is 

applied, yielding a more uniform film on the fabric surface. Overall, the use of 
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plasma treatment improves the adhesion of the dye (in digital inkjet printing) with 

the pre-coat.  

 

Zander et al. [103] studied the effect of plasma and UV ozone treatment on 

polyethylene (PE) polymer. The plasma treatment involved the injection of helium 

and oxygen at atmospheric pressure (13 % of oxygen in plasma gas mixture. 

Compared to UV ozone treatment, plasma treatment was a more efficient technique 

to modify the PE surfaces due to the shorter treatment times (few seconds 

compared to several minutes using UV ozone method). In both methods, the 

treated films were stable for 21-30 days. Nevertheless, modifying the substrate 

surface using plasma has to be determined by experimental trials, which could take 

time.  

 

2.2.2 Post Processing of Printed Traces after Deposition 

Though inkjet printing is a direct write technique, one common feature it shares 

with screen printing is that both require curing or sintering after deposition to 

obtain functionalisation of the printed patterns. In screen-printing, the firing 

temperature of the ink is typically around 850 C for common ceramic-metal inks 

[104], which restrict the use of low temperature and low cost substrates for 

applications such as RFIDs and sensors. Polymer-based thick film inks have lower 

processing temperatures of 120 C, but this property is at a trade-off with the 

electrical performance [104]. There has been increasing interest to extend the range 

of substrates to include low temperature substrates, targeted for wider applications 

such as wearable electronics. 

 

In post-processing the pastes and inks, there has been a big motivation towards 

adopting laser sintering, which localises heating to the materials to be sintered 

(local processing). This stimulates densification [62] of the nano-particles while 

avoiding the degradation of the substrate. A main advantage of such a local 

processing is the possibility of inducing chemical reactions or heating a deposited 

material beyond the temperature which is possible with conventional heating, since 

conventional heating would be limited by the heat tolerance of the substrate, which 

can be < 200 C for fabrics [62].  
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Researchers [69, 105-107] have investigated the use of laser sintering on 

conventional inks and pastes which have typically been processed at temperatures 

above 800 C. In 2007, Kinzel et al. [105] investigated the laser sintering process 

in detail for a silver based thick film ink with a firing temperature of 850 C. From 

the micrographs of laser sintered traces, low laser powers and high scanning speeds 

were found to be insufficient to sinter the ink (a portion of the trace was removed 

during the cleaning step). On the other hand, the use of higher laser powers and 

low scan speeds result in the melting of the ink which then group together, forming 

voids in the trace. In addition, damage to the substrate was observed [105]. As it 

was challenging to determine the temperature inside the ink and the substrate in 

situ, Kinzel et al. [105] used numerical modelling to compute for the temperature 

profile. The simulation results show that temperatures above the damage level of 

the substrate can be confined to within a layer of a few microns.  

 

 

Figure 2.6 Cross-section from continuous wave laser sintering [69] © 2008 IEEE 

 

Laakso et al. [106] studied laser sintering on silver nanoparticle inks using a fibre 

coupled diode laser at 940 nm at a continuous wave mode. In their work the fibre 

laser was chosen (940 nm wavelength) so that the light was not highly absorbed 

into the substrate (i.e. to obtain localised heating). The substrate used in this case 

was polyimide. While the two silver inks tested were both nanoparticle-based, 

different beam sizes and laser powers were required during the sintering process. 

This implies that a customisation of the laser sintering parameters may be required 

for inks of different formulations.  
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In addition, Laakso et al. [106] also faced other issues in the use of laser sintering. 

For instance one of the silver nanoparticle inks considered required significant 

beam defocusing to minimise damage to the sintered ink. Beam defocusing refers 

to the heating of the same area for a longer period but at a reduced intensity. One 

drawback of using heavy defocusing is that the surrounding substrate areas may be 

affected by the laser, which no longer results in localised heating. Another issue 

encountered by Laakso et al. [106] in laser sintering was the thickness variation of 

the inkjet printed trace, in which areas with extremely thin printed layers (partially 

transparent) were only partially sintered [106]. This phenomenon could be 

attributed to the beam passing through the thin, almost transparent trace, and could 

be alleviated by using multiple sintering passes, or drying in the oven for the 

recommended duration by the ink manufacturer. Conversely, the authors suggested 

that thick prints may be partially sintered if the thermal penetration depth is much 

less than the printed trace thickness. This hypothesis was supported by the work of 

Maekawa et al. [69, 107], who observed the presence of a gap between the sintered 

trace and the silver paste as shown in Figure 2.6. This gap is attributed to the gas 

generated by the evaporation of the solvents which are trapped beneath the 

metallised surface [69].  Due to the wavelength of the yttrium aluminium garnet 

(YAG) laser, there is little absorption into the paste once metallisation has occurred 

on the paste surface with the remaining laser energy being reflected. As such when 

the paste is too thick, it is difficult for heat to conduct through the entire depth of 

the trace [107]. 

 

Overall, the temperature required to cure or sinter the paste/ink is a function of the 

melting temperature of the metal. For instance, the melting temperature of silver is 

around 960 C, and the sintering temperature is around 800 C. While it is possible 

to lower the curing or sintering temperature on substrates, this would typically be 

at the expense of the final conductivity value obtained [108]. The recent work done 

by Laakso et al. [106] and Maekawa et al. [69] indicates an increasing interest to 

apply laser sintering onto commercial nanoparticle inks which have typically been 

sintered through furnace sintering (or thermal curing), such that low temperature 

substrates can be used. However, the laser parameters to be used are dependent on 

the substrate considered and the targeted application. To obtain the desired sintered  
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profile require the experimentation and optimisation of various laser parameters. 

 

Apart from the use of laser sintering for sintering silver inks on low temperature 

substrates (eg. paper, plastic films), Novacentrix introduced a photonic curing 

method involving intense pulsed light [108, 109] to heat the conductive inks 

without damaging the low temperature substrates. This technique uses a pulsed 

photonic source to irradiate the particles which could momentarily heat the 

particles to temperatures [108, 109] high enough to enable sintering. Sears et al. 

[110] investigated the photonic curing process on silver nanoparticles and 

compared the measured resistance values obtained from other curing techniques 

(furnace and laser sintering). The trace resistance from photonic curing was 

observed to be significantly higher compared to furnace and laser sintering [110]. 

In addition, this curing technique has been limited to a few inks (Metalon


, 

Intrisiq), and its effect on the post-cured resistivity on other inks have yet to be 

investigated. To optimise the curing conditions for different materials, parameters 

such as the cure area, surface area energy density and pulse length of the discharge 

would have to be considered. While photonic curing is a relatively fast process, the 

use of specialised equipment for such curing [109] may restrict the widespread 

usage of this technique, since such equipment are not readily available and require 

significant financial investments.   

 

2.3 Conclusions and Research Gaps 

This chapter has described a review of the techniques which are commonly used to 

realise conductive traces on fabrics. In particular, techniques for realising fine pitch 

interconnects are identified. The main points drawn from literature are: 

 

 The use of conductive threads, conductive fabric and tapes were not 

considered to be suitable for high frequency applications due to the minimum 

dimensions obtainable (i.e. conductive threads), where fine pitch are required 

for high frequency applications. For conductive fabrics, the metal plating 

thickness of several hundred nanometres is not sufficient to alleviate the skin 

depth effect at higher frequencies, which results in significant losses. 
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 The potential techniques for realising fine pitch interconnects for high 

frequency applications include screen printing, aerosol printing and inkjet 

printing. The advantage of utilising screen printing is that no surface 

modifications are required to obtain continuous traces on the substrates. Thus 

screen printing is ideal for use in the dielectric characterisation of fabrics in 

Chapter 4, where the analysis can be simplified without the consideration of an 

intermediate layer in the characterisation process. In addition, due to the 

thicker traces obtainable ( 5 µm) from screen printing (relative to inkjet 

printing), the electromagnetic modelling of the RF performance of 

interconnects (Chapter 7) is facilitated. This is because the computational 

requirements for solving large aspect ratio models (e.g. structures with small 

trace thickness relative to the substrate thickness) in three-dimensional (3D) 

simulators are significantly higher. 

 

 The feasibility of using inkjet printing to obtain fine pitch interconnects for 

high frequency applications have been discussed. From literature, there has 

been little work reported on realising inkjet printed traces on fabrics, and this 

would be further investigated in this thesis. Specifically as fabrics possess 

inherent surface roughness, investigations would be performed to alleviate the 

surface roughness through surface modification techniques. Another research 

gap pertains to the effect of surface roughness on the printed line widths, since 

the equation proposed by Smith et al. [22] has only been validated for traces 

printed on smooth substrates. These investigations are performed in Chapter 5 

of this thesis. Obtaining a smooth planarisation layer using appropriate surface 

modification techniques facilitates the overprinting of silver ink using inkjet 

printing. This is with the goal of obtaining clear linear traces which are 

electrically conductive, which is essential for wearable electronics applications. 

This work is further investigated in Chapter 6 of this thesis. 
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Chapter 3. Characterisation of Material 

Properties and Electrical Performance of 

Interconnects 

 

This chapter provides an overview of techniques used in literature to characterise 

the material properties and electrical performance of interconnects. This includes 

the characterisation of the dielectric properties (dielectric constant, loss tangent) of 

substrates, and the wettability of surfaces. A review is also carried out on the high 

frequency characterisation of interconnects and the effect of surface roughness on 

the high frequency performance. 

 

3.1 Characterisation of Substrate Dielectric Properties 

In RF/microwave and high speed applications, it is crucial to obtain accurate 

values of the substrate dielectric property at the frequency of interest. For instance, 

the design of controlled impedance structures for high speed applications 

necessitates knowledge of the dielectric properties of possible materials in order to 

select the material which meets the required specifications. As shown in Figure 3.1, 

the dielectric property is a significant factor influencing signal integrity since it 

determines the width and length of transmission lines at a particular frequency of 

interest [111]. Variations in the impedance values arising from changes in the 

dielectric constant would introduce undesired impedance mismatches and increase 

the loss of the board. For RF applications [33, 112], an accurate knowledge of the 

dielectric properties is essential to design components such as antennas and filters 

(in terms of the required dimensions), as well as to miniaturise the component 

footprint and minimise their loss. 

  



Chapter 3 Characterisation of Material Properties and Electrical Performance  

32 

 

  

Figure 3.1 Diagram showing the parameters which have to be considered in RF and high 

speed applications 

 

As fabrics are not typically used for high frequency applications (gigahertz range), 

little information is available from the manufacturers on the dielectric properties in 

that frequency domain. This is in contrast to typical laminates used for high 

frequency applications [113], which are formulated to yield low losses along with a 

range of dielectric constants for various design considerations. As such this 

necessitates a need for the dielectric properties to be characterised to the gigahertz 

range. 

 

From literature there exist a myriad of techniques for extracting the dielectric 

properties of materials ranging from low loss to lossy. The techniques available 

can be generally classified under two broad categories - discrete (frequency) or 

broadband [114]. The discrete frequency techniques involve resonant techniques 

which yield values at a few resonant modes [115], while the broadband techniques 

involve sending electromagnetic waves through the material under test, and allow 

frequency values to be swept over a certain band. Figure 3.2 provides more 

information on the frequency range covered by the various techniques. Generally, 

resonant techniques are useful for measuring low loss materials, while transmission 

line methods are useful for broadband measurements, though they do not have 

sufficient sensitivity to measure very low loss samples due to the significant effect 

of metal losses [114]. Baker-Jarvis et al. [114] have also classified the resonant and 

transmission line methods according to the material type, the ease of sample 

preparation and the relative accuracy of the method  [114]. 
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Figure 3.2 Frequency range covered by various dielectric characterisation techniques, 

adapted from Baker-Jarvis et al. [114] 

 

However challenges arise in the dielectric characterisation of fabrics. Firstly, 

fabrics are flexible and compressible which along with fabrication variations could 

result in geometrical variations [33] of the test structures. Furthermore, transitions 

such as that from coaxial probe to transmission lines can no longer be assumed to 

be identical [114]. For instance Cottet et al. [12] used copper fibres incorporated 

into fabrics to realise transmission lines for measurements. However they observed 

large variations for the permittivity values, due to the geometrical inaccuracies of 

the transmission line structures realised by the copper fibres. Another contributing 

factor for the result variations arises from the non-repeatable coaxial-transmission 

line transitions at both ends of the DUT. Lee et al. [116] attempted to minimise the 

errors introduced by these transition mismatches and the connector repeatability 

through repeating the line measurements and using the results with the smallest 

connection repeatability. The advantage of this technique lies in that broadband 

dielectric measurements can be made utilising short transmission lines [116]. More 

importantly, no prior knowledge of the substrate dielectric constant is required, and 

it is not necessary to use transmission lines with characteristic impedances of 50Ω. 

This versatility enables substrates with unknown dielectric constant values to be 
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measured. However, one drawback of this technique is that the process of 

extracting for the dielectric constant can be time consuming, since each 

measurement is repeated ten times. Following this the measured data with the 

minimum error cost would be used to extract for the effective dielectric constant of 

the substrate [116].  

 

Declercq et al. [33] extended the work of Lee et al. [116] by combining the two-

line approach with a matrix pencil technique to reduce perturbations observed in 

the extracted dielectric properties. The matrix pencil method is applied as an 

averaging technique when combined with the two-line method to extract for the 

dielectric properties of fabrics. Declercq et al. [33] observed that the matrix pencil 

method yielded a poor estimation of the attenuation constant used for extracting the 

loss tangent of certain fabrics, which was attributed to the non-ideal test structure 

[33]. In addition, issues arising from the non-repeatable connector-to-line transition 

and the geometrical tolerances of the lines were noted to give rise to inaccuracies 

of the calculated permittivity values for some of the fabrics tested [33]. 

 

Researchers have also utilised waveguide and cavity techniques to measure the 

dielectric properties of fabrics at the lower gigahertz range. For instance, Zhu et al. 

[117] extracted the dielectric properties of fabric samples using a rectangular 

waveguide system (2.6-3.95 GHz) which consists of two identical waveguide 

cavities with transition parts, a shorting plate and a waveguide sample holder.  

However Lee et al. [118] in using a similar technique observed fluctuations in their 

results, due to the presence of air gaps for the carbon nanotube (CNT) film 

measured, which resulted in numerical inaccuracy during the extraction process. 

Kennedy et al. [119] have also conducted measurements on fabric between 0.82 –

4.0 GHz using a thin sheet dielectric tester. The tester employs a rectangular cavity 

to measure the in-plane component of dielectric constant (εr) and loss tangent of 

thin samples (< 3 mm) with εr < 10. The drawbacks of such measurement 

techniques lie in that waveguide systems are costly, and the waveguide dimensions 

limit the frequency range over which the dielectric properties could be extracted. 

 

From literature, there have also been groups that make use of the ring resonator or 

T-resonator to measure the dielectric properties of substrates [112, 120, 121] 



Chapter 3 Characterisation of Material Properties and Electrical Performance  

35 

 

including paper [112]. A limitation of using the resonator technique is that the 

dielectric properties can only be extracted at discrete frequencies, corresponding to 

the resonant peaks. Figure 3.3 shows a typical ring resonator structure: 

 

          

Figure 3.3 (A) Top view of overall resonator structure (B) Cross-section of CBCPW length 

section (C) Cross-section of ring resonator (microstrip configuration) 

 

The structure is designed to produce periodic resonant peaks in the S-parameter 

(S21) results during measurements, and analytical equations are used to determine 

the dielectric constant and loss tangent. While the dielectric constant can be 

extracted based on the resonant peaks and the ring dimensions [120], the extraction 

of the loss tangent (dielectric loss) is more challenging. To obtain the dielectric 

loss, the conductor and radiation losses need to be subtracted from the total loss at 

each resonant peak, both of which are based on analytical formulae. Thomson et al. 

[120] highlighted issues in extracting for the loss tangent from the calculated 

conductor and radiation losses up to 110 GHz based on the current analytical 

formulae available. This is since the formulae [122, 123] were not considered 

beyond tens of gigahertz. As such, in their extraction of the conductor loss, 

Thomson et al used a formula which yielded reasonable values for the extracted 

loss tangent [120]. Similarly the formula used to extract the radiation loss was one 
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which did not diverge beyond the error tolerance set within the measured 

frequency band from 30-110 GHz.  

 

With regards to the extraction of the conductor loss, it is noted that resonator 

structures realised by inkjet printing would not be suitable for use. This is due to 

the small thickness of the printed structures, following which the significant 

conductor losses from the metal thickness would affect the 3-dB bandwidth and the 

extraction accuracy of the loss tangent values [112].  While this technique could be 

used to extract for both low loss [120] and medium loss [112] substrates, the 

resonator structures are typically based on microstrip and/or conductor backed 

coplanar waveguide (CBCPW) configurations as shown in Figure 3.3. The 

realisation of such configurations would require two metal layers and vias to 

connect the ground in both layers. 

 

A summary of the possible techniques which could be used for the dielectric 

characterisation of fabric materials is shown in Table 3.1. 
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Table 3.1  Dielectric Characterisation Techniques for Fabrics 

 

Researchers 
Technique 

Used 
What it Involves 

Parameter (s) 

Extracted 
Advantages Disadvantages 

Cottet et al. [12] 

Parallel  plate 

capacitors 

Varying capacitor 

plate sizes and plate 

distances 

 

 

 

Effective 

dielectric 

constant 

Simple 
 Dielectric constant extracted 

only at DC. 

Transmission 

line structures 

CPW lines of 

varying lengths 

realised using 

fabrics with copper 

fibres 

 

Standard transmission 

line designs 

 Geometrical inconsistency of 

the CPW dimensions realised 

with copper fibres, which 

results in the excitation of 

parasitic modes and limits the 

frequency of extraction. 

Zhu et al. [117] 

Kennedy et al. [119] 

Rectangular 

waveguide 
Waveguide Cavities 

 

 

Dielectric 

constant , 

Loss tangent 

Precise 
 Limited frequency range of 

extraction. 

Thomson et al. 
[120] 

Yang et al. [112] 

Ring resonator, 

T-resonator 

Resonator with 

resonant points at 

multiples of λ/2. 

No need for special 

test fixtures, as the test 

structures are printed 

onto the substrate. 

 Extraction at discrete 

frequency points. 

 Current analytical formulae 

for extracting conductor and 

radiation losses were not 

formulated for frequencies 

beyond tens of gigahertz.  

 

 

 

 

Lee et al. [116] Transmission 

line structures 

Two microstrip 

lines of varying 

lengths; evaluation 

of ABCD matrices. 

Effective 

dielectric 

constant 

Knowledge of 

substrate dielectric 

constant is not required 

as the line impedance 

can be non-50. 

 

 Inaccuracies arising from non-

repeatable connector-to-

transmission line transitions. 

• Time consuming; the 

measurements for each sample 

were repeated 10 times to 

obtain the measured data with 

the minimum calculated error 
cost. 
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3.2 Electrical Characterisation of Printed Interconnects 

In terms of electrical characterisation in the time domain, Wilson et al. [40] 

determined the characteristic impedance of screen printed CPW on non-woven 

textiles using time-domain reflectometry (TDR) measurements.  Xie et al. [76] 

demonstrated an integrated bio-patch module, where inkjet printing was used to 

realise the interconnects. The printed interconnects were evaluated for the 

transmission of digital signals, which includes the system clock at 1 MHz and 

digitised bio-signal with a data rate of 150  kb/s. The results confirmed that the 

printed interconnects could be used for such applications [76]. 

 

(a) Low Frequency Range 

Literature abounds on the electrical characterisation of printed traces in the low 

frequency regime (DC and megahertz range), which relates to the applications 

considered. Amongst them, printed electronics is one key area which many authors 

have reported on. For instance, Merilampi et al. [51] considered the electrical 

characteristics (DC resistivity) of screen printed traces for use in RFID tags [51, 

54]. Additionally, Sanchez-Romaguera et al. [124] and Yang et al. [112] reported 

RFID tag modules on paper substrates, but using inkjet printed interconnects. In 

these cases, the RFID modules were considered for use in the frequency range of 

860-960 MHz (UHF band). Others such as Jang et al. [35] demonstrated a light 

emitting diode (LED) board display using inkjet printed interconnects.  

 

Printed traces have also been extensively used in silicon solar cells and hybrid 

circuits. As such there are also researchers who focused on the paste formulation to 

improve the DC performance of the printed traces for use in such applications. 

Park et al. [34] reported on a nanoparticle-based silver paste formulation, where 

the  DC conductivity was investigated with varying sintering temperatures (250 C 

-450 C). Georgiou et al. [125] also investigated the formulation of silver inks for 

improving the printability and DC conductivity of the inkjet printed electrodes 

used in inverted organic photovoltaic devices. 

 

To extract for the DC resistivity values, the use of four point probe measurements 

is usually considered in literature [18, 36, 38, 51]. A typical four point probe 
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measurement arrangement is shown in Figure 3.4. The key advantage of this 

technique lies in that the effect of the probe contact resistances is removed, which 

could be of a similar order of magnitude as the resistance of the test sample (𝑅𝐷𝑈𝑇). 

The test sample in this context refers to the printed traces. With this set-up the 

current flowing through the voltage path is very small due to the high input 

impedance of the voltmeter. Thus the voltage drops across the wire resistance (𝑅𝑤) 

and contact resistance (𝑅𝑐) become negligible and the measured voltage is mainly 

attributed to the voltage drop across the DUT. 

 

 

 

 

 

 

 

 

(A) (B) 

Figure 3.4 Concept of four-point probe resistance (A) Schematic showing the measurement 

for a printed trace (B) Details of the printed trace dimensions 

 

With reference to Figure 3.4, the resistivity of the sample can be extracted using 

equation (3.1): 

                                                𝑅𝐷𝑈𝑇 =
𝜌𝐿

𝐴
=

𝜌𝑤𝑡

𝐴
                                             (3.1) 

 

where  is the resistivity of the printed trace, L refers to the length of the trace, w 

refers to the trace width and t is the trace thickness. The four point probe 

measurements can be performed using either a collinear probe arrangement (i.e. 

probes equi-distant apart) [126] or using four contacts placed at the periphery of 

the test sample [126]. For the case of the latter, a few assumptions are made during 

measurements. Firstly, it is assumed that the contacts are positioned at the 

circumference of the sample and that they are sufficiently small. In addition the 

thickness of the sample should be uniform and the sample surface is assumed to be 

continuous, without the presence of holes [126]. 

I

V
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(b) RF and Microwave Frequencies 

Apart from DC, some work on the RF characterisation of interconnects in the 

gigahertz range have been done [18, 71, 75]. For instance, Azucena et al. [71] have 

characterised the insertion loss of inkjet printed transmission lines (CPW) up to 6 

GHz and 20 GHz respectively. Kim et al. [18] characterised the insertion loss of 

CPW lines up to 30 GHz, where the effect of increased sintering temperature on 

the loss was also investigated. As expected, higher sintering temperatures result in 

lower losses, which imply lower DC resistivity values. However little information 

were provided on whether the measured results were within an expected 

benchmark, as there were no simulation results presented on the expected insertion 

loss.  

 

The RF design and simulation process typically use transmission lines with ideal 

characteristics (rectangular cross-section, negligible surface roughness) for 

simplification. However fabrication techniques yield transmission lines with non-

ideal characteristics such as trapezoidal cross-section [127, 128] and non-negligible 

surface roughness [129], which affect the conductor losses at the higher gigahertz 

frequencies. Thus to accurately model the RF performance of transmission lines 

necessitate that these non-ideal effects be considered in the simulation process. 

Salmeron et al. [23] used a 2.5D simulator to model the RF performance of 

transmission lines up to 1.2 GHz and correlated it with measurements. At 1.2 GHz 

(i.e. lower gigahertz range), the non-ideal characteristics of the measured 

transmission line are not significant. In addition, the limitation of using a 2.5D 

simulator is that the solver uses surface meshing techniques. This approach does 

not adequately capture the conductor losses in the vertical axis, unlike a 3D 

simulator which is based on volume meshing techniques. 

 

In terms of electrical characterisation, S-parameters were developed [130] to 

characterise high frequency structures (e.g. transmission lines). At high frequencies, 

the wavelengths of signals are much smaller than the physical length of the 

conductors, and power transmission can be considered in terms of travelling waves. 

S-parameters are defined in terms of voltage travelling waves [130], which are 

measurable using network analysers. The use of S-parameters is widespread across 
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both the RF measurement and design domains, since the parameters can be widely 

imported and used for simulation in RF design softwares (e.g. Advanced Design 

System, CST, ANSYS HFSS). Figure 3.5 shows a schematic illustrating the use of S-

parameters for a two-port device.  

 

 

Figure 3.5 Schematic showing the use of S-parameters for a two-port device 

 

An N-port device has N
2
 S-parameters, which implies that a two-port device has 

four parameters. The first number following the “S” for S-parameters is the port 

where the signal emerges and the second number is the port where the signal is 

excited. Thus from Figure 3.5, 𝑆21  represents the signal coming out of port 2 

relative to the RF signal excited at port 1, and is commonly referred to as the 

insertion loss. On the other hand, 𝑆11 represents a reflection measurement as the 

input and output ports are the same, and is usually referred to as the return loss. In 

Figure 3.5, the voltage travelling waves are represented by the incident terms (a1, 

a2) and output terms (b1, b2). 

 

To date the transmission lines realised by printing (e.g. inkjet printing [18, 23, 71], 

aerosol printing [129, 131]) are CPW structures, which are planar. A typical CPW 

structure is shown in Figure 3.6, with the ground planes and inner conductor 

labelled. In Figure 3.6(A), the ground planes are connected together to minimise 

parasitic effects over high frequencies.  
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(A) (B) 

Figure 3.6 Diagram showing a CPW transmission line structure (A) Top view, with the 

ground planes connected (B) Cross-section view 

 

At present technological limitations exist in fabricating multi-layer transmission 

line structures (e.g. microstrip, stripline) using inkjet printing or screen printing. 

This is because vias need to be fabricated to connect the ground plane layers 

together to avoid parasitic effects. The fabrication of vias may be possible through 

the use of different processes, but this may significantly increase the prototyping 

costs. For instance, Oh et al. [132] proposed the use of laser ablation (a non-

conventional process) to form vias to connect multi-layer interconnects. On the 

other hand, Yang et al. [133] made use of insulator layers which could be dissolved 

by the organic solvents of the conductive inks to form vias. However such a 

consideration may limit the insulator materials which could be used in multi-layer 

board fabrication. In addition, the insulator properties may also compromise on the 

device or module performance since the insulator may not be easily substituted. 

Another technology for fabricating the vias is the conventional printed circuit 

board (PCB) processes [132]. Nevertheless the overall cost of the fabricated device 

using a hybrid process of inkjet printing/screen printing combined with PCB 

process may be significantly higher, compared to a device fabricated entirely using 

the PCB process. However such a situation may change in future as interest gain in 

realising printed transmission lines for high frequency applications, which could 

create a market for hybrid fabrication processes [134]. 
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3.3 Surface Roughness Modelling  

At higher frequencies, the onset of skin effect causes current crowding into traces 

with surface roughness profiles, which results in increased attenuation. As these 

effects may lead to signal integrity problems at microwave frequencies, a need 

arises to consider the effect of surface roughness on printed traces. 

 

Most of the work pertaining to the investigation of surface roughness pertains to 

etched copper traces on a PCB [135-137].  This is because the copper foils on 

PCBs are typically roughened to improve the adhesion to dielectric substrates. 

 

Hammerstad et al. [135] introduced a factor to estimate the loss of a trace for a 

given surface roughness value. However the factor is valid for values  2, which 

implies that the model is not valid for very rough surfaces. Furthermore it is 

assumed that the trace profiles are saw-tooth shaped, triangular or square. Huray et 

al. [136] introduced an analytical modelling of the power loss for a rough copper 

trace by considering the copper profiles as 3D snowball structures, based on their 

observations from SEM images. Nevertheless these models may not be applicable 

for traces obtained by technologies such as inkjet printing, as the trace profiles may 

tend to be more spherical due to the agglomeration of the metal nanoparticles 

during sintering. On the other hand, some researchers [138, 139] have used full-

wave solvers to simulate the roughness profiles of traces, which is computationally 

intensive. 

 

Recently Curran et al. [129] proposed a model to calculate the resistive losses in 

transmission lines. In one of the equations, a variable (P) was used to represent the 

shape of the surface roughness, with P = 2 used for traces with a saw-tooth profile. 

Nevertheless this P value is unknown for traces with different trace profiles [140] 

which are obtained from other fabrication technologies, and further work would be 

needed to determine those values. 

 

To characterise the surface roughness, stripline configurations are typically 

considered in the design of the test samples. This is because such a configuration 

allows for the surface roughness on both the top and bottom side of the trace to be 
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taken into account. Due to the current fabrication limitations, it is challenging to 

fabricate multi-layer structure using screen printing or inkjet printing processes to 

study the surface roughness phenomenon. This may be more feasible in future with 

the emergence of hybrid processes as discussed in Section 3.2(b). 

 

3.4 Contact Angle Analysis 

From the manufacturing perspective, the contact angle analysis is a method 

commonly used for analysing the wettability of surfaces. Wettability can be 

observed from the way a water droplet spreads out on clean glass to how it changes 

shape to a large round droplet on a non-stick Teflon frying pan (Figure 3.7).  

 

    
 

Figure 3.7 Diagram showing (A) A water droplet on clean glass surface and (B) A water 

droplet on a Teflon surface  

 

Contact angle analysis is a commonly used technique to ascertain the change in 

wettability of samples after surface modifications. When a liquid droplet is 

deposited onto a surface, the droplet would adjust its shape to expose the minimum 

surface area possible (i.e round shaped).  The surface tension can be described  by 

Young’s equation [141] as shown in equation (3.2): 

 

                                               𝛾𝑠 = 𝛾𝐿 cos 𝜃 + 𝛾𝑆𝐿           (3.2) 

  

Water

Glass Teflon

Water

(A) (B)
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Figure 3.8 Diagram illustrating Young’ equation 

 

With reference to Figure 3.8,  refers to the contact angle,  𝛾𝑠 and 𝛾𝐿 refers to the 

solid and liquid surface tension while 𝛾𝑆𝐿 refers to the solid and liquid boundary 

tension. Owen-Wendt-Rabel-Kaelble [142] proposed equations for determining the 

surface energy of polymers by using two reference liquids with known dispersive 

and polar components, where one of the liquids needs to have a polar component > 

0. 

 

Nevertheless, a few assumptions lie behind reliable contact angle measurements. 

The first assumption is that the reference liquid used does not dissolve the surface 

of the test sample, which could contaminate the reference liquid thus changing its 

properties. As such care needs to be taken with regards to selecting a suitable 

reference liquid which would not interact with the surface of the test sample. 

Another assumption is that the sample surface is homogeneous such that uniform 

contact angles could be obtained across the sample. Yet in some cases it was 

unclear if the reference liquid used had an effect on the test sample. For example, 

in measuring films which have been cured using UV exposure, little information is 

available in literature on their cure status [29, 30]. As such it is assumed that the 

films are fully cured.  

 

The use of contact angle analysis on materials such as paper and fabrics is 

challenging as they are porous and rough. A droplet of liquid deposited on these 

materials not only spreads on the surface but also penetrates the depth of the 

material. This in turn changes the wetting properties of the liquid. Samyn et al. 

[143] reported that water droplets on uncoated papers are unstable and penetrate 

immediately into the porous substrate. As such the contact angle measurements of 

the water droplets on paper substrates were obtained 1 second after contact [143].  

L

SLS

Air Liquid

Solid
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For such rough substrates, two key models [144, 145] are typically used to describe 

the effect of surface roughness on the contact angle of liquid droplets. Wenzel [144] 

suggested that surface roughness increases the surface area of a solid (non-porous) 

as shown in Figure 3.9, which changes the surface contact angle. Subsequently 

Cassie et al. [145] extended the work of Wenzel to consider for a porous surface, 

where they considered pockets of air trapped below the liquid resulting in a 

composite surface. 

 

  

(A) (B) 

Figure 3.9 (A) A liquid droplet on a rough non-porous surface and the corresponding contact 

angle (𝜽𝒓) (B) A liquid droplet on a rough surface with pockets of air below the liquid 

 

3.5 Conclusions and Research Gaps 

In this chapter, the characterisation aspects related to the research presented in this 

thesis have been reviewed. In particular, literature on the electrical performance 

and the material properties characterisation were presented. The associated 

research gaps are summarised as follows. 

 

• In terms of material characterisation, the dielectric characterisation of 

substrates is paramount for high frequency applications. From literature, issues 

were encountered in the repeatability of the dielectric properties of fabrics, 

which are mainly attributed to the non-identical effects of the test set-up 

considered. The issue of repeatability in the dielectric characterisation in the 

higher gigahertz range ( 20 GHz) is further investigated in Chapter 4 of this 

thesis. 

 

• In considering transmission line structures for the dielectric characterisation of 

substrates (including fabrics), the current formulae for extracting the conductor 

losses in transmission lines are not formulated for frequencies beyond tens of 

gigahertz [120, 122]. This research gap necessitates an approach to improve 

Air Liquid

Solid

Air Liquid

Solid
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the analytical equations in characterising the dielectric properties of Tyvek, 

which have not been characterised. This work is detailed in Chapter 4 of this 

thesis. 

 

• In the deposition of traces using inkjet printing, contact angle analysis is a 

commonly used technique to determine the wettability of a liquid onto a 

surface. However research is lacking on the applicability of contact angle 

measurements on partially cured films, as little information is available on the 

final cure status of UV-curable films. This is further investigated in Chapter 6 

of this thesis (refer to Section 6.4.3). 

 

• From literature, the RF measurements of printed transmission lines up to 30 

GHz have been reported, but there are no simulation models available to 

predict the transmission lines performance up to 30 GHz. The correlation of 

simulation with measurement results has been reported up to 1.2 GHz, for 

RFID applications. Thus a research gap exists to accurately model the RF 

performance of printed interconnects in the higher gigahertz range ( 20 GHz), 

by taking into account the non-ideal characteristics of the printed transmission 

lines. This work is detailed in Chapter 7 of this thesis. 
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Chapter 4. Understanding the Properties of 

Substrates – Characterisation of Dielectric 

Properties 

 

4.1 Introduction 

The need for an accurate knowledge of the substrate dielectric properties (dielectric 

constant, loss tangent) at the frequency of interest [146, 147] is essential for high 

speed and RF applications. Knowledge of these parameters enables designers to 

select the appropriate substrates when designing for controlled impedance 

structures. In addition, the dielectric properties data are essential for designing the 

dimensions of passive components, miniaturising the component footprints and 

minimising their RF losses. However as Tyvek has not been used in high frequency 

applications, its dielectric properties are not available from manufacturers 

compared to conventional high frequency laminates [113], for which the dielectric 

properties have been characterised over broadband frequencies [31, 113]. 

Consequently the work in this chapter seeks to characterise the dielectric properties 

of Tyvek over broadband frequencies up to 20 GHz (due to constraints of the 

available equipment). To validate the approach, the results are verified using 

RO3006 as the reference substrate. 

 

Several techniques are available for the dielectric characterisation of materials [112, 

116, 117]. However most require customised test fixtures [148, 149] or specialist 

equipment [117, 150]. In contrast the use of transmission line structures [12, 33, 

116] is appealing since they enable broadband dielectric measurements to be made. 

Furthermore these structures can be readily realised through a variety of techniques 

such as embroidered traces [12], screen printing [40] or inkjet printing.  

