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Abstract 

The research work carried out and reported in this thesis focuses on the application of additive 

manufacturing (AM) for the development antennas and novel frequency selective surfaces 

structures. Various AM techniques such as direct writing (DW), material extrusion, nanoparticle 

conductive inks are investigated for the fabrication of antennas and FSS based sensors.  

This research has two parts. The first involves the development of antennas at the microwave 

and millimetre wave bands using AM techniques. Inkjet printing of nanoparticle silver inks on 

paper substrate is employed in the fabrication of antennas for an origami robotic bird. This 

provides an exploration on the practicability of developing foldable antennas which can be 

integrated on expendable robots using low-cost household inkjet printers. This is followed using 

Aerosol jet printing in the fabrication of fingernail wearable antennas. The antennas are 

developed to operate at microwave and millimetre wave bands for potential use in 5G Internet 

of Things (IoT) or body-centric networks. 

The second part of the research work involves the development of frequency selective sensors. 

Trenches have been incorporated on an FSS structure to produce a new concept of liquid 

sensor. The sensor is fabricated using standard etching techniques and then using FDM method 

in conjunction with nanoparticle conductive ink. Finally, a new concept displacement sensor 

using an FSS coupled with a retracting substrate complement is introduced. The displacement 

sensor is a 3D structure which is conveniently fabricated using AM techniques.  
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1. CHAPTER 1: INTRODUCTION 

1.1 Overview  

Additive manufacturing (AM) which is also known as 3D printing technology was developed in 

the 1980s and is a process that involves making objects by joining materials from 3D model 

masks layer by layer in contrast to subtractive manufacturing (SM) techniques [1] in which 

objects are made by removing material from a big piece. This enables the production of parts 

with complex geometry and rapid prototyping of scaled-down or complete structures and 

devices before the final product is made [2] [3]. This feature allows the fabrication of complex 

geometries and enables designers to verify the best product design fit within a short period of 

the CAD design completion [4]. This has led to AM attracting significant interest from both the 

research community as well as the manufacturing industry [5]-[9].  

Several AM methodologies exists which includes selective laser sintering (SLS) [10], electron 

beam melting (EBM) [11], stereolithography (SLA) [12], fused deposition modelling (FDM) 

[13], inkjet printing [14], Aerosol Jet printing [15][16] among others. Some of AM 

methodologies outlined were employed in the development of electromagnetic applications 

presented in this thesis i.e., antennas and frequency selective surfaces (FSS). The radiating part 

of the electromagnetic propagation devices developed is metallic conductors printed on 

dielectric substrates which provide conductivity across the 3D printed area.  

The role that AM is likely to play in the future of manufacturing is demonstrated in Figure 1, 

[17]. It forecast the global 3D printing market size to continuously grow between the period 

2022 and 2030.  This will mainly be driven by the increased research and development in 3D 

printing and a growing demand for prototyping from industries such healthcare [18]-[20]; 

automotive [21][22], aerospace [23][24], construction [25]-[27] and defence [28]-[30].  

As wireless communication and sensing become ubiquitous [31], demand for better and cheaper 

electromagnetic sign propagation devices like antennas, waveguides, filters, etc. will increase. 

Investigations have been on-going on 3D printing for the realization of advanced wireless 

communication antennas [32]-[36]. Besides focusing on the fabrication of conventional wireless 

antennas and circuits, the creation of innovative, difficult-to-implement 3D designs has also 

been reported [37]. 
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Figure 1.1 North America 3D printing Market Size, by technology, 2020-2030 [17] 
 

1.2 Research motivation and contribution to knowledge 

Electromagnetic propagation devices such as antennas are vital components for wireless 

communication. Advances in wireless networks have led to advances in complex antenna 

designs for high precision applications. The fabrication of these types of devices is challenging 

using the conventional fabrication method and thus the need for alternative methods. As 

outlined in section 1.1, AM technology can be a solution for fabricating modern antennas and 

other electromagnetic devices.  

The aim of this work is to investigate the use of AM processes in the development of novel 

electromagnetic devices. The focus is on the fabrication of antennas and frequency selective 

surfaces for microwave and millimetre wave applications.  

This thesis presents modern antennas and frequency selective sensors developed using AM 

techniques. Antennas of different shapes, as well as frequency selective surface sensors for 

various applications, are presented. The main fabrication processes employed are inkjet printing, 

aerosol jet printing, Fused filament fabrication (FFF), and direct write (DW) of solver 

conductive pastes. The fabrication techniques are analysed in terms of surface characteristics of 

the printed layers, and the radio frequency (RF) devices are studied using their S-parameter and 

far field responses. 
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The main contributions that have come out of this work are listed below. These contributions 

are supported by the list of publications presented in section 1.3.  

The primary contributions are: 

(1) The development of antennas that can be integrated with low-cost inkjet printing electronics 

on disposable photo paper robotic origami robotic bird.  This is demonstrated to be an 

inexpensive and quick method of antenna manufacture. The print was found to have good 

electrical conduction across the printed area implying that it is a good for the proposed 

application. The fabricated antennas have acceptable performance for efficient communication 

between the origami robot and a remote controller which is shown in simulation and 

experimental results. 

 

(2) Manual hand printing of silver ink using a brush, a form of direct write, and Aerosol Jet 

printing can be employed in the development of wearable antenna applications. Such wearable 

application can be employed in sensing, tracking, wireless communication, medical application 

etc. This is demonstrated in the development of microwave and millimetre wave antennas for 

customized fingernail antennas. The manual hand deposition of the silver nanoparticle ink 

demonstrates is an inexpensive antenna development technique while the use of the Aerosol Jet 

machine printing facilitates the flexibility needed for smooth and precise application of the silver 

nanoparticle ink on the curvature of the fingernail.  

 

(3) The use of trenched FSS structures for microwave liquid sensing applications. The 

Frequency Selective Surface (FSS) based sensor is suitable for sensing liquids falling onto a 

surface.  In the sensor concept, the sensing function is achieved by altering the capacitance 

between adjacent FSS elements when chemical liquids of different electrical characteristics are 

inserted in grooves around the loop conductors. The change in capacitance produces a change 

in the frequency resonance based on the liquid’s electrical characteristics, which is detected as 

the transmission response of the FSS.  

 

(4) A new concept of application of microwave and 3D printing in displacement sensing using 

three dimensional structures. The FSS displacement sensor is based on changing the effective 

permittivity as a complement substrate is withdrawn from the FSS. The wireless sensor works 

by modifying the transmission response when the substrate complement is gradually withdrawn. 

This sensor is ideal for instances requiring real-time monitoring of a structural change e.g., 

sinking, or lateral displacement.   
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The antennas and frequency selective sensors presented in this work have been simulated using 

CST Microwave StudioTM software. This is discussed in detail in chapter 2, section 2.8. 

1.3 List of publications arising from this work 

Journal papers 

[1] Peter M. Njogu, Benito Sanz-Izquierdo; Sung Yun Jun; Gabriel Kalman; Steven Gao; Asish 

Malas and Gregory J. Gibbons, "Evaluation of Planar Inkjet-Printed Antennas on a Low-Cost 

Origami Flapping Robot", IEEE Access, vol. 8, pp. 164103-164113, 2020. 

DOI: 10.1109/ACCESS.2020.3020824  

[2] Peter M. Njogu, Benito Sanz-Izquierdo, Ahmed Elibiary, Sung Yun Jun, Zhijiao Chen and 

David Bird, "3D Printed Fingernail Antennas for 5G Applications", IEEE Access, vol. 8, pp. 

228711 - 228719, 2020. DOI: 10.1109/ACCESS.2020.3043045 

[3] Peter M. Njogu, Benito Sanz-Izquierdo and E.A. Parker, “A Liquid Sensor based on 

Frequency Selective Surfaces” IEEE Transactions on Antennas and Propagation, vol. 71, no. 1, 

pp. 631 - 638, 2023.  DOI: 10.1109/TAP.2022.3219540 

[4] Peter M. Njogu, Benito Sanz-Izquierdo and E.A. Parker,” 3D FSS Based Displacement 

Sensor” to be submitted to IEEE Sensors Journal (Under revision) 

Conference papers 

[1] Peter Njogu and Benito Sanz-Izquierdo,” Removable Finger Nail Antenna” 14th European 

Conference on Antennas and Propagation (EuCAP), 2020, Copenhagen, Denmark 

DOI: 10.23919/EuCAP48036.2020.9135744 

[2] Peter Njogu, Paul Jablonski, Anshuman Shastri and Benito Sanz-Izquierdo,” Origami Boat 

Sensing Antenna” 15th European Conference on Antennas and Propagation (EuCAP), 2021 

Dusseldorf, Germany DOI: 10.23919/EuCAP51087.2021.9411024 

[3] A. Shastri, P. Njogu, B. Sanz-Izquierdo, S. Gao and Z. Chen,” Low-cost Inkjet Printed 

Paper Poster FSS for 5G Applications” 15th European Conference on Antennas and 

Propagation (EuCAP) 2021 Dusseldorf, Germany 

DOI: 10.23919/EuCAP51087.2021.9411448  

[4] Peter Njogu, Benito Izquierdo and Stephen Gao,” Disposable 3D printed Liquid sensor” 

16th European Conference on Antennas and Propagation (EuCAP), 2022 Madrid, Spain (KAR 

id:96093) 

https://ieeexplore.ieee.org/author/38270368500
https://ieeexplore.ieee.org/author/37085409049
https://ieeexplore.ieee.org/author/37088507637
https://ieeexplore.ieee.org/author/37536096300
https://ieeexplore.ieee.org/author/37088507645
https://ieeexplore.ieee.org/author/37088507645
https://ieeexplore.ieee.org/author/37088357507
https://doi.org/10.1109/ACCESS.2020.3020824
https://doi.org/10.1109/ACCESS.2020.3043045
https://doi.org/10.1109/TAP.2022.3219540
https://ieeexplore.ieee.org/author/37088437069
https://ieeexplore.ieee.org/author/38270368500
https://ieeexplore.ieee.org/document/9135744/
https://doi.org/10.23919/EuCAP48036.2020.9135744
https://ieeexplore.ieee.org/author/37088437069
https://ieeexplore.ieee.org/author/37088852011
https://ieeexplore.ieee.org/author/37086034291
https://ieeexplore.ieee.org/author/38270368500
https://ieeexplore.ieee.org/xpl/conhome/9410887/proceeding
https://doi.org/10.23919/EuCAP51087.2021.9411024
https://ieeexplore.ieee.org/author/37086034291
https://ieeexplore.ieee.org/author/37088437069
https://ieeexplore.ieee.org/author/38270368500
https://ieeexplore.ieee.org/author/37536096300
https://ieeexplore.ieee.org/author/37085620225
https://ieeexplore.ieee.org/xpl/conhome/9410887/proceeding
https://ieeexplore.ieee.org/xpl/conhome/9410887/proceeding
https://doi.org/10.23919/EuCAP51087.2021.9411448
https://ieeexplore.ieee.org/xpl/conhome/9410887/proceeding
https://kar.kent.ac.uk/96093
https://kar.kent.ac.uk/96093
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[5] Peter Njogu, Sung Jun and Benito Sanz-Izquierdo, Zhijiao Chen, Steven Gao “3D Printed 

Millimeter wave Antenna Integrated into a Ring for 5G Applications” MMS2022: 

Mediterranean Microwave Symposium 2022, Pizzo Calabro, Italy 

DOI: 10.1109/MMS55062.2022.9825614 

[6]  Peter Njogu, Anshuman Shastri, Adam Smith, Steven Gao and Benito Sanz-Izquierdo, 

“Screen-Printed FSS Plasterboard for Wireless Indoor Applications” MMS2022: Mediterranean 

Microwave Symposium 2022, Pizzo Calabro, Italy DOI: 10.1109/MMS55062.2022.9825506 

 

1.4 The organization of the thesis 

The rest of this thesis is organized as follows: 

Chapter 2 gives an overview of additive manufacturing (AM) processes and their application to 

antenna and microwave components as well as FSS structures. It also provides some basic 

theories of antennas and frequency selective surfaces. 

Chapter 3 presents an antenna integrated with an expendable paper origami flipping robot using 

inkjet printing technology. The antenna elements are directly printed onto a photo paper 

substrate using silver nanoparticle conductive ink. The substrate is then folded into the origami 

robotic bird. An ordinary low-cost home desktop inkjet printer is used in the deposition of 

conductive metallic parts of the antenna. Three antenna solutions are provided. The antennas 

operate at the frequency bands allocated for drone control.  

 

Chapter 4 presents the manual application of antenna radiator as well as that of Aerosol Jet 

technology in the printing of a 3D wearable fingernail antenna. A manually painted as well as 

Aerosol Jet printed antennas were developed, at microwave and at the millimetre wave bands. 

The designs have been printed directly onto an acrylonitrile butadiene styrene (ABS) fake 

fingernail substrate. The wearable antennas are proposed, and their performance are discussed. 

Chapter 5 describes a new concept for microwave liquid sensors based on Frequency Selective 

Surfaces structure. The sensor uses trenches between FSS elements to modify the transmission 

response when liquids with different permittivity are inserted. Though the initial design is milled, 

simple and inexpensive fused filament fabrication (FFF) is employed to fabricate a disposable 

AM version of the FSS structure. Hand painting is used to make the metallic parts of the FSS. 

The independent resonant nature due to individual chemicals allows the device to be reused for 

different liquids thus reducing cost.  

In Chapter 6, an FSS based displacement sensor using a retractable dielectric substrate is 

described. The sensor uses a retractable substrate that is a complement of the FSS. The 

https://doi.org/10.1109/MMS55062.2022.9825614
https://doi.org/10.1109/MMS55062.2022.9825506
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retractable substrate is gradually withdrawable from the FSS. As the complement substrate is 

withdrawn from the FSS, the effective permittivity of the FSS structures varies which changes 

the transmission response. The optimised solution is a 3D FSS structure and complement which 

a fabricated using AM techniques. This sensor is intended for structural displacement 

applications.  

Chapter 7 summarises the conclusion of each chapter as well as suggests potential future 

advancement of each piece of work.   
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2. CHAPTER 2: LITERATURE REVIEW AND THEORETICAL 

BACKGROUND 

2.1 Introduction 

This chapter offers a review of the existing work on additive manufacturing (AM), which is also 

known as 3D printing (3DP) technology [1], and its application in antenna and electromagnetic 

devices development. The literature background focuses on the various additive manufacturing 

methods (AM), their application in the fabrication of antennas, and frequency selective surfaces 

(FSS). Various electromagnetic devices that have been fabricated using AM and their 

applications are also reviewed.  

Traditional subtractive manufacturing (SM) like milling [2] [3] and turning [4] [5] have been used 

in the manufacture of high precision parts in various industries. SM processes involve the 

subtraction of material from a larger piece such as metals, plastics, or composites to develop an 

object or device. This is wasteful because the removed parts are likely to be unusable because 

of size, shape, state, etc. This makes SM costly for high value parts manufacturing. The machines 

on which SM processes are implemented have a linear and rotational axis that moves the cutting 

tool to a given orientation and position on the piece under manufacture [6]. Computer aided 

manufacturing, processes, and planning has been incorporated into modern SM to adapt to 

automation and integration of design and manufacturing demands. However, it does not address 

the question of SM method’s wastefulness and high cost.  

Additive manufacturing (AM), however, has shown to have minimal material wastefulness, 

better cost and lead-time efficiency and enablement of rapid casting [7][8]. It also enables 

multiple-pieces part to be manufactured as one single unit [9] which enhances strength and 

durability of the part.   

Antennas and frequency selective surfaces (FSS) are generally made up of metallic layer and a 

dielectric substrate. AM methods can variously be employed in the development of either their 

substrate or metallic layer or both. The radiating part of electromagnetic devices (antennas and 

FSS) are usually the metallic layer which need to be highly conductive. On the other hand, the 

electrical properties of the dielectric substrate are relative permittivity, loss tangent and the 

substrate thickness. The electrical properties of these layers influence the behaviour of the 

application under design.  

2.2 A Brief Summary of Antenna Theory 

Antennas are devices that radiates or receive electromagnetic radio waves [10] [11]. They are 

transitional or transducers that interfaces energy from electronics circuit to free space i.e., 
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converts electrical current in EM waves at the transmitter as shown in Figure 2.1 and vice versa 

receiver. Figure 2.1(a) illustrates a signal travelling through the electronics circuit conductor 

connected to an antenna. Figure 2.1(b) illustrates the free space waves formed at the point where 

the circuit conductor end. At the antenna point, energy is radiated into free space. The radiated 

energy is symbolised by the antenna radiation patterns. Radiation patterns represents the way 

the radiated energy is distributed into space in relation to its direction as soon in Figure 2.2.  

    

Figure 2.1 Illustrative (a) antenna and electric field lines (b) antenna and free space waves [11] 

 

Figure 2.2 Electric field lines of free space wave for a dipole antenna at various time after the 

signal is radiated [11]. 

 

There are different types of antennas. They include wire, aperture, microstrips, array, reflector, 

and lens antennas. A brief discussion on microstrip antennas is given as part of this work 

involved development of microstrip based antennas. 

Microstrips antennas can be patch, dipole, or slot and are usually designed for specific 

applications. They are planar [12] in nature and come in various shapes and sizes on a dielectric 

material.  They offer the unique characteristics of low profile, lightweight, low cost, versatility, 
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and integrability with other circuits as well as conformability to the surfaces of the substrate 

[13]. This coupled with their inherently small sizes, flat structure, conformal modelling, and ease 

of manufacture make them ideal for biomedical devices, sensing, missiles, space, satellite 

applications, that require small sized antennas [14]. Their planar nature make them geometrically 

adaptable for AM printing techniques. A range of parameters is measured for all types of 

antennas to evaluate their performance. These are scattering (S) parameters, impedance 

bandwidth, radiation patterns, directivity, efficiency, and gain. Microstrip planar antenna 

applications are presented in Chapter 3 and Chapter 4.   

2.3 A general overview of Additive Manufacturing Methodologies 

As was mentioned in chapter 1, AM employs layer by layer material deposition fabrication 

techniques to create structure directly from computer-aided design (CAD) files [15] - [18]. The 

3D CAD models are initially converted to a standard tessellation language (.STL) file format. In 

a virtual environment, the .STL file is sliced to form two-dimensional (2D) sections stacked 

along the height dimension. A 3D printer then derives information from the slice-file which it 

uses to build the 2D layer. The building starts from the base and each layer is built on top of 

the previous one. This continues until the product under construction is realized, thus 

translating 3D CAD models into a physical object. The CAD digital slicing and subsequent 

scanning of the 3D data for use by AM processes to build a continuous objects layer by layer 

without moulding or machining enables decentralized fabrication of customized objects. This 

renders AM processes flexible, autonomous, resulting in rapid product development cycle.  

Additive Manufacturing Technology is classified into various additive manufacturing processes. 

These are material extrusion, material jetting, binder jetting, sheet lamination and vat 

photopolymerization, powder bed fusion, and directed energy deposition [19]. They all follow 

a generalised process shown in Figure 2.3.  

 

 

 

 

 

 
 
Figure 2.3 Generalized Additive Manufacturing Process [20] 
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As a modern manufacturing model, AM has attracted interest in the development of electronics 

[21] [22]. This is especially due to some of its process’ ability to combine multiple materials in a 

single build. This has enabled the production of volumetric designs such as 3D structural 

electronics [23]-[28] where both the substrate, the conductive elements, and the components 

can be simultaneously built. Further, due to its flexibility and the ability of manufacturers to 

optimize the design with minimal waste during production, AM processes are environmentally 

friendly [7]. This is as opposed to the traditional manufacturing processes that impose 

constraints on the product design, requiring subprocesses. These subprocesses translate to more 

energy consumption. AM is thus the technology of the future for the development of systems 

like the next generation microwave and millimetre wave systems [29]. 

2.4 Additive Manufacturing for Antennas and Electromagnetic devices 

Antennas are electromagnetic devices used in applications such as wireless communication, 

biomedical imaging, and military radar [30] whose design using modern AM technology has 

been reported [31]. Various types of antennas developed development using AM processes 

include patch antennas [32] [33], meander line antennas [34], horn antennas [35], Lens Antenna 

[36] reflect array antennas [37], and gradient index (GRIN) lens antennas [38]. Multi-material 

fabrication using AM methods has been employed to develop metallic antenna elements [39], 

On-Chip THz 3D Antennas [40], dielectric antenna [41], and dielectric-metal combined antenna 

[33][37]. With the emergence of wireless body-centric networks [42], the need for wearable 

antennas has arisen [43] [44]. Wearable AM manufactured antennas have been reported in the 

literature space [45]-[52].  

The conductive part of the antenna is metallic. There are two ways in which they can be 

manufactured using AM methods. One way is print the unit wholly metallic using direct metal 

printing AM methods. The other is to print a polymer mould and then using electroplating [53] 

process to metalise it.  

Powder Bed Fusion is a direct metal printing AM method used to print metallic structures while 

material jetting is a polymer printing AM technique. Direct metal printing the need for 

subsequent metal plating of the fabricated RF and electromagnetic propagation device and is 

thus less complicated. A brief description of the two methods is given next. 

2.4.1 Powder Bed Fusion 

The most applicable AM processes for direct metal printing of RF and microwave devices are 

powder bed fusion processes. Powder Bed Fusion processes include Direct Metal Laser 

Sintering (DMLS), Electron Beam Melting (EBM), Selective Laser Melting (SLM) and Selective 
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Laser Sintering (SLS) [54]. Figure 2.4 shows a schematic diagram of generic equipment for 

powder bed fusion manufacturing technology.  

 

 

Figure 2.4 Diagram of a typical powder bed fusion equipment [29] 

 

The powder bed fused process involves the build platform moving down by a predefined layer 

thickness measure. More powder is then added and spread to form the next layer to create a 

homogenous powder layer. The powder is then exposed to an energy source, usually a laser or 

electron beam for melting and subsequent solidification. Using the predefined laser parameters 

in the powder bed fusion file, the energy source scans the outer and inner part contour on the 

powder layer in the build file [55] to obtain information of the object under print. Application 

of direct metal printing is illustrated in Figure 2.5. Figure 2.5(a) is a selective laser melting 3D 

printed conical horn antennas for Millimetre and Submillimetre Wave Applications [56]. Figure 

2.5(b) and Figure 2.5(c) shows the oblique and the top views respectively, of a Sierpinski fractal 

antenna [57] printed using metal powder binder [58] method.  

 

         
                  (a)                                           (b)                                               (c)                                            
Figure 2.5 (a)SLM printed Cu-15Sn conical horn antennas [56] and Sierpinski fractal antenna’s 

(b) oblique, (c) top view [57] 
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2.4.2 3D polymer printing and metallization 

There are several polymer printing techniques. Among them, Polyjet has the uniqueness of 

enabling production of high resolution parts with a wide range of properties [59]. It  employs 

inkjet techniques but instead of ink, it dispenses polymers. Ultra violet (UV) light is used to cure 

the dispensed material. After a layer has printed and cured, another is deposted and cured on 

top of it and the process continues until the 3D objected under manufacture is completed [60]. 

Figure 2.6 is schematic diagram of the Polyjet process. The developed part can then be metalised 

to make it conductive. 

 

Figure 2.6 Schematic diagram of a PolyJet 3D printer [61] 
 

The technique of 3D printing Polymer antenna structures followed by metallization is described 

in [62] and [63] in the manufacture of rectangular horn antenna and parabolic mirror and high-

gain Vivaldi antennas respectively shown in Figure 2.7. Figure 2.7(a) shows a polyjet horn 

antenna and a parabolic mirror. Figure 2.7(b) shows the rectangular horn antenna and parabolic 

mirror (Figure 2.7(a)) after metallic plating. In Figure 2.7(c), the ABS UWB High-Gain Vivaldi 

antennas before and after are depicted.  

There are several metallization methods that can be used to metalize polymers. These includes 

electroless metallization [64] [65], electrodeposition [66], chemical metallization of plastics [67] 

and sputtering physical vapour deposition (PVD) [68], which has been employed in [69] - [71]. 

In PVD, a process that includes vacuum metallization, a metal vapour is produced through 

spraying of solid targets with gaseous Argon ions. The produced vapour is then deposited on 

the printed polymeric antenna to form a thin metallic film. Application of the conductive part 
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of an AM developed RF device can also be achieved by directed manual application of the 

conductive material on a polymer material. This was employed in this work. Silver nanoparticle 

ink was manually painted on FFF printed FSS substrate structures developed as described in 

Chapters 5 and Chapter 6, using an ordinary artist’s brush. This method of application of 

conductive material is both inexpensive and environmentally friendly as no expensive 

equipment is needed nor is any energy required. 

 

       
                (a)                                     (b)                                                   (c) 
Figure 2.7 (a) Polyjet printed rectangular horn antenna and parabolic mirror prior to metal 

plating (b) after plating [62] (c) Metalized- ABS Vivaldi Antennas before and after metallization 

[63] 

2.4.3 Direct write (DW) AM approaches 

Direct writing is an AM process that uses different methods to transfer material for the creation 

of linear or complex structures on a substrate. DW processes employ various techniques or 

energy form to dispense material, usually ink, for the creation of features ranging from 

nanometres (nm) to millimetres (mm). These techniques include inkjet, laser, mechanical 

pressure, and tips [72]. DW can be categorised into droplet, energy beam, flow and tip based on 

the material transfer mechanism. Material jetting (MJ), a process that cures liquid polymer in a 

selective manner to build an object [73] falls under direct write.  It uses multi-nozzle print head 

for quick deposition or for simultaneous deposition of different materials [29]. The different 

simultaneously deposited materials can be the conductor and the substrate [74] as demonstrated 

in Figure 2.8 [75]. In the development of the Yagi-Uda antenna; the conductive radiating 

elements, the director, and reflector conductors has been patterned using drop-by-drop 

deposition of nanoparticle inks. This was achieved using a Dimatrix DMP-2831, a piezoelectric 

drop-on-demand inkjet printing system, capable of patterning both metallic and dielectric inks 

pattern which was then cured and sintered to enable effective bonding of the silver ink and the 

substrate. Employing a combination of nanoparticle-based metallic and polymer-based 

dielectric inks, the fully printed with selectively patterned thin dielectric substrate was fabricated. 
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Figure 2.8 Inkjet-printed multilayer 5-director Yagi–Uda antennas with the printed dielectric 

substrate for the microstrip-to-slotline feeding transition [75] 

 
Inkjet printing [76] and aerosol jet printing [72] [77] belong to the droplet-based category of 

DW. They work by depositing liquid material (ink) droplets selectively and then leaving them 

to cool and solidify [78]. They have been employed in the development of various RF and 

microwave devices. Aerosol jet printing was employed in the development of a frequency 

selective surface (FSS) [79] using Optomec Aerosol Jet printing technology [80]. A combination 

of fused filament fabrication (FFF) and aerosol jet printing to develop a wearable application is 

proposed in [51]. Inkjet printing has previously also been employed in the development of [81] 

and RFID Tags [82] on paper substrate. The use of Inkjet printing in the development of an 

antenna in this work is described in Chapter 3 while that of aerosol jet printing is described in 

Chapter 4. The principles of operation of these two AM technologies are briefly discussed in 

Subsections 2.4.4 and 2.4.5 respectively.  

2.4.4 Inkjet printing technology 

Studies have been conducted on printable conductive inks in fabrication of electronics. This is 

driven by demand for miniaturization, reduction of the geometrical footprint as well as the 

demand for flexible electronics devices [83]. Printed electronics promises to transform the rigid 

components of electronic devices into flexible thin layers thus offering unique customer level 

features of inexpensive and disposable electronics gadgets [84]. The advent of printable 

conductive inks, attention growing interest in flexible electronics [85] and electronics 

disposability fit well with the developing inkjet printing technology and the future of electronics 

components/devices developments. The material (ink) used should have the desired electrical 

properties for the conductive element under development [86]. 

The printing occurs when an electronically controlled ink drops ejection occurs through a 

nozzle. It falls onto a predetermined surface (substrate) [87] - [89] in a patterned manner.  An 

advantage of the inkjet printing technology is its material (ink) conservation nature [76]. The 

material consumption reduction is achieved by shortening the processing time by performing 

the patterning operation as a single step. It works by ejection of a pre-set amount of ink from a 



 

19 
 

compartment through an outlet by a sudden contraction of the compartment volume due to 

piezoelectric action. An electrically controlled piezoelectric actuator creates a pressure pulse. 

This causes the ink filled compartment to contract in response.  The sudden contraction sends 

a shockwave through the liquid causing an ink droplet to eject through the nozzle [76]. The 

ejected ink drops impinge on the surface of the substrate. The ink comprises a dissolved solute 

in a solvent. The droplet flows along the substrate surface aided by momentum and its surface 

tension and then dries as the solvent evaporates [90]. Figure 2.9 demonstrates the principle of 

the inkjet printing technique. Synchronization of the electronics and the ejection system can be 

set such that complex layouts can be patterned on a planar surface. 

 

Figure 2.9 Schematic of typical inkjet printing systems [89] [91] 

Figure 2.10 shows common printers that employs inkjet technology. Figure 2.10(a) is a Fujifilm 

Dimatix 2800 printer while Figure 2.10(b) is a brother inkjet printer. Fitted with nanoparticle 

ink cartridges they have been employed in development of electromagnetic devices and other 

electronics components/devices as illustrated in Figure 2.11.  

