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Abstract

Flexible, foldable, and wearable antennas and interconnects play an indispensable role

in the rise of wearable computing and wireless communications across many

application areas. However, wearable components experience inevitable mechanical

deformation, that can cause frequency shifting, performance detuning and component

degradation making wireless data transmission and power transmission capabilities are

limited. Thus, it is important to assess to what degree antenna and interconnect

performance can be tolerant to in-situ deformations that can take the form of bending,

crumpling and twisting and combinations of these effects. However, generating

geometries of arbitrary antenna deformations such as bending, crumpling, and twisting,

that can be processed by standard electromagnetic software is a major challenge that

significantly complicates full assessment of in-situ antenna performance. Constructive

Solid Geometry (CSG) methods of generating geometries is difficult to robustly apply

to non-conformal antennas and more flexible techniques are required to progress the

antenna and interconnect studies further. To address this challenge, this thesis

investigates the utility of Spatial Warping Technique, specifically, Green Coordinates

(GC), for generating arbitrary antenna and interconnect geometries. First a calibration

of a straightforward application of the spatial warping techniques against a reference

case of a patch antenna bent over a cylindrical surface, which can also be generated

exactly, is undertaken. The thesis shows that systemic scaling distortions are introduced

by the GC method and introduces a compensation method that can overcome these

distortions. Subsequently, the compensated method is used to obtain new predictions

of the electromagnetic performance of analyses how these complex deformations

impact the performance of a flexible antenna operating in the 5-6 GHz band. with

arbitrary deformations, namely, antennas bent over 2D surfaces, and with concave and

convex spherical twisting or torsional deformations. Generating, full geometries is a

key enabler in this thesis. The provided results for a flexible antenna operating in the

5-6 GHz band offer valuable insight to the stability of antenna performance under in-

situ deformations.



Finally, the new methodology is applied to characterise flexible interconnect with

realistic materials condition has been investigated with concave and convex bending

and an arbitrary twisting deformation. This thesis also analyses the impact of these

deformations on the transmission properties of a variety of commercially available

polymer and elastomer-based interconnects and compares to the performance of flat

interconnects fabricated on rigid substrates. The analysis of the impact of deformations

also considers the degradation in the conductivity of the printed lines due to reported

mechanical deformations.

The new technique introduced this thesis able to couple with an electromagnetic

simulator is a promising design toolkit that can be confidently used to assess the impact

of deformations on the antenna and interconnect performance and give an accurate

prediction of a device under the arbitrary deformation.
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This Chapter presents the research background and introduction to this thesis. It

highlights an essential gap in the research that this thesis addresses. Besides, it

demonstrates the need for research and the importance of real-life applications.

Finally, this Chapter outlines the content of each Chapter of the thesis and how

they structure to fit the fundamental view of the thesis.

1.1 Research Background for the Thesis

Wearable and foldable electronics can receive, store, or transmit digital information and

are the focus of increased attention in many areas including healthcare, entertainment,

and the sports industry. Flexible devices are required to operate with low power

consumption to continuous synchronisation between other devices [1] and the main

applications are focused on low power sensing applications and wireless

communications [1]. The main applications of flexible electronics for high frequency

are:

 Wireless communication applications [2-4] that need to be synchronised in an

instant location are fundamental for a wide variety of internet service

applications. Flexible and wearable electronics are the most promising non-

invasive devices for tracking objects and users [5].

 Sensor applications for the measurement of body’s vital variables, such as blood

pressure, body temperatures, sweat rate monitoring, and monitoring of hand

gestures, analysis of metabolites, and condition of scar healing monitoring [6-

16].
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 Energy harvesting applications [17-20] that transmit a reasonable amount of

wireless energy or captures energy from changes in environmental conditions,

such as radio signals and temperatures.

 The radio frequency identification (RFID) applications [21-25] that transmits a

reasonable amount of wireless energy to use as an identification system [2, 26].

Furthermore, the ever-increasing demand for fully integrated and flexible, wearable,

small size, and high-capacity systems exhibits more challenges for electromagnetic

application engineers regarding conformal and multi-functional design. The

Engineering and Physical Science Council (EPRSC) workshop (2014) [27] and ‘The

2021 Flexible and Printing Electronic Roadmap*’ [28] have identified challenges and

required technologies to enable a step-change for antennas and soft and flexible

electronics.

Table 1.1 summarises the research challenges for antennas and soft and flexible

substrates and the required technologies and properties to lead a step-change. The main

challenges for antennas are in the area of designing thin conformal antennas that can

operate at multiple bands over narrow channels. For low and intermediate frequency

antennas the aim is to overcome the Chu’s limit (i.e., overcome the limit on the

bandwidth that is proportional to the physical size of antenna [29]).

In terms of materials the research focus is on soft and flexible substrates and high

conductivity materials suitable for flexible substrates. The substrates based on textiles

with high permittivity are desired that are on-body reconfigurable. This in turn demands

that effect of anisotropy of substrate materials is accounted for. The main components

that are considered are flexible connector and interconnects and, antenna feed lines.

To address given challenges, it would require collaboration between software

engineers, microwave engineers and material scientists. In essence, some of the

research challenges are fundamentally associated with each other. For instance, a thin

conformal antenna requires not only high conductivity and novel materials, such as

nanoparticles [30-32], nanowires [33], polymers [34], 1D and 2D (i.e., carbon
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Table 1.1 The fundamental challenges and opportunities in the field of antenna and interconnect are

determined by EPSRC [27] in 2014 and “The 2021 flexible and printed electronics roadmap *[28]” and

CAD technologies and the related materials which may well address these challenges.

Research Challenges Required technologies and properties
to lead a step change

Antennas CAD Modelling
 Thin Conformal Antennas
 Operation at multiple bands over
narrow channels
 Overcome the Chu’s limit -
particularly for intermediate and low frequency
antennas
 Doped graphene, transparent for
antennas
 Transparent antennas
 Control dispersion in antenna
materials
 Integrated system of antenna plus
frontend

 Intelligent RF and microwave CAD
 RF with new materials-specification to
end design CAD
 Models of new materials
 Multi-physics and multi-scale to system
level
 Thermodynamics coupled with E/M
 RF modelling in house expertise
combine with commercial software materials
processing applications
 *Modelling tools for efficient designs
for weaving and knitting effect
 *Comprehensive simulation framework

Soft and Flexible Substrates Materials

 Flexible connectors and
interconnects, feeds
 Wearable alternatives and
substrate types
 High permittivity for fabrics for
wearable antennas
 High conductivity
 Flexible conductors
 On body-modular-reconfigurable
based on dynamics local EM environment
and posture
 Effects of anisotropy
 Biodegradable
 Microwave capable textiles
 Disposable disturbed sensing- single
point change in function sense-transmit

 Physical material morphing
 Anisotropic materials
( )

 Tunability of material (structure, ε, μ, 
σ) 
 Low-loss Materials
 Metamaterials
 Artificial dielectrics
 Magnetic materials high frequencies
 Composite multilayer and hybrid
materials
 Engineered composite materials
 Nanomaterials
 Controlled grading materials
 Ability to print metal and non-metal 3D
shapes
 3D Printing of full systems

nanotubes [35], graphene [36-40], MXenes [41, 42]) but also alternatives substrate

types from soft and flexible substrates. For example, graphene and its related materials

can be used to enhance the mechanical endurance of antennas to environmental stretch

and strain [43, 44]. In addition, the advances in material processing [45-47] and additive

manufacturing technologies [48-52] have shown to have significant advantages for

direct printing electronics on the conformal and flexible surface for wearable antenna
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design [49, 53-56]. For instance, the improvement in material science and their usage

of advanced manufacturing technologies has provided the alternative capability of

designing microwave systems directly on spherical surfaces with enhanced

functionalities, such as wider coverage [53] or adding multi-functionality of desired

constraints, such as sensing temperatures [14].

The roadmap, identified by EPSRC, identifies specific areas for flexible antennas and

in specific, it outlines a necessity for CAD models that can deal with multi-physics and

multi-scale problems. The CAD modelling should aim to build in a library of new

materials and also be able to deal with issues that weaving and knitting effect has on

components. Individual components, such as RFIDs, medical sensors and antennas can

be integrated into a variety of substrates including knits, embroidery or non-woven

materials [57-59]. More generally, non-flat antennas are routinely found mounted on

curved surfaces such as airplane wings and fuselages [60] and as 5G antenna arrays on

cylindrical surfaces [61]. The design and integration of individual components are often

crucial aspects of the overall system design.

Figure 1.1 An arbitrary patch antenna deformation with crumpling along the width of antenna and

twisting along the length of antenna.

One of the most challenging cases for predicting in-situ performance is that of wearable

textile antennas fabricated on woven and non-woven materials that will experience

bending, twisting, and crumpling when pulled in different directions by human activity,

as illustrated in Figure 1.1. Whilst woven and non-woven materials are more stable than

knits, [57], it is still expected that all textile antennas will to some extent, experience
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elongation and compression when in use. To date there has been an increasing effort to

predict performance changes caused by antenna deformations, but these have primarily

focused on patch antennas and antenna arrays bent over cylindrical surfaces [18, 62-

71]. The results reported were obtained from practical measurements [62, 63] and only

a few predictive results have been reported using the modelling techniques embodied

in CST’s and Ansys software [64, 65, 70, 71]. Both the experimental and simulated

results demonstrate that bending has a significant influence on antenna performance;

specifically, increased curvature decreases the overall gain of antenna and shifts the

resonant frequency, although the bandwidth remains approximately the same across all

measured cases [18, 62, 64, 65, 67, 70, 71].

The virtually exclusive focus on purely cylindrical deformations can be attributed to

the difficulty in robustly generating arbitrary deformed antenna geometries suitable for

predictive simulations. Clearly, to advance understanding and to develop practical

design guidelines, the problems associated with generating arbitrary geometries need

to be fully understood and resolved and this motivates the contribution presented in this

thesis.

The specific and critical CAD issue for the generation of deformed antenna geometries

is to obtain well behaved and consistent interfaces between the different elements that

make up the antenna. This is clearly illustrated by a finite thickness metal patch on a

substrate: Either the patch and the substrate are generated separately as deformed parts

and stitched together or, a flat patch-substrate combination is generated with a well

behaved interface, which is easy to do, and this combination is deformed to the final

desired geometry.

It is important to explain the phrase a well behaved interface. Stitching together non-

coordinate aligned and separately created parts inevitably leads to dirty interfaces that

do not perfectly align and typically have microscopic non-physical gaps and overlaps

which are disastrous for subsequent mesh generation and electromagnetic (EM)

simulations. At best, dirty interfaces result in unrealistically small mesh cells that

severely compromise the computational efficiency and at worst, mesh generation

proves impossible. It is commented here that the subsequent choice of modelling
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method, Finite Elements, Finite Differences, Method of Moments, or their

implementation within particular software packages is not the issue, rather it is the

geometrical data upon which they operate that has the failing.

Figure 1.2 Overall process of cage based deformation, specifically GC method (a) original flat antenna

(b) enclosed antenna in the flat cage (c) the empty warped cage and flat cage that includes flat antenna

to transfer the warped cage (d) the morphed antenna inside the warped cage (e) the final conformed

antenna geometry [72].

Experience shows that even the CAD models generated using mechanical software need

CAD repair techniques to clean these interfaces lacks robustness and require significant
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manual intervention.

Overall, the number of trial cases a designer can easily consider is severely curtailed

which explains the existing focus on purely cylindrical geometries that are amenable to

exact generation [64-67, 71, 73]. To avoid the issue of dirty interfaces, the strategy

pursued in this thesis is to generate flat antenna geometries and deform them holistically

using a technique borrowed from computer graphics.

Computer graphics offers a number of techniques for spatial manipulation of 3D

objects, for example Mean Value Coordinates (MVC), Harmonic Coordinates (HC) and

Green Coordinates (GC) [74-77]. The common feature of these techniques is to enclose

the object of interest by a so called bounding cage that has a similar, but less

complicated shape than the object of interest, as shown in Figure 1.2. All spatial points

within the interior of the cage can be expressed in terms of the cage’s geometry (e.g.

vertex locations in the case of MVC) and by subsequently manipulating the vertices of

the simple cage, for example interactively dragging one of its vertices, smooth

deformations are induced into the complex geometry of the enclosed object (See Figure

1.2). This approach is extensively used in computer animation and the fast and simple

modification of objects is the feature that is also sought in this thesis for systemic

performance studies on deformed antennas.

Each of the particular methods listed above differ in (i) the extent to which they preserve

the physically realistic nature of practical deformations of the object’s shape (shape-

preserving property) and (ii) the efficiency of their numerical implementation, i.e.,

either exploiting closed form formulae or requiring substantive numerical processes

[76]. Shape preservation in the context of this work is a measure of whether the object

deformation follows the expected behaviour of stress-strain physics which is clearly

desirable. Two points to note here are that (i) it would be difficult to theoretically

express the complexity of such deformations in the general case with a view to

explicitly code geometry generation, vertex by vertex, as one can obviously do for the

purely cylindrical case, and (ii) the scope of this work does not extend to the further

complexities of the materials, for example the opening and closing of woven fabrics.
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The Green Coordinates approach stands out from the alternatives listed above as that

which best preserves the shape of 3D objects and is implemented using only closed

form analytical formulae [76, 77]. The good shape preservation properties trace to the

fact that the two-dimensional (2D) and three-dimensional (3D) GC method induce

purely conformal and quasi-conformal maps respectively with minimal anisotropic

scaling [76, 77].

However, the GC approach does introduce systematic global distortion of the resulting

antenna geometry and it is important to assess how these affect antenna performance

and if needed to minimise them. For clarity, we use the term deformation for the desired

change of shape of an antenna from the flat to the in-situ case and distortion to denote

these undesirable systemic errors that GC method introduces.

A suitable benchmark geometry for assessing and then removing the GC distortions is

the purely cylindrical case as it is a developable surface that ought to be generatable

without any distortion. The quantification of antenna deformations is done in the

context of the subsequent impact on its performance, that is characterised by antenna

reflection coefficient S11 and radiation pattern. After calibration against a known

canonical case whose geometry can be exactly generated, final GC-generated antenna

performance in terms of return loss and radiation patterns can be examined.

Furthermore, the approach can then be extended to address the bigger challenge of

undertaking a systematic design sweep over the problem space of possible doubly

curved deformations, such as concave and convex spherical, saddle, and twisting

deformations as well as to extend the method to other components such as

interconnects.

To obtain these a suitable EM software needs to be used. As the antennas under

investigation are clearly not coordinate aligned, discretisation with an unstructured

mesh is advantageous for minimising discretisation errors and managing computational

effort. The thesis used an in-house 3D Delaunay Mesher and EM software based on

Transmission Line Modelling (TLM) method [78-80].

The Delaunay mesher [80] is a robust 3D implementation of the techniques described
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in [81] augmented by many features that ensure that the meshes produced are

sympathetic to the needs of subsequent large-scale EM simulation and has been widely

used for the purpose [82-88].

The unstructured TLM method is a well-established extension to the Cartesian mesh

TLM method, the latter having over 50 years of practical use for EM simulations [89,

90]. The TLM approach has the distinct advantages that all field component samples

are co-located in time and space, and crucially, that stability is provable on a cell-by-

cell basis without resorting to estimators such as the Courant condition. For large-scale

simulations this is a critical advantage and late time instability has never been observed

with TLM. The unstructured mesh variant of the TLM algorithm has been demonstrated

to be second order accurate with respect to wavelength, provide both smooth boundary

and graded mesh capabilities, and has been industrially characterised and deployed for

a range of applications including EMC and aerospace [83, 85, 91] and readers are

specifically referred to [78, 79] for further details.

1.2 Overview of Thesis

The thesis is structured as follows:

To determine the performance of an antenna and interconnect, the definitions of

different parameters is necessary. The definition of essential parameters for this thesis

are introduced according to the IEEE Standards [92-94] in Chapter 2. Then, Chapter 2

gives the basic theory of Unstructured Transmission-Line Modelling (UTLM) method

and some of the solver consideration will be given in this Chapter.

Chapter 3 overviews available, flexible antennas and interconnects for wearable

applications. The Chapter overviews various flexible materials available for antenna

and interconnects design. The Chapter overviews the recent advances in flexible

substrate materials and novel conductive materials that can be printed onto the flexible

substrates. The Chapter then overviews reported results on the flexible antennas and
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interconnects and the impact a particular deformation (cylindrical, twisting and

stretching) makes on their performance. This is also done for flexible interconnects.

Chapter 4 describes the concept of geometry deformation based upon computer

graphics techniques. This Chapter also defines non-developable surfaces and the

barycentric coordinates formalism which is an essential concept for modelling

geometry with triangular meshes. Then, the Green Coordinates method is defined by

closed-form formulae in 2D and 3D. This Chapter also compares the Green Coordinates

method with Mean Value Coordinates and Harmonic Coordinates with regard to their

shape preserving property. This Chapter aligns against the EPSRC challenge of

intelligent RF and microwave CAD in Table 1.1.

Chapter 5 applies the GC methodology to deform antennas and explores to what extend

the GC method introduces unwanted geometrical distortions. The effectiveness of

methods is assessed by comparing the EM performance of the GC compensated

antennas with the canonical case of cylindrical bending whose geometries are in closed

form. Chapter 4 uses the GC techniques to analyse the performance of antennas bent

over doubly curved surfaces and compares it to the flat case. Deformation, such as

average concave, convex, saddle and torsional deformation have been considered.

In Chapter 6, the compensation method developed in Chapter 5 was applied to study

the systematic parameter sweeps of wearable antennas fabricated on a polymer

substrate. The specific deformations, such as spherical, crumpling, and twisting, are

investigated with varied deformation rates. The impact of deformations on antenna’s

resonant frequency, bandwidth and radiation patterns are analysed and compared

against the flat case. The Chapter then further considers whether changes introduced by

the double curved deformations can be characterised by a cylindrical deformation if the

antenna is bent along the two principal axes. This Chapter aligns against a specific

challenge identified in Table 1.1, namely thin conformal antennas, wearable

alternatives, and substrate types, on body-modular-reconfigurable based on dynamics

local EM environment and posture.
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Chapter 7 compares the electromagnetic performance (EM) of the interconnects

fabricated on several flexible substrates, namely, polyethylene terephthalate, (PET),

polyimide, (PI), elastomer-based substrates such as polydimethylsiloxane (PDMS) and

polyurethane (PU). First, the computational model of flat interconnect designed on a

rigid substrate is calibrated against published experimental results. The model is then

extended to other flexible interconnects based on PET, PI, PDMS, and PU substrates.

Finally, this Chapter uses GC technique and described in Chapter 5 to investigate the

impact of arbitrary deformations on the performance of interconnects. This Chapter

aligns against several identified challenges in Chapter 1, such as models of new

materials, flexible connectors and interconnects, feeds, wearable alternatives, and

substrate types, and on body-modular-reconfigurable based on dynamics and posture.

Finally, Chapter 8 summarises the main conclusion of the thesis and discusses

possibilities for further development of the GC method for modelling flexible

electronics.
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This Chapter provides an overview of the basic antenna and interconnect

parameters and briefly overviews the main principle of the time-domain

Transmission Line Modelling method used in this thesis. The numerical tool is

based on unstructured tetrahedral mesh to which we refer as Unstructured

Transmission Line Modelling (UTLM) method. Chapter is not intended to give

comprehensive background on antenna theory and time-domain numerical

modelling technique, UTLM. The reader is referred to extensive literature

available on the subject, listed in this Chapter.

This Chapter is organised as follows; In the first part, the main antenna and

interconnect parameters will be given in accordance with the IEEE Standard

Definition of Terms of Antennas [1] and with the IEEE Standard Test Procedure

for Antennas [2, 3] which will be adopted throughout this thesis. The main

parameters that will be defined are reflection and transmission coefficient,

antenna impedance, radiation pattern, directivity, and gain and bandwidth.

Secondly, the governing method equations and the philosophy behind the

UTLM method will be given with accordance to [4-8], which will be adopted

throughout this Chapter.

2.1 Antenna and Interconnect - [S] parameters

A wide range of parameters exist for characterising the performance of antenna and

interconnects and in the following subsections the most important ones for this thesis

are reviewed. For that purpose a general multi-port system that can be a multi-port
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antenna, typically for an antenna array, or a multi-port interconnects, is defined

schematically in Figure 2.1 shows two arbitrary ports and for which the reflected

and incident voltages are defined at the port reference planes. The most common

network used in characterisation of passive components is such as an antenna and

interconnect is the scattering matrix networks that relates the reflected voltages at

each port, to the incident voltage at each port , as [9, 10]:

Here,

(2.1)

matrix (as a matrix for a -port network) is very useful at defining the

reflection at each port and the transmission properties through the network. Reflection

coefficient quantifies the electromagnetic wave that is reflected by impedance

mismatch in the transmission medium.

The reflection coefficient at the port is given by

(2.2)

under the condition that all other ports are matched (therefore for ). Under

these conditions all reflections at a particular port will come only from the antenna

networks itself.

In this thesis only single antenna is considered for which, as a one port device, the

reflection coefficient becomes the scattering coefficient . If the antenna is passive

element, reflection coefficient is [9, 10]. In this thesis the microstrip antennas

have a defined threshold limit is dB [11].

The voltage standing wave ratio (VSWR) is determined directly from the reflection

coefficient as [9, 10]; and is given by

. (2.3)
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Figure 2.1 An arbitrary multiport antenna or interconnect system [9].

For the characterisation of interconnects both the reflection coefficient and transmission

coefficient are used. For the simplest case the interconnect is a two-port device and the

reflection coefficient, and transmission coefficient, are defined as

when (2.4)

when (2.5)

by applying an incident wave at port 1, , and observing reflecting and outcoming

waves at port 1, and at port 2, , respectively.

2.1.1 Antenna Impedance

The input impedance of an antenna is “the impedance presented by antenna at its

terminals or the ratio of the voltage and current at the port of the antenna, or the

ratio of the appropriate components of the electric field to magnetic field at a point

when the antenna is isolated in free space; that is, without presence of other scattering

structures and antennas.” [1, 9, 12]. Therefore, this is sometimes defined as the isolated

input impedance. The input impedance of antenna is defined by the characteristic

impedance of transmission line connected to the desired port of the antenna and

antenna reflection coefficient as [9, 10],
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(2.6)

Considering a linear multi-port antenna the voltage and the th port can be associated

with the currents at all port via a network impedance matrix as [9],

(2.7)

where is the self-impedance of the th port is mutual impedance between the th

and th ports. The input impedance of the th port is then derived as [9, 10, 13],

(2.8)

under the condition that all other ports are open circuit i.e., that which is related

to the excitations (currents) of the other ports and therefore differs from the isolated

input impedance. The active input impedance is defined as the input impedance of a

port in a multi-port system [9, 10, 13]. For an active impedance of array element may

be different from identical isolated input impedance due to the mutual coupling.

Individual port active impedance can vary significantly when the excitation of the ports

is varied with the aim of beamforming can become a significantly mismatched to the

transmission line impedance [9, 10, 13].

One can derive impedance matrix from the scattering matrix and vice versa. With

assumptions of all the ports of identical characteristic impedance [9, 10, 13];

(2.9)

where is unit matrix. Therefore, the scattering matrix in terms of the impedance

matrix given by [9, 10, 13];

(2.10)
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2.1.2 Radiation Pattern

The radiation pattern is a “mathematical function or graphical representation of the

radiation properties of the antenna as a function of space coordinates” [1, 9]. The most

general way of determining radiation pattern is in far-field region [9, 12]. That region

is “where the angular field distribution is essentially independent of the distance from

a specified point in the antenna region” [1, 9]. The far-field region is defined by those

distances higher than , being the maximum overall dimension of the antenna

and is the free-space wavelength [2, 3, 9, 12]. For time-harmonic fields, the simple

form of the radiated electric field in the far-field region can be expressed as [2, 3, 9,

12],

(2.11)

where the position vector is the reference to the origin of the antenna coordinate

system and is a pattern function that is related only to the direction of the position

vector and the term that depends on the length of the position vector [2,

3, 9, 12]. A pattern function and the direction of the position vector are orthogonal

to each other so that; that is [2, 3, 9, 12]. In essence, the pattern function

defines all the radiation properties for the antenna [2, 3, 9, 12].