 

Nevertheless, one challenge in the dielectric characterisation using transmission 

line structures is the suitability of the analytical equations for use in the higher 

frequencies. Accurate theoretical equations are essential for extracting the loss 

tangent using the transmission line structures. However the conductor loss 
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formulae available [122, 123] were not intended for calculating the transmission 

line characteristics  beyond  tens of gigahertz. Thompson et al. [120] circumvented 

this by comparing different formulae and used the equation which yielded 

reasonable values for the loss tangent, in extracting for a low loss material up to 

110 GHz. Another challenge in the dielectric characterisation lies in the non-

repeatability of the transition from connector to transmission line structure during 

RF measurements [12, 33, 116]. Lee et al. [116] minimised the SMA transition 

non-repeatability through the use of an error cost function, but this approach would 

be time consuming as ten measurements were performed for each test structure, 

following which the error cost for each measured data set was computed. 

 

In view of the above limitations, a new methodology for dielectric characterisation 

is proposed. This combines analytical equations found in the literature [122, 123] 

with simulation models which are used to describe the conductor losses of the 

measured transmission lines, up to 20 GHz. To address the issue of transition 

repeatability, the RF measurements were performed using a probe station setup. 

With this setup, RF probes are used instead of SMA connectors. This eliminates 

non-identical SMA transitions arising from variations in the manual soldering and 

the subsequent error in the extraction process. 

 

4.2 Methodology  

The methodology used for the dielectric characterisation is shown in Figure 4.1. 

The dielectric constant is extracted from analytical equations based on the 

approach by Lee et al. [116]. This makes use of two line lengths, which can be 

non-50  in impedance. This approach which allows for non-50  lines to be 

considered is particularly useful for extracting the dielectric properties of Tyvek 

using screen printing, where information on the degree of the paste spread is 

uncertain and thus the realisable dimensions are also uncertain. Transmission lines 

designed at 50  may be non-50  after screen printing depending on the extent of 

the paste spread. The paste spread is dependent on a myriad of factors such as the 

screen mesh parameter and  the paste characteristics [151]. From previous work, 

the paste spread was found to vary for different paste-substrate combinations, 

which requires a separate characterisation. 
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Figure 4.1 Methodology for characterising the dielectric properties of Tyvek 

 

On the other hand, the loss tangent is extracted using on a novel approach 

combining analytical equations with 3D simulation. Instead of relying solely on 

analytical equations this approach was adopted because to the author’s best 

knowledge, the analytical formulas available for describing conductor losses in 

CPW structures [122, 123] were not intended for the millimetre-wave domain 

[120]. This approach improves the analytical approach.  

 

With reference to Figure 4.1, to extract for the loss tangent, the total loss for a short 

transmission line is first obtained based on the approach by Eisenstadt et al. [152]. 

Next, the conductor loss is obtained from the 3D simulation model. The 3D model 

incorporates the actual measured trace profile parameters (trace width, height, DC 

conductivity values), where the profile parameters are characterised through a non-

contact technique. The DC conductivity values are obtained from two point probe 

measurements of traces with lengths of 4 cm to 10 cm and widths ranging from 0.3 

mm to 1 mm. With the conductor loss obtained from simulation, the dielectric loss 
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can be calculated from the total loss. Consequently the loss tangent can then be 

extracted using the equations detailed in Section 4.2.3.  

 

4.2.1 Extraction of Dielectric Constant  

The dielectric properties obtained using the technique proposed by Lee et al. [116] 

and considered by Declercq et al. [33] are effective values, which comprise of a 

mixture of air and the material under test. In this section, the extraction by Lee et al. 

[116] is extended to obtain the actual dielectric constant (r) values from the 

effective values.   

 

(a)  Extraction of Actual Dielectric Constant from Effective Values 

The complex effective permittivity is generally represented as shown in equation 

(4.1), where 𝜀𝑒𝑓𝑓
′  is the effective dielectric constant and 𝜀𝑒𝑓𝑓

′′  is the effective loss 

tangent. j represents the imaginary part of equation (4.1): 

 

                                           (4.1)  

 

                                                                           (4.2)                  

 

The final equation for the complex permittivity as proposed by Lee et. al.[116] is 

given as: 

                                                       (4.3) 

 

where 𝛽0 is the phase constant in free space, ∆𝑑 is the length difference between 2 

microstrip lines, 𝑀1 and 𝑀2
−1 are ABCD matrices which are obtained from S-

parameter matrices. The significance of using S-parameters is described in Section 

3.3(b) of Chapter 3. From equation (4.3), Tr represents the trace defined as the sum 

of the diagonal elements in the matrices. Consequently 𝜀𝑒𝑓𝑓
′  can be extracted from 

the real part of equation (4.3), which is equivalent to equation (4.2). To extract the 

real dielectric constant from the effective value, the equation proposed by Ghione 

et al. [153] for a CPW configuration was considered (with reference to Figure 4.2):  

=

=

=
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Figure 4.2  Coplanar waveguide structure with a lower ground plane  

 

                                             (4.4) 

 

where                                                           (4.5) 

 

and                                                                 (4.6) 

 

With reference to Figure 4.2, 2a represents the trace width while 2b is the 

summation of the trace width and the gaps on both sides of the trace. h represents 

the substrate thickness. From equation (4.5) and equation (4.6), k is the complete 

elliptic integral of the first kind and 𝑘1′ = √1 − 𝑘1
2. 

 

Due to the non-negligible trace thicknesses, their effects were accounted for in the 

extraction of the effective dielectric constant, where: 

 

                            (4.7) 

 

Next, letting                

                                                                               (4.8) 

 

  

h

2b

2a

-
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By substituting equation (4.8) into equation (4.4), one can obtain the actual 

dielectric constant 𝜀𝑟 as: 

 

                                                           (4.9) 

 

4.2.2 Extraction of Loss Tangent  

With reference to equation (4.1) and (4.2), the loss tangent (𝜀𝑒𝑓𝑓
′′ ) can then be 

extracted from the imaginary part of equation (4.2). The extraction of the loss 

tangent requires first determining the total attenuation constant ∝𝑡𝑜𝑡𝑎𝑙 [152], where: 

 

                         (4.10) 

where                    (4.11) 

 

From equation (4.10),  represents the propagation constant of the transmission line. 

This approach is recommended for transmission line lengths within /2, where  is  

the wavelength at the maximum frequency considered. This implies the 

consideration of a shorter transmission line as the maximum frequency increases. 

Otherwise, the extraction would involve the conversion of the measured S-

parameter phase value (ranging from -180 °C to +180 °C) to the actual phase value 

in radians, which complicates the extraction procedure. 

 

Once  is determined, the total attenuation ∝𝑡𝑜𝑡𝑎𝑙 can be obtained, where: 

 

          ∝𝑡𝑜𝑡𝑎𝑙= 𝑟𝑒𝑎𝑙(𝛾)         (4.12) 

 

Assuming that the radiation losses are negligible, the total attenuation comprises of 

the conductor loss (∝𝑐𝑜𝑛𝑑) and dielectric loss (∝𝑑𝑖𝑒𝑙): 

 

                       ∝𝑡𝑜𝑡𝑎𝑙=∝𝑐𝑜𝑛𝑑+∝𝑑𝑖𝑒𝑙         (4.13) 
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The conductor losses are obtained from the S-parameters of the 3D simulation 

model of the transmission line (in CST software), with the actual trace profiles 

input into the model. In addition, the substrate loss is set to zero in the 3D model, 

hence only the conductor losses are obtained. 

 

Finally the loss tangent can be obtained from the dielectric loss as shown in 

equation (4.14). In this case the dielectric loss is extracted by subtracting the 

conductor loss from the total attenuation in equation (4.13). Subsequently ∝𝑑𝑖𝑒𝑙 can 

be manipulated to yield [122]: 

 

                                (4.14) 

 

where 𝜆0 is the wavelength in free space. 

 

4.3 Materials 

This section details the specifications of the substrate, screen and silver paste used 

for realising the test structures. 

 

4.3.1 Substrates 

The reference substrate used in this work (RO3006) is a ceramic-filled PTFE 

laminate typically used for high frequency applications [31], with dielectric 

properties well characterized up to 40 GHz (Dielectric constant = 6.15 ± 0.15, loss 

tangent = 0.002) [31]. The laminate is supplied in a 305 x 457 mm sheet with a 

laminate thickness of 1.28 mm and 17 µm electrodeposited copper on both sides. 

In order to prepare a single-sided laminate, the copper on one side of the laminate 

was chemically removed using the standard printed circuit board (PCB) process – 

lamination, UV exposure, development, etching and stripping. The resulting 

surface roughness is around 1 m. The single-sided laminate is used for the trace 

deposition using screen printing.  
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The substrate to be characterised, Tyvek [154], is a white matt material which is 

polyethylene based and is treated for solvent inkjet printing. It has a slightly 

textured surface on one side, and a smooth paper like surface on the other side (i.e. 

treated surface). The treated surface has been coated to be receptive of solvent inks, 

and is used for printing in this work. The datasheets of RO3006 and Tyvek can be 

found in Appendix B1. 

 

4.3.2 Screen Specifications 

For the screen printing, a 29 inch 325 mesh screen was used, with a 45° tilt. The 

emulsion thickness is 12 m and the mesh thickness is 62 m ± 2 m. The mesh 

opening ratio is 39 %. An estimation of the paste thickness can be calculated from 

equation (4.15) [61]: 

 

     𝑊𝑒𝑡 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 ≈ 𝑀𝑒𝑠ℎ 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑥 𝑂𝑝𝑒𝑛𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 + 𝐸𝑚𝑢𝑙𝑠𝑖𝑜𝑛 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠   (4.15) 

 

Assuming that the wet / dry ratio of a conventional silver paste is about 70 %, the 

estimated wet thickness after printing is around 36 m. 

 

4.3.3 Screen Printing Paste 

The silver paste used is a silver polymer thick film ink from Johnson Matthey (S-

020) [155]. The paste has a silver content of 64.0 % and a solids content of 72.56-

74 %. The paste viscosity is 17-32 Pas (Brookfield RVT, Spindle 6 at 20 rpm, 

25 °C), and the recommended curing condition is at 15 min at 120 °C in a box 

oven where a sheet resistance < 15 mΩ/sq at 25 μm is provided in the datasheet. 

 

4.4 Test Structure Design and Electromagnetic Modelling 

This section describes the modelling aspects of the transmission line structures for 

frequencies from DC up to 30 GHz. 

 

4.4.1 Structures for DC and RF Characterisation 

Three types of structures are included in the screen design (with reference to 

Figure 4.3): 
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(B) Magnified view of CPW test structures with w/s = 200/200 m (C) Magnified view of DC test structures with w/s = 500/500 m 

 

Figure 4.3  Test structures designed for the dielectric characterisation of RO3006 and Tyvek 
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 DC test structures:  Two point probe structures (4 cm long) with width/gap 

ranging from 100/100 m to 500/500 m were designed. One objective was to 

use the structures to characterise for the DC conductivity of the printed traces. 

To ascertain the effect of the probe contact resistance, longer DC structures of 

lengths 5 cm and 10 cm (with 1 mm widths) were also included in the designs. 

 

 Minimum gap realisable: The 4 cm long two point probe structures could also 

be used for the dual purpose of determining the minimum width and spacing 

realisable on the substrates, where the gap between two DC structures is 

designed to be the same as the trace widths (shown in Figure 4.4). 

 

 

Figure 4.4 DC test structure which is also used to determine the minimum width/gap 

obtainable 

 

 RF test structures: Coplanar waveguide (CPW) structures were designed for 

the high frequency electrical characterisation, where an electrical signal is sent 

down a central line with ground lines on both sides. This is known as the 

ground-signal-ground (GSG) configuration. CPW structures with dimensions 

ranging from 100/100 m to 100/350 m were designed, with lengths ranging 

from 1 mm to 5 mm (in steps of 1 mm). Figure 4.5 shows a typical coplanar 

waveguide test structure where w represents the signal width. 𝑔 , 𝑔1and 𝑔2 

refer to the gaps between the trace and ground planes, while h represents the 

substrate thickness.  

 

  

  Figure 4.5  Cross-section of coplanar waveguide structure (A) Ideal (B) Actual  

width

gap = width

width
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As shown in Figure 4.5(B), the actual fabricated CPW structure may yield 

inconsistent structure dimensions, where 𝑔1 ≠ 𝑔2 . In addition, the actual trace 

profile would be trapezoidal rather than the assumed rectangular profile shown in 

Figure 4.5(A), which may give rise to conductor edge effects [156]. The effect of 

these non-ideal characteristics can be modelled and taken into account in the 3D 

simulator. 

 

For the CPW test structures, varying gaps were considered in the designs, with the 

respective dimensions shown in Table 4.1. As the degree to which the paste would 

spread is unknown, the designs with varying widths and gaps were considered to 

compensate for the paste spread, such that CPW structures could be realised 

without being shorted-circuited by the paste. As such the designs include non-50  

test structures which can be used for the extraction of the dielectric properties. The 

impedance values were calculated using Linecalc
TM

.
 
A dielectric constant of 6.5 

was used for RO3006 from the datasheet provided [31]. For Tyvek, a value of 1.9 

was used. This value is based on previous results obtained using the approach by 

Lee et al. [116], which involves coaxial-to-microstrip transitions.  

 
Table 4.1  Dimensions of designed CPW test structures 

Set 
CPW structure  

(width/gap), m 

Characteristic 

Impedance on 

RO3006 () 

Characteristic 

Impedance on 

Tyvek () 

CPW Lengths 

(mm) 

1 100/100  69.1 103.9 

1,2,3,5 

 

2 350/100  49.6 70.0 

3 200/100  57.5 84.8 

4 400/100  47.8 66.6 

5 300/100  51.6 74.0 

6 200/200  71.4 101.3 

7 200/300  80.2 109.1 

8 300/250  67.9 90.8 

9 100/350  99.9 138.9 
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4.4.2 3D Model Setup 

A 3D electromagnetic simulator (CST) was used for the simulation of the test 

structures. The transient solver was used to simulate the test structures in this work 

as it is suited for electrically large structures (physical dimensions >> wavelength). 

The length of the CPW structures range from 1-5 mm, where 2 mm corresponds to 

the half wavelength at the highest frequency of operation (30 GHz) on RO3006 

substrate. In a transient simulation, the test structure is excited with a broadband 

signal and the response monitored in time domain (Figure 4.6). A discrete fourier 

transform is then applied to the time signals to obtain the broadband electrical 

response of the model in the frequency domain (i.e. S-parameter matrices).  

 

Figure 4.6 also shows the simulated 3D structure for a typical CPW structure on 

RO3006 substrate. Waveguide ports were defined on either end of the CPW 

structure as excitation sources. The waveguide port dimensions were defined 

within a quarter of the wavelength (corresponding to the highest frequency 

considered) to avoid parasitic effects on the S-parameter results at the higher 

frequencies. The model was simulated from 0-30 GHz using the transient solver, 

with the field energy for the solver termination set at -40 dB. This termination 

criterion is essential to ensure that the electromagnetic energy in the computational 

domain has decayed sufficiently. An open boundary was defined for the entire 

structure. Setting the boundary conditions defines a finite computational domain, 

otherwise the entire structure would be computationally intensive. 

 

 

Figure 4.6  3D model of CPW test structure 
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4.4.3 Assumptions made in 3D Electromagnetic Modelling 

The use of 3D electromagnetic modelling offers one the flexibility to isolate 

parameters and investigate the effect of one parameter on the overall result. 

Consequently the goal in this modelling is to isolate the conductor loss for the loss 

tangent extraction. With this data the dielectric loss can be obtained from the total 

loss using equation (4.13). Equation (4.14) would then be utilised to extract for the 

loss tangent. 

 

A few assumptions were made in the 3D modelling. Firstly, it is assumed that the 

trace conductivity is constant throughout broadband. The trace conductivity value 

is obtained from the DC conductivity () through equation (4.16): 

 

            (4.16) 

 

where  is the resistivity, l is the trace length, R is the DC resistance and A 

represents the cross-sectional area of the trace. 

 

In addition, the surface roughness of the trace is modelled using the tabulated 

impedance macro in CST. This macro makes use of the Hammerstad model [135]  

for modelling the surface roughness effects. This model assumes that the trace 

thickness is much higher than the skin depth (t >> ) [135]. It is also noted that the 

skin depth () of the screen printed traces meets the condition of   > 0.75 Hsr , 

where Hsr represents the surface roughness of the trace [129]. Due to the 

assumption that t >>  this macro computes for one-dimensional (1D) geometry 

where the electric field is the same on either side of the material. Even when a two-

dimensional (2D) geometry is modelled, the field inside the trace volume is not 

being computed. The implication of the tabulated impedance macro is that it is 

only suitable for modelling traces which are sufficiently thick compared to the skin 

depth. 
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4.5 Experimental Procedure 

This section describes the parameters used in the experimental process, which 

includes the thermal curing of the printed structures, the RF measurements using a 

probe station and the non-contact profile characterisation of the traces for the 

simulation models. 

 

4.5.1 Thermal Curing Parameters 

The RO3006 substrate was cured at a temperature of 150 °C for 45 min. The Tyvek 

substrates on the other hand were cured at 100 °C for 35 min. A lower temperature 

was used for Tyvek as the maximum temperature which the substrate can 

withstand is 110 °C. In the curing of the substrates, it was crucial to ensure that the 

Tyvek substrates were not exposed to a prolonged period of curing. While an 

extended period of curing would improve the sintering among the particles and 

thus the DC conductivity, this would also introduce significant warpage in the 

substrate and make it challenging for RF measurements to be performed, where the 

substrate would be attached to the metal chuck via vacuum suction. 

 

4.5.2 RF Measurement Setup  

The accuracy of the extracted dielectric constant using the approach by Lee et al. 

[116] would be affected by the reproducibility of the transition region from the 

connector (at the end of the RF cable) to the CPW transmission line [116]. 

Typically, coaxial connectors are used for this transition [116, 157]. However the 

connection of the coaxial connectors to the CPW lines involves a manual soldering 

process, which degrades the reproducibility of the coaxial-to-CPW transition. The 

coaxial-to-CPW transition would be non-identical at the ends of the CPW line 

which reduce the accuracy of the approach [33]. On the other hand, the use of 

coplanar probes allows for a precise contact of the probe tips to the transmission 

lines (over-skating distance in the range of m). As such coplanar probes were 

used for the RF measurements due to the improved reproducibility. A typical 

coplanar probe (GSG configuration, 500 m pitch) is shown in Figure 4.7(A), 

while Figure 4.7(B) shows how a CPW structure is electrically characterised using 

a pair of coplanar probes. 
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Figure 4.7 (A) View of a coplanar GSG probe (500 m pitch) (B) Measurement of a CPW 

structure using a pair of GSG probes 

 

The RF characterisation of the test substrates were performed using an Agilent 

E8361A PNA network analyser (10 MHz – 67 GHz). Two pairs of coplanar probes 

of 350 m and 500 m pitches (ACP-350 and ACP-500, Cascade Microtech) were 

used for the RF measurements due to the different pitches considered in the CPW 

structures. Prior to measuring, a Line-Reflect-Match (LRM) calibration was 

performed to remove the effects of the cables. Two frequency ranges were 

considered, 0.1-20.1 GHz and 0.1-30.1 GHz, with the number of frequency points 

set at 201. The averaging factor was set at 10 with the IF bandwidth at 5 kHz. 

Right angle male-female adaptors were used for the transition from the ends of the 

RF cables to the GSG probes. The substrates measured were held down using a 

vacuum chuck. In addition, the substrates were taped along the 4 sides. This step is 

particularly crucial for flexible substrates such as Tyvek, where the material could 

be easily warped due to the thin substrate thickness. The RF probe measurement 

setup is shown in Figure 4.8. 
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Figure 4.8  Close up view of the RF probe station 

 

4.5.3 Trace Profile Characterisation 

The trace profiles were characterised using a 3D laser non-contact measurement 

system (LEXT OLS-4100, Olympus). In the measurements, a differential 

interference contrast (DIC) laser observation was used with a x20 objective lens. 

The DIC option is useful in obtaining a sharper view of the RO3006 and Tyvek 

substrates which have rough surfaces, particularly for roughness in the range of 

nanometres to micrometres [158]. The cut-off wavelengths used for extracting the 

average surface roughness values (𝑅𝑎) were 80 m and 250 m. These correspond 

to transmission line measurements of 1 mm and 2 mm. The cut-off wavelengths 

were selected as recommended in the manual for determining the surface 

roughness [158]. The cut-off wavelengths were set such that the scan length would 

be at least 5 times larger. 

 

4.6 Results and Discussion 

In this section, the basic characterisation results pertaining to the printed structures 

are presented in Section 4.6.1. A comparison of the losses obtained from analytical 

equations and 3D modelling is also shown in this section. Section 4.6.2 goes on to 

verify the proposed methodology by using it to extract the known dielectric 

properties of RO3006. Section 4.6.3 presents the dielectric characterisation results 

Vacuum chuck
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of Tyvek. Sections 4.6.2 and 4.6.4 also include uncertainty analysis of the 

proposed methodology. Lastly the methodology is validated against another 

technique (Section 4.6.5), and a discussion is provided on its limitations in Section 

4.6.6. 

 

4.6.1  Characterisation of Printed Structures  

(a) Minimum Gap Obtainable 

Figures 4.9 (A)-(F) show some the test structures fabricated via screen printing on 

RO3006 and Tyvek. 

 

From the printed DC test structures described in Section 4.4.1, test structures with 

spacings of 100 m were observed to be shorted (trace widths and ground), due to 

the paste spread. Minimum spacings of 200 m and 300 m were obtained on 

RO3006 and Tyvek respectively. The larger spacing which was obtained on Tyvek 

could be attributed to the silver paste viscosity value (17-32 Pas), which likely 

resulted in more spread and increased the possibility of the traces being shorted 

together [21]. These results agree with those obtained by Karaguzel [21], where 

traces printed with lower viscosity silver pastes (12 Pas, 32 Pas) were observed to 

spread more compared to those printed using a higher viscosity paste (49 Pas) [21]. 

For the CPW test structures, only designs with gaps of 200 m and above could be 

realised without any short-circuited traces. 
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(A) (B) (C) 

   

(D) (E) (F) 

Figure 4.9  Fabricated test structures (A) CPW with width/spacing of 200/200 m on RO3006 

(B) CPW with width/spacing of 300/250 m on RO3006 (C) CPW with width/spacing of 

100/350 m on RO3006 (D) Overview of CPW structures on Tyvek for RF measurements  

(E) DC test structures on Tyvek (F) Magnified view of CPW test structures on Tyvek 

 

(b) DC Conductivity Values 

The resistance values of the DC test structures (described in Section 4.4.1) were 

measured with a multi-meter and the DC conductivity computed according to 

equation (4.16). In the calculation of the trace cross-sectional areas in equation 

(4.16), it was assumed that the traces have rectangular trace profiles. The DC 

conductivity values extracted from the 10 cm long DC test structures were 

observed to vary by around 10-20 % compared to the shorter test structures. As 

such, the averaged conductivity value (from all the measured values) was used in 

the simulation model. The computed DC conductivity values of the measured test 

structures can be found in Appendix B2 of this thesis. 

 

(c) Comparison of Results – Analytical Equations versus 3D Modelling 

As mentioned in Section 4.2, analytical formulae are available for describing 

conductor losses in CPW structures [122, 123]. However these formulae have not 

been verified in the millimetre-wave domain [120]. In this section, we compare the 

results for the conductor loss obtained analytically [122] to those obtained via 3D 

modelling. 

200 m 200 m 200 m 
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From Gupta et al. [122], the conductor loss of a CPW (dB/unit length) is 

represented as:        

 

                      (4.17) 

 

where 𝑍0 is the characteristic impedance of the CPW, 𝑅𝑠 is the surface resistivity 

of the conductors. W is the trace width while S represents the gap between the trace 

and ground planes. In addition: 

 

               (4.18) 

where 

                      (4.19) 

 

                                                                     (4.20) 

 

In equations (4.19) and (4.20), K is the complete elliptical integral of the first kind 

and K’ is represented as: 

                                (4.21) 

where     

                                                                                      (4.22) 

 

The conductor loss of a CPW structure was simulated with measured dimensions 

of 300/150 m for the trace width/gap. Compared with the screen design 

dimensions of 200/200 m, this represents a paste spread of around 50-100 m for 

the width and gaps. The dimensions of the same structure were input into Matlab 

to compute for the conductor loss based on the analytical equations by Gupta et al. 

[122]. The results obtained are shown in Figure 4.10. 
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Figure 4.10 Comparison of attenuation obtained via analytical equations and simulation 

 

From Figure 4.10, the attenuation obtained from analytical equations [122] follow 

a linear trend up to 30 GHz, and starts to deviate from the 3D simulation results 

beyond 20 GHz. Compared to the simulation results in Figure 4.10, the analytical 

equations based on a quasi-static approach were observed to under-estimate the 

conductor losses in the millimetre wave regime ( 30 GHz). 

 

4.6.2  Characterisation of RO3006   

(a) Dielectric Properties of RO3006  

The measured parameters of a CPW structure used to extract for the dielectric 

properties of RO3006 are shown in Table 4.2. The notations used are with 

reference to Figure 4.11. The trace parameters were averaged from measurements 

at 3 locations of the trace (as indicated in Figure 4.11). 
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Table 4.2 Measured parameters of a 1 mm CPW structure (with reference to Figure 4.11) 

Trace Parameters Values Remarks 

Target 𝑔1/w/𝑔2 200/ 200/ 200 m Design value 

Actual 𝑔1/w/𝑔2 148/ 259/ 149 m Measured value; averaged  

1a , 1b 12.3°, 12.7° Lower signal trace angles 

2a , 2b 8.3° Lower ground traces angles 

2b = 2a  and 3b = 3a  in simulation 

model. 
3a , 3b 9.4° 

𝑅𝑎 of signal trace 0.79 m Using a cut-off wavelength of 0.08mm 

𝑅𝑎 of ground plane 1.1-1.2 m 
Using a cut-off wavelength of 0.25mm 

Trace thickness, t 20 m Averaged value 

Average DC conductivity 2.6 x 106 S/m Averaged value 

Skin depth 1.8 m At 30 GHz 

 

 

          

 

Figure 4.11  Schematic showing how the CPW structure is profiled using non-contact 

measurements and the parameters used in the simulation model 

 

Figure 4.12 shows the top view of the measured structure on RO3006. The 

corresponding trace profile is shown in Figure 4.13, where a trapezoidal profile is 

observed for the signal and ground traces. 
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Figure 4.12  Measured CPW test structure on RO3006 

 

 

Figure 4.13  Measured trace profile of the CPW test structure 

 

Figure 4.14 shows the correlation between simulation and measurement results, 

with a relatively good match up to 25 GHz. The fluctuations observed beyond 25 

GHz are attributed to limitations of the measurement setup as elaborated later in 

this section. 

  
 

Figure 4.14  Correlation of insertion loss between measurement and simulation 
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From Figure 4.14, the observed discrepancy in the insertion loss results from 10-25 

GHz may be due to the DC conductivity used in the simulation model, which is an 

averaged value and may not be accurate (i.e. an estimate) for the specific structure 

measured. 

 

To validate the simulation model, the characteristic impedance value (𝑍0)was 

considered, where the simulation and measurements were correlated. If the 

simulation model is a good representation of the measured transmission line, the 𝑍0 

values are expected to yield a good match. The results are shown in Figure 4.15. 

From the figure, a variation of around 10 % is obtained between simulation and 

measurement results beyond 5 GHz, which is within the acceptable range of ± 

10 %. 

 

 

     Figure 4.15  Correlation of 𝒁𝟎 between simulation and measurement 

 

The extracted dielectric constant and loss tangent for RO3006 are shown in Figure 

4.16 and Figure 4.17. From Figure 4.16, the extracted dielectric constant ranged 

from 6.5-7.0 (beyond 3 GHz). These values were obtained after accounting for the 

trace thickness, and deviate from the manufacturer’s value of 6.5 by around 6 %. 

However the results are not stable in the low frequency range ( 3 GHz), as the 

difference in the electrical lengths of the transmission lines becomes small in this 

region [116]. In addition, the lower frequency range from 10 MHz -3 GHz is near 

the instrumentation limit of the network analyser. Due to the input circuit 

characteristics of the PNA the test signal level is attenuated by more than 20 dB 

below 1 GHz. As such, the performance within this range could be improved by  

0 5 10 15 20 25 30
40

45

50

55

60

65

70

75

80

Freq(GHz)

Z
0

(
o

h
m

s
)

0 5 10 15 20 25 30
-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

Freq (GHz)

 I
n

s
e

r
t
io

n
 L

o
s

s
(
d

B
)

Measurement 

Simulation 



Chapter 4                                                             Understanding the Properties of Substrates 

 

71 

 

 
      Figure 4.16  Extracted dielectric constant versus frequency for RO3006 

 

           
Figure 4.17  Extracted loss tangent versus frequency for RO3006 

 

reducing the intermediate frequency (IF) bandwidth further or increasing the 

averaging factor so as to improve the signal-to-noise ratio. This would however 

result in a trade-off in the time required for the RF measurements. 

 

The extracted loss tangent shown in Figure 4.17 was around 0.01 from 5-25 GHz, 

beyond which significant fluctuations in the values could be observed. This 

phenomenon was also observed in Figures 4.14 to 4.16. The significant fluctuation 

beyond 25 GHz can be attributed to the upper frequency limit of the right angle 

adaptors. These adaptors were of SMA coaxial types with upper frequency limits 

ranging from 12.4-18 GHz [159, 160]. Thus although the ACP-350 probes could 

be used up to 40 GHz [161], this is dependent on having a compatible adaptor 
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version with a similar upper frequency limit (i.e. 2.92 mm K adaptor). For the RF 

measurements performed in this work, the upper frequency of the measurement 

setup is limited by the specifications of the right angle adaptors used.  

 

(b) Extracting for Low Loss Substrates – Uncertainty Analysis 

The significant variation in the extracted loss tangent of RO3006 highlights the 

challenge in extracting for low loss substrates (loss tangent < 0.01).  This can be 

better understood by performing an uncertainty analysis for equation (4.14). From 

equation (4.14): 

 

Letting     

 

Equation (4.14) then becomes:    

                        (4.23) 

 

Differentiating with respect to 𝜕𝜀𝑒𝑓𝑓
′  yields:  

 

 

 

Therefore 

 

         (4.24) 

 
It can be observed from equation (4.24) that the variation of the extracted loss 

tangent is a function of the ratio 
𝜀𝑒𝑓𝑓

′

tan 𝛿
 . Subsequently for a given change in 𝜕𝜀𝑒𝑓𝑓

′ , a 

substrate with a low loss tangent value (𝑡𝑎𝑛 𝛿) would result in a higher variation 
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of the extracted loss tangent 
𝜕(𝑡𝑎𝑛 𝛿)

𝑡𝑎𝑛 𝛿
 compared to a more lossy substrate. In the case 

of the RO3006 substrate, a value of 0.2 was obtained for 𝜕𝜀𝑒𝑓𝑓
′ . Using a value of 

0.002 for the loss tangent from the datasheet [31], 
𝜕(tan 𝛿)

tan 𝛿
 is observed to be 

multiplied by a factor of 100 times from the ratio  
𝜕𝜀𝑒𝑓𝑓

′

𝑡𝑎𝑛 𝛿
. The variation in the 

extracted loss tangent of RO3006 is also shown in Figure 4.18, where a range of 

100-200 % is observed up to 15 GHz. This variation is observed to increase 

significantly beyond 20 GHz due to the upper frequency limit of the measurement 

setup. 

 

 

          Figure 4.18  Variation of extracted loss tangent across 0.1-30.1 GHz 

 

4.6.3 Characterisation of Tyvek 

(a) Dielectric Properties of Tyvek 

Due to the limitations of the measurement setup highlighted in Section 4.6.4, the 

upper frequency limit for reliable measurements was observed to be around 20 

GHz, which is the upper limit of SMA connectors. The dielectric properties of 

Tyvek were extracted using the same procedure as RO3006 up to 20 GHz. The 

measured test structure and trace profiles are shown in Figure 4.19 and Figure 4.20. 

Table 4.3 shows the measured CPW parameters used for the extraction, where the 

notation used is referenced to Figure 4.11. 
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Figure 4.19  Measured CPW test structure on Tyvek 

 

    

Figure 4.20  Measured trace profile of the CPW test structure on Tyvek 

 

Table 4.3  Measured parameters of a 2 mm CPW structure on panel 1 (with reference to 

Figure 4.11) 

Trace Parameters Values Remarks 

Target 𝑔1/w/𝑔2 350/ 100/ 350 m Design value 

Actual 𝑔1/w/𝑔2 335/107/319 m Measured value, averaged  

1a , 1b 39.9°, 39.9° Lower signal trace angles 

2a , 2b 12.7° Lower ground traces angles 

2b = 2a  and 3b = 3a  in simulation 

model. 
3a , 3b 21.3° 

𝑅𝑎 of signal trace 1.5 m 
Using a cut-off wavelength of 0.25 

mm 𝑅𝑎 of ground plane 1.3-1.4 m 

Trace thickness, t 22 m Averaged value 

Average DC conductivity 1 x 106 S/m Averaged value 

Skin depth 3.6 m At 20 GHz 

 

Figure 4.21 and 4.22 show the extracted dielectric constant and loss tangent of 

Tyvek using the proposed methodology. From Figure 4.21, the dielectric constant 

of Tyvek remains stable at 1.9 over a broadband frequency range from 0.1-20.1 

GHz. This value is expected as Tyvek, being a textile substrate, is porous and 

500 m 
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contains a significant amount of air [12]. The corresponding loss tangent shown in 

Figure 4.22 range from 0.05-0.12 from 2-20 GHz, for which the loss is 

significantly higher compared to RO3006 by an order of magnitude. However 

compared to other textile substrates [33, 162], the loss tangent lies in a similar 

order of magnitude. The implication is that Tyvek is a lossy substrate, defined by 

tan 𝛿 > 0.05 [163], and an intermediate layer of dielectric is required (between the 

trace and the substrate) to alleviate the substrate loss. 

 

 
Figure 4.21  Extracted dielectric constant versus frequency for Tyvek 

 

 
Figure 4.22  Extracted loss tangent versus frequency for Tyvek 
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(b) Repeatability of Results  

To ascertain the repeatability of the results, the same design was measured on a 

second Tyvek substrate (i.e. panel). A typical panel is shown in Figure 4.9(D). The 

measured parameters are shown in Table 4.4. The dielectric properties were then 

extracted using the same procedure for the first panel and the results compared.  

 
Table 4.4 Measured parameters of a 2 mm CPW structure on panel 2 (with reference to 

Figure 4.11) 

Trace Parameters Values Remarks 

Target 𝑔1/w/𝑔2 350/ 100/ 350 m Design value 

Actual 𝑔1/w/𝑔2 324/ 109/ 338 m Measured value, averaged 

1a , 1b 36.7°, 40.4° Lower signal trace angles 

2a , 2b 18.7° Lower ground trace angles 

2b = 2a   and 3b = 3a  in 

simulation model. 
3a , 3b 20.2° 

𝑅𝑎 of signal trace 1.7 m 
Using a cut-off wavelength of  

0.25 mm 𝑅𝑎 of ground plane 1.2-1.3 m 

Trace thickness, t 27 m Averaged value 

Average DC conductivity 1 x 106 S/m Averaged value 

Skin depth 3.6 m At 20 GHz 

 

From the results in Figure 4.23, there is a good repeatability in terms of the 

extracted dielectric constant for Tyvek. However, a significant variation is 

observed for the loss tangent values extracted for the 2 panels as shown in Figure 

4.24. The extracted loss tangent for panel 1 ranges from 0.05-0.12 over 2-20 GHz. 

However panel 2 yields a significantly lower loss tangent of 0.01. This variation is 

attributed to a difference in the 𝑍0 values of the structures, as shown in Figure 4.25. 