 

 

Figure 2.10(a) Dimatix DMP 2800 inkjet printer [92] [93] and (b) Brother inkjet printer with a 

printed antenna [94] 
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The printer cartridges are filled with the conductive ink and the printing of the electronics 

circuits or devices is performed as normal printing would be done on a substrate.  Several types 

of nanoparticle inks that can be used in inkjet printing are copper ink [95], Graphene Nanoflakes 

[96], and silver nanoparticle-based inks [97]. The silver nanoparticle is the most nanotechnology 

derived product and most widely studied [84] [98] [99]. A brief discussion of Inkjet printed 

electromagnetic, and microwave fabricated devices is given in Subsection 2.4.4.1. 

2.4.4.1 Inkjet printed antennas and microwave devices 

Antennas and other microwave devices have been fabricated using inkjet printing with 

nanoparticle ink on various dielectric materials. Popular dielectric materials for silver 

nanoparticle ink printing are polyamide [100], PET (Polyethylene terephthalate) [101] [102], 

paper [103], “skin-like” conformal silicone and polyvinyl alcohol (PVA) substrates [104] and 

PEL Nano-P60 paper [105]. There has been research on paper-based electronics [106] - [111] 

due to its availability, affordability, flexibility, biodegradability and lightweight. It makes for a 

promising substrate for flexible electronics, electronics components, and electromagnetic 

devices such as antennas. The use of inkjet printing on various substrates is illustrated in Figure 

2.11. Figure 2.11(a) shows an inkjet printed electrode on paper, Figure 2.11(b) is a monopole 

antenna printed on PET substrate, Figure 2.11(c) shows a monopole.  

 

   
       (a)                                                           (b) 

   
   (c)                                                         (d) 

Figure 2.11 Inkjet printed flexible (a) electrodes on paper [86], (b) conformal monopole 

antenna on PET [100], (c) monopole antenna with inkjet printed EBG array on paper [103] 

(d) Inkjet printed UHF RFID on transfer tattoo paper [104] 
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antenna with inkjet printed EBG array on paper while Figure 2.11(d) is a UHF RFID transfer 

tattoo paper [104] conformal silicone and polyvinyl alcohol (PVA) substrates. These 

demonstrate the use of nanoparticle inks to construct conductive track using the inkjet printing 

methods employing readily available desktop printers. This offers good prospects for future 

inexpensive development of electronics and antenna designs. 

2.4.5 Aerosol jet direct writing 

The other type of DW technique is Aerosol Jet Printing (AJP). It employs a focused aerosol 

beam as opposed to individual ink droplets as in inkjet technology [77] [112]. It is non-contact 

and line-of-sight with complementary advantages over the traditional methods such as screen 

printing, photolithography, and micro-dispensing for which it is emerging as a replacement and 

is seen as superior to inkjet printing [113] - [115]. Its operating principle is illustrated in Figure 

2.12. The process aerodynamically focuses the conductive ink for high resolution deposition 

and patterning onto a substrate which may be planar or 3D. The ink is first atomized in the 

pneumatic atomizer chamber to generate aerosol. The generated aerosols is then dynamically 

focused at the printer head into a concentrated beam. This beam is then projected onto the 

substrate material. Post fabrication curing follows. The curing could be sintering in an oven, 

light, or may involve ultraviolet curing [116] depending on the material and its properties. The 

curing process also enhances material properties such as electrical conductivity.  

 

 Figure 2.12 Principle of the Aerosol Jet system [72] 

  

One of the advantages of Aerosol Jet technology is that it can reliably achieve ultra-fine feature 

circuitry that inkjet processes cannot. This feature enables the production of smaller, high-

performance components with complex geometries demanded of size-sensitive applications 

used in wireless and mobile wireless stations [117].  These would include passive as well as active 

components like lump components, filters, micro antennas, etc. Aerosol Jet technology has been 

used to fabricate electromagnetic devices such as FSS [79], wearable antenna [51] as well as other 

electrical devices such as solar cells metallization [118], electronic circuit [116] [119], and [120], 
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Micro-scale graphene interconnects [121]. Figure 2.13 shows an Optomec aerosol printer while 

Figure 2.14 depicts the printing process as well a printed quasi-Yagi-Uda antenna [122]. 

 
Figure 2.13 An aerosol jet printing system [123]  

 
 

             
                                            (a)                                                             (b) 
Figure 2.14 Aerosol Jet (a) printing process [1] (b) quasi-Yagi-Uda antenna [122]  

  

Further discussion on the aerosol jet fabrication process in the fabrication of electromagnetic 

devices is given in Chapter 4, Subsection 4.2.2.  

2.4.6 Material Extrusion: Fused Filament Fabrication (FFF) 

Fused filament fabrication (FFF), also known as material extrusion or fused deposition 

modelling (FDM) process, involves heating a material which is then dispensed through a nozzle 

layer by layer. A continuous filament of thermoplastic material is used as the base material for 

the printing of objects. The melted material is extruded through a nozzle and deposited onto a 

platform that may be heated for additional bonding. The extruder and the platform then recede 

from each other after a layer has been printed to allow the subsequent layer to be deposited to 
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form a continuous profile [124] - [126] of the object under print. Figure 2.15 illustrates the FFF 

printing principle.  

 

Figure 2.15 Schematic representation of a fused deposition modelling system [124] 

 

FFF as a 3D printing methodology has been employed in the cost-effective, versatile fabrication 

of thermoelectric materials. It is the most used method in the manufacturing of 3D polymer 

parts. It is low cost and offers high resolution with a wide range of materials e.g., polylactic acid 

(PLA), applicable in its use.  

2.5 Frequency Selective Surfaces 

Frequency Selective Surfaces (FSS) are periodic structures of identical elements arranged in one- 

or two-dimensional infinite array [127] developed on a dielectric material or substrate. As 

resonant structures, they function as the fields across their surface become resonant, perfectly 

superimposing in certain directions at specific frequencies [128] and thus reflecting or 

transmitting all energy at that frequency. The type and shape of the element, its periodicity, inter 

element spacing as well as its supporting structure i.e., substrate determines its surface 

characteristics such as its frequency response, polarisation, and bandwidth [127]. This implies 

that changes in these parameters affect the electromagnetic responses of the FSS structures. 

This feature is factored in the FSS design and allows for the FSS optimisation for specific 

applications [129]. FSS structures have been widely studied in the past [130] - [133] and have 

evolved from simple geometries to complex ones driven by performance requirements and 

modern applications. They act as electromagnetic wave filters [134]. Their reflective and 

transmissive properties allow them to control the electromagnetic responses of the structure 
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[135]. Thus, FSS resonant structure can be designed to give either a reflective response or 

transmissive response at prescribed frequency or frequencies.  

As FSS are usually constructed on a substrate, their resonance frequency fc  is affected by the 

presence of the substrate due to the substrate’s dielectric loss. From Maxwell’s equation, it has 

been inferred that surrounding the periodic structure with a substrate of dielectric constant εr 

causes its resonance frequency to reduce by a factor √εr. On the other hand, if the substrate 

material is on only one side of the periodic structure, the resonance frequency shifts downwards 

by a factor √(εr + 1)/2 [127]. This is a phenomenon that can be applied in determining FSS 

structure parameters for specified operating frequencies. This can be realised by employing 

substrate materials of differing electrical characteristics i.e., εr and loss tangent. Altering the 

dielectric substrate thickness can be tailored to produce a predetermined operating frequency 

when the FSS is embedded in the dielectric substrate. It is also possible to employ symmetrical 

embedding of FSS within the dielectric to tune out losses’ due dielectric losses [136] by 

manipulating the substrate thickness.  

Typical FSS elements, categorised into four groups are shown in Figure 2.16, composed of 

arbitrary shapes, slots, and dipole arrays. Group 1 elements are referred to as centrally connected 

or N-poles e.g., dipole, tripole, crosses, group 2 are loops (circular, square, hexagonal loops), 

group 3 are solids such as patches of various shapes while group 4 are combinations of the other 

three. 

FSS designers make use of arrays of elements from any of the groups or a combination 

depending on the application envisioned. As already, mentioned, FSS acts as electromagnetic 

wave filters. Depending on the geometry, FSS arrays can be categorised under the four types of 

filters. These are bandstop and bandpass [127] and lowpass (capacitive) and high pass (inductive) 

[133] [137] as shown in Figure 2.17. Figure 2.17(a) shows the bandstop type of filters which 

comprises the square loops elements of conductor width t, inter-element separation g, and 

period P. Figure 2.17(b) is its slot complement equivalent bandpass filters. Figure 2.17(c) and 

Figure 2.17(d) show the low pass and high pass types of filters which comprises solid patch 

elements and the slot patches complements respectively. 
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Figure 2.16 Typical element types arranged in groups [127] 

 
A stable resonance response with varying angles of incidence is expected of a good element 

[130]. As FSS are usually illuminated by a wave normally incident to it, their angle of incidence 

of the electric field affects its resonant frequency. This is because the capacitance and inductance 

of an FSS are dependent on the angle of incidence, angle of polarization as well as whether 

polarization is TE or TM. Thus, as the values of both the capacitive and inductive reactance 

varies with the angle of incidence (θ) as well as whether polarization is TE or TM [138], variation 

in the resonant frequency of the FSS occurs. The effect of the angle of incidence on the 

capacitive and inductive reactance of the FSS is demonstrated in the derivation of the lumped 

elements equivalents in Section 2.5.3. 
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          (a) Square loops array bandstop filter (b) Square slot patch array Bandpass 

 

 
          ( c) patch array  lowpass filter                (d) Slot patch array  highpass filter 

Figure 2.17 Types of FSS filter and their responses, (a) band stop loop array (b) band pass slot 

loop array (c) low pass solid patch array (d) high pass slot array [137] [139] 
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2.5.1 3D FSS for Electromagnetic Devices 

Due to their transmissive and reflective behaviour, FSS have been employed in various 

application. These includes radar absorption material [135] [140] [141], remote sensing [142], 

RF shielding [143], gyro multiplier [144], offset reflector [145], beam steering [146], beam 

switching [147] [148], Terahertz sensor [149]. Conventional planar FSS are designed for uniform 

illumination by a plane wave. However, depending on the requirements of an application as well 

as the need of modern RF systems to use structurally integrated components for electromagnetic 

and structural robustness, or to meet structural constraint or aerodynamism, the propagation 

element may take a predetermined shape.  The agility that comes with 3D printing enables 

fabrication of such predetermined FSS shapes regardless of their complexity.  Figure 2.18 shows 

a 3D printed conformally bent FSS with an incorporated support structure. The structure is 

made of PLA plastic that is printed using FFF to create the conformal structure. The structure 

has then been metalized using copper electroplating to make it conductive.  

 

Figure 2.18 A self-supporting 3D printed conformal FSS with the settings after metallization of 

the optimized print [150]. 

The flexibility afforded by 3D printing also enables size miniaturization which may be ideal in 

some FSS applications. One way in which size miniaturization is achieved in FSS designs is by 

the introduction of convolution in the FSS designs. Convolution allows the electrical 

dimensions of an FSS application to be reduced without affecting its angular stability as 

demonstrated in [151] where convoluted square loop FSS structure are shown to have better 

stability compared to simple square loops. Further, [152] has demonstrated convoluting 

approach for unit element unit size reduction helps tighten curved structures and isolate the 

grating lobes effect from the fundamental frequency resonance. The minimization of FSS cell 

size through convolution enables the realization of convoluted structures such as shown in 

Figure 2.19. These structures can be incorporated into the building process to establish the 

electromagnetic architecture of a building as suggested in [153]. They can find application in 

office screening for better wireless reception [154]. 
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Figure 2.19 (a) 3D folded dipole element (b) 3D folded loop FSS [2] 

2.5.2 FSS Frequency Reconfigurability in Electromagnetic Applications 

An important feature of FSS structures is frequency reconfigurability. This can be achieved 

either by mechanical manipulation of passive flexible FSS or by using active FSS. This feature 

of FSS frequency reconfigurability feature can be harnessed for use for applications such as 

sensing described in Chapters 5 and Chapter 6. Mechanically reconfigurable passive FSS in the 

Subsection 2.5.2.1 while Active FSS are discussed in Subsection 2.5.2.2. 

2.5.2.1 Mechanical reconfigurability 

Mechanically reconfigurable FSS structures have been 3D printed in the past as demonstrated 

in [155]-[158]. As demonstrated in [158], the reconfigurability feature of origami-based shape 

shifting structures allows for their employment in reconfigurable FSS structures when the 

employed resonators have the necessary flexibility and changes their shape along with the 

underlying origami structure. Folding of an origami structure can cause reduction in the 

electrical length of the resonators on the FSS structures. Thus, without altering the dipoles’ 

physical length, the folding permits another degree of continuous-state reconfigurability 

through an increase in effective capacitance to the bandstop Miura-FSS structure, resulting in a 

resonant frequency shift to higher frequencies. This is demonstrated in the multilayer Miura FSS 

structure on which dipole resonators are printed. The Miura-FSS which consists of Muira-Ori 

patterns with inkjet-printed dipole elements on each unit cell demonstrates a mechanically 

frequency reconfigurable FSS structure. Two configurations of two layers Miura-FSS are shown 

in Figure 2.20.  Figure 2.20 (a) is a mirrored stack. It consists of two Miura-FSS layers linked 

along the valleys in a mirror fashion.  Figure 2.20(b) is an inline-stacked configuration linked 

along the valley fold. The stacking of both is such that they are flat-foldable and allows in-plane 

foldability of the structures in accordance with Miura-Ori pattern geometry and angles of fold.  

The inkjet-printed dipole run over the mountain fold of the structures in such a way that they 

are centred along the mountain fold length while simultaneously allowing high flexibility of the 
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conductive trace. The conductive trace flexibility is key in the origami inspired tuneable FSS 

structures over a continuous array of states. Dipoles as a fundamental electromagnetic structure 

enable understanding of the Miura-FSS frequency reconfigurable behaviour with the folding.  

  
(a)                                                              

 
 (b)  

Figure 2.20  (a) Mirror-stacked Miura-FSS, and (b) inline-stacked Miura-FSS [158].  

As the folding angle decreases, the resonating frequency of the configuration’s increases. This 

is because of the reduction of the effective dipole elements length when they change from flat 

configuration to a V-shaped structure as the Miura-FSS structure is folded. The Miura-FSS 

structure resonance frequency is shown to be mechanically reconfigurable by varying its folding 

angles. 

2.5.2.2 Active FSS reconfigurability 

Active FSS is achieved by incorporating active components in the FSS array. This can make the 

surface reactance, reflectivity, transparency, or signal absorption, a variable characteristic 

allowing the structure user the ability to vary it as and when required. The active device can be 

located inter-array elements, intra-element, or between the layer and ground plane. The 

adjustment of the state of the active device and therefore the state of the FSS structure can be 

achieved by applying a DC or current bias, intensity of optical illumination, or localised 

temperature changes [159].   

Reconfiguration by means of applied bias is demonstrated in [160], Figure 2.21, where a 

reconfigurable active AM printed FSS that can be employed for indoor spectrum control is 

presented. A biasing voltage is used to reconfigure the FSS resonance frequency. The FSS is 

inkjet printed on paper and uses a PIN diode to block a signal band in the OFF and transmit in 

the ON condition respectively. The concept of active FSS has been harnessed in the 

development of other applications such as Intelligent Omni-Surfaces for Full-Dimensional 

Wireless Communications [161] and Beamforming for Reconfigurable Intelligent Surface based 
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Multi-User Communications [162]. 3D printed 5G FSS security application harnessing the 

filtering property of FSS have also been developed in [163] [164]. 

 

Figure 2.21 Inkjet printed reconfigurable FSS [160] 

 

2.5.2 FSS based sensors 

The reconfigurability of FSS by alteration of one of its parameters enables its use in applications 

such as sensing. FSS based sensor has been developed which exploits the dependence of FSS 

structure resonance frequency on its length as per microwave theory. Thus 𝑓𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒 ≈ 1 ℓ⁄  

or the equivalent lumped 𝑓𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒 ≈ 1 2𝜋√𝐿𝐶⁄  of the FSS elements [165]. When a signal 

impinges on the FSS, the signal is re-radiated response is either reflective or t transmissive at a 

particular resonance frequency. This signal response is dependent on the shape and dimensions 

of the FSS elements and properties of the substrate material on which the FSS sits [166]. The 

dependence of reflective and/or transmissive signal response properties can be employed as a 

measurement parameter whereby a change in any of the FSS states causes a change in the 

reflective/transmissive responses [167]. This implies that FSS structures can be used as sensor 

devices whose signature responses (reflective or transmissive) are used as measurement 

parameters. Changes to these parameters can thus be monitored to determine changes in a 

measurement stimulus.   FSS based sensors have been developed for measurement stimuli such 

as concurrent temperature and strain [166], strain [167] [168] [169], and structure health 

monitoring [170]. Further discussion on the employment of the FSS structures as sensing 

applications are discussed in Chapters 5 and Chapter 6 where liquid and displacement sensors 

respectively are presented. 
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2.5.3 Square loop FSS structures 

Square loops FSS element are employed in the applications developed in Chapters 5 and Chapter 

6. A brief introduction of the derivation of the equivalent lumped circuit elements circuit for 

the squire loops FSS is presented in this section. Figure 2.22(a) is an illustration of a square FSS 

while Figure 2.22(b) is the lumped element circuit equivalent. 

An array of square loops in their patch form acts as a bandstop filter whose frequency response 

is dependent on the FSS structure dimensions. They resonate when the circumference is 

approximately one wavelength and thus each side of the loop is approximately a quarter of a 

wavelength (λ/4) [171]. Transmission through a periodic array of conducting strips depends 

on the frequency as well as the orientation of the incident electric field relative to the strips 

[134]. Transmission of a square loop FSS structure can be described in terms of the equivalent 

impedance of a section of a transmission line representing propagation in free space [128]. 

For the transmission of a plane wave normally incident upon a grid of thin, parallel conducting 

metal strips of period P, when the P is far greater than the wavelength λ of pane wave, the 

equivalent impedance is a shunt inductance or a capacitance depending on whether the electric 

component of the incident wave is parallel to or perpendicular to the edges of the strips. Thus, 

the analogy with a transmission line of the characteristic impedance of free space can be 

employed to model it. The strip has intrinsic capacitance 𝐶𝑖 and intrinsic inductance 𝐿𝑖 that 

creates capacitive and inductive reactance respectively. 

 

      

Figure 2.22 (a) Square loop FSS design (b) Lumped elements equivalent circuit  
 

The model can be represented as a single circuit 𝐿𝑖𝐶𝑖 shunted across the transmission line of 

impedance η, the characteristic impedance of free space. The values of intrinsic 𝐿𝑖  and 𝐶𝑖  can 
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be derived as follows. The strip’s reactance is inductive when the incident electric field is parallel 

to the strip and thus highly reflective and with low transmission at low frequencies. The low 

transmission is a result of decreasing inductance as the periodicity P decreases or the width w 

of the strip increases. The value of the reactance depends on P, w, the angle of incidence (θ) as 

well as whether the incidence is TE or TM. The approximate value of inductance [172] is 

𝐿𝑖 =
𝜂𝑃𝑐𝑜𝑠𝜃

2𝜋𝑐
{𝐼𝑛 𝑐𝑜𝑠𝑒𝑐 (

𝜋𝑤

2𝑃
)}                                                    (2.1) 

Where c is the speed of electromagnetic wave in space and θ is the angle of incidence of the 

wave. 

Similarly, when the electric field component of the electromagnetic plain wave is perpendicular 

to the strip conductor, the capacitance of the array is approximated as  

𝐶𝑖 =
2𝑃𝑐𝑜𝑠𝜃

𝜋𝑐𝜂
{𝐼𝑛 𝑐𝑜𝑠𝑒𝑐 (

𝜋𝑔

2𝑃
)}                                               (2.2) 

Where g is the gap between two adjacent loops. A more detailed derivation of the lumped circuit 

equivalent of an FSS of liquid sensor is given in Chapter 5, Section 5.2.2. 

2.5.4 CST Microwave Studio Suite Modeler 

All the designs and simulations proposed in this thesis were done using CST MWSTM 

electromagnetic (EM) modeler. It is a 3D EM analysis modeler for the design, analysis, as well 

as optimization of EM components and systems that combine all the EM field solvers from the 

EM spectrum [173]. It is based on the finite integration technique (FIT) that discretizes 

Maxwell’s equations before they are executed by the modeler. This technique describes 

Maxwell’s equations on a grid space which can be represented in both the time domain and 

frequency domain [174]. The advantage of the CST MWS time domain solver is that its resource 

requirement scales linearly with the mesh nodes amount. This means that it can handle large 

radiating structures including arrays comprising radiating elements in their hundreds. Extraction 

of high-resolution data of a broadband antenna is made possible by the time domain solver’s 

ability in a single simulation run, to specify and compute a huge number of far-field monitors 

[174]. This is a significant advantage as it avoids the simulation of a large number of discrete 

frequencies as is in the case in non-Time Domain methods, to extract broadband data. The 

frequency domain solver is also available on the modeler.  It is based on Hexa-and tetrahedral 

meshing and focuses on problems in narrowband antenna, electrically small devices, and or 

phased array unit cells. 

In time domain methods, the hexahedral mesh is used. In this mesh, the computational volume 

i.e., simulation space containing the model is discretized. This discretization takes the form of 



 

33 
 

variable rectangular cuboids, referred to as a mesh cells [175]. The mesh cells in the discretized 

form represent a volume in space in which computation of electric and magnetic fields are done. 

Deep discretization means more accuracy. However, this impacts the simulation time. 

An FSS design starts with the definition of a unit cell. The periodic structure is constructed 

using a Floquet window after which the simulation is run in the frequency domain. CST modeler 

applies two waves, a horizontally polarised wave (1) and a corresponding vertically polarised 

wave (2). The scattering (S) parameters of the simulated model are represented by its amplitude 

and phase output as files with different filenames such as Z(max) (1) Z(min)(1) and 

Z(max)Z(max) (1). These represent a simulated structure with unit cell boundary conditions, in 

the frequency domain and in the z-axis (direction of propagation) with Z(max) and Z(min) 

ports. These represent port-1 and port-2. S21 is represented by Z(max) (1) Z(min)(1) with same 

modes and S11 by Z(max)Z(max) (1). The numeral (1) represents wave (1) and a numeral (2) in 

the file name represents wave (2) 

CST responses filenames can be generally classified as follows: 

a) SZmax(1), Zmax(1) represents the vertically polarised wave (wave(1)) S11 

b) SZmax(2), Zmax(1) represents the horizontally polarised wave (wave(2)) S11  

c) SZmin(1), Zmax(1) represents the vertically polarised wave (wave(1)) S21  

d) SZmin(2), Zmax(1) represents the cross polarisation between wave(1 and wave(2)  S21 

e) SZmax(1), Zmax(2) represents the Cross Polarisation between wave(1) and wave(2) S11  

f) SZmax(2), Zmax(2) represents the horizontally polarised wave (wave(2)) S11  

g) SZmin(1), Zmax(2) represents the cross polarisation between wave(1 and wave(2) S21  

h) SZmin(2), Zmax(2) represents the horizontally polarised wave (wave(2))S21 

 

2.6 Summary 

In this chapter, a review of additive manufacturing methodologies and their applications in the 

manufacture and development of RF and microwave antenna applications has been presented. 

The operation, application, and development of FSS using AM techniques has also been 

discussed. The filtering behaviour of the FSS depending on the geometry has been discussed as 

well as the equivalent circuit model of an array of square loops which has been used in 

development of some of the applications presented in this thesis. A brief discussion on the 

modeler used in the design, simulation and assessment of the applications proposed in this thesis 

is also given. 
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3. CHAPTER 3: EVALUATION OF ANTENNAS INTEGRATED ON 

EXPENDABLE ROBOTS 

3.1 Overview  

This chapter details the development of antenna solutions for expendable origami robotic 

structures presented in [1] and [2]. In [1], inkjet printed monopole antennas resonating at the 

two commonly used drone control frequency bands, 2.4 GHz, and 5.2 GHz, were designed on 

the limited space available on the folded origami robotic bird structure. Two dual-band 

monopole antennas were developed. The first antenna is located on the robot’s spine and the 

second on its tail. A space diversity configuration was also studied. The antennas were printed 

directly onto a photo paper substrate using an ordinary desktop inkjet printer fitted with silver 

nanoparticle conductive ink cartridges. The antenna bearing photopaper was then folded into 

an origami robotic crane’s body structure in such a way that the antenna was aligned with the 

robot’s geometrical structure. A good agreement between the measured and simulated reflection 

coefficient results was achieved with a reasonable bandwidth realized in all three cases studied. 

This multidisciplinary work initially combines antenna design and inkjet technologies for 

application in development of origami robot’s antenna application on inexpensive and readily 

available paper substrate. The study was extended to investigate the antenna on an origami 

robotic boat for surface detection [2]. This second antenna design was etched on a non-porous 

A4 sized mylar sheet that was then folded into an origami boat because it was to be tested on 

water which could soak up the photo paper. It is proposed as surface detector by exploiting the 

influence on the reflection, penetration, transmission, and resonation of a signal due to the 

dielectric properties of the material of the surface.  

The rest of this chapter is organized as follows: Section 3.2 is the introduction. Section 3.3 

describes the design and analyses of the antenna located on the spine, section 3.4 discusses the 

antenna located on the tail, section 3.5 describes diversity antenna system solution while Section 

3.6 discusses the application of an origami robotic boat as a surface sensor.  Section 3.7 is the 

discussion and conclusion of the chapter.  

 3.2 Introduction 

Small robots have attracted interest from both the academic and industrial world in recent years. 

This seems to be driven by the increasing miniaturization of mechanical, electrical, and 

electronic components [3][4]. Progress in the development of small machines has inspired 

research in robotics, with the area of robotics miniaturization experiencing rapid growth [5]. 

Different types of small robots have been developed including remotely controlled vehicles [6] 

and flying robots [7][8]. Origami foldable robots have also stirred researchers’ interests and have 
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been studied from various perspectives [9] driven by the unique ways of fabricating and 

assembling of various types of origami-inspired structures [10]. Among origami inspired 

applications are electronic components [11], robots [12], Origami-inspired antenna solutions 

[13] [14] and sensing application [2]. 

Flying robots have found use in the military, security, civil as well as in commercial applications 

in areas such as correction and relaying of real-time data of ongoing occurrences. They facilitate 

effective and timely responses in areas like disaster zones, farming, reconnaissance, 

environmental observation and monitoring, meteorological observation and research, mineral 

exploitation, etc. [15]-[17].  

For swift and flexible mobility controllability and operation of the flying robots, wireless 

communication for which antennas are an essential element is key. A firm, compact, low-profile 

aerodynamic enhancing antenna mounted on a robot facilitates reliable drone-controller 

communication. In most cases, this antenna should provide an omnidirectional radiation pattern 

and vertical polarisation for efficient communication with the controller [18].  

3D inkjet printing with nanoparticle silver ink is a rapidly advancing manufacturing method. It 

is a layer-by-layer fabrication process where a design is printed directly from a digital model as 

described in chapter 2. It enables rapid prototyping as well as reduces product manufacturing 

process cycles. This is in such areas as electronics, microwave, and radio frequency (RF) [19].  

Inkjet printing is a liquid material deposition technique whose operational process is as 

described in chapter 2, subsection 2.4.4. The liquid material (ink) is a solution involving a solute 

dissolved in solvent [20]. It is an AM technique that has been employed in the development of 

antennas on various substrates. These substrates include 3D printed polylactic acid (PLA) [21] 

[22], thermoplastic acrylonitrile butadiene styrene polycarbonate (ABS-PC) [23], polyethylene 

terephthalate (PET) [24], flexible thermoplastic polyurethane (NinjaFlex) [25], textile [26], 

Rogers RO 3203 [27] etc. Further, developments in inkjet printing technology have enabled 

printing of antennas on paper-based substrates. Examples of these are the monopole antennas 

and designs suitable for RFID applications in [28], ultra-wideband antennas [29]-[31], and fractal 

geometries based on a triangular Sierpinski concept [32]. Miniaturized MIMO antennas have 

also been proposed printed on Kodak film paper and then folded into a cylindrical shape [33]. 

In this section, investigation has been conducted on the integration of an inkjet-printed antenna 

on an origami robot produced using traditional origami folding techniques [34]. These types of 

flying robots are gaining popularity in the research and development community [35][36]. This 

work seeks to contribute in this research space by investigating the integration of inkjet printed 

antennas on a flying robot made using traditional origami techniques, with emphasis on the 
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antennas’ placement on its geometry. The work combines antenna designing, manufacturing 

and fabrication techniques and origami structures for future origami-based paper robots. 

Inkjet printing, a direct write AM method is employed to print monopole antennas on paper 

substrate. Each antenna was printed to fit on a particular part of the geometry of the origami 

robotic bird folded from an A4 paper sheet. A compact dual-band antenna consisting of a 

triangular shape with a horizontal slot on top of a semi-elliptic monopole printed using low-

cost inkjet printing on photo paper substrate is proposed. Three locations were identified as 

suitable for the antenna: the triangular neck, the spine, and the tail. Consequently, two versions 

of the same antenna designs were produced. One that fits on the robot’s spine and another that 

fits on the tail or/and the neck. A diversity configuration was also investigated. 

