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ABSTRACT 

This research has its basis in developments within the field of inductive powering 
and wireless power transfer, WPT, and more specifically, magnetic resonance 
coupling. This is a principle that enables efficient power transfer from a 
transmitting unit to a receiving unit at a distance of some times the unit diameter. 
These developments are together with the possibilities and challenges of today’s 
smart textile industry the starting point to investigate a novel textile-based product 
concept for WPT by combining both technologies. Multiple textile inductor coil 
samples, consisting of cotton and electrically conductive copper yarns, were 
produced by jacquard weaving, additional assembling of electronic components 
were performed manually and several measurements were carried out to 
investigate the sample characteristics and the sample performance in terms of 
power transfer. The produced sample coils showed to behave similarly to 
conventional inductors and were able to transfer power over some distance.  

Keywords: Textile inductors, induction, wireless power transfer, WPT wireless 
energy transfer, WET, wireless powering, wireless charging, magnetic resonant 
coupling, resonant coupling, e-textiles, smart textiles 
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POPULAR ABSTRACT 

This research has its basis in developments within the field of inductive powering 
and wireless power transfer, WPT, and more specifically one the branch within 
this field, which is called magnetic resonance coupling. This principle enables 
efficient power transfer from a transmitting unit to a receiving unit at a distance of 
some times the unit diameter. The developments within magnetic resonant 
coupling are together with the possibilities and challenges of today’s smart textile 
industry the starting point to investigate a novel textile-based product concept for 
WPT by combining both technologies. Multiple textile samples, consisting of 
cotton and electrically conductive copper yarns, were produced by weaving 
technique, additional assembling of electronic components were performed 
manually and several measurements were carried out to investigate the sample 
characteristics and the sample performance in terms of power transfer. The 
produced samples showed to behave similarly to conventional inductors and were 
able to transfer power over some distance.  

Keywords: Textile inductors, induction, wireless power transfer, WPT wireless 
energy transfer, WET, wireless powering, wireless charging, magnetic resonant 
coupling, resonant coupling, e-textiles, smart textiles 
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1 INTRODUCTION 

1.1 BACKGROUND 
Smart textiles are today part of a growing industry that offers revolutionary 
solutions and improvements in many different sectors and applications. Despite 
the growing interest for smart textile applications (Cork 2015) there are still issues 
that have to be overcome, to make the industry prosper. Integration of electronics 
on textile substrates is common to enhance the material smartness. However, there 
is a concern regarding the frailty and sensitivity at interconnection points between 
for example cables, switches, batteries, electronic components and the textile 
substrate in e-textiles. There is a great need for good connections and energy 
supply for these textiles to reach their full potential. There has been many 
developments in the electronics industry, towards making electronics both 
smaller, more flexible (Roh, Chi et al. 2010, Pu, Li et al. 2016) and sometimes 
even washable (Zysset et al., 2010a) which is turn imply a great advantage for the 
smart textile industry. 
 
Along with the increasing amount of networked devices, wearable electronic 
gadgets and people constantly being connected through them there has been a 
growing need for wireless communication, such as Wi-Fi (Lemey, Declercq et al. 
2014) (Waqar, Wang et al. 2015), to replace the former data cables (DeJean 
2007). But now, not only communication exchange demands improvement, 
wireless power transfer is also a growing area of interest. 
 
In the technical world of today both information and power have to make their 
way from one place to another over a range of distances and these connections are 
of huge importance to people’s daily lives. The distances vary depending on 
application and are ranging from thousands of kilometres in satellite 
communication to micrometre distances for on-chip connections (Schuylenbergh 
& Puers 2009). However, the distance that could be the most important today are 
the last the few meters between the wall socket and any device that needs to be 
powered or charged. One branch of wireless power technology, called magnetic 
resonance coupling has proven efficient wireless power transfer, also up to such 
distances (Kusaka & Itoh 2015). 
 
The increase in environmental awareness during recent years, in combination with 
the development of autonomous electronics (Karalis, Joannopoulos et al. 2008) 
and decreased devices size (Schuylenbergh & Puers 2009) imply another demand 
of power supply than there was before. Mobile devices are typically driven by 
batteries, which have limited lifetime and requires constant charging or 
replacement, which is a task that might be inconvenient, costly (Hyungsik & Rui 
2014; Pu, Li et al. 2016) and not very environmentally friendly.  
 
Different types of this technology are already used in many products, ranging 
from electric toothbrushes (Lu, Wang et al. 2015), wireless mobile phone 
chargers, wearable sensor networks (Hyungsik & Rui 2014), to medical implants 
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(Mendes Duarte & Felic 2014) and electric vehicles. The market of wireless 
charging has been estimated to triple by 2020 (Lu, Wang et al. 2015), but it is still 
basically just oriented around electronics.  All the above mentioned arguments 
explain the advantage of self-charging (Pu, Li et al. 2016) or self-powering 
systems, and why not take the opportunity to evaluate this principle from a novel 
textile perspective? 