Though both structures have similar printed dimensions, the 𝑍0 values between the 

two structures vary by 15-20  from 0.1-20.1 GHz. In addition, the 𝑍0 values were 

observed to deviate by 20-50  from the simulation model which was modelled 

without any air gaps (Figure 4.25). 
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Figure 4.23  Extracted dielectric constant versus frequency for the Tyvek panels. A typical 

panel is shown in Figure 4.9(D) 

 

        

Figure 4.24  Extracted loss tangent versus frequency for the Tyvek panels 
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Figure 4.25  Comparison of 𝒁𝟎 –Measurements versus simulation 

 

The variation of the 𝑍0 values in Figure 4.25 could be due to the nature of Tyvek. 

As a textile material, Tyvek is flexible and compressible and the presence of air 

gaps underneath the substrate is inevitable if the vacuum suction is not sufficiently 

strong during measurements. This would in turn result in variable characteristic 

impedances along the transmission line [33]. The effect of air gaps reduces the 

overall capacitance (C) of the CPW structure. From equation (4.25),  𝑍0 would be 

increased, assuming the effects of resistance and conductance are negligible: 

 

                                         (4.25) 

 

where L represents the inductance of the CPW structure. The increase in 𝑍0 

increases the impedance mismatch of the CPW structure with the RF probes, thus 

resulting in a higher insertion loss. As shown in Figure 4.26, the insertion loss 

variation between two structures of the same design printed on different panels is 

0.5 dB at 20 GHz. When the air gap effect is accounted for in the simulation model 

as shown in Figure 4.25, a better match is observed between the 𝑍0 values for the 

simulation and  measurement results. 
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         Figure 4.26  Comparison of the insertion loss between Tyvek panels 1 and 2 

 

From the results obtained for Tyvek, the extraction of the dielectric constant using 

the approach by Lee et al. [116] is more robust as the technique is based on two 

lines of similar geometrical structure but with varying lengths. As such the effect 

of air gaps is being offset during the extraction procedure. On the other hand, the 

loss tangent extraction is based on the measured S-parameter results of a single 

CPW transmission line. While the 𝑍0 values from simulation and measurement are 

correlated, this value may vary for the same design measured on different panels 

due to the effect of air gaps. The extent of air gaps present would vary from panel 

to panel giving rise to the poor repeatability observed.  

 

4.6.4  Uncertainty Analysis (Dielectric Constant) 

Due to the variation observed for the extracted dielectric constant values, an 

uncertainty analysis was performed. Starting from equation (4.9): 

 

                                         

                           

                                   

                                                (4.26) 
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With reference to equation (4.26), f is defined by equation (4.8) and is a function of 

the structure geometry (i.e. trace width, gap and substrate thickness). The accuracy 

of the extraction for 𝜕𝜀′𝑒𝑓𝑓
𝑡  is dependent on the repeatability of the probe-to-CPW 

transition [116]. The calculated uncertainties using equation (4.26) are shown in 

Table 4.5. 

 
Table 4.5 Variation of extracted dielectric constant values 

Substrate 𝜺𝒓 𝝏𝜺𝒆𝒇𝒇
′  f 

𝝏𝜺𝒓

𝜺𝒓
 (%) 

RO3006 6.5 0.2 1.02 6.1 

Tyvek Panel 1 
1.9 

0.06 1.27 5.6 

Tyvek Panel 2 0.05 1.28 4.7 

 

From the results in Table 4.5, the uncertainty of the extracted dielectric constant 

lies within 10 % for both RO3006 and Tyvek, where the substrates were measured 

up to 30.1 GHz and 20.1 GHz respectively. 

 

4.6.5  Validation with Resonant Cavity Technique 

The results from the transmission line method were compared to the resonant 

cavity technique [164]. This method makes use of the shift in resonant frequency 

and quality factor to calculate the dielectric properties when a sample is placed in 

the cavity. Measurements are typically performed at only one or a few frequencies 

[164]. The cavity resonator used is as shown in Figure 4.27, where the samples 

were characterised at 2.45 GHz. 

 

 

Figure 4.27  Setup of cavity resonator 
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For the RO3006 substrate, values of 6.81 and 0.00087 were obtained for the 

dielectric constant and loss tangent. The extracted dielectric constant is within 5 % 

of the data provided by the vendor, with a dielectric constant of 6.5 [31]. The 

corresponding loss tangent also agrees well with the loss tangent of 0.002 provided 

in the datasheet [31]. 

 

For Tyvek, the range of dielectric constant obtained using the resonant cavity 

technique is 1.46-1.53, with loss tangent values in the range of 0.0024-0.0072. The 

extracted loss tangent values are an order of magnitude smaller compared to the 

values obtained in Section 4.6.4. This variation may be due to the presence of air 

gaps in the cavity as the thickness of Tyvek (330 µm) is significantly smaller 

compared to RO3006 (1.28 mm). In turn this could have resulted in inaccuracies 

during the extraction using the resonant cavity technique. 

 

4.6.6  Limitations of Proposed Methodology 

The proposed methodology has a few limitations. The first lies in the surface 

impedance model used for the 3D simulation, in that this macro assumes for a 1D 

trace geometry, and does not take into account the conductor edge effects present 

in the printed traces. These conductor edge effects have been reported to affect the 

conductor loss [156], particularly for long transmission line lengths. To simulate 

for the actual 3D trace profile (with conductor edge) is possible but at the expense 

of significant computational time, since the skin depth is very small compared  to 

the trace thickness and a fine mesh  is required to capture the skin effect adequately.  

 

In addition, a limitation exists in the modelling for the surface roughness in CST. 

The current model is based on the Hammerstad model [135], which considers trace 

roughness profiles with rectangular, triangular and square grooves [165] such as 

the profile shown in Figure 4.28(A) and Figure 4.28(B). However screen printed 

traces observed using SEM display spherical trace profiles (Figure 4.28(C)) which 

are formed by inter-particle necking during sintering. Consequently the trace 

continuity is affected by the degree of inter-particle neck formation and porosity of 

the resulting traces [18, 37, 166]. One implication of such printed trace profiles is 

that the Hammerstad model may not suffice, as the model is not valid for trace 
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profiles which are significantly different or where defects such as cracks are 

present in the traces [165]. 

 

 
                  (A) 

 

                  (B) 
 

(C) 

Figure 4.28  Surface roughness with (A) triangular profile; (B) square profile transverse to 

current flow (C) Top profile of screen printed traces after sintering 

 

Lastly due to the analytical formula (based on transmission line structures) used to 

extract for the loss tangent, a significant variation of the extracted loss tangent was 

obtained for RO3006 from an uncertainty analysis performed in Section 4.6.2(b). 

Another technique which yields a smaller variation is required for the loss tangent 

extraction of low loss substrates. 

 

4.7 Conclusions  

In this work, a novel methodology was used to enhance the analytical approach for 

dielectric characterisation based on transmission line structures.  This is since the 

conductor loss formulas available were not intended for calculating the 

transmission line characteristics beyond the higher gigahertz frequencies, and 

conventional analytical equations based on the quasi-static approach were found to 

underestimate the conductor losses beyond 20 GHz.  

 

The approach was first validated on a high frequency laminate with well-

characterised dielectric properties (RO3006), where a variation of 6 % was 

obtained for the dielectric constant compared to the manufacturer’s data. The 

extracted loss tangent was an order of magnitude larger than the value specified in 

the datasheet. This is attributed to analytical formula (based on transmission line 

structures) used to extract for the loss tangent value. An uncertainty analysis in 
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Section 4.6.2(b) showed that the loss tangent variation, 𝜕(tan 𝛿), is increased 

significantly for substrates with low loss tangent values, where the loss tangent 

variation is a function of the effective dielectric constant variation (𝜕𝜀𝑒𝑓𝑓
′ ) and the 

loss tangent (tan 𝛿). The implication in using transmission line structures for low 

loss substrates is that the loss tangent is over-estimated and a different 

characterisation technique is required. For Tyvek the loss tangent variation is 

expected to be lower, due to two factors. Firstly, Tyvek contains a significant 

amount of air, which implies that the effective dielectric constant is lower (shown 

in Table 4.5). Secondly the loss tangent of Tyvek is an order of magnitude higher 

compared to RO3006. Due to these factors, the resulting ratio 
𝜕𝜀𝑒𝑓𝑓

′

𝑡𝑎𝑛 𝛿
 which 

influences the loss tangent variation is lower for Tyvek. 

  

The dielectric properties of Tyvek were extracted up to 20 GHz, due to the upper 

frequency limitations of the adaptors used in the measurement setup. Values of 1.9 

and 0.05-0.12 were obtained for the dielectric constant and loss tangent. Compared 

to other textile substrates [33, 162], the loss tangent lies in a similar order of 

magnitude. However the implication is that Tyvek is a lossy substrate, defined by 

tan 𝛿 > 0.05 [163], and an intermediate layer of insulator is required between the 

metal traces and the substrate in order to alleviate the effects of the substrate loss. 

This aspect is further investigated through the use of surface modification 

techniques (detailed in Chapter 5), and subsequent studies on the overprinting of 

silver ink onto the insulator to obtain measurable resistances (detailed in Chapter 6).  

 

To ascertain the degree of the results variation, an uncertainty analysis of the 

dielectric constant was performed. The variation of the dielectric constant for both 

RO3006 and Tyvek were observed to be within 10 %, for measurements up to 30 

GHz and 20 GHz respectively. 

 

Lastly, the limitations of the proposed methodology arising from the modelling 

aspect are discussed. For trace thickness on a similar order of magnitude compared 

to the skin depth (i.e. thin traces) and traces with significant surface roughness 

relative to the skin depth [129], a more sophisticated model is required to capture  

the conductor losses accurately.  
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Chapter 5. Surface Modification for Robust Line 

Trace Deposition onto Substrates – Overcoming 

Surface Roughness 

 

5.1 Introduction 

Following the dielectric characterisation of Tyvek in Chapter 4, the significant 

substrate loss requires the deposition of an insulator layer to alleviate the loss. In 

addition the inherent surface roughness of Tyvek necessitates an insulator layer to 

significantly planarise the substrate surface. To address these issues, surface 

modification using an UV-curable insulator [167] is considered in this chapter. The 

insulator is deposited via inkjet printing and has been selected because it has 

already been formulated for flexible substrates. 

 

However a challenge in depositing an insulator layer on Tyvek lies in the porosity 

of the substrate. In inkjet printing onto Tyvek using silver ink, the silver 

nanoparticles were observed to penetrate into the fibres (Appendix A). Thus to 

simplify the analysis of the parameters affecting the deposition of a smooth 

planarisation layer, a non-porous reference substrate (RO3006) is used in this 

chapter. As RO3006 is a copper-cladded substrate, it reveals substrate roughness 

after the top metal layer is etched away, leaving copper dendrite imprints on the 

etched substrates. The degree of substrate roughness present on RO3006 is a trade-

off for good adhesion of the cladded copper to the laminate.  

 

In considering inkjet printing for high frequency applications, the presence of non-

negligible substrate roughness would increase the printed interconnect losses at 

higher frequencies, due to the skin depth effect. As such, the first objective of the 

work considered in this chapter is to achieve lower surface roughness on RO3006 

intended for the inkjet printing process, with the goal of decreasing the 

interconnect losses at higher frequencies. In particular, the use of a UV-curable 

insulator [167] is investigated to planarise the surface of RO3006 to alleviate the 

surface roughness. The resulting surface roughness was then compared to the  
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untreated RO3006 and RO3006 modified using a hydrophobic coating. The 

planarisation techniques are selected based on their compatibility with inkjet 

printing towards obtaining fine pitch traces, the requirements of which are 

described in Section 2.1 of Chapter 2. 

 

The second objective of this chapter is to investigate the effect of substrate 

roughness on printed line widths deposited via inkjet printing. To date there is little 

literature addressing this issue in inkjet printing, as most researchers consider 

substrates with relatively smooth surfaces for the printing [22, 37, 95].  In addition, 

it is of interest to print onto an untreated substrate (i.e. with minimal processing), 

as this translates into a lower cost of production.  In this chapter, inkjet printing 

trials were performed onto the untreated RO3006 substrates, and the results 

analysed in terms of the line width variation. Specifically the goal is to ascertain if 

the equation by Smith et al. [22] for estimating the printed line width is applicable 

for substrates with non-negligible roughness. 

 

5.2 Materials 

This section describes the materials used in the inkjet printing process. The 

substrate of interest is RO3006, which is subjected to surface modifications to 

planarise the substrate surface. Two silver inks with different surface tension 

values were used to overprint on the RO3006 substrate with/without surface 

modifications. 

 

5.2.1  Substrates 

The details of RO3006 can be found in Section 4.3.1 of Chapter 4, with the 

corresponding datasheets provided in Appendix B1 of this thesis. 

 

5.2.2  Conductive Inks 

For inkjet printing, two nanoparticle-based conductive silver inks were used with a 

Dimatix inkjet printer. The first [168] comprises of 30-35 wt % silver (DGP 40LT-

15C, Advanced Nano Products), with a surface tension of 35-38 mN/m. The 

volume resistivity is 11-12 µ-cm at a curing temperature of 120-150 °C (duration 

of 30 min). The second ink [169] is a composition of 20 wt % silver (SunTronic 
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EMD 5603, Sun Chemicals), with a surface tension of 27-31 mN/m. The 

corresponding volume resistivity of this ink is 5-30 µ-cm at 150-300 °C 

(sintering duration of 30 min). Both of the inks were selected based on their 

compatibility with the inkjet printer and the surface modified substrates. 

 

5.2.3 Substrate Modifications 

To reduce the substrate roughness, the surface treatments considered for RO3006 

for inkjet printing include: coating with a hydrophobic solution and ink-jetting an 

UV-curable insulator.  

 

(a) Hydrophobic Coating 

The use of a hydrophobic coating serves two purposes in this work. The first aim is 

to use the coating surface modification technique to deposit a thin insulator layer 

and planarise the substrate surface. The second aim is to investigate whether finer 

trace widths [91, 93] could be obtained with the hydrophobic coating, which would 

result in a higher contact angle of the deposited silver ink. 

 

The hydrophobic coating considered was a 2 wt % fluorochemical acrylate 

polymer based in a hydrofluoroether solvent (EGC-1700, 3M Novec Electronic 

Coating). After application, the coating dries to a transparent film with a thickness 

of around 1 µm (by dip-coating) according to the datasheet [170]. The 

corresponding surface energy of the film is in the range of 11-12 mN/m. The 

measured contact angle of water onto the coating is around 134°. The coating was 

applied by brushing to minimise the contamination of the solution by the substrate. 

 

(b) UV-Curable Insulator 

An UV-curable insulator (Solsys Jettable Insulator EMD 6200, Sun Chemicals) 

was applied to the surface of RO3006. The aim of using EMD 6200 is deposit a 

planarisation layer (Figure 5.1), in this case via inkjet printing. EMD 6200 is a 

research sample, with an ink viscosity of 7-9 mPas at 45 °C and a surface tension 

of 23-27 mN/m. At a temperature of 25 °C, the ink viscosity is 10-30 mPas with a 

relative density of 1.02-1.1 [167].  
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Figure ‎5.1  Cross-section of surface modified RO3006, with EMD 6200 deposited as 

planarisation layer 

 

(c) Abrasive Sheet 

To investigate the effect of surface roughness on the printed line widths, a silicon 

carbide abrasive paper backed sheet [171] was used (Norton T489) to roughen the 

substrate surface. The abrasive sheet has a grit range of P1200 and average particle 

sizes of 15.3 ± 0.1 µm. The sheet dimensions are 229 mm  x 279 mm. 

 

5.3 Experimental Procedure 

5.3.1  Sintering Conditions  

The RO3006 substrate has a melt temperature of 327 °C [172], which does not 

pose a problem in the curing of the conductive tracks at the recommended sintering 

conditions. The printed tracks were sintered at 180 ºC for 40 min.   

 

5.3.2  Inkjet Printing 

A commercial drop-on-demand mode inkjet printer (DMP 2831, Fujifilm Dimatix 

Inc.) was used for the printing with a 10 pl print head, as shown in Figure 5.2. The 

printing cartridge comprised of 16 nozzles.  Prior to printing onto the surface 

modified substrates, a characterisation process of the inkjet printing using the 

Dimatix printer was performed. The results of the characterisation process are 

detailed in Appendix C1 of this chapter. 

 

In the printing of conductive inks onto the surface modified substrates, a single 

jetting head with a 5 kHz waveform was used. The silver inks were jetted out at 

temperatures of 25 ºC (DGP 40LT-15C and EMD 5603). The separation of the 

cartridge from the substrate was set at 0.8 mm. The dot spacing (∆𝑥) was set at 20 

RO3006 substrate

Planarisation layer

Metal traces
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µm (in both x and y direction as shown in Figure 5.2) and the substrate was heated 

at 60 ºC (platen temperature) during the printing of the silver ink to aid in the 

solvent evaporation of the deposited drops. The substrates were held in place on 

the platen via suction through vacuum holes on the platen.  

 

The test patterns for printing were created in DMP-2831 through the Pattern Editor 

function, which allows one to input the trace width and spacing dimensions for a 

test pattern or a group of test patterns. This function also enables a repetitive array 

of pattern blocks to be printed, and was utilised to realise the test structures in 

Appendix C1. Apart from the Pattern Editor, one can also import bitmap and 

gerber file formats into DMP-2831. In this case the resolution for the drop spacing 

needs to be defined in the bitmap file prior to importing (e.g. 20 µm drop spacing 

corresponds to a resolution of 1270 dots per inch). Figure 5.2 shows a schematic of 

the drop spacing in the definition of a printed line, and how a printed line width 

would compare with the line width defined in Dimatix. Further details of the line 

width variation for different defined widths on a substrate are described in 

Appendix C1. 

 

  

Figure ‎5.2 Schematic of a printed line of width w’ compared with the size (w) established in 

the Pattern Editor function in Dimatix 

 

 

5.3.3 UV Coating Parameters 

To obtain a smooth coating of the EMD 6200 onto RO3006, several printing trials 

were considered. These trials were performed to evaluate the effects of different 

curing intensities and platen temperatures.  
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The UV lamp used (PEL365, Printed Electronics Limited) for the curing of EMD 

6200 is a 365 nm light-emitting diode (LED) as shown in Figure 5.3. Prior to 

printing using the UV ink, the cartridge printhead was manually covered with a red 

tape to limit the UV exposure to the ink while it is in the fluid module. In addition, 

due to the separation between the UV unit and the print cartridge, the pattern file to 

be printed was modified with a 90 mm offset such that the UV unit would travel far 

enough to expose the desired pattern. Prior to the UV curing, the cure dosages 

(mJ/cm
2
) were measured using a UV intensity meter (Integration Technology). 

This meter measures for the cure dosage of a circular footprint of 1 cm
2
 as the UV 

lamp moves across the area. 

 

 

                     Figure ‎5.3  UV lamp attached beside Dimatix printhead 

 

Prior to the printing trials described in Table 5.1, the jetting waveform (at 5 kHz) 

for EMD 6200 was adjusted to minimise satellite drops. In addition, the drop 

velocity for EMD 6200 was tuned to 7 m/s for the jetting process. The ink was 

jetted at a temperature of 45 ºC as recommended in the datasheet. For the curing 

stage, a dosage (un-doped mercury) of 200-400 mJ/cm
2
 was recommended for the 

processing of EMD 6200 [90]. The cure intensities obtained for levels 1, 2 and 3 

using the UV lamp are 831 mJ/cm
2
, 1359 mJ/cm

2
 and 2048 mJ/cm

2
 respectively, 

following which a colorless coat was observed after curing. The time duration for 

curing a footprint of 4 x 1 cm
2
 is around 14 min. To obtain a smooth coating, 

several printing trials were considered. These trials were performed to evaluate the 

effects of different curing intensities and platen temperatures. The respective 

process parameters are summarised in Table 5.1. 

Cartridge printhead

Platen

UV lamp

Cleaning pad
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Table ‎5.1 Printing trials involving different curing levels and platen temperatures 

Trial No.
1
 No. of coat(s)

 2
 UV cure level

 3
 

Platen Temperature 

(ºC) 
Curing Condition 

1 1 1 25 In-line 

2 1 1 60 In-line 

3 1 2 60 In-line 

4 1 3 60 In-line 

5 2 2 60 In-line 

6 2 1 60 In-line & Off-line
4
 

7 2 1 60 In-line 
 1
The printed area coverage is around 4 x 1 cm in each trial. 

2
Colorless coating observed after   

 curing. 
 3
The corresponding

 
cure intensities are provided in Section 5.3.3. 

4
For the off-line curing,     

 3 rounds of raster curing was used.  

 

5.3.4 Contact Angle Measurements 

Contact angle measurements with different liquids were performed to ascertain the 

surface energy of the surface modified substrates as well as the ink-substrate 

interaction. The first involved measuring the contact angles of water (triply 

distilled water) onto the surface modified substrates. In addition, the contact angles 

of another reference liquid (diiodomethane) on the substrates were obtained, 

following which the surface energies of the surface modified substrates could be 

extracted using the Owen-Wendt-Rable-Kaelble method [142], as shown in Table 

5.2. The surface energy of the hydrophobic coating calculated using two reference 

liquids was around 10 mN/m, which agrees well with the value provided in the 

datasheet.  

 

Table ‎5.2  Contact angle values measured for untreated and surface modified RO3006 

substrate using water (triply distilled) and diiodomethane 

Surface Treatment 

Applied 

Measured Contact Angle (°)
5 
                                          

Measured Surface Energy
 

(mN/m)
6
 Water Diiodomethane 

Untreated RO3006 118.3 90.1 14.6 

Hydrophobic coating 134.1 96.6 9.9 

EMD 6200 coating 92.9 21.0 48.0 

          5
Averaged contact angle measurements. 

6
Surface energy calculated using the Owens-Wendt- 

       Rabel-Kaelble method. 
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The contact angle measurements using the two reference liquids were performed 

using the Dataphysics OCA 20 instrument (DataPhysics Instruments GmbH, 

Germany). The droplet volumes used in the measurements were 2.0 µl and a 

minimum of five measurements were obtained for each reference liquid on the 

surface modified substrates [142].   

 

In addition, contact angle measurements to ascertain the ink-substrate interaction 

were performed using a Fibro Dat 1100 contact angle tester (Fibro System AB, 

Sweden). A minimum of three measurements were obtained for each surface 

modified substrate, recorded after 10 s following the droplet deposition. The 

droplet volumes used in the measurements were 4.0 ± 0.5 µL. The measured 

contact angles (averaged) of the silver inks with the various surface modified 

substrates are shown in Table 5.3. 

 
Table ‎5.3   Measured contact angles for untreated and surface modified RO3006 substrate 

Surface Treatment Applied 
Measured Contact Angle (°)

 

- Silver Inks 

Untreated RO3006
7
 47 

Hydrophobic coating
7
 76 

EMD 6200 coating
8
 50 

                        
7
Using DGP 40LT-15C silver ink (Advanced Nano Products). 

8
Using  

                        EMD 5603 (Sun Chemicals) 

 

5.3.5  Surface Profile Characterisation 

The surface roughness of the printed traces were characterised using a non-contact 

technique, based on the confocal gauge point principle (Talysurf CLI 2000, Taylor 

Hobson). This technique is considered to be more suitable than contact techniques 

for soft substrates, as RO3006 is PTFE-based. This equipment is typically used for 

step height (i.e thickness) measurements and surface roughness characterisation. 

The measured data were subsequently post-processed with a 3D analysis software 

(Talymap, Taylor Hobson).  

 

The measurement range used for the surface modified RO3006 samples was 300 

m, with a resolution of 10 nm. Evaluation lengths of 3 mm were used for the 

characterisation, with the sampling spacing set at 0.5 µm. During the post-
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processing, a Gaussian filter size cut off of 0.8 mm was used, which is the 

recommended cutoff according to ISO 4288-1996 [173]. This cut off also 

represents the sampling length, following which an evaluation length of 3 mm 

yields a sample size of 4. The surface roughness was measured at different areas of 

the substrate, and a total of 11 measurements were obtained and averaged. A 

summary of this characterisation process is shown in Figure 5.4. 

 

                                                                     

                 Figure ‎5.4  Surface morphology characterisation process 

 

High resolution field emission gun scanning electron microscope (FEGSEM) 

images (1530 VP, Carl Zeiss) of the surfaces were used to aid in the qualitative 

analysis of the inkjet printed traces after curing. This equipment is able to capture 

surface features of materials up to a resolution of 1 nm, which is useful for imaging 

the nano-particle sized silver ink deposited using inkjet printing. 
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5.3.6 Sample Preparation for Analysis 

The RO3006 samples were prepared for FEGSEM analysis using a PCB cutter 

with a guillotine blade. This was found to yield more consistent even edges 

compared to immersing the RO3006 substrate in liquid nitrogen and snapping it, 

due to the thickness of the substrate (1.28 mm). However, one challenge in using 

the PCB cutter lies in that some of the samples obtained were partially bent, due to 

the PTFE composition of the RO3006. 

 

5.4 Results and Discussion 

This section describes the results obtained on RO3006 substrate. This includes the 

optimisation of the printing parameters to reduce the surface roughness of RO3006 

using a UV-curable insulator. The surface morphology characterisation results and 

the effect of surface roughness on the printed line widths are also described. 

 

5.4.1 Printing Results on Untreated RO3006  

This section presents the results of overprinting silver ink onto the untreated 

RO3006. In particular, two point probe structures were printed to extract for the 

resistivity values. These structures were selected as a compromise between the 

accuracy of the results obtained, against the time required to print more complex 

four point probe structures. 

 

The test structures are shown in Figure 5.5, and Table 5.4 shows the dimensions 

defined in Dimatix via an imported bitmap file. The test structures were 

overprinted with two silver layers, and thermally cured at 150 °C for 30 min (for 2 

rounds), in order to ascertain the effect of time on the resistivity values. Prior to the 

thermal curing, the substrate was left overnight (12 h) on the heated platen at 60 °C 

after the printing was completed. The measured resistance and corresponding 

resistivity values are shown in Table 5.5. 
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Figure ‎5.5 Printed two point probe test structures 

 

Table ‎5.4 Dimensions of two point probe structures defined in Dimatix 

Trace (s) Line width (µm) Line length (mm) 

1,2 250 35 

3,4 100 50 

 

Table ‎5.5 Extracted resistivity values for 2 layers of overprinted silver on untreated RO3006 

Trace
9
 

Printed 

width (µm) 

Trace 

Thickness 

(µm) 

Resistance, 

60C 

platen () 

Resistance 

after 1
st
 

cure () 

Resistance 

after 2
nd

 

cure () 

Extracted 

Resistivity 

(-cm) 

1 267 3.0 - 19.8 18.1 4.18E-05 

2 250 2.7 34.0 18.4 17.4 3.41E-05 

3 111 2.6 147.0 73.5 70.2 4.00E-05 

    9
Trace notation is with reference to Figure 5.5. 

 

From Table 5.5, the variation of the printed trace widths from the defined values 

ranged from 6.8-11 %. These printed line widths may be influenced by the surface 

morphology of RO3006, since it has been reported that the substrate surface 

roughness changes the contact angle of liquid drops [144]. Specifically, the 

relationship between the substrate surface roughness and the printed line width is 

investigated further in Section 5.4.4.  

 

Furthermore, the resistance values in Table 5.5 indicate that leaving the substrate 

on the platen to cure for an extended period of time does not aid a sufficient 

sintering of the nanoparticles, since this process is also dependent on the sintering 

temperature. However, heating the substrate at a lower temperature (60 °C) could 

possibly have aided the evaporation of the solvents from the printed traces, which 

would facilitate the nanoparticle sintering when the substrate was placed in the 

oven. This is observed from the resistance values after two rounds of thermal 

Trace 1

Trace 2

Trace 3

Trace 4
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sintering at 150 C, where the resistance variation was observed to be negligible (≤ 

5 %). This suggests that the nanoparticle sintering may have reached saturation. 

 

In characterising for the trace morphology, it was challenging to distinguish 

between the trace thickness and the substrate roughness of RO3006, since the trace 

thickness was about 2-3 µm and the average substrate roughness was around 0.6-

0.7 µm (i.e. around the same order of magnitude). The substrate profile of the 

untreated RO3006 along with the printed trace profile is shown in Figure 5.6. To 

alleviate the surface roughness of RO3006, a UV-curable insulator was used to 

modify the substrate surface. This is further discussed in Section 5.4.2 of this 

chapter. 

 

 

(A) 

 

 

(B) 

Figure ‎5.6 SEM images showing (A) RO3006 profile (B) overprinted silver trace profile 

on RO3006 

 

10 µm

3 µm

Dummy layer (Pd)

Silver 

nanoparticles

RO3006
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Lastly the effect of overprinting multi-layer silver on the resulting trace parameters 

was investigated. From Table 5.6, when the number of overprinted silver layers 

was increased from 2 to 4, the thicknesses of traces 1 to 4 were observed to 

increase by 0.7-1.7 µm, where the increase was non-proportional to the number of 

overprinted silver layers. Assuming that the deposited ink volume is constant [22], 

and that the cross-sectional areas of each overprinted layer will be the same, this 

non-proportionality may arise from the corresponding increase in the printed trace 

widths. The printed trace widths were observed to increase by a factor of 1.4-1.9 

times (from Table 5.6), which could have offset the increase in the trace thickness. 

In particular, the second to fourth silver layers were each overprinted after 30 min 

intervals, with the substrate left on the heated platen at 60 C during and after 

printing. Consequently the silver layers may not be fully dried at 60 C, as verified 

from the resistance results in Table 5.5. As such there may be an absence of a (or a 

weak) contact line pinning in the first silver layer to constrain the width of the 

subsequent overprinted layers [174]. Overall the results obtained highlight the 

importance of the sintering temperature to obtain sufficient nanoparticle sintering, 

and to control the trace morphology (line width). Studies by Xu et al. [174] show 

that if each silver layer has dried prior to the overprint of the next layer, the trace 

width will remain unchanged with increasing layers of overprinted silver. 

 

Table ‎5.6 Extracted resistivity for printed traces on untreated RO3006 

Trace
10

 
Trace thickness 

(2 layers, in µm) 

Trace thickness 

(4 layers, in µm) 

Printed width  

(2 layers, in µm) 

Printed width 

(4 layers, in µm) 

1 3.0 4.7 267 360 

2 2.7 3.3 250 376 

3 2.6 3.3 111 208 

4 2.4 3.7 118 208 

       10
Trace notation is with reference to Figure 5.5. 

 

5.4.2 UV Curing of EMD 6200 on RO3006 

This section details the investigation on the effect of the platen temperature and 

curing level on the surface roughness of the deposited EMD 6200 layer. A single 

layer coat of EMD 6200 deposited on RO3006 was first studied to understand the 

interaction between EMD 6200 and the substrate. This is detailed in Section 5.4.2 
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(a). Subsequently optimisation trials were performed for a double layer coat and 

the results discussed in Section 5.4.2(b). 

 

(a) Effect of Platen Temperature and Cure Levels 

In Trials 1-3 from Table 5.1, the effects of the platen temperature and curing levels 

were investigated for a single layer coat. The ink-substrate interaction can be better 

understood through a consideration of the Z number. The Z number is the inverse 

of the Ohnesorge number (Oh), and relates the viscous forces to the inertial and 

surface tension forces. This parameter is used as a dimensionless analysis of the 

effect of the ink properties on the drop formation [175-177], i.e. the printability of 

a fluid. A difference in the ink viscosity results in a change of the Z number and the 

corresponding droplet volume [178]. From equation (5.2), 

 

                                          𝑍 = 𝑂ℎ−1 =
√𝛾𝜌𝑎

𝜂
                                           (5.2) 

 

where ,  and  are the surface tension, density and viscosity of EMD 6200, with 

the respective values provided in Section 5.2.3(b). a represents the characteristic 

length, which is defined as the nozzle diameter in this case. For a 10 pl cartridge, 

the nozzle diameter is calculated to be around 27 µm. At 25 °C, which 

approximates the platen temperature without heating (room temperature), the 

calculated Oh is 0.75 for an average ink viscosity of 20 mPas (viscosity range from 

10-30 mPas). The reciprocal Z=1/Oh yields a value of 1.33, which is close to the 

lower bound for stable drop formation, where 1 < Z < 10 [179].  The value of the Z 

number increased to 3.33 at a higher temperature of 45 °C with an ink viscosity of 

8 mPas (viscosity range from 7-9 mPas).  

 

In printing with the platen temperature at room temperature (18-20 °C), the ink was 

found to de-wet upon contact with RO3006, due to a mismatch of the surface 

energies (Figure 5.7(A)). One possible way to reduce the de-wetting would be to 

lower the viscosity of the deposited ink, by heating the platen to aid in the degree 

of spreading [178]. From the data in Section 5.2.3(b), EMD 6200 is observed to 

have a reduced viscosity of 7-9 mPas at a temperature of 45 °C, compared to a  
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Figure ‎5.7 (A) Ink de-wetting phenomenon in Trial 1 (B) Improved wetting in Trial 2 

(C) Trial 3 (D) Trial 4 Colorless coats were observed after curing 

 

viscosity of 10-30 mPas at 25 °C. Therefore, the platen was heated to a maximum 

temperature of 60 °C to increase the mobility of the ink, and improve the ink-

substrate interaction. From Figure 5.7(B), it can be observed that the de-wetting 

phenomenon could be reduced with platen heating. This is consistent with the 

works of Gao et al. [180] and Schiaffino et al. [181], where it was suggested that a 

printed bead is likely to become unstable under conditions of a higher contact 

angle and/or contact line freezing, induced by a lower target temperature as one of 

the key determinants [180]. In their work [180], molten droplets were deposited 

onto a surface with varied temperatures. These solidify upon contact with the 

surface since the target temperature (Tf) is lower than the jetting temperature (Tj). 

This work bears some resemblance to those of Gao et al. [180], in that the ink also 

undergoes solidification (albeit through a photochemical process), and the platen 

temperature is varied. In this case Tj1 < Tf < Tj2, where Tj1 represents room 

temperature (18-20 °C) and Tj2 represents a platen temperature of 60 °C. Apart 

from Gao et al. [180] and Schiaffino et al. [181], Bhola et al. [182] has also 

investigated the effect of  varying the substrate temperature (23 C to 73 C) on the  
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the spread of molten droplets. It was suggested that a reduction of the substrate 

temperature would result in an increase in the liquid viscosity [182], leading to 

reduced wettability (and vice versa). In addition, the lower substrate temperature 

would induce a solidification of the liquid adjacent to the substrate, which could 

limit the droplet spreading [182]. 

 

The de-wetting observed for EMD 6200 at room temperature could also be 

attributed to the surfactant package of the UV-curable ink, which affects the ink 

wettability. From literature, Rebros et al. [183] noted that the variation of a 

surfactant results in a significant change of the contact angle [183]. From the ink 

formulation perspective, EMD 6200, being an UV ink (100 % solids), has no 

solvents to be removed. As such, an increased spreading with a lower ink viscosity 

is aided by the relatively faster solidification through UV curing. This is in contrast 

to solvent-based silver inks which require a removal of the solvent contents by 

evaporation. As the solvent contents are reduced, the silver particles are less 

inclined to wet the substrate surface. On the other hand, the results for EMD 6200 

suggest that the surfactant package of EMD 6200 promotes a wetting of the 

substrate surface [184], as the mobility of the ink particles increases due to a lower 

ink viscosity. 

 

Following on the results in Trials 1 and 2, an increase of the curing levels in Trials 

3 and 4 (from Table 5.1) was observed to yield continuous coats. However the 

surface texture of the coated layers were observed to deteriorate with increased 

cure dosage, i.e the coated dielectric has a surface roughness relative to the level of 

UV energy used (Figure 5.7(C), (D)). In addition, surface defects were visible 

throughout the coated layers in all 4 cases, which could be due to the low ink 

viscosity, following which any contamination on the surface would provide a locus 

for the de-wetting of the ink. 