A further monopole antenna for controlling an origami boat, with a built-in surface sensing 

functionality is proposed and discussed in Section 3.6. This investigates the same antenna design 

with some adjustments, as a surface sensor for potential amphibious origami robotic boats with 

integrated surface sensing functionality. Two arms extending from each of the antenna’s ground 

planes provide a 1.5 GHz resonance for the surface detection functionality. 

3.3 The origami robotic bird spine antenna design and analysis 

This section discusses the design, geometry, fabrication, measurements as well as the conductive 

surface analysis of the proposed spine antenna.  

3.3.1 The antenna design analysis and geometry  

A traditional origami robotic bird with potential electromechanical and antenna component 

locations is illustrated in Figure 3.1.  

 

Figure 3.1 The origami robotic bird and potential antenna locations 
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The proposed planar monopole antenna, Figure 3.2 (a), is based on [39] [40] and its geometry 

is modelled around [41]. The origami structure is made by origami folding as demonstrated in 

Figure 3.2(b) which shows the fold lines along which the origami bird is folded from a 210 mm 

square (about A4 size) sheet. It also shows the potential location of the spine antenna.  The 

frequency bands targeted for the flying robot application are 2.4 GHz and 5.2 GHz 

WLAN/WiFi communication bands [37][38].  It is a leave shaped monopole with a semi-

elliptical bottom and a triangular top into which a horizontal slot has been cut. Its dimensions 

are given in Table 3.1. R1 and R2 are the major and minor radii of the elliptical part of the antenna 

structure. The lower semi-elliptical section fit in the lower wider section of the triangular spine 

while the triangular upper part fits in its apex as shown in Figure 3.2 (c) which shows various  

 

   
                           (a)                                                                       (b) 

 
                                                                        (c) 
Figure 3.2 (a)The proposed spine antenna (b) illustrative location in the unfolded layout 

(c) location of the antenna on the geometry of the robot with its wings in various angles of flap. 
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Table 3.1 Antenna optimum dimensions in millimetres (mm) 

Dimensions L1 L2 L3 L4 L5 W1 W2 

Value (mm) 15.4 25.1 32.2 22.5 5.3 13.6 19 

Dimensions W3 W4 H R1 R2 p x 

Value (mm) 2.2 10.1 24.24 16.4 11.75 0.4  0.5 

 

orientations showing location of the antenna on the robot’s geometry. The antenna orientation 

is as that of the spine i.e., upright. A 50Ω CPW line feeds the antenna. Two rectangular ground 

planes are on either side of the CPW feed line. 

3.3.2 Derivation Planar Monopole Antenna Dimensions 
The antenna is partly ellipsoidal, and the dimensions of the underlying ellipse were derived as 

follows. According to [40], the lower frequency (𝑓𝐿) of a planar elliptical disc monopole 

corresponding to VSWR = 2 is approximated by equating its area to the area of an equivalent 

cylindrical monopole of the same height L and equivalent radius r. Hence 

 

2𝜋𝑟𝐿 = 𝜋𝑅1𝑅2                                                        (3.1) 

 

where 𝑅1 and 𝑅2 are the longer and shorter half lengths of ellipse’s radii respectively. Equation 

(3.1) thus gives:  

                            𝑟 = (𝑅1 𝑅2)/2𝐿                                                  (3.2) 

A quarter wavelength monopole antenna has an input impedance equivalent to half of that of a 

half wavelength dipole antenna. The input impedance of an infinitesimally thin monopole 

antenna is thus 36.5 + 𝑗21.25𝛺, an inductive impedance. The real impedance is obtained by 

using a slightly smaller length, L, of the monopole given by [42] as:      

                  𝐿 = 0.24𝜆𝐹                                                                                           (3.3) 

where λ is the free space wavelength and F is the length-to-radius parameter for the stub 

monopole given by 

 

                𝐹 = (𝐿 𝑟⁄ ) (1 + 𝐿 𝑟⁄ ) = 𝐿 (𝐿 + 𝑟⁄ )                                              ⁄           (3.4) 

 

From equations (3.3) and (3.4), the wavelength λ is obtained as: 

 

                  𝜆 = (𝐿 + 𝑟) 0.24⁄                                                                             (3.5) 
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Thus, the lower frequency 𝑓𝐿 is: 

 

        𝑓𝐿 = 𝑐 𝜆 = (30 × 0.24) (𝐿 + 𝑟) = 7.2 (𝐿 + 𝑟)   ⁄⁄⁄                          (3.6) 

After accounting for the effect of probe length, p, which increases the antenna length and thus 

reduces the frequency, (3.6) can accordingly be modified to 

 

                  𝑓𝐿 = 7.2 (𝐿 + 𝑟 + 𝑝)⁄                                                           (3.7) 

 

where 𝑓𝐿 is in GHz and L, r and p are in cm. (3.3) to (3.7) are empirical equations for the 

approximation of the length and the first order of the resonance of the cylindrical monopole 

[40] and [42]. For the half lengths axes 𝑅1 and 𝑅2 of the ellipse, the ellipticity ratio, 𝑅1/𝑅2, 

chosen was 1.3 to restrict the bandwidth to the range of interest. The antenna was fed along the 

minor axis of the semi ellipse. For elliptical monopole fed along the minor axis, 𝐿 = 2𝑅2 and 

𝑟 = 𝑅1/4.  For a 𝑓𝐿 equal to 2.4 GHz, the radii 𝑅1 and 𝑅2 of the semi-ellipse after optimization 

were obtained.  

A planar triangular monopole of height 𝐻 (height from feed point to apex) and base length 𝑊 

was superimposed on the semi elliptical monopole. 𝐻 is the height of  the equivalent cylindrical 

monopole of radius 𝑟. 𝐻 and 𝑟 are calculated from (3.6), (3.8) and (3.9): 

 

                     𝐻 = √3𝑊/2                                                                        (3.8) 

 

                       𝑟 = 𝑊 4𝜋⁄                                                                             (3.9) 

 

The actual height 𝐻 is less than the calculated height due to the dielectric substrate and fringing 

currents effect. It should be noted that the superimposed rounded triangular monopole base is 

the semi-elliptical disc.   

3.3.3 The design simulations 

The model was designed and simulated on a 0.177 mm thick paper substrate of relative 

permittivity, εr, of 3 and tan δ of 0.05 [28] using CST Microwave StudioTM.  AGIC-AN01 silver 

nanoparticle ink was used to print the antenna. Its conductivity was calculated in the simulation 

of the antenna. According to AGIC-AN01 silver nanoparticle ink manufacturer’s datasheet [43], 

(appendix 3.1), its sheet resistivity is 0.2 [Ω/sq]. Its conductivity was thus calculated as follows: 

The thickness, t, of the print was estimated to be about 1μm. This was confirmed after the 

optical microscopic image measurement of the printed antenna were done.  From 
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𝜌𝑠 =
𝜌

𝑡
[Ω/𝑠𝑞]                                                        (3.10) 

where 𝜌𝑠 is the sheet resistance, 𝜌 is the resistivity and t are the print’s thickness, the resistivity 

of the silver nanoparticle ink was obtained from which conductivity, σ, was calculated as:  

𝜎 =
1

0.2 ×1.0𝜇𝑚
= 5 × 106 𝑆/𝑚                                      (3.11) 

 

The antenna radiator conductor was thus simulated using the AGIC-AN01 silver nanoparticle 

ink of the calculated conductivity, equation (3.11).   

The model was simulated reflection coefficient, S11 response were obtained for various 

components of the radiator and is shown in Figure 3.3. The results show that the semi-elliptical 

radiator provides resonance at the upper band i.e., 5.2 GHz.  The semi-elliptical radiator with 

superimposed triangular monopole exhibits wideband characteristics. The lower frequency is 

higher than the targeted 2.4 GHz. This could be due to the rounded (semi-ellipse) base of the 

triangular monopole which reduces the size of the-radiator thus raising 𝑓𝐿. By inserting and 

optimizing the dimension of a horizontal slot across the triangle, the lower resonance point was 

shifted to 2.4 GHz while maintaining the upper band as well as rejecting frequencies between 

the two bands of interest. The final antenna has two distinct resonant modes corresponding to 

the triangular radiating section and the semi ellipse. The gap ‘p’ between the ground plane and 

radiating element acts as a matching network and improves impedance bandwidth. The 

optimum impedance bandwidth is achieved when the capacitance due to the gap ‘p’ between 

the radiating element and ground plane edges balances with the antenna inductance. The size 

of the ground plane is also critical in the design of compact antennas [44] and [45]. 

 

Figure 3.3 . Radiating element configuration for respective resonance 
 

Further simulation was done to see the behaviour of the prototype when the resonator is made 

of copper. Simulation was also done for AGIC-AN01 silver ink the lossless paper substrate and 
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the results were then compared. The simulated reflection coefficient results, S11,  for AGIC-

AN01 silver ink, with lossless paper and for copper radiator are shown in Figure 3.4. The 

radiation patterns of the same are depicted in Subsection 3.3.5.  As copper and silver are good 

conductors, their S11 results are more or else the same. When a lossless photo paper is used, a 

slightly shallower depth of the S11  at the higher frequency is observed.  

 

 
Figure 3.4 Simulated S11 for the various materials 

 

The surface current distribution on the antenna is shown in Figure 3.5. As expected, at 2.4 GHz, 

Figure 3.5(a), most of the currents are concentrated in the triangular section. 

 

 
      (a)                                                                (b) 

Figure 3.5 Surface current distribution for spine antenna (a) 2.4 GHz and (b) 5.2 GHz 
 

At 5.2 GHz, Figure 3.5(b), most of the currents are in the lower section of the semi-ellipse. As 

with all compact antennas on small ground planes, some currents are also present on the 

antenna’s ground elements. These currents are strongest at the upper edges of the rectangular 

ground planes at 5.2 GHz than at 2.4 GHz. Taking this into consideration, it can be inferred 

that the surface current distribution could change with the size and the shape of the ground 



 

60 
 

plane and/or with introduction of cable and/or RF connector to the antenna. This is likely to 

introduce differences in the measurements in relation to simulations.   

3.3.4 Investigation of Effect Wings Movement  

The effect on the antenna performance as the robot’s wings flap during flight was investigated. 

Figure 3.6 depicts the flap angle α of the wings in relation to vertical core of the bird structure. 

Figure 3.7 shows the simulation reflection coefficients (S11) for various values of α: 0°, 45°, 90°, 

135° and 180°. The horizontal position of the wings was defined as the 90° position. The wings 

extreme upward flap was designated as 0° and the extreme downward as 180°. In the horizontal 

position, -10 dB impedance bandwidth of the antenna is from 2.3 GHz to about 2.6 GHz at the 

lower band and from 4 GHz to 6 GHz at the higher band. There is no significant change in S11 

from 1° to 180°. Only angles of less than 1° produced an S11 higher than -10 dB at the target      

2.4 GHz to 2.5 GHz band. In the worst scenario, at 0°, the S11 was less than -8 dB across the 

2.4 GHz band.  

 

Figure 3.6 Wing angle α relative to the wings horizontal position 

 
Figure 3.7 Effect of change of angle α on the reflection coefficient 

 

3.3.5 Spine Antenna Fabrication and Measurements 

The CST model was exported to Gerber (single layer) and then converted to a PDF file using 

ViewMate. The PDF was then printed using silver nanoparticle ink that is based on chemical 

sintering. Chemical sintering technology was used to avoid the prolonged heat sintering and the 
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damage it can cause when the substrate used is a paper-based material [46]. In chemical-based 

sintering, a polymer latex and halide emulsion solvent dissolve silver nanoparticles of less than 

0.1µm in diameter. Conductivity appears moments after the solution has dried. This makes the 

ink based on chemical sintering ideal for inkjet printing of the proposed antennas. A 1200×6000 

dpi resolution and piezo with 210x3 colour print head home desktop Brother MFC-J5910DW 

printer, Figure 3.8, was used to print the antenna.  

 

 

Figure 3.8 A Brother MFC-J5910DW printer used to print the antenna 
 

Physical properties such as density, viscosity and surface tension are important when choosing 

the conductive ink. They determine the ink jettability, the ink droplet’s size, shape as well as the 

wetting of the substrate and the location of the jetted drops. For inkjet printing, viscosity of 1-

25 mPa.s is generally acceptable. This is considered low enough to allow fast refilling of the ink 

reservoir if/when required as well as ejection of the droplet through the nozzle when a transient 

pressure pulse is applied. A surface tension between 25 and 50 mNm-1 is considered high enough 

to prevents the dripping of the ink from the nozzle and low enough to allow the expelled droplet 

to detach away from the nozzle [47]. Silver nanoparticle conductive ink used in this work 

exhibits good chemical stability, electrical conductivity, and low chemical reactivity and is 

cheaper compared to other conductive inks such as gold and graphene [48]. Additionally, silver 

oxide also conducts electricity in the event the silver oxidises. AgIC-AN01 Silver Nano Ink was 

loaded in the 3 colour cartridges to produce a thick print layer that could achieve sufficient 

conductivity. Its composition is as follows: silver (15%), water Ethylene glycerol and Ethanol 

according to the manufacturer, AgIC Inc. It has a conductivity of 0.2Ω/sq, viscosity of 2-3 

mPa.s, and surface tension of 30-35 mN/m [43].  It was used to print the antenna on an AgIC-

CP01A4 photo paper of thickness 0.177 mm. Tests on the printed tracks were carried out using 

the equation for the resistivity, 𝜌: 

                                𝜌 = 𝑅
𝐴

𝑙
                                                                        (3.12) 
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where R is the measured resistance, A is the cross-sectional area and l is the length of the track. 

The values of resistivity obtained were between 2x10-7  ohm-meter which is about the same 

value to the one provided by the manufacturers for a layer thickness of about 1μm.  

The fabricated antenna is shown in Figure 3.9. Figure 3.9(a) is the printed antenna on an A4 

size photo paper while Figure 3.9(b) shows the printout folded into the robotic bird. The 

antenna was concealed inside the structure to protect the printed metallic layers from 

environmental damage as the figure shows. Thermal and mechanical stability of the printed 

layers were provided by AgIc. Heat resistance can be allowed for up to 30 minutes at 100°C. In 

cross-cut tests (ISO 2409), the mechanical stability is between 0 to 1 (0 is highest and 5 is lowest). 

 

 
                                  (a)                                                   (b) 

Figure 3.9  (a) Photo paper printed antenna (not to scale) and (b) folded into a robotic bird  

 

Surface profiles of the printed antenna’s silver ink were obtained using white light interferometry 

(profilometer) and results are shown in Figure 3.10. The images at 50x magnification are 

depicted in Figure 3.10(a).  An average surface roughness of approximately Sa 200nm was 

obtained. The image indicated a non-uniform 3D print as the substrate can be seen through the 

silver ink in some places (the blue sections of Figure 3.10(a)). The droplets are visible, and the 

measured roughness is for both paper substrate and silver droplets. Figure 3.10(b) is an optical 

image of top view of the printed antenna of 1μm silver ink height taken with x10 magnification. 

It also shows uneven surface. Black regions are seen within the sample which could be deeper 

unevenness of ink surface. Figure 3.10(c) shows the narrow gap between CPW, and the ground 

plane taken with x20 magnification for the 1μm silver ink height. Some isolated silver ink 

particles can be seen inside the gap, but their isolation prevents short circuit across the two 

parts. The presence of ink particles in the gap does not have any significant effect on the 

performance of the antennas as the foregoing tests shows. This could be because the particle 

sizes are much smaller compared to the wavelength of the frequencies involved. 
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                           (a)                                                      (b) 
 

                   

 

 

                           

 

 
                                                        
                                                         (c) 
Figure 3.10 (a) Silver paint optical interferometry image (b) Silver ink top view optical 

microscopic image (c) image of the gap between CPW and the ground plane 

 

To test for the antenna performance, a 3.5 mm female SMA connector end launcher of 50 Ω 

impedance with an operating frequency range of 0 to 18 GHz from RS components [49] was 

attached to the antenna. The SMA end launcher was positioned such that the signal pin rested 

on the CPW feedline while two ground pins rested on the monopole antenna ground planes on 

either side of the CPW feedline. The SMA end launcher, Figure 3.11, has four ground pins.  To 

ensure that the required electrical contact was made between the end launcher connector and 

the antenna, the ground pins on one side of the connector were glued onto the paper substrate 

side using araldite rapid epoxy adhesive as shown in Figure 3.12(a). Precautions was taken when 

bonding SMA end launcher and the paper substrate to ensure that the signal pin was rightly 

positioned on the antenna CPW feedline. This was done in such way that as one set of ground 

pins were firmly glued onto the paper substrates for robustness, the other two ground pins 

rested on the ground planes on either side of the signal pin making proper electrical contact. 

The signal pin itself rested on the CPW feedline also making good electrical contact. 
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Figure 3.11 The SMA connector end launcher [49] 
 

With the ground and signal pins in place, RS pro silver vial epoxy conductive adhesive [50] was 

applied to hold them in place, Figure 3.12(b), and then left for 36 hours in room temperature 

to cure. Figure 3.12(c) shows the antenna in place after the connector has been attached and the 

glue cured while Figure 3.12(d) shows the location of the antenna on the robotic bird and its 

launcher connector fixed in place. 

  
                      (a)                                            (b)                                         (c) 

 
(d) 

Figure 3.12 The antenna-SMA launch connector (a) the connector glued on to the paper 

substrate (b) the attached connector (c) the antenna in place after connector fixation, and (d) 

the robotic bird with the antenna position with the connector fixed 

 

The antenna was concealed inside the structure to protect the printed metallic layers from 

environmental damage. A Rohde & Schwarz ZVL vector network analyser was then used to 

measure the S11. Figure 3.13 shows the simulated and measured S11 when the wings are 



 

65 
 

horizontal. The measured lower band has -10 dB impedance bandwidth from 2.2 GHz to 2.7 

GHz while the upper band has a bandwidth from 3.9 GHz to 5.5 GHz thus covering both target 

bands. The slight discrepancy between the simulated and the measured S11 can be attributed to 

fabrication, folding and measurements errors. These include non-uniformly deposited silver 

conductive ink and resistive losses of the printed tracks, the bending of the substrate, as well as 

the SMA connector.  

 
Figure 3.13 Comparison of the measured and simulated S11 results of the spine antenna 

 

Radiation pattern measurements of the antenna were conducted in the anechoic chamber and 

the results are shown in Figure 3.14. The figure also shows the simulated radiation pattern for 

the silver ink on photo paper, copper conductor, silver ink on a lossless photo paper, whose 

simulations are described in Subsection 3.3.3, as well as the measured at (a) 2.4 GHz and (b) 5.2 

GHz for the robot’s horizontal wing position i.e., α is equal to 90°. The simulated results for the 

silver ink, potential copper nano ink, silver nano ink on a lossless photopaper do not show many 

discrepancies. This could be due to the silver and copper both being highly conductive and the 

loss tangent of the photo paper being low. The simulated results show that as expected for this 

type of antenna, the planes xy and yz have nulls in the y axis while plane xz displays an 

omnidirectional pattern. Tests showed no significant effect on the radiation pattern when the 

position of the wings varied from 0° to 180° relative to the robot’s core. The measured antenna 

radiation patterns are consistent with the simulations. As with planar monopoles [51], it exhibits 

high cross polarization. The high cross polarization component could be a result of excitation 

order modes and radiation due to Jx current at the top edges of the ground plane near the 

radiating element. Also, discontinuity at the substrate and metallic radiator results in surface 

waves which can add to cross polarization [52].  
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Figure 3.14 Simulated and measured normalised radiation pattern for planes xy, xz and yz at (a) 
2.4 GHz and (b) 5.2 GHz 

                                                                                                        Measured Ag X-Pol 

                                                               Measured Ag Co-Pol 

                                                               Simulated Ag X-Pol 

                                                               Simulated Ag Co-Pol 

                                                               Simulated Cu Co-polar 

                                                               Simulated Lossless paper Co-pol 
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Figure 3.15 shows the simulated and measured gain vs frequency response for the selected 

frequency bands. The simulated gain is shown for the antenna radiator made of copper; silver 

ink (AGIC-AN01) printed on a photopaper substrate as a well as silver printed on a lossless 

paper substrate. The results shows that the measured antenna gains were 1.4 dBi and 2.7 dBi at 

2.4 GHz and 5.2 GHz respectively, about 0.1 dB and 0.5 dB lower than the simulated ones for 

the silver ink antenna. The differences between the simulated and measured gain could also be 

due to fabrication and folding errors, cables, and connectors. The gain results also show the 

results for copper and silver ink are nearly identical. This could be because the two have high 

conductivity. The gain result for the silver antenna on a lossless paper is higher due to the 

losslessness of the paper substrate. 

 

Figure 3.15 Spine antenna gain-frequency response at 2.4 and 5.2 GHz of the folded origami  
 

3.4 A Single CPW-Fed Tail Antenna 

This section details the design, simulations, wings flapping effect, fabrication, and 

measurements results of the proposed tail/neck antenna.  

3.4.1 Tail Antenna Design 
An alternative antenna location for the antenna was the tail of the origami crane. This is 

demonstrated in Figure 3.16. Figure 3.16(a) illustrates the location of a tail antenna as well as 

the potential symmetrical location of an identical neck antenna, on a 210 by 210 mm unfolded 

photo paper substrate. Figure 3.16(b) show the antenna’s structure and dimensions while Figure 

3.16(c) shows its location on the robot’s tail, rotated to fit on the tail’s orientation. Like the spine 

antenna, the tail antenna is also concealed inside structure to protect the printed metallic layers 

from environmental damage. The antenna is similar in shape and construction to that described 

in Section 3.2 but with slight dimensional adjustments to fit in the narrower tail area as well as 

achieve the bandwidths of interest. Table 3.2 show its final dimensions. The same dielectric 

material, a photo paper, with same substrate thickness was used.  
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(a) 

 

                                     (b)                                                   (c) 
Figure 3.16 Antenna integrated onto the tail of the origami crane: (a) illustrative tail and neck 

antenna’s location in the unfolded layout, (b) tail antenna and (c) location on the robot. 

 

Table 3.2 Final dimensions of the optimized tail antenna (mm) 

L1 L2  L3 L4 L5 W1 W2 W3 W4 W5 

17.5 19  23 10.5 5.8 18 13.28 7.65 8.55 11 

 

The simulated S11 results, Figure 3.17, indicates a narrower -10 dB bandwidth at the 2.4 GHz 

band but a wider -10 dB bandwidth at the 5.2 GHz bands for the angle α  of the wing flapping. 

The antenna covers the desired frequency bands for the range of the flap angles. These results 

also show a near negligible effect on S11 by the flapping of the wings compared to the spine 

antenna.  This could be due to the antenna on the tail being removed from the wings bearing 

section of the origami bird structure which makes the antenna less obstructed as the wings flap 



 

69 
 

compared to the antenna on the spine (Figure 3.9(b)). The current distribution on the tail 

antenna is shown in Figure 3.18. The higher red tone indicates the strongest surface current. 

 

Figure 3.17 Tail antenna simulated S11 for angle α 

 

Figure 3.18(a) and Figure 3.18(b) depicts the surface current distribution at 2.4 GHz and 5.2 

GHz respectively. The figure indicates a high level of surface current at the triangular and 

rounded sections of the antenna at 2.4 GHz and 5.2 GHz resonance points respectively. A high 

surface current level is also observed on the ground plane at the two bands due to its small size 

which makes it a sensitive part of the radiating structure [44]. 

 

 
(a)                                                                      (b) 

Figure 3.18 Surface current distribution at (a) 2.4 GHz and (b) 5.2 GHz 

3.4.2 Fabrication and Measurements 
The fabrication procedure used in Section 3.3.3 was followed for the tail antenna. Figure 3. 19(a) 

shows the printed tail antenna on a photo paper and Figure 3.19(b), the origami crane after the 

paper was folded up. SMA connector end launcher was connected to the tail antenna as 
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described in Subsection 3.3.5. S11 of less than -10 dB at both 2.4 GHz and 5.2 GHz bands 

compares well to that of the simulation as shown in Figure 3.20 for flap angle α of 90°.  

 

                                      (a)                                                       (b) 
Figure 3.19 Tail antenna printed on a photo paper and (b) folded into a robotic bird 
 

 
Figure 3.20 Measured vs simulated tail antenna S11 

 

Figure 3. 21 shows simulated and measured antenna radiation patterns at (a) 2.4 GHz and (b) 

5.2 GHz bands. Both planes xy and yz have nulls on the y-axis while plane xz indicates 

omnidirectional radiation. Differences between the measured and the simulated radiation 

pattern could be due to the small ground plane and the introduction of an RF connector/cable 

to the antenna which affects the current distribution in the ground plane. This changes the 

impedance and radiation performance with the results being that the measured results differ 

slightly from the simulated results and potentially can make the design validation difficult.  
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Figure 3.21 Simulated and measured normalised radiation patterns for xy, xz, and yz planes at 

(a) 2.4 GHz and (b) 5.2 GHz 

 

                                                                                      Measured X-Pol 

                                                               Measured Co-Pol 

                                                               Simulated X-Pol 

                                                               Simulated Co-Pol 
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The gain of the fabricated tail antenna was measured. Figure 3.22 shows the measured and 

simulated gain versus frequency response at the two frequency bands of interest (2.4-2.5 GHz 

and 5.0-5.6 GHz). The measured gains are in general lower than simulation ones possibly due 

to fabrication inaccuracies. The measured gains were about 1.5 dBi at 2.4 GHz and about 2.5 

dBi at 5.2 GHz, which is in congruence with the simulated gain at the two frequencies bands. 

 

 
Figure 3.22 Tail antenna gain-frequency response at 2.4 and 5.2 GHz 

 

3.5 Diversity Antenna System Solution 

3.5.1 Diversity Antenna System Design 

Antenna diversity enables the improvement of radio communication and enhances the 

probability of a signal from a transmitter reaching a receiver in a dynamic environment [53] by 

reducing signal fading and thus increasing the coverage of the communication system, etc. 

A diversity antenna was created on the neck of the robot, Figure 3.23, and rotated to fit the 

neck orientation. Each antenna requires an independent RF circuitry and electronics connection 

and the ability to communicate with the control station. The S-parameters i.e., S11, S12, S21, and 

S22 of the simulated model were obtained and are shown in Figure 3.24. The S11 curve is slightly 

different from the S22 curve. This is due to the robot’s wings extending over the front antenna 

and acting as an extra layer of substrate. S11 of -10 dB impedance bandwidths from 2.36 GHz 

to 2.55 GHz at the lower band and 5.07 GHz to 6 GHz at the higher band respectively were 

realized. S22 of -10 dB impedance bandwidths from 2.27 GHz to 2.50 GHz and 5.11 GHz to 6 

GHz at lower and upper bands respectively were realized. S12 and S21 of less than -10 dB at the 

resonance frequencies indicate a good antenna isolation between the two antennas. Simulated 

diversity antenna co-polarization radiation patterns are shown in Figure 3.25(a) at 2.4 GHz and 

(b) at 5.2 GHz bands for planes xy, xz and yz for the tail and neck antenna. 
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Figure 3.23 Simulated orientations of the robot with embedded neck diversity antennas. 
 

 
Figure 3.24 Simulated diversity (neck and tail) antennas S-parameters  

 

The radiation pattern indicates nulls about the y-axis for xy and yz planes and an omnidirectional 

radiation pattern for the xz plane for both the tail and neck antennas at both bands. There is an 

improvement in coverage in all planes compared to just one antenna on the tail. The radiation 

patterns of the two antennas are generally in the same direction which could be due to the two 

antennas being similarly orientated.  
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Figure 3.25 Simulated diversity antennas radiation pattern for planes xy, xz, and yz at (a) 2.4 

GHz and (b) 5.2 GHz 

                         Tail Antenna 
                         Neck Antenna 
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Figure 3.26 shows the surface current distribution for the diversity antennas at both the 2.4 

GHz and 5.2 GHz bands. Figure 3.26(a) and Figure 3.26(b) shows the surface current 

distribution for the neck and tail antennas respectively at 2.4 GHz while Figure 3.23(c) and 

Figure 3.26(d) shows for the same at 5.2 GHz. As is the case with the spine and tail antennas 

(Figure 3.5(a) and (b) and Figure 3.18 (a) and (b)), the radiation is primarily caused by the current 

distribution on the triangular section of the antenna for the 2.4 GHz band for both the neck 

and tail antennas. It is the same case for the 5.2 GHz band. The radiation is primarily due to the 

elliptical section of the antenna (Figure 3.5(a) and (b) and Figure 3.18(a) and (b)). 