2.1.3 Directivity

The directivity, of an antenna defined as “the ratio of the radiation pattern intensity

in a given direction from the antenna to the radiation intensity averaged over all

directions. The average radiation intensity is equal to the total power radiated by the

antenna divided by . If the direction is specified, the direction of maximum radiation

intensity is implied” [2, 3, 14]. The radiation intensity in given direction, is the

radiated power per solid angle and hence, where being the free-

space intrinsic impedance and the power radiated in given direction [2, 3, 9, 12].

Therefore, the directivity is given direction can be mathematically written as [2, 3, 9,

12],
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(2.12)

where the total radiated power can be calculated by integrating the power

radiated in given direction over entire radiation sphere [2, 3, 9, 12].

2.1.4 Gain and Realised Gain

The gain, , of an antenna is defined as “the ratio of the intensity, in a given direction,

to the radiation intensity that would be obtained if the power accepted by an antenna

were radiated isotopically [2, 3, 13]. The radiation intensity corresponding to the

isotopically radiated power is equal to the accepted (input) by antenna divided by ”

[2, 3, 9, 12]. Mathematically, this can be expressed as,

(2.13)

where is the power accepted by the antenna [2, 3, 9, 12, 14].

The antenna radiation efficiency, which can be associated with rate of gain and

the directivity, , that is expressed as [2, 3, 9, 12]. The realised gain

of antenna that considers the reflection or mismatch losses defined by

(2.14)

where is the overall antenna efficiency [2, 3, 9, 12].

2.1.1 Bandwidth

In IEEE standards, the bandwidth (BW) of antenna is defined as “the range of

frequencies within which in the performance of the antenna, with respect to some

characteristic, conforms to a specified standard” [2, 3, 9, 12, 14]. Bandwidth refers to

the frequency range over which the reflection coefficient is less than a specified

maximum allowable value [2, 3, 9, 12]. In this thesis, dB.
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The fractional bandwidth (FBW) is

with (2.15)

with and denoting the upper and lower limits of the frequency range, and the centre

frequency coincides with frequency of operation [2, 3, 9, 12].

2.2 Numerical Modelling: Unstructured Transmission

Line Modelling Method

The purpose of this section is it give a brief description of the in-house electromagnetic

(EM) simulator, based on Transmission-line Modelling (TLM) [15] and tetrahedral

Delaunay mesh, namely Unstructured Transmission Line Modelling (UTLM) method

[4-8]. The full in-house software is referred to as Virtual Evaluation Environment

(VEE) and consists of a Geometry Kernel (GK), robust tetrahedral Delaunay mesher,

and the time-domain EM solver based on UTLM, which is the main software and

simulator tool for this thesis [16].

The Transmission-line Modelling (TLM) method [15] is a well-established time-

domain numerical tool for solving electromagnetic problems. The beginning point for

any numerical software is the discretisation of a problem space. For two-dimensional

(2D) problems, these discrete cells are cartesian grid, triangular or hybrid mesh

(combination of cartesian and triangular cells). In three-dimensional problems (3D)

discretisation is done using a cartesian cuboidal cells, tetrahedral or hybrid cells. [4-7,

17-19]. For Unstructured-TLM, EM problem space is decomposed into tetrahedral cells

based on Delaunay mesh [8] [20] as shown Figure 2.2a). On the four triangular faces,

tangential electric and magnetic field is sampled by deriving local analytical solutions

to Maxwell’s equations [4-8, 17-19]. Therefore, it is possible to write mathematically

an admittance operator that associates sampled electric and magnetic field values [4-8,

17-19]. This operator provides one on opportunity to implement an electrical network

of transmission lines of different characteristic impedances but with the same transient

time [4-8, 17-19]. The network of transmission lines follows the Voronoi mesh that
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connects tetrahedron circumcentres and is orthogonal to the Delaunay mesh. The

voltage pulses propagate on the Voronoi mesh between tetrahedron circumcentres and

get scattered at the junctions between neighbouring tetrahedra. This is described by a

time-stepping algorithm, which alternates between the scatter phase, at which the

voltage pulses scatter at the junctions between transmission lines, and a connect phase

in which the exchange of pulses between the neighbouring cells takes place [4-8, 17-

19].

One of the important parameters to consider is the minimum length of the transmission

line in the meshed problem, The causality requires that the timestep satisfies the

condition In any practical mesh the parameter can be very small and can

negatively impact the runtime. To alleviate that a clustering approach is introduced that

clusters all cells that share a transmission line below defined threshold. That approach

can improve the timestep by a factor of 10 [8]. The essence of clustering approach,

schematically presented in Figure 2.3, is to replace the short transmission line by the

inductive stub and determine overall scattering response implicitly [8].

Figure 2.2 Canonical tetrahedral cell scattering network (a) Tetrahedral element (b) Equivalent network

representation and (c) Compact circuit representation [8].



2.2 Numerical Modelling: Unstructured Transmission Line Modelling Method 29

The canonical network equivalent network associated with two neighbouring of

unclustered tetrahedral cells [8]. The main electromagnetic response of each cells

comprises a superposition of the behaviour of lower-order electric and magnetic-type

dipoles and multipoles. The link line joining the pairs yields to provide an inductance

(magnetic dipole behaviour) proportional to the distance between cell circumcentre [8].

In order to deals with the parasitic capacitance behaviour related to the line, the time

steps need to be remained below [8]. The essence of clustering approach:

replace the link line by inductive stub and determine overall scattering response of the

pair [8].

Figure 2.3 Clustering phenomena demonstrated by two neighbouring cells whose circumcentres are

separated by a small distance . (a) Without clustering, the time step is typically required to be

. (b) With clustering time step can be significantly raised [8].

In order to solve network problem of Figure 2.3b), first, one need to consider the

compact representation of the Figure 2.2c) [8],

(2.16)

where (See Eq.(8) in [7]) [8]. The diagonal matrix and

contains values for the transmission line characteristic impedance and the area of

associated cell faces, respectively [8]. Each characteristic impedance is of value

where is the characteristic impedance of the material and

being the permeability and permittivity [8]. is the distance between neighbouring
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tetrahedral circumcentres. The term denotes the face sampled constant field vectors

related to the three electric dipoles modelling the quasi-electrostatic behaviour of each

tetrahedron and their orientations are computed by a small eigenvalue equation in [4].

is a vector amplitude for electric dipoles [8].

The UTLM technique is to seek eigen responses of (2.16), which are defined as pairs

of and , which are associated by a simple scaling factor, i.e., [8].

After introducing the incident and reflecting voltages on the transmission lines of

Figure 2.2b), i.e., and [8]. Each eigensolution provides a

set of amplitudes such that if this set values were incident from the transmission lines

onto the cell, it would reflect without distortion via a simple reflection coefficient [8]

(2.17)

Furthermore, such solution, Eq. (2.16) is rank deficient and possesses solutions with

and with . This is physically related to the quasi magneto-static

fields and in a similar manner to (2.17) gives [8]

(2.18)

This can be mathematically rewritten as [8],

(2.19)

where = and is a unitary matrix, whose columns are solutions of (2.16) [8]

(2.20)

The time delays are implemented by utilising the open-circuit stubs as

demonstrated in Figure 2.2b)[8],

Essentially, algorithm depends upon the is frequency dependent. One considers

frequency independent eigenproblem [8]
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(2.21)

It is simple to show by inspection that the eigenvector of (2.12) and that the eigenvalues

are related as [8]

(2.22)

which has same second order accuracy [8]. Article [8] also addressed robust solution of

(2.21) for moderated size of cell cluster, and complexity reduction process reducing the

number of solutions in the column of (2.19) and the number of inductive stubs needed

to be present when time stepping. The full theory of derivation is not in the scope of

this section and for further information, the reader is referred to [4-8].

Overall, the EM simulation includes the following steps:

1. Geometry generation.

2. Generation of suitable Delaunay meshes [8, 17, 19, 21] (See Figure 6.6 and

Figure 7.3).

3. Assigning suitable materials models and boundary conditions to discretised

geometry [21-27].

4. Defining excitations and observation parameters.

5. Adopting a suitable clustering threshold that would keep the maximum cluster

size to below 200 cells. Clusters bigger than that negatively impact the runtime

[7, 8].

6. Perform EM simulation [4-8].

7. Post processing of the results to obtain desired observables and figures-of-merit

[21-27].

UTLM’s stability is provable priori on a cell-by-cell basis without need to stick to

guidelines, such as Courant [28] criterion to guarantee the convergence of the solution

of electromagnetic problem [4-8]. Besides, the late time instability has never been

observed [4-8]. Selection of mesh size in UTLM is critical to reducing the numerical

dispersion. Dispersion is well known as the propagation velocity of the wave depends
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on frequency [9, 15, 21]. Dispersion may exist even in non-dispersive medium, which

is widely known as numerical dispersion due to obtaining a solution of Maxwell’s

equations only locally [9, 15, 21]. Numerical dispersion can deteriorate the pulse

waveform and can cause non-physical refraction, cumulative phase error and numerical

anisotropy [9, 15, 21]. Therefore, to decrease undesirable numerical dispersion error,

the advisable cell size is , where is the maximum cell size of the mesh and

is the minimum wavelength of problem [21]. In many practical applications a more

accurate guidance is [21]

2.3 Conclusions

This Chapter reviews various figure-of-merit applied broadly on antenna and

interconnect simulations and measurements. These were introduced based on their

basic definitions according to IEEE standards. The main parameters that are defined are

reflection and transmission coefficient, radiation profile, directivity, gain and the

bandwidth. The time-domain numerical modelling technique based on unstructured

mesh; Unstructured Transmission Line Modelling (UTLM) method is briefly

overviewed to give a reader a brief idea about main electromagnetic simulator used in

this thesis. The next Chapter introduces the main materials used in flexible electronics

and summarises the current understanding of how a particular deformation impacts the

performance of flexible antennas and interconnects.
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This Chapter overviews different substrate and conductive materials that are

used for design of flexible antennas and interconnects. The Chapter also

overviews the impact on particular deformation, namely, cylindrical bending,

twisting and stretching, on the performance of antennas and interconnects.

Finally, the main findings from the overview are summarised.

3.1 Introduction

This section focuses on the main materials used in flexible electronics.

Flexible electronics devices are constructed utilising a wide range of different novel

conductive and dielectric substrate materials. Flexible materials used in wearable and

flexible electronics applications need high mechanical durability and a good level of

integrity to other electronic devices [1-11]. Furthermore, the stretchability and elasticity

of materials are essential physical characteristic properties to generate reversible

deformations [11].

Flexible materials need to have mechanical properties to provide a desired performance

under deformation. For instance, any wearable antenna and interconnects must be bent

to conform to the human body and deform to accommodate strain during dynamics of

motions [7, 12]. The mechanical requirement for antenna substrate material medium is

high elasticity and strain with low Young’s modulus. Young’s modulus of the material

is determined as the ratio of the strain to stress in the linear elasticity system of uniaxial
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deformation [13]. Thus, a low value of Young’s modules ensures a wide stress range

without degradation of desired electrical and mechanical properties. The thickness of

the film, , is inversely proportional to the modulus and directly related to the applied

in-plane stress [13]. The average elastic modulus can written as ,

where GPa is in size nm [13, 14]. Figure 3.1 demonstrates an overview of materials,

such as, elastomers, polymer plastic, and natural fibres categorised by their Young’s

modulus. It can be seen that the elastomers provide the highest elasticity for conforming

the human body compared to polymer plastics and natural fibres. In terms of elastomers,

Polydimethylsiloxane, PDMS, has three order higher elasticity than the other

elastomers. Similarly, Polyethylene Terephthalate, PET, has the highest elasticity (three

order) compared with Polyimide, PI, and Polyethylene naphthalate, PEN. Besides,

natural fibres, such as cotton, cellulose, silk, wool, and jute, maintain similar elasticity

as PI, and PEN materials [13].

Figure 3.1 Comparison of elastic (Young’s) modulus of various materials [13].

Textile materials are structured fibrous materials with electrical properties defined by

the properties of constructive fibrous components, yarns, and weaving of the fabric [1].

Textiles are flexible materials whose density and thickness may change with applied

compression [1]. Their porosity depends on the weaving density of the yarn or fabric,

which in turn impacts on desired permeability of substrate or electrical properties of
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conductive parts [1]. Furthermore, different weaving of the threads and the fibres results

in anisotropy of general material [1, 15].

Flexible antennas have advantages over planar rigid antennas in terms of small

thickness, lightweight, and small profile [16-19]. In addition, flexible antennas operate

robustly and can exhibit extreme mechanical deformation with their lightweight

structure [16, 20]. One specific target needs flexible and foldable antennas for their

planar and in-situ performance. Several properties of flexible construction materials

affect the figure of merit of the electromagnetic performance. For example, the antenna

efficiency is fundamentally limited by the refractive index and thickness of media [1].

Therefore, the utilisation of bendable and flexible material in wearable RF electronics

needs the characterisation of its properties. On the other hand, little information on

electromagnetics properties and in-situ performance of conventional substrates with

conductive parts can be found [1].

3.2 Substrates for Wearable Applications

When it comes to electrical properties of wearable antennas and interconnects, substrate

medium generally is isotropic and the dielectric permittivity of, determined by a

complex value where a relative permittivity , and is the

permittivity of the vacuum medium [1, 21, 22]. In practice, the dielectric properties of

the medium depend on the frequency, homogeneity, purity, temperature, and the surface

roughness of the medium [1, 22]. The dielectric substrate materials are specified by the

real part of permittivity of the medium, , and by loss tangent, = [1, 21].

The weaving structure and the complex cross-sections of material can generate a

significant amount of uniaxial and biaxial anisotropy; that can be extracted from electric

field orientation and determines a relative electric permittivity tensor where (

. The dielectric material is defined by the

weaving density of yarns [23, 24] and electrical properties of constructive yarn elements

[1].
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Table 3.1 Averaged Dielectric Constant for Different Materials

Materials Permittivity
Loss

Tangent
Thickness

Frequency

(GHz)

Refs.

N
a

tu
ra

l
F

ib
re

s
or

T
ex

ti
le

s

Silk 1.75 0.0120 0.580 2.60-3.95 [25]

Tween 1.69 0.0084 0.685 2.60-3.95 [25]

Panama 2.12 0.0180 0.347 2.60-3.95 [25]

Felt 1.38 0.0230 1.100 2.60-3.95 [25]

Fleece 2.55 0.0035 2.550 2.60-3.95 [25]

3D Orthogonal Weave 3.20 0.0080 2.700 1.575 [26]

P
o

ly
m

er
s

Polytetrafluoroethylene
(PTFE)

2.05 0.0035 11.660 2.60-3.95 [25]

Polyimide (PI) 3.50 0.0026 0.1270 5.0-7.0 [11, 27]

Polyethylene Terephthalate
(PET)

3.00 0.0080 0.1000 2.0-4.0 [11, 28]

Liquid Crystal Polymers
(LCP)

2.90 0.0020 0.0500 3.0-12.0 [11, 29]

E
la

st
o

m
er

s

Polyurethane (PU) 2.60 0.0700 1.200 1.0-5.0 [30, 31]

Polydimethylsiloxane
(PDMS)

3.20 0.0100 0.500 1.0-3.0 [32]

Thermo Plastic

Polyurethane (TPU)

3.20 0.1000 0.50 0.8-1.0 [33]

Table 3.1 summarises electrical properties, such as dielectric and loss tangent, their

thickness, of widely used materials (natural fibres or textiles, polymers, and elastomers)

for flexible antennas and interconnects as well as their recommended operation

frequency range. This table also shows that polymers and elastomers provide higher

dielectric constants than textile materials except for the orthogonal weave structure

[26]. Furthermore, elastomers have higher dielectric losses than polymers. The

conventional thickness of the flexible substrate is around 200 µm for industrial

applications and consumer electronics; however, an ultra-thin substrate with an

extremely small thickness of 100 µm has also been reported for biocompatible
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applications [34, 35]. The shaded rows in Table 3.1 indicates the most popular materials

for substrates in flexible electronics. According to Table 3.1, a variety of polymers and

elastomers have been developed as substrates for flexible devices. Polymers and

elastomers are inexpensive and have a simple manufacturing process. Up to now,

bendable, flexible electronic widely used polymers, e.g., polyethylene terephthalate

(PET), polyimide (PI), and elastomers such as polydimethylsiloxane (PDMS) and

polyurethane (PU) [35-37].

Table 3.2 Typical physical properties of polymeric and elastomer substrates

Polymers Elastomers

Properties PI PET PDMS PU

Density (g ) 1.42 1.39 0.95-0.98 1.0-1.30

Young Modulus (GPa) 2.5 5 <0.01 <0.01

Ultimate Elongation (%) 80 90 50-500 300-800

Dielectric Constants (

1 GHz–10 GHz

3.5–3.4 3.0 2.9-2.75 2.14-3.5

at 1 GHz–10 GHz 0.0026–0.0020 0.008-0.002 0.008–0.07 0.02-0.1

Deformability Low Low High High

Thermal Stability High High Low Low

Electrical Stability High High Low Low

Fabrication Simple Moderate Moderate Moderate

Note: Data taken from refs. [11, 36, 38].

A Polyimide (PI) is a flexible, thin, lightweight polymer that is widely utilised for a

flexible material to support printed circuit boards. PI has a low-dielectric constant,

dissipation factor, and high flexibility, making it highly compatible with signal traces

due to its thermal endurance and thin structure [11]. PI has high thermal stability and

has good electronic properties, and it is manufactured with predefined thickness. PI has

been used as a substrate to implement antennas for different range of frequencies [39-

41].
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Polyethylene Terephthalate (PET) film has rigid dimensionally stable and flexible

thermoplastic polymer, known as Polyester [11]. PET has either transparent or semi-

crystalline form depending on the thermal history and processing. It is a well-known

substrate for RFID tags, optoelectronics, where both transparency and flexibility are

needed for their application [11].

Polydimethylsiloxane (PDMS) is a soft and flexible, highly deformable, and transparent

elastomer. Besides, its low electric conductivity, and isotropic and homogenous

properties have made PDMS a suitable substrate selection for flexible and stretchable

passive microwave devices [11]. PDMS properties may well be adjustable by dopant

materials [11]. For example, electrical properties and mechanical flexibility can be

varied by inserting materials with different permittivity compared to PDMS [11].

Polyurethane (PU) has similar properties as PDMS exception of higher dielectric loss.

Table 2.2 summarises the main material properties for PI, PET, PDMS and PU

substrates. According to the table, PDMS and PU provide higher deformability,

whereas PI and PET offer higher electrical and thermal stability in the environmental

conditions. PI and PET provide higher dielectric constant leads to smaller size for

antenna dimensions compared to PDMS and PU. However, they have smaller

elongation constants resulting in smaller flexibility compared to PDMS and PU.

Another option in antennas and interconnects relies on textile substrates for integrating

electronics into clothing that provide more comfortable and breathable wearing

experience than the semi-rigid polymers [10, 42]. Moreover, the expansion of electronic

textile applications that can be powered by solid-state fibre batteries can be integrated

seamlessly into multifunctional on-body devices to provide stable and continuous

power for wireless communication devices and sensors [43, 44].

3.3 Conductive Materials

This section overviews the most commonly used new conductive materials for flexible

electronics. Electrical properties of the conductor is determined by its surface resistivity
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[1]. The surface resistivity is the ratio of the DC voltage drop per unit length to the

surface current per unit width, and it is expressed in Ohm/square [1, 45].

For wearable antenna, the essential design choice is the conductivity of radiating part,

, (Siemens per metre , which can be expressed in terms of surface resistivity,

, as:

) (1)

where is the surface resistivity and is the thickness of the electrically conductive

part [46].

Table 3.3 Conductivity (DC) of conventional materials for fabrication of flexible, wearable

interconnects : Data taken from [36, 47, 48]

Materials (bulk) Conductivity, ( ) at

Ag

Cu

Au

Al

Ni

Conventional conductive materials typically used in rigid electronics include Silver

(Ag), Copper (Cu), Gold (Au), Nickel (Ni), and their conductivity values are given in

Table 3.3. Table 3.3 shows that bulk silver has the highest conductivity, followed by

bulk copper and gold [36, 47]. These materials have been traditionally utilised for

electrodes and interconnect, and owing to their high electrical conductivity and they

have very low loss [49]. A conductive part of an RF components should remain

electrically robust and active under large mechanical deformations [50, 51]. However,

the conventional conductive materials perform poorly in terms of flexibility,

stretchability and have limited elasticity [49, 52].
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Stretchable and flexible systems can be acquired in two different ways: (1) by

strategically engineered desired shapes and (2) by using intrinsically stretchable

materials [49, 53, 54]. Engineering shapes strategy for generating stretchable

interconnect involves the shaping of signal traces as serpentine, meander, or wavy

structures [55-62] that are shown to be able to accommodate stress and stretch.

To date, several different intrinsically flexible materials have been proposed and can be

grouped in six different groups that are including (a) silver inks, (b) conductive

polymers, (c) graphene or carbon-based materials, (d) 2D materials, (e) liquid metals

and (f) textiles. A brief comparative analysis of the main conductive materials within

each group is listed in Table 3.4. The Table 3.4 also list on which substrate a particular

conductive material is fabricated. According to Table 3.4 the silver ink reported in [39]

has the highest conductivity, followed by liquid metals [63], 2D material [64], and

graphene [20].

Silver inks provide one opportunity with printing transmission lines or antennas on a

flexible and deformable surface, but the conductivity of silver inks is still at least an

order below the bulk silver [65].

Another option in wearable electronics relies on conductive polymers, but it has low

flexibility, around 5% fracture of strain [50, 51, 54, 66] such as polyaniline (PANI),

polypyrrole (PPy), and poly(3,4-ethylene dioxythiophene) – poly(styrene sulfonate)

(PEDOT: PSS). Inserting conductivity-enhanced materials is applied to improve the

conductivity and enhance the stretchability of the material [54, 67]. In 2012, a

transparent poly(3,4-ethylene dioxythiophene)–poly(styrene sulfonate) (PEDOT: PSS)

/PDMS film was reported with the stretchability of 188 % [67]. The demonstrated

polymer film has comparable to the best values of PEDOT::PSS, with 3100 S/cm and

4100 S/cm for the strain value of 0% and 100%, respectively.
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Table 3.4 Electrical Properties of Conductive Sheets

Material Types Conductive Materials Substrate Conductivity, Refs.

(a) Silver Ink Ag-PDMS PDMS [68]

Ag Inkjet PI [39]

Ag-pastes Ninja Flex [69]

(b) Conductive
Polymers

PANI / SWNT PI 4500 [40]

AgNW / PDMS PDMS 8130 [70]

Dupont CI-1036 PDMS [71]

Dupont DA6534 PDMS [71]

(c) Graphene Based
Materials

GAF PET [20]

rGO Paper [72]

Ag/SWNT Polymer Composite [73]

Graphene Sheet Textile [74]

(d) 2D Materials Ti3C2Tx MXene PET [64]

Ti3C2Tx MXene PET [75]

Ti3C2Tx MXene and
single-walled carbon
nanotubes (SWNTs)

Latex Tape [76]

(e) Liquid Metal E-GaIn PDMS [77]

E-GaIn/SWNT PDMS / [63]

(f) Textiles E-textile PDMS [78]

Zelt Fabric Felt [79]

Although Graphene and carbon-based materials have two orders lower conductivity

than metal counterparts, they have received tremendous attention due to their flexibility

and durability [16]. Moreover, with the improvement of the chemical material

processing technology, the carbon-based materials increased conductivity from around
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, to over the years for the reported refs [16, 80, 81] which

is comparable to the conductivity of ideal graphite (~106 S ).

The 2D nanomaterials are promising materials for conducting layers and traces [82-

86]. MXenes is the most popular variant with high conductivity of up to

[64, 87].

Finally, electro-textiles and metallic coated textile fabrics have been widely used for

wearable and textile antennas [88, 89]. The intensity of fibre knitting is the main

parameter that characterise its conductivity [88, 89]. However, textiles require precise

control for reproducibility and limited accuracy of flexible components [88, 89].