 

It was important to minimise the effects of surface defects, which could result in 

discontinuities of the printed traces. This led to the approach of building up layers 

of EMD 6200 by printing a second coat, so as to cover the surface defects. To 

obtain a smooth coating using this approach, it is important to optimise the control 

of the UV dose as this affects the curing of the insulator layer. Optimum conditions  
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of the UV curing were achieved in Trials 5-7 (Table 5.1). 

 

In Trial 5, the effect of using an intermediate setting (cure level 2) was studied for 

a double layer coat, which was printed after the in-line curing for the first coat was 

completed. Compared to the first coat, the second coat revealed a visibly rougher 

surface, which could be due to the higher curing dosage at level 2. Similarly, when 

off-line curing for each of the layers was introduced in Trial 6, a visibly rougher 

surface was observed after the off-line curing of the second coat (Figure 5.8(A), 

(B)). This could be due to an over-curing of the layers during UV exposure, 

resulting in an excess hardening of the coated layer [185]. The use of a lower 

curing level (level 1) for both coats in Trial 7 was found to significantly improve 

the final coated surface (Figure 5.8(C), (D)). 

 

 

Figure ‎5.8 (A) Trial 6 – First coat after off-line curing (B) Trial 6 - Second coat after off-line 

curing (C) Trial 7 – First coat (D) Trial 7 – Second coat Colorless coats were observed after 

curing 

 

The average surface roughness (Ra) for Trial 7 was 0.52 µm. The coated thickness 

has a slightly concave profile, and the thickness profile characterisations show that 

the surface of the printed dielectric has a non-uniform height, where the height at  
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the edges is higher than the height in the center region. This may be attributed to  

the coffee stain effect [186], where the fluid flows outwards to compensate for the 

evaporative effect for a pinned contact line. Further investigations would be 

required to better understand this phenomenon but this is outside the scope of this 

research. 

 

(b) Optimisation for a Two Layer Coat using EMD 6200 

As an extension of the experiments in Section 5.4.2(a), the effects of different 

platen temperature and cure levels on the coated thickness of EMD 6200 were 

investigated. The platen temperature was varied between 30-60 ºC, in steps of 10 

ºC, while the cure levels considered were level 1,1 and 1,2, for the first and second 

coat respectively. The rationale for considering a two stage curing is to under-cure 

the first layer (cure level 1), followed by a curing of both layers simultaneously. 

The results obtained are shown in Figure 5.9.   

 

A few implications can be deduced from the results in Figure 5.9. Firstly, it was 

observed that a minimum temperature of 30 ºC is sufficient to improve the ink 

mobility and minimise the de-wetting phenomenon (Figure 5.10(A), (B)). From 

Figure 5.9, the thicknesses of EMD 6200 are comparable when the platen 

temperature is set at 60 ºC, regardless of the cure levels.  

 

 

Figure ‎5.9 Effects of platen temperature and UV cure levels on the cured EMD 6200 thickness 
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Figure ‎5.10 Coated EMD 6200 with platen temperature set at 30ºC, cure levels 1,1 (A) After 

first coat (B) After the second coat 

 

At lower platen temperatures (40-50 ºC), an increase in the coated thicknesses was 

observed with a higher cure dosage (level 1,2). This phenomenon could be 

attributed to a reduced coffee stain effect [186], where a lower platen temperature 

results in a slower rate of evaporation of the volatiles in the ink prior to UV curing. 

Combined with a stronger cure level, the ink components would be cured at a 

faster rate. 

 

Further results in Table 5.7 also suggest that the cured EMD 6200 is sensitive to 

the effects of heating, resulting in a thicker layer. The table shows the average 

thickness of EMD 6200 before and after thermal curing (150 ºC, 30 min).  

 

Table ‎5.7 Average thickness of EMD 6200 before and after thermal curing 

Platen Temperature 

(ºC) 
Cure Level 

Average Thickness 

(µm) 

40 1,1 20.3
11

 

40 1,1 10.4
12

 

40 1,2 23.6
11

 

40 1,2 18.0
12

 

30 1,2 25.3
11

 

30 1,2 13.0
12

 

11
Before thermal curing. 

12
After thermal curing.  

 

A significant reduction of the thickness by at least 20 % was observed in the post 

curing stage. As the ink is 100 % reactive, this suggests a possible shrinkage of the 

cured matrix. As the matrix is a polymer with some degree of porosity and a glass 

 
A

100 µm

 
B

100 µm



Chapter 5               Surface Modification for Robust Line Trace Deposition onto Substrates 

103 

 

transition temperature, this shrinkage could be due to the expulsion of air as the 

polymer softens and compacts. In addition, RO3006, being an unreinforced 

ceramic-filled PTFE material, was found to warp after the thermal sintering. This 

was because the substrate was etched to remove the top copper layer and was 

exposed to elevated temperatures. The warpage of RO3006 went beyond the upper 

limit of 106 µm (fine range) when measured with a contact stylus (Talysurf CLI 

2000, Taylor Hobson). One implication of this substrate warpage would be in the 

fabrication of multi-layer circuits based on inkjet printing, where misalignment 

issues may arise in attempting to align one metal layer with another.  

 

The surface roughness values for cure levels 1,1 and 1,2 are comparable, with 

slightly lower values obtained for reduced cure levels. The values of Ra range from 

0.47-0.52 µm and 0.52-0.67 µm for cure levels 1,1 and 1,2 respectively. 

 

5.4.3 Results of Surface Morphology Characterisation 

Following the characterisation procedure in Section 5.3.5, the surface roughness 

results obtained after the various surface modifications are presented in the form of 

an error bar plot (Figure 5.11). The values are also listed in Appendix C2.  

 

While the use of a hydrophobic coating changed the surface tension of RO3006 

(discussed further in section 5.4.4), the measured thickness of the coated layer was 

observed to be negligible as shown in Figure 5.12 and Figure 5.13. Thus the use of 

the hydrophobic coating did not yield a lower surface roughness as expected. 

Instead the Ra was found to be comparable to the untreated RO3006. It is believed 

that this is due to the low solids content in the hydrophobic solution (around 2 %), 

which could have been deposited in the pores of the substrate during the coating 

process. 
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Figure ‎5.11 Error bar plots for the average surface roughness (Ra) obtained after the different 

surface modifications 

 

 

Figure ‎5.12 Substrate roughness without hydrophobic coating (Ra: 0.91 µm) 

 

 

Figure ‎5.13 Substrate roughness with hydrophobic coating (Ra: 1.07 µm) 

 

As such, obtaining a thicker coat would require either several times of dip-coating 

(where thicknesses of around 1 µm can be obtained through dip-coating) [170], or 

using a hydrophobic coating with a higher solids content. Due to concerns of 

contaminating the sample solution (limited volume) by the substrate, dip-coating 
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was not used to apply the coating onto RO3006, and it is planned to include the 

suggested applications to obtain a thicker hydrophobic coat in future work. 

 

5.4.4 Effect of Substrate Roughness on Printed Line Widths 

Wenzel [144] considered the effect of surface roughness on the contact angle 

through a roughness factor. Smith et al. [22] printed conductive tracks onto several 

substrates, and introduced a simple empirical model relating the printed width to 

the equilibrium contact angle. Nevertheless, data on the substrate surface 

roughness were not available, and it was unclear what their effect on the printed 

line widths were. As a result, the good agreement obtained between the calculated 

and the printed widths [22, 176] could be due to the negligible surface roughness 

of the substrates considered (e.g. glass) for inkjet printing. The substrate roughness 

was found to influence the printed line widths significantly in this work, and a 

surface roughness factor was introduced to account for the increased line widths. 

 

      
Figure ‎5.14 Diagram showing relationship between surface roughness and printed line width 

 

With reference to Figure 5.14, the surface roughness increases the actual width of a 

printed trace. In this case, the authors consider: 

 

                (5.3) 

 

where 𝑘𝑟  in equation (5.3) represents the surface roughness factor, and 𝑤0 

represents the width of a trace on a smooth surface (of negligible surface 

 

𝑤1 = 𝑤0 × 𝑘𝑟 = (2𝑟 sin 𝜃)𝑘𝑟 
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roughness). Substituting 𝑤1 into the equation by Smith et al. [22], we obtain a 

modified expression for the trace width as shown in equation (5.4), taking into 

account the surface roughness:   

                                       

                          

      (5.4) 

 

 

The final expression for the actual trace width can be expressed in equation (5.5) as: 

 

 

 

                 (5.5) 

 

where  (in radians) is the contact angle formed by the droplet on the substrate, x 

is the dot spacing and d is the droplet diameter. This equation assumes that the 

surfaces are of low or negligible porosity, as porous surfaces could result in a 

penetration of the silver nanoparticles into the surface [24]. The effect of porosity 

is typically considered in literature for coated substrates such as paper [24, 187-

189], where the pore size distribution and network structure of the coating layer 

would affect the speed of ink penetration into the pores [187]. Much of the 

literature involving coated layers considered dye-based inks [187-189], though 

Öhlund et al. [24] considered the conductivity obtained from printing silver based 

inks onto coated papers [24]. 

 

For substrates without coatings, porosity could be considered in terms of the water 

absorption into the substrate according to the IPC-TM-650-2.6.2 test method (i.e. 

material immersed in distilled water at 23 °C for 24 hours) [190]. Öhlund et al. [24] 

considered a polyimide film (Kapton HN, Dupont) as a nonporous reference 

substrate in their work, which had a water absorption of 2.8 % [191]. Apart from 

Kapton, Smith et al. [22] also considered Teflon, sodalime glass, carbon fiber and 

glass fiber reinforced epoxy compositions for their equation which relates the trace 

width to the contact angle. The corresponding water absorption of these materials 

were in the range of 0.01-0.5 % [192, 193]. In this work, the RO3006 substrate has 

𝑤1 = √
(2𝜋𝑑3𝑘𝑟)

3∆𝑥 [
𝜃

sin2𝜃
 −  

cos 𝜃
sin 𝜃]

 

𝑤1
2= 

𝜋𝑑3

6∆𝑥
𝜃

4𝑘𝑟(sin 𝜃)2 − 
cos 𝜃

4𝑘𝑟 sin 𝜃
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a water absorption of < 0.1 % [31]. From Figure 5.15, the planarisation layer 

(EMD 6200 coat) considered in this work were observed to be porous. For the 

purpose of simplification, these coated surfaces would be excluded from 

consideration using equation (5.5).  

 

     
Figure ‎5.15 Top view of EMD 6200 coat 

 

Test lines of 1 cm length were printed onto the surface modified substrates, as 

shown in Figure 5.16. The printed line widths were subsequently measured using 

an optical microscope (Smartscope Flash 200, Optical Gauging Products), and the 

best fit values were obtained and averaged. These measured values were compared 

with the calculated values from the empirical formula introduced by Smith et al. 

[22] The values are shown in Table 5.8.  

 

50 µm
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Figure ‎5.16 Test lines printed on (A) Untreated RO3006 (B) Hydrophobic-coated RO3006 

(C) EMD 6200 coated RO3006 

 

Table ‎5.8  Comparison between predicted and measured line widths on surface modified 

substrates 

Surface 

Modification 

Ra  

(µm) 

Measured 

Contact  Angle 

(°)
13

 

Line Width (µm) 

Smith et 

al. [21] 

Equation (5.5) 

with kr =1.2 
Measured 

Untreated 0.76 47 57.7 83.3 88.2 

Abrasive sheet 

(P1200) 
0.80 67 46.0 57.8 54.1 

Hydrophobic 

coating 
0.93 76 41.5 50.9 48.2 

  13
Average contact angle measurements. 

 

From equation (5.5), it can be deduced that finer line widths can be obtained by 

printing onto a high contact angle substrate. This is verified by the lower line width 

variation observed on the hydrophobic coated RO3006 (Table 5.8) compared to the 

other surfaces. For the untreated and hydrophobic coated RO3006 substrate, a 

value of 1.2 was used for kr to predict the line widths as shown in Table 5.8. This 

value of kr is for a range of Ra ≤ 1 µm. To validate this range, a third sample was 

obtained by applying an abrasive sheet to the RO3006 substrate to roughen the 

surface, where a measured Ra of 0.8 µm was obtained. Test lines of 1 cm length 

A

100 µm

B

100 µm

C

100 µm
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were then printed and equation (5.5) used to predict the line width, for which the 

results are also shown in Table 5.8. A variation of within 10 % was observed 

between the predicted and measured line widths. 

 

The relation between the correction factor and the static contact angle () is further 

investigated as shown in equation (5.6), where kr can be represented as a function 

of  and 𝑤1:    

 

                                  

       (5.6) 

                          

From equation (5.6), it can be deduced that kr would decrease as  increases, since 

a higher contact angle results in a reduced line width. As w1 is in the range of µm, 

this implies that kr would be more significantly affected by changes in 𝑤1 (i.e. the 

𝑤1
2
 parameter) compared to variations in  which are in units of radians. From 

equation (5.6), a closer match between the measured and predicted line width by 

Smith et al. [22] can be observed as  approaches 90° (i.e. kr  1). This is 

expected because as kr approaches the value of 1, 𝑤1 can be estimated using the 

equation by Smith et al. [22]. This is also graphically represented in Figure 5.17 

which plots the measured static contact angle against the predicted line widths, 

with and without the factor kr. This is based on the results in Table 5.8.  

 

 
Figure ‎5.17 Graph of measured static contact angle against predicted line width 
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5.4.5 Effect of Printing Silver Inks onto EMD 6200 

In printing the test line onto double-coated EMD 6200 using EMD 5603, partial 

de-wetting was found to occur at a platen temperature of 60 ºC (Figure 5.16 (C)). 

Bulges were observed for the printed trace, which occurred at regular intervals [80, 

81]. The width of the connecting ridge between adjacent bulges was reduced from 

an initial 60 µm (printed width) to 10 µm. In some line sections, breaks in the 

connecting ridges were observed (Figure 5.16 (C)). This line thinning down to 10 

µm could be attributed to the pumping of the ink from the ridge to the bulge arising 

from a pressure difference [80]. In addition, it could be due to the fine dimensions 

being considered for printing. In particular, the width of the ridge was observed to 

be smaller than the diameter of single printed drops on the substrate (as shown in 

Figure 5.18), which had diameters of around 30 µm. Compared to the calculated 

drop diameter of 26.7 µm from a 10 pl print head, this suggests that negligible 

spreading (i.e. de-wetting) of the conductive ink had occurred. This was also 

verified using contact angle calculations in equation (5.7). While the measured 

contact angle of the ink-substrate was 45 ± 5º (at room temperature), the printed 

drops were observed at a platen temperature of 60 ºC. The corresponding contact 

angle for the printed drops calculated using equation (5.7) was around 102 ºC [80], 

where:     

 

                              

(5.7) 

 

In equation (5.7), b0 is the width of a drop on the substrate, d is the diameter of the 

droplet and  is the contact angle. This significant increase in contact angle 

suggests a minimal spreading of the printed droplets.  

 

𝑏0

𝑑
= (

4𝑠𝑖𝑛3𝜃

(1 − cos 𝜃)2(2 + cos 𝜃)
)

1/3
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Figure ‎5.18  Printed drops on (A) EMD 6200 coating (B) Untreated RO3006 substrate 

 

  

Figure ‎5.19 Top view showing the initial and final outline of a printed trace on  

EMD 6200 coat 

 

As observed in Figure 5.19, an initial trace outline was observed after printing, 

which subsequently shrunk to that defined by the metal trace. This de-wetting 

phenomenon was also investigated using dynamic contact angle measurements. 

The static and advancing contact angles of acetone onto the double-coated EMD 

6200 were measured, as the surface tension of acetone was found to be close to that 

of EMD 5603  (25.2 mN/m  at 20 ºC).  The measured results are shown in Table 

5.9. From Table 5.9, the static contact angle () was found to be close to the 

advancing contact angle (a), which is near the boundary condition for an unstable 

line (i.e.  > a) [80, 194]. Another factor contributing to the line instability could 

be due to the movement of the contact line during the drying process, as the 

substrate is heated by the platen below with a temperature of 60 ºC [81, 180, 181]. 

100 µm

Initial outline

Final outline
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Unlike the UV-curable ink (EMD 6200), as EMD 5603 becomes more mobile, the 

surfactant package of the ink results in the silver nanoparticles being less likely to 

wet the surface as the solvent is removed [184]. 

 

In addition, the charging of the surface during the UV exposure could be another 

possible factor for the de-wetting observed. The charging of the dielectric layer 

could vary according to the curing system used, where the extent of curing (e.g. 

curing depth) may differ compared to another system. Furthermore, there is a 

possibility of a degradation of the LED used in the UV curing, resulting in an 

uncertainty of the curing dosage and thus the extent of the dielectric cured during 

printing.  

 

Table ‎5.9 Static and advancing contact angles for acetone onto EMD 6200 coating 

Measurement Static Contact Angle (°) Advancing Contact Angle (°)
14

 

1 26.4 30.1 

2 30.5 28.7 

3 26.7 23.3 

4 27.3 27.0 

5 31.2 32.6 

6 30.4 32.0 

                14
Three drops dispensed/measured for obtaining the advancing contact angles. 

 

One possible way of alleviating the de-wetting phenomenon could be to use a 

conductive ink with a higher concentration or viscosity [195]. In this case, the DGP 

40LT-15C ink (30-35 % solid content) was used for printing onto EMD 6200. 

While no de-wetting was observed, the metal trace formed was found to deposit 

beneath the UV dielectric, and no resistance values could be measured. This could 

possibly arise from an incompatibility of the solvents in the silver ink with EMD 

6200, in which the solvent could be partially dissolving the film and providing a 

path to the base of the insulator. Further investigations would be required to 

understand this phenomenon. 
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5.5  Conclusions  

This chapter has described the investigations on surface modification techniques to 

reduce the surface roughness of a flexible PTFE-based substrate (RO3006). The 

main results are presented as follows. 

 

Firstly, methods for reducing the surface roughness have been described, by 

considering surface modification techniques - hydrophobic coating and the use of a 

UV-curable jettable insulator to form a planarisation layer onto RO3006. In 

particular, the jetting parameters of the UV-curable insulator were optimised to 

obtain a smooth layer over the substrate roughness, with an average surface 

roughness of 0.44 m obtained. De-wetting was observed when overprinting silver 

onto the UV-cured insulator as discussed in Section 5.4.5. The de-wetting 

phenomenon observed necessitates further investigation to understand and address 

the de-wetting phenomenon, with the goal of obtaining conductive traces with 

overprinted silver ink. In cases where printability could be obtained, no measurable 

resistance was obtained for the printed traces, as highlighted in Section 5.4.5 also. 

Further investigations are also required to understand this phenomenon. These 

further investigations are described in Chapter 6 of this thesis.  

 

Secondly, the importance of matching the surface energy of the substrate to the ink 

is highlighted by the use of the UV-cured insulator for jetting onto RO3006. While 

this can be achieved with ink modification, the author has shown that this is 

possible within the parameters of heating the platen, which is a more flexible 

approach. The results obtained indicate that a minimum temperature of 30 C is 

sufficient to improve the ink mobility and minimise the de-wetting phenomenon. 

However RO3006, being an unreinforced ceramic-filled PTFE material was found 

to warp after being subjected to a thermal sintering temperature of 150 C for 30 

min. One implication of the substrate warpage could be in the fabrication of 

multilayer circuits based on inkjet printing, where misalignment issues may arise in 

attempting to align one metal layer with another. 

 

The successful deposition of the UV-curable insulator onto RO3006 to alleviate the 

surface roughness may be used to reduce the substrate loss effect. From the results 
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obtained, the insulator thickness of two coats after thermal curing was observed to 

be in the range of 10-25 m (Table 5.7). This suggests a possibility of using a thick 

insulator layer to alleviate the substrate loss of Tyvek due to the higher loss tangent 

as described in Chapter 4. However this would first require eliminating the de-

wetting of the silver ink when overprinting onto the insulator, which will be 

addressed in Chapter 6 of this thesis. In addition, simulation via electromagnetic 

modelling is essential to ascertain the optimal insulator thickness for a particular 

design, in order to meet the performance specifications. The optimal thickness 

should sufficiently alleviate the substrate loss for improved RF performance while 

not significantly increasing the surface roughness of the insulator. This area of 

work could be investigated more in the future. 

 

Lastly, as discussed in Section 5.4.4, the substrate roughness was also observed to 

affect the printed line width significantly, and a surface roughness factor was 

introduced in the equation of Smith et al. [22] to take into account this 

phenomenon. The surface roughness factor is valid for Ra ≤ 1 µm. The proposed 

equation improves the correlation for printed line widths on substrates with non-

negligible surface roughness within 10 % accuracy. However, the proposed 

equation excludes substrates with coatings. This is because the planarisation layer 

(EMD 6200) considered in this work was observed to be porous, which could 

result in a penetration of the silver nanoparticles into the planarisation layer. Future 

work would seek to investigate the relationship between the degree of porosity of 

coatings and the printed line widths, obtained via inkjet printing. 
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Chapter 6 . Surface Modifications for Robust 

Fine Line Trace Deposition onto Substrates -

Overcoming De-wetting 

 

6.1 Introduction 

The results obtained in Chapter 5 revealed some challenges in obtaining clear 

linear traces as the silver ink was observed to de-wet when overprinted onto the 

UV-curable insulators. This leads to a need to understand and eliminate the de-

wetting phenomenon to obtain traces with measurable resistances, with the 

ultimate goal of printing onto fabrics. 

 

In this chapter, the focus is not on tuning the ink formulations or properties, but on 

understanding the processing parameters to eliminate de-wetting when the surface 

energies of the UV-curable insulator and silver ink are not matched. The objective 

of this chapter is to investigate the conditions for realising electrically conducting 

traces using commercial ink formulations, especially where the curing equipment 

available may be non-optimal. Specifically this involves the elimination of de-

wetting through surface modification techniques (thermal and UV-ozone post- 

treatments) to obtain measurable resistance for silver traces overprinted onto the 

UV-curable insulator layers. At this stage, optimisation of the electrical resistivity 

of the printed traces is not investigated, as literature abounds in this area [196, 

197]. 

 

To simplify the study and analysis of the parameters affecting de-wetting, glass 

was used as the substrate in this work. Firstly as glass is non-porous, the influence 

of substrate porosity on the UV-curable insulator layer can be ignored, particularly 

since the curing light source is non-optimal. For the case of a porous substrate, the 

application of a UV-curable insulator ink would result in ink penetration into the 

substrate, as well as the ink spread on the substrate surface. This phenomenon 

would be complicated by the use of a non-optimal light source for curing, which 

would likely yield a partially cured insulator layer with resulting ink properties (eg. 

viscosity, surface hardness) which deviate from the ink datasheet. Another 
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challenge in applying insulator layers on textiles lie in the substrate surface 

roughness. Previous results (Appendix A) from applying an insulator coat (SU-8) 

onto Tyvek yielded an uneven coating, where the parameters used for conventional 

silicon wafer processing were not found to suffice. In this chapter, two UV-curable 

insulator materials were deposited and the effects of curing time and curing 

atmosphere (with and without surface modifications) on the inkjet printability of a 

commercially available silver ink were investigated. A number of different 

techniques (water contact angle measurements, XPS analysis, focused ion beam-

scanning electron microscopy and optical microscopy) were used to characterise 

the samples at different stages of the process in order to evaluate the surface 

properties and printability. 

 

6.2 Materials 

This section provides details of the glass substrate used, and the specifications of 

the UV-curable insulator inks and the silver ink used for overprinting onto the 

insulator. 

 

6.2.1 Substrate 

The substrates used for coating with UV-curable inks were twin frosted glass slides 

of dimensions 76 mm x 26 mm with thicknesses in the range of 0.9-1.0 mm 

(Fisherbrand P/N 1156-2203, Fisher Scientific). The glass slides were cleaned with 

acetone and wiped using cleanroom wipes prior to usage. 

 

6.2.2 UV-Curable Insulator Inks 

Two UV-curable inks were selected for evaluation with the silver ink. EMD 6415 

is a commercial product (SunTronic Solsys Jettable Insulator EMD 6415, Sun 

Chemical) which is formulated to yield a hard and non-porous surface after curing, 

such that it would be compatible with the overprinting of silver. The ink has a 

viscosity of 11-13 mPas at 50 °C and a surface tension of 35-37 mN/m
 
[89]. The 

specified cure dosage for EMD 6415 (un-doped mercury source) is from 100-300 

mJ cm
-2

. The second ink (SunTronic Solsys Jettable Insulator EMD 6200, Sun 

Chemical) is a research sample formulated for use with flexible substrates, with an 
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ink viscosity of 7-9 mPas at 45 °C and a surface tension of 23-27 mN/m [90]. At a 

temperature of 25 °C, the ink viscosity is 10-30 mPas with a relative density of 

1.02-1.1 [90]. The corresponding cure dosage required for EMD 6200 is 200-400 

mJ/cm
2
. Both inks are formulated to react by radical polymerisation and are 

colourless after coating. 

 

6.2.3 Silver Ink 

The ink used for the inkjet printing of metal traces is a composition of 20 wt % 

silver (U8726/M20177, Sun Chemical), with a surface tension of 27-31 mN/m. 

According to the datasheet, the ink contains no resin binders. The ink was selected 

based on its compatibility with the inkjet printer and EMD 6415. M20177 is 

formulated with a surfactant package to improve the spreading on the substrate 

surface. Nevertheless it is noted that M20177 has a similar surface tension to EMD 

6200, which implies that the wettability of the silver ink onto EMD 6200 may not 

be as good compared to EMD 6415.  

 

6.3 Experimental Methods 

This section details the process of applying the UV-curable inks onto the glass 

slide substrates. It also describes the equipment and parameters used in the curing, 

surface modification and inkjet printing processes. Silver inks are printed onto two 

types of substrate configurations: plain glass slides and glass slides coated with 

UV-cured insulator layers. The plain glass slides are used as reference samples to 

evaluate the traces printed on glass slides coated with the UV-cured insulator 

layers. 

 

6.3.1 Ink Drawdown Process 

To coat glass slides with the UV-curable insulator, a drawdown process was used. 

The drawdown process for coating the UV-curable insulator onto the slides is 

shown in Figure 6.1.  
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Figure 6.1 Diagram illustrating the draw down process of the UV insulator onto glass slide 

samples 

 

A glass slide was first placed on top of a metal plate and prevented from sliding by 

adhesive tape placed at one end of the bar. The UV-curable insulator ink was then 

deposited onto the glass slide using a disposable pipette. Another glass slide was 

then used as an applicator to spread the ink across the glass substrate towards the 

raised tape at the other end of the metal bar, at an angle of 45°.  Thicknesses of 20-

30 m (EMD 6200) and 10 m (EMD 6415) were measured for the post-cured 

samples. 

 

In this work, the samples prepared were compared to those supplied by the ink 

manufacturer (reference samples), which were drawn down using a K-bar to yield 

24 m thickness. The reference samples were exposed using a H-bulb mercury 

lamp [86].  

 

6.3.2 UV Curing of the Insulator Materials under Inert and 

Ambient Atmospheres 

The recommended equipment for curing the UV insulators is an undoped mercury 

(Hg) lamp [89, 90]. In this work, the exposure unit used (Pluvex1410 UV Exposure 

Unit, Mega Electronics) [198] comprised of UVA bulbs operating in the range 

315-400 nm with peak wavelength at 352 nm (Blacklight F15W/350 BL, Sylvania) 

[199]. The wavelength was noted to be within the recommended spectral 

distribution, although it does not cover the full spectrum from 200-600 nm [86]. 

 

The power intensity was measured with a UV light metre (UV-340A, Lutron 

Electronic Enterprise Co. Ltd) which measures the instantaneous power intensity 

values in the range of 290-390 nm. Prior to measurements, the exposure unit was 

Metal bar

Glass slide

UV-Curable dielectric

Glass slide(applicator)

Tape

Direction of 

application
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turned on for two rounds of 300 s, where 300 s is the recommended duration for 

obtaining constant exposure values [198]. Each round started 3-5 s after the last 

round. Following this, various exposure times ranging from 50 to 400 s were set, in 

steps of 50 s. Readings using the UV light metre were taken 4 times for each 

exposure time, to allow for the power intensity values to stabilise. The average 

power intensity value from the last reading (stabilised value) was then used to 

calculate the energy dosage. From the results obtained, the average energy dosage 

of the UV equipment was found to be 1.35 ± 0.15 mW/cm
2
. This power intensity 

value is observed to be two orders of magnitude lower compared to a value of 150 

mW/cm
2 

used by the ink manufacturer [86], resulting in a prolonged exposure 

time. 

 

During UV exposure in air, oxygen can diffuse into the ink and affect the cure 

reaction in a process known as oxygen inhibition [200, 201]. This phenomenon is 

exacerbated with extended exposure times and prevents a full cure of the insulator 

layers (EMD 6200 and EMD 6415). In the absence of curing equipment with a 

light intensity strong enough to minimise oxygen inhibition, using an inert 

atmosphere [202] during curing can help to alleviate oxygen inhibition. In this 

work the effect of curing the samples under different exposure atmospheres (inert 

versus ambient) was investigated. Specifically silver traces overprinted onto the 

different UV cured samples were compared in terms of their wettability, with the 

goal of obtaining electrically conductive traces. 

 

For the inert curing, the glass slide samples were encapsulated in a polyethylene 

bag (100 mm x 140 mm) filled with Argon gas. To minimise the oxygen present in 

the bag, argon gas was injected and expelled from the polyethylene bag three times 

before the final filling and sealing of the bag, Polyethylene was used in this work 

as it is largely transparent to UV light due to its simple chemical bonds [203]. To 

verify this, the power intensity values were measured again with the UV light 

metre inside a polyethylene bag. The measured values were observed to be 

comparable to those obtained without the polyethylene bag. 
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The UV dosages used for curing the insulator samples ranged from 150-600 mJ/ 

cm
2
, in intervals of 150 mJ/cm

2
. The upper limit of 600 mJ/cm

2 
is in accordance 

with the recommendations of the ink manufacturer for good printability [184].  

 

Another approach to alleviate the effects of oxygen inhibition is to use a secondary 

thermal cure, with the purpose of improving the cross-linking generated after the 

initial UV cure in an ambient atmosphere. From the literature [204, 205], authors 

have also used heat to promote thermal induced cross-linking of polymers. For 

instance Lee et al. [204] used microwave heating as an alternative to UV 

irradiation to generate thermally induced crosslinking in an acrylate. Samples 

which were subjected to a secondary thermal cure were placed in an oven for 

durations of 10 min at 150 °C. 

 

6.3.3 UV-Ozone Treatment 

UV-ozone treatment (UV/O3) was used to modify the surface energy [95-98] of the 

insulator layers after UV curing. Based on previous work [206], poor wettability 

was obtained for silver overprinted on the EMD 6200 insulator layer. As such, the 

purpose of using UV-ozone treatment is to improve the wettability of the silver ink 

overprinted onto the insulator layer. Much literature abounds in the use of UV-

ozone treatment to obtain more hydrophilic surfaces [207-209], with the extent of 

hydrophilicity dependent on the UV-ozone exposure time [95-98]. 

 

The equipment used was a UV ozone photogenerator (PR-100 UV ozone 

photoreactor, UVP Inc.), which is a low pressure mercury source operating in the 

shortwave UV region. The output spectrum of the source displays two peaks in the 

UV-C band at 254 nm and 185 nm [94]. The UV power intensity is reported to be 

15 mW/cm
2   

at a wavelength 254 nm and 1.5 mW/cm
2
 at 185 nm (at 1” distance 

from the source) [210]. To maximise the UV intensity reaching the samples, the 

samples were placed close to the UV source using a metal support such that the 

distance between the source and the samples was reduced to around 1 cm. 

 

The UV-ozone exposure times were set from 20 to 80 s, as the system was not new 

and it was expected that the level of intensity would be lower. Assuming a 50  % 
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power rate, the equipment would yield maximum nominal exposures of 150 mJ 

cm
-2 

to 600 mJ cm
-2 

(at 254 nm). Longer exposure times involving 3 min intervals 

[95] were also considered, in order to investigate a trend in the results obtained. 

 

6.3.4 Silver Ink Printing onto Plain Glass and UV-Cured Insulator 

A commercial drop-on-demand mode inkjet printer (DMP 2831, Fujifilm Dimatix 

Inc.) was used for the silver ink deposition. The cartridge comprised of 16 nozzles 

capable of delivering 10 pl drops per nozzle. In the printing of the silver ink onto 

the samples, a single jetting nozzle with a 5 kHz waveform was used to print 

straight lines in the direction of travel of the platen. The inks were jetted out at 

temperatures of 28 ºC, with the dot spacing in the direction of travel maintained at 

20 µm. 25 mm long traces with widths of 100 m, 500 m and 1 mm were 

deposited by making multiple passes of the single nozzle to print parallel lines with 

a centre to centre spacing of 20 µm. Prior to printing, these traces were created 

using a pattern definition program available in the inkjet printer software [211], as 

mentioned in Section 5.3.2 of Chapter 5. The samples were heated at 60 ºC (platen 

temperature) during printing. Following that, the printed tracks were thermally 

sintered at 150 ºC for 60 min. 

 

Some samples were overprinted with two layers of silver ink, to ascertain the effect 

on the resistance values. The second silver layer was printed after a 15 min interval 

following the printing of the first layer on the heated platen. After the second silver 

layer was printed, the samples were thermally sintered at 150 ºC for 60 min. 

 

6.3.5 Sample Characterisation 

A number of techniques were used to characterise the samples at different stages of 

the process in order to evaluate the surface properties and printability. 

 

(a) Contact Angle Measurements 

In order to realise conductive traces, it is crucial that good wettability first be 

obtained for the silver ink deposited onto the UV-cured insulator layer. To evaluate 

wettability, contact angle measurements were performed on the insulator layer and 

the respective surface energies were calculated. The contact angles were obtained 
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for coated glass slides cured under different conditions, with/without UV-ozone 

treatment. 

 

An assumption behind obtaining reliable contact angle values is that there exists 

minimal absorption of the liquid into the test surface [212]. In this work, the UV-

cured polymers considered have varying degrees of cross-linking under inert and 

ambient atmospheres. To minimise the interaction between the reference liquid and 

the UV-cured polymer, the choice of a suitable reference liquid becomes an 

important consideration in the contact angle measurements. 

 

In addition to contact angle measurements, attempts were made to characterise the 

sample surfaces with the calculated surface energy values using the Owen-Wendt-

Rabel-Kaelble method [142]. This method requires the contact angle measurements 

of the samples using two reference liquids, where triply distilled water and 

diiodomethane were used. In using diiodomethane for contact angle measurements, 

imprints and smudging were observed on the surfaces of EMD 6200 samples after 

wiping away the diiodomethane droplets, which suggested that the insulator layer 

may have been partially dissolved by diiodomethane. Apart from the 

incompatibility of the liquid with the polymer, the solubility observed could also 

have been due to the incomplete curing of the UV ink when cured under an 

ambient environment, particularly since EMD 6200 is noted to have a reduced 

cross-linking formulation. As the accuracy of the contact angle measurements 

depend on the purity of the reference liquids, what was observed may indicate a 

degradation of the purity of diiodomethane, which could have affected the contact 

angle results. 

 

To eliminate the uncertainty arising from the interaction of a solvent with the 

polymer, only one  reference liquid, triply distilled high purity water (Chromasolv 

for HPLC, Sigma-Aldrich), which does not react with the polymer, was used for 

the contact angle measurements. From the literature, the contact angles of water 

have been used to determine the wettability of polymers and corona treated 

surfaces [213]. 
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The contact angle measurements of water were obtained using a Fibro DAT 1100 

contact angle tester (Fibro System AB, Sweden), where a minimum of three static 

contact angle measurements were obtained for each surface modified substrate. 