           

 

 

 

 

 

 

                                                       

                                  
  (a)                                               (b) 

                  
 
 
 
                                                      
                                                                           
                                                                             
                                                  
                                              
 
                                    
                                                                 (c)                                         (d) 
Figure 3.26 Surface current distributions at 2.4 GHz for the (a) neck, (b) tail; and at 5.2 GHz 

for on the (c) neck, and (d) tail antennas 

3.5.2 Fabrication and Measurement  

The diversity antennas were fabricated as per the procedure described in Subsection 3.3.3. The 

fabricated diversity antennas on an origami robot are shown in Figure 3.27. SMA connectors 

end launcher were connected to the two antennas as described in Subsection 3.3.5. As in the 

spine and tail antennas, the diversity antennas were embedded inside the robot’s structure to 

protect them from environmental damage.  
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Figure 3.27 Fabricated diversity antennas 

 

After the fabrication of the antennas, a VNA was used to measure the antennas’ S-parameters. 

The measured results are shown in Figure 3.28. An S11 -10dB impedance bandwidth from 2.3 

GHz to 2.55 GHz at the lower band and 4.5 GHz to 6 GHz at the upper band respectively was 

achieved for a flap angle α of 90°. An S22 -10 dB bandwidth from 2.2 GHz to 2.65 GHz at the 

lower band and 4.3 GHz to 6 GHz the upper band respectively was also realized. S12 and S21 of 

less than -23 dB at both 2.4 GHz and 5.2 GHz bands indicates good isolation between the two 

antennas.  

 

Figure 3.28 Measured diversity antenna S-parameters 

 

The orientation of the axis for the measurement of the radiation pattern of the neck antenna is 

symmetrical to that of the tail antenna. The two form the diversity antenna system. The radiation 

pattern of the antennas was measured, and the results are shown in Figure 3.29. It depicts the 

measured radiation patterns of planes xy, xz and yz respectively at (a) 2.4 GHz and (b) 5.2 GHz 

for the two antennas. 
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Figure 3.29 Measured diversity antenna radiation patterns for planes xy, xz and yz at (a) 2.4 
GHz and (b) 5.2 GHz 

                                          Tail Antenna 

                                          Neck Antenna 
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It indicates nulls in the xy and yz planes and omnidirection in the xz plane for the two frequency 

bands which is commensurate with simulation results. As expected, the radiation patterns for 

the two antennas are similar. Improvement in coverage was observed for the diversity antenna 

system.    

Table 3.3 is a comparison of the dual bands WLAN inkjet printed antennas previously 

developed with the one proposed in this work. It shows that with comparable gain and 

bandwidth, the proposed antenna is relatively small and is the only one specifically designed to 

fit the space available on the origami flapping robot.  

Table 3.3 Comparison of the proposed antenna and previous WLAN inkjet printed antennas  

 

3.6 The antenna integrated into a disposable origami boat for surface sensing 

Keeping with the theme of antenna on an origami structure as well as the proposed antenna 

design, investigations were done on the application of the antenna as a surface detector/sensor 

when integrated into an origami boat.  

Traditionally, sensors are used for purposes such as safety improvement, environmental 

monitoring control, and data acquisition applications. Response due to changes in relative 

permittivity (εr) of an antenna dielectric material due to an external influence can and has been 

harnessed for sensing purposes. Low-cost wireless sensors applications have been employed in 

detection and monitoring of structural health [56], temperature [57], soil moisture [58], pressure 

[59], and in health applications [60]. The proposed antenna sensor solution is a proof of concept 

envisioned for potential remotely controlled robotic origami boat for use in inaccessible 

environments like disaster zones. It is envisioned to be capable of detecting the surface 

underneath it, be it water, dry land, wet land etc., either for mission environment survivability 

or mission purpose or both. 

To develop the sensor/detector antenna solution, the origami bird antenna design was altered 

by adding two arms extending from each of the two ground planes of the monopole antenna. 

The two extended arms provide the surface detection function. The radiator was also slightly 

adjusted to optimise it for the new use.  The new version of the antenna both wirelessly control 

Reference Substrate Size (mm3) Frequency 
(GHz) 

Bandwidth (GHz) Gain 
(dBi) 

[54] PET 45×40×0.14 2.45 
5.8 

0.77 
2.91 

1.81 
3.92 

[25] NinjaFlex 65×54×1.2 2.4 
 

1.12 
 

-7.2 
 

[55] Paper 54×57×0.18 2.4 
5.8 

0.9 
2.9 

3.74 
4.96 

This work Paper 51×34×0.18 2.4 
5.2 

0.45 
1.60 

1.40 
2.7 
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the origami boat as well as sense/detect the type of surface it is on. The intended use of the 

proposed origami boat integrated antenna is surface sensing/detector including watery surfaces. 

It was thus not inkjet printed on a paper to prevent it from soaking, and thus destroy both the 

robotic boat and the antenna. It was etched on an impervious Mylar polyester film and then 

folded into an origami boat such that the antenna fit on its mast. The origami boat is wirelessly 

controllable through the dual band monopole antenna operating at the unlicensed drone control 

frequency bands of 2.4 GHz and 5.2 GHz. A lower 1.5 GHz resonance frequency provides the 

sensing function. The performance of the prototype was tested on various surfaces. 

3.6.1  The tri band CPW-fed origami boat antenna design 

The proposed antenna design is shown in Figure 3.30 and its dimensions are in Table 3.4. It 

was simulated on a 261 mm x 185 mm Mylar sheet of 0.16 mm thickness and a dielectric 

constant, εr, of 3.  The location of the antenna on the Mylar sheet is presented in Figure 3.31(a) 

and is such that it fits on the sail of the origami boat into whose structure the sheet was folded, 

Figure 3.31(b). The antenna consists of a semi-circular section, a triangular section, CPW line, 

two rectangular ground planes on either side of the CPW and two arms extending from the 

ground plates. The semi-circular sections provide resonance at the 5.2 GHz band. The triangular 

section provides resonance at the 2.4 GHz band while the two arms extending from the ground 

plates provides the lower 1.5 GHz sensing frequency. The initial simulation was done for the 

model in free space (Figure 3.31(b)). 

 
Figure 3.30 The simulated antenna geometry 

Table 3.4 The dimensions of the sensor antenna design 
Parameter 

 

W1 W2 W3 W4 W5 W6 W7 W8 L1 L2 L3 L4 L5 L6 L7 L8 

Value 

(mm) 
2.4 6.2 8.9 4 3.1 11 13 17.7 4.3 14 33 18 17.5 5.3 0.5 32.5 
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                                   (a)                                                              (b) 
Figure 3.31 Antenna on (a) Mylar sheet folded into (b) an origami USV  

 

3.6.2 Simulation for Different Environmental Conditions  

To investigates the proposed solution behaviour on different surfaces, simulations were done 

with the origami boat floating on water and on a concrete block. Figure 3.32(a) shows the USV 

floating in water in a container of depth 100 mm, width 150 mm and length 200 mm, while 

Figure 3.32(b) shows it on a cuboid concrete block of dimensions 440 mm x 225 mm x 100 mm 

with a typical εr  between  2.1 and 2.3 [61].  

 
                          (a)                                                                    (b) 

Figure 3.32 Simulation of the USV on (a) water and (b) a concrete block 

 

Figure 3.33 depicts the reflection coefficient, S11 results for the scenarios. The reflection 

coefficient, S11, results of the simulations were obtained at the 1.5 GHz, 2.4 GHz and 5.2 GHz 

bands for the free space, on-water, and on-concrete block scenarios. The resonance points of 

the 1.5 GHz progressively shift to the left with each surface. It is 1.51 GHz in free space, 1.45 
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GHz on concrete block and 1.25 GHz on water. This frequency shift can be employed to 

determine the surface the robot is on.   

 
Figure 3.33 Simulated S11 results for the boat on different surfaces 

 

The target control frequencies bands for wireless unlicensed drone control of 2.4 GHz and 5.2 

GHz bands were realised in the three simulations. Figure 3.34 depicts the surface current 

distribution of the proposed antenna at the three resonance frequencies. At the 1.5 GHz, Figure 

3.34(a), frequency, the current intensity is mostly in arms extending from the ground planes of 

the antenna structure. At 2.4 GHz, Figure 3.34(b), the surface current intensity is highest and 

evenly distributed over the feedline, the semi-circular section, and the upper triangular section. 

At 5.2 GHz, Figure 3.34(c), the surface current is mostly around the semi-circular edges of the 

radiator. 
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Figure 3.34 Surface current distribution for the proposed antenna design at (a) 1.5 GHz (b) 2.4 
GHz and (c) 5.2 GHz 

 

3.6.3 The Antenna Fabrication, Measurements and Results 

The USV was etched on a 261 mm x 185 mm x 0.16 mm Mylar polyester film. Figure 3.35(a) 

shows the etched antenna on the Mylar sheet while Figure 3.35(b) shows the sheet folded into 

the model origami boat structure.  Figure 3.35(c) is the antenna. Reflection coefficient, S11, and 

radiation patterns measurements were measured to determine the fabricated antenna 

performance. The S11 measurements were conducted on the antenna for the free space, on water 

and on concrete block situations using Rohde & Schwarz ZVL vector network analyser. The 

origami boat was floated in a 200 mm x 150 mm x 100 mm water container to measure the S11 

as shown in Figure 3.36(a). On concrete block S11 measurements were conducted on a concrete 

block of size 440 mm x 210 mm x 95 mm as shown in Figure 3.36(b). 

Figure 3.37 shows the S11 results for the antenna sensor in free space, on water and on a concrete 

block. It shows that the 1.5 GHz band resonance frequency shifts follows the same pattern as 

the simulations. The resonance frequencies are 1.45 GHz for in free space, 1.32 GHz for on 

concrete block and 1.20 GHz for on water. The sensing functionality triggers when the antenna 

is energised. The measured S11 results indicates that the 2.4 GHz and 5.2 GHz bands drone 

control frequency bands were achieved in all the three scenarios.   
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Figure 3.35 The fabricated (etched) antenna sensor solution the Mylar sheet (a) unfolded (b) 
folded into an origami boat (c) the antenna 

                   

 
                                 (a)                                                                   (b) 
Figure 3.36 The fabricated antenna sensor solution floating on (a) water (b) concrete block 

 

The measured resonance points are all slightly shifted to the left away from the simulated 

resonance points. This could be due to the fabrications and measurement inaccuracies.  
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Figure 3.37 Measured S11 results of the boat on different surfaces 

 

The shifting behaviour of the resonance of the sensing frequency band can be explained as due 

to the influence on the reflection, penetration, transmission, and resonation of the 1.5 GHz 

signal due to the dielectric properties of the material of the surface [62]. The lower frequency of 

1.5 GHz was used for the sensing purpose because it much more likely to go through the 

surfaces whereas the higher frequencies are much more likely to be absorbed, scattered, or 

reflected. Complex permittivity of the medium through with which the electromagnetic signal 

interacts determines the signals behaviour in terms of reflection, transmission, and resonance. 

Complex permittivity, 휀𝑟, comprises of 휀𝑟
′   and 휀𝑟

′′, the dielectric constant and dielectric loss 

factor respectively. By observing/measuring the reflection and the resonance modes of the 

electromagnetic signal the dielectric properties of the surface material can be determined to 

reveal its parameters and thus the type of the surface.  

The radiation patterns of the antenna were also measured in the anechoic chamber for the yz, 

xy and xz planes. Figure 3.38 depicts the comparison between the simulated and measured 

radiation pattern which indicates a consistency between the two.  A null exists in the y-axis of 

planes yz and xy for both measured and simulated radiation patterns. Radiation pattern in the 

xz plane exhibits omnidirectionality. 
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Figure 3.38 Measured and simulated radiation patterns for (a) 2.4 GHz and (b)5.2 GHz bands 

 

                         Measured X-polar 
                         Measured Co-polar    

 Simulated X-polar 
                        Simulated Co-polar 
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3.7 Discussion and Conclusion 

The integration of inkjet printed planar monopole antennas on an origami robotic bird has been 

demonstrated. A wideband monopole antenna consisting of a semi-elliptical shape with a 

triangular part and a horizontal slot has been developed and tested. The dimensions of the 

triangular section determine resonance at 2.4 GHz while the dimensions of the semi-elliptical 

section determine resonance at the 5.2 GHz band, the unlicensed frequency bands for drones’ 

control.  

The antenna fits on the available space on the traditional origami structure and operates at the 

required bands. Two optimal solutions were achieved: one on the spine and the other on tail 

and/or neck.  

A diversity system involving the tail and neck antennas was also realized. This increases coverage 

in a communication system. All the antennas exhibited nearly omnidirectional radiation pattern 

in the xz planes at both frequency bands making them suitable for the purpose. The monopole 

antennas have been fabricated on a standard photo paper substrate. A chemical sintering-based 

silver nanoparticle conductive ink cartridge was used to print the antennas using an inexpensive 

and ordinary home inkjet printer and photo paper. This made fabrication of the antenna cheap 

and fast. The successful outcome promises the potential of integration of antennas with flexible 

electronic systems using inkjet printing technology. 

This holds out prospects of appropriation of instant printing technology for fast integration of 

antenna to other flexible electronic systems on paper substrate [62] for future wireless controlled 

aerial robots. This promises potential realization of other electronics components on a paper 

substrate as well as potential realization of fully integrated expendable robot. 

A tri-band monopole antenna with surface detection functionality for origami sensing robotic 

boat solution has also been demonstrated. The antenna operates at three frequencies bands. 

The unlicensed 2.4 GHz and 5.2 GHz frequency bands are utilised for the USV remote control 

while the 1.5 GHz band provides the surface detection function. The fabricated solution has 

shown satisfactory performance results in three likely sensing scenarios in free space, on water 

and on a concrete block as a surface sensor. The simulated and measured results demonstrated 

good agreement. 
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4. CHAPTER 4: 3D PRINTED NAIL ANTENNAS FOR 5G APPLICATIONS 

4.1 Overview 

This chapter details the development of a 3D printed patch antennas on Acrylonitrile butadiene 

styrene (ABS) material removable fingernail for on-body communications. Manual brush 

painting that mimics nail polish application as in manicure procedures, and Aerosol Jet printing 

AM techniques were employed in the development of the proposed designs. Silver nanoparticle 

conductive ink was used to create the radiators. Manual brush painting of the antenna radiator 

[1] is inexpensive, requires no expensive equipment and is environmentally friendly as no energy 

is required . The work was extended in [2] where Aerosol Jet technology, a material deposition 

technique, was employed to counter the challenge of silver ink spreading encountered during 

the fabrication of the manually painted antenna. This is discussed in Subsection 4.3.3. Optomec 

machine was used to print the Aerosol jet printed microwave and millimeter wave antennas. A 

copper layer was further overlaid on the millimeter wave antenna via an electroplating process. 

The simulated and the measured reflection coefficients (S11) and radiation patterns performance 

parameters were in good agreement. The proposed on-body antennas can find applications in 

the Internet of Things (IoT) ecosystem where large amount of sensing data can be shared at the 

microwave and millimeter wave spectrum of future 5G communications. The removable 

fingernails could be on electronic devices such as on-body sensors, computational, storage and 

communication systems. The rest of the chapter is organized as follows. Section 4.2 is the 

introduction, section 4.3 describes the design and fabrication of the manually hand painted 

antenna, 4.4 describes the Aerosol jet printed design and fabrication microwave nail antenna 

and section 4.5 the millimeter wave antenna. Section 4.6 is the discussion and conclusion. 

 

4.2 Introduction 

Internet of Things (IoT) brings together sensing, computation, data collection and 

communication functions into one information platform. This allows electronics devices of 

different capabilities to participate in data exchange [3]. This data exchange from multiple 

sources and destinations creates an increasing need for large storage, exchange, and exploitation 

of information for control/sensing. This in turn calls for the support of ubiquitous connectivity 

of large data volume by the next generation of wireless communication to cater for the 

progressively increasing demand for high data rates and mobility [4]. An ever-increasing demand 

also exists for higher capacity, increased connectivity and reliability, higher versatility as well as 

application specific topologies [5]. 5G technology aims to provide reliable and robust global 

connectivity for communication between entities that can communicate creating massive 

Internet of Things (IoT) [6]. Its frequency spectrum is expected to span the microwave and 
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millimeter wave frequencies spectrums [7]. Massive IoT are envisioned to enable smart devices 

to independently and mutually interact and share data [8]. This network ecosystem may include 

Body Area Network (BAN). Advances in microelectronics miniaturization alongside new 

communciation technologies has facilitated wireless BANs, igniting interest in human body 

mountable antenna for wearable applications such as in sports, military, health etc., [9] [10].  

On-body antennas can be mounted on or integrated on wearables for communication of 

uninterruptedly monitored parameters e.g. body temperature, heartbeat etc or the wearer’s 

location  to other devices. They are generally light, flexible with small surface coverage to ensure 

an unobstrusive integration with body environment [11]. Various on-body antennas suitable for 

5G technologies have been developed. Textiles have been used as a substrate [12] [13] in some 

of these developments. In [14], button antenna is proposed at millimeter wave inspired by an 

earlier work at microwaves in [15]. Smart watches [16], armbands [17] and glasses [18] [19] are 

other types of wearable’s antennas that has been developed. Antennas have also been attached 

directly to the skin [20] and on bandage [21].  

As outlined in chapter 2, additive manufacturing (AM) or 3D printing is a cluster of emerging 

technologies that enables creation of objects bottom-up through layer by layer addition of 

materials. AM processes use computer-aided design (CAD) virtual 3D models that are then 

translated into physical objects. 3D printing fabrication processes reduce waste, tooling and 

material costs; leads to fast production and enables realization of complex designs unfeasible 

with conventional fabrication processes [22] [23]. AM have been employed for development of 

antennas for various applications including antennas for 5G systems. AM has also been used to 

print metallic structures [24], dielectric layers [25] or both layers [26] of an antenna. Dielectric 

lenses [27] and dielectric resonator antennas [28] are example of dielectric only printed antennas. 

Full 3D printing with metals has been realized using techniques such as Selective laser melting 

(SLM) [29] and metal binder jetting [30]. It has also been used for the development of complex 

microwave antennas [31] and millimeter wave and Terahertz (THz) antennas [32] [33]. However, 

these techniques lack the design flexibility that other direct write (DW) techniques like inkjet 

and aerosol jet offer. Inkjet printing technique precisely deposits digitally controlled ink drops 

onto substrate surface as in [34] while Aerosol jetting aerodynamically focusing atomized 

nanoparticle inks droplets as collimated beam to print high precision designs as in [35].  

The advantages inherent in AM manufacturing processes have been harnessed in the 

development of wearable antennas operating at UHF and microwave band [36], [37]. These 

include dipole antennas on 3D printed wrist bands using a variety of techniques for depositing 

the metallic layers [38], a wearable RFID application manufactured using 3D direct-write 

dispensing on a fabric [39] and antennas printed on textiles [40], 3D printed flexible substrates 

for wearable tile array antenna [41] and a brush painted stretchable silver conductive paste patch 
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antenna [42]. More recently, a 5G millimeter wave antenna has been embedded into a medallion 

using a 3D printing technique which combines fused deposition modelling (FDM) for the 

substrate and syringe dispensing for the metallic layers [43]. 

In this chapter, design, and fabrication of 3D printed antennas on a removable fingernail for 

on-body communications are proposed. Antennas for on body communication have already 

been developed at both microwave and millimeter waves on various wearables or as part of 

wearables [11]-[21]. From the literature space, there does not seem to exist an antenna printed 

on a fingernail and more so for 5G frequency bands [44] for good bandwidth. Thus, an AM 

fabricated on-fingernail applications are proposed. Removable fingernail provides conformality 

to the body, lightweight, unobstructedness, low profile, and robustness, features that are 

desirable to wearable antennas. Further, a fake fingernail is a beauty accessory. An antenna 

printed on it in a similar manner as used in manicure procedures can seamlessly blend in as part 

of the aesthetic design enhancement. AM methods were used to realize simple patch on one. 

Such antenna can be used in on-body sensing and communications through potential future 

manicure-based electronics as illustrated in Figure 4.1. 

 

 

Figure 4.1 Illustrative on-fingernail antenna communication environment 

 

The initial procedure in the development of the antenna is akin to most common manicure 

procedures. By using manicure methods, an antenna can be inexpensively seamlessly fabricated. 

As an initial proof of concept, a coaxial-fed antenna was designed to operate at 10 GHz. 

Nanoparticle silver ink was manually hand painted on the removable fingernail with a brush. 

Spreading of silver ink as it was manually applied posed a challenge during the fabrication 

process necessitating exploration of an alternative way to apply the silver ink. Thus, Aerosol Jet 

Technology was employed to produce small features antennas operating at 15 GHz and 28 GHz 

as well as counter the ink spreading challenge. The 15 GHz band antenna was tested directly 

after the Aerosol printing and curing while an additional copper plating process was applied to 

the 28 GHz band antenna. The antennas’ removability offers the prospects of portability of the 
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electronic equipment it serves from one individual to another or the antenna from one device 

to another facilitating reusability.  

 

 4.3 The Manually Painted Microwave Nail Antenna  

This section describes the processes employed for the manually painted antennas. 

 

4.3.1 The antenna design 

A patch antenna was designed and simulated using CST Microwave StudioTM and is shown in 

Figure 4.2(a).  The silver ink that was used to make the radiator has a resistivity of 0.001Ω-cm 

according to the manufacturer’s datasheet [45]. Thus, the conductivity of the ink was computed 

to be 105 S/m and used in the simulations. For simulation purposes, the conductor thickness 

was set at 0.035 mm. The antenna dimensions, Table 4.1, were optimized so that the antenna 

resonates at around 10 GHz. The thickness of the substrate used was 1 mm with a relative 

permittivity (εr) of 2.7 and tan δ of 0.009 [45]. The conductive material used for the patch was 

nanoparticle silver paint while the ground plane was made of copper. The antenna was fed via 

a coaxial probe. The designed antenna was curved along its length into a smooth 46° arc to 

mimic the curvature of the fake nail as shown in Figure 4.2(b) and Figure 4.2(c). Reflection 

coefficient (S11), radiation pattern and the surface current distribution performance parameters 

were used to determine the antenna functional effectiveness. Reflection coefficient, S11, 

obtained for the antenna before and after it was curve are shown in Figure 4.3. The curved 

antenna S11 results indicate a slight shift to the left of those of the flat antenna. The  −10 dB 

impedance bandwidth covers the targeted 10 GHz to 10.125 GHz in both cases, about 9.9 GHz 

to 10.25 GHz for the flat and 9.9 GHz to10.2 GHz for the curved antenna. Figure 4.4 is the 

surface current distribution indicating a symmetrical pattern of surface current.   

 

 
                           (a)                                       (b)                                            (c) 
Figure 4.2 The (a) designed patch (b) after curving, and (c) curvature angle 
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Table 4.1 The patch antenna dimensions   
 

 

 
Figure 4.3 Simulated unbent and bent antenna S11 

 

 
Figure 4.4 Surface current distribution on the patch radiator 

4.3.2 Fabrication, Measurements and Results  

The silver ink brush painted antenna was then fabricated. To fabricate the patch, a masking tape 

was used to delineate the space on the removable fingernail, the substrate, where the patch was 

painted using a brush as shown in Figure 4.5(a). RS 186-3600 silver conductive paint [46] from 

RS components Ltd was hand painted onto the substrate to create the patch on the fingernail. 

The antenna was coaxial cable fed. The inner conductor was inserted through the nail to connect 

to the patch while its outer conductor was connected to the ground plane.  

Figure 4.5(b) shows the fabricated patch antenna while Figure 4.5(c) shows its ground plane. 

Figure 4.5(d) depicts the placement of antenna on the finger. The structure was left to cure in 

room temperature. According to the manufacturer, the ink has a cure time of 30 minutes.    

Length PL Width PW 
 

Ground Length GL Feeder distance FD Substrate 
Thickness 

12 mm 9 mm 12 mm 3 mm 1 mm 
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Though great care was taken to ensure a clear outline of the patch due to the spreading of the 

silver ink, some managed to spread underneath the edges of the masking tape that was used 

delineate the space on which the antenna printed. The patch edges thus had to be trimmed with 

a sharp-edged scalpel to ensure correct dimensions and thus resonance frequency. 

 

 
Figure 4.5 The silver patch (a) fabrication process (b) the fabricated patch (c) its ground plane 

(d) antenna worn on the finger 

 
A multi-meter was used to test the electrical continuity across the painted surface. Using a Rohde 

& Schwarz ZVL vector network analyser, S11 tests of the fabricated model were conducted. 

Figure 4.6 shows both the simulated and measured S11 results of the prototype. The measured 

and simulated antenna have almost similar reflection coefficient indicating that the fabricated 

brush painted silver ink antenna is viable. The measured S11  is slightly shifted to the right of the 

simulated S11. This could be due to inaccuracies caused by the manual application of the 

conductive radiator. The measured −10 dB impedance bandwidth of the proposed antenna is 

400 MHz (from 9.9 GHz to 10.3 GHz). This is wider than the target bandwidth (10 GHz 

to10.125 GHz) and thus better than the simulated results. The measured and simulated antenna 

S11 results are consistent indicating that the fabricated brush painted silver ink antenna works 

well.  Figure 4.7 shows the xy, xz and yz planes of the measured and simulated radiation pattern 
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of the antenna which shows a good agreement for all planes. They all show hemispherical 

directivity with the expected tilt in the yz plane. 

 
Figure 4.6 Measured and simulated antenna reflection coefficient (S11) of the silver ink antenna 
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Figure 4.7 Measured and CST simulated radiation pattern of the patch antenna. 
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A second copper prototype was developed. In keeping with the additive manufacturing (AM) 

theme, the copper prototype was fabricated using an adhesive copper tape for both the patch 

and the ground plane. An adhesive copper tape piece was cut according to the dimensions of 

the patch given in Table 4.1 and then fixed onto the fake fingernail which also serves as the 

substrate. The copper patch antenna, like the silver-paste-made one was coaxial cable fed as 

shown Figure 4.8.  Figure 4.8(a) shows the patch while Figure 4.8(b) shows the ground plane 

and the coaxial cable feeder. The copper tape patch could be soldered to the inner conductor 

of the coaxial feeder. S11, performance of the copper made antenna was compared with that of 

the silver paste brush painted antenna. The results are shown in Figure 4.9 and are comparable. 

 

 
Figure 4.8 (a) The copper nail antenna (b) its ground plane and coaxial feeder 

 

 
Figure 4.9 The silver and copper patch antennas reflection coefficient (S11) 

 
4.3.3 The challenges of the spreading ink and the alternative solution 

The silver-paste-hand-painted coaxial-fed antenna was found to be viable. However, the coaxial 

feeding was found to be a problem because it was at the front of the fingernail which made its 

wearability cumbersome. The patch-feeder contact point is also a potential weak point as it 

could become loose with movement depriving the silver painted antenna robustness. This could 
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be resolved by using glue to hold the feeder firmly in place. However, the weight of the coaxial 

piece could still pose a problem in as far as ensuring robustness of the patch/feeder joint is 

concerned. An alternative feeding method was thus required. Coplanar waveguide (CPW) 

feeding of the antenna is a better alternative solution. However, hand painting with a brush of 

the usually thin CPW is difficult. This is because the viscous silver paste/ink spreads, when 

applied on a surface. This spreading makes the painting of the usually thin CPW feedline which 

requires precise breadth difficult. The problem of spreading of the silver ink can be seen in 

Figure 4.5(d) where, because of the spreading, the patch had to be trimmed, causing untidiness. 

To deal with this challenge, Aerosol Jet printing, discussed in detail in Subsection 4.4.2, was 

employed as an alternative in the development of the fingernail antenna. Its fine features, 

material deposition characteristics means that the patch radiator and its CPW feedline could be 

printed to their specification. Development of antenna on fingernail using Aerosol jet technique 

was therefore investigated and is described in Section 4.4 and Section 4.5.   

 
4.4 3D Aerosol Jet Printed Microwave Nail Antenna 

This section describes the design, simulation, and fabrication of the microwave antenna. 

 
4.4.1 Antenna Design 

A 15 GHz antenna was designed and simulated using CST Microwave StudioTM. The fake 

fingernail substrate was made of Acrylonitrile butadiene styrene (ABS). Measurement using a 

caliper showed it thickness to be about 0.5 mm. It has a relative permittivity (εr) of about 2.7 

and loss tangent of 0.009 [45]. The designed antenna comprises of a rectangular radiating patch 

with a CPW microstrip transmission line and a rectangular ground on the backplane.  

A sprayable (aerosol ultrasonic atomization) silver inks nanoparticle ink qualified for Optomec 

Aerosol Jet printing is water-based Metalon® JS-A221AE, a highly conductive silver 

nanoparticle ink by Novacentrix inc. According to the manufacturer's datasheet [47], it has good 

adhesion and is ideal for plastic, glass, and metal substrates. It was used to print the radiator and 

the CPW feedline conductive material.  According to the datasheet, its resistivity ranges from 

9.1 × 10−6 Ω-cm to 4.2 × 10−4 Ω-cm, silver content of 50 wt%, viscosity of 10-20 cP, average 

dispersed particle size and specific gravity of 1.8. The ink conductivity thus ranges from 

2.4 × 105  S/m to 1 × 107 S/m. The antenna simulation was done using the lower conductivity 

of the silver ink. The designed antenna is illustrated in Figure 4.10. Figure 4.10(a) and Table 4.2 

represent its dimensions. Figure 4.10(b) shows the antenna curved to the shape of a nail while 

Figure 4.10(c) depicts the angle, 55.26°, of the curvature. Simulation of the antenna with the 

radiator and CPW made of copper was also done for comparison with silver ink one. 
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                      (a)                                                (b)                                         (c) 
Figure 4.10 The designed (a) patch antenna (b) curved into an arc and (c) degree of curvature 

 

Table 4.2 Dimensions of the patch of the 15 GHz antenna (mm) 

Wg Lg Wp Lp Lm x y z  

15 19 7.8 6.5 13 1.5 1.75 1.0  

 
 

The simulated reflection coefficient, S11, results for the sliver ink flat and curved antenna as well 

as copper made models are shown in Figure 4.11. The results show a slightly wider bandwidth 

for the curved than the flat antenna. The results indicate a −10 dB impedance bandwidth from 

14.8 GHz to 15.3 GHz (2.9%) and 14.88 GHz to 15.37 GHz (3.2%) for the flat and curved 

antennas respectively.  