3.4 Impact of Deformations on Wearable Antenna

Performance

This section overviews the main issues that designer needs to consider when designing

a wearable antenna and summarises reports on how particular deformations of antenna

affect their performance. The section aims to summarise both experimental and

computational attempts taken to quantify impact of deformations.

3.4.1 Wearable Antennas

Flexible substrates for wearable antenna applications have a lower dielectric constant

that results in good radiation efficiency and increases the antenna's bandwidth [90]. The

radiating conductive component of the flexible antenna is implemented on a dielectric

substrate layer that defines the rate of the flexibility of the antenna [46]. To achieve

high radiation performance of an antenna with a higher capacity of flexibility, electrical

and mechanical properties are fundamental for designing [46]. In general, flexible

wearable antennas are characterised by mechanical robustness, lower weight, and a

front-to-back ratio [46]. However, bendability and deformability of the antenna not only

determine its resonant frequency of antenna, bandwidth, and matching level, but also

radiation pattern, energy, efficiency, and directivity [11, 39].
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Since some flexible materials are porous mediums filled with air, the dielectric constant

is closer to the vacuum. This reduction of the dielectric constant of the antenna

substrate provides higher spatial wave and impedance bandwidth, which are essential

factors of higher gain and efficiency resulting from the reduction of the surface wave

losses [1]. Substrate thickness is another fundamental variable in determining flexibility

as well as the efficiency and bandwidth of the patch antenna [91]. Since some flexible

antennas are compressible mediums, the antenna's thickness may well change uni- or

bi-axial anisotropy. Thus, the decision of selection of the dielectric constant is a

fundamental bit for in-situ antenna efficiency and bandwidth [91, 92]. There is a

compromise between the radiation efficiency and the thickness of the substrate

[46]:raising the thickness of the dielectric medium allows for higher antenna

bandwidth, whereas the radiation efficiency and practical flexibility of antenna

decreases [21, 91]. The section is structured by the type of deformations, namely,

cylindrical, crumpling, stretching and torsional deformations.

3.4.1.1 Cylindrical Deformation

A large volume of published studies describes the role of the cylindrical deformation

or one-dimensional bending on the antenna performance. Antenna can be bent along its

length (also referred as E-plane bending), or along its width (H-plane bending). The

impact of cylindrical deformation on antennas is classified into group according to their

substrate materials, namely, textiles, elastomers, and polymers. Textile group is further

divided in terms of conductive materials, namely (a) E-textiles, (b) metal sheet, and (c)

knitting. Similarly, antennas with elastomer and polymer substrates are separated in

terms of their conductive parts, namely (a) silver inks, (b) graphene, (c) liquid metals,

(d) strategically engineered structure and (e) e-textiles.

3.4.1.1.1 Textiles

The most extensively used flexible substrate is textile as a substrate for wearable

antennas. Textile antennas and interconnects require precise control to overcome the

limited quality and scalability of textile weaving and knitting pattern [89]. For a textile
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material, increasing the thickness of the dielectric medium yields a lower dielectric

constant and larger radiating patch , whereas the permittivity of a thin substrate closes

its yarns, resulting in a smaller radiating element size [93]. Experimental measurements

of bending of textile antenna in E- and H-plane reported that bending along the E-plane

shifted the main resonance to lower frequency region, whereas for bending along the

H-plane, the resonant frequency stayed stable [94]. In the same manner experimental

study of [95] implemented four e-textile patch antennas fed by microstrip lines

concluded that by increasing the bending in both the H- and E-plane shifted resonant

frequency to lower frequencies and that E-plane bending had more significant impact

of the resonant frequency.

(A) E-Textile

The soft e-textile conductive material is one of the most popular choices of wearable

antenna deformation studies. In 2009, the paper [25] reported a coplanar patch antenna,

which operates dual-band, backed by electromagnetic bandgap materials, to operate

with a bandwidth of 4% at 2.45 GHz and 16% at 5.8 GHz wireless bands. Bending of

antenna on E-plane resulted in reducing the antenna resonant frequency by 2% whilst

bending the antenna along the H-plane increased antenna resonant frequency by 2%.

However, the bandwidth of the antenna remained stable.

A method based on polynomial chaos theory with a well-known cavity model was

suggested to statistically quantify the stochastic behaviour of the resonance frequency

of bending microstrip textile antenna [96]. The method estimated the probability

density function, the cumulative distribution function, the moment of the statistical

distribution of the resonance frequency, and the confidence interval when the radii of

the patch randomly change. A good agreement was achieved for numerical data and

experimental data set radius from around 7 mm to 3 mm. when the radius of curvature

of the textile patch is a random variable, the method generated statistical prediction

about shifting behaviour with a range of some interval. In 2015, the textile antenna for

a space suit application was reported [97]. The cylindrical bending of radius degraded

the antenna's performance and shifted the resonant frequency to lower frequencies by
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0.02 GHz for experiments, whilst simulated results resulted in antenna resonant

frequency being shifted to higher frequencies.

An investigation of the bending behaviour of inset-fed textile microstrip antennas was

reported [98]. Nine prototypes of wearable antennas bent along the H-plane and E-plane

respectively. The H-plane bending is found to not affect the resonant frequency

significantly from simulation and experiments. Full-wave simulation without the strain

of the patch was increased resonant frequency by around 2%. The experimental

measurement showed resonant frequency shifted to lower by around 4.5%. Adding

strain elongation to the dimension of the antenna provided good agreement with

experimental measurements for radii up to 40 mm.

In 2018, a flexible wireless power harvesting wristband operating at 2.45 GHz was

presented [99]. Antenna implemented on flexible woven and polyester substrate, where

a rectifier was fabricated on a rigid substrate. The simulated result had a 10 MHz

discrepancy on the resonant frequency during the flat condition of the antenna element.

Bending antenna on principle H-plane bending shifting frequency lower approximately

0.8%, whereas E-plane of antenna varied main resonance to higher frequencies around

2% compared for a cylindrical radius around 20 mm and 40 mm. Furthermore, the

directivity of the flat antenna was decreasing trend (around 17%) to bend onto the wrist.

(B) Metal Sheet

Another option in wearable textile antennas relies on metal sheet incorporated with

fabric substrates. The bending effect of the performance of wearable denim antenna

was examined [100]. The antenna simulated with curvature angle from to with

bending antenna along the width and length axis of rectangular microstrip antenna fed

by a probe (See Figure 5.1f)). For the lowest curvature wrist case, the gain of the

antenna element decreased around 2 - 4 dB. Furthermore, while bending along the H-

plane, the main resonance of the patch moved the region downwards, whereas upward

shifting had been observed by bending along E-plane of the patch.

The effect of cylindrical bending of the rectangular microstrip patch antenna fed by a

coax probe was systematically investigated [101]. Different thicknesses of the antenna
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were simulated as 1 mm, 2 mm, and 3 mm; Thinner antenna substrate impacted more

substantially than in thicker cases during E-plane bending. The principal H-plane

bending of the antenna element impact slightly on the resonance response of the

antenna, whilst the E-plane bending significantly shift resonant, by ~15%. It was also

observed that frequency shift during E-plane bending could divide into the downshift

for bending angles below 45°, while the upshift for above 45°, where radius of the

antenna times deformation angle equals to patch length antenna.

(C)Knitting

A third approach focuses on wearable textile antennas implemented with incorporating

conductive threads onto fabric substrates. A knitted conical microstrip antenna and

antenna array were reported in [26] (See Figure 3.2). Bending along E-plane of the

antenna and array slightly shifted to higher frequencies; however, bending along H-

plane of the antenna and antenna array stayed significantly stable in terms of the

resonant frequency. Simulation geometries did not include complex knitting structure.

For single antenna, simulation results of main resonant frequency had a good agreement

with experiments: however, there is a slight discrepancy between simulation and

experimental results for resonant frequencies of antenna array.

Figure 3.2 (a) Simulation geometry of the microstrip antenna (b) textile fabric assembly (c) flat knitted

antenna (d) conical deformation of knitted antenna [26].
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3.4.1.1.2 Elastomers and Polymers

With high deformability, the most extensively utilised elastomer is PDMS as a substrate

of wearable antenna. In article [102], a conformal SU-8 / Polydimethylsiloxane

(PDMS)-based inset fed antenna was proposed; the flexible substrate consists of a SU-

8 layer and a PDMS layer, respectively. As a result, the semi-parabolic curve at the

middle of the antenna varied along bending of antenna in E-plane from 0 mm to 66.9

mm resulted in slightly shift resonant frequencies to lower frequencies.

The medical wearable antenna was structured by a two-by-two array of I-shaped meta-

surface and monopole antenna elements [103]. The main contribution of meta-surface

improves radiation performances while decreasing the specific absorption rate of the

antenna. When the radius of bending curvature reduces from 40 mm to 15 mm, the

impedance bandwidth of the antenna became broader.

The work of [104] simulated compressive and bending loads for microstrip patch

antenna using a multi-physics numerical simulations. Loads or pressure were applied

at the middle of the patch, on one side of the patch, and at the top and bottom side of

the patch antenna, respectively, to characterise performance under the deformation.

Increasing load at the middle of the patch resulted in increasing the resonant frequency,

whereas increasing load on one side of the patch resulted in reducing the resonant

frequency. Increasing loads on the top and bottom side of the patch antenna had a more

significant impact and reduced the main resonant frequency by around 0.5 GHz.

(A)Silver Inks

With widely availability and easy fabrication properties of silver inks makes them good

candidates for wearable antennas. A flexible and stretchable antenna consisting of silver

conductive paste and TPU were investigated [69]. The antenna was tested with three

different cylindrical bending radii, 1.5 cm, 3.5 cm, and 5.0 cm, respectively. When

bending curvature along the H-plane, resonant frequency has shifted through the lower

frequency region in both in simulation and experiments. Besides, the radiation

efficiency was decreased by 17.5%.
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In article [39] proposed inkjet-printed multiband antenna reported with concave and

convex bending cylindrically with the maximum deformation radius of 59 mm (see

Figure 6.13). During concave bending, multiband frequency resonant shifts around 3%

lower frequency region, whereas there was no considerable frequency shift in convex

bending. The gain and directivity of a high-frequency region of the spectrum were

increased during convex bending (See Figure 6.14). In study [41], silver nanoparticles

were printed on PI substrate. During E-plane bending, the highest frequency shift was

observed.

Flexible loop temperature sensor antenna with polyvinyl chloride (PVC) substrate was

introduced in [105]. The changing resistance with temperature of PEDOT:PSS behaves

as a sensor from 25° C to 90° C. Reducing cylindrical bending radius of antenna shifted

resonant frequency upwards for E-plane bending, whereas H-plane bending of loop

antenna stayed stable.

(B) Graphene

Widely active research efforts have been focused on implementing graphene based

antenna owing to its significant durability. In article [72], the graphene based coplanar

waveguide antenna implemented for wireless communication bands was analysed. The

antenna was designed to operate in the frequency band 1.73 - 3.77 GHz with a reflection

coefficient below -8 dB. The graphene-based antenna was bent experimentally on a

cylinder from a radius of 5 cm to 2.5 cm. Bending of antenna decreased antenna gain

at 3 GHz but it has improved reflection coefficient for operating frequency range.

With the outstanding mechanical durability of graphene film, article [106] revealed

printed antennas for wearable sensor applications. The quarter wavelength match patch

antenna was operating at 1.63 GHz. It is approximately two times more sensitive to

tensile and compressive bending conditions than conventional copper antenna sensors.

The compressive and tensile bending along the antenna length had a decrease in the

resonant frequency of around 5%.
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A circularly polarised with low SAR based on graphene film was presented [107].

Bending along the H-plane of the antenna shifted resonant frequency downwards trend,

whereas bending along the E-plane of the antenna leaded to a shift frequency upward.

(a) (b)

Figure 3.3 The picture of antenna (a) Front view (b) compression and tensile bending with the angle of

270°, 180°, and 90° [20].

Another example is in the article [20], a graphene film-based coplanar waveguide

antenna for strain sensor at 3.5 GHz (sub 6 GHz for 5G range) (See Figure 3.3). During

the E-plane bending, the antenna resonant shifted to higher frequencies with a

maximum of approximately 12% higher frequency symmetrically for each concave and

convex bending radius (see Figure 6.13-6.14).

In the same vein, coplanar waveguide antenna based upon a conductive composite of

poly(3,4-ethylene dioxythiophene) (PEDOT) and N-doped reduced graphene oxide was

reported [108]. The antenna performance was considerably reduced its bandwidth by

the length deformation with decreasing in the radius of cylindrical bending along the

length axis, resulting in reducing main bandwidth. However, bending along the width

axis had not significantly affected the main bandwidth of the antenna.

(C)Liquid Metal

The capability of undergoing large deformation with stable and good electrical

properties of liquid metals attract significant attention for wearable antennas. A

bendable liquid metal alloy patch antenna operating at 3.45 GHz [77] was suggested
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(See Figure 3.4). The antenna bent along the H-plane with 25.4 mm and 12.7 mm radius

curvature, respectively. Decreasing curvature of antenna improved matching around

primary resonance by approximately 10 dB, shifting resonant frequency slightly

upward.

Figure 3.4 Multi-layer of microstrip patch antenna composed of liquid metal encased in polymer [77].

A liquid metal alloy with walled carbon-nanotube antenna was reported for S-band

operation [63]. By reducing of bending radius of the antenna, the return loss of

performance of the antenna is reduced by ~3 times for experiment and simulations.

Besides, the resonant return loss at resonant frequency of simulation was approximately

10 dB higher than the experimental results.

Figure 3.5 Implemented flexible sinusoidal patterned antenna (a) fabricated metal sheet (b) ground plane

of antenna with probe feeding of coaxial cable (c)-(e) bending patterned antenna with curvature radii of

1.25, 1, and 0.41 inches, respectively [109].
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(D) Strategically Engineered

The controlled design of complex microstructures exhibits advance flexibility.

Generating shapes strategy for stretchable antenna involved as serpentine, meander, or

wavy structures [55-62]. Article [109] fabricated an antenna that had patterned metal

sheets on the silicon substrates (See Figure 3.5). The H-plane bending of antenna leaded

to the main resonant stable, while bending along the E-plane of the square shape

antenna moved resonant frequency to the lower frequency.

(E) E-Textile

Textile conductive parts are important alternative for designing antenna for wearable

antennas with its high elasticity. A wearable circular patch dual-band antenna that

operates the main modes of at 2.4 GHz and 5.8 GHz of the circular patch antenna was

suggested [110]. E-plane bending had more impact in reducing the resonant frequency

than H-plane bending.

An antenna has embedded conductive fabric inside an elastomer and has three diodes

that add a patch edge cut line to control the shifting of different resonances [111]. The

deformation study of the antenna was conducted experimentally; E-plane bending of

the antenna had a substantial effect on the antenna performance and increased the main

resonant frequency, whereas H-plane bending had minimal impact on the antenna

performance.

A flexible force-sensitive frequency reconfigurable antenna was proposed [112] (See

Figure 3.6). The antenna substrate had a hemispheric array with different radii and

periods on a thick cuboid. Increasing bending along E-plane of the antenna lead to

reduction of the main resonant frequency. Besides, when force applied on antenna, the

antenna resonant frequency reduced depending on the rate of the force.
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(a) (b)

Figure 3.6 The optical images of the antenna (a) front view (b) cylindrical deformation [112] .

3.4.2 Crumpling Deformation

Another topic of interest in the area of deformation of flexible antenna is crumpling

bending. Further, the impact of crumpling on the electromagnetic performance of a

microstrip patch antenna array was investigated [79]. The crumpling condition

was studied with 5 mm, 12 mm, and 20 mm crumpling depth with 10mm, 10mm, and

24 mm periodicity along the width and length side of the antenna array respectively.

When crumpling along the E-plane, the measurement results shifted from 2.4 GHz to

2.45 GHz with a close agreement with simulation, however, the highest crumpling

depth reduced to resonant frequency to 2.30 GHz and raised impedance bandwidth by

around 40%. In contrast, the width axis crumpling of antenna array relatively stable

compares the first conditions and it has around 24 MHz impedance bandwidth change

at severe condition. It was observed that mutual coupling between antenna array

elements significantly increased with the crumpling along the length axis while

crumpling along the array's width axis decreased the antenna array's mutual coupling.

The radiation pattern of the antenna array broadens in lots of cases, and the antenna

directivity and gain decreased by around 6 dB under some crumpling conditions.

Elliptical planar antenna with dual-band operating region was reported in [40]. The

antenna was crumpled along the E-plane. During crumpling, the primary mode of the

antenna shifted through the lower frequency region, whilst the second mode was turned
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higher frequency region-discrepancy between simulation and measurement at higher

below reflection coefficient (-15 dB).

3.4.3 Stretching Deformation

An exemplary results within stretching flexible antenna, the works of [113, 114]

demonstrated that a stretchable unbalanced loop antenna is implemented by liquid

metal-filled electrometric microstructure. The prototyped antenna is operating at 2.4

GHz, and it is stretched along the width and length axis of the antenna experimentally;

the radiation efficiency of the antenna is reduced by 17%, and the main resonant

frequency reduced by around 25%. Similarly, an ultra-wideband planar inverted cone

antenna with return loss was below the 10 dB at 3-10 GHz [114].

(a)

(b)

Figure 3.7 (a) The picture of the top, bottom, side and perspective of double arch patterned antenna [59]

(b) Optical images of the symmetric and asymmetric double-arched microstrip antenna [115].
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A study was conducted about stretchable antennas, including silver nanowires [70].

Silver nanowires used for conductive sheet combining antenna on a PDMS substrate

that was providing reversely deformable structure. The antenna stretched

experimentally with varying strain levels from 0% to 15%. With raising strain, the

primary resonance frequency increased reasonably linearly with a stable impedance

bandwidth region.

A stretchable conductor produced by composing and single-walled carbon

nanotubes (SWNTs) for omnidirectional dipole antenna was reported [76]. The antenna

was resistant to 500 bending cycles of uniaxial strain stably. However, uniaxial

stretching from flat case to 1.5 times longer dipoles shifted primary resonance from

1.575 GHz to 1.375 GHz, and the relative change of the reflection coefficient was just

over 20% in terms of before and after stretching values.

A sinusoidal patterned patch antenna based upon e-textile conductive part was reported

[78] (see Figure 2.5). Two antennas were designed to verify the performance of the

serpentine structure; one has a conductive part made of textile, and the other is

constructed from gold. The resonant frequency of the textile-based antenna shifted from

3.45 GHz to 2.75 GHz after applying 100% unidirectional strain. On the other hand, a

gold serpentine antenna with a solid ground plane maintained resonant frequency at

2.58 GHz up to 15% strain, which is critical for wireless communication applications.

However, the serpentine antenna structure led to additional lobe broadside of radiation

patterns and significantly degradation of beamwidth of the antenna.

Recently, a strategically engineering microstrip antenna was reported [59] to overcome

shifting resonant behaviour of antenna for a wearable antenna with the aid of buckling

and serpentine structure (See Figure 3.7a)). To do this, the patch layer of horseshoe

patterned mesh antenna buckled out of plane. To validate the method, researchers

implemented patch antennas operating GPS frequency range and 2.45 GHz ISM band,

and three different pre-stretch cases, 5%, 10%, and 15%, respectively. For 15% pre-

stretch provided minimum resonant fluctuation ~0.1 GHz from strain 0% to 25% for its

operating range and allowed lower buckling arc height compared to 5% case. Similarly,

an asymmetric double-arched microstrip antenna was reported [115] (See Figure 3.7b)).
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According to their results, the asymmetric 1:2 provided similar performance with the

double-arched symmetric version in [59]; the asymmetric 2:1 resonant significantly

fluctuated around the main resonance compared to case of [59]. Similarly, there was a

compromise between the stability of resonant behaviour and radiation pattern

performance. The using meshing structure caused significant degradation the main

beamwidth of radiation pattern on E-plane and H-plane of the antenna.

3.4.4 Torsional Deformation

Another critical and complex deformation example is torsional bending. The work of

[68] reported ultra-high frequency (UHF) dipole antenna, the antenna has the main

resonance at 920 MHz, and raising enforced strain to 15%, the resonance and the

radiation efficiency gradually decreased. Due to the increased effective length of

polymer composite conductive, the resonance frequency shifted through the lower

frequency range. Moreover, the dipole antenna was stretched, twisted, and bent

experimentally. The experimentally conducted stretching along arm from 0% to 15%

led to reduction of the resonant frequency, whereas curving the antenna along arm

length from cylindrical diameter of from 15 mm to 8 mm resulted in increase of the

resonant frequency. On the contrary, twisting along arm of dipole from to did

not change resonant frequency significantly compared the flat case.

Figure 3.8 Stretching 15%, bending radius of 40 mm, and twisting 360° of parasitic dipole antenna [116].
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A stretchable wideband dipole antenna with dual resonance was reported [116]. With

additional parasitic arms, antenna bandwidth increased from approximately 0.23 GHz

to around 0.5 GHz with the help of second resonance. The paper shows that when

antenna was twisted by the angle of 360° or bent by a radius of 40 mm, the antenna

retained its bandwidth stably.

3.4.5 Reported Flexible Antennas

Table 3.5 summarises the main characteristics of reported flexible antennas realised

using different conductive materials and substrates. The table compares the thickness

of trace, , and substrate , conductivity, and operation frequency of different

antennas.

Table 3.5 Reported flexible antenna with their materials of conductive and substrates and their rate of

deformation

Conductive

Material

Type

(mm)

Fres

(GHz)

Substrate

(mm)

Conductivity Bending

Woven

Fabric [94]

Probe

Fed MS

0.125 2.5 Felt 1.43 1

Knitting [95] Inset

Fed MS

- 2.4 Felt 1.45 3.5 R=37.5 mm

Woven [95] Inset

Fed MS

- 2.4 Spacer 1.14 6.0 R=37.5 mm

Zelt Fabric [25] CPW and

EBG Ground

0.060 2.45,

5.2-5.8

Felt

EBG

1.38 1.1

2.2

R=80 mm

R=140 mm

E-Textile and

SWNT [73]

Probe

Fed MS
- 2.40

PDMS and

ceramics
4.0

7.62

mm
R=80 mm

Textile Antenna

[117]

Probe

Fed MS
- 2.45 Polyester 1.44 2.85 -

R=50 mm -90

mm

Cu and Ti [102] Inset Fed MS

5 μm / 

200

nm

6.00
SU8 /

PDMS

2.9 /

2.65

50

μm / 

500

μm 

-

R=19.41 mm

R=53 mm

R=66.91 mm

Liquid Alloy

E-GaIn [77]
Inset Fed MS 100 3.45 PDMS 2.9 4

R=12.7 mm

R=25.4 mm

nickel–copper

polyester

ripstop [97]

Probe /

Inset Fed MS

0.08 2.45 Pellon

Peltex 72F

1.19 1.51 R=43.2 mm

R=101.6 mm

Conductive Probe Fed 0.5 2.4 Denim 1.6 2
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Textile [100] MS

Inkjet-Printed

[39]

MultiBand

CPW
30 μm

0.88–

1.5,

1.93–

2.2,

2.31–

2.96

3.11–

3.58

PI 3.5
0.11

mm

R=59 mm

R=78 mm

Concave,

Convex

AgNP [41]
CPW

(UWB)
8 μm 

3.1–

10.6
PI 3.4

50

μm 
-

R=9 mm

R=7 mm

Patterned Metal

Sheets [109]
Probe Fed -

1.575-

1.595
Silicon 3.25

1.6

mm

- Cylindrically,

R=0.41,1,

1.25 inches

EGaIn / SWNT

[63]
Inset Fed MS 100 4.0 PDMS 2.5 1

R=5 mm-30

mm

Woven Copper

Plated Polyester

Fiber [99]

Multilayer

Aperture

Coupled

MS

0.08 2.45 Felt/

Woven

Polyester

/ Felt

1.2 /

1.5 /

1.2

1.65 /

0.33 /

1.65

R=21 and 40

mm

Copper Sheet

[101]

Probe Fed

MS

- 2.49 Cotton 2.1 1,2,3 - R=35-250

mm

GO Film [106] Patch

MS

- 1.6 Paper 3.06 0.04

9

Graphene Film

[107]

Circularly

Polarised /

AMC

24 5.75–

5.83

PDMS

/ PDMS

2.7 1/ 0.5 1.13× S/m R=100 mm,

30

mm

Graphene

Film [20]

CPW 28 3.13−4.