The contact angle measurements (using the sessile drop method) were recorded for 

a period of 10 s following the droplet deposition. The measured values were 

observed to approximate the contact angles after 1 s droplet deposition. The droplet 

volumes used in the measurements were 2.0 ± 0.5 µl. These values were repeated 

using the sessile drop method with a Dataphysics OCA20 system, where a 

variation of ± 4° was observed compared to the values obtained with the Fibro 

DAT 1100. 

 

(b) Focused Ion Beam- Scanning Electron Microscope (FIB-SEM) 

To study the thin film and bulk material regions of the samples, a dual beam (FIB-

SEM) microscope system (Nova 600 Nanolab Dual Beam, FEI) was used to do in-

situ cross-sectioning of the printed silver trace on the glass slide. This method is 

preferable to manual cross-sectioning as with that approach the cleaved edge may 

be non-uniform and small pieces of glass may be deposited across the silver traces, 

contaminating the sample. Prior to making the cross-sections, dummy layers of 

palladium (~1 m) were deposited onto the trace surfaces to serve as protective 

layers. 

 

(c) Optical Microscope  

A high power optical microscope (SMZ1500, Nikon) was also used to image the 

printed traces on the samples. The images were captured using x0.75 to x3 

objective lenses. 

 

(d)  X-ray Photoelectron Spectroscopy (XPS) 

XPS analysis using a K-Alpha, Thermo Scientific instrument was performed on the 

samples to analyse the chemical composition of the surfaces after UV curing and 

UV-ozone treatment, and analysed and compared to those of the reference samples 

obtained from the ink manufacturer. Spectra were acquired using Aluminium X-

ray irradiation and quantification was obtained from survey spectra using the 

system software. Prior to the XPS analysis, the samples were cleaved in smaller 
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dimensions of around 2 x 2 cm
2
 using a diamond cutter, such that multiple samples 

could be analysed in a single batch. 

 

6.4  Results and Discussion  

In this section, the results obtained on silver ink overprinted on glass and UV-cured 

insulator layers (with and without surface modifications) are presented. In addition, 

a discussion of the cracking phenomenon observed for silver traces overprinted on 

EMD 6200 is provided. The surface conditions of the samples are analysed using 

results from water contact angle measurements and XPS analysis. Lastly the 

relationship between printability and measurable resistance is discussed, followed 

by the demonstration of electrically conductive traces on ambient cured insulator 

layers. 

 

6.4.1 Silver Ink Printability on Glass and UV-Cured Insulator 

Layers  

The spreading of the silver ink on different substrates was investigated and Figure 

6.2 shows examples of traces obtained after sintering that display different degrees 

of wettability.  

 

Initially, traces were printed on plain glass (Figure 6.2(A)) and these displayed 

good wettability, without any de-wetting. For traces defined with 1 mm widths in 

the inkjet printer, dimensions of 1.7-1.9 mm were obtained for the printed traces on 

plain glass, indicating significant spreading. 

 

Figure 6.2(B) shows the traces overprinted on the EMD 6415 UV cured insulator 

layer (UV cured in air for 230 s, 300 mJ/cm
2
) and without any subsequent surface 

modifications. Beading of the silver ink is observed due to poor wettability. Some 

improvement in the wettability of the traces was obtained (Figure 6.2(C)) after the 

EMD 6415 sample was subjected to a secondary thermal cure (10 min, 150 °C) 

after UV curing to increase the cross-linking in the UV insulator layer. However, 

the insufficient wettability of the silver ink onto the insulator layers necessitated 

the use of UV-ozone treatment, following which good wettability was obtained, as 

shown in Figure 6.2(D), where clear linear traces can be seen. It was found that for 
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the UV curing conditions used here (ambient atmosphere) that a minimum ozone 

exposure time of 80 s was required for all the UV cure dosages in order to generate 

clear traces.  

 

  

  

  

 

Figure 6.2 Optical microscope images of silver ink traces (single layer) after printing and 

sintering on different substrates: (A) Plain glass with 1 layer overprint; (B) EMD 6415 

samples cured under an ambient atmosphere 300 mJ/cm2; (C) EMD 6415 sample cured 

under an ambient atmosphere (300 mJ/cm
2
) with secondary heat cure applied (10 min); 

(D) EMD 6415 sample cured under an ambient atmosphere (300 mJ/cm
2
) with UV-ozone 

treatment (80 s); (E) EMD 6415 sample cured under an inert atmosphere (300 mJ/cm
2
) 

with UV-ozone treatment (20 s); (F) EMD 6200 samples cured under an atmosphere 600 

mJ/cm
2
; 

1000 m

(A)

500 m

(B)

500 m
(C) 500 m(D)

500 m(E)

1000 µm

(F)
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Figure 6.2 Optical microscope images of silver ink traces (single layer) after printing and 

sintering on different substrates: (G) EMD 6200 sample cured under an ambient 

atmosphere (600 mJ/cm
2
) with UV-ozone treatment (6 min) 

 

The insulator layers which were UV-cured under an ambient atmosphere were 

noted to remain tacky after the curing process and indicated that oxygen inhibition 

of the curing process may have taken place. In contrast, the manufacturer’s 

reference samples that were cured with a more intense UV source were not found 

to be tacky. To investigate the effect of curing atmosphere EMD 6415 samples 

were UV-cured in the range of 150-600 mJ/cm
2 

under an inert atmosphere and 

overprinted with the silver ink. Partial wettability similar to the image in Figure 6.2 

(C) was observed. Under these conditions, the traces were not found to be tacky, 

but good printability was not obtained. However, in contrast to the air cured 

samples that required 80 s ozone exposure to achieve printability, good wettability 

of the silver ink on the inert atmosphere cured surfaces was observed after only 20 

seconds of ozone treatment (Figure 6.2(E)). The difference is attributed to the 

variation in the degree of cross-linking obtained when UV curing the EMD 6415 

samples under an ambient atmosphere. This was the case for all the UV cure 

dosages used, indicating that these are within the range for good printability. For 

EMD 6415 samples cured under both inert and ambient atmospheres, where silver 

ink traces were obtained, printed trace widths of 1.5-1.6 mm were observed for a 

designed trace width of 1 mm. This again indicates spreading of the silver ink, 

similar to that observed with a glass substrate.   

 

EMD 6200 samples were also prepared and tested for printability of the silver ink. 

Similar to the EMD 6415 material, it was found that samples cured in an ambient 

atmosphere were not wettable (Figure 6.2(F)). UV-ozone treatment was again used 

1000 µm

(G)
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on these materials and the effect of curing in an inert atmosphere was also 

investigated. For samples cured under an inert atmosphere, the UV-ozone 

treatment time required to obtain good wettability was 3 min. This was doubled to 

6 min when curing the sample under an ambient atmosphere (Figure 6.2(G)). 

Smaller printed trace widths of 0.96-0.98 mm were obtained for a 1 mm width 

defined in the printer. The results indicate that ozone treatment is a key factor in 

eliminating de-wetting, with the required ozone treatment influenced by the degree 

of cross-linking present in the UV-curable insulator layers. In turn the degree of 

cross-linking is influenced by factors such as the UV cure atmosphere (i.e. inert or 

ambient) as well as the ink formulations [214, 215]. 

 

6.4.2 Cracking in Silver Traces on EMD 6200 

For the EMD 6200 samples cured in an inert atmosphere and subjected to ozone 

treatment, cracks could be observed for a single layer of silver ink overprinted and 

thermally sintered as shown in Figure 6.3(A). This phenomenon is exacerbated 

with two layers of silver overprint under the same UV exposure and ozone 

treatment conditions (Figure 6.3(B)), where pronounced hairline cracks were 

observed. In contrast, no cracks were observed for EMD 6415 samples which were 

exposed under an inert atmosphere and ozone treated. There were also no cracks 

observed for traces printed onto plain glass slides (Figure 6.2(A)), or for EMD 

6200 samples cured under ambient atmosphere. 

 

   

(A) (B) 

Figure 6.3 EMD 6200 samples exposed under: (A) Inert atmosphere with UV-ozone 

treatment (3 min) with 1 layer overprint; (B) Inert atmosphere with UV-ozone treatment  

(3 min) with 2 layer overprint 

 

1000 m 1000 m
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For the single layer of silver overprint, the cracks were observed to occur at the 

edges of the 500 m and 1 mm trace. This is attributed to the coffee stain effect 

where there is an outward fluid flow to compensate for the evaporative effect of a 

pinned contact line. Consequently the thickness at the trace edge is higher than the 

trace centre. From the literature, crack formations have been reported to occur for 

thicker films [216] and films which are above a certain critical thickness [217, 

218]. When the silver overprint was increased to 2 layers, a wider crack area was 

observed for the smaller traces (100 m and 500 m), while the cracks for the 1 

mm trace remained at the edges (Figure 6.3(B)). Compared to Figure 6.3(A), the 

crack area is also more obvious visually. This is since an increased layer of 

overprint also increases the line thickness, which would exacerbate the non-

uniform solvent evaporation and gradient of solvent concentration [196]. The crack 

morphology in Figures 6.3(A) and 6.3(B) obtained by varying the layers of silver 

overprint was also observed to be different. While the trace in Figure 6.3(A) 

comprised of curved cracks, Figure 6.3(B) shows a straight array of cracks for 2 

layers of silver overprint. From the literature, films with increased thickness have 

been found to yield an increase in the orderliness of the crack patterns [219, 220]. 

The resulting crack morphology is mainly attributed to changes in the humidity and 

temperature distribution of the evaporating (solvent) system [221]. 

 

Contrary to the observations of Lee et al. of the absence of cracks for narrower 

lines (100 m widths) [196], the cracks in this study were seen to occur for both 

narrow and wide traces on the EMD 6200 samples cured under an inert 

atmosphere. While Lee et al. [196] reported cracks for silver printed directly onto 

polyimide (PI) and glass, the traces in this work were printed on an intermediate 

insulator layer. This suggests that stresses arising from the insulator layer and/or 

printed silver layer cause the occurrence of cracks. In this case the contact line of 

the silver trace is pinned to the insulator layer underneath [186]. As such any non-

uniform shrinkage arising from the insulator layer (EMD 6200) 

expansion/contraction during and after sintering is likely to initiate stress. As EMD 

6200 is formulated for flexible substrates, the dimensional shift that occurs is also 

expected to be larger compared to EMD 6415, for which no cracks were observed 

for samples cured under an inert atmosphere. The stress initiated could have 
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resulted in the cracks observed in the silver traces, where the traces are unable to 

shrink in-plane due to its adherence to the insulator layer [186, 222]. 

 

In addition, the cracks could stem from residual thermal stresses arising from the 

coefficient of thermal expansion (CTE) mismatch between the silver ink and the 

underlying UV insulator during thermal sintering and upon cooling after sintering. 

The silver traces on the EMD 6200 would experience compressive residual thermal 

stresses due to the higher CTE of the insulator (60-80 µm/°C)
 
[184]

 
compared to 

the silver trace (αAg = 19.6 µm/°C) [196, 216]. Furthermore an inhomogeneous 

stress distribution could have resulted during the solidification of the silver trace, 

where compression is generated in the bottom-most region (due to the CTE 

mismatch), while the top-most region could have remained in tension. 

Consequently the overall stress distribution of the trace-insulator configuration 

would be more tensile.  

 

Another factor contributing to the crack phenomenon could be due to the rate of 

solvent release if the remaining solvent present in the silver ink is released too 

quickly during sintering. Thus if the rate of evaporation is fast compared to the rate 

of transport of liquid to the surface [223], pressure and moisture gradients would 

arise, which results in non-homogeneous shrinkage [223]. This in turn generates 

tensile stresses, and cracks are initiated when the stresses exceed the tensile 

strength of the material  [196].  

 

For EMD 6200 samples which were exposed to prolonged UV-ozone treatments 

for 20 min or longer, cracks were still evident on the silver ink printed trace after 

thermal sintering (Figure 6.4). This phenomenon was observed for EMD 6200 

samples exposed under inert and ambient atmospheres, but was significantly 

pronounced for those exposed under ambient atmospheres (Figure 6.4(A)). The 

more pronounced cracking observed for samples exposed under ambient 

atmospheres could be attributed to a modification of the sample surface roughness 

due to the prolonged UV-ozone treatment time [209]. Jofre-Reche and Martin- 

Martinez reported changes to the surface topography of a polymer material with an 

increase in the UV-ozone treatment time. These changes were attributed to the 

ozone and atomic oxygen ablation and etching of the material surface [209]. The  
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(A) 

 

(B) 

Figure 6.4 Silver ink traces on EMD 6200 samples cured under: (A) Ambient atmosphere, 

followed by UV-ozone treatment (30 min) (B) Inert atmosphere followed by UV-ozone 

treatment (30 min) 

 

EMD 6200 samples exposed under ambient atmosphere are expected to yield 

reduced cross-linking due to oxygen inhibition [214]. Compared to samples 

exposed under an inert atmosphere, this would result in an increased degree of 

softening of the polymer. Consequently the more pronounced cracking observed 

for the ambient exposed sample could be attributed to an increased ozone and 

oxygen ablation of the material [209]. Due to the colourless coating of EMD 6200, 

it was not possible to observe optically the surface topography of these samples. 

 

In other research, the crack phenomenon observed has been shown to be controlled 

through the use of thinner films [224] and by tuning the insulator formulation [223, 

224], which is out of the scope of this research. The occurrence of cracks was 

found to affect the measurable resistance of the printed silver traces [196], as 

discussed further in Section 6.4.5. 

 

6.4.3 Contact Angle and XPS Results on Predicting Printability  

This section discusses the results obtained from water contact angle measurements 

and XPS analysis. These techniques are used to characterise the samples after they 

have been UV-cured and exposed to UV-ozone treatments, to evaluate the surface 

conditions and gauge the printability of the samples. 

 

1000 m 1000 m
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For the contact angle measurements, Figure 6.5 shows the contact angles for water 

on the UV cured insulator layers and also indicates if printability of the silver ink 

was good. The contact angle results suggest that the values required for good 

wettability vary with the material and curing condition. 

 

 

Figure 6.5 Measured contact angles of water on insulator layers prepared under different 

conditions. The notation “Good” refers to good silver ink printability where clear linear 

traces were obtained 

 

With reference to Figure 6.5, for samples cured under an inert atmosphere (with a 

low intensity power source) and subjected to UV-ozone treatment, slightly lower 

values of 74° (EMD 6415) were obtained that gave good silver ink wetting. 

Samples cured under an ambient atmosphere and subjected to UV-ozone treatment 

yielded values  62° (EMD 6415) and   60° (EMD 6200) for good printability. In 

contrast, the highest contact angles of 77-83° were obtained for samples exposed  

to a high intensity power source (manufacturer samples), which generated highly 

cross-linked polymer networks where no de-wetting occurred during the 

overprinting of the silver ink. It can be observed that samples subjected to UV-

ozone treatment yielded lower contact angles compared to those without. For EMD 

6415 samples, the contact angles following UV-ozone treatment (S8 and S9) are 

not significantly lower (3-7°) compared to those without treatment (S7) due to the 

short ozone treatment times (20-80s). However, the decrease in contact angle is 
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more significant with longer treatment times [209], as observed for EMD 6200 

samples S5 (10° reduction) and S6 (30° reduction) compared to S3.  

 

An interesting phenomenon is observed for the samples exposed in an ambient 

atmosphere followed by a secondary thermal cure for durations of 10-20 min (S4, 

S5). For the EMD 6415 samples, the contact angle decreased after 10 min of 

thermal cure (Figure 6.2C), yet increased with a prolonged duration of 20 min. The 

results suggest that a shorter period of thermal cure would aid in the polymer cross-

linking and in lowering the surface energy of the polymer. However, curing 

periods beyond 10 min suggest a hydrophobic recovery of the water contact angles 

with further thermal stimulation [225]. In contrast, a secondary thermal cure does 

not appear to improve the wettability for EMD 6200 samples. From Figure 6.5, 10 

min of thermal curing resulted in a higher contact angle (by 13°) instead, when 

comparing S4 with S3. As EMD 6200 is formulated for flexible substrates, the ink 

would yield reduced cross-linking after curing compared to EMD 6415 [184]. The 

results imply a possible lack of thermally cross-linkable polymers in the ink. 

However, the results also suggest the possibility of using a secondary thermal cure 

to adjust the hydrophobicity of the layers to control the printing of silver inks to 

achieve finer line widths. 

 

XPS analysis was also performed on the samples. Table 6.1 show the results for 

samples coated with EMD 6200 and EMD 6415 and cured under different 

conditions using a UV dosage of 600 mJ/cm
2
. Comparing the EMD 6200 samples 

to the EMD 6415 samples, silicon groups were detected for EMD 6200 where the 

atomic concentration of silicon was around 10 %. This possibly indicates the 

presence of silane/silicone types in the ink formulation. For instance, polysiloxane 

is an elastomer used in certain inks and coatings to yield flexible films [226, 227].  

 

It can be observed from Table 6.1 that the oxygen levels present in the inert cured 

samples are not significantly higher compared to the ambient cured or the reference 

samples.  In addition, it is interesting to note from Table 6.1 that the oxygen levels 

of both EMD 6200 and EMD 6415 samples exposed under an inert atmosphere 

were comparable to the manufacturer’s samples. However this did not result in 

good printability when the silver ink was overprinted onto the samples. This 
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phenomenon is similar to the contact angle results shown in Figure 6.5, where 

samples S3 and S7 yielded comparable contact angles with the manufacturer’s 

samples (S1 and S2), yet de-wetting was observed when the silver ink was 

overprinted onto S3 and S7.  

 

For samples subjected to UV-ozone post-treatment it can be observed that while 

the oxygen levels present in the samples were increased, a good wettability of the 

overprinted silver ink was also obtained, due to changes in the chemical bonds on 

the insulator layer surfaces [228]. This can be observed for the EMD 6200 sample 

(sample 2) in Table 6.1, which yielded good printability even though a higher 

oxygen level of 7 % was obtained relative to sample 3. For the EMD 6415 sample 

in Table 6.1, the oxygen level was noted to be comparable for samples 6 and 7 due 

to the short UV-ozone treatment time used for sample 7. However a good 

printability was obtained for sample 7 after the UV-ozone treatment, due to the 

increased wettability of the silver ink onto the surface modified insulator layer 

[208]. 

 

Table 6.1  Proportion (%) of the elements present in the EMD 6200 and EMD 6415 samples  

No. EMD 6200 samples 
Atomic Concentrations Remarks 

C 1s O 1s Si 2p N 1s P 2p  

1 Reference
15

 68.5 22.1 7.3 1.5 0.6 Good printability
16

 

2 Ambient cure and UV-

ozone (6 min) 
57.4 28.7 11.1 2.1 0.7 Good printability

16
 

3 Inert cure 66.4 22.3 10.2 0.9 0.3 De-wetting 

4 Inert cure and UV-ozone  

(3 min) 
61.4 26.4 10.3 1.4 0.5 Good printability

16
 

No. EMD 6415 samples C 1s O 1s Si 2p N 1s P 2p Remarks 

5 Reference
15

 76.8 20.8 - 1.2 1.1 Good printability
16

 

6 Inert cure 77.4 19.8 - 1.3 1.5 De-wetting 

7 Inert cure and UV-ozone 

(20 s) 
74.8 21.6 - 1.9 1.7 Good printability

16
 

    15
Sample obtained from the ink manufacturer, which is exposed at 600 mJ/cm

2
 using a high  

   power UV source. 
16

Good printability refers to clear linear traces being obtained when silver ink  

   is overprinted onto the samples. 

 

Overall, the contact angle provides a useful indication of printability through the 

ozone treatment duration required. On the other hand the XPS analysis results 
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provided an indication of the oxygen levels present on the sample surfaces, but 

may not suffice as an adequate gauge of printability since samples could have 

similar oxygen levels (inert cured versus manufacturer’s samples), yet yield 

different printability results. 

 

6.4.4 Measurable Resistance  

Following the UV-ozone treatment of the insulators, single layers of silver ink 

were overprinted across the samples to form 0.5 and 1 mm (designed) trace widths 

which were 25 mm long. Three sets of such traces were printed onto the samples. 

After thermal sintering at 200 °C for 2 h the trace resistances were measured using 

a two point probe digital multi-metre. The use of two point probe measurements 

was considered to be appropriate since relative measurements were made amongst 

the samples. In this case the higher sintering temperature and time were used 

(compared to the printability trials) to improve the resistance values obtainable. 

The results are shown in Figure 6.6, where the average resistance value per unit 

length (i.e. normalised resistance) was plotted for 3 different samples. For each 

sample, the average resistance value was obtained from at least two measurements.  

 

 

Figure 6.6 Comparison of normalised resistance values for 1 mm wide (design width) silver 

traces printed on plain glass, EMD 6415 and EMD 6200 insulator layers. The EMD 6415 and 

EMD 6200 samples were cured in an inert atmosphere with UV-ozone post-treatments of 20 s 

and 2 min respectively. The errors bars in the figure represent the maximum and minimum 

values. 
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Specifically these resistance values were divided by the corresponding trace length 

over which the resistance was measured (in cm) to normalise them. The results are 

presented without correcting for the trace widths or thicknesses. This is since the 

deposited ink volume is assumed to be constant [22], which implies that the cross-

sectional areas of the traces would be the same (i.e. not affected by the trace 

spread) in the extraction of the resistance values. 

 

From the measured resistance results, it was observed that only samples prepared 

on insulator layers exposed under an inert atmosphere and subjected to UV-ozone 

treatment gave conductive silver traces and yielded measurable resistances. This 

was the case for both EMD 6200 and EMD 6415 samples.  From Figure 6.6, the 

normalised resistance for traces printed on plain glass consistently yield smaller 

values with smaller variation compared to the other samples.  For 1 mm wide 

traces, the traces printed on plain glass yield normalised resistance values of 1.7-

2.3 /cm. This is at least 8 times lower compared to traces printed on EMD 6415 

and EMD 6200 samples. In contrast, EMD 6415 and EMD 6200 samples yield a 

wide variation for the normalised resistance values. A range of 13.5-28.6 /cm 

was obtained for EMD 6415 samples. For EMD 6200 samples prepared under the 

same conditions, this variation is slightly higher at 19.0-61.4 /cm. Since the trace 

resistance is based on how good an electrical path is formed, the results could be 

possibly attributed to two factors. The first is the formation of cracks in the 

samples exposed in an inert atmosphere, which has been discussed in Section 6.4.2.  

Consequently a variation in the crack density in each trace would result in a 

variation of the measured resistances as the electrical contacts between 

nanoparticles are obstructed by the crack openings [196].  

 

A second factor causing the variation of the resistance values could be the degree 

of cross-linking present in the insulator layers, which results in an inconsistency of 

the silver nanoparticle aggregation and hence the electrical path formed. This was 

further investigated using FIB-SEM. Figure 6.7(A) shows a FIB cross-section 

taken through the sintered trace to a part of the glass substrate underneath. From 

Figure 6.7(A), the silver nanoparticles deposited on plain glass were observed to be 

densely agglomerated without any clear boundary between the particles. In  
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comparison, the silver nanoparticles observed in Figure 6.7(B) which shows a 

section through the sintered trace and part of EMD 6200 are less densely 

aggregated and appear to be suspended. Furthermore, the silver layer appears to be 

thicker on the EMD 6200 compared to on glass, which could be partly attributed to 

the increased spreading observed on glass. 

 

Further FIB-SEM cross-sections made for an EMD 6200 sample at the centre and 

edge of the silver trace indicate that the thickness is not uniform, as shown in 

Figure 6.8. Figure 6.8(A) shows the top view of the sintered trace while Figure  

 

(A) 

 

(B) 

Figure 6.7 FIB cross-section of sintered trace on: (A) plain glass (B) EMD 6200 sample 

which was cured in an inert atmosphere and subjected to UV-ozone treatment for 2 min 
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Figure 6.8 Silver ink printed on EMD 6200 which was cured in an inert atmosphere and 

subjected to UV-ozone treatment for 2 min: (A) Top view of sintered trace; (B) Cross-section 

taken in the trace centre region; (C) Cross-section taken near the trace edge 

 

6.8(B) and Figure 6.8(C) show the cross-sections taken of the trace into the EMD 

6200 insulator underneath. These cross-sections were taken at different locations 

(centre and edge) of the same trace in Figure 6.8(A), and dummy layers of 

palladium were deposited prior to making the cross-sections in Figure 6.8(B) and 

Figure 6.8(C). 

 

From Figure 6.8(B), the thickness of the trace is 0.9-1.6 m. This thickness 

reduces to  1 m near the trace edge region as shown in Figure 6.8(C). In 

particular the trace thickness in the middle of the cross-section (Figure 6.8(C)) 

appears to be significantly smaller compared to the trace edges.  The thickness 

variation could be due to the cross-section being taken near the junction of two 

dots located at the edge of the trace (Figure 6.8(A)), since further observation of  
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the trace in Figure 6.8(A) reveals a dot-like appearance. 

 

The dot-like appearance observed are comprised of the deposited ink droplets 

which have not merged together, with the phenomenon being more obvious at the 

trace edge in Figure 6.8(A), where isolated droplets are observed. These isolated 

droplets could have been suspended in the insulator layer and thus prevented from 

agglomerating. As the polymer is not fully cross-linked, the lessened polymer 

cross-linkages in EMD 6200 could have enabled a diffusion of the silver 

nanoparticles through the insulator layer as the solvents in the silver ink penetrate 

the film, thereby providing a pathway underneath the insulator layer. This is 

consistent to the cross-section observed in Figure 6.7(B) of the sintered trace, 

where the silver nanoparticles appear to be suspended within the EMD 6200 

insulator layer.  

 

Overall, the results imply that the degree of cross-linking present in the UV-cured 

insulator could be another factor affecting measurable resistance, since a 

continuous path is required for current to flow. As such, while traces could be 

printed without de-wetting onto samples exposed under an ambient atmosphere 

with UV-ozone treatment, no resistance values were measurable for those samples. 

In particular, the larger 1 mm trace widths were observed to yield a change in the 

colour shade at the trace edges (Figure 6.9).  

 

  

(A) (B) 

Figure 6.9 Silver traces overprinted onto ambient cured insulator samples. (A) EMD 6415 

sample exposed under an ambient atmosphere and followed with UV-ozone treatment (80 s) 

(B) EMD 6200 sample exposed under an ambient atmosphere and followed with UV-ozone 

treatment (6 min) 



Chapter 6                               Surface Modifications for Robust Fine Line Trace Deposition 

 

139 

 

Goehring et al. [229] reported on such a phenomenon in the drying of colloidal 

dispersions. In particular, they observed a series of fronts when a colloidal 

suspension dries directionally, with distinct regions separating the liquid dispersion 

and the solid film [229]. 

 

While exposing the jettable insulators (EMD 6415, EMD 6200) under an inert 

atmosphere would be a more ideal condition for maximising the polymer cross-

linkages [214], the thermal sintering of the silver traces resulted in the occurrence 

of cracks as discussed earlier in Section 6.4.2. A few approaches exist to alleviate 

the crack phenomenon observed. One possibility is to adopt a localised curing of 

the silver traces [230-232] such as laser sintering or the use of a xenon flash lamp. 

This has been adopted for the thermal sintering of silver traces on temperature 

sensitive substrates and is thus a possibility for fabric substrates. However it may 

also be possible to apply this technique for the overprinted silver traces without 

residual thermal stresses arising from the CTE mismatch of the silver ink and the 

insulator. 

Yet the adoption of such a technique would require a silver ink with properties 

suitable for use with laser sintering. In addition, the use of a suitable laser source 

along with the optimisation of the laser sintering parameters for the ink is of 

critical importance [233]. Otherwise a non-ideal scalloped trace profile may result 

[231]. 

 

Another approach to alleviate cracks in the silver traces after thermal sintering 

involves a two stage drying process. Specifically the sample would be heated at a 

lower temperature (70 °C to 85 °C) to partially remove the solvents, following 

which it would be subjected to a higher temperature for a shorter time for the 

sintering of the nanoparticles. Nevertheless, if the temperature is too high or the 

thermal curing duration too long, cracks can still occur if the solvent present in the 

silver ink is released too quickly during sintering. 
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6.4.5 Electrically Conductive Traces on Ambient-Cured Insulator 

Layers 

In view of the drawbacks of the above approaches, the author considered curing the 

samples in an ambient atmosphere, but overprinting upon it with multiple layers of 

silver ink to achieve measurable resistances. This is since crack formation is not an 

issue when curing the insulator samples under an ambient atmosphere. Due to the 

variation of the cross-linkages present in the ambient cured samples, the 

overprinting of multiple silver layers would aid in enhancing the proportion of the 

nanoparticles contacting and agglomerating during thermal sintering. In addition, 

the ambient cured samples would be thermally sintered for extended periods of 

time. This is to aid in the agglomeration of the nanoparticles to form conductive 

paths for measurable resistances. 

 

Table 6.2 shows the resistances of 1 mm traces prepared from 2 layers of silver ink 

overprinted on ambient cured EMD 6415 samples. The insulator layers were UV 

exposed using a dosage of 600 mJ/cm
2
 and ozone treated for 80 s. After printing 

the silver ink, the samples were thermally sintered at 150 °C for an extended period 

of 4 h, followed by 180 °C for 1 h.  The extended period of 4 h followed by a 

second stage of sintering at 180 °C is adopted to aid in the agglomeration of 

nanoparticles as proposed in Section 6.4.4. 

 
Table 6.2 Measured resistance values of 1 mm silver traces (2 layers) overprinted onto 

ambient cured EMD 6415 samples 

Line No. 150 °C, 4 hours 180 °C, 1 hour 

L1 1.47 k 191.9  

L2 0.37 k 75.8  

L3 70.8  39.9  

L4 47.5  23.2  

L5 1.79 M 0.51 k 

L6 83.3  31.4  

L7 1.71 M 91.0  

 

From the results in Table 6.2, resistance values were registered after 4 h of thermal 

sintering at 150 °C. However, 50 % of the resistance values are in the range of k 
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and M. After an additional hour of thermal sintering at 180 °C, most of the 

resistance values fall into the range of , with the least resistance being 23.2 .  

 

The same procedure was performed for ambient cured EMD 6200 samples where 

two samples were subjected to a higher temperature thermal sintering of 180 °C, in 

steps of 2 h. The results obtained are also shown in Figure 6.10. It can be observed 

that sintering the overprinted traces at a higher temperature aids significantly in the 

agglomeration of the nanoparticles. From the FIB-SEM cross-section in Figure 

6.11, increased clusters of silver particle agglomeration could be observed. After 4 

hours of thermal curing, the measured normalised resistance values were in the 

range of  cm
-1

 (Figure 6.10).  Following an additional 2 h of thermal curing at 

180 °C, the reduction in the normalised resistance was around 12 %. This suggests 

that a thermal curing of the traces at 2 h may suffice since the reduction in the 

normalised resistance values is not significant after 4 h. However larger variations 

in the normalised resistance values (as indicated by the error bar plots) were noted 

after 4 h of thermal cure. This implies that the degree of aggregation of the silver 

nanoparticles varies from trace to trace (albeit with the same trace width), which  

 

 

Figure 6.10 Variation of the normalised resistance values for 1 mm wide (design width) silver 

traces sintered for different periods of time at 180 °C. The results are for two layers of silver 

overprinted on ambient cured EMD 6200 samples 
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Figure 6.11 FIB cross-section showing clusters of agglomerated silver nanoparticles observed 

for two layers of silver overprinted on an ambient cured EMD 6200 sample 

 

could be attributed to varying degrees of cross-linking present in different regions 

of the ambient cured insulator. 

 

While the normalised resistance range obtained has to be further optimised, the 

results obtained show that the proposed approach is feasible for obtaining 

electrically conductive traces on ambient cured insulators, where the cross-linking 

in the samples is affected by oxygen inhibition. Compared to curing the samples 

under an inert atmosphere, this yields a more flexible solution towards obtaining 

electrically connected traces. Further work would also be needed to improve the 

repeatability of the printed trace resistances. One possibility would involve 

improving the thickness variation of the coated insulators, such that a more 

uniform curing and hence improved cross-linking can be obtained.  

 

The results obtained are promising, following which a trial evaluation was 

performed using Tyvek as the substrate. This work is further described in 

Appendix D of this thesis. This trial evaluation considered only EMD 6415 due to 

the increased cross-linking formulation of the ink. From the results, samples 

prepared on insulator layers exposed under either inert or ambient atmosphere and 

then subjected to UV-ozone treatment yielded conductive silver traces with 

measurable resistances. However the resistance values are in the range of k and 

M, which implies that the UV insulator ink could have seeped through the porous 

EMD 6200
1 µm
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Tyvek substrate during the drawdown process. This may in turn have affected the 

polymer cross-linking in the insulator and the subsequent aggregation of the 

overprinted silver nanoparticles. Further work would be required to investigate the 

effect of substrate porosity on the polymer cross-linking of the UV insulator inks. 

Finally Figure 6.12 shows a summary of the operating window for achieving 

printability and measurable resistance on the UV-curable insulator layers, based on 

a UV power source intensity of 1.35 mW/cm
2
. 

 

 

Figure 6.12 Summary of the operating window for achieving printability and measurable 

resistance on UV-curable insulator layers (UV cure dosages of 150-600 mJ/cm
2
), with respect 

to the UV-ozone treatment time 

 

6.5 Conclusions  

This chapter has investigated the preparation of continuous silver ink traces with 

measurable resistances on UV cured insulator layers (EMD 6415, EMD 6200) with 

surface modifications. In particular, the goal was to identify suitable conditions for 

achieving electrically conductive traces using commercial ink formulations and 

where the curing equipment may be non-optimal. The important results of this 

work are summarised as follows. 
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Silver ink de-wetting was observed on a number of substrates and the influence of 

thermal and UV-ozone post-treatments as surface modification techniques to 

eliminate the silver de-wetting were investigated. These techniques were applied to 

insulator layers cured under both inert and ambient atmospheres. Good wettability 

of the overprinted silver ink on the insulator layers (EMD 6415, EMD 6200) was 

obtained with UV-ozone treatment, where the treatment time required was found to 

be a function of the material (ink formulation) and the curing atmosphere, which is 

thought to affect the degree of cross-linking.    

 

One novel contribution arising from this work is that water droplet contact angle 

measurements provided an indication of changes in the surface condition of the 

insulator layers, but were not sufficient for predicting whether measurable silver 

track resistances could be obtained. Instead measurable resistance was found to be 

influenced by the occurrence of cracks. The results obtained also imply that the 

degree of cross-linking present in the insulator could be another factor influencing 

measurable resistance. In this case, contact angle measurements serve as a 

precursor, but are not able to predict the performance of the silver trace deposited 

onto the UV-curable polymers in the post-thermal sintering stage. To date little 

information is available in literature for contact angle measurements obtained on 

partially cured polymers. For contact angle measurements made on UV cured films 

[29, 30], no information was provided on the final cure stage of those films, 

therefore the authors assumed that they are fully cured. Future work would seek to 

investigate how the degree of polymer cross-linking affects the aggregation of the 

silver nanoparticles and the measurable resistance. 

 

Another specific novelty of this work is that XPS analysis is not the only factor 

affecting printability. While the XPS results obtained provided an indication of the 

oxygen levels present on the sample surfaces, the use of XPS may not be a 

sufficient gauge of determining printability. This is because samples could yield 

comparable oxygen levels compared to the manufacturer’s (i.e. reference) samples, 

yet have poor wettability when overprinted with the silver ink. 