 

 
Figure 4.11 Simulated S11 results of flat and curved simulated antennas at 15 GHz 

4.4.2 Optomec’s Aerosol Jet Fabrication 

The microstrip patch nail antennas were fabricated by depositing conductive ink using 

Optomec’s aerosol jet technology. Aerosol Jet Printing manufacturing technology is emerging 

as a substitute for the traditional thick-film processes such as screen-print, photolithography 
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and micro-dispensing and has been described as superior to inkjet printing [48]. Figure 4.12 

depicts the working priciple of the Aerosol Jet Technology. The Aerosol Jet process uses 

aerodynamics to deposit functional material aerosolized droplets onto a substrate. The 

functional liquid is aerosolized into globules and then focused as collimated beams of a diameter 

of around 10 microns after it has been passed through a deposition head. The deposition head 

sends out the aerosol beam which impinges the droplet on the substrate [49]. To print the 

features, the deposition head is translated in the XYZ and Theta directions with respect to the 

substrate. The CAD design file generated tool path guides the deposition head translation. This 

allows the deposition head to print in any orientation. Thus, it can print on 3D surfaces and not 

just on a smooth and flat surface. To fabricate the antennas, the digital model was exported 

from CST Microwave StudioTM to an STL file.  The metallic layers that constitute the radiator 

and the microstrip transmission line were uniformly deposited onto the fake nail using 

Optomec’s aerosol jetting process that sprays silver conductive ink. The antennas were left to 

dry for about 24 hours before being transferred to a NovaCentrix PulseForge [50] machine to 

cure.  The fabrication was done at the Centre for Process Innovation (CPI) [51]. 

 

 

Figure 4.12 Schematic of Aerosol jet printing process [52] 

 

Figure 4.13 shows the development process of the antenna. Figure 4.6(a) shows the fake nail on 

which the antennas were printed, Figure 4.6(b), the fabrication process, and Figure 4.6(c), the 

fabricated antenna. An SMA end launcher connector jack of operating frequency 0 to 18 GHz 

[53] was attached to the feedline of the antenna (Figure 4.13 (c)).  
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Figure 4.13 (a) The removable nail (b) printing of the antennas (c) the fabricated antenna 

The surface profile of the antenna was conducted on the fabricated antenna. Figure 4.14 shows 

the surface profile of the silver ink layer of the patch element of antenna.  

 

 
Figure 4.14 Surface profile of the antenna patch 

 

The analysis was done using Talysurf CCI interferometer at CPI and showed a roughness of 

about 1µm. The ground plane of the antenna was created using adhesive copper tape which was 

fixed to the back of the ABS fingernail.   

 

4.4.3 RF Measurements 

The S11 and radiation patterns of the fabricated antenna were measured to determine its 

performance. The S11 measurements were obtained using an Anritsu 37397C vector network 

analyzer (VNA) for the nail antenna. A graph of the measured and simulated S11  results is shown 

in Figure 4.15. The measured S11 results shows a better matching and wider −10 dB impedance 

bandwidth relative to the simulated results. This could be due to further resistive losses in the 

materials not accounted for in simulation, connectors, and errors in the fabrication. The 
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measured resonant points shifted slightly to the right of the simulated one. Measured -10 dB 

impedance bandwidths from 14.6 to 16.0 GHz (9.8%) was observed for the antenna. A slight 

shift of the resonance point to the left is observed for the on-finger antenna. 

 

 
Figure 4.15 Comparison of measured and simulated S11 of the optimized 15 GHz antenna 

 

Far field radiation pattern was performed in an anechoic chamber. On-body radiation patterns 

were also measured for both off- and on-body. Figure 4.16 shows the antenna on-body radiation 

pattern measurement process. After health and safety assessment, a platform was built and fixed  

 

 

Figure 4.16 Measurement of the on-body radiation pattern in the anechoic chamber 

 

to the base of chamber pole. The antenna wearer stood on the platform during the measurement 

process. The white plastic pole observed in the figure was fixed to the platform. The cable 

connecting the antenna was attached to the pole using plastic straps. The antenna remained 

fixed during for the xy, yz and xz planes radiation patterns’ measurement cycles. The wearer 

stood on the platform and kept the finger fixed to the antenna for the on-body radiation pattern 

measurement. Figure 4.17 shows the radiation patterns for both simulated and fabricated 
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antennas. Patterns are as expected for a patch antenna on a small, curved ground plane with the 

main lobe out of the fingernail and lower radiation towards the finger and body. The radiation 

pattern for both simulated and fabricated antennas shows consistency in xy, xz and yz planes.   
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Figure 4.17 Radiation pattern for the xy, xz and yz planes at 15 GHz 

 

The slight variations are attributable to fabrication and measurement errors as well as the 

antenna connector. The simulated gain and efficiency on the body were about 6.9 dBi and 80% 

respectively at 15 GHz while off-body was about 0.3 dB higher. The measured gain was almost 

the same for on and off-body. It was about 6.4 dBi, and the antenna efficiency was 70%. The 

measured gains and corresponding efficiency include any potential impedance mismatch. 

 

4.5 Millimeter Wave Nail Antenna 

This section describes the design and   fabrication, and analysis of the millimeter wave antenna. 

 

          Measured off body 
          Measured on body 
          Simulated 
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4.5.1 Antenna Design 

Higher frequencies can typically increase the communication bandwidth and thus the amount 

of data that can be transferred. For the higher frequency, a higher conductivity antenna surface 

material is preferable. To improve conductivity, a layer of copper can be added to the metallic 

tracks using an electroplating process.  A millimeter wave frequency antenna with dimensions 

shown in Table 4.3 was designed and simulated Reflection coefficient and radiation pattern 

performance parameters were used to gauge the performance of the antennas. Figure 4.18 

shows the simulated S11 of the flat, and curved antennas. The antenna resonance at 28 GHz 

have only a minor frequency shifts between the two cases. The results indicate a 

−10 dB impedance bandwidth of 27.5 GHz to 28.6 GHz (3.9%) and 27.5 GHz to 28.5 GHz 

(3.6%) for the flat and curved microstrip patch antenna respectively.  

 

Table 4.3 Dimensions of the 28 GHz patch antenna (mm) 

Wg Lg Wp Lp Lm x y z 

14.96 17.45 3.72 3.25 10.0 0.44 1.06 1.10 

 

 

Figure 4.18 Simulated S11 of the flat and curved antennas at 28 GHz 

 

4.5.2 Millimeter Wave Antenna Fabrication, Surface Analysis and Measurements 

The 28 GHz antenna was fabricated using the same fabrication process as the 15 GHz antenna. 

After the radiator and microstrip transmission line were printed and cured, a copper layer was 

added through an electroplating process.  

A digital microscope from Keyence (UK) Limited was used to observe the antenna surface, 

measure its roughness and photograph the surface. Figure 4.19 shows the surface of the copper 

plated radiator and its feedline at x50 magnification.  
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Figure 4.19 Photo of the patch antenna and feedline 

 

Surface roughness measurements of the radiator are shown in Figure 4.20. Figure 4.20(a) shows 

the two points marked 1 and 2, on either side of the feedline inset at which the measurements 

were taken.  

 
(a)                                                                       (b) 

Figure 4.20 Conductor profile (a) measurement points (b) graphical height representation at the 

two inset points 

 

The image and conductive print height were obtained using a digital microscope VHX 7000 

from Keyence® UK. Figure 4.20(b) is the graphical representation of the conductor height 

showing actual height of 9.4 µm and 10.9 µm at points 1 and point 2 respectively.  

The conductor height was also measured at the inset/patch point longitudinal to the feedline at 

the point marked 1, Figure 4.21. Figure 4.21(a) shows the measuring point while Figure 4.21(b) 

shows the graphical representation of the print at the inset. The conductor height is about 13.5 

µm implying that though the antenna is viable, the fabrication process produced uneven surface. 

 



 

110 
 

 
(a) 

 
(b) 

Figure 4.21 (a) The conductor height measured at the inset/patch point longitudinal to the 

feedline (b) graphical representation of the height at the measuring point 

The center line average surface roughness (Ra) was measured at the feedline section of the 

antenna and is shown in Figure 4.22. Figure 4.22(a) shows the roughness which was found to 

be 0.8 µm in the profile depiction shown in Figure 4.22(b).  

The patch antenna microstrip feedline was connected a low profile 2.92 mm SMA Jack (female) 

end launch connector with a range of up to 67 GHz [54] from Southwest Microwave, Inc., 

Figure 4.23. Figure 4.23(a) shows the fabricated antennas after the electroplating process and 

the 2.92 mm SMA Jack (female) end launch connector attached while Figure 4.23(b) shows the 

antenna worn on a finger. 
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(a) 

 
                                                                           (b) 

Figure 4.22 Microstrip feed line surface profile (a) the feedline (b) its roughness profile 

 

 
(a)                                                     (b) 

Figure 4.23 The (a) fabricated antenna (b) antenna worn on a finger 

 

The reflection coefficient (S11) of the antenna was measured. Figure 4.24 shows the measured 

S11 results of the fabricated antenna compared with the simulated results.  
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Figure 4.24 Measured and simulated S11 of the optimized antenna 

 

The measured bandwidth was 27.0 GHz to 29.8 GHz (10%) antennas and compared well with 

simulated ones in terms of resonant frequency. The fabricated antenna has better matching and 

wider −10 𝑑𝐵 impedance bandwidth compared to the simulated one. This could be due to 

electrical losses not accounted for in simulations, connectors, and errors in the fabrication. The 

metal ground plane was made using copper tape with an adhesive layer and was attached by 

hand. This may leave some air gaps which could potentially increase matching and bandwidth. 

Far field pattern results are shown in Figure 4.25 for planes xy, xz, and yz. The results show the 

expected patch antenna’s hemispherical radiation pattern with moderate directivity. The main 

lobe points out of the fingernail while low back radiation is realised. Back radiation is also lower 

than for the antenna at 15 GHz (Figure 4.9) due to the smaller size of the patch at 28 GHz in 

relation to the metallic ground plane. 

The simulated and measured patterns were in reasonable agreement. The main differences 

between simulations and measurements, particularly in the yz plane, could be due to the metallic 

parts of the end-launch connector (Figure 4.13(c)). The simulated gain and efficiency were about 

7.5 dBi and 81% respectively while the measured gain and efficiency were about 7.4 dBi and 

80% respectively.  
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              Figure 4.25 Radiation patterns at xy, xz and yz planes at 28 GHz 

 

Table 4.5 compares the proposed antenna with previous wearable antennas. The benefit of this 

patch antenna is that it offers a good gain and is not affected by the body movement. 

 

Table 4.4 Comparison of the proposed antenna and other wearable antennas at 28 GHz 

Reference Frequency (GHz) Bandwidth (GHz) Gain (dB) Substrate 

[42] 28 1 7 PLA Medallion 

[55] 28 15 3.5 Jeans 

[56] 28 2.68 2.1 Rogers 5880 

[57] 26/28 10 7 woven polyester 

This work 28 2.87 7.5 ABS fingernail 

     

4.6 Discussion and Conclusion 

Antennas on removable fingernails have been demonstrated. Manually painted 10 GHz patch 

antenna on ABS fingernail have been developed and tested. Manual hand brush painting as an 

           Measured off body 
           Measured on body 
           Simulated  
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AM technique has been demonstrated to be an inexpensive solution for the fabrication of 

antenna integrated on a wearable device. The proposed fabrication technique requires just a 

simple paintbrush and no expensive equipment.   

The concept was extended to antennas operating at 15 GHz and 28 GHz using Aerosol Jet 

printing. Aerosol Jet printing and flush curing were successfully employed to deposit layers of 

silver ink on the curved nails. The technique produced the high resolution required for the 

printed antennas as well as smooth and thin metallic layers. An additional copper layer was 

added to the 28 GHz through a copper plating process. The fabricated antennas provided good 

performance in terms of impedance match and bandwidth. Radiation patterns were as expected 

for a patch antenna with the main lobe out of the fingernail and low radiation towards the finger 

and body. The 28 GHz antenna provides lower back radiation and higher gain than the 15 GHz 

mainly due to the smaller size of the patch in relation to the ground plane. The antenna designs 

presented in this work can potentially be deployed in IoT solutions for 5G technology.  The 

proposed nail antenna design is light, cheap, easy to install, part of a beauty accessory, which 

occupies a small surface area and is easy to wear. The requirement of different equipment at 

different stages presents a case for a production chain process. This could enable scaling up to 

a mass production industrial process. Further, multiple fingers on a human hand can make 

antenna arrays and diversity systems feasible for signal reception improvement. 
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5. CHAPTER 5: FREQUENCY SELECTIVE SURFACES BASED LIQUID 

SENSOR   

5.1 Overview 

This chapter presents a novel, simple and easy to fabricate frequency selective surfaces (FSS) 

based liquid sensors.  The sensor concept is based on modifying the capacitance between 

adjacent FSS elements when liquid materials of different electrical characteristics are inserted 

between them. The change in capacitance produces a change in the resonant frequency. The 

FSS design consists of a 9 x 9 array of square loops on 0.31λ x 0.31λ square unit cells with 

trenches between the loops. The trenches are filled with liquids under test (LUT). The structure 

operates frequency at 4.6 GHz when empty. The frequency of 4.6 GHz was chosen to provide 

an optimum FSS size i.e., not too big nor not too small, and thus easy to fabricate. When liquids 

are inserted in the trenches, it causes the resonance frequency of the FSS to vary in relation to 

the dielectric constant of the liquid. This is observed by measuring the transmission coefficient 

(S21). Butan-1-ol, ethanol, methanol, propan-2-ol, and Xylene are used to demonstrate the 

sensing function. Sensitivity was employed as the design validation parameter. Also, from the 

tests results, the dielectric properties of the chemicals were derived. Errors of about 5% were 

observed between the dielectric constant and loss tangent derived from the experiment and 

measurement procedure and their actual values thus validating the design. The device is 

inexpensive, compact, and easy to make and scalable for large area operations in liquid detection 

for microwave sensing applications. The FSS sensor was initially 3D printed using fused filament 

modelling (FDM) as discussed in Section 5.6. However, problem of reaction of the substrate 

material, Polylactic Acid (PLA), and the LUTs as well as perviousness to the LUT inserted into 

the trenches for detection, possibly due to the reactions, were discovered during the testing 

phase. As an inert 3D printable material could not be found, an RT/Duroid 5880 milled version 

of the proposed design was fabricated instead.  

The rest of this chapter is organized as follows: section 5.2 is the introduction, 5.3 details the 

geometry of the unit cell with the integrated trenches as well as its characteristic behavior. 

Section 5.4 details fabrication and measurements of the design while section 5.5 discusses the 

performance evaluation of the proposed sensor. Section 5.6 discusses the 3D version of the 

sensor while section, 5.7 discusses the fabrication and measurements of 3D version while 5.8 is 

the conclusion. The design and simulations were done using CST MWSTM  with the results 

verified by experimental results. 
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5.2 Introduction 

Any material can be characterized by its electrical properties in terms of complex permittivity 

and permeability. These can determine its electromagnetic response and their potential 

employment in specific industrial applications. Liquid materials have a wide range of 

applications, including in the biomedical sector [1] [2]. The methods for sensing and determining 

the electrical properties of liquids are continuously evolving [3].  

Microwave sensors have gained popularity due to their simplicity, inexpensive fabrication 

process, and ease of use. One widespread technique is the use of a resonating structure for the 

determination of the complex permittivity of the material.  They operate on the principle of 

measuring the complex permittivity through analysis of the fundamental resonance frequency 

shift in the transmission/reflection response. At a single or discrete set of frequencies, the 

resonant technique offers potential for accurate measurements. Waveguide, dielectric, and 

coaxial cavity resonators have traditionally been employed for materials characterization [4] [5]. 

The material to be characterized is inserted in the cavity location where the electric field is at its 

maximum causing cavity perturbation. The introduction of material results in changes in the 

resonant frequency of the cavity [3] and by exploiting this phenomenon, several sensing devices 

have been developed. In [6], a planar substrate integrated waveguide cavity resonator has been 

presented where microfluidic capillaries are used for the insertion of the material. This method 

is also employed in [7] and [8] with the implementation of a split ring resonator with a 

microfluidic channel. The split ring and capillary concepts are combined in [9] where a 

complementary split ring resonator (CSRR) is presented for dielectric characterization of liquids. 

This is further developed in [10] where an open complementary split-ring resonator is employed 

with a slot container instead of the microfluidic capillaries. In [11], a dual mode, quarter ring 

microstrip resonators microfluidic sensor with capillary is presented while [12] presents a sensor 

that exploits excitation of a resonant mode within a cavity containing a minute sample of a 

liquid. In [13], an RFID sensor is presented for the identification and evaluation of liquid 

chemicals based on the shift in the resonant frequency of an applied UHF RFID chipped tag. 

Metamaterials are artificially constructed composites that exhibit electromagnetic properties that 

do not occur naturally [14]. They include electromagnetic bandgap (EBG) structures [15] and 

FSS [16] which have recently been employed in sensing of liquids. In [17] [18] and [19], 

metamaterial absorber sensors are proposed where an air gap between a copper plate and 

backside resonator is used to fill chemicals liquids.  

A Casero Fractal element on a planar electromagnetic band gap (EBG) liquid sensing platform 

[20] has recently been developed. This concept is an advancement of the CPW monopole 
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antenna on a planar EBG presented in [21] and employed in wireless liquid sensing by creating 

trenches between adjacent cells.  

In general, these liquid sensors provide good sensitivity and accuracy, but they also present 

design and operational complexities and bulkiness while others are delicate and require intricate 

assembly. Further, their design structures require complicated measurement setups due to their 

complex designs. Further costs accrue due to additional processes like drilling and cutting, for 

microfluidic subsystems. Extra parts e.g., capillaries, capsules, and liquid containers are then 

needed, which further increases the costs. Some of these liquid holding parts are delicate, of 

micro-dimensions, whose development may require specialized equipment which increases the 

cost further. Others like EBG-based sensors [20] [21] are multi-part designs, which must be 

intricately assembled beside their design complexities. A single unit, easy-to-make and use 

sensor would imply simplicity, lower cost, and ease of assembly.  

A low profile, inexpensive, single unit, easy to manufacture and use, square loop FSS based 

liquid sensor is proposed. The square loop FSS, whose band frequency response depends on its 

physical dimensions, was employed because it offers a better angular stability, dual polarization, 

good bandwidth as well as band separation performance [22]. The proposed FSS based sensor 

can detect and differentiate liquid chemicals of different dielectric properties. From the literature 

space, no FSS based liquid sensor seems to exist. The nearest equivalent of the proposed sensor 

are EBG based sensors [20] and [21]. With a maximum measured sensitivity of 8.65%, the 

proposed sensor offers a better sensitivity than the EBG based [20] which offers a sensitivity of 

0.875% while no sensitivity derivation is given in [21]. Further, compared to the two i.e., [20] 

and [21], the proposed design single-unit nature makes it cheaper to design, fabricate, use as 

well as eliminates the complexities that come with intricate assembly of multiple units’ sensors. 

The proposed design, however, is a bit wider than the two. Investigations on the sensor’s 

behavior for a reduced arrays size were not done in this instance. The initial objective was the 

simplicity of the design and alongside that, care was being taken to ensure the FSS array was 

large enough to adequately model the structure in the design work like they were electrically 

infinite in size at the microwave frequency. The current prototype is presented as proof of 

concept and can be further investigated in terms of size. In [13], a sensor capable of detecting 

different LUTs is presented. The sensor is based on single polarized RFID as opposed to the 

proposed FSS based design which exhibits a stable dual polarization. Further, it uses a larger 

amount of LUT, a minimum of 20 ml, compared to the 14 ml required for the proposed design, 

for the detection process. It also does not give sensitivity measurements.  

Frequency selective surfaces (FSS), discussed in Chapter 2, Section 2.5, are electromagnetic 

filtering structures consisting of arrays of periodic conductors [23] [24] on a supporting dielectric 

material and are a type of metamaterial [25]. FSS modify the incoming electromagnetic signal in 
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relation to their intrinsic resonant frequency. Their responses are dependent on the geometry, 

elements’ spacing, dielectric material thickness, dielectric properties as well as those of its 

surroundings [24]. This behaviour can be exploited to develop contact-less sensors. FSS sensors 

have been designed to monitor structural health [26]-[28], temperature and strain sensing [29], 

breathing [30], strain [31] and dielectric characterization [32] [33].  

In this chapter, evaluation of dielectric properties of analytes (LUT) has been undertaken using 

a frequency selective surface (FSS) based sensor. The proposed sensor detects liquids falling 

onto the sensor surface. In the new concept outlined, the sensing function is achieved by altering 

the capacitance between adjacent FSS elements when materials of different electrical 

characteristics are inserted in trenches. The change in capacitance produces a change in the 

frequency resonance, which is detected as a transmission response of the FSS. Trenches were 

dug in the dielectric around the conductors. The basic principle of operation of the proposed 

sensor is the excitation of a resonant mode of the FSS with the trenches filled with different 

liquids under test (LUT). The FSS sensor operates at about 4.6 GHz with a broad range of 

frequencies in relation to the LUT. To the best of authors’ knowledge, this is the first design 

based on the FSS structure for sensing liquids. The proposed sensor is scalable and can be re-

designed to operate in different frequency bands. The motivation of this work is the creation of 

a wireless sensor for the detection of liquids falling onto the surface. The main application is in 

the detection of medium to large surfaces that can be adjusted by the array size.  The curve 

fitting approach is employed to estimate the LUT complex permittivity and sensitivity analysis 

based on the shifted parameters.  

 

5.3 FSS Sensor/Detector Design 

This section discusses the design and optimization of the square loop FSS sensor unit cell.   

 
5.3.1 The FSS Sensor Unit Cell Design 
Figure 5.1 depicts the geometry of the unit cell element of the FSS sensor design with trenches 

surrounding the loop conductor. For simplicity, the FSS was simulated as an infinite structure 

using a unit cell, Figure 5.1(a), with periodic boundaries. A square loop FSS element was used 

because it offers dual polarization and a good angle of incidence response [34].  A band stop 

FSS was selected as changes in the sensors could be observed through nulls in the transmission 

responses.  The FSS was designed, simulated, and tested using CST Microwave StudioTM. In the 

design, the square loops were made of copper. RT/Duroid 5880 of thickness 3.175 mm, 

dielectric constant, εr, 2.2 and loss tangent (tan δ) 0.0004, according to the manufacturer’s 

datasheet [35], was used as the substrate supporting the FSS sensor square loops. The cell has 1 

mm wide and 2 mm deep trenches around its edges. Trenches were introduced around the 
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square loop as shown in Figure 5.1(b). The trenches reduce the amount of dielectric material 

which decreases the permittivity and losses of the FSS in free space. Figure 5.1(c) is a top view 

of a two-unit cell array. 

The unit cell and the square loop dimensions were optimized to operate at 4.6 GHz. The gap x 

between the conductor loop and the edge of the unit cell is 1 mm.  The periodicity, P, of the 

square loop array is the sum of g, the gap between adjacent loops, and d2,  the length of the 

conductor. d1 is the length of the unit cell element. The dimensions are shown in Table 5.1.  

 

 

                         (a)                                                                         (b)                                   

 
(c) 

Figure 5.1 (a) the perspective view of the FSS cell (b) its cross-sectional view (c) two-unit cell 

array and dimensions of the FSS 

Table 5.1 The dimensions of the unit cell 

Parameter d1 d2 d3 P g x t h1 h2 

Value (mm) 20 18 14 20 2 1 2 2 3.175 

 

Figure 5.2 shows the simulated transmission response of the FSS for angle of incidence 0°, TE 

45° and TM 45°. TE denotes the E-plane response whereas TM denotes H-plane response. 

Resonance of the unit cell occurred at normal incidence with a frequency of 4.6 GHz with no 

appreciable frequency shift at TE 45° and TM 45° i.e., 45° off broadside illumination for TE 
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and TM polarization. This demonstrates angular stability as well as stable polarization.  

 

 
Figure 5.2  Simulated transmission responses of the unit cell 

 

5.3.2 The Equivalent Circuit of Square Loop  

The square loop FSS has band rejection frequency response dependent on its physical 

dimensions [36]. It is a relatively simple shape and ideal to build a prototype for performance 

assessment or application whose equivalent circuit (EC) has variously been investigated by [37]-

[40]. The approximate intrinsic capacitance and inductance of the EC were obtained using the 

approximation presented in [40], the earliest available EC approximation based on conducting 

strips.  Figure 5.3(a) presents the equivalent circuit (EC) of the square loop band stop filter. The 

EC model provides a simple and fast method of FSS analysis that is supported by transmission 

line analogy in which equivalent intrinsic capacitive (Ci) and inductive (Li) lumped components 

of the FSS can be calculated. η is the characteristic intrinsic impedance of free space equal to 

377Ω. As outlined in chapter 2 section 2.5, an FSS square loop acts as a bandstop filter. The 

proposed FSS array is symmetrical with periodicity P and a gap g between two adjacent 

conductor loops.  It can be represented as lumped elements consisting of capacitance (Ci) and 

Inductance (Li). Gap g represents the capacitive elements while the length of the conductor 

represents the inductive element. Resonance occurs when the perimeter of the loop is 

approximately one wavelength. The inductance and capacitance values determine the square 

loop resonance frequency, ω and as in all other filtering circuits is expressed as 

 

𝜔 =
1

√𝐿𝑖𝐶𝑖
                                                                                    (5.1) 
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                                      (a)                                                              (b) 
Figure 5.3 Equivalent circuit models: (a) the square loop FSS (b) the FSS with a lossy liquid in 

the trenches 
 

The dielectric material affects the reflection or transmission responses. With a finite thickness, 

the dielectric material effect on the FSS structures can be explained using the equivalent circuit 

analysis. The designed inductive FSS is a square loop of width (t). Its intrinsic capacitance C i 

and inductance, Li, for TE incident wave can be approximated from path capacitance and strip 

inductance using equations (5.2) and (5.5) respectively to estimate the Li and Ci values [40]. For 

a transverse electrical (TE) incidence wave, the vertical strips of the FSS act as a Li impedance 

in the EC, and the horizontal gratings as a Ci impedance [35]. 

 

Ci =
2P

𝜂𝜋𝑐
{In(cosec (

πg

2P
) + G(λ, g, P)}                                                (5.2) 

 

where Ci is the intrinsic capacitance between adjacent loops, determined by periodicity P and 

the gap g between adjacent loops. 𝐺(𝜆, 𝑔, 𝑃) is a correction term expressed in: 

 

𝐺 = {
𝑄2𝑐𝑜𝑠4(

πg

2P)

1+Q2sin4(
πg

2P
)

+
1

16
(

P

λ
)

2
(1 − 3sin2 (

πg

2P
))

2

cos4 (
πg

2P
)}                                (5.3) 

 

and the factor 𝑄2 is as expressed in:  

 

Qn =
1

√1−(
2P

nλ
)2

− 1                                                                         (5.4)   

        

where the value of n, in this case, is 2.  The approximation equations have been obtained using 

the equivalent static method that employs a static field in the aperture due to the incidence of 

the two lowest modes [40], hence the value of 2 for n in equation (5.4). To approximate the 

strip inductance, Li, the g in the correction term, equation (5.3), is substituted for by t. Li is 

expressed as: 
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Li =
ηλ2

32Pπc{ln (cosec(
πt

2P
)+G(λ,t,P))}

                                                              (5.5) 

where Li is the strip inductance for conductor loops of periodicity P, width t, speed of light c 

and free space characteristic impedance η.   

From equations (5.2) and (5.5), the theoretical lumped component values for free-standing FSS 

are: Li is equal to 3.8114 nH and Ci is equal to 214.26 fF (appendix 5.1). This capacitance needs 

to be adjusted for the dielectric effect.  In a one-sided substrate, the capacitance increases 

proportionally to the effective relative permittivity [23] and [41] given by  

 

휀𝑒𝑓𝑓 =
𝜀𝑟+1

2
                                            (5.6) 

 

Although equation (5.6) is a general equation for the cases when the substrate is sufficiently 

thick (> λ/5) [36], it can be a good approximation in the case of square loops even in substrates 

of thicknesses of about 0.05λ [41]. Therefore, from equation (5.6), the resulting capacitance 

when compensated for the dielectric effect is Ci = 342.9 fF.  The resonant frequency for the LC 

circuit is approximately 4.5 GHz, within the expected 5% error margin [40] of 4.3 GHz, FSS 

resonance frequency of the simulation of the dielectric loaded FSS i.e., without trenches. In 

liquid sensing, the dielectric losses of the liquids in the trenches can be high. These losses can 

be represented as a resistor in parallel with the capacitor as shown in Figure 5.3(b). 