42

PET 3.5 0.06

Inner and

Outer

Warp and Weft

copper strands

[26]

Quarter

Matched Fed

MS

0.3

mm /

0.5

mm

1.575 Knitted 3.2 2.7 Conical

N-doped

reduced

graphene oxide-

PEDOT [108]

Elliptical

CPW

55 3 to 8 Adhesive

Tape.

- - 0.56 Ω/sq R=10,30, 50 

mm

Zelt [79] Inset

MS Array

- 2.4 Felt 1.38 1.1 5mm depth of

Crumpling

1D



62 Flexible Antennas and Interconnects for Wearable Electronics Overview

Ni/Cu plated

Textile [118]

Probe Fed

MS

0.08

mm

2.45 Polyester

10 layers

1.55 0.32

mm

R=70mm,

85mm,

105mm

PANI +

MWCNT [40]

CPW

(UWB)

75

μm 

1.65–

2.62,

4.2–

7.58

PI 3.48
0.130

mm

Crumpled

r=5.5 mm

Liquid Alloy

[113]

Unbalanced

Loop
100 2.4 PDMS 3.0 1

20-40 %

stretch W and

L

Silver

Nanowire [70]

Inset Fed

MS

0.5

mm
2.92 PDMS 2.67 1 mm

0 %-15 %

Strain

2D Titanium

Carbide and GO

[76]

Dipole

antenna

2.0 1.575

to

1.375

S-MXene

Latex

2.1 - Stretch from

0 % -150 %

Serpentine

E-textile [78]

Inset Fed

MS

0.55

mm
3.4 Ecoflex 2.8 2 mm

-

Stretch from

0% - 40%

Serpentine

Gold [78]

Inset Fed

MS

0.25

μm 
2.75 PI - 1 mm

- Stretch from

0 % - 15 %

Hierarchically

Structured

Copper [59]

Inset Fed

MS
20 μm 2.45 Ecoflex 3.125 1 mm 

-
Stretch from

5 %, 10 %, 15

%

Hierarchically

Structured

Copper [115]

Inset Fed

MS
20 μm 2.45 Ecoflex 3.125 1 mm 

-

Stretch from

0 % to 20 %

Ag/LIG

[116]

Parasitic

Dipole
- 2.0-2.5 Ecoflex PI - -

- 0 % - 15 %,

40 mm

bending,

360° twisting

Copper and

Zoflex [32]

Aperture-

Coupling

Fed

0.035

mm /

100

μm 

2.70 PDMS 2.8
2

mm

9 % - 12 %

strain

Textile

[119]
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GO/LIG

[27]

Inset Fed

MS

- 5.8 PI 3.5 0.127 7.18 × 102

S/m

R=10, 7.5 and

5.0 mm

Liquid Alloy

[114]

Inverted

Cone UWB
100 3-10 PDMS 3.0 1

20 % - 40 %

stretch W and

L

3.4.6 Impact of Deformations on Wearable Interconnect

Performance

This section overviews critical deformation, namely, bending, stretching, and torsional

deformation for flexible interconnects, namely microstrip and coplanar waveguide

transmission line with novel flexible substrate and conductive materials. The section of

deformation of flexible interconnect constructed bending and cylindrical deformation,

torsional and stretching deformation. For interconnects design, a lower dielectric

constant leads to wider track width and high reflection losses for interconnects due to

fringing fields. Increasing the height of substrates results in higher reflection losses and

losing its flexibility significantly. In this section, all the microstrip lines and coplanar

waveguides have designed impedance of 50 Ω. 

3.4.6.1 Cylindrical Deformation

Bending deformation similar to wearable antennas is one of the main concern in

ensuring performance of the interconnects. In 2013, a multilayer stretchable microstrip

line, Zoflex, with 100 µm thickness, on PDMS substrate was published [32]. In their

experiments, several microstrip lines were analysed, i.e., microstrip line with one layer

of conductive rubber (Zoflex, that has conductivity just under S/m, double layer

line consisting of copper and Zoflex (conductivity well over S/m); and trip-layer

line which Zoflex sandwiched between two copper layers (which conductivity has well

over S/m). Besides, the flat triple-layer microstrip line has measured insertion loss

of 1.54 dB, approximately half of the single layer microstrip line. Bending of curvature

just over 43 mm and 15 mm have increased insertion loss by 0.17 dB and 0.7 dB,

respectively.
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Figure 3.9 (a) Un-bended, (b) bended and (c-d) transmission lines [72].

Huang et al. [72] fabricated a coplanar transmission line with graphene (See Figure

3.9). When the coplanar transmission line was bent and twisted, there was a slight

difference between the flat case at lower frequency region (1 GHz - 2 GHz) in terms of

the transmission losses. Similarly, article [123] reported on a coplanar transmission line

realised on paper, the transmission loss of TL with length from 2 to 50 mm

measured under applied bending along the length deformation and the experimentally

measured results of bending had a reasonable correlation for operating region at higher

frequency.

A microstrip transmission line was implemented by screen printing silver paste on a

flexible polyethylene terephthalate (PET) substrate with different thicknesses (0.5 mm,

0.7 mm and 1.4 ) [124]. The insertion and reflection loss of the flat transmission

line was experimentally measured and compared to the one that is bent at an angle of

approximately . It was shown that bending decreased the operating region by 12.5%

with the induced transmission losses in the operating range.

Moreover, the paper [125] presented the fabricated coplanar waveguide with graphene

flake on a polyimide substrate. It was also important to note that compressed graphene

flakes provide good durability, for example, fabricated graphene strip’s resistance
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changed only 1% after 32500 cyclic bending with a radius of approximately 43 mm,

whereas the resistance of the silver paste case varied just over 20%.

Researchers fabricated a coplanar waveguide (CPW) [75]. According to the active

region of CPW, the MXene offered the lowest attenuations compared to lines fabricated

with Ag, Au, Al, Cu, graphene, and carbon nanotube. It was also reported that CPW

could withstand the bending deformation; however, repeated bending cycles increased

losses around 15% [87, 126].

The complex shaping (which is a technique for improving stretchability) of the

transmission lines improves the flexibility and optical transparency of bulk metal

materials [127]. The work of [127] reported an investigation of the stretchable and

transparent microstrip lines, that solid metallic lines replaced by mesh metals, such as

a horseshoe, sinusoidal, and oval type. The fabricated microstrip line was measured

with different meshes under flat, cylindrical inner bending, and 1.3 times stretch. The

flat oval pattern amongst the others provided the closest S21 value to the flat microstrip

line for simulation and experiments. Sinusoidal had more lossy than the other others

during the inside bending test in experiment, however, for the stretching test, horseshoe

pattern had comparably higher loss than other patterned structure experimentally.

Modelling of aerosol jet printed (AJP) and screen printed (SP) transmission lines and

power inductors was reported by using the finite element modelling method [128]. They

had used two different software; one used for simulating finite element analysis (FEA)

and the other for full-wave simulation, FEM. Tensile and compressive bending of

radius from 30 mm and 100 mm provided significant agreement and no changes in

terms of S21 and S11 values for experimental results. However, simulation results have

slight discrepancy for different bending radius.

3.4.6.2 Torsional Deformation

There is a limited available data about performance of an interconnect under torsional

deformation. A microstrip line with inkjet-printed silver on a polyimide (PI) substrate

was fabricated and compared it to one printed on a conventional FR-4 substrate [129].
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According to their experimental results, although correlated insertion loss in their

simulations, PI substrate had three times higher losses than standard FR-4. During the

cylindrical bending of the transmission line, transmission loss of the microstrip line

was stable, even if the applied bending radius was varied from 50 mm to 92 mm.

Torsion was applied along the length of the transmission line with a twisting angle from

to (See Figure 3.10) and the measured results had shown robust performance.

Figure 3.10 Measurement setup for torsion test at (a) 0°, (b) 20°, and (c) 40° [129].

3.4.6.3 Stretching Deformation

Another significant deformation for interconnect is stretching. An interconnect, which

was screen printed with a stretchable silver-polymer composite on an ultrathin (50 µm)

thermoplastic PU, was characterised [33]. For thickness (6.4 µm) of averaged trace

offered conductivity of S/m, which is just over one order less than the

conductivity of bulk silver. Cyclic resistance test applied to the interconnects. Besides,

the resistance was increased 30%, 40%, and 70% for the strain rate of 10%, 15%, and

20%, respectively.

The paper [68] implemented a coplanar transmission line on the thick PDMS

sheet , and two parallel signal trace were placed with a gap between 1mm. The signal

traces were implemented with different volume fractions, which indicated rates of Ag

particle to PDMS liquid form in terms of their rate in total volume for composite,

ranging from 18 v% to 24 v%. The measured conductivity of silver-PDMS was around

S/cm. The volume fraction bigger than 20 v% significantly correlates to the

transmission loss up to 3 GHz, and electromagnetic simulation with adjusted
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conductivity was a good agreement with the experimental setup. The fabricated

transmission line performance remained largely unaffected by the strain for up to 20%.

The impact of microcracks on the transmission properties of a silver microstrip line on

a polydimethylsiloxane (PDMS) substrate was investigated [130]. The microcracks

were caused by increasing the strain rate from 0% to 12% and had resulted in blocking

the current flow and over four times higher transmission losses.

Table 3.6 Physical Properties of Transmission Line Made of Different Materials

Group Materials TL Thickness

Trace

( )

Thickness

Substrate

(mm)

Conductivity

( )

Frequency

( GHz )

Refs.

M
et

a
l

N
a

n
o

p
ar

ti
cl

es

Ag paste / PET ML

(exp.)

0.05-8.0 [124]

Ag ink / PI ML

(exp.)

0.5-3.0 [129]

Ag-MP/ PDMS ML (exp. and

sim.)

1.0-18.0 [130]

Nano silver

Ink

ML

(exp. and sim.)

0.650 0.127 0.0-8.0 [128]

Dupont 5025 ML

(exp. and sim.)

10 0.127 0.0-8.0 [128]

C
o

n
d

u
ct

iv
e

P
o

ly
m

er
s

Ag and PDMS CPW

(exp. and sim.)

120 0.5-3.0 [68]

Zoflex ML

(exp.)

100 1 1.0-5.0 [32]

G
ra

p
h

en
e

B
a

se
d

M
a

te
ri

a
ls

a
n

d
2

D

m
a

te
ri

a
ls

Graphene /

Paper

CPW

(exp.)

2.0-8.0 [72,

123]

Graphene

Flake / PI

CPW

(exp. and sim.)

0.0-20 [125]

MXene TL /

PET

CPW

(exp. and sim.)

0.062-8 1.0-8.0 [75]

In
tr

in
si

ca
ll

y

st
re

tc
h

ab
le

m
et

a
ls

Patterned

Titanium and

Gold

MTL

(exp. and sim.)

0.05

0.300

1.0 - 0.0-20.0 [127]

Note: polyethylene terephthalate (PET), polyimide (PI), polydimethylsiloxane, silver (Ag) microparticles (MP),

polydimethylsiloxane (PDMS), metallic mesh (MM), nanowires (NW), microstrip line (ML), and coplanar waveguide

(CPW), exp: denotes experiments, and sim: denotes simulations.
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3.4.7 Reported Flexible Interconnects

Table 3.6 summarises the main characteristics of reported flexible interconnects

realised using different conductive materials and substrates. The table compares the

thickness of trace and substrate, conductivity, and operation frequency of different

interconnects.

3.5 Conclusions

In summary, wearable antennas and interconnects are the essential parts for the

implementation of fully wearable devices and applications. With their flexibility, they

are ubiquitous for wireless and sensing applications. This Chapter reported on the

variety of novel flexible substrates and conductor materials used for flexible

electronics. The main consideration for flexible antenna design are also summarised.

Highly flexible materials for substrates, elastomers such as PDMS and PU and textiles

provide higher deformability with higher materials losses. On the other hand, Polymers,

such as PI and PET, have low deformability with lower dielectric losses.

The Chapter highlights the need to experimentally or computationally assess the

performance of antenna under deformation in order to predict the stability of antenna.

The most widely used deformation is the cylindrical deformation for which a wealth or

result sand reports exits. However, the reported results are often conflicting.

For example, in the case of E-plane bending, the works of [99, 100, 105, 107, 111]

report an increase in the resonant frequency along increasing bending rate along with

the antenna, whereas other papers [25, 41, 94, 95, 102, 109, 110, 112, 117, 118, 121]

reveals frequency shift through downward with that bending rate. Besides, the reported

work [106] demonstrates that the concave and convex bending along the E-plane

decreases the resonant frequency; however, paper [20] reports that bending leads to an

increase in the resonant frequency. However, a similar kind of antenna in the article

[123] stays significantly stable under a similar type of convex deformation along the E-

plane. On the other hand, the study [27] reports that concave bending of antenna

increases the resonant frequency, while convex bending reduces the resonant frequency
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of antenna. The paper [101] reveals that frequency shift during E-plane bending is

divided into the downshift for bending below 45° and upshift for bending above 45°.

Similarly, the works of [25, 68, 77] report bending along H-plane of the antenna

increases the resonant frequency , whilst [69, 95, 97, 100, 110, 118] reported the

reduction in the resonant frequency or stable performance in [72, 94, 98, 99, 103, 105,

108, 109, 111, 123]. For the case of concave bending in the H-plane [39], , resonant

frequency decreases, whereas there is no considerable frequency shift for the convex

H-plane bending.

For stretching cases, according to [70] the resonant frequency increases with stretching

along the width of antenna, but in [78] increasing stretch along the width leads to a

reduction of the resonant frequency. In the case of stretching of a dipole antenna, [68,

76], extended arms of dipole lead to a reduction of the resonant frequency.

In the case of torsional deformation, the work of [68] demonstrated that the main

operating band of the antenna is not significantly affected. However, [116] states that

torsional deformation of the antenna leads to a shift of the main operating band to higher

frequencies.

When it comes to interconnects, reports have shown that bending can significantly

degrade the performance of interconnects depending on microcracks and the severity

of bending conditions. New materials such as graphene related materials and silver inks

provide good flexibility on polymer substrates for wearable devices. There is a limited

data about their complex deformation performance in terms of EM performance [124,

129].

All these conflicting results conclude that a systematic analysis is complicated. The

main results are obtained using experimental measurements and the computational

analysis is only possible for the case of simple cylindrical bending. Thus, there is a

requirement for a computer-aided and graphical tool to systematically predict the

impact of deformation on devices performance. The next Chapter will introduce one of

the computer graphics techniques that can be used for introducing arbitrary

deformations on the devices under the test.
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This Chapter introduces the definitions for the developable and non-developable

surfaces and reviews the most popular cage-based deformation techniques for

object deformations, such as Mean Value Coordinates (MVC), Harmonic

Coordinates (HC), and Green Coordinates (GC). The background theory for the

Green Coordinates method is introduced and overviewed. Finally, this Chapter

discusses and compares the shape preserving property of MVC, HC and GC

methods.

4.1 Background Theory

This section provides a brief background theory for required computational

deformation techniques.

4.1.1 Gaussian Curvature

Conventional fabrication methods are designed for planar sheet surfaces, however, flat

objects cannot be wrapped onto doubly curved surface such as sphere, saddle, concave

and convex shapes without stretch and shrink [1]. The criterion to deform a sheet

surface conformally is by mapping its surface point by point onto the curvature was

proved by Carl Friedrich Gauss in 1828 [1] [2]. A fundamental figure of merit is the

Gaussian curvature, , that is equivalent to the multiplication of the principal

curvatures, [3],
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where and are the maximum and minimum values of the curvature determined

by eigenvalues of shape operator (the derivative of the unit normal vector field of a

surface [4]) at that point.

If Gaussian curvature of surface is zero, the surface is defined as a developable surface

[1, 2]. However, if it is not zero, surface is a non-developable surface [1, 2]. For

example, for a flat sheet, the curvature in principal directions is zero

(See Figure 4.1a)). For cylinder surface, the directional curvature is , whereas

other directional is non-zero (See Figure 4.1b)). For non-developable surfaces,

however, directional curvature for both and are not equal to zero, i.e.,

.

Figure 4.1 The association between principal curvature ( and Gaussian curvature ( ), such as (A)

plane (B) cylinder, (C) sphere, (D) bowl surface with non-zero Gaussian curvature [1].

Depending on the doubly curved geometry, may be a positive sign if and are

positive value, such as sphere (See Figure 4.1c)), or negative value, if and have

different signs (See Figure 4.1d)) [1, 2]. If Gaussian curvature of a surface is not equal

to zero, flat shape cannot be mapped to curved surface accurately point by point and

certain amount of stress and shrink will be introduced [1, 2].

Hence, non-developable surface electronics must either be implemented (1) on a flat

sheet and then compressed or stretched to fit onto desired non-developable surface (2)

developed onto non-developable surface directly [1].
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In this thesis, terminology “non-developable surface” is used throughout and also

represents equivalent phrases such as, “double-curved surfaces”, “surface with two-

dimensional curvature”, and “surface with non-zero Gaussian curvature” [1].

4.1.2 Barycentric Coordinates

In the case of 2D geometries, barycentric coordinates define the location of a point

inside a triangle [5-10]. For the triangle with vertices , and , any point in

the interior of can defined as [11];

(4.1)

where , are known as Barycentric coordinates, where A is the area of

the whole triangle T and are areas of sub-elements to area as shown in Figure 3.2.

In two dimensions, the functions are computed from (4.1) and usual

triangular barycentric coordinates with regards to the triangle

(4.2)

and is the signed surface area of the triangle according to their vertices

), [9, 11],

(4.3)

In the three dimensions, defines four volumetric ratios that are rate of volume

tetrahedron to entire volume of cell .

In the same way, a point in a tetrahedron in 3D geometries subdivide into four

sub-cells, and the proportion of each volumes to the total volume defines the

barycentric coefficients of [9].
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Figure 4.2 Coordinates in a Triangle, , [9].

In the case of a polygon in two dimension, with vertices , in anticlockwise

ordering, hence any real functions , is widely known as

generalised form of the barycentric coordinates [9, 11], when for all in the interior

of P, and the following is ensured:,

(4.4)

4.1.3 Affine Invariance

Affine-invariant which is known as surfaces are considered the same under affine

transformations (or affine map between two vector spaces consists of a linear

transformation followed by a translation. In geometry, these are accurately the functions

that map straight lines to straight lines), i.e., linear transformations, ,

where and some constant, including shearing and squeezing [12, 13].

4.1.4 Cage Based Deformations

Up to this point, we have considered fundamental properties barycentric coordinates

for 2D, but the essential application domain of barycentric coordinates is cage-based
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surface deformations in 3D [9, 11]. The simple cage-based techniques define a point

enclosed by a cage as a finite extent superposition of the vertices in

3D:

(4.5)

where are coordinates and is the list of vertices. Then, the surface manipulation

determined by a manipulated cage is determined by

(4.6)

where are the manipulated vertices of cage [13]. The fundamental form

of this equations has affine-invariant operator. However, the general form of this

operator cannot generate shape-preserving property, thus this affine transformations

may well consist of anisotropic scaling and shear resulting in violation of shape-

preserving property [13]. This results from the Jacobian operators (the derivative

operator that the rate of change of each component of vector-valued functions with

respect to each components of the coordinates variables ) that include isotropic scaling

and rotation, which reflects dependency between different axis [13].

4.2 Computational Geometry Morphing Techniques

Computer graphics has significantly focused on cages-based space deformation to

manipulate 3D models [13-17]. The essence of these approaches is to define a relatively

similar polyhedron shape to the enclosed object, which are widely known as a cage.

Whole object spatial points inside cage defined by the linear accumulation of the

enclosure vertices multiplied by weighted linear functions, which is widely known as

coordinates. When cage polyhedron is subject to space manipulation, these

deformations are translated the object of interest with deformed cage polyhedron’s

vertices. Since transforming a point only requires weight functions combinations, the
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computational cost is small. Besides, each points transforming independently, the

methods free from discretisation errors. Firstly, Sederberg and Parry [18] reported this

type of space deformation techniques for Constructive Solid Geometry, CSG, in 1986,

and the techniques were further extended and studied in articles [19-21]. In the essence

deformation techniques generate a polygonal tube that encloses the object. The

polygonal tube has a minimal number of manipulation points, whose positions are

locally adjustable. By changing the positions of the tube vertices smooth deformation

of whole of the space enclosed by the polygonal tube in [13, 16].

Several different cage-based methods have been reported namely, Mean Value

Coordinates, MVC, Harmonic Coordinates, HC, and Green Coordinates, GC. MVC

reported by Floater [14] for polygons in 2D with smooth interpolation in a closed-form

derivation, and further improvement for generalisation of MVC, higher dimension

derivation in [15, 22, 23]. Space warping technique based upon closed-form derivation

of MVC presented by Ju et al. [15] and MVC was investigated analytically in the whole

plane for practical image applications [24] (See Figure 3.3) . Another cage-based

coordinates which was widely known as Harmonic Coordinates (HC) for game

character shape manipulation (See Figure 3.4), reported by Joshi et al. [17]. HC

coordinates are non-negative even in significantly concave bending cases and have no

local extremum. Thus, it performs considerably better than MVC in terms of concave

bending case, however, HC is not implemented as a closed-form derivation. These

deformation methods do not support shape-preserving, because of affine-invariant

interpolation weight functions derivations [13]. Lipman et al. [13, 16] introduced Green

Coordinates (GC) for closed form polyhedral cages that uses not only vertex position

but also the orientation of the cage’s faces to define the enclosed object. The GC method

is implemented in the closed-form expressions.
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Figure 4.3 The MVC [14, 15] coordinates deformation applied on (a) horse model with enclosing cage

(b-d) several deformations generated using MVC cage.

Figure 4.4 HC coordinates [17] applied on game character (a) game character with enclosing cage (b-c)

the game character after applying the arm twist

Other sets of deformation techniques directly manipulate to surfaces based upon

Laplacian surfaces [25-30], As-Rigid-As possible (ARAP) [31], As-Similar-As

possible (ASAP) [32], As-Consistent-As possible (ACAP) [33]. These methods are

based upon minimising bending energy and relaying on the least square error

computation directly over the surface or demonstrating of the surface on skeleton of the

object, and then manipulating them with single, several or cascaded constraints to

generate target deformation. Although a good quality of shape-preserving deformations

has been maintained, these deformations require solving large and often non-linear

matrices, large iteration times and quality of deformation may be suffered from

discretisation errors [13].
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4.2.1.1 Derivation of Green Coordinates

In this section, Green Coordinates functions derivation is demonstrated. The theoretical

basis of the GC method is that any spatial coordinate variable within the cage satisfies

Laplace’s equation and thus introduction of a Green’s function [21, 34], and use of

Green’s third identity expresses the value of any particular point within the cage as

an integral of the values of and its normal derivative over the cage surface.

Let , be a harmonic function in a domain inside the

piecewise-smooth boundary [13, 16]. When Laplacian is equal to zero, the

function is called harmonic, and it can be written mathematically, i.e.,

(4.7)

Moreover, the fundamental solutions of the Laplace equation in , , can be

written as mathematically,

(4.8)

where is Dirac delta function.

Then, for any inside cage interior Green’s third identity defines by its

boundary values and boundary normal derivatives based upon [13, 16] the Green’s third

identity

(4.9)

where is the outward boundary normal to and is the area element on [13,

16]. The solution of (4.8) in without applying additional boundary conditions yields

the fundamental solutions of the Laplace equation in , which can be mathematically

defined as,
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(4.10)

where surface area of the unit sphere is [13, 16]. When the cage encloses the

domain , the coordinate functions , which are linear functions, can

be used as harmonic function in (4.8), that is ,

(4.11)

If the outward normal is constant for each face , we have

, where indicates the outward normal of the face, [13, 16]. When

integrating over (4.11) finite extent superposition of the faces of surface element ,

(4.12)

where is defined for the interior of domain S ( and s the list

of faces of triangular surface elements. Let the function indicate the piecewise-linear

hat function on , where is the union of all surface elements of faces in the

1-ring adjacent of vertex denoted by , which is equal to 1 at and 0 at all

the other vertices, and it is linear on each surface element [13, 16].