1.2 PROBLEM DESCRIPTION 
Within the smart textile field there is still a great need for: 

• Reduced size and amount of attached electronics, like bulky batteries and 
stiff cables, which contribute to uncomfortable, less flexible and less 
textile like products.  

• Improved contacting between textile and electronic components to ensure 
functionality and product reliability. 

• Unobtrusiveness, mobility and convenience, so that wearable smart textile 
systems can be just that; wearable, and easy to use. 

• Functioning large-scale production. 
• Securing the future of the textile industry. 

 
Within the WPT field there has been recent development in the branch magnetic 
resonant coupling, to: 

• Meet the customer demand for mobility and convenience through wireless 
powering and charging of electronic devices. 

• Diminishing the use of batteries. 
• Reduce the amount of cables required to power electrical appliances. 

 
If all the above statements are considered one can easily identify the potential in 
investigating a combination of the two fields of investigation. 

1.3 AIM 
The aim of this project is to investigate the potential existence of textile inductors 
to be used for WPT, wireless power transfer. The project is an attempt to meet the 
needs listed above by combining both fabric-forming techniques with magnetic 
resonance coupling implemented as an e-textile. Potential constructions and 
geometries of textile inductors will be produced and investigated to find out if, 
and in that case what level of, power transfer can be achieved. The target is to 
make a contribution to the on-going developments within WPT from a textile 
point of view while, hopefully, solving some of the issues identified in the field of 
smart textiles at the same time. 

1.4 RESEARCH QUESTIONS 
The principal naming of this project is;  
Investigation of textile inductors for wireless power transfer  
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This statement is accompanied by some research questions that were formulated 
for further guidance towards the desired findings. 
 

• May woven textile coils be used for wireless power transfer? 
• What conditions enable wireless power transfer using textiles? 
• What weaving pattern seems to be the most ideal for achieving wireless 

power transfer using woven textiles? 
• What coil size seems to be the most ideal for achieving wireless power 

transfer using woven textiles samples and the current setup?  
• Can textile inductor coils be produced industrially using conventional 

weaving technique and complementary assembling? 

1.5 LIMITATIONS 
The number of produced samples is limited by just using one sample production 
technique, weaving. However, this also imply more narrow scope and thus 
facilitatesmore reliable conclusion drawing. Due to limited access to weaving 
machines the amount of parameters altered for woven samples are limited. For the 
same reason only one type of conductive yarn will be used in the sample 
production. Time constraints also limit the amount of repetitions of measurements 
performed, to a few times per investigated parameter, in favor of allowing 
measurement of many different parameters instead. 

2 LITERATURE REVIEW 
The following literature review will treat topics that are important for the 
understanding of the background to this particular project and aim to provide 
knowledge of the complete scope.  

2.1 SMART TEXTILES 

Smart textiles 
Smart textiles are textile based materials or products that have the ability to react 
to external stimuli in one way or the other (Kirstein 2013), and produce a practical 
outcome. The stimulus can be of different character, like electric, chemical, 
thermal, optical and magnetic (Waqar, Wang et al. 2015; Mecnika, Scheulen et al. 
2015; Qu and Skorobogatiy 2015). Smart textiles can also have different “levels 
of smartness” (Kirstein 2013) but what all of them have in common is the 
intention of making the lives of humans safer, easier and more comfortable. 
Another contribution to their importance is securing the future of the textile 
industry, which is currently disappearing from many countries in favour of 
production in low-wage countries because of globalization and a strong 
competition (Ossevoort 2013). 

Conventional textiles 
Textiles in themselves are fascinating materials (Gimpel, Mohring et al. 2004), 
which by the interaction of thousands of separate fibres give them advanced and 
specific shapes and enable that many unique features can be achieved (Gimpel, 
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Mohring et al. 2004; Zysset, Kinkeldei et al. 2013). Apart from aesthetic features, 
textiles hold characteristics such as lightness, drapability, robustness, strength 
(Zysset, Kinkeldei et al. 2013), non-rigidity  (Gimpel, Mohring et al. 2004), 
breathability, comfort, (Dias & Ratnayake 2015) and low manufacturing costs.  

2.1.1 Fabric forming techniques  
The most common fabric forming techniques are weaving, knitting and braiding 
(Eichhoff, Hehl et al. 2013). Below weaving, which is the chosen fabric forming 
technique in this project, and embroidery will be briefly introduced. Embroidery 
is included here since it will make an important point of comparison to weaving 
later on.  

2.1.1.1 Weaving 
Weaving is one of the oldest fabric forming techniques and is based on the use of 
two perpendicular yarn systems, the warp and the weft, that are interlaced to form 
a woven fabric. Warp threads, which are stored on a warp beam oriented in the 
direction of weaving, are led through several heald frames (or harness cords in the 
case of jacquard weaving) that can be lifted up or down to create a shed where the 
weft thread, which are stored on bobbins oriented perpendicular to the weaving 
direction, can be inserted. After weft insertion the reed dashes the weft yarn 
forward against the fabric structure, the next shedding will lock the weft in its 
place and a new weft insertion cycle begins (Ghandi 2012; Eichhoff, Hehl et al. 
2013). 
 