 

5.3.3 Parametric Analysis 

A parametric study was conducted to determine the behaviour of the FSS as the trenches’ depth 

(h1) is incrementally increased from 0.0 mm to 3.0 mm, at 0.5 mm intervals. Figure 5.4 shows 

the effect of changing trench depth (h1) on resonant frequency and the corresponding 

capacitance. From the model, the inductance is constant (Li = 3.8114 nH) as the parameters it 

depends on i.e., periodicity P, conductor width t, angle of incidence θ as well as if the incidence 

is TE or TM are all constant [22]. The FSS frequency at each trench depth h1 was obtained 

through simulations. From equation (5.1), 𝐶𝑖 for the frequency, f, at each trench depth h1 was 

calculated (appendix 5.2). A plot of capacitance, 𝐶𝑖, and frequency, f, versus the trench depth h1 

was plotted, Figure 5.4. From curve fitting technique of the capacitance, 𝐶𝑖, curve, equation 

(5.7) was obtained. Reducing dielectric material around the conductor decreases the effective 

permittivity and thus the capacitance, hence increasing the resonant frequency.  The capacitance 

as a function of depth, h1, was obtained as the polynomial expression: 

 

𝐶𝑖 = −3.78ℎ1
3 + 25.14ℎ1

2 − 58.10ℎ1 + 359.76 fF               (5.7) 
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Figure 5.4 A plot of capacitance and frequency vs the trench depth h1 for the simulated model 

 

To assess the potential behavior of the proposed FSS structure (Figure 5.1) as a liquid sensor, 

simulations were conducted with the 2 mm wide, and 2 mm deep trenches filled with liquid 

materials of various dielectric constants, and loss tangents. Figure 5.5 illustrates a section of the 

FSS structure with trenches filled with liquid. Figure 5.5(a) is the top view while Figure 5.5(b) is 

the cross-sectional view of the LUT filled trenches. 

 

 
                                 (a)                                                           (b) 

Figure 5.5 The (a) top view and (b) cross sectional view of a section of the FSS sensor LUT-

filled trenches 

In the initial study whose results are depicted in Figure 5.6 and Figure 5.7, the dielectric 

permittivity was varied from 1 to 19, with the loss tangent fixed at 0. The resonant frequency 

decreased with increase in the dielectric constant, Figure 5.6. From equation (5.1), capacitance 

𝐶𝑖 due to liquids of varying 휀𝑟 values in the trenches were calculated as explained in appendix 

5.3. A plot of the capacitance 𝐶𝑖  and frequency f versus the 휀𝑟 was obtained, Figure 5.7 from 

which using curve fitting function, equation (5.8) for was obtained from the plot. It shows that 

𝐶𝑖 increases linearly with 휀𝑟 as 

 

𝐶𝑖 = 33.31휀𝑟 + 288.90 fF                                          (5.8) 
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Figure 5.6 Simulated S21 of the FSS with liquid of various εr in the trenches at h1= 2 mm 

 

 
Figure 5.7 Plot of frequency and capacitance as permittivity εr of liquid in trench increases 

 

Simulation was also conducted to investigate the effect of changes in loss tangent (tan δ) on the 

transmission response and resonance frequency and the results are shown in Figure 5.8 and 

Figure 5.9 respectively. The permittivity of the liquid was kept at 8 while the loss tangent varied 

between 0 and 0.9.  

The depth of the null in the transmission coefficient curve decreases with the increase in loss 

tangent. A small decrease in resonant frequency is also observed, with a maximum of about 6% 

shift for a value of tan δ of 0.9. 
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Figure 5.8 Simulated S21 versus tan δ of the liquid in the trenches for εr = 8 

 

 
Figure 5.9 Simulated sensitivity of the FSS structure: dependence of the resonant frequency on 

tan δ. 

 

Further simulations to investigate the behaviour of the proposed sensor for different trench 

depths, h1, filled with LUT’s of different relative permittivity, εr, were done. Simulations were 

conducted for trench depths 1 mm, 2 mm and 3 mm filled with LUT of low εr of 2, medium εr 

of 4 and high εr of 20 were done. The results are shown in Figure 5.10. The results show that, 

for each of the three cases tested, the overall shift in resonance frequency is minimal i.e., the 

resonance frequency shifts minimally with the trench depth for each of the LUT of the different 

relative permittivity. The LUT with high relative permittivity however displays a slightly higher 

variance of the resonance frequency with trench depth h1 whereas that of the LUT of lower εr 

shows almost no variance. 
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Figure 5.10 Simulated analysis on the effect on S21 by the trench depth and relative permittivity  

 

5.3.4 Sensor study for readily available liquids 

Five readily available chemical liquids were used to authenticate the sensing/detecting 

functionality of the proposed design. These were Butan-1-o1, Propan-2-o1, Ethanol, and 

Methanol whose dielectric properties at 5 GHz and 20°C have been determined and published 

by National Physical Laboratory (NPL) [43] and Xylene from [44] and are shown in Table 5.2.  

 

Table 5.2 Electrical characteristics of the LUTs [43] 

Liquid Relative permittivity εr Loss tangent (tan δ) 

Butan-1-o1 3.29 0.47 

Propan-2-o1 3.8 0.64 
Ethanol 5.08 0.96 
Methanol 12.42 0.65 
Xylene 2.57 0.018 

 
 

Simulations were conducted with the trenches filled with each of the five liquids (LUTs). The 

transmission coefficient, S21, of the unit cell elements when the trenches are filled with the 

different LUTs are shown in Figure 5.11. It shows that the simulated resonance frequency of 

the FSS with trenches filled with LUT shift towards lower frequencies from the reference 

resonance frequency i.e., that of the air. This agrees with observations in [45] and [46].
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Figure 5.11 Simulated S21 of the proposed sensor for the various LUTs in the trenches 

 

5.4 Fabrication and Measurements 

As mentioned in Section 5.1, the initial project plan was to design and fabricate a 3D printed 

liquid sensor. The design was printed inhouse using PLA. The FSS conductive tracks were 

manually applied using a painter’s brush. Manual painting of the conductive tracks minimises 

the manufacturing costs as no costly equipment are required. However, during the testing, the 

LUTs were found to react with the substrate causing it to be pervious to the LUT’s as well as 

buckle. It buckled and twisted almost immediately when Xylene was inserted into the trenches. 

However, with the other LUTs, the buckling did not occur immediately but was discovered to 

have occurred two days after the initial testing. The perviousness could also have been caused 

by printing errors such as the print infill being less than 100%. An inert 3D printable material 

could not be found with which to realise the 3D printed sensor. A milled RT/Duroid 5880 

version of the proposed design was fabricated instead as discussed in Subsection 5.4.1. 

However, the 3D printed sensor was still viable as a disposable single use sensor, and it is 

discussed in Subsection 5.6. 

5.4.1 Fabrication 

The FSS unit cell with dimensions as in Figure 5.1 and Table 5.1 was extended to a 9 x 9 array 

to create a model of the sensor. The model of the sensor is shown in Figure 5.12. It is shown 

with the trenches filled with an LUT. The liquid filling the trenches is depicted in red colour in 

the model. To make the sensor robust and able to hold the liquid within it safely, the edge 

around the model’s boundary was made 5 mm wide. The model’s dimensions are 192 mm x 192 

mm. The prototype was fabricated at Printech Circuit Laboratories using standard printed 

circuit boards (PCBs) procedures. The FSS loops were etched followed by milling using a high-

precision milling machine to create the trenches around the loops.  
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Figure 5.12 The perspective view of the FSS sensor prototype with liquid filled trenches 

 

The fabricated sensor prototype is shown in Figure 5.13. Figure 5.13 (a) is the sensor prototype 

while Figure 5.13(b) shows a close-up of the milled trenches. Figure 5.13(c) is the LUTs 

sensing/detection i.e., the measurements set up. 

 

    
                            (a)                                                (b)                                       (c)    
  Figure 5.13 The (a) fabricated FSS sensor (b) trench dimensions (c) measurement set up 

                      

5.4.2 Measurements and Results 

A Marconi Instruments microwave test set 6204B was used to measure the transmission 

response of the FSS sensor in a plain wave chamber. The plain wave screen was laid horizontally 

(Figure 5.13(c)). This is to enable the sensor to hold the LUTs for measurements purposes. The 

measurements were taken initially with the trenches empty i.e., air filled. The trenches were then 

filled using a syringe with the correct amount of liquid (14 ml) and the transmission response 
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(S21) was measured. The S21 results are shown in Figure 4.14. The FSS structure was kept level 

horizontally using a bubble level to ensure that the liquid was uniform throughout the structure. 

Table 5.3 tabulates both the simulated and measured resonance frequency (𝑓𝑠) and the 

frequency shift (∆𝑓) from the reference of the LUT i.e., resonance when trenches are empty.  

 

  

Figure 5.14 The measured S21 of the proposed sensor for various LUTs in the trenches  

 

Table 5.3 Measured and simulated resonance frequency and frequency shift of the sensor 

LUT 𝑓𝑠 𝐺𝐻𝑧 ∆𝑓 𝐺𝐻𝑧 

Simulated  Measured  Simulated  Measured  

Butan-1-o1 4.02 3.92 0.58 0.68 

Ethanol 3.59 3.61 1.01 0.99 

Methanol 2.92 3.01 1.68 1.59 

Propan-2-o1 3.9 3.83 0.7 0.77 
Xylene 4.19 4.24 0.41 0.36 

 

The resonance frequency for the measured results shows frequency shift towards lower 

frequencies from the resonance frequency of air i.e., the reference resonance frequency. This is 

consistent with the simulated results. The resonance points shift to the lower frequencies when 

the trench is filled with liquids of high dielectric constant. The differences between simulated 

and measured results could be due to fabrication errors, potential loss of liquid when inserting 

into the trenches, quality of the LUT, and potential differences in the permittivity values of LUT 

from those given in [43]. 

 

 

5.5 The Proposed Sensor Performance Evaluation 
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5.5.1 Sensitivity analysis 

The proposed design sensor prototype performance evaluation was conducted with the 

integrated fluidic trenches on the FSS filled with the five different liquids of different electrical 

properties described in subsection 5.2.4. The sensitivity, S, as a performance parameter was used 

to evaluate the sensor performance according to the criterion proposed in [20] and [45].  To 

estimate the sensitivity, S, of the device, the state, and responses of air-filled (empty) trenches 

was chosen as the reference. 

The proposed criterion gives the mathematical expression of the sensitivity, S, of the sensor as:  

S =
Δf/fs

Δε
                                                                       (5.9) 

 

𝛥𝑓 is expressed as (𝑓𝑜 − 𝑓𝑠) where 𝑓𝑜 and 𝑓𝑠 are the resonance frequency of the FSS when filled 

with air and the LUT respectively. 𝛥휀 is (휀𝑠 − 휀𝑜) where 휀𝑠 and  휀𝑜 are dielectric constant of 

the LUT in the trench and air respectively. Table 5.4 shows the frequency shift and the 

computed sensitivity (S) of the various LUTs. 

 

Table 5.4 The measured performance analysis of the sensor 

LUT Resonance Frequency 
(GHz) 

Frequency Shift 
(GHz) 

Sensitivity (%) 

Air 4.6 - - 
Butanol-1-o1 3.92 0.68 7.58 
Ethanol 3.61 0.99 6.72 
Methanol 3.01 1.59 4.63 
Propan-2-o1 3.83 0.77 7.18 
Xylene 4.24 0.36 8.65 

 

5.5.2 Material dielectric characterization 

The complex permittivity (휀𝑟) and loss tangent (tan δ) of the LUT were determined using 

mathematical models derived using polynomial curve fitting technique, which generates an 

imperative equation that best fits the given set of data points [2] and [20]. The resonating 

frequency, 𝑓𝑠, and bandwidth of frequency shifting, 𝛥𝑓, parameters were used to determine the 

value of the permittivity and loss tangent of LUT, respectively. A Matlab code (appendix 5.4) 

was developed to compute the coefficient of the polynomial expression of the dataset. The 

necessary polynomial expressions that best fit the given data set were generated to a 3rd degree 

for greater accuracy.  The resonating frequency (𝑓𝑠) and frequency shift (𝛥𝑓)from the reference 

were used to determine the dielectric constant and loss tangent of the LUT respectively to a 

good degree of accuracy. The variation of resonating frequency (𝑓𝑠)  and (휀𝑟) of LUT was 

formulated using the third-order polynomial expression:  
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휀𝑟 = −1.68𝑓𝑠
3 + 24.86𝑓𝑠

2 − 121.54𝑓𝑠 + 198.72                          (5.10) 

 

This formulation determines the permittivity of the samples where 휀𝑟 is the relative permittivity 

(dielectric constant) and 𝑓𝑠 is the resonance frequency of the FSS with an LUT in the trenches.    

A similar analysis was conducted to derive the loss tangent (tan δ). The frequency shift, Δf, of 

the resonance frequency when the FSS trenches is filled with LUT from when it is air-filled were 

observed and recorded.  The relationship between the frequency shift, Δf, and the loss tangent 

(tan δ) was derived as a 3rd order polynomial best fit of the given dataset and is expressed by 

 

𝑡𝑎𝑛 𝛿 = −2.03∆𝑓3 + 4.31∆𝑓2 − 1.35∆𝑓 +  0.04                       (5.11) 

 

where tan δ is the calculated loss tangent and  ∆𝑓 is the LUT frequency shift from the reference.  

Equations (5.10) and (5.11) and Matlab code (Appendix 5.5) that was developed were used to 

derive the estimated values of the dielectric properties of the LUTs and are shown in Table 5.5. 

The derived dielectric constant and loss tangent of samples of the LUT were compared to the 

National Physical Laboratory (NPL) determined and published values [43] and [44] for Xylene, 

to validate the data. The derived results demonstrate a good agreement with actual published 

permittivity and loss tangents values of the LUTs. The root means square error between the 

actual and the derived permittivity and loss tangent were also calculated. The highest error of 

1.7% and 5.56% for dielectric constant (εr) and loss tangent (tan δ) respectively validate the 

performance of the device.  

These errors are attributable to various factors. These could be geometrical mismatch between 

the simulated and the fabricated prototypes, possible reaction between the LUTs and the 

surrounding atmosphere. Other sources of errors could be due to scattering parameters of the 

microwave sensor being influenced by electric and magnetic properties of its surroundings, 

which can be reflected in the S21 of the resonator. Impurities and LUTs in the trench can have 

effect on the amplitude as well as the resonance frequency of the sensor [2]. The geometrical 

errors can be mitigated by using higher precision equipment while the fractional errors due to 

possible chemical reactions of the samples can be modeled which is beyond scope of this study. 

The proposed sensor can also be used to estimate dielectric properties of an unknown LUT in 

the sensor trenches. Using the resonance frequency (𝑓𝑠)  of the FSS when its trenches are filled 

with the unknow LUT, and the bandwidth of frequency shift (𝛥𝑓) from the reference (the FSS 

resonance when trenches are empty), its 휀𝑟 and tan δ dielectric properties can be derived to a 

good degree of accuracy from equations (5.10) and (5.11). Thus, using the proposed sensor, 
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determination of the dielectric constant and loss tangent of unknown liquid substances can be 

made.  

The results of resonance point of Butanol-1-o1 and Propan-2-o1 are almost indistinguishable. 

This is because of their close dielectric parameters. This implies that the effectiveness of the 

sensor is dependent on the differences between the dielectric parameters of the LUTs. 

 

Table 5.5 Measurements derived versus published dielectric properties of the LUTs 

LUT Dielectric constant (εr) Loss tangent (tan δ) 

Published 
[43] 

Derived RMS 
Error (%) 

Published 
[43] 

Derived RMS Error 
(%) 

Air 1 - - - - - 
Butanol-1-o1 3.29 3.34 1.6 0.47 0.48 2.13 
Ethanol 5.08 5.10 0.31 0.96 0.96 0.0 
Methanol 12.42 12.42 0.009 0.65 0.65 0.0 
Propan-2-o1 3.8 3.74 1.7 0.64 0.63 1.56 
Xylene 2.57 2.57 0.19 0.018 0.017 5.56 

*Root mean square (RMS) computed as 
√(𝑃𝑢𝑏𝑙𝑖𝑠ℎ𝑒𝑑−𝐷𝑒𝑟𝑖𝑣𝑒𝑑)2

𝐴𝑐𝑡𝑢𝑎𝑙
 

 

5.6 3D Disposable 3D Printed Liquid Sensor 

In this section, the 3D printed version of the sensor is presented. As outlined in Section 5.1 and 

Section 5.4, problems of reactions between the LUT and the PLA substrates was found with 

the 3D printed version. However, because it is easy, quick, and inexpensive to fabricate, it is still 

viable as a disposable single use sensor. Its design and simulation are discussed in Subsection 

5.6.1. 

5.6.1 The sensor design and simulations 

A disposable 3D version of the sensor was fabricated to test the applicability of 3D in the sensor 

design and is presented in [47]. Polylactide acid (PLA) substrate was used in this version. PLA 

electrical characteristics are close to those of RT/Duroid 5880. They are, relative permittivity, 

휀𝑟 of 2.4 and a tan δ of 0.01 [48].  The dimensions of the FFF version of the sensor are the 

same as in Table 5.1 except for h2 which was set at 5.2 mm. They are shown in Table 5.6. The 

thicker bottom allows for a robust bottom of the printed sensor to hold liquids. 

 

Table 5.6 Dimensions of the unit cell 

Dimensions d1 d2 d3 h1 h2 P g t x 

Value (mm) 20 18 14 2 5.2 20 2 2 1 

5.6.2 Simulation results of the 3D version sensor 

The designed sensor was re-simulated with the new material, PLA, to test its behavior in terms 

of transmission coefficient.  Figure 5.15 shows the simulated transmission response, S21 of the 
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FSS for TE angle of incidence behaviors at normal and 45° as well as TM 45°. The results 

indicate that the resonance of the unit cell occurred at normal incidence with a frequency of 

4.43 GHz with no appreciable frequency drift at TE 45° and TM 45°.  The slight change of 

resonance frequency from 4.6 GHz to 4.43 GHz could be due to the new substrate material 

which has a slightly different permittivity and loss tangent as well a bigger bottom thickness. 

 

 
Figure 5.15 Simulated transmission responses of the loop FSS 

 

As in the milled version, the resonance frequency of the unit cell filled with air i.e., free space 

was considered the sensor’s reference. 

Simulations were then conducted with the trenches filled with various LUT as depicted in Figure 

5.5. The LUTs are the same as in Table 5.2 except Xylene which was found to react with the 

FSS substrate on contact. The simulation results are presented in Figure 5.16 and Table 5.7. 

They show that when an LUT fills the trenches, the band stop center frequency shifts to the 

left. This indicates that the stopband of the FSS can be tuned using the liquid dielectrics. The 

results shows that the liquids with higher εr, produces a bigger frequency shift, ∆f, from the 

reference. 

It is also observed that the results due to Butanol-1-o1 and Propan-2-o1 are nearly 

indistinguishable due to their close dielectric constant values.   
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Figure 5.16 The simulated frequency response of the proposed sensor for the various LUTs 

Table 5.7  Simulated resonance frequency and shift from reference frequency 

 Butanol-1-o1 Ethanol Methanol Propan-2-o1 

𝑓𝑠 GHz 3.92 3.50 2.87 3.80 

∆𝑓 GHz 0.51 0.93 1.56 0.63 

 

5.7 Fabrication and Measurement 

5.7.1 Fabrication 
The sensor fabrication was a two-stage process. The first stage was the printing of polylactide 

acid (PLA) substrate material. To begin the process, the simulated design unit cell was first 

extended to a 9 x 9 array to create a model of the proposed sensor. An outer 5 mm wide 

perimeter edge, 1 mm higher, for liquid containment, was incorporated, making it a 192 mm x 

192 mm structure. The cell edges were also raised by 0.175 mm to facilitate application of the 

silver conductive paint without it flowing onto the surface of the unit cells.  

To start the fabrication process, the digital model of the FSS substrate was exported from CST 

Microwave Studio to an STL file.  It was then sent to a Raised 3D printer machine shown in 

Figure 5.17(a), using CURA software with the print infill density of the print set to 100% which 

printed the structure as a 26 layers FFF printout. The FFF printed structure substrate material 

is shown in Figure 5.17(b).  

The second stage involved the application of the RS pro Silver Conductive 186-3600 paint [49], 

Figure 5.17(c), onto the substrate to create the conductive loops. The conductive loops were 

by-hand painted around the cells using an artist’s painting brush. To ensure that this was done 

in the best way possible, and that the width of the loop’s conductor was maintained uniformly, 

a stencil was printed alongside the substrate and used to apply the paint, Figure 5.17(d). The 

FFF printed substrate with the by-hand painted square loops is shown in Figure 5.17(e). The 

silver paint was left for 24 hours to dry. Figure 5.17(f) shows the finished FSS. 
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                            (a)                                              (b)                                           (c)  

 
                   (d)                                      (e)                                                        (f)                             
Figure 5.17 The fabrication process of the 3D sensor (a) the printing of the substrate with a 

Raised 3D printer machine (b) the printed PLA substrate (c) the silver paint the printing of the 

substrate (d) applying silver loops (e) section of the painted FSS (f) the finished 3D FSS  

5.7.2 Measurements and results 

Using the Marconi Instruments microwave test set 6204B in a plain wave chamber, the 

transmission coefficient S21 of the FSS was measured with empty trenches. The measurement 

set up is as in Figure 5.13(c). The trenches were then filled with the liquid chemicals and S21 

measured to obtain the resonance points for each liquid chemical. The measured frequency 

resonance of the liquid chemicals deposited in the trenches of the FFF printed FSS sensor were 

found to be as shown in   Figure 5.18.  Table 5.8 shows the measured resonance frequency, 𝑓𝑠, 

and the frequency shift, ∆𝑓, from the reference. The results show a trend in frequency shift 

from the reference frequency i.e., air resonance frequency, consistent with the simulation results. 

The resonance frequency progressively shifts to lower frequencies as liquid chemicals with 

higher dielectric constant are deposited in the trenches. A slight deviation was observed in the 

frequency resonance points in the measured results from the simulated results. A reason for this 

could be due to errors in the fabrication and measurement processes. Air gaps may exist in the 
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FFF printed PLA substrate if the printer fails to print 100 percent infill of the substrate. This 

can potentially affect the relative permittivity of the PLA substrate [50] and [51] and thus the 

results of any measurements including the frequency resonance point as well as the deviation 

∆𝑓 from the reference.  

 

 
Figure 5.18 The measured frequency response of the proposed sensor for the various LUTs 

Table 5.8 Measured resonance frequency and shift from reference frequency 

 Butanol-1-o1 Ethanol Methanol Propan-2-o1 

𝑓𝑠 GHz 3.74 3.49 2.8 3.71 

∆𝑓 GHz 0.69 0.94 1.89 0.72 

 

5.8 Discussion and Conclusion 

A new concept for microwave liquid sensors based on FSS has been demonstrated. The sensor 

uses trenches between FSS elements to modify the transmission response when liquids with 

different permittivity are inserted. A mathematical model was developed for the determination 

of the dielectric constant and loss tangent of the LUT.  

The concept for liquid chemical (LUT) identification has been proposed and evaluated based 

on the shift in the resonant frequency of an the FSS. The evaluated complex relative permittivity, 

εr, and loss tangent, tan δ values were in good agreement with values of the evaluated LUT 

presented in [43] and [44] for Xylene values at 5 GHz frequency band. 

The highest errors in the measured values of the dielectric constant and dielectric loss are within 

1.7% for Propan-2-o1 and 5.5% for Xylene respectively. This demonstrates that the proposed 

microwave sensor is suitable as a low-cost platform for the detection of liquids with good 

sensitivity and low detection error. 
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Table 5.9 summarizes the performance analysis of the reported metamaterial EBG detectors 

closest to the proposed design. It shows that, besides its simplicity, it offers higher sensitivity 

and thus improved detection performance. 

The developed sensor is ideal for instances requiring robust, real-time monitoring at low-cost 

and low complexity, low-power consumption, and simple fabrication techniques. The 

independent resonant nature due to each chemical allows the device to be reused for different 

and various liquids. The contactless nature of the detection process makes it suitable for a safe 

working environment and is ideal for instances requiring real-time monitoring of liquids falling 

onto a surface. For instance, it can of use in industrial processes where dangerous chemicals 

may need to be identified. The size of the FSS sensor can also be scaled up or down. 

 
Table 5.9 The proposed design compared with reported comparable EBG-based sensors 

Parameter [20] (EBG) [21] (EBG) This work (FSS) 

Resonant Frequency (GHz) 2.45 2.45 4.6 

Construction Complex Complex Simple 

Maximum Measured Sensitivity 0.875 - 8.65 

Minimum frequency shift Δf (GHz) 

No. of units comprising the sensor 

0.054 

three 

- 

two 

0.68 

single 

 

Previous work [52] has indicated that even a unit cell can produce a transmission response by 

adjusting the distance of the antennas used for testing.  

Figure 5.19 illustrates a potential setup integrated with a wireless sensor network for detection 

of dangerous chemical liquids (LUT) in an industrial environment. The sensor is set in such a 

way that liquids fall onto the FSS structure. To ensure the uniformity of the liquid during the 

measurements, a bubble level should be used during the installation to prevent erroneous 

readings. This sensor can potentially also be used in detection of contamination of a known 

liquid. This design does not purport to be a replacement for what is already in existence for 

measuring dielectric characteristics. Rather, it is presented as an inexpensive, easy to fabricate 

alternative for liquid sensing/identification.   

This first concept of the sensor has a flat surface which means that some droplets may remain 

on the surface outside the trenches which may affect measurements. A future version of the 

design is envisaged where cells could be three-dimensional with a slight slope to allow droplets 

to be guided towards the trenches.  

Note that this is the first concept, and the reading setup is the standard for FSS measurements. 

However, a more compact arrangement could be developed in the future where the antennas 
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and system only target the specified frequency band of operation. In addition, in an industrial 

environment, a dedicated space would be desirable.  

Even though the main application described here is on liquid sensing, the structure and design 

have potential applications in reconfigurable FSS using low-loss liquids such as in [53], a 

radiation beam steering passive antenna using liquid fluidity. 

The concept was extended to develop an inexpensive, 3D printed version of the sensor. The 

3D version demonstrated the same behavior in resonance when the trenches were filled with 

liquid chemicals of different electrical properties. The FFF process used for the fabrication of 

the device has the advantage of reducing material cost, labour, and manufacturing time. Its 

fabrication process can also be quickly scaled up. The structure of the sensor was however found  

 

 

Figure 5.19 Illustrative potential FSS sensor application 

to twist and buckle after a few uses with the liquid chemical measured. This was due to chemical 

interaction between the PLA substrate and the solvents employed [54]. This chemical 

interaction can also cause solvents to pass through the printed structure. This renders it a single-

use disposable detecting device. A future version of the design can be made for multiple uses 

by printing with an inert material that does not react with the chemicals that are to be tested. 
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6. CHAPTER 6: 3D FSS BASED DISPLACEMENT SENSOR 

6.1 Overview 

This chapter describes a novel displacement sensor using a frequency selective surface (FSS) 

with a withdrawable complementary substrate.  The complementary substrate fits into the FSS 

and can moves back and forth within it. The new concept sensor is based on modifying the 

capacitance of the FSS when the substrate complement is gradually withdrawn. This change in 

capacitance produces a change in resonant frequency. The FSS consists of an array of square 

loop elements in a square lattice. A 3D convoluted version of the FSS sensor improves the angle 

of incident behavior and increases the physical displacement range. The complementary 

substrate of the 3D FSS sensor were 3D printed while the metal layers were painted using silver 

conductive paint. Transmission response, S21, was employed as the validation parameter. The 

sensor operates in a frequency range between 2.0 GHz and 2.8 GHz. Simulated and measured 

results were consistent. The device is compact, inexpensive, and easy to make and operate. The 

envisaged application is the wireless detection of structural movement which can be critical in 

civil structures such as bridges, buildings or in post-earthquake assessment of such structures 

for damage. Presented as proof of concept in this work is the wireless displacement sensor, a 

concept that that can enabled by the advent of low-cost vector network analyser (VNA) that 

can be realized using off the shelf components [1][2].  

Alongside the structural displacement sensing application, an inexpensively fabricated wireless 

security/signal quality application integrated into an indoor wall is also proposed. The filtering 

properties of FSS loop structures renders them ideal for prevention of wireless signal quality 

loss as well as signal eavesdropping by unauthorized entities. Inexpensive screen printing of FSS 

on a plasterboard block that reduces the drop in wireless signals strength within indoor settings 

thus was investigated. The proposed low-cost square loops FSS array solution operates at a 

frequency of 2 GHz, covering some of the existing mobile phone frequency bands. The array 

structure was screen-printed on a plasterboard using a stencil. Simulated transmission responses 

compared well with measurements.  