When is barycentric coefficient superposition on the surface face element ,

, where are the vertices of surface element . The expression can

be rewritten mathematically to obtain,

(4.13)
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where inside , and and are the coordinate functions and

can defined analytic mathematical expression are given as,

(4.14)

where and are the list of vertices and faces for all triangular surface elements.

4.2.1.2 Calculation of Green Coordinates

For a triangulated cage surface, these integrals can be evaluated in closed form such that

is expressed as a discrete and finite extent superposition of the cage’s vertices, ,

and face normals, , total number of vertices, , and faces, , with suitable

coefficients and [13, 16], which is mathematically written as,

(4.15)

The key point to note is that the continuous space within the cage (or in practice here,

the relatively large number of topologically related vertices defining the object being

deformed) is expressed in terms of a relatively few discrete quantities. The GC method

deforms the enclosed space by making a one-to-one mapping of the set (and

consequently ) and using the above superposition with the same weight

coefficients as before, i.e.,

(4.16)

The scale invariance property of shape deformations are computed by scale or stretch

factor, for each faces. In 2D, this scale or stretch factor is , where
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the scaling of the edge is . With using linear transformation in 3D [7], when a

triangular face with edges is determined by the vectors and a deformed geometry

triangular face is associated with , then,

(4.17)

where is the triangular face element. It is important to note that this scale factor

definitions provides least distorting deformation. Non-uniformly stretching of object can

be provided by simply changing scaling factor, [13, 16]. The full detail of the GC

method is not given here and the reader is referred to the available literature on the

method and the particular closed form expressions used [13, 16] and algorithm reported

in [13, 16] is added in the appendix A.1 and A.2 for 2D and 3D computations,

respectively.

4.2.2 Comparison of Cage Techniques

This section gives a comparison between GC method, and MVC and HC.

GC method provides suitable rotation with space warping with the preservation of

shape [13, 16]. The operator has been proved to induces a conformal mapping in 2D.

Conformal mappings are essential for requiring the preservation of the shape, they

constructed form the rotations and isotropic scaling only (See Figure 4.5). In 3D, the

GC’s operator yield quasi-conformal mappings, which means that it has minimal

amount of anisotropic scaling [13]. For 2D and 3D, GC’s operator has closed form

analytical formula, meaning that coordinates can computed analytically from cage

positions without discretisation and approximations [13].

For MVC and their vertex-using-only variants, according to Eq. (4.5) and Eq. (4.6), the

preservation of shape cannot be fully preserved. The main source of this problem is that

the Jacobian matrix with rotation and isotropic scaling, fundamentally needs that the

operators reproduces a dependency between the different axis directions. However,

MVC is based only upon eq. (4.5), each directional axis deformation behaves
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independently from each other. For instance, mapping the x-axis direction has no

impact on the respective y and z-axis coordinates. Figure 4.6 compares the GC and

MVC method when applied to a surface with bumps. The MVC [14, 15] coordinates

have more focus on details preservation on their main orientation, but GC’s operator

[13, 16] rotates and moves details relying on deforming cages. However, the cage based

deformation technique, MVC [14, 15] is limited in terms of shape and details

preservation. The preservation of shape requires smooth mappings that transform are

closes to their Jacobian matrices are similar to rotations with isotropic scaling.

Figure 4.5 Chessboard is deformed with the original, GC’s result [13, 16] and HC’s result [17] reported

by [13]. To retain conformal mapping, mapping extends outside the cage [13].

Figure 4.6 The MVC [14, 15] coordinates have more focus on details preservation on their main

orientation, but GC’s operator [13, 16] rotates and moves details relying on deforming cages [13].

According to the reported example visuals of cage based deformation of an Ogre by

GC and MVC methods [13] (See Figure 4.7), although GC [13, 16] generates some
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distortion around the chins, the GC [13, 16] provides better shape preservation than

MVC [14, 15].

Figure 4.7 Cage based deformation of an Ogre which was reported by [13]. GC provides better for the

preservation of the shape of the Ogre compared to MVC [13].

Figure 4.8 Cage based deformation of an Armadillo which was reported by [13]. Second column reveals

MVC results and third column GC results [13]. GC provides better preservation of the Armadillo’s leg

and arm [13].

Another reported example is illustrated in Figure 4.8, where the game character arm

and length are deformed with GC and MVC. According to visual view of geometry, the

objects parts are better preserved with GC method [13, 16] compared to MVC method

[14, 15].
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Figure 4.9 Twisting a square cross section polygonal tube using Mean Value Coordinates (MVC) and

Green Coordinates (GC). Two cross section location of captured polygonal tube demonstrated at the

middle of the figure (red color indicates location of capturing plane) [13].

Figure 4.9 illustrates the full circle twisting of a bar model where each section of the

cages is rotated by . Although MVC and GC distorts the square shape of tube, the

cuts reveal that the MVC more distorts the square shape of a cross section of the bar

than the GC method [13].

Strictly conformal mapping is unachievable, a map function has been a constrained

maximal distortion, which is widely known as quasi-conformal [13]. Figure 4.10a)

shows a comparison of the deformation of a polygonal tube generated with Green

Coordinates (GC) [13, 16], Mean Value Coordinates (MVC) [14, 15], and Harmonic

coordinates (HC) [17]. The polygonal tube has two planes, which has an intersection,

with a circle pattern on the top of them, and also illustrates that the distortions of GC,

MVC, and HC are in the interior of the cage. Distortion of a map at each point with

the rate of and are maximal and minimal singular values of each

mapping deformation a differential (Jacobian matrix) at the point . Quasi-

conformality described as mapping with bounded maximal distortion. Figure 4.10b)

compares this distortion histogram of each mapping, GC, MVC and HC with two

orthogonal planes with circular pattern on it. It should be noted that although each
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(a)

(b)

Figure 4.10 Comparisons of Green Coordinates (GC) [13, 16], Mean Value Coordinates (MVC) [14, 15],

and Harmonic Coordinates (HC) [17]. (a) Two orthogonal planes each other with circle pattern captured

by a polygonal tube (left) are bent twice: Each rows reveals GC, MVC, and HC deformation,

demonstrated by red arrows. It should be noted that MVC and HC may well result in some shear,

considerable bending and stretching. (b) The logarithmic scale of distortion values of GC, MVC, and HC

deformation plotted for the first and second deformations [13].

deformations distorts circular pattern, the GC induces one-order lower distortions

(~3.2) compared to the other methods [13]. Enforcing the second deformation the same

cage reveals that while MVC and HC have unbounded total distortion (linearly depends
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on a number of the distortions to the cage, GC provides maximum bounded distortion

smaller than a constant (~6).

4.3 Conclusions

This Chapter introduced non-developable surface, and emphasise their creations leads

shrinks or expansion of initial geometry. The basis for computational geometry

deformation techniques is introduced and focused on cage-based deformation that are

expressed in closed form expressions. The Green Coordinates for cage-based

deformation is introduced. Closed-form deformation of GC provides conformal

deformation in 2D and quasi-conformal deformation in 3D. The GC method uses both

the faces of the cage and the vertices of the cage; hence the computations have three

times higher number of vertices compared to MVC and HC.

The GC’s operator yield quasi-conformal mappings, which means that it has minimal

amount of anisotropic scaling [13]. Compared to MVC and HC techniques the GC

method introduces minimal amount of distortion. This quality of GC makes it a suitable

candidate to be used for arbitrary deformations of EM components. The next Chapter

assessed GC method in the context of wearable antenna modelling and simulation.
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This Chapter applies the GC method to antenna deformation to investigate the

impact of the GC parameters on antenna distortions, and introduces a simple

GC compensation methods. The effectiveness of these are assessed by

comparing the EM performance of compensated-GC antennas with the special

case of cylindrical bending whose geometries are in closed form. Finally, the

Chapter demonstrates the performance of antennas bent over double curved

surfaces compared to the flat case, which are new results beyond the possibility

of using Constructive Solid Geometry (CSG), to straightforwardly generate the

geometries.

5.1 GC Method for Generating Cylindrically Bent

Antennas

In this section, the Green Coordinates method is applied to generate antenna deformation

where a simple cage of a polyhedral shape encloses the object of interest [1, 2]. In the

case of a flat microstrip antenna, the undeformed cage is a segmented cuboid and the

antenna is positioned in the middle of it surrounded by a padding of length , as shown

in Figure 5.1a). Here, the same padding is used in all directions. By definition the flat

cage (See Figure 5.1c)) with respect to only edges of geometry) is chosen to be a simple

shape capturing only the global spatial characteristics of the enclosed object so that it is

easy for a user to manipulate its overall shape by relocating (dragging and dropping) a

few of its defining vertices to yield a deformed cage, (Figure 5.1b)). Figure 5.1d) shows

the deformed antenna inside the warped cage. This is to be compared with attempting to
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manually deform the antenna, vertex by vertex, in a topologically consistent and

physically realistic manner, which is clearly untenable in case of general deformation.

Finally, the warped cage is removed to reveal the deformed antenna (See Figure 5.1e-

f)).

Figure 5.1 a) Microstrip antenna placed inside the flat cage separated by a padding from the edges of

the cage; b) deformed cage for the case of cylindrical bending; c) same as a) but showing vertices and

faces; d) same as b) but showing vertices and faces; e) deformations of the warped cage are transferred

onto the antenna and f) deformed cage is removed to reveal the final result of deformed antenna and, in

the inset, its surface triangulation.
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The GC methodology is implemented in our in-house Geometry Kernel (GK) [3] which

also contains an extension to the published GC approach in order to avoid self-

intersection of the deformed object. As the GC method does not embody an affine

transformation, deforming long straight edges defined by a pair of end points, for

example the sides of the patch, cannot be achieved by simply deforming the end

vertices. An iterative splitting of such edges is required which terminates when the

deformed midpoint of the edge coincides, within a given tolerance, with the linear

interpolation of the deformed end points (See Figure 5.2a,b)). For reference, we will

refer to this tolerance as the edge split tolerance and all the results presented below

used a value of 0.01 mm.

(a) (b)

Figure 5.2 Midpoint morphing; tolerance for convergence (a) flat polyhedral cage (b) deformed

polyhedral cage.

5.2 Assessment of GC Induced Distortions for the Case of

Cylindrically Bent Antenna

In this section the distortions introduced by the GC method are quantified. The degrees

of freedom examined are first the complexity of the cage used. The degree of freedom

is quantified by the number of piece-wise segments used to describe the undeformed

cuboidal cage, each of which deforms to one of the piecewise sectors of angle seen

in the deformed cage of Figure 5.1b) and more dramatically in Figure 5.3a,b). The

second degree of freedom is the extent of the padding, , shown in Figure 5.1a).

The figure of merit used to assess the undesirable distortion of the geometry is chosen

to be consistent with one of the simple parameters used to design standard patch

antennas, i.e., the radiating surface area. In fact, both the total (top + bottom + sides)

surface area of the radiating patch and the total surface area of the substrate are observed.
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Noting that the intention is to deform a flat antenna of prescribed patch area into curved

antenna with the same patch area (which is only exactly possible for developable

surfaces). The relative distortion surface error, , is thus defined as

, where A indicates the surface area of either the metallic

patch or the substrate.

(a) (b)

Figure 5.3 The antenna geometry generated with segments in the cage definition.

Figure 5.4 The schematic of the flat patch antenna a) top view and b) side view. The angles ϑ and  define

E and H plane of the antenna radiation pattern, respectively.
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The microstrip patch antenna used for this study is designed to resonate at 10.4 GHz and

has patch width, W, of 10.830 mm and length, L, of 8.177 mm as shown in Figure 5.4a,b).

The substrate is Rogers Corporation Duroid 5880 of relative permittivity 2.2, width, Wsub

and length, Lsub, of 20 mm and thickness, h, 1.575 mm. The antenna is fed from below

by a coaxial cable positioned at (W/2, yo) where yo = 1.75 mm. The coaxial cable has

inner radius, rin, of 0.625 mm, outer radius, rout, of 2.16 mm, and the relative permittivity

of the sheath is 2.2. The metallic patch and the ground plane of the antenna both have a

thickness of 0.035 mm and are treated as perfect conductors. The radius of curvature in

the results below is defined to the top plane of the patch.

There are two potential causes of undesirable distortion: poor choice of method

parameters and any systematic spatial stretching introduced by the GC method. This

section seeks to identify the latter by converging to eliminate the former.

The relevant GC method parameters are the padding, , and the number of piece-wise

segments, N, that are used to describe the cross section of the cage as illustrated for N=2

and N=10 in Figure 5.3. An understanding of the likely impact of these parameters may

be gauged from the description of the space within the cage by the GC method in terms

of solutions to Laplace’s equation and that these solutions exhibit the usual smoothing

behaviour with distance from sharp features such as corners. Therefore, although the

cage is actually polygonal, at sufficient distance from its boundaries, the Laplacian

solutions will be more dominated by the large-scale arc geometry that the cage

approximates, rather than the exact detail of its piecewise linear nature. This behaviour

is clear in Figure 5.3 for the case of N=2. It is also noted that both using more segments

in the cage, N, to approximate a fixed length antenna of given bending radius or

increasing the bending radius for fixed N reduces the angular steps in the cage’s

boundary, in Figure 5.3, that further smoothens the deformed space around the

antenna.

It is tempting to conclude that one should use a large value of padding as this has no

impact on the computational effort of the approach and ought to reduce the error.

However, in the more general case, this would also mean loss of control of the detail of

the antenna’s deformation, so in fact there is a conflicting driver to minimise the
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padding. Similarly, although using a larger value for N would appear advisable, this does

linearly impact on the computational cost.

Figure 5.5a,b) show the impact of the padding, , on the relative surface distortion error,

ρ, for both the metal patch and the substrate of the antenna, as the radius of curvature is

varied with N=10 piece-wise segments used to describe the cross section of the cage.

Similarly, Figure 5.6a,b) show relative deformation error for fix the padding to mm

and varied number of presence of segments, N, between 2 and 12.

(a) (b)

Figure 5.5 Relative surface distortions error of (a) metal patch and (b) substrate as a function of bending

radius R and the padding Δ.  

(a) (b)

Figure 5.6 Relative surface distortion error of (a) metal patch and (b) substrate as a function of bending

radius R and the number of cage segments N.

Together, these figures reveal that for bending radii above 50 mm the choice of and N

have negligible impact, but there remains a systematic error introduced by the GC

method. For smaller radii, the errors do increase reaching a peak in some cases before
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rapidly increasing again with the opposite sign, i.e. the areas shrink rather than expand.

In this regime, the choice of a larger  is appropriate, however there remains a

remarkable insensitivity to the choice of N.

Overall it is noted that, given an antenna length of 20 mm, bending radii below 50 mm,

are certainly severe deformations in shape, the systematic errors of Figure 5.5 and Figure

5.6 for all radii are deemed to be unacceptably large.

In fact, this is partially a positive result as the intention is to keep the cage as simple as

possible. The explanation of the systematic error is actually found in a subtlety of the

GC algorithm which is used to ensure that in the 3D case least deforming and quasi-

conformal spatial deformations are produced [1, 2] compared to other space

manipulation techniques. A local stretch factor appears in the 3D algorithm which

although generally successful in preserving shape, does not decouple to the known 2D

stretch factor and an axial stretch factor if the geometry happens to be separable as is the

case for a cylinder.

Therefore, it has been shown that GC method can simply produce bent antennas, but that

a spatially varying stretch factor in its algorithm introduces an error that must be

managed. In the context of textile antennas, the next section describes how this systemic

error can be successfully compensated for on average.

5.3 Methods for Compensating GC Induced Deformations

The results presented in the previous section confirm that the GC method introduces

unwanted deformations in the surface area of the patch antenna and the issue is now

how to minimise them. From an engineering viewpoint, the resonant frequency and

radiation pattern are key performance metrics of an antenna, and these are, for the above

case of patch antenna, predominantly determined by the size of the radiating patch.

Since the GC method preserves the overall shape, pre-scaling of the patch should be

sufficient to compensate for introduced deformations. In this section two methods of

pre-scaling are proposed: a) method based on minimizing the standard deviation of

centres of gravity of triangular faces that define the surface of the radiation patch, to
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which we refer as Centre of Gravity (CG) compensation method, and b) method that

preserve both the width and length of the radiating patch, to which we refer as Width

and Length (WL) compensation method. This section describes these compensation

approaches and evaluate their effectiveness in terms of relative surface deformation

area of the radiating patch.

5.3.1 Centre of Gravity Compensation Method

The patch surface (F) is described by a tessellation of K triangles. For each triangle, the

centre of gravity (COG), or triangle centroid, can be defined ( ). The COG of a

triangle is defined as an intersection of triangle medians and will always be inside the

triangle. We define the mean COG for the surface as and the COG standard

deviation, s , for all triangles forming the surface of the radiating patch as

s s s .

The standard deviation is calculated for each coordinate direction so that it is possible

to extract the deviation along the width and length of antenna i.e., and . Standard

deviation along the width and length is calculated for both the flat and warped radiating

patch and to avoid confusion, the standard deviations of the warped surface are given

the symbols s s .

The stretch factor can now be defined as a ration of standard deviation along the width

and the length of the patch of the warped and flat patch surfaces as:

.

The compensation method is iterative whereby in the first iteration the overall stretch

factors produced by GC method for the width and the length of the radiating patch are

obtained. The flat antenna is pre-scaled, i.e., rescale in size accordingly so that in the

next iteration the stretch factor is reduced. Iterations continue until the difference

between the surface area of the warped and flat radiating patch are below given
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tolerance. Typically, 3-5 iterations are required.

Figure 5.7 Relative error of GC generated area of antenna to that of the flat antenna for uncompensated

GC method and GC compensated method using COG.

Figure 5.7 compares the relative surface deformation error of the radiating patch for

three cases, namely without any pre-scaling compensations and with COG for a range

of bending radii from 4.2 mm to 60 mm. Relative error of 0% is presented as a reference

case and denoted with a dotted line. Figure 5.7 shows that uncompensated CG method

results in large surface errors. For large bending radii, COG effectively compensate for

GC surface deformations. As the radius of curvature is increased, the performance of the

COG method progressively gets worse, especially when the radius of curvature is

comparable to the size of the patch i.e., 10 mm.

Figure 5.8a,b) show the same information but with respect to the width and length of

the radiating patch. Since the bending is occurring along the width of the patch it is

expected that the deformations between the morphed antenna and the flat antenna will

mainly be along the width of the patch. This is confirmed by Figure 5.8a,b) where

relative errors in the patch width and length are compared for uncompensated GC and

COG compensated methods. Figure 5.8a,b) show that the relative error in the patch

width is much higher than the relative error in the patch length.
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(a)
(b)

Figure 5.8 Relative error of GC generated a) the width and b) the length of antenna to that of the flat

antenna for uncompensated, and COG compensated antennas.

5.3.2 Width and Length Compensating GC Induced Distortions

From an engineering viewpoint, the resonant frequency and radiation pattern are key

performance metrics of an antenna and these are, for the above case of patch antenna,

predominantly determined by the size of the radiating patch. Since the GC method does

preserve the overall shape, pre-scaling of the size of the patch ought to minimise the

distortions just observed. This section describes a straightforward pre-scaling method

referred to as the Width and Length (WL) compensation method.

Figure 5.9 Relative surface distortion error of GC generated antenna to that of the flat antenna for

uncompensated GC method and compensated GC method.
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The compensation method is based on comparing the widths and lengths of the radiating

patch before and after deformation. The width and length of the deformed patch are

extracted by fitting a (x,y) order polynomial function of the top of surface, where x and

y indicate the order of the polynomial function used along the width and length of the

patch respectively. The actual width and length of the deformed patch are then

analytically evaluated by integrating over the polynomial approximation.

Figure 5.10 Relative area error of WL approach for different degree of polynomials. The notation ( poly

x, y) indicates the order of the polynomial function used along the width and length of the patch,

respectively.

Each of the ratios of the width and length of the radiating patch before and after

deformation gives a scaling factor e.g. with which the flat

antenna can be scaled before the GC method is applied, i.e. and

. This process is iterated until a prescribed relative difference in the width and/or

length of the patch is satisfied and typically this converges within 3-5 iterations.

Figure 5.9 compares the relative surface distortion error of the radiating patch with and

without the pre-scaling compensation for a range of bending radii from 4.2 mm to 60

mm, the padding, = 1 mm and N=10 (i.e. as in Figure 5.3a). It is clear that this

relatively simple pre-scaling approach is highly effective at removing the undesirable

patch distortion over a wide range of radii.

It is important to adopt a good surface fitting approach for the GC compensation without

incurring a notable computational cost. Figure 5.10, confirms that the adequacy of a
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(3,3) order polynomial surface approximation. Slight improvement is obtained for

higher order models for small radii (noting that symmetry pairs the curves), with

virtually no impact on the approximately 3 mins calculation time of the overall

deformation calculation.

Figure 5.11 further explores how the area distortions decompose into width and length

distortions and confirms that, as the bending is applied along the width of antenna, the

largest distortion is occurring along the width of the patch.

Figure 5.11 Relative distortion error along the width and length of antenna to that of the flat antenna for

uncompensated and compensated GC generated antennas.

5.4 EM Performance of Cylindrically Bent Antennas

The previous results demonstrate the success of a simple distortion compensation

scheme quantified in terms of a geometrical measure of error. This section now extends

this by exploring its effect on the more practically important figures of merit of the

antenna’s performance. The return loss, S11, and the far field radiation pattern are

presented for bending along both the width (H-plane bending), and the length (E-plane

bending) of the antenna. Throughout, results are compared to both the flat antenna and

an ideal cylindrical version of the antenna. The geometry of the latter is generated

directly in cylindrical coordinates and as such may be regarded as a perfect model

without any CAD artefacts for a given sampling resolution and is hence used as the

benchmark when comparing against GC generated versions. We show both the results
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for the GC geometry antenna with and without the compensation applied. Generally,

the success of the compensation scheme can be gauged by how close the compensated

GC results agree with the ideal cylindrical results.

This section investigates how the EM performance of antenna bent over a cylindrical

plane and generated using uncompensated and compensated GC methods compares

against the reference antenna generated using CSG geometry to which we will refer as

an ideal cylindrical deformation. Antenna reflection coefficient, S11, and the far field

radiation pattern are considered for antenna bending along the width of antenna (H-

plane bending), and along the length of antenna (E-plane bending).

5.4.1EM Performance of COG Compensation

Firstly, the COG compensation method has been studied with the clearance parameter 

in the GC method is fixed to 6 mm. The relative error in the surface deformation for

COG method is fixed to 0.01%. All antenna geometries are meshed using our in-house

Delaunay mesher and antennas are simulated using the TLM method based on the

tetrahedral Delaunay mesh [4, 5].

Figure 5.12 compares the S11 parameters for antenna bent in the H-plane obtained using

a reference CSG antenna and antennas obtained using uncompensated and compensated

GC methods. Two cases are considered namely antenna with a bending radius of R=6.5

mm, Figure 5.12a) and R=10mm, Figure 5.12b). The result for the flat antenna geometry

is also included to show relative shift of the antenna resonant frequency due to bending.

Figure 5.12a,b) show that overall the impact of H-plane bending on the antenna resonant

frequency is not significant which is in agreement with other published results [6, 7].

Besides, the compensated GC antenna has similar performance as ideal cylindrical case.

Figure 5.13 compares the S11 parameters for antenna bent in the E-plane obtained using

an ideal cylindrical antenna and antennas obtained using uncompensated and

compensated GC methods. Two cases are considered namely antenna with a bending

radius of R = 6.5 mm, Figure 5.13a) and R=10 mm, Figure 5.13b). Comparing the

resonant frequency of the flat and ideal cylindrical antenna it can be seen that the shift



116 Systematic Generation of Arbitrary Antenna Geometries

of the resonant antenna frequency to higher frequencies is much larger when antenna is

bent in the E-plane i.e. along its length, as reported in [6, 7]. In both H- and E-plane

bending cases the bandwidth is preserved which is in agreement with other published

results for cylindrically bent antennas [6, 7].