 

Subsequently the author demonstrated that measurable resistance can be obtained 

on samples cured under an ambient atmosphere, through the overprinting of 
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multiple silver layers and curing for an extended period of time. Further work is 

needed to optimise the resistivity range of the overprinted silver traces, and to 

improve the repeatability of the values. However the results at this stage suggest 

that compared to curing the samples under an inert atmosphere, this approach 

yields a more flexible solution for obtaining electrically conductive traces.  In 

addition, a trial evaluation of overprinted traces on the EMD 6415 insulator layer 

was also performed using Tyvek as the substrate (Appendix D). In this case the 

same experimental parameters pertaining to the exposure and UV-ozone post-

treatment of EMD 6415 on glass substrates were used. While measurable 

resistances could be obtained, the values were in the range of k and M. Hence 

another aspect of future work would seek to investigate how substrate porosity 

affects the polymer cross-linking for insulator layers subjected to UV exposure, as 

this has been little explored in literature for insulator layers deposited via inkjet 

printing. 
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Chapter 7 . Characterising the High Frequency 

Electrical Performance of Printed Interconnects 

 

7.1 Introduction 

As described in Section 3.2(a) of Chapter 3, literature abounds on the effect of 

sintering conditions on the DC electrical resistivity of printed traces [18, 34, 36-38, 

234], which are typically obtained by screen printing or inkjet printing. However 

the electrical performances of printed traces in the higher frequency range (> 20 

GHz) have been subjected to little investigation to date [18, 23]. 

 

Salmeron et al. [23] have correlated RF simulation results with measurements up 

to a frequency of 1.2 GHz for RFID applications. Kim et al. [18] characterised the 

RF performance of an inkjet-printed transmission line up to 30 GHz on silicon, in 

relation to increased sintering temperatures. Due to a lack of research, there is little 

information available on the RF performance of printed interconnects. To address 

this research gap, this chapter seeks to develop simulation models and validate 

them with experimental measurements, and to provide guidelines for modelling the 

RF performance of printed traces. A sub-objective of this work is to investigate 

how the paste property influence the DC conductivity of printed interconnects 

across the substrate, and the resulting effect on the RF performance. To date, there 

exists little literature which report on the variation of printed samples across a 

substrate, in terms of the DC electrical performance, because most researchers 

focus on measuring samples for repeatability [23], or measuring samples of a 

different variety [51, 235] for comparison. 

 

Printed traces in this chapter refer to interconnects obtained by screen printing, but 

the methodology proposed is applicable for inkjet printed traces. Specifically, in 

order to accurately predict the RF response, the simulation models take into 

account non-ideal transmission line characteristics which are typically neglected 

during the design and modelling process (as discussed in Section 3.2(b) of Chapter 

3). 
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The non-ideal transmission line characteristics in this chapter are defined as:  

 Non-uniform printed dimensions. The printed dimensions may vary across the 

line length due to the degree of wettability. For inkjet printed traces, the 

dimensions are influenced by the wettability of the ink onto the specific 

substrate [22] and the substrate roughness present [144, 206]. For screen printed 

traces, the paste wettability is also determined by the interaction between the 

screen mask and the paste [236] .  

 Non-uniform DC resistivity/conductivity values. This can be observed from 

Figure 7.1(A), the copper foil is observed to be continuous. In contrast the silver 

particles in screen printed traces are being held together by a binder as shown in 

Figure 7.1(B). Consequently the DC resistivity of the printed traces is 

influenced by the inter-particle agglomeration during the thermal curing process, 

where the electrical path is defined by the surface to surface contact.  

 Trace cross-sections with non-rectangular profiles. Perfect rectangular profiles 

are usually assumed in the modelling or design process for simplification. Yet 

such profiles are not representative of the fabricated traces which typically have 

trapezoidal profiles [127, 129]. 

 

  

(A) (B) 

Figure ‎7.1 FIB-SEM images of (A) Copper foil on RO3006 (B) Silver paste on RO3006 after 

thermal curing 

 

 Surface roughness. At higher frequencies, the skin depth phenomenon causes 

current crowding in traces with surface roughness profiles, which results in 

increased losses and signal integrity issues [129]. When the skin depth becomes 

comparable to the trace thickness  at the highest frequency considered, the effect 
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of surface roughness becomes considerable [129] and needs to be taken into 

account. 

 

A methodology for modelling the above non-ideal characteristics is proposed in the 

next section. In particular, the non-uniform DC resistivity values necessitate a need 

to investigate the effect of varying DC resistivity on the RF performance of the 

transmission lines. The substrate used is a flexible high frequency laminate, 

RO3006 [31]. 

 

7.2 Methodology 

The methodology adopted for this chapter is summarised in a flowchart in Figure 

7.2. 

 

Figure ‎7.2  Proposed methodology for this work 
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The methodology used in this chapter is outlined in Figure 7.2, with the aim of 

obtaining 50 coplanar waveguide (CPW) transmission line structures. Such 

structures are essential to minimise signal reflections during measurements and 

maximise the power transfer [130]. However the paste spread on RO3006 is 

uncertain, which necessitates a trial test to determine this information for the 

specific silver paste used. The test structures for this trial include 50 CPW 

structures with zero spread. In addition CPW structures with the dimensions 

compensated to take into account paste spread (ranging from 25 μm to 150 μm) 

were included. Table 7.1 shows the compensated dimensions of the CPW 

structures with 250 μm pitch.  

 
Table ‎7.1 50 CPW structures with paste compensation for varying spreads  

 Width/spacing of CPW structure assuming different paste spread
17

  

 
0 µm 

spread 

25 µm 

spread 

50 µm 

spread 

100 µm 

spread 

150 µm 

spread 

Printed 

(Predicted) 
150/45 175/50 200/50 250/70 300/80 

Screen design 150/45 150/75 150/100 150/170 150/230 

    17
based on the assumption that the paste spreads uniformly in the x-direction for both signal and  

     ground traces. 

 

Specifically, the CPW structures are designed with 250 μm pitch to enable RF 

measurements up to 30 GHz using microwave probes [237]. After the paste spread 

on RO3006 has been determined, the final 50  structures can then be designed 

and realised via screen printing.  

 

A number of techniques were used to characterise the samples in order to extract 

the trace profile and evaluate the electrical performance (DC and RF). These 

include four point probe measurements to obtain the DC resistivity of the printed 

traces. The trace profiles (e.g. signal width, signal-ground spacing) were 

characterised using a non-contact measurement technique. The data from these 

characterisations were then used to construct simulation models in CST [238], a 

three-dimensional (3D) electromagnetic (EM) simulator. After validating the 

simulation model and optimising it (in terms of meshing), the simulation results 

were compared against the RF measurements. A good correlation (± 0.5 dB) would 
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provide guidelines for the modelling of printed traces up to 30 GHz. If a poor 

correlation is obtained, the measured data used for the simulation model would be 

reconsidered. In addition, the assumptions made for the simulation model would be 

revisited. 

 

7.3 Realisation of Transmission Line Structures 

Due to the current fabrication constraints of the screen printing technology, it is 

challenging to fabricate multi-layer structures (Figure 7.3(A) and Figure 7.3(B)), as 

these require the grounds on different metallisation layers to be connected using 

vias to minimise undesired parasitic modes. Firstly, the realisation of the vias 

requires the use of laser drilling or chemical etching in printed circuit board (PCB) 

processes. This significantly increase the time and cost of producing the prototypes. 

In addition, issues may arise in aligning the vias between different layers since a 

manual screen printer is used to deposit the traces (i.e. larger dimensional 

tolerances). In view of these limitations, CPW structures are chosen as test 

structures since the signal and ground traces are coplanar (Figure 7.3(C)) and no 

vias are necessary for adequate grounding.  

 

To study the effect of surface roughness, microstrip or striplines are typically used 

as test structures. This is further illustrated in Figure 7.3. 

 

 
Figure ‎7.3 Electric field distribution of transmission line structures (A) Microstrip (B) 

Stripline (C) Coplanar waveguide 

 

From Figure 7.3(A), the electric field distribution of the microstrip indicates that 

the conductor loss is influenced by the roughness on one side of the trace (i.e 

bottom side).  For the case of the stripline configuration in Figure 7.3(B), the loss 

is influenced by the roughness on both sides of the trace. In the case where a CPW 

configuration is used as shown in Figure 7.3(C), the conductor loss would be 

(C)(A) (B)

GND
SIG

GND
SIG

GND GND

SIG

Metallisation

Substrate

GNDGNDGND

Via 



Chapter 7                                    Characterising the High Frequency Electrical Performance  

 

151 

 

predominantly influenced by the roughness in the coplanar gaps since the electric 

field is confined around the ground-signal-ground (GSG) region. Curran [129] 

suggested that the effect of surface roughness in the coplanar gaps has negligible 

effect at DC and the lower frequencies, where a 1 mm long CPW structure with a 

coplanar gap of 1 µm was considered. It was claimed that the negligible effect is 

attributed to the smaller cross-sectional area occupied by the roughness in the gaps, 

relative to the roughness on the top and bottom sides of the CPW structure. 

However the roughness in the gaps was observed to have a significant impact at 50 

GHz [129].  

 

This phenomenon was further investigated in Appendix E1, where CPW structures 

with dimensions realisable by screen printing were fabricated. The fabricated CPW 

structures have gaps of 50 µm, which is the minimum dimension realisable by 

screen printing. The results obtained in Appendix E1 suggest that the effect of 

surface roughness from the coplanar gaps is negligible for 15 mm long CPW 

structures.  As such, the effect of surface roughness was neglected in the modelling 

of the CPW structures in this chapter, which were designed with coplanar gaps of 

75 µm. 

 

7.3.1 Experimental Details 

This section describes the experimental aspects of this work. This includes the 

materials and the test designs used in screen printing. The methodology for 

characterising the trace profile for simulation correlation is also detailed in Section 

7.4.6.  

 

(a) Substrates 

The specifications of RO3006, the high frequency laminate used in this Chapter, 

are detailed in Section 4.3.1 of Chapter 4, with the corresponding datasheets 

provided in Appendix B1. As RO3006 is a low loss substrate (loss tangent = 0.002 

at 10 GHz), the effect of the substrate loss on the overall CPW transmission line 

loss is negligible, where the overall loss is affected by the conductor, dielectric and 

radiation losses. Consequently the dominant loss then results from the conductor 

losses (assuming radiation losses are negligible), which could be accurately 



Chapter 7                                    Characterising the High Frequency Electrical Performance  

 

152 

 

captured using a 3D EM simulator to model the RF performance of printed traces. 

In addition the dielectric constant of RO3006 is well-characterised up to 40 GHz 

[31], which eliminates uncertainty in the dielectric property data used for the 

modelling (up to 30 GHz).  

 

(b) Silver Pastes for Screen Printing 

In this work, screen printing is used to fabricate the test structures. Compared to 

inkjet printing which yields thin layers, thicker traces are realisable using screen 

printing. This facilitates the modelling aspect, since the simulation model has to be 

meshed within the trace thicknesses to adequately capture the conductor losses. 

Thicker traces aid in limiting the overall aspect ratio (i.e. maximum versus 

minimum dimensions) of the simulation model and thus the computational 

resources which are required. 

 

Two commercial silver pastes are used in this work, which are selected based on 

their suitability for fine line printing. Paste 1 is Rexalpha (RA FS 088, Toyo Co. 

Ltd), with a viscosity of 85 Pas and a silver content of 65-70 wt %. From the 

datasheet, the resistivity values are 8 x 10
-5 
-cm (130 °C, 30 min) and 10 x 10

-4 

-cm (100 °C, 30 min). Paste 2 is a research sample (CA-T31, Daiken chemical 

Co. Ltd) with a higher viscosity of 229 Pas and a silver content of 83.2 wt %. The 

corresponding resistivity is 1.4 x 10
-5 
-cm (160 °C, 30 min). 

 

(c) Test Structures for Screen Printing 

An overview of the final designs is shown in Figure 7.4. The screen mask is 

divided into four regions to ascertain the repeatability of the printed test structures. 

Each region comprises of: 

 

 50 CPW transmission line structures designed for RO3006 and glass 

substrates. With reference to Figure 7.5(A), the linewidth/spacing (w/s) of the 

CPW structure on RO3006 is 150/75 µm while the w/s for the CPW structure on 

quartz is 350/50 µm. The CPW line lengths (l) are 2 mm, 7 mm and 15 mm. The 

details of the dimensions are shown in Table 7.2.  
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 Four point probe structures. As shown in Figure 7.5(B) these are used to extract 

the DC resistivity of the printed traces. The four point probe structures were 

positioned adjacent to the CPW transmission lines such that an in-situ 

measurement of the DC resistivity could be made for each CPW line for the 

simulation correlation. The rationale is that using an average conductivity value 

for the simulation correlation may not suffice, thus the need for four point probe 

structures to be placed beside the measured CPW lines for in-situ measurements. 

The widths of the test structures correspond to the signal (w) and ground (g) 

dimensions of the measured CPW lines, as listed in Table 7.3. There are 4 

samples per trace width located in each region. 

 

 
Figure ‎7.4 Final screen mask incorporating transmission line and DC test structures 

 

                           
                                                                       (A) 

Figure ‎7.5 Test structures in the screen mask (A) CPW transmission lines 
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(B) 

 

Figure 7.5 Test structures in the screen mask (B) Four point probe structure with current (I) 

applied through the outer pair of pads and voltage (V) measured from the inner pair. 

 

Table ‎7.2 Dimensions of CPW transmission line structures 

w (m) s (m) g (m) l (mm) Remarks 

150 75 690 2, 7, 15 RO3006 

350 50 1750 15 Quartz
18

 

                                 18
The CPW dimensions on quartz pertains to Appendix E1 

 
Table ‎7.3 Dimensions of four point probe structures 

w,g (m) l (mm) Substrate 

150 
7,15 RO3006 

690 

 

(d) Screen Specification  

The printing was performed using a manual screen printer (TOPRO ZT320) as 

shown in Figure 7.6(A), which had a suction function to hold the substrate in place. 

In addition, tape was used to fix the 4 sides of the RO3006 substrate to the chuck, 

as a slight warpage was observed for the PTFE-based substrate.  The test structures 

were fabricated in a 320 x 320 mm screen, using a mesh count of 640 (i.e. 640 

threads/inch), an emulsion thickness of 7 m and an open area of 39 %. The screen 

mask had a mesh tilt of 22.5. However a smaller area of 100 x 100 mm was 

utilised for the designs, due to constraints on the total design area possible (with 

respect to the screen size) in order to maintain the dimensional accuracy of the 

printed structures. Setting the usable area at 100 x 100 mm follows the guideline of 

setting the ratio between the design area and frame size to be within 1/9 (1/3 x 1/3). 

w,g

l

Trace under test

Pads for probing Pads for probing
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Figure 7.6(B) shows a schematic of the screen cross-section and the paste 

deposited onto the substrate after screen printing.  

 

Prior to printing, the sample surfaces were cleaned with acetone and dried using 

nitrogen gas. The squeegee durometer (i.e. physical hardness) used for printing is 

80-85, and the print speed is around 200 mm/s, with the squeegee pressure 

controlled manually. The off-contact distance between the mesh and substrate was 

set at 1.5 mm. The samples were thermally cured at 130 C for 1.5 hours after 

printing.  

 

  

Figure ‎7.6 Screen printing (A) Manual screen printer used (B) Schematic showing cross 

section of the screen and the screen specifications used 

 

(e) Electrical Measurement Parameters 

(i) DC Measurements 

The four point probe measurements were performed using a semiconductor 

parameter analyser (Agilent 4156C) connected to a DC probe station. The input 

current range was set from -1 mA to 1 mA in steps of 10 µA (i.e. 201 data points) 

and the corresponding voltage obtained from the four point probe structures. A 

total of 16 samples with trace widths of 150 µm and 690 µm were measured, with 

4 samples (per trace width) located in each substrate region. Each sample was 

measured twice, and the average value used to calculate the DC resistivity. 
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(ii) RF Measurements 

The RF measurement set-up is as described in Section 4.5.2 of Chapter 4. The 

frequency range is set from 0.1-30.1 GHz in the network analyser, with 201 

measurement points. Microwave coplanar probes with 250 µm pitch (40A-GSG-

250-DP, GGB Industries Inc.) were used for the two-port measurements [237]. An 

Intermediate Frequency (IF) bandwidth of 100 Hz was used along with an 

averaging factor of 64. Prior to measurements, a Line-Reflect-Reflect-Match 

(LRRM) calibration was performed, and the magnitude of the S11 parameter for a 

600 µm coplanar line standard on the calibration substrate [239] was verified to be 

≤ -40 dB at 30.1 GHz. As the RF measurements were performed on RO3006, a low 

loss substrate, the effect of substrate parasitics [240] were neglected. 

 

(f) Characterisation of Trace Profile for EM Simulation 

(i) Parameters to Extract DC Conductivity Values  

To extract for the DC conductivity values, 3D non-contact laser measurements 

(LEXT OLS-4100, Olympus) are made for the 2 ends of each test structure. The 

lens magnification and imaging option used are as described in the next section, 

Section 7.3.1(f)(ii). The results of both ends are then averaged, with the assumption 

that the dimensions of the entire test structure are consistent. For each scanned 

region of the test structure, the cross-sectional area (averaged) is calculated from 

the trace region defined with a post processing function (Figure 7.7).  

 

  

Figure ‎7.7 Schematic showing the determination of trace parameters for DC resistivity 

extraction 
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The corresponding average trace thickness (tav) is determined manually using 

measurement lines in the software. 

 

(ii) Transmission Line Parameters 

To obtain a good correlation between simulation and measurement results, an 

accurate evaluation of the transmission line dimensions for use in the simulation 

model is critical. Figure 7.8 is a schematic showing the evaluation of the 

transmission line dimensions. 

 

The entire transmission line profile is scanned in the 3D non-contact measurement 

system (LEXT OLS-4100, Olympus) using a x20 objective lens with a fast scan, 

which was found to be a compromise between speed and accuracy. Prior to this, a 

trial test was carried out to ascertain the suitable scan speed, the details of which 

can be found in Appendix E2.  

 

 
 

Figure ‎7.8 Schematic showing the evaluation of trace parameters using non-contact 

measurements 

 

The x20 objective lens had a field of view of 80 m. In particular, a differential 

interference contrast (DIC) - laser imaging was used for the scan. The DIC-laser 

option was used as it allows one to obtain a more accurate view of uneven surfaces 

(in range of a few nano-meters to a few micro-meters). This option is used for the 

RO3006 substrate which has non-negligible surface roughness. During 

measurements the brightness from the lens is automatically adjusted at each 

acquisition position. 
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During post-processing, levelling was performed for the scanned trace images. For 

glass substrates, an “inclination profile” option was used. However a manual 

correction was performed for the RO3006 substrate which displayed warpage after 

thermal curing, as RO3006 is a soft substrate. In this case the trace profile was 

corrected through the selection of three points on the image so as to specify the 

inclination plane for which to correct. 

 

The profile width function was then used to yield an average value across 

individual sections of the scanned trace (Figure 7.9). In this case, a profile is 

defined as the trace parameters (i.e. width, height, cross-sectional area, trace edge 

angles) along a specified line on the trace. Each section was defined to be around 

10-20 % of the total trace length, following which the average values of the trace 

parameters were extracted. For the RO3006 substrate, an increased number of 

sections were used. This is since some areas of the substrate are warped. As a 

result, the regions on the RO3006 substrate which can be considered level are 

smaller. 

 

In particular, the regions with trace bleeding were not considered in the extraction 

of the trace width as the corresponding thicknesses were observed to be negligible. 

Aoki et al. [241] observed that the bleeding regions are not connected and as such 

may not contribute to the current flow. This is also highlighted in Figure 7.9, which 

shows a FIB-SEM of the side-view of a silver trace (after thermal curing) printed 

on a borosilicate glass substrate. Trace bleeding could be observed along the edges 

of the trace in Figure 7.9.  

 

  

           Figure ‎7.9  FIB-SEM showing silver trace with trace bleeding 
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Using the methodology described above, the profiles for a CPW structure as shown 

in Figure 7.10 were characterised. This includes the signal width (w), the signal-

ground spacings ( 𝑔1 ,  𝑔2 ), the conductor edge angles ( 𝜃1𝑎  𝑡𝑜 𝜃3𝑏) , and the 

conductor thicknesses (t). The angles 𝜃1,  𝜃2  used in the simulation correlation 

were compensated by 5° since the trace bleed regions on the trace periphery were 

excluded in the extraction of the trace width. The trace dimensions were extracted 

with an accuracy of around ±10 m. 

 

      

Figure ‎7.10 A typical CPW structure with notations to indicate the parameters extracted from 

the trace profile  

 

7.3.2 Simulation Model Setup 

A typical 3D simulation model used for the correlation of a CPW structure is as 

shown in Figure 7.11. The model is simulated using a Time Domain (TD) solver in 

CST which is suitable for the evaluation of electrically large structures. The solver 

uses hexahedral meshing to simulate the structures. 
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Figure ‎7.11 A typical simulation model of the CPW structure for the result correlation 

 

Details of the waveguide ports used to excite the CPW structure can be found in 

Section 4.4.2 of Chapter 4. The accuracy set for which the simulation would 

terminate is -40 dB. Due to the symmetry of the reflection and transmission 

behavior of the signals, the S-parameter symmetry option (S11= S22) is utilised in 

the simulation. Through this setting, the simulation time can be reduced as the 

solver considers only the essential simulation runs. 

 

(a) Considerations in the Modelling of Printed Transmission Lines 

In simulating CPW structures obtained by screen printing, where the printed trace 

conductivity values are lower than the bulk metal conductivity, the conventional 

model setup which considers waveguide ports directly contacting the printed traces 

is no longer applicable. This is because the waveguide ports require contact with a 

perfect or lossy metal in order for the electromagnetic fields to be generated 

correctly. In this case the screen printed traces are defined as a “normal” material 

instead of a “lossy” material due to the need to mesh within the trace thickness. If a 

“lossy” material is defined, the simulator adopts a surface impedance formulation 

approach and only mesh at the surface of the trace. This approach does not 

compute for the field inside the trace volume and suffices for cases where the skin 

depth of the trace is much smaller than the trace thickness, by at least a factor of 5 

times. To circumvent this, short lengths of transmission line (0.5 mm) defined with 

a perfect metal were used to contact the waveguide ports at both ends of the 
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transmission line, to ensure that the correct electromagnetic fields were being 

excited. A de-embedding function was then used to remove the perfect metal 

lengths electrically, such that only the lengths defined by the printed traces were 

being considered during post-processing. The de-embedding function is used to 

shift the reference plane (for S-parameter calculations) relative to the waveguide 

port by a specified length, which adjusts the phase information of the S-parameters. 

 

In addition, due to the thin silver traces (~8.5 m) and the non-negligible skin 

depth of 2.9 m at 30 GHz, there is a need to mesh densely within the trace 

thickness in order to capture the skin effect on the transmission line loss (Figure 

7.12). Apart from this, it was also important to mesh for the trace edges of the 

trapezoidal trace so as to capture the current crowding effect in those areas. The 

resulting mesh is shown in Figure 7.13. 

 

 

   Figure ‎7.12  Meshing of traces at signal region to capture the skin depth 

 

 
Figure ‎7.13 Mesh view of CPW structure showing denser meshing at the trace edges 

 

Denser meshing at trace edges

Substrate
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Overall the meshing within the traces was optimised to balance between obtaining 

an adequate mesh versus over-meshing which results in significantly long 

computational time. The key meshing considerations are summarised in Table 7.4, 

where the S-parameter results for a CPW model with varying degrees of meshing 

were compared and optimised for a balance between the accuracy of the results and 

the simulation time required. 

 
Table ‎7.4 Simulation settings for optimised model 

 
Setting 1 Setting 2 Setting 3 Setting 4 

Meshing for trace 

thickness (z-direction) 
Every 1 µm Every 1.7/3 µm

19
 Every 1.7/9 µm

19
 Every 1.7/9 µm

19
 

Inhomogeneous port 

accuracy enhancement 
No Yes Yes Yes 

Electric shielding for 

ports 
Yes Yes Yes Yes 

Energy balance  -40 dB -40 dB -60 dB -40 dB 

S-parameter symmetry No No No Yes 

Total no. of meshes 

(hexahedral) 
182,280 316,386 496,314 496,314 

Total simulation time
20

 8h 3min 23s 6h 2min 24s 140h 24 min 19h 1min 

Remarks 
Insufficient 

meshing 

Insufficient 

meshing 

Long simulation 

time 
Final setting 

19
1.7 µm represents the skin depth of the printed trace at 30 GHz. 

20
A 64-bit Intel Xeon workstation 

with a random access memory (RAM) of 3 GB was used to perform the simulations. The operating 

system in the workstation is Windows XP. 

 

From Table 7.4, an inhomogeneous port accuracy enhancement feature was 

activated for the 3D models since a broadband frequency range (0.1-30.1 GHz) is 

being considered. As the CPW line is an inhomogeneous structure, the waveguide 

port solver is less accurate for broadband frequencies as the interval between the 

upper frequency and the centre frequency is increased. As such activating the 

inhomogeneous port accuracy enhancement feature would aid in improving the S-

parameter results. 

 

In the optimised meshing, the trace thicknesses were meshed by a factor of skin 

depth/9 to adequately capture the loss due to the skin depth effect, where the skin 

depth refers to that at the maximum frequency. In comparing setting 3 with setting 

4 (final setting), the simulation time could be reduced significantly (by 7 times) 
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through the use of the S-parameter symmetry and an energy balance of -40 dB, to 

obtain the same results. 

 

(b) Use of Half Length Models 

To reduce the simulation time and hardware resources required for simulating 

electrically long structures, attempts were made to simulate the CPW structures at 

50 % of their actual lengths. The S-parameter results obtained for the half-length 

structure would then be cascaded to estimate the performance of the actual 

structure (100 % length). This procedure is performed in a circuit simulator 

(Advanced Design System 2014.01, Agilent Technologies) as shown in Figure 

7.14. 

 
Figure ‎7.14 Schematic of cascaded S-parameter results  

 

This approach is intended for a quick gauge of the results and to fine-tune the 

model where necessary to improve the correlation. The final model would then be 

simulated using the full length of the CPW structure to verify the results. A 

comparison of the insertion loss results obtained of a 7 mm long line using a full 

model versus a half-length model is shown in Figure 7.15. 

 

Figure ‎7.15 Comparison of results between a full CPW model and a half CPW model 
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From Figure 7.15 a good match is observed between the 2 models beyond 4 GHz. 

This suggests the feasibility of using a half-length model to estimate the 

performance, with the simulation of the full model used for the final model. With 

reference to the results shown in Figure 7.15, the time taken for the full model was 

15 h 8 min involving 1.7 million meshes, while the time required for the half-

length model was reduced by more than 50 % to 6 h 38 min involving 0.97 million 

meshes. 

 

7.4 Results and Discussion 

This section describes the verification of the simulation model in CST. In addition, 

the DC conductivity results for printed traces on RO3006 are discussed, along with 

the simulation correlation with measurements. Lastly, the influences of the DC 

conductivity and the trace edge profile on the RF performance of CPW 

transmission lines are discussed. 

 

7.4.1 Verification of 3D Simulation Model 

Following the optimised settings obtained for the simulation model in Section 

7.3.2(a), the 3D model was subsequently verified by comparing the S-parameter 

results with those obtained from a Frequency Domain (FD) solver available in CST. 

As described in Section 3.2(b) of Chapter 3, S-parameters have been developed to 

characterise high frequency structures [130], and are measurable using network 

analysers.  

 

The FD solver in CST uses a different meshing (tetrahedral meshing) to simulate a 

structure and is more typically used for electrically small structures. Figure 7.16 

shows a comparison of the S-parameter results between the two solvers for a 7 mm 

CPW structure on RO3006.  
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    (A) 

 

 
   (B) 

Figure ‎7.16 Comparison of S-parameters obtained from TD and FD solvers in terms of the  

(A) S21 (B) S11  

 

From Figure 7.16, a good agreement between the two models is obtained, with a 

variation of within 0.2 dB observed for the S21. The variation observed between the 

two set of results could be attributed to numerical error and material 

characterisation, since the material characterisation is treated differently between 

the FD and TD models. Material characterisation in this case refers to the fitting of 

the dielectric properties of RO3006 across broadband. These dielectric properties 

were input using values from the RO3006 datasheet since they are not available in 

the materials library. 
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7.4.2 DC Conductivity Values  

Figure 7.17 shows the results obtained for test structures with widths of 150 µm 

and 690 µm. The widths correspond to the signal and ground widths of a CPW line 

and the trace thicknesses range from 7.2-9.5 m on RO3006 substrate.  

 

From the results it can be observed that the average DC conductivity values after 

1.5 hours of thermal cure were close to that provided by the manufacturer after 30 

min of thermal curing (1.25 x 10
6
 S/m), which suggests that the DC conductivity 

may have reached saturation point due to paste fillers present in the formulation. 

This implies that obtaining lower DC resistivity values may only be possible 

through the use of a different paste formulation. However the values were noted to 

vary across the 4 regions of the panel (regions with reference to Figure 7.4) as 

shown in Figure 7.17.  The values used to plot Figure 7.17 are listed in Appendix 

E3. 

 

 

Figure ‎7.17  Standard deviation plot of the average DC conductivity in the different regions of 

the RO3006 substrate (with reference to Figure 7.4) 

 

For the traces of 150 µm widths (16 samples), the average DC conductivity ranged 

from 1.10-1.17 x 10
6
 S/m while for the traces of 690 µm widths (16 samples) the 

average DC conductivity was in the range of 1.02-1.07 x 10
6
 S/m. The 

corresponding standard deviation was 2.0-4.1 x 10
4
 S/m for traces of 150 µm 

widths and 1.5-6.1 x 10
4
 S/m for traces of 690 µm widths. The variation of the DC 
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conductivity values may be attributed to the assumptions made during the 

extraction of the values using the four point probe measurement method. This 

technique assumes a uniform material (i.e. uniform thickness) over the 

measurement area. In contrast the printed traces on RO3006 were observed to yield 

non-uniform thicknesses as shown in Figure 7.18. 

 

With reference to Figures 7.18(A)-(C), the red dots/regions represent the maximum 

trace thicknesses. From Figure 7.18(A) and 7.18(B), the traces printed using paste 

1 onto RO3006 and glass substrates were observed to yield non-uniform 

thicknesses. This is also reflected in the corresponding cross-section profiles in 

Figures 7.18 (D) and 7.18(E), where a height variation of 4.8-6.8 µm was observed 

for printed traces using paste 1. In contrast, a smaller thickness variation of 1.5 µm 

was observed in Figure 7.18 (F) for printed traces using paste 2 (on glass). This 

particular trace was also observed to have a more uniform thickness from the top 

profile captured in Figure 7.18 (C).  

 

Such a phenomenon could be mainly attributed to the paste levelling [60, 242] after 

screen printing, which results from the screen mask and paste interaction. Itoh et al. 

[243] and Buzby et al. [242] highlighted that the paste transfer from the screen 

mask to the substrate is non-ideal, because the paste adhesion is also affected by 

the wire meshes and the emulsion side walls, apart from the substrate surface. 

Buzby et al. [242] showed that the emulsion side walls are not perfectly smooth, 

which could have resulted in some paste adhesion to the side walls during printing. 

In addition, there would be some residual paste on the wire meshes during screen 

printing.  

 

During the printing process, the paste formulation [60, 242] influences the extent 

of adhesion of the paste onto the mesh and substrate, thus affecting the uniformity 

profile of the printed trace. Phair et al. [60] suggested that an increased binder 

content in the paste formulation would increase the adhesion property of the paste 

onto the mesh, which results in an increased surface roughness of the printed trace. 

This agrees with the information from the silver paste datasheets, where paste 1 has 

a binder content of 8-10 wt % compared to a binder content of  5-7 % for paste 2.  
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(A) (B) 

 

(C) 

 

(D) 

 

(E) 

 

(F) 

Figure ‎7.18 Diagram showing trace profiles of DC test structures (A)Top view of trace on 

RO3006; (B) Top view of trace on glass using paste 1; (C) Top view of trace on glass 

using paste 2; (D) Corresponding cross-section of trace in (A); (E) Corresponding cross-

section of trace in (B); (F) Corresponding cross-section of trace in (C) 
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1 mm
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The screen mask-paste interaction on the printed trace profile is summarised in 

Figure 7.19. From literature (e.g. [60]), such a phenomenon has been reported to 

affect the mechanical and electrochemical characteristics of the trace. The results 

obtained in this section suggest that the mesh-paste interaction may also have a 

significant influence on the DC electrical performance. 

 

     

Figure ‎7.19 Factors influencing the paste-substrate interaction in the screen printing process 

 

Overall, the results necessitate the selection of a suitable paste which yields 

uniform trace thicknesses and an improved consistency in the extracted DC 

conductivity values. This procedure of paste selection is recommended before the 

actual screen printing of the test structures. The results also suggest that due to the 

variation in the DC conductivity values, it is crucial to obtain an accurate DC 

conductivity value for a good simulation correlation with measurements for the 

printed CPW line considered. 

 

7.4.3 Correlation of Simulation and Measurement Results 

This section discusses the results obtained in correlating simulation and 

measurements. The proposed methodology is first verified on a short CPW line of 

2 mm length, followed by a longer CPW line (15 mm) on RO3006. The 15 mm 

CPW line is considered as the dimensional variations are more significant for 

longer printed lines, and it is essential to verify that the proposed methodology is 

also applicable for longer line lengths. 
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(a) Correlation for a Short Transmission Line on RO3006 

Figure 7.20 shows an optical microscope image of a typical CPW line printed on 

RO3006. The results correlation for a 2 mm CPW line are shown in Figure 7.21 

and Figure 7.22, with the measured dimensions used in the simulation model listed 

in Table 7.5.  

 

          

Figure ‎7.20 Optical microscope image of a printed CPW line (2 mm long) 

 

Table ‎7.5 Trace parameters used in the simulation model, with reference to Figure 7.10 

w (m) 
𝒈𝟏, 𝒈𝟐 

(m) 

 t
21

 

(m) 

𝜽𝟏𝒂, 𝜽𝟏𝒃  

() 

𝜽𝟐𝒂, 𝜽𝟐𝒃  

() 

𝜽𝟑𝒂, 𝜽𝟑𝒃  

() 

DC conductivity 

(S/m) 

160 57,55 8.5 16.9,17.7 17.7,16.9 17.9,13.1 1.1x10
6
 

   21 
t represents the average conductor thickness for the signal and ground traces

 

 

 

Figure ‎7.21 Correlation of measurement and simulation results (S21)  

 

Ground

Ground
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Figure ‎7.22 Correlation of measurement and simulation results (S11) 

 

 

Figure ‎7.23 Trace edge profile considered in simulation (A) Sharp trapezoidal edge  

(B) Curved trapezoidal edge 

 

From Figure 7.21, a good correlation is obtained between simulation and 

measurement results up to 30 GHz. The discrepancy observed at DC in Figure 7.21 

could arise from inaccuracies in using the TD solver to solve at very low 

frequencies. From Figure 7.22, a similar trend is observed between simulation and 

measurements for the return loss results. The discrepancy observed in Figure 7.22 

is with respect to the larger scale division used for the y-axis, relative to Figure 

7.21. At 30 GHz a discrepancy of 7 dB is observed between simulation and 

measurements (Figure 7.22), which corresponds to a slight variation of 0.09 dB in 

terms of the insertion loss (S21). 

 

In particular, the effect of the trace edges was investigated for the 2 mm 

transmission line in the result correlation. When sharp trapezoidal edges were used 

to model the printed traces in the simulation model, the losses (S21) were found to 

(A)

(B)
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be overestimated by about 14 % at 30 GHz as shown in Figure 7.21, with the effect 

on the return loss being negligible (Figure 7.22). Specifically the trace edge 

profiles considered are shown in Figure 7.23, where the widths of the top (wtop) and 

bottom surfaces (wbtm) of the traces are modelled as identical, with the same 

conductor edge angles, with the only difference located in the trace edges. In 

modeling the trapezoidal corners as curved edges, a good match could be obtained 

between the simulation and measured results. This effect has been little 

investigated in literature [129] and the results indicate that the trace edge profile 

may affect CPW structures more significantly due to the confinement of the 

electric fields around the ground-signal-ground region (Figure 7.3(C)). This 

phenomenon also agrees well with the observation made by Azucena et al.[71], in 

that the conductor losses are affected by the trace edge profiles of CPW structures 

since most of the current flows along the trace edges in those structures [71]. 