The rest of this chapter is organized as follows: section 6.2 is the introduction, Section 6.3 details 

the initial sensor concept, Section 6.4 describes the 3D convoluted sensor concept, Section 6.5 

details the fabrication, measurements, and the surface profile analysis of the design. Section 6.6 

discusses the screen-printed FSS plasterboard for wireless indoor application while Section 6.7 

discusses the conclusion. The design and simulations in this chapter were done using CST 

MWSTM  with the results verified by experimental results. 
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6.2 Introduction 

Displacement measurements technologies that exploit remote monitoring wirelessly can deliver 

real time data about the health of structures in a non-destructive way. Further, if the sensor in 

such a wireless system is passive, no energy is required which drives the cost down boosting the 

design’s environmental credentials. A summary of previous wireless sensors is given in [3]. 

Displacement of a structure such as building or bridge can occur because of a sudden impact 

e.g., an earthquake or it can develop slowly over a period. A way of detecting such displacement 

is proposed in this work. Measuring such displacement can provide information on the level of 

damage to a structure and such information as whether a building should be evacuated or not 

to save life. The proposed detector is envisioned for functions such as structural health 

monitoring as well as assessment after an earthquake has occurred. 

Frequency selective surfaces (FSS) are periodic arrays of conductive elements on dielectric 

materials that exhibit specific transmissive or reflective frequency responses when the 

electromagnetic energy impinges. Their frequency response depends on the spacing between 

the periodic elements, the geometry of the elements, the dielectric substrate properties, and 

thickness as well as the local environment [4] and [5]. FSS essentially behaves as a spatial filter 

to certain frequencies of impinging electromagnetic radiation.  

The filtering properties of FSS enable exploitation of the electromagnetic responses i.e., 

reflection and transmission properties, resonance frequency, and Q-factor which depends on 

the unit cell geometry and the dielectric material characteristics. Alterations of parameters such 

as layering of the dielectric structure [6] or composition [7] affect the response of the FSS. 

These FSS filtering properties enable the application of FSS in advanced antenna systems and 

technology such as offset reflector antennas [8] [9], absorbers [10], radomes [11], and Butler 

matrix [12], RF shielding [13] [14], beam switching and beam steering [15]-[17].  

Recent research activities extend to the use of FSS and meta-materials for sensing applications. 

These include applications such as strain sensing [18] [19] and remote sensing [20]. Others 

include chemical liquid sensing [21] [22], thin film sensing [23], CO2 monitoring [24], structural 

health monitoring of bridge columns [25], biochemical [26] and corrosion sensing [27].   

Recently, interest has developed in the use of FSS and meta-materials for displacement 

applications. EBG based displacement sensors have been presented in [28] and [29].  

FSS based displacement sensors have been presented in the literature space.  A structural health 

monitoring FSS based sensor is presented in [30]. This sensor involves a cross FSS which would 

tear or deform to indicate a structural health problem. A wireless two-dimensional lateral 

displacement sensor using bilayer graphene based FSS is presented in [31]. It constitutes 

conductors sliding over each other. [32] presents a displacement sensor for remote structural 
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monitoring that uses an antenna coupling in the near field with two split ring metamaterials that 

gradually move to and from each other by the displacement to be detected.  Of the FSS based 

displacement sensors in the literature space, [30] can only detect cracks on structures.  [31] 

though a displacement sensor is developed using expensive to manufacture graphene material 

[32] which would render its development expensive. Metamaterial based displacement sensor 

presented in [33] is potentially capable of the function envisioned in the proposed design. 

However, subtractive manufacturing method has been employed in its fabrication. Subtractive 

manufacturing methods are expensive, material wasteful as well as energy and time inefficient 

as discussed in Sections 1.1 and 2.1. Use of an AM method, fused filament fabrication (FFF) 

lowers cost, quickens prototyping and fabrication process as well as reduce the amount material 

used, further reducing the cost. Using the dual polarity, angular stable square loops FSS 

enhances the accuracy of the sensor. The FSS loops were meandered or convoluted in the z-

axis direction. This reduces the size of the unit cell without affecting the angular stability [34]. 

FSS exists in different shapes [35] and [36]. They are usually planar (2D) but can also come in 

3D form [37] [38].  It has been found that some 3D elements offer improved wave angle of 

incidence stability thereby improving the field of view [39]-[43]. The usual question regarding 

3D structures is whether there is any applicational advantage over the 2D structures.  

In this work, an FSS-based displacement sensor is proposed. This is made possible by the 

emergence of low cost VNAs as alluded to in Section 6.1. 

A low material wasteful, quick to prototype and inexpensive to fabricated FFF developed FSS-

based displacement design is proposed. The design has two main components, a 3D FSS, and 

a retractable complementary substrate part.  The proposed displacement sensing platform 

includes a transmitter and receiver external to the prototype for illuminating and receiving 

signals from the FSS. Its illustrative operational set up is shown in Figure 6.1. 

 
Figure 6.1 Potential conceptual set up of the displacement sensor  
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 The two parts are such that the complement part slides back and forth along the z-plane of the 

3D FSS and are made of the same substrate material. Inexpensive manual application of the 

conductive tracks by hand using an artist’s brush was employed to reduce the cost of the 

fabrication. A 3D FSS design is adopted here to improve the angle of incidence property of the 

sensor as well as to increase the displacement range. The sensing occurs as the capacitance is 

altered as the complement substrate retracts thus altering the resonance frequency of the FSS, 

seen by measuring its transmission response. The FSS sensor operates at about 2.0 GHz with a 

broad range of frequencies in relation to the displacement distance of the complement dielectric. 

The proposed sensor is adaptable and can be adjusted in size by increasing or decreasing the 

number of cells. The dielectric layers of the FSS were fabricated using fused filament fabrication 

(FFF), a method that enables the creation of intricate 3D objects [44]. The proposed prototype 

offers another method of detecting structural displacement. It does not purport to replace the 

already existing methods, but to augment them. 

6.3 The Sensor Concept 

6.3.1 Initial FSS Displacement Sensor Concept 

It is well known that FSS structures are sensitive to their surrounding materials as well as 

substrate characteristics. This has been exploited in the development of the displacement sensor 

proposed in this chapter. A square loop [5] FSS element offers dual polarization and good angle 

of incidence behavior [22] and was employed in the development of the displacement sensor 

prototype. A circular loop FSS could also have been used. Both the square-loop and circular-

loop FSS filters perform comparably when fabricated to high accuracy [45]. However, when 

fabrications tolerances are allowed, the results of circular-loop FSS filter have more consistency, 

predictability, and accuracy. Effort was made to ensure that the fabrication was as accurate as 

possible and therefore it can be assumed a circular loop FSS would have produced the same 

results. However, only design and fabrication of the circular FSS can attest to that which was 

not done in this instance.   

The FSS have was designed such that a complementary substrate fits and locks into it. The 

design is depicted in Figure 6.2. The square loop of length 21.7 mm is set on a 26 mm square 

unit cell. The square loop conductive material is RS pro Silver Conductive 186-3600 paint [46], 

whose conductivity has been calculated in Subsection 4.3.1. The substrate of FSS unit cell is a 

hollow square ring whose geometry is shown in Figure 6.2(a). This is to allow the complement 

substrate shown in Figure 6.2(b) to fit into it. The corners of the unit cell are slightly extended 

for ease of handling. A substrate made of the same material as the substrate of the FSS and 

whose structure is complementary to the FSS was made to fit into the FSS. The two parts 

perfectly fit into each other to form a solid structure as shown in Figure 6.2(c). Figure 6.2(d) 
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illustrates a withdrawn state of the complement from the FSS while Figure 6.2(e) illustrates two 

cell arrays of the design. A Polylactic acid (PLA) material of relative permittivity, εr, of 2.4 and 

loss tangent (tan δ) of 0.01 [47] was used as the substrate. The thickness of the substrate of the 

FSS was 3 mm. The rest of the dimensions are given in Table 6.1. The sensor was designed and 

simulated using Floquet port analysis in CST Microwave StudioTM. 

           
                     (a)                                                         (b)                                         (c) 

                
                       (d)                                                         (e) 
Figure 6.2 The sensor concept: (a) the FSS (b) complement substrate (c) FSS, and complement 

(d) complement substrate withdrawn (e) two-unit cells array 

 

Table 6.1 Dimension of the initial concept FSS 

Dimension p w m n d g 

Value (mm) 26 2 3 7 21.7 4.4 

 

The transmission response of the FSS sensor is shown in Figure 6.3. The FSS without the 

complement resonated at 4.4 GHz with a frequency shift of 5% at TE 45°, and 1.8% at TM 45° 

wave incidence. With the complement, the FSS resonated at 3.5 GHz with a frequency shift of 

2.9% at TE 45°, and 2.0% at TM 45°.  
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Figure 6.3 Simulated ttransmission coefficient, S21 of the FSS displacement sensor with and 

without complement of the simulated prototype 

 

Further study of the resonant frequency of the FSS sensor for the complementary substrate 

displacement distance, z (Figure 6.2(d)), along the z-plane, was conducted. The result is shown 

in Figure 6.4. The substrate complement was withdrawn in the z-plane direction at intervals Δz 

of 2 mm, ranging from 0 mm (Figure 6.2(d)) to 10 mm.  The sensor’s response is linear up to a 

displacement of 4 mm. It then flattens as the complementary substrate withdraws completely 

from the FSS. This shows that this initial concept sensor is sensitive to displacement. However, 

it has a low displacement range limiting its applicability. An alternative approach to the design 

of the sensor was thus investigated to mitigate against the low sensitivity of the current design. 

The alternative approach involved convoluting the FSS in the z-plane direction as discussed in 

Section 6.4. But before that, the sensor’s operating principle is discussed in Subsection 6.3.2. 

 

 
Figure 6.4 Simulated resonance frequency, f, versus substrate complement displacement 

distance, z for the 2D FSS as the complementary substrate completely withdraws from FSS.  
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6.3.2 The Operation principle 

A typical bandstop FSS can be modeled as an equivalent circuit theory [48] and [49]. Adjacent 

square loops with a gap between them interact capacitively while the metallic conductor strip is 

equivalent to an inductor, creating a series LC resonance circuit, as shown in Figure 6.5.  

 

.                                   

Figure 6.5 Equivalent circuit of the FSS sensor 

 

The resonance frequency of this circuit is expressed as: 

 

                  𝑓 =
1

2𝜋√𝐿𝐶
                                                                   (6.1) 

where L is the inductance created by the conductors of the square loops while C is the 

capacitance between adjacent loops. The capacitance is dependent on the dielectric permittivity 

of the substrate. In the case of parallel plate capacitors, the capacitance can be calculated as: 

             𝐶 =
𝜀𝑟𝜀𝑜𝐴

𝑑
                                                                (6.2) 

where A and d are the plate area and the distance separating the plates respectively. The 

operating principle of the sensor is based on the idea of varying the capacitance of the LC circuit 

when the dielectric complement moves in and out of the FSS structure, as illustrated in Figure 

6.6. In the initial state, Figure 6.6(a), the FSS is symmetrically embedded into the dielectric 

substrate of permittivity is εr. In this case, the effective permittivity can be approximated to εr as 

the substrate is moderately thick and square loops are used [50].  

 



 

156 
 

   

(a)                                                                           (b) 
Figure 6.6 Operation principle of the FSS sensor at (a) FSS-complement fully locked, z is zero 

(b) complement withdrawn to FSS height, z is 3 mm 

 

When the dielectric complement is moved out of the FSS, the effective permittivity of the 

structure decreases, which decreases the inter-element capacitance of the FSS. The effective 

permittivity for the state when the substrate is as shown in Figure 6.6(b) could be approximated 

to a substrate which is partly dielectric and partly air, thus the effective permittivity, 휀𝑒𝑓𝑓, is: 

휀𝑒𝑓𝑓 =
𝜀𝑟+1

2
                                (6.3) 

 

The gradual change of 휀𝑒𝑓𝑓 between these two states i.e., Figure 6.6(a) and Figure 6.6(b)) is 

expected to be linear with a sketch curve type as in Figure 6.7 and can thus be expressed as:  

 

휀𝑒𝑓𝑓 = 휀𝑟 +
(1−𝜀𝑟)

2𝑚
𝑧                                                           (6.4) 

 

where z is the displacement along the z-axis and m is the height of the FSS. 

 

Figure 6.7 A sketch of expected linear change of effective relative permittivity with 
displacement z 

 

Equation (6.4) is only valid for the linear part of the sensor which is intermediate to Figure 6.6(a) 

and Figure 6.6(b). In the case of the initial sensor (Figure 6.2), this is for z between 0 and 4 mm 

(Figure 6.4).  



 

157 
 

A more accurate equation for the change in effective permittivity, 휀𝑒𝑓𝑓, for the structure in 

Figure 6.2 can be obtained using the ratios between the resonant frequency, fz at any withdrawal 

distance z, and the resonance frequency, f0, for z = 0, and the ratio of εeff at any withdrawal 

distance z, and εr (εeff at z = 0), which can be obtained from equations (6.1) and (6.2), considering 

that L, d, A are constant. Using these ratios, 휀𝑒𝑓𝑓  for any frequency can be calculated as: 

 

휀𝑒𝑓𝑓 = (
1

((
𝑓𝑧
𝑓0

)
2

)
) 휀𝑟                (6.5) 

 

Applying equation (6.5) to the values for the frequencies in Figure 6.3, the value of 휀𝑒𝑓𝑓 as a 

function of z can be obtained as shown in Figure 6.8.  

 

Figure 6.8 Effective permittivity for displacement distance, z. 

 
The equation for the effective permittivity for the linear part (0 < z < 4) of the graph is: 

휀𝑒𝑓𝑓 = 2.4 − 0.1947𝑧                                                                    (6.6) 

Equation (6.6) is consistent with equations (6.3) and (6.4). For example, at 4 mm, 휀𝑒𝑓𝑓 the half-

loaded FSS from equation (6.3) is just 5% higher than that using equation (6.6). The difference 

could be due to the non-uniformity of the dielectric material extracted during displacement and 

errors in the initial assumption that the substrate might be sufficiently thick to be considered 

fully loaded with dielectric [48]. 

6.4 3D Convoluted FSS Displacement Sensor  

6.4.1 3D Convoluted Design 

To improve the sensor’s angular response and increase the displacement range, the initial square 

loop (Figure 6.2) was convoluted in the z axis, resulting in the 3D square loop in Figure 6.9(a) 
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which has a periodicity of 26 mm. The substrate complement for this FSS is shown in Figure 

6.9(b). Figure 6.9(c) shows when the two parts fit into each other, and Figure 6.9(d) when the 

complement is slid out. Figure 6.9(e) shows the top view of two FSS cells array without the 

complement. The sensor was optimized to operate at a starting frequency of about 2.16 GHz 

when the complementary substrate is fully locked with the FSS. The final dimensions are given 

in Table 6.2. In Figure 6.9(d), z is the displacement distance of the complement substrate from 

the FSS, and h is the height of the FSS.  The transmission coefficients of the FSS at normal 

incidence, TE 45° and TM 45° angles of wave incidence is shown in Figure 6.10 for simulations 

of the FSS with and without the substrate complement substrate inserted. The FSS without the 

complement resonated at 2.8 GHz with a frequency shift of 1.2% at TE 45°, and 0.7% at TM 

45° from TE normal. When FSS is coupled together with the complement resonance occurred 

at 2.16 GHz with a frequency shift of 0.5% at TE 45° and 0.15% at TM 45° from TE normal.  

 

  
                            (a)                                                (b)                                    (c)                            

    
                      (d)                                                                (e) 
Figure 6.9  The convoluted sensor: (a) convoluted FSS (b) complement dielectric layer (c) 

FSS-complement join (d) complement slid out (e) two unit cells array 

Table 6.2 Dimensions of the 3D convoluted FSS 

Dimension  p n d f w d h g 

Value (mm) 26 6.85 4.7 10 2.6 21.7 11 4.4 
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Figure 6.10 Simulated 3D sensor simulated S21 with and without the complement substrate  

6.4.2 Parametric Analysis of the Sensor 

A study of displacement sensing for the convoluted FSS sensor was carried out by gradually 

withdrawing the complementary substrate by distance, z, (Figure 6.9(d)). Figure 6.11 shows the 

effect of complementary substrate displacement on the resonant frequency, and the equivalent 

effective permittivity calculated using equation (6.5). The response is mainly linear up to about 

10 mm i.e., when the complement is still inside the FSS. It then starts flattening at about 12 mm 

at which point the complement substrate is completely outside the FSS. 

 

 
Figure 6.11 Simulated effect of displacement z on resonance frequency, and the equivalent 

effective permittivity for the 3D convoluted FSS sensor. 

The transmission coefficients for various z values for the linear part of the sensor (0 ≤ z ≤ 10 

mm) is shown in Figure 6.12. As the displacement distance, z, of the substrate complement 

changes from 0 mm to 10 mm, the resonance frequency increases 2.16 GHz to 2.67 GHz. 
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Figure 6.12 Simulated S21 results for complement withdrawn distance 

 

The effect of displacement, z on resonant frequency is as shown in Figure 6.13 and Table 6.3. 

The resonance frequency response follows the linear function: 

 

                   𝑓 = 0.052𝑧 + 2.1481                                                                     (6.7) 

 

 
Figure 6.13 Simulated resonance frequency, f, versus complement substrate withdrawal z for 

the 3D convoluted sensor 

Table 6.3 Sensitivity of the simulated 3D convoluted sensor 

Displacement distance, z (mm) 0 2 4 6 8 10 

Simulated frequency (GHz) 2.16 2.24 2.35 2.47 2.58 2.67 

 

The sensitivity (S) of the sensor [29] and [30], is the slope of the linear equation of Figure 6.12, 

as given by: 

                        𝑆 =
∆𝑓𝑧

𝛥𝑧
                                                                                (6.8) 

where ∆𝑓𝑧 represents the resonant frequency shift from the reference i.e., initial state resonance 

frequency in the z-plane direction. It can be expressed as ∆𝑓𝑧 = 𝑓𝑧_ℎ − 𝑓𝑧_𝑙 where𝑓𝑧_ℎ and 𝑓𝑧_𝑙 
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are the corresponding higher and lower resonance frequencies in the frequency range. The 

resulting sensitivity, S, is 0.052 GHz/mm, which is consistent with equation (6.7). 

 

6.5 Fabrication and Measurements and Profile Analysis 

This subsection describes the sensor fabrication, measurements, and profile analysis. 

6.5.1 Fabrication 

To fabricate the sensor, the design with dimensions in Figure 6.9 and Table 6.3 was extended 

to an 8 x 8 array as shown in Figure 6.14. Figure 6.14(a) and Figure 6.14(b) are convoluted FSS 

and complementary substrate respectively. The dimension of the sensor was 207 mm x 207 mm.  

Spacers, shown in Figure 6.14(c) for positioning the complement substrate to the correct height 

during measurements as illustrated in Figure 6.14(d) were also designed. The fabrication process 

consisted of two stages. The first stage was the printing of both the FSS-bearing substrate and 

the complement substrate using polylactic acid (PLA) thermoplastic filament in a 3D printer. 

Stage two involved manual painting of the conductive loops on the printed FSS substrate.  

To begin the fabrication process, the CST models of both the convoluted FSS and complement 

substrate were exported to .stl file. The .stl files were converted to a format compatible with 3D 

printing and sent to a Raised 3D printer machine. The initial prints of the FSS and the 

complement substrate from the simulation could not fit into each other. This was attributed to 

the flowing of the hot PLA during printing. Several iterations were therefore done in during 

both the FSS and the complement substrate simulations were optimized until they fitted into 

each other. The optimization involved extraction of small portions of both from every direction. 

This would be followed by reprinting of the samples until the printed FSS and complement 

substrate easily slid in and out of each other.  A 0.1 mm thick portion was extracted from all 

directions of both to achieve the dimensions that enabled the two parts to fit into each other. 

The second stage involved the application of the RS pro Silver Conductive 186-3600 paint [46], 

onto the FSS substrate to create the conductive loops. The conductive loops were manually 

hand-painted around the cell’s edges on the substrate of the FSS using an artist’s painting brush. 

To mimic the displacement of the substrate, complement from the FSS, Polystyrene foam 

spacers were employed. The spacers were fabricated using polystyrene foam blocks which were 

cut using a Denford Router 2600 CNC cutting machine. Polystyrene foam was used because it 

has relative permittivity closest to air and thus would have minimal effect on the measurements. 
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                      (a)                                                                   (b) 

 
                                                                 (c) 

 
                                                                   (d) 
Figure 6.14 FSS sensor and spacer models (a) FSS array, (b) complement substrate, (c) foam 

spacer model, (d) mounting mechanism of the FSS sensor with spacer.  

 
 The fabricated sensor and spacer are shown in Figure 6.15. The FFF printed FSS structure 

substrate material is shown in Figure 6.15(a) while Figure 6.15(b) shows the printed retractable 

complement substrate. Figure 6.15(c) demonstrates how the two parts lock together under 

normal circumstances. Figure 6.15(d) shows the RS pro Silver Conductive 186-3600 paint that 

was used while Figure 6.15(e) shows the painting process.  The painted square loops are shown 

in Figure 6.15(f). The applied silver paint was left for 24 hours to dry though according to the 

data sheet [44], 30 minutes are required. Figure 6.15(g) shows a sample of the foam spacers. 

Figure 6.15(h) is a side view demonstrating how the substrate complement was positioned at 

the correct height using a foam spacer during measurements. 
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(a)                                                             (b) 

     
             (c)                                                 (d)                       (e)     

    
(f)                                              (g) 

  
(h) 

Figure 6.15 The (a) printed FSS substrate, (b) substrate complement (c) FSS and complement 

locked together (d) RS pro Silver Conductive 186-3600 paint (e) brush painting the FSS (f) 

painted FSS (g) foam spacer (h) side view of spacer positioning the complement  

Complement 
FSS  
Spacer 
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Figure 6.16 are close-ups showing more details of the fabricated pieces. Figure 6.16(a); the FSS 

conductive tracks after painting, Figure 6.16(b), the complement substrate, Figure 6.16(c); the 

joined FSS and complement, Figure 6.16(d) and the spacer sample, Figure 6.16(e). 

 

     
(a)                                                                (b) 

    
(c)                                                                     (d) 

 
(e) 

Figure 6.16 Close ups of the (a) FSS substrate (b) FSS conductive tracks (c) complement  

(d) joined FSS and complement (e) the spacer 
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6.5.2 Measurements and Results 

The FSS sensor was placed in the plane wave chamber and transmission coefficient 

measurements, S21 were conducted as shown in Figure 6.17. Figure 6.17(a) shows the plain wave 

chamber measurement set up while Figure 6.17(b) shows the sensor position during the testing. 

The equipment used for the measurement was the Marconi Instruments microwave test set 

6204B. The initial measurements were conducted on the FSS without complement (Figure 

6.15(f)) and then with the complement substrate fully locked together (Figure 6.15 (c)). 

 

    
( a)                                                             (b) 

Figure 6.17 The (a) plain wave chamber measurement set up (b) sensor on chamber screen  

Figure 6.18 shows the FSS sensor’s angle of incidence behavior with and without the substrate 

complement.  The FSS without the complement resonated at 2.7 GHz with a frequency shift of 

0.37% at TE 45, and 0.74% at TM 45º. The FSS coupled to the complement resonates at 2.16 

GHz with a 0.4% frequency shift at TE 45º, and 0.9% at TM 45º. Measurements are consistent 

with simulations (Figure 6.10). The variation of the resonance frequency between the simulated 

and measured fabrication errors. Fabrication errors can be caused by the printed substrate infill 

not being 100% and thus having air trapped air within the structure.  This can cause potential 

deviation in the relative permittivity of the printed structure [51]-[53]. The manual application 

of the conductive FSS tracks could have potentially created a non-uniformity of the conductor 

both in its height and breath.  Measurement errors could also occur due to potential non 

calibration of the measuring equipment as well as human error. 
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Figure 6.18 Measured S21 for TE normal, TE 45○and TM 45○ angles of incidence of the FSS 

with and without the complement substrate. 

 

Further measurements were carried out for displacement distance, z, from 0 mm to 10 mm at 

normal incidence, and are presented in Figure 6.19 and Table 6.4. A set of 5 foam spacers were 

used for the experiments. The results show that the resonance frequency progressively shifted 

to high frequencies with increase in withdrawal distance of the complement substrate.  

 

 

Figure 6.19 The measured S21 for TE normal as the complement substrate is withdrawn 

 
Table 6.4 Sensitivity of the fabricated sensor 

Displacement distance, z, mm 0 2 4 6 8 10 

Measured frequency, GHz 2.16 2.24 2.35 2.47 2.58 2.67 

Simulated frequency, GHz 2.17 2.25 2.37 2.48 2.57 2.66 

 



 

167 
 

Figure 6.20 shows the measured response of the sensor and its comparison with simulated 

response. The behavior of the fabricated sensor is consistent with simulated on with minimal 

deviation observed. This could be due to fabrication and measurements inaccuracies. 

 

 

Figure 6.20 Curve of resonance frequency, f, versus substrate complement withdrawal distance 

z of the fabricated sensor 

 

6.5.3 Surface profile analysis of the silver print of the sensor 

A Keyence microscope VHX-7000 was used to observe the silver ink conductive surface. Its 

image is shown in Figure 6.21 at a x40 magnification. 

 

 
Figure 6.21 Magnified silver nanoparticle conductive surface  

 

Figure 6.22 show the nanoparticle silver ink conductive surface profile of Figure 6.21, observed, 

and measured at a magnification of x5000 using the Keyence microscope VHX-7000. 
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                                    (a)                                                               (b) 

 
                                                                             (c) 

Figure 6.22 Evaluation of the conductor surface (a) conductor surface profile (b)  

 measurement point (c) the height profile between point  

 

The profile measurements were taken at two points on the conductive track. The profile showed 

a differential of 35.57μm between two points on the conductor surface. This differential could 

be due to the uneven dielectric layer produced by the FDM process [54]. This implies that 

though the application is viable, the fabrication process produces an uneven surface.  

 

The sensing of civil structures displacement has been discussed up to this point. Keeping with 

the theme of application of wireless applications in building structures, building material with 

embedded RF characteristics for enhancement of indoor signal is proposed in Section 6.6.  

6.6 Screen-printed FSS Plasterboard for Wireless Indoor Application 

Inexpensive method of reduction of wireless signals loss in indoor settings is a desirable for 

reasons such as cost reduction, better communication, security enhancements, etc. A method 

that involves screen printing of a frequency selective surfaces (FSS), on the inside walls of a 

room or building within which the signal needs to be contained is described in this section. The 
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proposed low-cost FSS solution operates at 2 GHz that covers some of the existing mobile 

phone frequency bands. As already mentioned, an array of FSS square loop elements used in 

this application acts as a band-stop filter. An illustrative depiction of a 5G network FSS 

integrated into the walls of a room is shown in Figure 6.23. Incorporation of the FSS into 

building materials coupled with the employment of cheaper AM fabrication method answers 

for environment sustainability. The array structure was screen-printed on a plasterboard, such 

as would be used for the construction of an indoor wall of a room or building. Screen printing 

allows the direct printing of FSS on the surfaces of plasterboards with the details necessary for 

various microwave and mm-wave applications and provide the necessary conductivity for 

filtering. The intended application is the production of plasterboard FSS as a building material 

with embedded RF properties i.e., an FSS embedded plasterboards for the control of wireless 

propagation. 

 

Figure 6.23 Implementation of a 5G reflector FSS as a reflector in a typical house [57] 
 

An array of square loop elements is arranged in a lattice on the plasterboard to provide a stop 

band filtering response. Screen printing the FSS directly onto the plasterboard substrate means 

no other substrate material or fixtures are required thus reducing the cost.  

6.6.1 Wireless signal security in indoor environment 

In indoor environments, the loss of strength of a signal is caused mainly by its reflection and/or 

transmissions through building materials. Building architecture, electrical characteristics, as well 

as signal’s angle of incidence and wall periodicity are some of the factors that may determine 

the signal penetration loss. Bandstop FSS designs have been used to filter out specific 

frequencies and thus reducing the interference indoors [55]-[60] as well as outdoors [61]-[64] 

when mounted on walls or windows depending on the applicational need. This is especially in 

applications where RF signals need to be confined to a specific area for wireless security and/or 
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signal strength improvements which can help with interference management. There are other 

instances where the signals require amplifications to augment wireless coverage or system 

stability. Further, signal quality within a building normally drops due to absorption by the 

building materials used in the construction. To counter the problem of wireless security and 

signal quality within a building, reflective screens that reflects the signal away from the absorbing 

material can be employed such as the inkjet-printed paper poster FSS [56]. Full 3D printed wall 

mountable FSS is presented in [58] while in [59], an interwoven loops for electromagnetic 

architecture of buildings for potential applications for control of electromagnetic propagation 

in building is presented. In [60], a basic electromagnetic signal isolation and passive amplification 

using FSS structure on a FR4 substrate is presented. A hexagonal elements FSS bandpass filter 

on a non-magnetic glass that enhances efficiency in RF management in indoor-outdoor 

communication is proposed in [63] while [64] proposes a screen printed FSS on a thin 

polyethylene terephthalate (PET) bonded on the glass windowpane as an RF signal shielded 

secure environment for transmission through office widows. A lightweight 3D printed FSS 

structure that can potentially be incorporated in the walls of a building to control 

electromagnetic wave propagation within it is proposed in [65] and [66]. In [67], a band signal 

isolating FSS device on copper foil which can potentially offer improvement of mobile 

communications and efficiency of radio spectrum use within buildings is proposed. Self-

adhesive aluminum foil square loops on a cardboard paper band-stop frequency-selective wall 

has been proposed in [68] which is shown to improve the signal to noise ratio of indoor 

communication network. The above methods though effective has inherent drawbacks. These 

includes fragility e.g., when paper is used [59] and [64], cost due to the materials required as well 

as the method of manufacture and equipment required [58]-[63] and [65]-[68].  [62] presents an 

application whose substrate material, glass, is fragile and the method used requires expensive 

equipment.  