(a)

(b)

Figure 5.12 Comparison of S11 parameter for the flat antenna and ideal cylindrical, antenna bent in the

H-plane using uncompensated and COG compensated method for a) radius R=6.5 mm and b) R=10 mm.

For the case of E-plane bending uncompensated GC method results in an antenna that

has resonant frequency much lower than the flat antenna. In contrast, COG

compensated antenna are greater than the flat antenna resonant frequency. In fact, in

the case of smaller bending radius of 10 mm the relative error in resonant frequency is

2.14% smaller and in the case of smaller bending radius of 6.5 mm, the relative

difference in the resonant frequency is 3.39% smaller than the ideal cylindrical case.
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(a)

(b)

Figure 5.13 E-plane bending: Comparison of S11 parameter of flat, ideal cylindrical, uncompensated and

COG compensated method for a) radius R = 6.5 mm and b) R = 10 mm. S11 parameter of the fat antenna

is also given for the reference.

Figure 5.14 (a-d) compares the E- and H- far field radiation patterns at 10.5 GHz for

antennas bent in the H-plane and generated using uncompensated and compensated GC

methods and compares it against the far field of the ideal cylindrical antenna and the flat

antenna. Figure 5.14a,b) present the results for the radiation pattern in the E-plane and

H-plane respectively for the antenna bent in the H-plane with a 6.5 mm radius of

curvature. Figure 5.14c,d) show similar results but for a curvature of 10 mm. Comparing
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radiation patterns of GC generated antennas against the one generated using ideal

cylindrical geometry it can be seen that in both cases of bending radii the far field

radiation pattern is much less sensitive to the errors introduced by the GC method,

especially in the direction of the main beam for which all GC generated antenna gives

performance that agrees with the ideal cylindrical antenna. Major differences in far field

radiation pattern are noticeable in the sidelobes. In general, the differences in the H-

plane are lower than the E-plane which can be explained by the fact that changes along

the antenna width have much smaller impact on antenna performance.

Figure 5.14 Normalised far radiation patterns of antenna bend in the H-plane: (a) E and (b) H-plane

far-field for bending radius of 6.5 mm, and (c) E- and (d) H-plane radiation pattern for bending radius

of 10 mm. Results are presented for the flat, ideal cylindrical, uncompensated and COG compensated

antenna.

Figure 5.15 (a-d) compares E- and H- far-field radiation patterns at 10.5 GHz for

antennas bent in the E-plane. Results for the flat antenna, the ideal cylindrical antenna,

GC uncompensated and COG compensated antennas are presented. Figure 5.15 (a-d)

show good agreement between results in the main beam of radiation with major

discrepancies in the sidelobes. These discrepancies are the largest for the antenna
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generated using uncompensated GC method and significantly reduce when GC

compensation method are applied. Both COG method have good radiation performance,

but results obtained from antenna. As the radius of curvature is increased, the

performance of the COG method progressively getting worser, especially when the

radius of curvature comparable to the size of the patch i.e., 10 mm. The method will be

introduced in next section provides better performance and is much more stable over the

range of bending radii.

Figure 5.15 Normalised far radiation patterns of antenna bend in the E-plane: (a) E and (b) H-plane far

field for bending radius of 6.5 mm, and (c) E- and (d) H-plane radiation pattern for bending radius of 10

mm. Results are presented for the flat, ideal cylindrical, uncompensated and COG compensated antenna.

5.4.2 EM Performance of WL Compensation

The padding value  in the GC method is fixed to 6 mm. The WL compensation method

uses order (3,3) polynomial surface fitting and iterates until the agreement between the

flat and deformed patch width and length agree to a relative tolerance of 0.03%. Fig. 10

compares the return loss, S11, for H-plane bending obtained with the reference antenna

geometry and with the uncompensated and compensated GC method along with the flat
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antenna case for comparison. Two bending radii, R=6.5 mm, Figure 5.16a) and R=10

mm, Figure 5.16b) are shown.

First it is seen that the overall impact of H-plane bending on the antenna’s resonant

frequency is not significant which agrees with published results [6-8]. Second, use of

the WL compensated GC geometry predicts a return loss that is in much closer

agreement with the reference result than does use of the uncompensated GC geometry.

(a) (b)

Figure 5.16 H-plane Bending: Comparison of S11 parameter for the flat antenna and antenna bent in the

H-plane using the refence antenna and uncompensated and compensated GC methods for a bending radius

of a) R = 6.5 mm and b) R = 10 mm.

(a) (b)

Figure 5.17 E-plane bending: Comparison of S11 parameter for the flat antenna and antenna bent in the E-

plane using the refence antenna and uncompensated and compensated GC methods for a bending radius

of a) R=6.5 mm and b) R=10 mm.
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Figure 5.18 Normalised far field radiation patterns of antenna bend in the H-plane: (a) E and (b) H-plane

radiation pattern for bending radius of 6.5 mm, and (c) E- and (d) H-plane radiation pattern for bending

radius of 10 mm. Results are presented for the flat, ideal cylindrical, uncompensated and compensated

GC antennas.

Figure 5.19 Normalised far field radiation patterns of antenna bend in the E-plane: (a) E and (b) H-plane

radiation patterns for bending radius of 6.5 mm, and (c) E- and (d) H-plane radiation pattern for bending

radius of 10 mm. Results are presented for the flat, ideal cylindrical, uncompensated and compensated

GC antennas.
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Figure 5.17 repeats analyses the case of E-plane bending. Now the shift of the reference

antenna frequency to higher frequencies is more significant compared to the case of H-

plane bending as already reported in [6-8]. It is seen that the effect of the uncompensated

GC geometry actually leads to a reduction in resonant frequency, i.e., the wrong physical

behaviour, but again the compensation method has essentially removed this error,

yielding excellent agreement with the reference case results. In fact, with the smaller

bending radii the relative error in resonant frequency is 0.552% with no discernible error

in bandwidth and with the larger bending radii the relative difference in the resonant

frequency is 0.0552% and 2.2% in the bandwidth. Finally, it is noted that in both H- and

E-plane bending cases the bandwidth is preserved which is in agreement with other

published results for cylindrically bent antennas [6-8].

Figure 5.18 and Figure 5.19 complete this validation assessment by presenting the far

field radiation patterns for all cases considered in Figure 5.16 and Figure 5.17. The main

beam characteristics of the antenna are not significantly affected by bending in either

the E or H-planes, but there are some discrepancies in the minor sidelobes.

5.5 EM Performance of Arbitrary Deformed Antennas

As stated in the introduction, the driver for this work is not to re-investigate the particular

case of cylindrical patch antenna deformations, rather to be able to study the impact of

more general shape deformations. However, to reiterate, methodically generating robust

geometries has been a significant hurdle to achieving this goal and now that the previous

section has successfully validated the use of the WL compensated GC method; for this

purpose, the remaining space in this Chapter is dedicated to illustrating its use for the

greater challenge. Several canonical antenna deformations that cannot be generated

using CSG approaches are considered. These cases are illustrated in Figure 5.20 and are

labelled as twisted, convex, concave and saddle deformations.
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Figure 5.20 Arbitrary antenna deformations showing a) convex, b) concave, c) saddle bending and d)

antenna under twisting deformation.

Figure 5.21 Return loss S11 of the a) convex, b) concave, c) saddle and d) twisted antennas obtained

using uncompensated and compensated GC method in comparison with the flat case.
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Results using uncompensated GC geometries will still be shown here to emphasise the

importance of compensation of the GC distortion errors when assessing the EM

performance of such antennas. For all examples shown, the flat cage is defined using

N=10 cage segments along both its width and its length and the padding, , is fixed at 3

mm. The reader is reminded that a key attraction of the GC method is that the desired

deformations are then simply produced by relocating a few vertices of the flat cage. Here

the convex, concave and saddle examples are all produced using different parts of a

double curved polygonal deformed cage that is separable; for all three cases the part -

cylindrical cage with bending radius of R = 20 mm and is further deformed by a half a

period of sinusoidal variation of amplitude 10 mm along its length. The twisted case is

obtained by applying a simple twisting function of 0.01 radians per-meter to the cuboidal

undeformed cage along the length of antenna and sinusoidal deformation of amplitude

10 mm along the width of antenna. The resulting antenna geometries are presented in

Figure 5.20 and it is noted here that the GC method is not applied to the coaxial feed.

The electromagnetic performance, in terms of return loss S11 and radiation patterns, of

the convex, concave, saddle and twisted antennas generated using the uncompensated

and compensated GC method are shown in Figure 5.21 and Figure 5.22. These results

are compared with the flat case to show the impact of the deformation. The averaged

deformed antenna provides significantly correlated with the flat antenna radiation

pattern broadside of antenna. The slight difference of antenna radiation are expectable

because of deformed rate of antenna geometries.

In all cases, the uncompensated GC method produces antenna geometries that

significantly underestimate, or overestimate resonant frequency compared to the GC

compensation method. We note that all deformations are similar in size but different in

their nature. Space precludes an exhaustive discussion of these results here, but it is

clear that the size of the resonant frequency shifts are similar in all cases. In fact,

comparing convex and concave deformations we can conclude that convex deformation

is more detrimental to antenna performance as it leads to a larger frequency shift.
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It is acknowledged here that the compensation scheme developed above is only

addressing the average distorting effect of the GC method and naturally more work

could be undertaken to further tune it for the arbitrarily deformed antenna case.

Figure 5.22 Normalised far-field pattern in the E- and H-plane of antenna for: (a-b) convex bending, (c-

d) concave bending, (e-f) saddle bending, and (g-h) twisting.
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5.6 Conclusions

The GC method provides an approach to holistically deform structures such as patch

antennas without introducing the disruptive CAD artefacts that can either block or

seriously undermine EM characterisation. The method is ideally adapted to a simple

drag and drop user interface and yields geometries that provide certain guarantees of

physical reality in the deformations, albeit not for all the subtleties of woven materials.

This Chapter has shown that naïve use of the GC method introduces a systematic

distortion expressed as an undesirable area scaling. However, this has successfully been

compensated for using a straightforward pre-scaling approach, which although not

completely general, works well for the widely used class of patch antennas considered

here. Furthermore, with the compensation in place a good degree of insensitivity to

method parameters such as the padding and complexity of the cage used has been

shown which is important for undertaking broad range design studies.

After calibration against a known canonical case whose geometry can be exactly

generated, final GC generated antenna performance in terms of return loss and radiation

patterns have been examined and shown good agreement with published results.

Finally, the scope to address the grander challenge of undertaking a systematic design

sweep over the problem space of possible doubly curved deformations has been

demonstrated and results from this activity will be further discussed in the next Chapter.
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The Chapter focuses on the assessment of the robustness of flexible antennas

for complex deformations. The Chapter describes the parameters of a flat patch

antenna, parameters of deformed cages, and the effectiveness of compensation

of GC (Green Coordinates) induced distortions of the antenna. Then, the

Chapter assesses the impact of spherical, saddle, and twisting deformation on

antenna performance, namely the S11 parameter, fractional bandwidth, and far-

field profile.

6.1 Introduction

The next-generation wireless communication systems have increased the demand for

flexible and wearable antennas for a variety of applications ranging from sport to

biomedical. Considerable research has been focused on developing flexible substrates

[1-8], and intrinsically stretchable conductors [9, 10]. It is now well established that the

polydimethylsiloxane (PDMS) polymer is one of the most promising substrate

materials for wearable electronics due to its high conformability compared to other

polymer types, adjustable relative permittivity, acceptable dielectric losses and low-

cost (liquid curing) fabrication methods [6, 11, 12]. In addition to PDMS substrates,

textile substrates, such as e-textile, woven and knitted textile structures are favourable

alternatives [13, 14] but exhibit lower stability in combination with conductive prints

and limited design accuracy due to complex geometrical details of conductive threads

[13-16].
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Integration of antennas into flexible textiles means that the antennas will be affected by

the dynamics of human body that can cause bending, twisting, wrinkling, crumpling

and stretching of antenna (See Figure 6.1a-c)) [17-21]. These irregular deformations

can degrade the system's overall performance and present a challenging design

consideration for wearable antennas.

One major issue inhibiting wearable antenna design is that they are usually designed as

flat components. The impact of deformations is predominantly assessed experimentally

and for a limited number of deformations. To date, the robustness of flexible antennas

performance is routinely assessed by assuming that antenna undergoes cylindrical

deformation and that is done predominantly experimentally by fixing the antenna to a

cylinder of varying radius to account for different bending curvatures [6, 7, 9, 10, 21-

25]. This case of bending along only one plane i.e., one-dimensional (1D) cylindrical

bending has also been analysed using commercial software such as Ansys and CST [23-

27].

Although there are numerous, often conflicting, results on the impact of cylindrical

bending on antenna performance, it is now widely accepted that bending antennas along

antenna length is more critical for performance as it increases the resonant frequency

of antennas [22, 23, 25]. The bending does not significantly affect the bandwidth of

antenna or the far field radiation pattern [22, 23, 25]. More recently, the impact of

twisting on flexible interconnects [28] and wideband dipole antennas [19] was reported

showing small impact on their performance. However, the impact of other types of

deformations, in particular more complex two-dimensional (2D) deformations have not

been considered. This primarily stems from difficulty in characterising and re-

producing irregular deformations both experimentally and computationally. Our recent

Chapter 5 highlighted major difficulties in generating arbitrary antenna deformations

using commercial electromagnetic CAD tools such as Ansys and CST that are based on

Constructive Solid Geometry (CSG) primitives and Boolean geometry. This is due to

the difficulty in obtaining well behaved discretised interfaces between the constitutive

antenna parts which undermines subsequent numerical simulation [29].
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In Chapter 5, we have proposed the use of a computer graphics spatial manipulation

technique based on Green Coordinates (GC) for generating arbitrary deformations of

antennas [30, 31]. The systematic distortion error in the antenna geometry that is being

introduced by the GC method can be compensated by a simple scaling approach. This

ensured that the performance of the GC generated cylindrically bent antenna agrees

well with the CSG generated antenna opening a way for robust generation of more

general antenna deformations [29]. Few representative complex, double curved antenna

geometries have been demonstrated in Chapter 5, but a more general analysis on

antenna’s performance under varying degrees of these complex deformations is needed

in order to a) assess the general sensitivity of antenna to a variety of deformations and

b) identify deformations that have the most disruptive impact on antenna performance.

(a) (b)

(c)

Figure 6.1 Two-dimensional deformations of antenna – example of a) spherical bending, b) saddle and

c) twisting deformations.

In that context of the Chapter 6 extends the approach of [29] to consider a more

systematic parameter sweep of the problem space for several cases of doubly curved

deformations, namely, spherical and saddle bending and twisting deformation.

Although these still do span all “irregular” deformations, they are in nature more

complex as the curving of the object is in 2D plane and can be considered more general
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than simpler case of cylindrical bending. The Chapter explores how these deformations

affect the performance of flexible antenna fabricated on the PDMS substrate and

operating in the wireless 5.5-6 GHz band. However, in the case of these 2D

deformations, such as those shown in Figure 6.1, namely spherical, saddle and twisting

deformations of antenna, a certain amount of antenna distortion will be present due to

the physical principle of elasticity and these will need to be minimised in the context of

the geometry generation.

The Chapter 6 is structured as follows: Section 6.2 briefly overviews the GC method in

the context of arbitrary antenna generation, defines the parameters of the warped cages

for spherical, saddle and twisting deformations and demonstrates the effectiveness of

compensating GC induced distortion of the antenna on these double curved

deformations. Section 6.3 assesses the impact of spherical, saddle, and twisting

deformation on antenna performance, namely S11 parameter, bandwidth and far field

profile. Section 6.4 gives the overall conclusions of the Chapter.

6.2 Complex Antenna Deformations

In this section the main principle of the GC method is overviewed and applied to a

variety of double-curved antenna deformations. The effectiveness of GC induced

distortion compensation on an example of a wearable patch antenna is also discussed.

The compensated GC technique has been developed in Chapter 5. This opens a way of

generating more complex antenna deformations and these will now be introduced on a

typical example of wearable patch antenna fabricated on a flexible PDMS substrate and

operating in the wireless 5.5-6GHz band (see Figure 6.2a-d)) . The schematic of the flat

patch antenna in shown in Figure 6.3. The substrate’s length, Lsub, width, Wsub, and

thickness, h, are 36 mm, 36 mm and 1.5 mm respectively. The metallic patch has the

width, W=18mm, and length, L= 14.3 mm. The feeding position is offset by zo=2.8 mm

in z-direction from the middle of the patch. Feeding coaxial cable has inner, rin, and

outer radius, rout of 0.625 mm and 2.15 mm respectively. The cable dielectric constant

is 2.2. The dielectric constant of the PDMS substrate is 2.7 and its dielectric losses are

neglected. The radiating patch and the ground plane are assumed to be perfect metal
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with the thickness of 35 m.

Figure 6.2 GC methodology: a) flat antenna within a flat cage (only faces of the flat cage shown); b)

warped cage that describes the nature and level of deformation required; c) deformed interconnect inside

the warped cage (only edges of the warped cage shown) d) final geometry of a deformed antenna.

Figure 6.3 Geometry of the flat microstrip patch antenna with a) the top view where x-axis is the E-plane

of antenna and z-axis is the H-plane of the antenna and b) the side view where y-axis is the propagation

direction of excitation pulse.

Figure 6.4 defines the cages that are considered in this Chapter. In all cases the flat cage

width, length and height are 56 mm, 56 mm and 7.5 mm respectively and the antenna is
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positioned in the centre of the flat cage. The concave and convex spherical deformation

is characterised by a spherical radius, r. To generate these spherical deformations a

cross-section of a polygonal tube is defined and then curved along the width or the

length of the cage (See Figure 6.4a)). By changing the origin of the sphere the concave

and convex deformations can be obtained and the radius of the sphere defines the

strength of imposed deformation.

Figure 6.4 Warped cages describe the nature and level of deformation geometry. (a) Concave (b) convex

(c) saddle and (d) twisting deformation cages.

Similarly, to generate saddle deformations a cross-section of a polygonal tube is defined

across the width (length) of the cage as a sinusoidal parabola and the tube is extruded

along the length (width) along a defined parabola. Figure 6.4c) shows an example of

saddle cage where the saddle deformation of the cage is controlled by the half period

of the sine function AWsin(x) along the width of antenna and ALsin(z) along the length

of antenna. The strength of the deformation is controlled by the parameter AW and AL

with the peak value centred at the midpoint along the width and length of the cage

respectively. Saddle deformations are obtained when amplitudes AW and AL have

opposite sign. And finally, the twisting deformation is generated by defining a cross
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section of the cage which is then extruded and twisted along the length or width of cage

with a defined mean twist per meter parameters, Figure 6.4d).

As GC methods introduces certain amount of anisotropic scaling that results in unphysical

distortion of antenna as shown in Chapter 5 [29], it is necessary to compensate or

minimise these distortions. Using the approach of Chapter 5, the widths and lengths of

the flat and deformed radiating patch are extracted by direct sampling and compared.

The ratios of the width and length of the radiating patch before and after the deformation

gives a scaling factor, SW and SL, for the width and length of the patch respectively, with

which the flat antenna is pre-scaled before the GC method is applied as shown in

Chapter 5 [29]. This process is iterated until a desired relative difference in the width

and/or length of the patch is minimised.

Figure 6.5 Iteration number versus relative error of the GC deformed antenna geometry for convex,

saddle and twisting bending for its extreme deformation considered in the Chapter where solid line

indicates error of width edge and dashed line indicates length error.

This pre-scaling iterative approach is applied to each of deformations considered in this

Chapter namely spherical, twisting and saddle deformations. Figure 6.5 shows the

relative error in the width (solid line) and length (dashed line) of the radiating patch for

the spherical convex (r = 30 mm), saddle (A=AW=AL =20 mm) and twisting (0.0125

twist/m) deformation as a function of number of number of GC iterations. It can be seen

that the relative distortion error in the width and length of the patch in the initial GC

application is high but that it rapidly reduces with number of pre-scaling iterations. It
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can also be seen that the antenna distortion errors for the convex spherical and twisting

deformations reduce more rapidly than for the case of saddle deformation.

6.3 Deformed Model of Antenna Geometry and Numerical

Simulation

In this section different geometrical models of deformed antennas are imported into the

electromagnetic (EM) time-domain numerical code and simulated to analyse the impact

of spherical, saddle and twisting deformations on antenna performance. For each case of

deformation, a parameter sweep is performed to investigate the impact of the particular

nature of the deformation on antenna resonant frequency, reflection coefficient and

bandwidth. The generated geometrical models are imported into the EM solver based on

Transmission Line Method (TLM) and tetrahedral Delaunay mesh [32, 33]. The

tetrahedral TLM method is a well-established extension of the Cartesian mesh TLM

method, has been demonstrated to be second-order accurate with respect to wavelength,

provides both smooth boundary and graded mesh capabilities, and has been industrially

characterised and deployed for a range of applications, including EMC and aerospace

[34-36] and readers are specifically referred to [32, 33] for further details.

In all cases the whole problem is meshed with a hybrid mesh that is a combination of a

2.5 mm cubic mesh and a tetrahedral mesh. The antenna near field is meshed more

finely with 0.625 mm hybrid mesh as described in [36]. Antenna near field region is

captured in a fictitious box of size 0.92 × 0.92 × 0.55., where is the operating

wavelength of at 5.5 GHz. An example of the meshed computational problem is given

in Figure 6.6 where the inset in the Figure 6.6 gives a closer view of the sampled

antenna surface within the box. In all cases the antenna is excited with the fundamental

TEM mode of the coaxial feed modulated by a time-domain pulse with 3 dB frequencies

of 4.6 and 7 GHz. The fundamental TEM mode is obtained as an eigen solution of the

discretised 2D cross section of the coaxial cable [37]. All simulations in this article are

run on 8 processor cores of a commodity cluster for 2 million time steps. The threshold

for forming cell clusters is 5 μm and the timestep is 0.018 ps [35]. The performance of
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the undeformed, flat patch antenna with the resonant frequency of 5.68 GHz, S11 at the

resonant frequency is -30.6 dB and fractional bandwidth of 3.5% is taken as a reference.

Figure 6.6 Meshed the concave antenna with computational box with inset picture zoomed in concave

antenna.

6.3.1 Spherical Concave and Convex Deformations

In this section, the impact of spherical concave and convex deformations on antenna

performance is considered. The deformation of the cage is controlled by the radius

parameter as shown in Figure 6.4a-b) with the radius varying from 50 mm to 20 mm

for the concave case and from 50 mm to 30 mm for the convex case.

Figure 6.7a) shows the impact of the spherical concave and convex deformation on the

change of the resonant frequency compared to the resonant frequency of the flat

antenna, f0, and the value of the S11 parameter at the resonant frequency. The inset of

the figure shows the deformed antenna geometries for selected spherical radii, namely

r=50 mm, 30 mm and 20 mm. It can be seen that in the case of both convex and concave

bending the resonant frequency increases with increased deformation. The concave

deformation can cause up to 5% shift of the antenna resonant frequency whilst the

antenna resonant frequency is less sensitive to the convex spherical deformation. In all

cases, the S11 value at the resonant frequency stays below -25 dB as indicated in Figure
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6.7a). Furthermore, the shaded region in Figure 6.7a) shows the 3.5% fractional

bandwidth of the flat antenna. It can be seen that for deformations larger than 30mm in

the spherical radius, the concave antenna performance moves outside the operating

bandwidth of the flat antenna.

(a) (b)

Figure 6.7. (a) Impact of the spherical concave and convex deformation on the resonant frequency change

of the deformed antenna compared to that of the flat antenna ( f0) for different spherical radii. Values

(dB) indicate the value of S11 parameter at the resonant frequency. (b) Impact of the spherical concave

and convex deformations on the fractional bandwidth of the deformed antenna.