 

Apart from the trace edge profile, the effect of the DC conductivity on the RF 

performance was also investigated. Figure 7.24 shows the results obtained when 

the lower range of the measured DC conductivity (7.7 x 10
5
 S/m) is considered. 

From Figure 7.24, an increase in the insertion loss by 0.03-0.05 dB/mm was 

observed throughout 0.1-30.1 GHz, with the increase of 0.05 dB/mm obtained at 

30.1 GHz. This larger increase at 30.1 GHz is attributed to the significant effect of 

skin depth on the RF resistance at 30.1 GHz, relative to the resistance at DC [244]. 

As expected, a similar increase in the insertion loss arising from the DC 

conductivity variation was observed for the longer 15 mm CPW line. One 

implication of the results is that the variation in the DC conductivity values may be 

significant for the case of low loss transmission lines, which necessitates a 

consideration of this variation during the design stage. 
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Figure ‎7.24 Insertion loss considering the lower DC conductivity value. The results are for 

another 2 mm CPW line with the same designed dimensions as the CPW in Figure 7.21 

 

(b) Correlation for a Longer Transmission Line on RO3006 

The methodology was also validated for a longer transmission line on RO3006 

which is 15 mm long. A half-length model as described in Section 7.5(b) was first 

simulated, followed by the full length model for the final matching. The measured 

dimensions used in the simulation model are listed in Table 7.6. 

 
Table ‎7.6 Trace parameters used in the simulation model, with reference to Figure 7.10 

w (m) 
𝒈𝟏, 𝒈𝟐 

(m) 

t
22 

(m) 

𝜽𝟏𝒂, 𝜽𝟏𝒃  

() 

𝜽𝟐𝒂, 𝜽𝟐𝒃  

() 

𝜽𝟑𝒂, 𝜽𝟑𝒃  

() 

DC conductivity 

(S/m) 

160.8 54.5,60.1 8.1 
15.8, 

17.4 
21.0,16.2 18.6,17.4 

1.1 x 10
6 
(Ground)

 

1.13 x 10
6 
(Signal) 

 22
t represents the average conductor thickness for the signal and ground traces 

 

From the results in Figure 7.25 and Figure 7.26, a good correlation can be observed 

between the simulation and measurement for both the insertion loss (S21) and return 

loss (S11) results. The resonant points for S11 were observed to be within 0.2-0.8 

GHz between simulation and measurement results, where the discrepancy was 

observed to increase beyond 20 GHz. The discrepancy may be attributed to the 

loop inductance in the measured structure which is not accounted for in the 3D 

model as a result of using a waveguide port excitation. Consequently the full return 

path could not be modelled and this could have resulted in a slight shift of the S11 

0 5 10 15 20 25 30
-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

Freq(GHz)

S
2
1
(d

B
)

Measurement

Simulation(1.1e6 S/m)

Simulation(7.7e5 S/m)



Chapter 7                                    Characterising the High Frequency Electrical Performance  

 

174 

 

resonant points since current follows the path of least inductance at higher 

frequencies. 

 

 
Figure ‎7.25 Correlation between measurement and simulation results (S21) 

 

            
Figure ‎7.26 Correlation between measurement and simulation results (S11) 

 

In addition, the simulation and measurement results for the insertion loss were 

observed to vary within 0.5 dB throughout the entire frequency range (Figure 7.25). 

The variations may be due to slight impedance mismatches arising from the 

dimensions considered in the 3D model and the actual printed dimensions. This is 

since the dimensions used in the simulation model were averaged from several 

sections of the printed trace and could vary slightly from the actual dimensions at 

different regions of the trace. Compared to the results obtained for the 2 mm CPW 

line in Figure 7.21, the impedance mismatch for the 2 mm CPW line may be 
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relatively insignificant due to the shorter line length and thus more consistent trace 

dimensions. 

 

As an extension of the results in Section 7.4.3(a), the effect of the trace edges on 

the insertion loss is also investigated via simulation for this 15 mm CPW line. 

From Figure 7.27, the insertion loss obtained for the 15 mm CPW line from using 

sharp trapezoidal edges is observed to be overestimated by 1 dB from 30-35 GHz. 

This overestimation represents a deviation of around 20 % from the expected loss 

obtained from modelling the actual trace profile (i.e. curved trapezoidal edges). 

These results highlight the importance of modelling for the actual trace edges to 

accurately predict the transmission line loss, particularly where CPW structures are 

considered. 

 

 

Figure ‎7.27 Correlation between measurement and simulation results (S21) 

 

7.5 Conclusions  

This chapter has discussed a methodology used to obtain an accurate simulation 

model such that a good prediction could be made on the RF performance of printed 

traces. The main results are presented as follows. 

 

In terms of simulation, the guidelines for modelling printed traces are:  

(1) Denser meshing within the trace thickness is essential to capture the loss due to 

the skin effect. In the optimised meshing, the trace thicknesses were meshed by a 
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factor of skin depth/9, where the skin depth refers to that at the maximum 

frequency. (2) Short transmission line lengths of perfect metal material were used 

to contact the waveguide ports in CST to circumvent inaccuracies of the S-

parameter results arising from the lower conductivity of the printed traces 

compared to the bulk metal conductivity. (3) Denser meshing along the trace edges 

is essential to capture the current crowding effect. (4) Modelling the actual trace 

edge profile (e.g. rounded instead of sharp trapezoidal trace edges) is essential for 

CPW transmission lines to account for the proximity effect. 

 

Specifically, the meshing was optimised for the simulation model based on a TD 

solver in CST. The S-parameter results of a model with the optimised meshing 

were then verified against those obtained from the FD solver in CST. 

 

For the simulation correlation, the assumption made was that using an average DC 

conductivity value may not suffice. Thus the DC conductivity variation of the 

printed test structures was investigated for different regions of the substrate. Four 

point probe structures were positioned beside the measured CPW line, such that in-

situ extractions of the DC conductivity values could be made for the corresponding 

CPW line. From the results, the average DC conductivity values were observed to 

vary across different regions of the RO3006 substrate, which may be attributed to 

the paste levelling after screen printing. The results obtained suggest that this 

phenomenon may have a significant influence on the DC electrical performance, 

and necessitates a paste selection procedure prior to the actual screen printing of 

the test structures. This is to ascertain that the paste used would yield uniform trace 

thickness and thus an improved consistency in the extracted DC conductivity 

values. The results also indicate the need for accurate DC conductivity values to be 

used for the simulation correlation of printed traces, since the values may vary 

across different regions of the substrate depending on the paste formulation and its 

interaction with the mesh and substrate during printing. 

 

Using the proposed methodology, improved simulation models for printed 

transmission lines were obtained such that the high frequency performance of 

screen printed transmission lines can be accurately predicted. Good correlations 

were obtained between simulation and measurement results for a 2 mm CPW line 
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on RO3006. To validate the methodology correlation was also performed for a 

longer 15 mm CPW line on RO3006, where a good match was obtained. The 

results obtained are promising with respect to the goal of obtaining accurate 3D 

models to estimate the RF performance of printed traces. This methodology is also 

applicable for inkjet printed traces, and needs to be verified in terms of the 

simulation correlation with measurements. The verification of the methodology 

requires the following factors to be addressed. From the simulation aspect, the 

small thicknesses of inkjet printed traces after thermal sintering ( 1 µm for a 

single layer) [16, 245] necessitate excessively dense meshing during modelling, 

which results in computationally intensive models. From the measurement aspect, 

it will be challenging to distinguish between the small thickness and the surface 

roughness of RO3006 (𝑅𝑎   1 µm) during the trace profile characterisation, as 

both parameters are comparable. In addition, since the thickness of inkjet printed 

traces is of a similar magnitude to the skin depth at 30 GHz [129], the effect of 

surface roughness present in RO3006 needs to be accounted for in the modelling 

process. For inkjet printed traces on smooth substrates with negligible surface 

roughness (e.g. glass), measurement challenges are encountered from the poor 

adhesion of the traces onto the substrate surfaces, which results in partial trace 

removal when contacted with the DC probe leads or microwave probes (detailed in 

Appendix E4). This necessitates surface modification techniques (e.g. deposition of 

an intermediate insulator layer) to improve the trace adhesion. 

 

The effect of trace edges on the RF performance has not been investigated 

thoroughly in the literature and this chapter described an investigation in this area 

for a 2 mm CPW line. When sharp trapezoidal edges were considered in the 

simulation model (for simplification purposes), the insertion loss was observed to 

be overestimated by about 14 % at 30 GHz. For a 15 mm CPW line at 30 GHz this 

overestimation was in the range of 20 %. The results indicate that the trace edge 

profile may affect CPW structures significantly due to the confinement of the 

electric fields around the ground-signal-ground region.  

 

Lastly, the effect of the DC conductivity on the RF performance was also 

investigated. When the lower bound of the measured DC conductivity was used in 
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the simulation model, an increase in the insertion loss by 0.03-0.05 dB/mm was 

observed throughout 0.1-30.1 GHz. This implies that variation in the DC 

conductivity values may be significant for the case of low loss transmission lines, 

which necessitates a consideration of this variation during the design stage.
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Chapter 8. Conclusions and Future Work 

 

8.1. Summary  

With the emergence of the Internet of Things (IoT), wearable electronics are 

becoming increasingly pervasive in everyday life. Most of the Wireless Body Area 

Networks (WBANs) currently operate at the IEEE 802.15.4 Zigbee standard, and 

there have been growing interest in investigating WBANs in the millimetre wave 

band, due to the advantages available. The aim of this thesis is to realise fine pitch 

(< 400 µm pitch) interconnects targeted for high frequency wearable electronics 

applications (20-30 GHz), based on printing technologies which offer fine pitch 

and higher frequencies of operation. To achieve this research aim four research 

challenges needed to be overcome.  The first challenge involved overcoming the 

surface roughness of substrates (e.g. fabrics), as it results in ink spreading and 

affects the printed line resolution adversely. To overcome this necessitates a 

suitable surface modification technique to planarise the substrate surface and 

reduce the surface roughness. This work is covered in Chapter 5 of this thesis. The 

second research challenge was to obtain electrically conducting interconnects on 

the planarisation layer. The planarisation layer is commonly realised using UV-

curable inks, but its properties (e.g. printability, electrical connection) after UV 

curing are strongly dependent on the ink formulation and UV source used. Thus the 

second research objective was to realise electrically conducting interconnects for 

the case where the surface energies of the ink and the planarisation layer are not 

matched, or when the UV source used is non-optimal. This work is described in 

Chapter 6 of this thesis. 

 

From the electrical perspective, the dielectric properties (dielectric constant, loss 

tangent) of fabrics in the gigahertz range are not readily available from 

manufacturers, and the repeatability of the measured results is an issue. Therefore 

the third research objective was to characterise the dielectric properties of a non-

woven fabric (Tyvek) up to broadband frequencies ( 20 GHz), with repeatable 

results. This work is covered in Chapter 4 of this thesis. The last research challenge 

pertained to a lack of information about the RF performance of printed 

interconnects, as most work reports on megahertz frequency applications or 
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presents the measured RF results. Thus the last research objective was to predict 

the RF performance of printed transmission lines, and to provide guidelines for the 

modelling of such structures. This work is described in Chapter 7 of this thesis. 

 

8.2. Contributions to Knowledge 

In this section, the main contributions from this research are summarised, along 

with the current limitations.  

 

1. To characterise the dielectric properties of a non-woven fabric up to  

30 GHz. 

To realise interconnects for high frequency applications necessitates knowledge of 

the substrate dielectric properties, in order to calculate the dimensions of passive 

components, miniaturise their footprint and minimise the RF losses. In this work, 

the dielectric properties of a non-woven fabric (Tyvek) were characterised, using a 

substrate with well-characterised properties (RO3006) as a reference. 

 

 A novel methodology combining 3D modelling with analytical equations 

(based on transmission line structures) was proposed for dielectric 

characterisation up to 20 GHz, where the accuracy of the method was 

determined with experiments to be within 10 % for the dielectric constant. 

 

The accuracy of the method could be improved by modelling transmission lines 

with 3D profiles, which would enable the effects of non-ideal transmission 

characteristics to be included in the simulation. In addition, the proposed 

methodology is more suited for characterising lossy substrates, as the loss tangent 

variation is increased when the method is used on low loss substrates. 

 

2. To reduce the surface roughness of substrates for trace deposition using 

inkjet printing. 

For substrates with non-negligible surface roughness ( 1 µm), it was a challenge 

to realise fine pitch traces using inkjet printing, because of the ink spread which 

affects the trace definition. In this work, a UV-curable ink formulated for flexible 

substrates was used to form a planarisation layer onto RO3006 via inkjet printing. 
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Another sub-objective was to investigate the effect of surface roughness on the 

printed line widths, as most researchers consider smooth substrates in inkjet 

printing. 

 

 To minimise the de-wetting of the UV-curable ink, the mismatch of the 

surface energies between the ink and the substrate was addressed within the 

parameters of heating the platen ( 30C), which is a more flexible approach 

compared to modifying the ink formulation. 

 

 A surface roughness factor was introduced into the equation of Smith et al. 

[22], which improved the correlation of printed line widths on substrates 

with non-negligible surface roughness (valid for Ra ≤ 1 μm) within an 

accuracy of 10 %.   

 

The proposed equation with the surface roughness factor excludes substrates with 

coatings because the planarisation layer considered was observed to be porous, 

which could result in a penetration of the silver nanoparticles into the layer.  This 

work was published in ACS Industrial & Engineering Chemistry Research. 

 

3. To realise electrically conducting traces using inkjet printing. 

Silver ink de-wetting was observed when overprinting silver onto the UV-cured 

insulator layer, and this work seeks to realise continuous silver traces overprinted 

onto UV-curable insulators through surface modification techniques (thermal and 

UV-ozone post-treatments), when the UV light source used for the curing is non-

optimal. Two UV curable dielectric materials were deposited and the effects of 

curing time and curing atmosphere on the inkjet printability of a commercially 

available silver ink were investigated.  

 

 Good wettability of the overprinted silver ink on the insulator layers was 

obtained following UV-ozone treatment of the insulator layers, where the 

treatment required was found to be a function of the ink formulation and the 

curing atmosphere. 
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 Water droplet contact angle measurements and XPS analysis provided an 

indication of changes in the surface condition of the insulator layers, but 

were not sufficient for predicting whether measurable silver trace resistances 

could be obtained.  

 

 Measurable silver trace resistances were found to be influenced by the 

occurrence of cracks in the trace and possibly the degree of cross-linking 

present in the insulator.  

 

 It was demonstrated that electrically conductive traces can be achieved on 

ambient cured samples, which yields a more flexible solution compared to 

inert cured samples. 

 

This work has been published in Surface and Coatings Technology. Using the 

approach outlined in this work, measurable resistances were demonstrated on 

Tyvek (described in Appendix D). The range of the resistance values obtained 

suggests potential for further optimisation of the process parameters to improve 

those resistance values. The influence of cracks on the measurable trace resistances 

also suggest that further investigations into the trace reliability may be important. 

 

4. To predict the high frequency performance of printed interconnects. 

Due to a lack of research, there is little information on the RF performance of 

printed interconnects. Thus a methodology was proposed to develop simulation 

models which were validated with experimental measurements. A sub-objective 

was to investigate how the paste property influences the DC conductivity of printed 

interconnects across the substrate, and the subsequent simulation correlation. 

 

 The proposed methodology was validated for screen printed CPW 

transmission lines of different lengths, where good correlations (±0.5 dB) 

were obtained between the simulation and measurement results.  

 

 The variation of the DC conductivity values was investigated for different 

regions of the substrate, and the results suggest that the DC electrical 

performance is influenced by the paste levelling effect, which is due to the 
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paste formulation and its interaction with the mesh and substrate during 

printing.  

 

 The simulation correlation results indicate that the trace edge profile has a 

significant effect on CPW structures (14-20 % over-estimation of the 

insertion loss), and necessitates a need to consider curved trapezoidal edges 

(as fabricated) in the modelling of printed CPW transmission lines. 

 

It is noted that this methodology when applied to printed traces of small 

thicknesses results in longer computational times (in terms of the simulation 

duration). This work was done in collaboration with Computer Simulation 

Technology (CST), and part of it was published in IEEE Electronics Packaging 

Technology Conference (EPTC).  

 

Furthermore, some recommendations arise from this work. Firstly, due to the effect 

of paste levelling on the DC conductivity values, a need arises for a paste selection 

procedure prior to the screen printing, so as to identify a suitable paste for the 

specific application considered. This is particularly important for RF application, 

where a variation in the DC conductivity affects the insertion loss of the printed 

transmission lines, and the repeatability of the results. Secondly, the results 

necessitate obtaining accurate DC conductivity values for the modelling of screen 

printed traces, since these values may vary across different regions of the substrate. 

Such variations in the DC conductivity may have a significant effect on the 

predicted insertion loss of transmission lines with low losses. 

 

8.2 Future Work 

Much has been accomplished in this very challenging area of wearable electronics 

targeted for high frequency applications, and some work remains to drive this topic 

forward. This section presents a discussion of the possible topics arising from the 

research in this thesis. 

  



Chapter 8                                                                                  Conclusions and Future Work 

 

184 

 

1. Effect of substrate porosity in the overprinting of silver ink 

The proposed equation (equation (5.5) in Chapter 5) which incorporates a surface 

roughness factor to predict the line widths on substrates with non-negligible 

surface roughness does not account for porous coatings. Further studies are 

necessary to investigate the relationship between the degree of porosity of the 

coatings and the printed line widths deposited via inkjet printing. The porosity 

measurements may be limited to the use of mercury porosimetry [246, 247], as the 

planarisation layer considered comprises of particles in the range of microns [206]. 

Yet mercury porosimetry is suited for coatings which are non-wettable by mercury 

[247]. This implies that if the coating considered interacts with mercury, a review 

of the current porosity techniques is necessary in order to identify a suitable 

approach for the porosity characterisation. 

 

2. Effect of polymer cross-linking (UV-curable insulator) 

(i) On the overprinted silver ink 

Another possible research topic involves a quantitative assessment of how the 

degree of polymer cross-linking affects the aggregation of the inkjet printed silver 

nanoparticles and the measurable resistance. This is an extension of the results 

obtained in research objective 3, where the insulator is partially cured by a UV 

source. Furthermore, a research gap exists in terms of determining the surface 

energies of partially cured polymers. Most researchers consider water contact angle 

measurements [98, 143, 212], but the values only provide information on the 

surface wettability of the samples. Challenges [248] exist in the determination of 

the surface energy of partially cured polymers due to the requirement for two 

reference liquids which do not interact with the polymer [142]. To the author’s best 

knowledge, there is also no information available on the final cure stage of UV-

cured films [29, 30] considered by other researchers, and the author assumes that 

the films are fully cured. 

 

(ii) When a porous substrate is considered 

From the results obtained in Appendix D (under research objective 3), it is of 

interest to investigate the influence of the substrate porosity (e.g. different degrees 

of porosity) on the polymer cross-linking of UV-curable insulators which are 

deposited via inkjet printing. While the consideration of porous substrates in inkjet 
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printing increases the challenge of obtaining conductive traces deposited onto an 

insulator layer, this is an area which has been little explored in literature to date.  

 

Li et al. [26] reported on the deposition of a UV-curable paste to planarise the 

surface of textiles using screen printing. This has an advantage in that the paste is 

more viscous with possibly larger particle sizes, which implies that the effect of a 

porous substrate is significantly reduced. However issues were encountered in the 

wettability of the silver ink when it was overprinted onto the planarisation layer. 

While Li et al. [26] circumvented this issue through the overprinting of 2-3 silver 

layers, the issue highlights the importance of matching the surface energies [248] 

between the silver ink and the substrate to ensure good wettability. Furthermore, 

the effect of the substrate porosity could be significant if the UV-curable paste is 

partially cured due to a non-optimal light source [248]. 

 

As discussed in Chapter 4 of the thesis, a thick planarisation layer is essential to 

alleviate the substrate loss of Tyvek. This need provides an additional impetus for 

further studies into the effect of substrate porosity on the polymer cross-linking. 

The area of research involving UV-curable insulators is also summarised in Figure 

8.1.  
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Figure 8.1  Diagram summarising the work done on UV-curable insulators [26-28, 87] and  

the possible area for further research. 

 

3. RF performance of other printed interconnects 

The methodology proposed in Chapter 7 (research objective 4) is applicable for 

inkjet printed traces. Yet the consideration of such traces on a substrate with non-

negligible surface roughness necessitates that the effect of surface roughness be 

addressed and accounted for in the simulation process. This is due to the skin effect 

phenomenon relative to the small thickness of inkjet printed traces. 

 

For inkjet printed traces on smooth substrates (e.g. glass), measurement challenges 

arise from the poor adhesion of the traces onto the substrate surfaces (Appendix 

E4). This leads to partial trace removal (and possibly areas which are electrically 

open) in the regions which are contacted by the DC probe leads or microwave 

probes. The poor adhesion necessitates surface modification techniques (e.g. 

deposition of an intermediate insulator layer) to improve the trace adhesion for 

electrical measurements. 
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Apart from inkjet printed traces, the application of the proposed methodology on 

traces obtained via aerosol deposition [63] is also feasible. However this requires 

that a good adhesion of the trace to the substrate [67] be first obtained, which 

necessitates an optimisation of the process parameters for the specific metal power-

substrate considered [67]. As aerosol deposition is a spray process to coat metallic 

powders onto a substrate, the definition of fine pitch interconnects requires a lift-

off process using photoresist [249, 250], which increases the complexity of 

fabricating the test structures. 
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Appendix A - Experimental Trial Results for Tyvek 

 

This Appendix describes the methodology and the results obtained in inkjet 

printing onto Tyvek. This includes the surface profile characterisation of Tyvek (in 

terms of thickness and roughness measurements). Surface modification techniques 

were then performed to alleviate the surface roughness of Tyvek, and the results 

presented in this Appendix.  

 

A.1 Surface Profile Characterisation  

Characterising the thickness and surface roughness values of Tyvek was imperative 

as those values were not available from the supplier. In this case, a confocal gauge 

with a 3 mm measurement range (CLA-3mm, Talysurf CLI 2000, Taylor Hobson) 

was used to determine the thickness of Tyvek samples along with its surface 

roughness, as illustrated in Figure A-1. This involved using adhesive tape to attach 

the Tyvek sample along 3 of its sides to the measurement platform, leaving one 

side unattached for the gauge. The scan direction of the gauge is from east-west, 

with measurements obtained in 5 locations as shown in Figure A-1. The scan 

length was set to 7 mm, with a resolution of 0.5 µm at a measurement speed of 500 

µm/s. A Gaussian filter of 2.5 µm cut-off length was used in the post-processing of 

the results, in accordance with the recommended cut-off in ISO 4288-1996.   

    

Figure A-1 Schematic showing surface profile measurement for Tyvek 

 

Following the  surface profile characterisation of Tyvek, the thickness of the 

measured Tyvek sample and the corresponding surface roughness are shown in 

Table A-1. From the table, the average thickness of Tyvek was around 333 µm 

Tyvek sample

Location 1

Location 2

Location 3

Location 4

Location 5

Gauge Scan Direction

Adhesive tape

Region scanned
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while the average (Ra) and root-mean-square (Rrms) surface roughness values are 

around 4.3 µm and 5.1 µm. Compared to the average surface roughness of around 

1 µm on RO3006 substrate, the surface roughness of Tyvek is significantly higher 

by about 6-7 times.  

 
Table A-1  Measured surface roughness of Tyvek 

Measurement Location Thickness (µm) Ra (µm) Rrms (µm) 

1 350 4.09 4.84 

2 329 4.04 4.72 

3 326 4.83 5.69 

4 329 4.22 4.99 

5 330 4.25 5.06 

Average 332.8 4.29 5.06 

 

A.2 Sample Preparation of Tyvek for SEM Analysis 

For the sample analysis using SEM imaging, the Tyvek samples were sliced with a 

sharp razor blade. The slicing motion was vertical, with care taken to avoid 

swaying the blade in the x-direction as that would result in an uneven edge. Next, 

the sample was sputtered with gold for 60 s and a conductive silver paint (Agar 

Scientific) was applied to the corners and sides of the sample to adhere it to the 

sample stub holder. 

 

A.3 Maximum Temperature that Tyvek can Withstand 

From the datasheet in Appendix B1, Tyvek begins to shrink at 118 °C and melts at 

135 °C. On the other hand, the minimum sintering temperatures for the silver inks 

considered [168, 169] ranged from 120 °C to 150 °C, for durations of 30 min. As 

such, there is a need to determine the highest temperature which Tyvek can 

withstand, prior to the deposition of the silver inks using inkjet printing.  

 

During testing, glass slides or small ceramic blocks were used to hold the Tyvek 

samples (2 x 1 cm) down. This is due to the small thickness of the Tyvek samples, 

which make them susceptible to being blown around the oven. The samples were 

tested in a reflow oven (JEM 310, Ok Industries), where the iron plate was covered 

with a wire gauze on which the samples were placed. A fluke thermocouple was 

used to gauge the temperature inside the reflow oven. The oven temperature was 
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initially set to be 100 °C and gradually increased to 110 °C, with different time 

settings. 

 

 100 °C for 15 min (Program 102): The set temperature was reached after 4 

min. The maximum temperature observed was 110 °C at 15 min. 

 100 °C for 70 min (Program 103): Sample remained intact, ie not destroyed.  

 105 °C for 20 min (Program 104): Sample remained intact 

 110 °C for 20 min, followed by 40 min (Program 105,106):  

Sample remained intact. 

 

Prior to this, the Tyvek samples were tested in another oven (Gallenkamp FSL-

400), where the temperature profile could be pre-set at 110 °C for 1 h (after 

ramping up). While the temperature was set at 110 °C, the values were observed to 

fluctuate when ramping up to that temperature. The temperature was observed to 

reach 117-118 °C after 45 min with the sample significantly crumpled, and a strong 

burning smell was detected.  

 

The results obtained using the reflow oven indicated that a maximum temperature 

of 110 °C for 60 min is possible for Tyvek samples. While the maximum 

temperature is slightly lower than temperatures recommended for the silver inks, 

the corresponding time was increased significantly to 60 min to aid in the sintering 

process.  

 

A.4 Surface Modifications on Tyvek 

This section describes the surface modifications performed on Tyvek to alleviate 

its surface roughness. The modifications include the use of a hydrophobic coating, 

SU-8 coating and an UV-curable dielectric. 

 

A.4.1   Hydrophobic Coating 

The detailed specifications of the hydrophobic coating can be found in Section 

5.2.3(a) of Chapter 5. The coating was applied to Tyvek via brushing, in order to 

minimise the contamination of the solution by the substrate.  
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After treating Tyvek with the hydrophobic coating, traces with designed line 

width/spacing (w/s) of 100/100 µm to 500/500 µm were inkjet printed onto the 

coated Tyvek using a silver ink (DGP 40LT-15C, Advanced Nano Products). The 

ink specifications and printing parameters used are described in Section 5.2.2 and 

Section 5.3.2 of Chapter 5 The results obtained are shown in Figure A-2 where the 

deposited silver traces on Tyvek were observed to be fibrous. This is because of 

the small thickness of a single printed layer, which resulted in the silver 

nanoparticles clinging onto the fibers as shown in Figure A-3. 

 

  

(A)  (B)  

  

(C)   (D)  

Figure A-2 Printed traces on Tyvek: (A) 100/100 µm (B) 200/200 µm (C) 300/300 µm 

 (D) 400/400 µm traces 
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Figure A-3 SEM image of hydrophobic coated Tyvek (Top view) 

 

From Figure A-2 (A), the 100 µm tracks were observed to have merged together. 

For the 200 µm tracks in Figure A-2 (B), parts of the tracks were bridged together 

across the gaps, while ink spread across adjacent traces was observed for the 300 

µm tracks in Figure A-2 (C). The minimum width/spacing obtainable on the coated 

Tyvek without any bridging or ink spread is 400/400 µm, as shown in Figure A-2 

(D). 

 

Dimension measurements were made for the non-shorted printed traces. The 

measurements were obtained for at least 6 sections along the trace length and 

averaged, with the results shown in Table A-2. The notations used in Table A-2 are 

referenced from Figure A-4. From the results, a variation of within 10 % was 

observed for the 400/400 µm and 500/500 µm traces. 

 

 

Figure A-4  Diagram of printed traces with the widths and spacings defined 

 

  

200 µm

Silver 

nanoparticles

Tyvek

w1 w2 w3

s1 s2
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Table A-2 Measured values (best fit) for varying pitches 

Line width/ 

spacing (µm) 
w/s  

Target values   

(µm) 

Measured values  

(µm) 

400/400 

w1 400 396 

s1 400 438 

w2 400 370 

s2 400 392 

w3 400 412 

 

500/500 

w1 500 482 

s1 500 508 

w2 500 511 

s2 500 499 

w3 500 462 

 

Apart from depositing patterns with varying width/spacings, simple test patterns to 

characterise for the DC resistivity using two point probes were also inkjet printed. 

These test patterns had widths of 250 µm and lengths of 3.5 cm and 5 cm (Figure 

A-5). 

 

 
 

Figure A-5 Printed traces on coated Tyvek 

 

After inkjet printing, the samples were thermally cured at 110 °C for 1 h. Two 

point probe resistance measurements were then performed after the thermal curing. 

However no values could be registered even with two rounds of thermal curing. 

Upon closer inspection, this could be attributed to a discontinuous trace as shown 

in Figure A-6, since the printed traces were observed to conform to the extremely 

discontinuous fibre morphology. From the white light images shown in Figure A-7, 

it can be observed that the printed tracks were not all connected on the same level, 

in contrast to a non-porous surface. Together with Figure A-3, the results suggest 

DC resistivity test patterns Traces with varying pitch

100/100 µm

300/300 µm

200/200 µm 400/400 µm

500/500 µm
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that no continuous film was formed with the application of the hydrophobic 

coating, which could be due to the low solids content (2 %) present in the coating.  

 

Due to the lack of a continuous film, while the bottom fibres appear to be deposited 

with silver nanoparticles from visual inspection, it is likely that the deposited 

nanoparticles within the fibre were not contacting, which results in a lack of 

electrical connection. This is further illustrated using a diagram in Figure A-8. The 

results may be improved with a thicker coat, which would require either several 

times of dip-coating (thicknesses of around 1 µm can be obtained), or using a 

hydrophobic coating with a higher solids content. 

 

  

(A) (B) 

Figure A-6 Gaps in the printed traces 

 

  

(A) (B)  

Figure A-7 White light images of printed trace on Tyvek 
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(A) 

 

 

(B) 

Figure A-8  Nanoparticle deposition: (A) A non-porous substrate with surface roughness 

(B) A porous substrate with surface roughness 

 

A.4.2  SU-8 Coating 

SU-8 (an epoxy based photo-resist, MicroChem Corp.) is a dielectric commonly 

used in silicon wafer processing to form passivation layers. In this case, SU-8 is 

applied to form a planarisation layer onto Tyvek, as illustrated in Figure A-9.  

 

     

Figure A-9 Cross-section of surface modified Tyvek, with the planarisation layer 

 

The application of the SU-8 dielectric is summarised in Figure A-10, with the 

parameters based on conventional silicon wafer processing. Firstly, 6 ml of the 

photo-resist was dispensed onto the substrate. The spin coating parameters were set 

at 500 rpm at 3000 rpm/sec (3 s) followed by 2500 rpm at 4000 rpm/sec (30 s). The 

coated substrate was then soft baked at 95 ºC for 1.5 min. Subsequently, the 

substrate was exposed with a dose setting of 250 mJ/cm
 2

 and post baked at two 

temperatures, namely 65 ºC for 1.5 min, and 95 ºC for 2 min. A final bake was 

Tyvek

Planarization layer (SU-8)

Inkjet printed metal traces
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performed on the coated substrate at 115 ºC for 5 min. Overall, two coats of SU-8 

were applied, as the first layer was found to be insufficient to coat over the surface 

when RO3006 was used as the reference substrate (Figure A-11).  

 

The results obtained for Tyvek are shown in Figure A-12, which suggests that a 

double coat of SU-8 did not significantly planarise the surface of Tyvek, although 

it appeared to have filled some of the gaps present in the fibrous surface. This is 

further verified through the SEM image in Figure A-13, which revealed an uneven 

SU-8 coat. Further work would be needed to optimise the processing parameters 

for the Tyvek substrate, such that a homogeneous planarisation layer using SU-8 

can be obtained. 

 

 

 

Figure A-10  Process flow for application of SU-8 onto Tyvek 

 

Substrate Pre-treatment

Deposition of SU-8

Spin-coat

Bake

Exposure

Post Exposure Bake

Using Isopropanol

1. Spin at 500 rpm for 3.0 s with an 

acceleration of 2500 rpm/s.

2. Spin at 2500 rpm for 30.0 s with an 

acceleration of 4000 rpm/s. 

95 C for 1.5 min.

Dose setting of 250 mJ/cm2

1. 65 C for 1.5 min.

2. 95 C for 2.0 min.

3. 115C for 5.0 min.

Repeat the process 

for the second SU-8 

coat
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Figure A-11 Spin-coated SU-8 onto RO3006 substrate (A) After the first coat. (B) After the 

second coat. 

 

  

(A) (B) 

Figure A-12 SU-8 coating on Tyvek (A) pre-coat (B) post-coat 

 

 

Figure A-13 SEM view of printed trace on SU-8 coated Tyvek (Top view) 

 

 

  

 

A B

300 nm

TYVEKSU-8 SU-8
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A.4.3 UV Curable Insulator 

The last surface modification involved the deposition of a UV-curable insulator 

onto Tyvek via inkjet printing to form a planarisation layer. A commercial UV 

curable dielectric (Solsys Jettable Insulator EMD 6415, Sun Chemicals) [89] was 

applied to the surface of Tyvek. The printing parameters used for the UV-curable 

insulator are detailed in Section 5.3.3 of Chapter 5. EMD 6415 has an ink viscosity 

of 11-13 mPa.s at 50°C and a surface tension of 35-37 mN/m. After the dielectric 

layer has been cured using a UV source, a silver ink (DGP 40LT-15C, Advanced 

Nano Products) was overprinted onto the layer using the printing parameters 

described in Section 5.3.2 of Chapter 5. The results obtained after thermal sintering 

are shown in Figure A-14. 

 

 

Figure A-14 SEM image of overprinted silver ink which de-wetted on the dielectric layer  

(Top view) 

 

From Figure A-14, de-wetting was observed for the silver ink overprinted onto the 

dielectric layer, which indicates that the surface energies of the silver ink and the 

dielectric layer are not matched. This necessitates further work on understanding 

the processing parameters to eliminate the de-wetting phenomenon, towards the 

goal of realising of conductive traces on Tyvek. This work is further described in 

Chapter 6 of this thesis. 

 

In conclusion, the porosity present in Tyvek posed challenges during surface 

modifications. In using hydrophobic coating, the low solids content did not yield a 

continuous coat on the porous substrate. In the deposition of SU-8 (via spin-

200 µm

Dielectric 

layer

TYVEK

Silver 

ink
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coating) and UV-curable dielectric (via inkjet printing), the liquids were observed 

to penetrate through the fibres during processing, resulting in non-uniform 

planarisation layers. In addition, de-wetting was encountered in overprinting the 

silver ink onto the planarisation layers. Consequently a need arises to simplify the 

analysis by considering a non-porous substrate to fulfil the objectives set out in the 

thesis. 
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Appendix B1 - Substrate Properties 

 

This Appendix provides the detailed properties of Tyvek and RO3006 (high 

frequency substrate) used in this thesis. The properties for Tyvek are obtained from 

two sources. The general properties of Tyvek were obtained from the manufacturer 

(Dupont), and the specific Tyvek grade which is used in this thesis is obtained 

from the corresponding distributor (Hexis UK Ltd). 