An inexpensive solution is proposed that uses the plasterboard that forms the building walls as 

the substrate using screen-printing fabrication method [55]. FSS square loops are printed on the 

plasterboard. All frequencies are passed through except the frequency of interest, in this case 2 

GHz which is reflected within the room/building by the band-stop FSS filter.  This method of 

fabrication is inexpensive, uses no energy and requires minimal training for the personnel doing 

the printing and the room’s wall is the substrate on which the FSS is printed.   

6.6.2 The FSS Unit Cell Design and Simulation 

This subsection discusses the design and simulation of the unit cell of the solution.  
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6.6.2.1 The FSS Cell Simulation 

A unit cell square loop of 34 x 34 mm with a track width of 5 mm on a plasterboard substrate 

of 36 mm x 36 mm x 15 mm dimensions with a relative permittivity, εr of 2.75 and tan δ of 

0.0075 [69]. Square loop FSS resonates when the boundary of the loop is approximately a 

wavelength of the resonance frequency. Dycotech material silver electronic ink DM-SIP-3060S 

was used. According to its manufacturer datasheet [70], it is a low temperature curable screen 

printable conductive silver paste that is commonly used for membranes, thin film PVs and 

general printed electronics applications. It has a viscosity of 5-15 Pa.s, density of 2.25 g/ml, 

solids content 61-66%, sheet resistance of <10 mΩ/sq/mil (140○C cure temperature) and 

volume resistivity <28 μΩ.cm (140○ C cure temperature). 

The conductivity of the silver ink was computed so that it could be used in the simulation.  

𝜌𝑠 =
𝜌

𝑡
 [Ω/sq]                                                     (6.9) 

where 𝜌𝑠 is the sheet resistance, 𝜌 is the resistivity and 𝑡 is the print thickness. Therefore, 

𝜌 =  𝜌𝑠 × 𝑡                                                             (6.10) 

According to the datasheet, typical print thickness is 6-8 µm. Therefore, 

𝜌 = 0.01Ω/𝑠𝑞 × 6 × 10−3𝑚 = 6 × 10−5 Ω𝑚                                       (6.11) 

Thus, conductivity of the Dycotech silver paste is: 

𝜎 =
1

𝜌
=

1

6×10−5 Ω𝑚
= 1.67 × 105 𝑆/𝑚                                       (6.12) 

The geometry of the unit cell is shown in Figure 6.24. Figure 6.24(a) is the perspective view and 

Figure 6.24(b) the top view of the design. Table 6.5 represents the cells dimensions. 

       
                       (a)                                                                    (b) 

Figure 6.24 Unit cell geometry with (a) perspective view with plasterboard and (b) front view 
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Table 6.5 Dimensions of the unit cell 

Dimensions L1 L2 L3 L4 x y g P 

(Values in mm) 36 15 24 34 1 5 2 36 

 

The square loop was optimized to operate at a frequency of 2.0 GHz. The dimensions can be 

seen in Table I. L1 represent the length of the unit cell. The track width is 5 mm. Gap x between 

the conductor loop and the edge of the cell is 1 mm while the gap g between two adjacent square 

loops is 2 mm. The periodicity, P, of the square loop array is the sum of g, the separation between 

conductor loops, and the length L4 of the square loop and is equal to 36 mm. 

6.6.2.2 The Simulation results 

The designed filter was simulated using CST Microwave StudioTM to test its behavior in terms 

of transmission coefficient. According to the manufacturer’s datasheet [70], typical print 

thickness after drying is 6-8 μm. Figure 6.25 shows the simulated transmission response of the 

FSS for the normal response along with that of TE and TM angle of incidence of 45°. TE 

denotes the E-plane response whereas TM denotes H-plane response. The results indicate that 

the resonance of the unit cell occurred at normal incidence with a frequency of 2.0 GHz with 

no considerable frequency drift at TE 45° and TM 45°.   

 
Figure 6.25 S21 response of the plasterboard FSS 

 

6.6.3 Fabrication and Measurements 

This subsection discusses the fabrication and measurement of the screen-printed FSS on 

plasterboard. 
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6.6.3.1 Screen printing 

Screen printing was employed in the fabrication of the FSS screen.  Screen printing is a 

technique in which a mesh is used to transfer the ink onto predetermined area of a substrate 

while other areas of the substrate are made impermeable to the ink by a blocking stencil. A 

squeegee is moved across the screen to fill the open mesh apertures with ink. A reverse stroke 

then causes the screen to touch the substrate momentarily along a line of contact. This causes 

the ink to dampen the substrate and be pulled out of the mesh apertures as the screen springs 

back after the squeegee has passed [71]. This process of using a mesh-based stencil can be used 

to apply ink onto substrates such as posters, Kapton and as proposed through this work, 

plasterboard. The first stage of the fabrication process was to develop a mesh stencil. The unit 

cell of CST model was extended to 7x5 array and then exported as a drawing exchange format 

(DXF) from which the mesh stencil was made at [72]. Figure 6.26(a) shows the extended 7x5 

array model, Figure 6.26(b) is the stencil. Dycotec material conductive silver electronic paste, 

Figure 6.26(c), was used to print the FSS. The silver paste was put on the stencil screen. The 

stencil screen was on a plasterboard substrate of 15 mm thickness. A squeegee was then used 

to run and spread the paste on the screen as in Figure 6.26(d).  

                    
                 (a)                                          (b)                                       (c)       

       
                                                                         (d)   

Figure 6.26 The (a) extended 7x5 array model (b) the stencil (c) DM-SIP-3065S silver paste 
and (d) Screen printing process  

 



 

174 
 

The FSS bearing plasterboard was then cured in a Gallenhamp hotbox oven shown in Figure 

6.27(a), for 20 minutes at a temperature of 140°C, as per the manufacturer’s datasheet [69] 

instructions. Figure 6.27(b) shows the cured FSS, Figure 6.27(c) shows the print profile of the 

track while Figure 6.27(d) is a close-up view of the track at 10x magnification by Keyence 

microscope VHX-7000. 

6.6.3.2 Measurements and results 

A Marconi instruments® microwave test set 6204B was used to measure the transmission 

response of the FSS in a plane-wave chamber. Figure 6.28 depicts the measurement setup. 

Figure 6.28(a) shows the FSS on plasterboard on the screen of the plain wave chamber, while 

Figure 6.28(b) shows the chamber set up for the measurements which shows the transmitter 

and the receiver antennas denoted by Tx and Rx respectively mounted at one meter from each 

other.  The measurements were done for normal, TE 45˚ and TM 45˚ responses respectively 

and the results are presented in Figure 6.29. The normal angle of incidence response, or TE 0° 

resonated at a marginally higher 2.08 GHz. The TE 45˚ resonated at the same frequency whereas 

TM 45° resonated at exactly 2 GHz. 

 

                                   
                             (a)                                                       (b) 

                                           
                             (c)                                                        (d) 

Figure 6.27 Final FSS (a) curing in the Gallenkamp hotbox oven (b) the printed FSS on a 

plasterboard, (c) print profile of the track and (d) a close-up view of the track at 10x zoom 
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                                          (a)                                                             (b) 

Figure 6.28 The FSS on the plain wave screen (b) chamber the measurements set up 

 

 
Figure 6.29 Measured S21 Results 

 

6.7 Discussion and Conclusion 

A novel FSS based displacement wireless sensor based on a retractable complement substrate 

has been demonstrated. It can be useful in situations like after an earthquake for post-earthquake 

damage assessment of civil structures. The sensor uses a substrate complement to modify the 

transmission response of an FSS as the complement is withdrawn in the z-axis. The range of 

the sensor can be extended using 3D convoluted techniques described, resulting in a new 3D 

convoluted FSS sensor. Extending the sensor in 3D also improves its angle of incidence 

behavior and increases the range the sensor can measure. The FSS structures developed are 

based on a modified square loop FSS element and are inherently dual polarized. In terms of 

sensor operation, the withdrawable dielectric substrate has the effect of changing the effective 

permittivity and therefore capacitance of the FSS array. The FSS sensor provides a good 

displacement sensing of up to 0.1λ which can be extended. The range of the FSS could be 

potentially increased by extending the FSS in the z plane.   
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The FSS sensor was fabricated using 3D printing techniques and painting of the conductive 

tracks of the square loop FSS was done manually. Table 6.6 summarizes the performance of 

other reported metamaterial sensors compared to the proposed design.  

 

Table 6.6 Comparison of the proposed design with the reported FSS based sensing designs 

Parameters References 

[31] [33] This work 
Frequency (GHz) 10 0.4 2.0 
Sensitivity (GHz/mm) 0.326 0.008 0.052 
Geometry 2D 2D 3D 
Dynamic range (mm) 5 7 10 
Sensor type FSS Metamaterial FSS 
Polarization  Single Single  Dual  
Complementary structures No No Yes 
Displacement direction Horizontal  Horizontal Vertical 

 

The proposed sensor also differs conceptually and geometrically to those in the table. [31] is 

based on the concept of two sliding conductors horizontally, while [33] focuses on the 

separation of conducting metamaterials in the horizontal plane and the detection through 

coupling to antenna in the near field. Besides its simplicity, the proposed FSS sensor offers good 

sensitivity, dual polarization, and a higher dynamic range. The range of the sensor can be 

extended further by increasing the length of the conductor of the square loop element in the z-

plane (Figure 6.8). The sensitivity could be increased further by using a complement substrate 

with higher dielectric constant. 

The proposed sensor is ideal for instances requiring real-time monitoring of structural changes 

such as movement or cracks due to deformation due to earthquakes or natural movement. It 

could also be ideal for detection of likely structural damage after an earthquake. 

The proposed displacement sensor technique can be integrated into a structure as illustrated in 

Figure 6.30. The movement of the structure from an initial state, Figure 6.30(a) to a displaced 

state, Figure 6.30(b) leads to a change in the state of the FSS and thus change in the resonance 

frequency. The initial state of the structure is the FSS, and the substrate complement locked 

together (Figure 6.30(a)). The FSS is protected by the dielectric layer, which is ideal for external 

applications. In the event of structural movement, the change is picked up through the change 

in S21 of sensor attached to the structure. As a proof-of-concept, the experimental results 

suggests that the proposed prototype holds promises to be a future prospective structural 

movement or displacement detector/sensor both locally and remotely. 
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                                                                      (a) 

 
(b) 

Figure 6.30 Illustrative potential conceptual arrangement of the structural displacement sensor 

(a) before displacement, and (b) after displacement 

 

The FFF process used in the fabrication of the device offers reduction in material cost, labour 

as well as manufacturing time. The fabrication process can also be scaled up.  

A 3D printed FSS operating at 2 GHz on a plasterboard has also been demonstrated. The 

inexpensive FSS design was screen printed using silver paste on a plasterboard used in walls. 

The rapid printing made this printing method a suitable alternative for ready to use FSS filtering 

building materials. The measured transmission response demonstrated consistency with the 

simulated transmission response at the frequency of operation at around 2 GHz which caters 

for some of the existing mobile communication bands. The FSS plasterboard can be used to 

control propagation in buildings either by filtering unwanted signals or guiding signals to areas 

where coverage is weak. The performance of the proposed design can be further enhanced by 

printing multiple layers of the FSS structure on top of one another. Furthermore, by adding 

active components, this FSS can also be developed as a smart reconfigurable FSS. 
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7. CHAPTER 7: CONCLUSION AND FUTURE WORK 

7.1 Summary and Conclusion 

This chapter summarises the outcomes and contributions of the technical topics covered in this 

thesis and concludes with suggestions for future work. The work begins with a review of the 

AM processes and an overview of Additive manufacturing (AM) applications for antenna and 

electromagnetic devices. AM has been demonstrated to be a better alternative fabrication 

solution to the traditional methods because it is faster, more accurate, reliable as well as relatively 

cheaper material wise due to its additive nature as opposed to subtractive, from the antenna and 

electromagnetic devices fabrication standpoint. It has emerged as an important product 

prototyping method as well as an alternative method for direct manufacture of customized and 

complex designs. It improves design fabrication/manufacturing by allowing design flexibility as 

well as rapid prototyping, manufacturing, and testing using various types of dielectric materials 

of differing relative permittivity. The use of two types of AM techniques, DW and FFF has been 

extended in this work to the printing of antennas and dielectric substrates structures for 

frequency selective sensors, exploiting the process’s quick machine time, low cost and flexibility 

compared to the subtractive methods.  

In this thesis, different types of electromagnetic devices fabricated on various substrates using 

different AM techniques have been reported. The AM techniques employed are DW to print 

the antennas and Fused Filament Fabrication (FFF) to print the required substrate for FSS based 

sensors.  Inkjet printing was employed to print the antennas on a paper substrate and aerosol 

jet printing on a fake fingernail made of Acrylonitrile butadiene styrene (ABS). A study of the 

surface profile of the printed surface was done using white light interferometry (profilometer) 

and Talysurf CCI. FFF was employed in the printing of the substrate for the sensor applications, 

followed by by-hand application of silver loaded conductive paint to create the applications 

conductive track using a painter’s brush.  

From each of the four pieces of work, an application has been presented that can potentially be 

integral to development of future wireless applications.  

The four topics covered are: Evaluation of planar inkjet-printed antennas on a low-cost origami 

flapping robot, 3D Printed Fingernail Antennas for 5G, A Liquid Sensor based on Frequency 

Selective Surfaces and An FSS based displacement sensor. Detailed simulations and 

measurements of the fabrications were carried out to check for consistencies. 
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In Chapter 3, a compact dual-band monopole antenna consisting of a triangular shape with a 

horizontal slot on top of a semi-elliptic on a photo paper substrate integrated onto a flapping 

origami robot was proposed. The antenna fits on the available space on the traditional origami 

structure and can operate at the required bands. Two optimal solutions were achieved: one on 

the spine and the other on tail and/or neck. A diversity system involving the tail and neck 

antennas was also realized. This potentially increases coverage in a communication system. The 

monopole antennas were fabricated on standard photo paper substrate using a commercially 

available, low-cost, inkjet printer with cartridges filled with nanoparticle silver conductive ink. 

A chemical sintering-based silver nanoparticle conductive ink cartridge was used to print the 

antennas using an inexpensive and ordinary home inkjet printer and photo paper. This makes 

fabrication of the antenna inexpensive and fast. The successful outcome promises the potential 

of integration of antennas with flexible electronic systems using inkjet printing technology. 

Chapter 4 has discussed the application of 3D printing in the development of wearable antennas 

for on fingernail for potential 5G application. Aerosol Jet printing and flush curing has been 

successfully employed to deposit layers of silver ink on the curved nails. Two antennas were 

developed using the aerosol jet technique. One at microwave and the other at millimetre wave.  

The technique has produced the high resolution required for the printed antennas as well as 

smooth and thin metallic layers. An additional copper layer was added to the millimetre wave 

antenna through a copper plating. The fabricated antennas provided good performance in terms 

of impedance match and bandwidth. Radiation patterns was as expected for patch antenna with 

a main lobe out of the fingernail and low radiation towards the finger and body. The antenna 

designs can potentially be deployed in IoT solutions for 5G technology.  The proposed nail 

antenna is light, cheap, easy to install, part of beauty accessory, which occupies a small surface 

area and is easy to wear. The requirement of different equipment at different stages presents a 

case for a production chain process. This could enable scaling up to a mass production industrial 

process. This application having been confirmed to effectively operating in a laboratory 

environment, future work can focus in employing this system in an industrial environment. 

In Chapter 5, a new concept for microwave liquid sensor based on Frequency Selective Surfaces 

was discussed. The sensing behaviour was achieved by introducing trenches between FSS 

elements to modify the transmission response when liquids with different permittivity were 

inserted. The developed sensor can be used as a part of wireless sensing network can be ideal 

for instances requiring robust and real-time. It has been demonstrated that additive 

manufacturing technologies can be employed in the developed of the FSS based sensor. 

Inexpensive PLA material has been found suitable for this purpose. The conductive tracks were 

applied on the 3D FSS structure using hand painting by a painter’s brush. 
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In chapter 6, a novel convoluted square loop FSS based displacement wireless sensor based on 

a retractable inserted dielectric substrate was developed. The reconfigurable behaviour of the 

sensor was achieved by a retracting substrate complement. The complement was made of the 

same material as the FSS substrate. The sensor can be integrated with a wireless sensing network. 

Inexpensive PLA material has been found suitable for this purpose. Fused filament fabrication 

(FFF) additive process is employed to fabricate both the FSS substrate for the FSS and the 

complement. The printing of the conductive tracks for the FSS was achieved through hand 

painting of conductive silver paint using a painter’s brush.  The sensor is ideal for instances 

requiring real-time monitoring of a structural changes e.g., sinking, or lateral displacement.  

7.2 Future work 

The potential of AM for the fabrication of electromagnetic propagation structures has been 

demonstrated in this report. In all methods employed, i.e., inkjet printing, aerosol jet printing 

and by-hand application technique, the conductive ink was deposited on the dielectric materials 

to form the conductive parts of the electromagnetic propagation devices. Future works on each 

of the pieces of work can be achieved along the following lines.  

Inkjet-printing technique capability for printing of antenna on an origami folded photo paper 

substrate can be extended to integrate 3D printed actuators for moving the wings as envisioned 

in [1] and possibly the electronics required to control them.  Further, the paper origami antenna 

application can be incorporated in other foldable electronics for possible soft robotics, soft 

robots, smart biorobots where compactness, flexibility and versatility of the electronic circuits 

would be required [2] or in the development of further lightweight and low-cost deployable 

origami concept-based antennas [3].  

The proposed fingernail antenna designs proposed are potentially deployable in IoT ecosystem 

in 5G technology environment such as sensing, data collection/exchange, tracking and wireless 

communication. It can also be used in medical applications.  The antennas can be as worn beauty 

accessory as it is light, easy to install and wear and is also inexpensive. For future work, with 

multiple fingers on a human hand, the work can be extended to make antenna arrays and 

diversity systems feasible for signal reception improvement. 

The FSS based liquid sensor concept can be extended for multiband dielectric characterization 

of liquids for the proposed approach in future. Further, the proposed sensor was found to be 

accurate, easy, and inexpensive to fabricate, have a good detection response and can be 

integrated with other electronic components in microwave and RF engineering environment. 

The results can contribute more widely to intrinsic chemical liquids information and can 

potentially be extended for various applications. Specifically, the LUT parameters of the 
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resonant frequency set in this study can allow users to transfer this valuable information by 

means of a remote sensing technique. Further work could include investigating the behaviour 

of the design if the array size of the sensor were reduced. Further, the concept can also 

potentially be adapted in reconfigurable FSS using low loss liquids in radiation beam steering 

using liquid fluidity as in [4]. 

The experimental results of the displacement sensor shows that the FSS based sensor offer good 

prospects as a local or remote structural health monitor in situations such as during an 

earthquake or for post-earthquake structural damage sensor. The proposed concept can further 

be developed as an application in reconfigurable FSS and metasurfaces using an 

electromechanical process to displace the complement substrate from the FSS. The 

displacement sensing is achieved wirelessly implying its application can be achieved remotely.  

Future could include looking into designing a custom sensor with dielectric substrate selected 

such that it optimises the measurement range for good accuracy and precision. 
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Appendices 

Appendix 3.1 

ver. 1.0.2 

 

Datasheet: AGIC-AN01 Silver Nano Ink 

AGIC-CP01A4 Special Coated Paper 

 
AgIC Silver Nano Ink is conductive ink that lets you print electric circuits with printers 

for home use. You can design and print any pattern of electric circuits in the same way 

as you print ordinary documents. 

There are a wide variety of applications: from making prototypes of electric products to 

creating something new, letting your imagination expand. 

We recommend using this ink with AGIC-CP01A4 Special Coated Paper so that the 

ink’s conductivity can be fully exerted. 

Product name AGIC-AN01 Silver Nano Ink 

Composition -Silver (15% wt) 

-Water 

-Ethylene glycol 

-Ethanol 

Conductivity (*) 0.2 [Ω/sq] 

Viscosity 2 - 3 [mPa•s] 

Surface tension 30 - 35 [mN/m] 

Flash point (**) Non-flammable 

Specific weight 1.2 

Length of time before drying (*) 3 [sec] 

(*) when printed on the exclusive paper (AGIC-CO01A4) with DCP J740N 

(**) Although the ink itself is not flammable, high current or high voltage might result in burning the printed 
paper. 

 

Product name AGIC-CP01A4 Special Coated Paper 

Thickness 177±12 [μm] 

Weight 11.1[g] (one sheet of A4 size) 

Conductivity emerges only when you print patterns on the front (shiny) side of the paper. 

Manufacturer information 

Manufacturer AgIC Inc. 

Office Meiwa-hongo bldg., 4-1-3, Hongo, 

Bunkyo-k Tokyo 

1130033 JAPAN 

Contact hello@agic.cc 

 
Please visit http://agic.cc for more information. 

Copyright © 2014 AgIC 
Inc. All rights reserved. 

mailto:hello@agic.cc
http://www.google.com/url?q=http%3A%2F%2Fagic.cc&sa=D&sntz=1&usg=AFQjCNE5JvgLr31x4Qr60JViFKSteDkvAQ
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Appendix 5.1  

%Author: Peter Njogu 
%Matlab code that computes the capacitance and inductance of the free  
%standing FSS as per equation 5.5 in chapter 5 
  
clear all; clc; close all; 
Q=0.0506; %Q is Q factor (equation 5.4) in the correction term G  
%(equation 5.3) 
  
Z=377; 
C=3*10^8; %speed of light 
F=5.3*10^9; % Minus substrate 
% F=4.29*10^9; % with substrate 
labda=C/F; %wavelength 
P=20*10^-3; % FSS period 
t=2*10^-3; % thickness of the FSS tracks 
g=2*10^-3; % gap between the FSS cells 
  
S1=sin((pi*g)/(2*P)); % equation term 
% S2=S1^4; %sin^4 
S2=sin((pi*g)/(2*P)).^4; 
% S3=S1^2; % 
S3=sin((pi*g)/(2*P)).^2; 
C1=cos((pi*g)/(2*P)); 
% C2=C1^4; 
C2=cos((pi*g)/(2*P)).^4; 
A=((1-(3*S3))^2);% equation term 
D=(((1/16)*(t/labda))^2);% equation term 
E=(A*D*C2); 
F=((2*P)/(Z*pi*C)); 
G=log(csc((pi*t)/(2*P))); 
H=((Q*C2)/(1+Q*S2)); 
Ci=F*[(G+H+D)] 
I=(Z*labda^2)/(32*P*pi*C); 
Li=I*[(G+H+D)] 
 

Code output 

Ci = 

   2.1426e-13 

Li = 

   3.8114e-09 
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Appendix 5.2 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 =
1

4𝜋𝐿1𝑓2 , where L1 is equal to 3.8114 nH obtained from equation (5.5), f is the 

frequency of the FSS at each trench depth h1 and from L1 and f, capacitance was obtained. 

Using the scatter function of the Excel spreadsheet application, Figure 5.4 was obtained and 

from the trendline function, equation (5) was obtained for the capacitance.  

Depth h1 Capacitance Frequency 

0 360 4.3 

0.5 336 4.45 

1 323 4.53 

1.5 317 4.58 

2 315 4.6 

2.5 313 4.61 

3 310 4.63 
 

𝐶𝑖 = −3.7778ℎ1
3 + 25.143ℎ1

2 − 58.103ℎ1 + 359.76 fF                      (5.7) 

 

Appendix 5.3 

With capacitance, 𝐶 =
1

4𝜋𝐿1𝑓2 , where L1 is inductance and equal to 3.8114 nH, obtained from 

equation (5.5), f is the frequency of the FSS at each value of εr according to simulations, the 

capacitance was obtained. Using the scatter function of the Excel spreadsheet application, 

Figure 5.7 was obtained and from the trendline function, equation (5.8) was obtained for the 

capacitance.  

 
er Frequency Capacitance 

1 4.6 314.3985392 

4 3.95 426.3850723 

8 3.46 555.7045917 

12 3.09 696.7536044 

16 2.84 824.8206073 

20 2.65 947.3368587 

 
 

𝐶𝑒𝑟 = 33.312휀𝑟 + 288.8956 fF                                         (5.8) 
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Appendix 5.4 

%MATLAB code that derives the coeeficients of the relative permitivity (Er)  

%and loss tangent (tan delta) 

 clear all; close all; clc 

 % Array of the resonant frequency of the FSS with LTU in the trenches 

Resonance_Freq = [3.01 3.61 3.83 3.92 4.24]; 

% Array of the Er of the LTU in the trenches 

Di=[12.42 5.08 3.8 3.29 2.57]; 

 %This line gives the Er polynomial coeffient 

pcoeff3_Er=polyfit(Resonance_Freq, Di, 3) 

  

% Array of the frequency shift from the reference 

Freq_Shift=[1.59 0.99 0.77 0.68 0.36]; 

% Array loss tangent (Tand)of the LTU in the trenches 

Tand=[0.65 0.96 0.64 0.47 0.018]; 

%This line gives the Tan delta polynomial coeffient 

pcoeff3_Tand =polyfit(Freq_Shift, Tand, 3) 

 

Code output (Coefficients of the polynomial expression) 

pcoeff3_Er =  

   -1.6763,   24.8613, -121.5387,  198.7187 

pcoeff3_Tand = 

   -2.0252 ,   4.3111,   -1.3509,   0.0395 

 

Appendix 5.5 

%Author: Peter Njogu 
%MATLAB code that calculates the permittivity and tan delta (dielectric properties of the 
LUTs based on equations (5.10) and (5.11). These equations were derived from appendix 5.4) 
  
clear all; close all; clc 
    
fr_Methanol = 3.01; % Resonance frequency of Methanol 
fr_Ethanol = 3.61; % Resonance frequency of Ethanol 
fr_Butanol = 3.92; % Resonance frequency of Butanol 
fr_Propan = 3.83; % Resonance of frequency Propan 
fr_Xylene = 4.24; % Resonance of frequency Xylene 
fs_Methanol = 1.59; % Frequency shift of Methanol 
fs_Ethanol = 0.99; % Frequency shift of Ethanol 
fs_Butanol = 0.68; % Frequency shift of Butanol 
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fs_Propan = 0.77; % Frequency shift of Propan 
fs_Xylene = 0.36; % Frequency shift of Xylene 
  
%Calculation of permittivity and tan delta of Butanol-o1-o1 
Er_Butanol= -1.6763*fr_Butanol^3 + 24.8613*fr_Butanol^2 -121.5387*fr_Butanol 
+198.7187  
tand_Butanol=-2.02252*fs_Butanol^3 + 4.3111*fs_Butanol^2 -1.3509*fs_Butanol +0.0395 
  
%Calculation of permittivity and tan delta of Ethanol 
Er_Ethanol= -1.6763*fr_Ethanol^3 + 24.8613*fr_Ethanol^2 -121.5387*fr_Ethanol 
+198.7187  
tand_Ethanol=-2.02252*fs_Ethanol^3 + 4.3111*fs_Ethanol^2 -1.3509*fs_Ethanol +0.0395 
  
%Calculation of permittivity and tan delta of Methanol 
Er_Methanol= -1.6763*fr_Methanol^3 + 24.8613*fr_Methanol^2 -121.5387*fr_Methanol 
+198.7187  
tand_Methanol=-2.02252*fs_Methanol^3 + 4.3111*fs_Methanol^2 -1.3509*fs_Methanol 
+0.0395 
  
%Calculation of permittivity and tan delta of Propan-2-o1 
Er_Propan= -1.6763*fr_Propan^3 + 24.8613*fr_Propan^2 -121.5387*fr_Propan +198.7187  
tand_Propan=-2.02252*fs_Propan^3 + 4.3111*fs_Propan^2 -1.3509*fs_Propan +0.0395 
  
%Calculation of permittivity and tan delta of Xylene 
Er_Xylene= -1.6763*fr_Xylene^3 + 24.8613*fr_Xylene^2 -121.5387*fr_Xylene +198.7187  
tand_Xylene=-2.02252*fs_Xylene^3 + 4.3111*fs_Xylene^2 -1.3509*fs_Xylene +0.0395 
 

Code output 

εr_Butanol-1-o1 = 3.3416 

tan δ_Butanol-1-o1 = 0.4784 

 εr_Ethanol = 5.0959 

tan δ_Ethanol = 0.9650 

εr_Methanol = 12.4189 

tan δ_Methanol = 0.6606 

εr_Propan-2-o1 = 3.7357 

tan δ_Propan-2-o1 = 0.6320 

 εr_Xylene = 2.5651 

tan δ_Xylene = 0.0175 