Figure 6.8 Comparison of the far field radiation pattern at 5.6 GHz in a) E-plane and b) H-plane of a flat

patch antenna (solid line) with antenna deformed using spherical concave deformation with r = 30 mm,

(dotted line) and antenna deformed using spherical convex deformation with r = 30 mm (dashed line).

Figure 6.7b) shows the impact of the concave and convex spherical deformations on

the fractional bandwidth of antenna. It can be seen that concave deformation marginally
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increases the bandwidth of antenna (up to 0.2%) whilst the convex deformation has the

opposite effect on antenna bandwidth and results in bandwidth reduction of (up to

0.5%).

Impact of the spherical deformation on the far field radiation pattern is shown in Figure

6.8. Figure 6.8a) compares the E-plane radiation pattern of the flat patch antenna (solid

line) with the convex and concave spherically deformed antenna with the radius r=30

mm. Figure 6.8b) shows the same information but for the H-plane radiation pattern. It

can be seen that convex and concave deformations do not significantly affect the main

beam in the E-plane, with the main change being in the increased sidelobes. However,

the concave deformation increases both the main beam and the sidelobe in the H-plane

whilst the convex spherical deformation slightly reduces the width of the main beam

and increases the width and strength of the sidelobe.

6.3.2 Saddle Deformations

In this section the impact of the 2D saddle deformations on antenna performance is

considered. The cage for the saddle deformation is constructed as in Figure 6.4c) and

the strength of the deformation is controlled by the parameter AW=AL=A that is varied

from 0 mm (flat case) to 20 mm. Two cases are considered, namely when convex

bending is along the width of antenna (concave bending is along the length of antenna)

and vice versa, when convex bending is along the length of antenna (concave bending

is along the width of antenna).

The impact of saddle deformations on the change of resonant frequency compared to

the resonant frequency of the flat case and the values of S11 parameter at the resonant

frequency is shown in Figure 6.9a). It can be seen that convex bending along the width

increases the antenna resonant frequency by up to 2%, whilst the convex bending along

the length of antenna causes reduction in the antenna resonant frequency by up to 4%.

This implies that convex nature of the deformation along the length of antenna is more

critical for antenna resonant frequency.
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(a) (b)

Figure 6.9 (a) Impact of saddle deformations (convex bending along the width and length of antenna) on

the resonant frequency change of deformed antenna compared to the resonant frequency of the flat

antenna, f0, Values (dB) indicate the value of S11 parameter at the resonant frequency. (b) Impact of the

saddle deformations (convex bending along the width and length of antenna) on the fractional bandwidth

of antenna.

Figure 6.10 Comparison of the far field radiation pattern at 5.6 GHz in a) E-plane and b) H-plane of a

flat patch antenna (solid line) with antenna deformed using saddle deformation with convex bending

along the length (dashed line) and along the width (dotted line) with A = 20 mm.

Figure 6.9b) shows the impact of saddle deformations on the fractional bandwidth of

antenna. It can be seen that convex deformation along the width of antenna generally

reduces the operating bandwidth of antenna, whilst the convex deformation along the

length slightly increases the bandwidth. However, it is worth noting that convex

bending along the length of antenna moves antenna out of the operating band designed

for the flat antenna, as shown by the shaded region in Figure 6.9b), whilst in the case
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of convex bending along the width the antenna is still operating within the bandwidth

of the flat antenna, albeit with reduced bandwidth.

Impact of the saddle deformation on the far field radiation pattern is shown in Figure

6.10. Figure 6.10a) compares the E-plane radiation pattern of the flat patch antenna

(solid line) with the deformed antenna for A=20 mm. Figure 6.10b) shows the same

information but for the H-plane radiation pattern. It can be seen that convex

deformation along the length of antenna has much bigger impact on antenna radiation

pattern in both E- and H planes. It is seen that convex deformation along the length

generally increases the width of the main beam as well as the widths of the sidelobes.

Convex deformation along the width of antenna is seen to reduce the main radiation

beam in the E-plane compared to the flat antenna.

6.3.3 Twisting Deformations

In the final part of the study, the impact of the twisting deformation on antenna

performance is investigated. Twisting deformation is imposed on the warped cage by

specifying mean rotations per meter along the width and length of the antenna as shown

in Figure 6.4d), and ranging from 0.0050 twist/m to 0.0125 twist/m.

Figure 6.11a) shows the ratio of the resonant frequency of the deformed antenna to that

of the flat antenna for twisting deformation along length and width of antenna. It can

be seen that increasing the twisting along the width antenna of increases the resonant

frequency by ~1% whilst the twisting along the length of antenna decreases the resonant

frequency by ~2%. The grey shaded region depicts the fractional bandwidth of 3.5%

of the flat antenna and it can be seen that the deformed antenna resonant frequency

stays within the bandwidth of the flat antenna. In all cases the S11 values at the resonant

frequency tend to increase but more so for the case of twisting along the length of the

antenna.

Twisting deformation along the length of antenna decreases the overall bandwidth of

the antenna and has a larger impact than twisting deformation along the width of

antenna as shown in Figure 6.11b). In all cases considered the deformed antenna
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predominantly operates in the band defined by the flat antenna and depicted by the

shaded region in Figure 6.11a).

(a) (b)

Figure 6.11(a) Impact of twisting deformation applied along the width and length of antenna on the

change of the resonant frequency of deformed antenna. (b) Impact of the twisting deformation applied

along the length and width of antenna on the fractional bandwidth of antenna.

Figure 6.12 Comparison of the far field radiation pattern at 5.6 GHz in a) E-plane and b) H-plane of a

flat patch antenna (solid line) with antenna deformed using twisting deformation with 0.0125 twist/m

along the length (dashed line) and along the width (dotted line) of antenna.

Impact of the twisting deformation on the far field radiation pattern is shown in Figure

6.12. Figure 6.12a) compares the E-plane radiation pattern of the flat patch antenna

(solid line) with the deformed antenna for maximum twisting parameter considered in

this Chapter, i.e., 0.0125 twist/m. Figure 6.12b) shows the same information but for the
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H-plane radiation pattern. Comparing Figure 6.12a) and Figure 6.12b) it can be seen

that twisting antenna along its length has much bigger impact on antenna radiation

pattern, both in the terms of the main beam and also in the increased back radiation

compared to the case when twisting deformation is induced along the width of antenna.

6.3.4 Comparison with Cylindrical Deformations

An important question to consider is how the results from the previous section compare

with those of representative 1D deformations along the cylinder plane and whether it is

enough to just consider simpler 1D deformations in order to assess antennas stability

under deformations. To answer this question this section compares the impact of 2D

spherical deformations on antenna performance against the cylindrical deformation

along both E and H- plane. GC cage of the cylindrical deformation is controlled by the

cylinder radius that is varied from 20 to 50 mm. Four cases are considered, namely

concave and convex cylindrical bending and each along both E-plane and H-plane of

antenna.

Figure 6.13a) compares the impact of the spherical concave deformation on antenna

resonant frequency and S11 parameter against the concave cylindrical deformation in

the E- and H-plane. It can be seen that the impact of concave spherical deformation is

more significant than representative cylindrical deformations. Whilst there seems to be

correlation between the results in the frequency shift between the cylindrical

deformation along the E-plane and spherical deformation, 1D deformation

underestimates the amount of the frequency shift. Furthermore, the values of the S11

parameter at the resonant frequency in the case of cylindrical bending increase with

increased bending curvature whilst the S11 values in the case of spherical bending

decrease.

Figure 6.13b) compares the impact of concave spherical and cylindrical deformations

on the antenna fractional bandwidth. Cylindrical bending along the E-plane acts to

decrease the antenna fractional bandwidth. The results for cylindrical bending in the H-

plane are more strongly correlated with the results of spherical bending but again,

underestimate the amount of change in the bandwidth.
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(a) (b)

Figure 6.13 (a) Resonant frequency of antenna for a concave spherical and E-plane and H-plane bending.

Values (dB) indicate the value of S11 parameter at the resonant frequency. (b) The fractional bandwidth

for a concave spherical and E-plane and H-plane bending.

Figure 6.14 Comparison of the far field radiation pattern at 5.6 GHz in a) E-plane and b) H-plane of a

flat patch antenna (solid line) with antenna deformed using Concave deformation with radius 20mm, and

respective E-plane and H-plane deformation of antenna.

Comparisons of the impact of the concave spherical and cylindrical bending in E- and

H-plane on the antenna far field radiation pattern in shown Figure 6.14 for the

deformation radius r=20 mm. Figure 6.14a) compares the far field radiation patterns in

the E-plane of the flat antenna with cylindrically deformed antenna in both E-plane and

H-plane and spherically deformed antenna. Figure 6.14b) gives the same information

but for the far field radiation pattern in the H-plane. It can be seen that in both cases the
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spherical and cylindrical deformations have similar impact on the main lobe but that

spherical deformation has much stronger impact on the back lobes.

Figure 6.15a) compares the impact of the convex spherical deformation and the simpler

cylindrical deformations on the antenna resonant frequency and the value of S11 at the

resonant frequency. According to the Figure 6.15a) convex spherical bending does not

significantly affect the resonant frequency of antenna whilst the cylindrical

deformations in both E- and H-plane predict larger shift of the resonant frequency

towards lower frequencies and that E-plane bending has much stronger impact.

Furthermore, the S11 value at the resonant frequency in the case of spherical bending

remains largely unaffected whilst in the case of cylindrical bending the S11 value

increases and more so in the case of H-plane bending. This can have potential

consequences on the antenna bandwidth and this is explored in Figure 6.15b) where

impact of convex spherical and cylindrical deformations on antenna fractional

bandwidth is investigated.

Figure 6.15b) demonstrates that both spherical and cylindrical deformation in the H-

plane predict reduction of antenna fractional bandwidth whilst the cylindrical bending

in E-plane results in gradual increase in antenna bandwidth. Cylindrical bending in the

H-plane bending has the most significant impact on the antenna bandwidth.

The impact of convex spherical and cylindrical bending in both E- and H- plane on the

antenna far field radiation pattern is shown in Figure 6.16a,b) for the case of

deformation r = 30 mm and compared against the result of the flat antenna. It can be

seen that the major differences are in the back lobe and that all deformations impact

similarly the main radiation beam.

Overall, comparing Figure 6.13-Figure 6.16, it can be concluded that when concave

deformations are considered the spherical deformation is better correlated with the E-

plane cylindrical bending when the impact on the resonant frequency is considered but

better correlated to the H-plane cylindrical bending when fractional bandwidth is

considered. For the case of convex deformations, the spherical deformation is better
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(a) (b)

Figure 6.15 (a) Resonant frequency of antenna for a convex spherical and E-plane and H-plane bending.

Values (dB) indicate the value of S11 parameter at the resonant frequency. (b) The fractional bandwidth

for a convex spherical and E-plane and H-plane bending.

Figure 6.16 Comparison of the far field radiation pattern at 5.6 GHz in a) E-plane and b) H-plane of a

flat patch antenna with antenna deformed using a convex deformation with radius 30mm, and respective

E-plane and H-plane deformation of antenna.

correlated to the H-plane cylindrical bending when the impact on both the resonant

frequency and the bandwidth is considered. However, in each case the simpler

cylindrical deformations either underestimate or overestimate the changes in antenna

performance parameters by up to 4%. Finally, spherical convex and concave antenna

deformations predict similar changes to the main beam pattern as simpler cylindrical

deformations with the main changes being in the back lobes.
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6.4 Conclusions

This Chapter investigates the impact of complex deformations imposed on the practical

flexible antenna designed on the PDMS substrate and operating in the wireless 5.5-6

GHz region. A wide range of 2D deformations of varying strength have been considered

namely spherical deformation, both convex and concave in nature, saddle type

deformations and twisting deformations. The parameters of deformations are defined

in terms of the warped cage of the GC method.

It has been shown that pre-scaling for GC induced distortions is effective and rapidly

reduces non-physical distortion errors. Our results show that spherical bending of

antenna shifts the resonant frequency of antenna to higher frequencies and that the

concave spherical bending has particularly strong impact on the resonant frequency.

Concave spherical deformation can act to move the bandwidth of deformed antenna

outside the operating bandwidth of the flat antenna.

Saddle and twisting deformation tend to reduce the antenna resonant frequency, and are

more detrimental to antenna operation when deformations are applied along the length

of antenna. In particular, saddle deformations where convex bending is induced along

the length of antenna can reduce the resonant frequency of the antenna and move it

outside the operating band designed for the flat antenna.

Our analysis and comparison of the impact of spherical bending with simpler

cylindrical bending along the width and length of antenna has found that although some

correlation between results can be made when resonant frequency or bandwidth is

considered it is found that simpler cylindrical bending can underestimate or

overestimate the prediction of antenna performance by up to 4%. This is deemed to be

sufficiently high and antenna can be out of the operating band designed for the flat

antenna.

The presented analysis of deformed antennas shows that the GC method coupled with

electromagnetic simulator is a promising design toolkit that can be confidently used to
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assess the impact of deformations on antenna performance and give a more accurate

prediction of antenna stability under deformations.
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Flexible interconnects are ubiquitous for flexible, foldable, and wearable

electronics for power and signal transmission. There is a wealth of different

materials for flexible materials reported in literature, both for substrates and for

conductive lines. However, effective comparison of flexible interconnects

performance fabricated on different platforms has not been comprehensively

researched and reported. In addition to that flexible interconnect often suffer

from performance degradations due to mechanical deformations. Hence, it is

essential to investigate to what degree fully flexible interconnect performance

can be degraded in in-situ deformations. However, generating geometries of

these deformations, for example twisting, bending and crumpling, is a major

challenge of a full assessment of transmission lines.

This Chapter, first, compares the performance of different types of flat

interconnects designed for the most popular types of substrates used in flexible

electronics, namely PET, PI, PDMS and PU. The Green Coordinates (GC)

method is then used to generate bending and twisting deformations of a

selection of flexible transmission lines. The unstructured TLM method is used

to predict the impact of deformations on flexible transmission lines. This is also

done for a range of flexible substrates, namely PET, PI, PDMS and PU with and

without conductor losses.
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7.1 Introduction

Recent developments in manufacturing flexible, wearable, and foldable materials have

opened up new opportunities for wearable electronics components such as wearable

interconnects, sensors, displays, antennas and flexible microprocessors [1-4]. A range

of new materials have been reported for both substrates and conductive films. Most

common substrates used in flexible electronics are polymer-based substrates, such as

polyethylene terephthalate, (PET), polyimide (PI) and elastomer-based substrates such

as polydimethylsiloxane (PDMS) and polyurethane (PU). In addition, textile substrates

are promising alternatives, but show lower stability in combination with conductive

prints [5-7].

Typical conductive materials for wearable electronics such as E-fibers [8, 9],

conductive polymers [10-12], Ag-inks and pastes [13], nanowires or nanoparticles and

2D materials, such as graphene and MXenes [14-17], have poor structural stability

under deformation and suffer from up to two orders of magnitude lower conductivity

compared to conventional metals in printed electronics. The electrical conductivity of

flexible conductive prints under strain has been experimentally tested for several

interconnects and shows that deformation leads to micro and nano cracks resulting in

loss of continuous current paths and hence a drop in conductivity, 1.5 times for strain

5% and 5 times for strain 10% [13]. It is also important to note that these conductive

materials have at least one or two orders of magnitude lower thickness compared to the

industry standard of 0.035 mm metallic thickness on a printed circuit board.

Despite the fact that a variety of flexible substrates are reported in literature, the analysis

of performance of interconnects on different substrates is scarce. Simulations of

transmission properties of interconnects fabricated using silver paste on the PET

substrate of different thicknesses have been reported in [18]. However, that study

considered ideal microstrip-to-microstrip transmission loss i.e., without accounting for

the Sub Miniature version A (SMA) connector. There is no comparative study of

interconnects based on different substrates and therefore in this Chapter the analysis is

extended to systematically analyse and compare transmission properties of a range of
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interconnects fabricated using a variety of substrates namely PET [18], PI [19], PDMS

[12] and PU [20]. A quantitative analysis of transmission and reflection losses

introduced by key elements, namely, connector loss, substrate loss, substrate thickness

and conductive loss is reported. To better match experimental measurements, sub-

miniature, SMA connectors are used to excite and receive the signal [21].

Figure 7.1 Twisting deformation of a flexible interconnect.

An obvious difficulty for the computational modelling of realistic interconnects is the

fact that the lossy conductive layer has much smaller thickness than the substrate (over

an order of magnitude). Use of direct meshing to correctly capture the skin effect will

be computationally expensive. To alleviate this problem a common approach is to

“imprint” or embed the behaviour of the thin layer between adjacent cells. An analytic

one-dimensional (1D) transmission line model of required thickness and conductivity

is implemented between the cells to correctly capture the skin depth effect and

embedded into the time domain code using digital filters [22]. This approach has been

published in [22] for the case of cartesian TLM and has also been implemented for the

unstructured TLM. In this Chapter, the study is also extended by developing CAD

model of the flexible interconnects subject to twisting deformation (See Figure 7.1)

with using GC method in Chapter 5 to alleviate the geometry challenges indicated

challenges in Chapter 1 and investigate the impact of twisting on its electromagnetic

performance. The analysis was extended by comparing the performance of

interconnects under the impact of deformations, namely bending and twisting. This is

done for a range of substrate and metallic print properties with the aim to ascertain the

most resilient and stable platform for flexible electronics.

The Chapter is structured as follows: Section 7.2 first calibrated the TLM method on
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the case of an interconnect fabricated on a rigid substrate with the SMA connector.

Section 7.3 summarises the material and physical properties of interconnects that will

be investigated in this Chapter. The performance of a range of flat flexible interconnects

is compared against the interconnects fabricated on the rigid substrate. Section 7.4

analyses the performance of a variety of interconnects when exposed to bending and

twisting deformation. Section 7.5 summarises the main conclusion of the Chapter.

7.2 Rigid Interconnect with the SMA connector model

The schematic of a typical interconnect with SMA connectors is given in Figure 7.2.

The interconnect is defined by the width, W, and the length L of the substrate and the

width of the printed line on a particular substrate, Wsub. The printed line is tapered down

around the coaxial connection for better matching, as shown in Figure 7.2b).

Figure 7.2 Schematic of a flexible interconnect with subminiature SMA.

Sub miniature A (SMA) connecters are used with appropriate coaxial feed at each end

of the interconnect. For all cases the form of the coaxial cable is kept the same with

relative permittivity, r=2, and has an impedance of 50 . The dimensions of the inner,

ri, and outer radii, ro, of the coaxial cable that are used for each substrate thickness are

given in Table 7.1.

The problem is meshed with a 3 mm background cubic mesh (See Figure 7.3), being

refined around the object down to 0.75 mm. Tetrahedra interface this with the non-

Cartesian aspects of the geometry. The transmission line is excited with a coaxial TEM

mode modulated by a Gaussian pulse providing a 3 dB bounded spectrum from 0.25
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GHz to 10.25 GHz. In all cases the total simulation time was 30 ns using an algorithmic

timestep of 0.0100069 ps.

Figure 7.3 Computational mesh of the a) flat and b) deformed interconnect.

To provide comparisons for rigid PCB and flexible microstrip lines, the end launch

connector effect should be first investigated and optimised. Microstrip thickness higher

than 0.508 mm has radiated loss and impact of dispersion that varies the characteristic

impedance line. Besides, since the substrate has a low dielectric constant, the microstrip

line width is significantly wider than a coaxial pin that appropriately matches the

thickness of the board. Therefore, to observe behaviour properly, one can match to

coax: (1) the microstrip line must be matched or tapered properly to coax line or (2)
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sufficiently large coax must be used. The first approach and tapered the line in four

different ways have been preferred (See Figure 7.4). The classical PCB dielectric

namely RO4350 (dielectric constant is 3.48 and dielectric loss is 0.0037), in Figure 7.4

is given for comparison reasons with different coax-to-microstrip transitions (with

varying sizes of taper).

Figure 7.4 The geometry of coax-to-microstrip transitions. The tapered size between end launch

connector and the end of the 50 Ω impedance line is (a) 0.30 mm (b) 0.635 mm and (c)1.09 mm and (d) 

1.27 mm respectively.

Figure 7.5 S21 and voltage standing wave ratio (VSWR) of feed port optimisation comparison with typical

with metal as an imprinted PEC. The substrate thickness is 0.762 mm (30 mil) and the length of 25.4 mm

(1 inch) board.

The comparison shows that transmission line return and insertion loss is comparable

with typical measurements [23, 24]. According to Figure 7.5, shorter tapers (type A and
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B) perform better compared to longer tapers (C and D) specifically at higher

frequencies. Furthermore, tapered printed line provides lower transmission loss

compared to typical measurement loss figure of 1 inch [23, 24]. For the rest of the

Chapter the printed line is tapered according to type A.

7.3 Comparison of Flexible Interconnects

In this section the electromagnetic performance of a variety of flat interconnects is

assessed and compared with the performance of the interconnect on a rigid substrate.

All interconnects are considered to be flat i.e., free of stress and strain. Interconnects

design on commercially available substrates are considered, namely, Melinex (PET)

[21], Kapton (PI) [25], Sylgard 184 (PDMS) [12], Ninja-Flex (PU) [26] and RO3003

[27] and RO4350 [23, 28, 29]. The electromagnetic performance is systematically

analysed by gradually including connector losses, substrate losses and conductor losses.

Comparison of the transmission (S21) and the voltage standing wave ratio (VSWR) for

a variety of interconnects is given with respect to connector loss, substrate loss,

substrate thickness and metallic loss.

Table 7.1 Parameters of different interconnects fabricated on different substrates.

P
E

T

P
I

P
D

M
S

P
U

r i r o

0.508 1.288 1.157 1.359 1.417 0.254 0.822

1.0 2.535 2.35 2.50 2.79 0.635 2.055

PET

[18]

PI

[19]

PDMS

[12]

PU

[20]

r 3.0 3.5 2.77 2.60

tan () 0.002 0.0027 0.01 0.07
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The relative permittivity, r, and loss tangent, tan(), for these representative substrates

are given in Table 7.1. Two separate substrate thicknesses are considered, namely 0.508

and 1 mm. The widths of the printed tracks, , are selected so that the line

impedance of each interconnect is maintained as 50 Ω [30]. The physical properties of 

the interconnects fabricated on a particular substrate with defined thicknesses are

summarised in Table 7.1. For each substrate the following parameters are given:

substrate thickness, substrate dielectric constant, substrate loss as tan (d), the width of

the printed conducting line, , and inner and outer radius of a coaxial cable. The

overall substrate size is chosen to be consistent with previous experimental work [23],

namely the width of the substrate is taken to be 12.7 mm and the length is varied

between 25.4 mm, 50.8 mm and 50 mm.

Figure 7.6 S21 and VSWR for 50 line interconnects on flexible substrates (PET, PI, PDMS, and PU)

compared to equivalent microstrip line on a rigid substrate RO4350. Line length is 25.4 mm and the

substrate thickness is 0.508 mm. Metallic losses are neglected.

Figure 7.6 compares S21 and the VSWR for interconnects fabricated on different

flexible substrates, namely PET, PI, PDMS and PU with those from the rigid substrate

case, RO4350. The thickness of the substrate is 0.508 mm and the length of the

interconnect is 25.4 mm. For this case, all metallic losses are neglected and only

substrate loss is considered. All the other parameters for interconnects are given in

Table 7.1. Figure 7.6 shows that the interconnect fabricated on PU has the highest

transmission loss whilst those fabricated on PET and PI substrates have the smallest
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loss which is comparable to the loss of the equivalent 50  microstrip line on a rigid

substrate RO4350.

Figure 7.7 S21 and VSWR for 50  line interconnects on flexible substrates (PET, PDMS, PI and PU)

compared to equivalent microstrip line on a rigid substrate RO4350. Line length is 50.8 mm and the

substrate thickness is 0.508 mm. Metallic losses are neglected.

Figure 7.8 S21 and VSWR for 50  interconnects on flexible substrates (PET, PI, PDMS and PU). Line

length is 50 mm and the substrate thickness is 1 mm. Metallic losses are neglected.