 

B1.1 RO3006 High Frequency Laminate [31] 

Property 
Typical 

value 
Direction Unit Condition Test Method 

Dielectric 

constant, 𝜺𝒓 

Process 

6.15 ± 

0.15 
z - 

10 GHz, 

23C 

IPC-TM-650 

2.5.5.5 Clamped 

Stripline 

Dielectric 

constant, 𝜺𝒓 

Design 

6.50 z - 8-40 GHz 

Differential 

Phase Length 

Method 

Dissipation 

factor, tan  
0.0020 z - 

10 GHz, 

23C 

IPC-TM-650 

2.5.5.5 

Thermal 

coefficient of 𝜺𝒓 
-262 z ppm/C 

10 GHz 

-50 to 150C 

IPC-TM-650 

2.5.5.5 

Dimensional 

stability 

-0.30 

-0.16 

X 

Y 
mm/m COND A ASTM D257 

Moisture 

Absorption 
0.02 - % D48/50 

IPC-TM-650 

2.6.2.1 

Thermal 

Conductivity 
0.79 - W/m/K 80C ASTM C518 

Coefficient of 

Thermal 

Expansion 

17 

17 

24 

X 

Y 

Z 
ppm/C -55 to 288C 

ASTM 

D3386-94 

Density 2.6  gm/cm3   
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B1.2 Tyvek (Hexis TYV500 Printable Tyvek Banner) 

White matt 125 gr/m
2
 Tyvek banner [251] designed for solvent inkjet printing. 

TYV500 has a slightly textured effect and can be used for a variety of applications. 

These include hanging banners, advertisements, wallpaper, exhibition stands and 

decoration for theatres and studios. The material is available in rolls of 5 m and 50 

m, with widths ranging from 1.37-2.22 m. 

 

 Dimensional stability [154] 

Tyvek remains dimensionally stable between 0 and 100 % relative humidity, where 

dimensions change less than 0.01 %.  

 

 Lightweight  [154] 

The weight of Tyvek is less than half compared to materials of similar strength. 

The density of Tyvek is 0.38 g/cm
3
. 

 

 Temperature range [154] 

Tyvek maintains its toughness and flexibility up to -75 C. The material starts to 

shrink at 118 C and melts at 135 C. 

 

 Others [154] 

Tyvek has a smooth and a rough side, where the difference can be detected visually 

or using a low power magnifying glass. The material is printable on either side, but 

manufacturers recommend that the smooth side be used for printing. Tyvek has no 

grain direction.
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Appendix B2 - Extracted DC Conductivity Values 

 

The extracted DC conductivity values of traces which were screen printed on RO3006 and Tyvek are based on equation (4.16), where 

the trace edge profiles are assumed to be straight. L1 and L2 refer to the DC test structures shown in Figure 4.3(A) of Chapter 4, while 

R2a to R5b refer to the test structures with varying gaps from 200-500 µm (shown in Figure 4.4 of Chapter 4). 

 

RO3006 Width (m) Thickness (m) Length (cm) Resistance (ohm) Area (mm
2
) Area (cm

2
) Conductivity (S/m) 

L1 1000 13.0 10 2.9 0.0130 0.00013 2.65E+06 

L2 1000 13.3 5 1.4 0.0133 0.000133 2.69E+06 

R2a (Top) 200 15.0 4 4.8 0.0030 0.00003 2.78E+06 

R2a (Bottom) 200 14.1 4 5.0 0.00282 0.0000282 2.84E+06 

R2b (Top) 200 14.1 4 4.8 0.00282 0.0000282 2.96E+06 

R2b (Bottom) 200 13.7 4 4.9 0.00274 0.0000274 2.98E+06 

R3a (Top) 300 19.3 4 3.3 0.00579 0.0000579 2.09E+06 

R3a (Bottom) 300 15.7 4 3.2 0.00471 0.0000471 2.65E+06 

R3b (Top) 300 15.4 4 3.2 0.00462 0.0000462 2.71E+06 

R3b (Bottom) 300 16.7 4 3.2 0.00501 0.0000501 2.50E+06 

 
Average Conductivity 2.68E+06 

    
 

 
  

Tyvek (Panel 1) Width (m) Thickness (m) Length (cm) Resistance (ohm) Area (mm
2
) Area (cm

2
) Conductivity (S/m) 

L1 1000 24.2 10 4.8 0.0242 0.000242 8.61E+05 

L2 1000 18.0 5 2.3 0.018 0.00018 1.21E+06 

L3 1000 19.1 5 2.5 0.0191 0.000191 1.05E+06 

R3a (Top) 300 28.1 4 4.8 0.00843 0.0000843 9.89E+05 

R3a (Bottom) 300 31.7 4 5.3 0.00951 0.0000951 7.94E+05 

R3b (Top) 300 24.5 4 5.0 0.00735 0.0000735 1.09E+06 

R3b (Bottom) 300 31.2 4 5.4 0.00936 0.0000936 7.91E+05 
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R4a (Top) 400 25.7 4 4.1 0.01028 0.0001028 9.49E+05 

R4a (Bottom) 400 21.6 4 4.1 0.00864 0.0000864 1.13E+06 

R4b (Top) 400 19.8 4 4.2 0.00792 0.0000792 1.20E+06 

R4b (Bottom) 400 23.1 4 4.1 0.00924 0.0000924 1.06E+06 

R5a (Top) 500 19.4 4 3.5 0.0097 0.000097 1.18E+06 

R5a (Bottom) 500 19.5 4 3.3 0.00975 0.0000975 1.24E+06 

R5b (Top) 500 23.2 4 3.3 0.0116 0.000116 1.04E+06 

R5b (Bottom) 500 24.1 4 3.3 0.01205 0.0001205 1.01E+06 

 
Average Conductivity 1.04E+06 

Tyvek (Panel 2) Width (m) Thickness (m) Length (cm) Resistance (ohm) Area (mm
2
) Area (cm

2
) Conductivity (S/m) 

L1 1000 22.9 10 5.3 0.0229 0.000229 8.24E+05 

L2 1000 23.8 5 2.6 0.0238 0.000238 1.62E+06 

L3 1000 28.3 5 2.5 0.0283 0.000283 1.41E+06 

R3a (Top) 300 24.7 4 5.2 0.00741 0.0000741 1.04E+06 

R3a (Bottom) 300 22.2 4 5.3 0.00666 0.0000666 1.13E+06 

R3b (Top) 300 20.7 4 5.7 0.00621 0.0000621 1.13E+06 

R3b (Bottom) 300 23.3 4 5.8 0.00699 0.0000699 9.87E+05 

R4a (Top) 400 26.4 4 4.4 0.01056 0.0001056 8.61E+05 

R4a (Bottom) 400 25.8 4 4.4 0.01032 0.0001032 8.81E+05 

R4b (Top) 400 16.8 4 4.1 0.00672 0.0000672 1.45E+06 

R4b (Bottom) 400 19.1 4 4.1 0.00764 0.0000764 1.28E+06 

R5a (Top) 500 26.3 4 3.6 0.01315 0.0001315 8.45E+05 

R5a (Bottom) 500 30.6 4 4.0 0.0153 0.000153 6.54E+05 

R5b (Top) 500 19.8 4 3.6 0.0099 0.000099 1.12E+06 

R5b (Bottom) 500 18.9 4 3.7 0.00945 0.0000945 1.14E+06 

 Average Conductivity 9.69E+05 
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Appendix B3 - Matlab Program (Dielectric Properties 

Extraction) 

 

% ---------------------------------------------------------------- 
% Extraction for the dielectric properties of Tyvek up to mm-wave 
% frequencies (30 GHz). S-parameters are from 3D simulation 

results in CST. 
% Equations considered are based on quasi-static analysis. 
% ---------------------------------------------------------------- 

  
close all; 
clear all; 
clc; 

  
% Eo's method requires only 1 transmission line length 
L=3*10^-3; %L1=3mm 
%L=2*10^-3; 
c0=3*10^8; %speed of light 
z0=50;%reference impedance 
cond=9e6;%S/m 
t=25e-6;%thickness for stencil-printed trace (from CST model)  
u0=4*pi*10^-7; 
ur=1; 
rho=1/cond; 

  
%Definition for Ghione's formulation 
a=150*10^-6;%1/2 trace width 
b=250*10^-6;%1/2(w+2s), where w=300um, s=100um 
h=330*10^-6;%subst thickness 
k = a/b; 
k1=tanh((pi*a)/(2*h))/tanh((pi*b)/(2*h)); 
kprime=sqrt(1-k*k); 
k1prime=sqrt(1-k1*k1); 
K=ellipke(kprime)/ellipke(k); 
K1=ellipke(k1)/ellipke(k1prime); 

  
S=2*a;%CPW width 
W=100*10^-6;%gap/spacing between signal and ground 
Delta=(1.25*t/pi)*(1+log(4*pi*S/t)); 
ke=k+(1-k*k)*(Delta/(2*W)); 
keprime=sqrt(1-ke*ke); 
c1=(1.25/pi)*log(4*pi*S/t)+1+((1.25*t)/(pi*S)); 
c2=2+(S/W)-((1.25*t)/(pi*W))*(1+log(4*pi*S/t)); 
c3=c2*c2; 
kkprime=pi/(log(2*(1+sqrt(kprime))/(1-sqrt(kprime))));% for 0 <k 

<0.707  
Pprime=[k/((1-kprime)*(kprime^(3/2)))]*(kkprime*kkprime); 

  
%simulation results - TYV 
data1 = importdata('CPW_3mm_TYVEK_20GHz.txt'); %imported S-

parameter in .txt format 

 
freq = data1(:,1).*(10^9);%freq expressed in Hz 
s11_mag_sim = data1(:,2); 
s11_dB_sim= mag2db(s11_mag_sim); 
s11_ph_sim = data1(:,3);%in deg 
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s11_ph_d2r1=unwrap(s11_ph_sim/180*pi); 
s12_mag_sim = data1(:,4); 
s12_dB_sim= mag2db(s12_mag_sim); 
s12_ph_sim = data1(:,5);%in deg 
s12_ph_d2r1=unwrap(s12_ph_sim/180*pi); 

  
s21_mag_sim = data1(:,6); 
s21_dB_sim= mag2db(s21_mag_sim); 
s21_ph_sim = data1(:,7);%in deg 
s21_ph_d2r1=unwrap(s21_ph_sim/180*pi); 

  
s22_mag_sim = data1(:,8); 
s22_dB_sim = mag2db(s22_mag_sim); 
s22_ph_sim = data1(:,9);%in deg 
s22_ph_d2r1=unwrap(s22_ph_sim/180*pi); 

  

  
for n=1:1001; 

   
    %For L=3mm,Define a matrix of S-parameters 
    %Simulation results 
    s11n_sim(n) = s11_mag_sim(n)*exp(1i*s11_ph_d2r1(n)); 
    s12n_sim(n) = s12_mag_sim(n)*exp(1i*s12_ph_d2r1(n)); 
    s21n_sim(n) = s21_mag_sim(n)*exp(1i*s21_ph_d2r1(n)); 
    s22n_sim(n) = s22_mag_sim(n)*exp(1i*s22_ph_d2r1(n)); 

      
    %Finding K in Eo's paper 
    k1n_sim(n) =(s11n_sim(n)*s11n_sim(n))-

(s21n_sim(n)*s21n_sim(n))+1; 
    k2n_sim(n) = 2*s11n_sim(n); 
    k3n_sim(n) = 2*s21n_sim(n); 
    K_sim(n) = sqrt(((k1n_sim(n)*k1n_sim(n))-

(k2n_sim(n)*k2n_sim(n)))./(k3n_sim(n)*k3n_sim(n))); 

     
    %Finding propag. const 
    a1_sim(n)=(1-

(s11n_sim(n)*s11n_sim(n))+(s21n_sim(n)*s21n_sim(n)))/(2*s21n_sim(n

))-K_sim(n); 
    gamma_sim(n)=log(a1_sim(n))/(L);%gamma in rad/m 

          
    %Extracting for the line impedance-Eo's paper 
    Z2num(n)=(1+s11n_sim(n))*(1+s11n_sim(n))-

(s21n_sim(n)*s21n_sim(n)); 
    Z2den(n)=(1-s11n_sim(n))*(1-s11n_sim(n))-

(s21n_sim(n)*s21n_sim(n)); 
    Z2(n)=z0*z0*(Z2num(n)/Z2den(n)); 
    Z(n)=abs(sqrt(Z2(n))); %Z2 is complex; finding the magnitude 

of the line 

     
    %Extracting for the dielectric properties - standard equations 
    %epseff=(gamma/beta)^2 
    beta(n)=(2*pi)/(c0/freq(n));%phase constant in free space 
    omega(n)=2*pi*freq(n);%in rad/s 
    epseff(n)=(gamma_sim(n)/beta(n))*(gamma_sim(n)/beta(n)); 
    epseff_re(n)=abs(real(epseff(n))); 

     
    %Extracting for epsr - Ghione's equation for a coplanar 

waveguide with 
    %a lower ground plane (ie. metal platen beneath substrate) 
    epsr(n)=(epseff_re(n)*(1+K*K1)-1)/(K*K1); 
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   %Extracting loss tangent from total loss - Test if Wheeler's 

and 
   %If Ghione's quasi-static equations are valid to mm-wave 

(Method 1) 
   Rs(n)=sqrt(pi*u0*ur*freq(n)/cond);%skin resistance 
   lambda(n)=c0/freq(n); 

   
   %Extracting loss tangent without taking into account strip 

thickness 
   alpha_cond2(n)= 4.88*10^-

4*Rs(n)*epseff_t(n)*Zocp*(Pprime/(W*pi))*(1+(S/W))*(c1/c3)*(1/8.68

);%in Np/m; formula provided in dB/m 
   alpha_diel2(n)=alpha_tot(n)-alpha_cond2(n); 
   tand_sim2(n)=abs(alpha_diel2(n)*lambda(n))/(3.142)*((epsr(n)-

1)*(sqrt(epseff_t(n)))/(epsr(n)*(epseff_t(n)-1)))%in Neper/m 

            
end  

  
display(epseff_re); 

  
subplot(2,1,1) 
plot(freq/(10^9),epseff_re,freq/(10^9),epsr) 
grid on; 
xlabel('Freq(GHz)'); 
ylabel('Eff. & real dielectric constant'); 

  

  
subplot(2,1,2) 
plot(freq/(10^9),tand_sim,freq/(10^9),tand_sim2); 
grid on; 
xlabel('Freq(GHz)'); 
ylabel('Loss tangent'); 
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Appendix C1 - Process Characterisation of Inkjet Printing  

 

To characterise the inkjet printing process using the Dimatix printer (DMP-2831), 

a printing trial was performed with the following objectives. The first objective is 

to evaluate the silver ink (EMD 5603) to be used, to ensure that the ink properties 

(adhesion, resistivity values) were consistent with the datasheet. From the technical 

datasheet [169], EMD 5603 was specified to adhere with various substrates such as 

Kapton (PI), FR4, glass and metals. The volume resistivity after thermal sintering 

was provided as 5-30 µ cm (at 150-300 °C). The second objective of the 

characterisation is to ascertain the repeatability of the printing process, through 

printing test patterns with varying widths (100 µm – 800 µm). The objectives are 

summarised in Table C1-1. 

 

Table C1-1  Printing trial for process characterisation 

Goals Objectives Tasks 

 

 Silver ink works as 

expected. 

 

 Silver ink can be printed 

on one of the substrates 

(PI) referred to in the 

datasheet. 

 

 

Check that the ink remains 

intact (i.e. no de-wetting) after 

the printing and curing 

process. 

 

 Ascertain if sintering of 

silver nanoparticles has 

occurred. 

 

Perform DC resistance 

measurements of the test 

patterns. 

 Adhesion of silver ink to a 

substrate (PI) mentioned 

in the datasheet. 

Perform tape tests to ascertain 

the ink-substrate adhesion. 

 Process characterisation  

   of the printing process 

 Repeatability of printed 

dimensions. 

Print test patterns with 

different line widths. 

 

C1.1 Materials 

The substrate considered for the inkjet printing process characterisation is 

Polyimide (PI). PI is a smooth substrate commonly used in inkjet printing [22, 37-

38, 91] and this substrate is used as the silver ink prints and adheres well to it as 

specified in the ink datasheet [169]. This makes PI suitable as a verification 

substrate to validate the properties of the silver ink specified in the ink datasheet. 
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The silver ink used in the process characterisation is EMD 5603, with the 

properties detailed in Section 5.2.2. 

 

C1.2 Experimental Procedure 

(i) Test Structures 

The test structures considered for the process characterisation are shown in Figure 

C1-1 and Figure C1-2. The two point probe test structures in Figure C1-1 were 

imported via a bitmap file into DMP-2831, while those in Figure C1-2 were 

defined using the Pattern Editor function as described in Section 5.3.2. Following 

the definition of the test structures in Dimatix, the structures were printed onto PI. 

 

For the test structures in Figure C1-1, the silver layer was printed with the platen at 

ambient temperature, following which the platen temperature was increased to 

60 °C to aid in the drying process. All the samples were thermally sintered in the 

oven at 180 °C for 135 min. 

 

            

                        Figure C1-1 Test structures to measure for resistivity 

 

 

Figure C1-2 Test structures to determine repeatability of printed trace widths 
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(ii) Resistivity Measurements of Printed Traces 

Using the same profile characterisation parameters described in Section 5.3.5 

(Chapter 5), the printed trace thicknesses were measured. Three measurements 

were performed for each trace in an east-west direction along 3 different sections 

of the trace, as shown in Figure C1-3. Prior to the thickness measurements, the PI 

samples were placed onto the platform and taped along 2 sides. The measurement 

parameters used in the scan were 1.5 mm scan length, 0.5 m spacing. From the 

measured resistance and thickness values, the DC resistivity could then be 

calculated using equation (C1-1): 

 

   𝜌 =
𝑅∗𝑤∗𝑡

𝐿
    (C1-1) 

 

where  is the extracted DC resistivity, R is the measured resistance, w is the trace 

width, t is the line thickness and  L is the line length. For the extraction of , a 

rectangular trace profile was assumed in computing for the cross-sectional area of 

the trace. 

 

 

Figure C1-3 Measurement locations of trace thickness on PI 

 

  

Trace 1Trace 2
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2

3

Tape
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(iii) Adhesion Testing  

A simple tape test is performed to determine if the adhesion of inkjet printed traces 

on PI is consistent with the ink datasheet [169]. The test was carried out using a 

pressure sensitive adhesive tape (P/N: 7305-2240, 3M). As the PI substrates were 

of a flexible nature, they were first adhered to a rigid PCB board. Prior to the tape 

test, the trace resistances were measured using a digital multi-meter (P/N: 72-7765, 

Tenma) to ensure that the electrical connection was still intact. Tape lengths of 

around 5 cm were cut and fixed to the central portion of the test structures as 

shown in Figure C1-4. The tape was then swiftly peeled off in one quick motion at 

an angle close to 180°.   

 

 
 

Figure C1-4  Schematic of tape test on PI samples 

 

C1.3 Results and Discussion 

(i)      Repeatability of Printed Trace Widths  

Figure C1-5 and Figure C1-6 show the test structures printed onto PI as described 

in Section (b) of this Appendix. The printed traces were captured using a high 

power microscope (Nikon Optiphot) with a x5 objective lens, and the trace widths 

were determined from the microscope images using ImageJ software [252]. At 

least 5 readings were made across each trace and averaged, with the results shown 

in Table C1-2. 

 

Trace 1

Trace 2

Adhesive Tape
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Figure C1-5 Printed test structures to ascertain repeatability 

 

 

Figure C1-6 Printed test structures to measure for resistivity 

 

Table C1-2 Measured dimensions for the test structures in Figure C1-5 

Defined (µm) Row 1 Row 2 Row 3 

100 123.3 (23.2%) 122.0 (22.0%) 121.8 (21.8%) 

200 221.7 (10.8%) 219.3 (9.7%) 219.5 (9.7%) 

400 417.6 (4.4%) 416.5 (4.1%) 416.8 (4.2%) 

600 597.1 (0.48%) 599.4 (0.1%) 597.1 (0.48%) 

800 795.5 (0.6%) 796.6 (0.4%) 793.7 (0.79%) 

1000 1012.7 (1.3%) 1012.93 (1.3%) 1010.13 (1.0%) 

 

From the results in Table C1-2, a good repeatability of the dimensions can be 

observed across Rows 1 to 3. Furthermore it was observed that the trace variation 

is increased for smaller trace dimensions, with variations of 20 % obtained for 100 

µm (designed) traces. This variation reduces to  10 % for trace widths of 200 µm 

and beyond. The larger variation observed for the 100 µm widths could be 

attributed to the wettability of the printed silver droplets onto the PI substrate. This 

could be better understood by considering the equation of Smith et al. [22] to 

estimate the minimum line width obtainable. Setting k = 1 in equation (5.5), and 

using an estimated contact angle of 11 from [22] for the EMD 5603 droplets on PI, 

a trace width of 124 µm is calculated, which agrees well with the measured trace 

width values  of 122-123 µm in Table C1-2. In this case, the silver ink used on PI 

in [22] has a surface tension of 26.3 mN/m, which is close to that of EMD 5603 at 

Row 1 Row 2 Row 3

Trace 1

Trace 2
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27-31 mN/m (i.e. similar wettability). The results indicate that the minimum trace 

width realisable on PI using EMD 5603 or a silver ink with similar surface tension 

is around 124 µm. 

 

(ii) Calculated Resistivity for EMD 5603 

The printed two point probe test structures are shown in Figure C1-6. The 

structures were printed using one jetting head (without satellite drops), and realised 

with 1 layer of overprinted silver. The trace widths were characterised using the 

process described in Section C1.2 (ii) of this Appendix. As the two point probe 

structures (Figure C1-6) are longer than those in Figure C1-5, 10 measurements of 

the trace width were made across the entire length and the values averaged. 

 

The resistance values of the traces were measured using a digital multi-meter (P/N: 

72-7765, Tenma) and averaged from 2 readings. These results are shown in Table 

C1-3, where the resistivity values are in the range of 12.7-15.9 µ-cm. This is 

within the resistivity range provided in the datasheet for EMD 5603, which is 5-30 

µ-cm at 150-300 °C [169]. However the actual resistivity value is expected to be 

lower after taking into consideration the effect of the probe contacts during the 

resistance measurements. 

 
Table C1-3 Extracted resistivity values for test structures  

Trace
23

 
Average resistance 

() 

Average thickness  

(m) 

Resistivity 

(µ-cm) 

1 63.9 0.45 12.7 

2 55.1 0.65 15.9 

            23
Trace notation is with reference to Figure C1-6. 

 

(iii) Adhesion Test Results 

Figure C1-7 shows the results after the tape test on the PI sample. From Figure C1-

7 (B), a good adhesion was observed for the traces after the tape test, which agrees 

with the information provided in the datasheet [169]. The resistances of the traces 

after the tape test are shown in Table C1-4. Overall, the traces in the sample 

remained largely intact with a slight increase ( 2%) in the measured resistance. 
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Further images in Figure C1-8 reveal that some portions of the trace were removed 

during the tape test.  

 

 

(A) 

 

(B) 

Figure C1-7 Results of tape test on PI sample (A) View of test structure (B) View of adhesive 

tape after tape test 

 

Table C1-4 Resistance values before and after tape test 

No. of silver layers Trace
24

 Average resistance 

(before tape, ) 

Average resistance 

(after tape,  ) 

1 
1 68.0 68.4 

2 58.0 59.1 

           24
Trace notation is with reference to Figure C1-6. 

 

  

Figure C1-8 Microscope images showing portions of trace peeled off during the tape test 

 

C1.4 Conclusions 

A characterisation of the inkjet printing process on Dimatix printer (DMP-2831) 

was performed. From the results obtained, a good repeatability of the printed trace 

widths was obtained ( 2%). The minimum trace width obtainable on PI using 

EMD 5603 was around 124 µm. For trace widths of 200 µm and beyond, the 

FR-4 substrate

PI

FR-4 substrate

PI

Trace 1

Trace 2
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variation between the designed and printed trace widths was within 10 %. The 

extracted resistivity was within the range provided for EMD 5603 in the datasheet 

[169], and a simple tape test showed that there is a good adhesion between the 

printed trace and the PI substrate, with a resistance variation of 2 % before and 

after the tape test. 
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Appendix C2 - Values used for Error Bar Plot in Figure 

5.11 

 

 

 

Table C2-1 Measured mean and error limits from the surface morphology characterisation 

Ra (µm)          Mean Error (upper) Error (Lower) 

Untreated RO3006 0.76 0.22 0.11 

Hydrophobic coating 0.93 0.08 0.15 

EMD 6200 coating 0.44 0.16 0.11 
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Appendix D - Resistance Evaluation of Tyvek Samples  

 

The objective of this Appendix is to determine whether measurable resistance 

values could be obtained on Tyvek samples coated with the UV-curable insulator. 

This is an extension of the results obtained in Chapter 6, where electrically 

conductive traces were demonstrated on coated glass samples exposed in both inert 

and ambient atmospheres. 

 

The same experimental methods involving insulator ink drawdown (Section 6.3.1 

of Chapter 6), UV exposure (Section 6.3.2 of Chapter 6) and UV-ozone post-

treatment times (Section 6.3.3 of Chapter 6) were applied to the Tyvek samples. 

These parameters were used as an experimental trial to ascertain if measurable 

resistances could be obtained on the Tyvek samples. In this evaluation, only EMD 

6415 [89] is considered as the ink has an increased cross-linking formulation. The 

increased cross-linking present in EMD 6415 is expected to alleviate the silver ink 

seepage (after overprinting) into the porous Tyvek substrate underneath, compared 

to the EMD 6200 [90] insulator used in Chapter 6. 

 

The Tyvek samples were exposed under both inert and ambient atmospheres using 

a dosage of 600 mJ/cm
2
. This is followed by UV-ozone post-treatments of 80 s (for 

samples exposed in inert atmosphere) and 3 min (for samples exposed in ambient 

atmosphere).  Following that, silver ink was overprinted onto the samples using the 

printing parameters described in Section 6.3.4. Specifically, 25 mm long traces 

with defined widths of 100 µm, 500 µm and 1 mm were printed. The samples were 

then thermally sintered at 110 °C at 2 h intervals, up to a maximum of 10 h.  

 

After the thermal sintering, no de-wetting was observed for the overprinted silver 

traces upon visual inspection, and clear linear traces were obtained as shown in 

Figure D-1. However the samples were observed to be warped from the prolonged 

thermal sintering period (Figure D-1). The resistance values were measured with a 

two point multi-metre after each interval. The results in Figure D-2 and Figure D-3 

show the normalised resistance values for inert and ambient cured Tyvek samples. 

For each data point in Figures D-2 and D-3, the average resistance value was 
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obtained from three measurements and divided by the corresponding trace length 

over which the resistance was measured  (in cm). 

 

        

Figure D-1 EMD 6415 sample cured under an inert atmosphere with UV-ozone treatment   

(80 s). The silver ink traces (2 layers) are obtained after printing and sintering 

 

 

 

Figure D-2  Variation of the normalised resistance values for silver traces sintered for 

different periods of time at 110 C. The results are for two layers of silver overprinted on 

inert cured EMD 6415 sample (with 20 s of UV-ozone post-treatment) 

 

From Figure D-2, the resistance variation of the measured traces was observed to 

decrease with an increase in the sintering time. In particular, the resistance range 

narrowed significantly from 2.9-18.5 k/cm (after 6 h of thermal sintering) to 1.8-

3.6 k/cm (after 10 h of thermal sintering).The large resistance range in k/cm 

could possibly be due to the penetration of EMD 6415 into the porous Tyvek 

substrate during the ink drawdown. Consequently an uneven insulator layer could 
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have resulted, which affected the polymer cross-linking during UV exposure and 

the conduction path (i.e. resistance) of the overprinted silver nanoparticles. 

 

Figure D-3 shows the normalised resistance values for measured traces overprinted 

on EMD 6415 exposed under ambient atmosphere with UV-ozone post-treatment. 

Compared to the results in Figure D-2, the normalised resistance values in Figure 

D-3 are significantly highly (3 times the order of magnitude) even after 10 h of 

thermal curing (Figure D-3). Since the samples were exposed under inert 

atmosphere in Figure D-2, the results in Figure D-3 imply significantly reduced 

cross-linking present in the samples UV cured in air, due to the oxygen inhibition 

effect. As discussed in Section 6.4.4, this could have affected the silver 

nanoparticle aggregation and hence the electrical path formed. Further 

investigation would be required to understand this phenomenon and improve the 

resistance range of the overprinted silver traces. 

 

 

Figure D-3  Variation of the normalised resistance values for silver traces sintered for 

different periods of time at 110 C. The results are for 2 layers of silver overprinted on 

ambient cured EMD 6415 samples (with 3 min of UV-ozone post-treatment) 
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Appendix E1 - Effect of Surface Roughness on CPW Line 

Loss 

 

A motivation for obtaining an accurate simulation models is towards the aim of 

determining the influence of surface roughness on the RF performance of printed 

traces. Sain and Melde [138] have investigated the effect of surface roughness on 

interconnect losses using a 3D electromagnetic solver, which has the drawback of 

being computationally intensive. Curran [131] proposed an analytical approach 

which uses a variable P to account for the shape of the trace surface roughness. 

However this variable is characterised only for traces with a saw-tooth profile (i.e. 

chemically etched copper traces) and is unknown for other trace profiles. 

With an accurate simulation model as that developed in this chapter, it is proposed 

that the surface roughness could be estimated using a correction factor P: 

                                         𝑃 =
𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒(𝑟𝑜𝑢𝑔ℎ) 

𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒(𝑠𝑚𝑜𝑜𝑡ℎ)
                   (E1-1)          

where 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑟𝑜𝑢𝑔ℎ in equation (E1-1) refers to the resistance of a trace with 

surface roughness which could be obtained from S-parameter measurements, while 

𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑠𝑚𝑜𝑜𝑡ℎ  refers to the resistance of an ideal trace (i.e. zero surface 

roughness) which is obtained from 3D simulation. From equation (E1-1), if the 

simulation model is accurate and the only variable is the surface roughness, the 

extra loss arising from the surface roughness can then be assessed. 

 

The effect of surface roughness is investigated for a 15 mm CPW lines printed on 

two sets of quartz substrates. One set of quartz is polished to yield an average 

surface roughness of 1 µm while the other set has a smooth surface in the order of 

nanometres. The quartz substrates have thicknesses of 1 mm (Dielectric constant = 

3.9, loss tangent < 0.001 at 500 MHz). With reference to Table 7.2 in Chapter 7, 

the CPW line is designed with a width of 350 µm and a gap of 50 µm. To realise 

these dimensions, the CPW lines were printed using paste 2 as this paste yields a 

lower spread after printing. The transmission lines were characterised for the RF 

performance using the parameters described in Section 7.3(e)(ii) of Chapter 7. The 

measured insertion loss results are shown in Figure E1-1. 
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Figure E1-1  Measured insertion loss of 15 mm CPW line screen printed on smooth and 

roughened quartz 

 

From Figure E1-1, a negligible difference is observed between the measured 

insertion losses of smooth and roughened quartz. This suggests that the 

transmission line length may not be sufficiently long to determine the influence of 

the trace edge roughness on the insertion loss of the transmission line. In addition, 

the gaps realisable using screen printing in this chapter may not be small enough 

for the effects of the trace edge roughness to be rendered significant. 
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Appendix E2 - Determination of Scan Speed (Non-contact 

Measurements) 

 

This trial experiment seeks to determine a suitable scan speed (i.e. a compromise 

between time and speed) to be used for the imaging of the printed traces described 

in Chapter 7 using a 3D non-contact laser technique.  

 

A x20 objective lens was used in the study and the results using the differential 

interference contrast (DIC) laser option were used as the reference value.  The 

sample measured is a 2 mm CPW transmission line screen printed on RO3006 

substrate. In the evaluation of the average surface roughness (Ra), the cutoff 

wavelength used was 80 µm for an evaluation length of 780 µm. 

 

Table E2-1 Comparison of results using different scan configurations, with reference to 

Figure 7.10 (Chapter 7) 

 

Scan 

Configuration 

w 

(µm) 

𝒈𝟏 

 (µm) 

𝒈𝟐 

(µm) 

t
25

 

(µm) 

Ra
26

 

(µm) 

Time taken 

(min) 

DIC Laser-Fine 146.1 78.4 75.0 8.5 0.5 42 

DIC Laser-Fast 149.0 71.4 74.0 8.7 0.6 6 

Fast 151.9 76.8 76.1 9.0 0.5 6 

Ultrafast 159.2 65.6 65.6 8.6 0.5 4 

   25
t represents the average conductor thickness for the signal and ground traces. 

26
The measured Ra  

  is for the signal trace of the CPW transmission line. 

 

From the results in Table E2-1, a variation of 9 % is observed for w, in comparing 

the ultrafast measurement mode with the DIC laser-fine mode. The corresponding 

variation in the 𝑔1  and 𝑔2   values range from 13-17 %. In contrast a smaller 

variation of within 10 % is observed for the measured parameters using the DIC 

laser-fast mode, along with a significant reduction of the measurement time by 7 

times. As such the DIC laser-fast mode was adopted for the characterisation of the 

trace profiles in Chapter 7.  
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Appendix E3- Values used for Standard Deviation Plot in 

Figure 7.17 

 

 

Table E3-1 Measured mean and error limits from the surface morphology characterisation 

Substrate 

Region
27

 

Average DC Conductivity (S/m) Standard Deviation  

690µm width 150 µm width 690µm width 150 µm width 

Region 1 1.05E+06  1.12E+06 5.46E+04 2.03E+04 

Region 2 1.06E+06 1.10E+06 1.55E+04 3.35E+04 

Region 3 1.07E+06 1.17E+06 6.13E+04 4.13E+04 

Region 4 1.02E+06 1.10E+06 1.49E+04 3.93E+04 

27
Substrate Region is with reference to Figure 7.4 
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Appendix E4 - Adhesion of Inkjet Printed Traces 

 

This experiment seeks to ascertain the adhesion of inkjet printed traces on glass 

substrates through an ISO tape test. The test is performed on an inkjet printed area 

of 20 x 20 mm on the substrate, using the procedure described below. 

 

1. Cut a piece of ISO tape about 75 mm  long. 

2. Place the center of the tape over the trace. To ensure good contact with the 

film rub the tape firmly with the end of a pencil. The colour under the tape is 

an useful indication of whether good contact has been made. 

3. Remove the tape by seizing the free end rapidly back upon itself. 

4. Observe the grid area for removal of traces from the substrate using an optical 

microscope or a magnifying glass. 

 

From Figure E4-1(B) it can be observed that most of the inkjet printed trace was 

removed after the tape test. This could be partly attributed to the silver ink 

formulation which is comprised of silver nanoparticles and solvents. After the 

solvents have evaporated following thermal sintering, only the silver trace is left, 

which is easily peeled off. The poor adhesion is also observed during the four point 

probe measurements of the inkjet printed test structures, where trace regions 

contacted by the probes were removed as shown in Figure E4-2. 

 

  

(A) (B) 

Figure E4-1 Inkjet printed trace on glass substrate (A) Before tape test (B) After tape test 

 

  

Glass Glass
ISO tape
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(A) (B) 

Figure E4-2  Optical microscope images showing the removal of inkjet printed traces 

(1 layer) from a glass substrate during four point probe measurements 
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