Figure 7.7 shows similar results but for a double length interconnect, i.e., 50.8 mm. As

expected, the transmission losses have linearly increased indicating that the loss is

predominantly modal loss and is due to the losses in the substrate. Figure 7.8 compares

the VSWR and the transmission loss for the thicker substrates that are typical of PET,
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PI, PDMS and PU materials. A substrate thickness of 1 mm is considered and the

interconnect length is 50 mm. The equivalent 50  microstrip line on the rigid substrate

RO3003 [27] (r =3, tan()=0.001) has a width of 2.535 mm. Figure 7.8 shows that the

interconnect fabricated on the PET substrate has the smallest loss which is comparable

to that of the microstrip line on the rigid laminate. The interconnect fabricated on the

PU substrate has the highest loss.

Figure 7.9 S21 and VSWR for 50  line interconnects on flexible substrates (PET, PI, PDMS and PU)

compared to equivalent microstrip line on a rigid substrate RO4350. Line length is 50.8 mm, and the

substrate thickness is 0.508mm.

Finally, Figure 7.9 considers a full model of flexible interconnects that accounts for

both substrate and conductive losses. For the flexible interconnects the conductivity of

a conductive adhesive layer DA6534 [31] of high thermal conductivity is taken to be

at mid- range frequency of 5 GHz. The conductivity of gold printed

on the rigid substrate is taken to be 4.41 . Figure 7.9 shows that, due to

conductive losses, the overall transmission losses have significantly increased over the

whole frequency band. Interconnects fabricated on PET and PI substrates have the

smallest losses whilst the interconnects fabricated on PDMS and PU substrates have

the highest losses. The result for the interconnect fabricated on PET substrate is in

excellent agreement with the experimental results of [12, 19, 21].
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Results in Figure 7.5 - Figure 7.9 show which flexible interconnect has the highest or

lowest transmission losses. The loss is attributable to the dielectric loss of substrates

and the conducive loss of printed lines. However, it is worth noting that higher fringing

fields of the signal line also result from the lower dielectric constant, typical of PDMS

and PU substrates, exhibiting wider track width for 50 Ω line. 

7.4 Performance of Flexible Interconnects Under

Deformations

In this section, the EM performance of interconnects with various bending and twisting

deformations are studied. As before interconnects fabricated on PET, PI, PDMS, and

PU substrates are considered, and their material and physical properties are given in

Table 7.1.

Figure 7.10 S21 and VSWR for 50  line interconnects under bending 30° on flexible substrates PET, PI,

PDMS and PU compared to equivalent microstrip line on a rigid substrate RO4350.

Figure 7.10 compares the VSWR and the transmission loss of flexible interconnects

that are bent by an angle of 30°. The performance for the flat interconnect on a rigid

substrate is added for reference. Substrate losses are included but metallic losses are

neglected. All interconnects are on the substrate of thickness 0.508 mm and of 50.8 mm

length. According to Figure 7.10, this bending has an insignificant effect on return loss
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and insertion loss for each substrate, when it is compared their flat cases Similarly,

bending transmission lines with an angle of 90° has a minor effect on their

electromagnetic performance (See Figure 7.11).

(a) (b)

(c) (d)

Figure 7.11 S21 and VSWR for 50  line interconnects under bending 30° and 90° on flexible substrates

a) PET, b) PI, c) PDMS, and d) PU compared to equivalent microstrip line on a rigid substrate RO4350.

It is reasonable to assume that flexible interconnects are simulated with different

bending condition with relying realistic and experimental conductivity changes of [32-

34] without considering temperature dependence of surface resistivity. Figure 7.12a-d)

show microstrip line 30° and 90° bending considered with surface conductivity changes

with 5% reduction for compressive bending and 10% increases for tensile bending with

relying on [32]. PET and PI substrates provide minimal amount of insertion losses(see
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Figure 7.12a-b), where PDMS and PU substrate loss are significantly higher than PET

and PI substrate(see Figure 7.12c-d)).

(a) (b)

(c) (d)

Figure 7.12 S21 and VSWR for 50  line interconnects under bending 30° and 90° on flexible substrates

a) PET, b) PI, c) PDMS, and d) PU compared to equivalent microstrip line on a rigid substrate RO4350.

It is well known fact that twisting of bending has more substantial affect for bending

along the current path flow. Therefore, this performance change should be investigated.

This section describes the GC approach that is used to impose deformations on the

flexible interconnect. Figure 7.13 summarises the GC approach. The schematic of the

flat interconnect enclosed in the flat cage is shown in Figure 7.13a). The flat cage has

similar topology as the interconnect and is defined as a simple polygonal tube that has

a dimension width, length and height are 40 mm, 75 mm and 12 mm, respectively with
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14 segments along the twisting axis direction. Figure 7.13a) only shows the edges of

the flat cage and the flat interconnect geometry. Next, a new warped cage is defined

that characterises the twisting deformation as shown in Figure 7.13b). The GC approach

is then used to map the deformations of the cage onto the object. Figure 7.13c) shows

the deformed interconnect inside the warped cage. Finally, the warped cage is removed

to reveal the deformed object, Figure 7.13d).

Figure 7.13 GC methodology: a) flat interconnect within a flat cage (only triangular faces of the flat

cage shown); b) warped cage that describes the nature and level of deformation required; c) deformed

interconnect inside the warped cage (only edges of the warped cage shown) d) final geometry of a

deformed interconnect.

In two-dimensions (2D) the GC operator does not introduce any distortions but in three-

dimensions (3D) the operator exhibits only a quasi-conformal mapping which means a

certain amount of anisotropic scaling. Therefore, it is essential to compensate GC

induced distortions to protect the components’ manipulation that can, if not minimised,

impact the accuracy of electromagnetic (EM) deformations [35]. Earlier study has

shown that these distortions can be minimised when the cage is defined to be close to

the object [35]. The distortions introduced in the geometry are compensated by pre-
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scaling iteratively with the GC method [35]. In the case of a patch antenna, pre-scaling

is done on the antenna width and length [35], and in the case of interconnect,

Figure 7.14 GC induced relative distortion error in the width and length of the microstrip transmission

line as a function of the number of pre-scaling iteration for generation of twisting deformation with mean

twisting ρ=0.0065 rad/m, ρ=0.0105 rad/m, and ρ=0.0290 rad/m.

the pre-scaling is done using the width and length of the metallic trace of the

interconnect. The compensation process is based on comparing the total width and

length of signal trace before and after deformation. Since the GC method maps the flat

geometry onto the deformed one, the constraint edge of the flat case is directly mapped

to deformed geometry [35]. Therefore, the ratio of the total width and length edge of

the signal trace gives an up- or down- scaling factor. The pre-scaling of GC methods

are applied iteratively until prescribed relative difference for the width and length of

signal traces is satisfied. Figure 7.14 shows the relative error in percent in the width and

length of microstrip transmission line for twisting deformation with mean twisting rate

of ρ=0.0065 rad/m, ρ=0.0105 rad/m, and ρ=0.0290 rad/m as a function of the number

of iterations. The distortion relative error in the width and length of the transmission

line in initial GC applications is high but it sharply reduces with the number of pre-

scaling iterations.
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Figure 7.15 GC deformed geometry of microstrip line on 1mm PDMS with coaxial cable port inner and

outer radius 0.4233 mm and 1.37 mm with mean twisting rotation per meter (a) 0.0105, (b) 0.0205, (c)

0.0255, and (d) 0.0290 respectively.

Figure 7.15 reveals twisting deformation for different mean twisting rotation per meter

parameter, , from 0.0105 rad/m to 0.0290 rad/m. The TLM method based on

unstructured tetrahedral mesh is ideally placed to discretise a problem that does not

align to a cartesian grid. A 3D Delaunay Mesher [36-38] which is a special

implementation of the Delaunay meshing technique [39], is used to provide a hybrid

mesh that combines a cubic mesh around uniform regions and a tetrahedral mesh around

the object and the curved regions [40]. The near field of the microstrip line is meshed

with background cubic cells of 0.75 mm size, whereas the far-field region is sampled

with 3 mm cubic cells (See Figure 7.3) shows the surface triangulation of the

computational box and the interconnect. For computational memory and run time cost,

the region below under the ground plane is reduced for the case of flat interconnect, as

shown in Figure 7.3. However, the computational box is made larger for the
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interconnects with twisting and bending deformation as in these cases the size of the

computational box is more critical. Therefore, with intention of overcoming reflections

from the computational box, the computational box is made larger with the dimensions

of

Figure 7.16 reveals the VSWR and transmission loss of the GC deformed interconnect

on the PDMS substrate with mean twisting rotation from 0.0015 rad/m to 0.0290 rad/m.

The inset in the figure shows the anticlockwise rotation direction of twisting

deformation. According to Figure 7.16, increasing rotation exhibits higher radiation and

insertion loss. It is important to note that the mean rotation twisting per meter 0.0065 is

the critical deformation that results in the maximum VSWR=1.2. The increasing

deformation above this value results in higher insertion loss from 3 GHz to 5 GHz

because of coupling fringing fields and surface waves.

Figure 7.16 S21 and VSWR for 1 mm PDMS substrates (GC deformed) with microstrip line with twisting

angle , 0.0015, 0.0025, 0.0050, 0.0065, 0.0105, 0.0125, 0.0205, 0.0255 and 0.0290 rad/m respectively.

Inset figure shows the rotation direction of twisting deformation. Metallic losses are neglected.

Figure 7.17 reveals PET, PI, PDMS and PU substrate has indiscernible from their flat

case similar to [19, 41]. Figure 7.18 demonstrates return and insertion loss of 1 mm

PDMS, PET, PU and PI substrates (GC deformed) with microstrip line with twisting
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angle , 0 0.0065 rad/m with reducing conductivity 50%, 50%, 50% and 20%

respectively with relying on recent refs. [33, 34]. The insertion loss of microstrip line

have increasing in loss 0.5 dB for 50% conductivity. In addition, the insertion loss of

microstrip line has increasing in loss 0.2 dB for 50% conductivity reduction.

Figure 7.17 S21 and VSWR for 1 mm PET, PI, PDMS, and PU substrates (GC deformed) with microstrip

line with twisting angle , 0.0065 rad/m respectively.

Figure 7.18 S21 and VSWR for of 1 mm PET, PI, PDMS, and PU substrates (GC deformed) with

microstrip line with twisting angle , 0.0065 rad/m respectively. Conductivity of line has changed

according to [33, 34].
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Figure 7.19 reveals insertion and transmission losses of enforcing extreme

deformations similar to Figure 7.15d). Although this high rate of twisting rate

deformation can be higher than expected average deformation for semi-rigid PET and

PI substrates; however, there is a strong probability of direct printing of microstrip line

of these kinds of irregular deformation. Therefore, complex geometry generation

perspective, it is useful to simulate and characterise performance to validate model

under extreme deformation. Figure 7.19 shows microstrip line on PET substrates has

the minimum insertion loss, whereas the PDMS has better return losses than PU

substrates for entire frequency range of transmission line.

The change of conductivity resulting from the deformation has been considered relying

on [33, 34]. For microstrip line on PET, conductivity reduction has assumed 60% and

microstrip line on PDMS and PU have a 100% reduction in conductivity. However,

microstrip line on PI has a 20% reduction. Figure 7.20 reveals impact of changing

conductivity in terms of return and insertion loss for extreme deformation. Similar to

other deformation cases, PET and PI provides good performance compared to PDMS

and PU substrates.

Figure 7.19 S21 and VSWR for 1mm PET, PI, PDMS, and PU substrates (GC deformed) with microstrip

line with twisting angle , 0 0.0290 rad/m respectively.
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Figure 7.20 S21 and VSWR for 1mm PET, PI, PDMS, and PU substrates (GC deformed) with microstrip

line with twisting angle , 0 0.0290 rad/m respectively. Conductivity of line has changed according to

[33, 34].

7.5 Conclusions

This Chapter provides holistic design guidelines for flexible microstrip interconnect

with different flexible, semi-rigid, and soft materials.

The Chapter investigated flexible interconnects designed on a variety of flexible

substrates, namely PET, PI, PDMS and PU. Both flat and deformed interconnects are

considered. In contrast to traditional conformal interconnects whose geometry

previously fixed and optimised, wearable and foldable interconnects must perform

reasonably with the wide variety of deformations. This introduces a new set of

challenges for RF engineer who focus on system performance from back-end to front-

end of problems, such as (a) which substrate need to be used for desired performance

and (b) designing for the in-situ performance.

In the first instant the impact of the SMA connector was considered. The signal trace is

tapered with different types of taper transition regions and their performance analysed.
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It has been shown that tapered printed line exhibits lower transmission loss compared

to typical measurement loss figure of 1 inch. The results agree very well with published

results [23, 24].

The Chapter compares the performance of 50  interconnects designed for a variety of

substrates with the performance of the standard rigid interconnect. In the 1st instance

this is done for the case of flat interconnects, i.e., in the absence of the stress and strain.

This is done systematically by gradually introducing the substrate and metallic losses.

The results show that flexible interconnects fabricated on PET and PI substrates have

the smallest transmission losses whilst interconnects fabricated on PU substrates have

the highest losses. The losses are predominantly due to increased substrate and

conductive losses of flexible dielectric and conductive materials.

The impact of bending deformation is discussed for a range of flexible interconnects

and compared to the case of flat rigid interconnect. It has been shown that when metallic

conductivity is neglected, bending deformation has insignificant effect compared to flat

counterparts.

The Chapter then presented the use of GC method to generate interconnects with the

twisting deformations. The distortion introduced by GC method is minimised using a

compensation method proposed in Chapter 5. It is shown that twisting does not have

significant impact on the EM performance of the interconnects which agrees well with

the experimental results of [19]. The Chapter confirms that the computer graphics

method can be used with confidence when assessing arbitrary deformations of

components in flexible.
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This Chapter highlights the significance of outcome and the main contribution

of thesis along with the conclusion. Suggested direction of future works is

discussed, highlighting the limitations of the current version of the deformation

methodology and potential improvements.

8.1 Conclusions

Flexible antennas and interconnects play an indispensable role in high-frequency

wireless applications as an essential component of wireless data transmission. Next-

generation designs will involve new advanced manufacturing processes and materials

for exhibiting high flexibility and reversibility. However due to their flexibility the

components are prone to deformations that can take the form of bending, crumpling,

twisting, and combinations of these effects. Therefore, it is important to assess to what

degree the performance of flexible components is affected by these in-situ

deformations. This poses new challenges for RF designer as to systematically define,

the continuous problem space of the deformations is difficult. More practical approach

is to identify a finite set of suitable deformations for a testing and then from these results

extrapolate the impact of other possible deformations. It is imperative that systematic

studies are undertaken to inform future designs and this Thesis has addressed a notable

hurdle preventing this activity, namely the generation of robust deformed geometries

of antennas and interconnects.

Chapter 2 overviews basics of antenna and interconnect figure of merit such as,

reflection coefficient, voltage-standing-wave-ratio, radiation pattern, directivity, gain

and realised gain, bandwidth. Then, the numerical modelling technique Unstructured
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Transmission-line Modelling method introduced, then simulation software used as the

main electromagnetic simulator for this thesis.

The aim of Chapter 3 reveals the main objective of conducting this research. This

Chapter overviews the next generation of dielectric and conductive materials for

flexible electronics. The most commonly used flexible dielectric substrates are

polyethylene terephthalate, (PET), polyimide (PI), polydimethylsiloxane (PDMS),

polyurethane (PU), and textiles. The most commonly used conductive materials are

silver pastes, nanowires, graphene related materials and MXenes. The Chapter also

overviews the reported antennas and interconnects with respect to the type of the

deformation they are exposed to, namely, cylindrical bending, stretching and torsional

deformation. The most studies are done experimentally. Although passive devices are

enforcing a similar kind of cylindrical deformation for the width and length edge of

antennas, where some of main resonant frequency are increasing with deformation,

others are decreasing with raising rate of their resonant response. It is important to note

that there are conflicting conclusions on the impact the cylindrical deformation makes

on the antenna performance. For the case of cylindrical bending of antennas evidence

the results of predicting uncertainties to usage with operational issues of in-situ

performance or susceptibility to mechanical deformations. The Chapter concludes that

the majority of experimental measurements and the computational analysis are

predominantly considering the case of 1D cylindrical bending, and to a much smaller

degree stretching and twisting deformation. Thus, it is concluded that there is a clear

gap in the knowledge on the impact of other, more complex deformations, on flexible

components performance.

The Chapter 4 overviews the issue of mapping a flat object to a curved surface and

introduces a developable and non-developable surface. It states that a flat object cannot

be mapped onto non-developable surface without introducing strain and stretch. the

Chapter introduces several spatial deformation techniques for object manipulation that

are commonly used in computer graphics, namely Mean Value Coordinates, MVC,

Harmonic Coordinates, HC, and Green Coordinates, GC techniques. All three

techniques use the cage to enclose the object and by manipulating the cage vertices the
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deformations of the cage are smoothly transferred to the object. The methods differ by

the amount of the distortion they introduce in the object and by the way they are

computationally implemented. From the three techniques the GC method stands out as

it introduces the minimal amount of distortion compared to MVC and HC techniques

with slightly higher computational cost. The Chapter overviews the theoretical

background of the GC method and also compares the distortion of the GC method

against MVC and HC methods.

In Chapter 5 the GC method is used to generate arbitrary deformations of patch

antennas. It has been shown that the GC method provides an approach to holistically

generate arbitrary geometries without introducing the disruptive CAD artefacts that can

either block or seriously undermine EM characterisation. However, the GC method

introduces unwanted distortion into the object and it is important to examine whether

these distortions are important in the context of EM simulations. To do that the GC

method is calibrated for the simple case of 1D cylindrical bending for which no

distortions should occur. The Chapter examines the impact of the GC parameters

namely cage complexity and cage padding on the accuracy of the resulting 1D

deformation. It was shown that the errors are insensitive to the cage complexity but that

tight cages result in more accurate geometries. The Chapter shows that distortion errors

introduced by GC method are significant and that they increase with increasing the

deformations.

However, this can be successfully compensated for by using as pre-scaling approach

and the Chapter 5 introduces two different simple compensation methods, namely

Centre of Gravity (CG), and Width and Length (WL) compensation. The effectiveness

of these approaches is assessed by comparing the EM performance of compensated GC

antennas with the special cases of cylindrical bending antennas whose geometries are

produced using exact Boolean geometry. WL compensation provides a more robustness

approach compared the CG method for a wide range of deformations. Furthermore,

with the compensation in place a good degree of insensitivity to method parameters

such as the padding and complexity of the cage used has been shown which is important

for undertaking broad range design studies. After calibration against a known canonical
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case whose geometry can be exactly generated, final GC generated antenna

performance in terms of return loss and radiation patterns have been examined and

shown good agreement with published results. The Chapter shows that naïve use of the

GC method introduces a systematic distortion that can significantly undermine EM

simulations if not correctly compensated.

Chapter 6 explores the greater challenge of undertaking a systematic design sweep over

a larger problem space of doubly curved deformations. It has been shown that pre-

scaling for GC induced distortions is effective for these double curved surfaces and

rapidly reduces non-physical distortion errors. The Chapter considers double curved

deformations namely, spherical, saddle and twisting and explores a range of

deformations for each case. According to the results, spherical bending of antenna shifts

the resonant frequency of antenna to higher frequencies and that the concave spherical

bending has particularly strong impact on the resonant frequency. However, saddle and

torsion deformation tend to reduce the antenna resonant frequency and are more

detrimental to antenna operation when deformations are applied along the length of

antenna. Only consideration of simple cylindrical deformation can be overestimate or

underestimate the antenna performance. The Chapter reveals that GC method is a

promising design toolkit used to extract the impact of deformation on antenna

performance and leads to a more accurate prediction of in-situ performance of an

antenna.

In Chapter 7, flexible transmission lines with deformation and without deformation

have been systematically investigated systematically. Transmission properties of a

range of interconnects fabricated on a variety of substrates, namely PET, PI, PDMS,

and PU have been reported. The computational study is further extended to assess the

impact of the bending and torsion deformation of flexible interconnects. The deformed

geometries are generated using the GC method. It is shown that torsion does not

significantly impact the EM performance up to a specific deformation rate. The Chapter

reported a holistic design guideline for the flexible, soft and semi-rigid materials. A

range of substrates namely PET, PI, PDMS, and PU are systematically analysed and

compared EM performance of interconnects under the impact of deformations, namely
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bending and torsion for interconnects fabricated using. The transmission properties are

analysed with regards to the substrate material, and metallic properties. This is done for

a range of substrate and metallic print properties with the aim to ascertain the most

resilient and stable platform for flexible electronics.

8.2 Future Works

The proposed cage-based deformation with the GC method described in this thesis can

be used as a foundation to implement more complex geometry models for the EM study

of predictive flexible and conformal components. Some of the suggested further

applications of the GC method are highlighted in this section.

Studies of the strategically structured stretchable antenna and woven textile antenna

have been extensively reported [1, 2]. The GC method, which is implemented in this

thesis, can be directly extended to deliver geometric models for these types of antennas.

Similarly, flexible frequency selective surfaces (FFS) [3] with woven or knitting nano-

composite materials, substrates could be generated as an anisotropic structure. GC

method could be used to directly deform the whole structure that would be otherwise

very difficult to do point by point for complicated metamaterial patterns. Moreover, the

deformability of FFS results in anisotropic stretching; hence, frequency detuning of

array structure becomes elusive. This is one of the exciting areas of research that can

be studied thoroughly.

A knitted textile waveguide is another component [4, 5] for which the analysis of the

impact of deformations on its performance is important. These foams or dielectric

materials filled with waveguides are used for X-Band applications. The GC can be used

to design the waveguide to be resilient in the presence of deformations by using it in

conjunction with inverse optimisation techniques such as swarm optimisation [6].

However, a much faster solver is needed to be combined with the GC method so that a

large problem space can be explored.
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The upgrade of single-core computation of GC method algorithm to shared or

distributed systems implementation, or graphical core implementation is an area of

development that can also be suggested. That becomes an essential factor in the model

when modelling large-scale problems involving a wide range of microstrips or metal

printed on large-scale structures, such as antenna printed on a plane fuselage, wing, or

a frequency selective surface on a plane meta-radome. This large-scale deformation

costs more run time than the dual and single antenna structures. Furthermore, multicore

implementation of GC method is a specific computation of geometric integration of GC

method is a suggested area of development that can add more wide area of EM problems

coverage to the modelling with GC method.

The soft robotic field with intention of providing robots that adapt to the natural

environment better than their traditional counterparts attracts significant attention. Soft

robots are made from materials that could change passively based on environmental

conditions and are based on soft materials, such as polymers and elastomers [7]. he

shape of robots is morphed by applying voltage, pressure, magnetic field, and heat

source to it [7-9]. The soft robot will have a flexible or soft antenna component placed

on them for the purposes of communication that would also change the shape as the

robot body is adapting to the environmental conditions. The GC method can be used to

simulate soft robots with antenna scenarios. Therefore, the generation of their

combined elastic behaviour coupled with physical excitation would allow for the direct

predictive study of many different configurations, these could also be verified with

measurements in the anechoic chamber. Furthermore, depending on the applied form

of the physical excitation source in models, electromagnetic field behaviour is

dynamically configurable for series triggering physical fields with embedded control

systems. This is another interesting area of research that can be investigated.
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A.1 Green Coordinates Algorithm 2D

Figure A.1 2D Green Coordinates Algorithm [1, 2].

Input: cage set of points

Output: 3D GC

/*Initialization */

Set all

/*Coordinates computation */
foreach point do

foreach edge with vertices do

End
End



A-2 Algorithms for Green Coordinates

A.2 Green Coordinates Algorithm 3D

Figure A.2 3D Green Coordinates algorithm [1, 2].

Input: cage set of points

Output: 3D GC

/*Initialization */

Set all

/*Coordinates computation */
foreach point do

foreach face with vertices do

foreach do

foreach do

;

;

; ;

;

;

If then
foreach do

End
End

Procedure

; ;

;

foreach do
;

return



A.2 Green Coordinates Algorithm 3D A-3

The procedure in Figure A.2 computes Green Coordinates

integral eq. (4.14) for each point of triangular face of the surface.

For more detail derivation, we have referred to reader to [1, 2].
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