The weft yarns can be inserted by different means and two of the most common 
ones are shuttle and rapier technology. A shuttle is a small frame containing a 
bobbin of weft yarn that is forced from one side of the fabric width to the other, 
through the shed. Double rapier technology imply the use of a pair of rapiers, or 
grippers, where one rapier grabs on to a weft yarn from a bobbin and transports it 
to the middle of the shed, where the rapiers meet, and the yarn passes from the 
first gripper to the other, and then continues the path to the opposite side of the 
fabric width (Ghandi 2012; Eichhoff, Hehl et al. 2013). 
 
Different weaves are created by letting the desired warp threads lift while creating 
the shed. Some simple, basic weaves are; plain weave, twill weave and satin 
weave, but to achieve more complex patterns jacquard technology can be used. In 
jacquard weaving there is one harness cord corresponding to every warp thread, 
which enables the individual control of each warp thread (Eichhoff, Hehl et al. 
2013). 
 
When producing smart textiles highly functional yarns, mostly conductive yarns, 
are used. In case of weaving with conductive yarns they are generally used in the 
weft direction since weft yarns are easily exchanged when another product will be 
manufactured on the same machine. The warp yarns are also exposed to more 
friction and tension from being bent up and down along the way from the warp 
beam through heald frames to the other side of the machine. Technically 
conductive yarns can be used also in warp, but it requires more work, is more 
expensive and might damage the yarn. Since high productivity is always desired a 
challenge is to find an appropriate machine speed so that the fastest production 
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possible is achieved without jeopardizing the fibre properties (Eichhoff, Hehl et 
al. 2013).  

2.1.1.2 Embroidery 
Embroidery is a simple process (Roh, Chi et al. 2010b) used to apply yarn in a 
defined and complex pattern onto a textile substrate (Mecnika, Scheulen et al. 
2015; Eichhoff, Hehl et al. 2013). Conductive, or other, yarns can be used in 
embroidery for different smart textile applications. The embroidery process uses 
two, an top and a bottom, yarns, which are interlaced every time the needle 
punches the fabric substrate to create the embroidery stitches. During embroidery 
the substrate fabric frame is moved in x and y directions to create the desired 
pattern (Eichhoff, Hehl et al. 2013). 
 
There is a branch of embroidery that is based on three yarn systems and is called 
tailored fibre placement. This technique is used for exact placement of functional 
fibre material onto a textile substrate by having the other two, top and bottom 
yarns stich it down (Eichhoff, Hehl et al. 2013). 
 
A big asset of embroidery is that a complete task can be performed in the same 
manufacturing process, and is therefore very attractive in electronic textile 
production. In such smart application the creation or integration of an electric 
circuit, both conducting lines and interconnections, can be made in the same step 
(Mecnika, Scheulen et al. 2015). In a study performed by Zimmerman in 2013 in 
which manufacturing of light emitting textiles were investigated, and embroidery 
technique was used to fasten and tiny LEDs to the textile substrate in a simple and 
reliable way using the machine ZSK Stickmaschinen, which had been built to be 
able to perform such detailed embroidery based assembling. 
 
Some concerns regarding the embroidery process is the turnaround of the textile 
substrate, which have to be made with 100% crashworthiness so that it does not 
crash into any machine parts and so that the frame is placed exactly in the right 
position (Mecnika, Scheulen et al. 2015). Similarly as for weaving, in embroidery, 
especially at high speeds, yarns are subjected to high tension, which can affect the 
yarn performance (Roh, Chi et al. 2010). 

2.1.2 The birth of smart textiles 
In the mid 1990’s, textiles were investigated towards being even more functional, 
and the development of smart textiles was initiated (Zysset, Kinkeldei et al. 2013). 
Smart textiles are realized by combining conventional textile production 
technology with other branches of science (Roh, Chi et al. 2010) such as 
electronics, polymer science, nanotechnology, information technology, 
communication technology, artificial intelligence and bio-technology etc. To be 
able to push the emerging solutions further, professionals from different 
disciplines, like textile engineers, chemists, physicists, electrical engineers, 
product developers and designers, have to cooperate (Kirstein 2013; Ossevoort 
2013; Waqar, Wang et al. 2015; Bosowski, Hoerr et al. 2015; Mecnika, Scheulen 
et al. 2015; Roh, Chi et al. 2010). According to Ossevoort (2013) smart textiles 
are one of the most promising areas of innovation, because of its inter-disciplinary 
nature.  
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2.1.3 Smart materials 
There are many typically smart materials used in smart textiles, such as 
chromogenic materials, piezoelectric materials and shape memory materials, 
which all are designed to have specific property changes when subjected to at 
least one external stimuli. To enhance the smartness and make the response less 
random and more formal, electronics can be introduced (Kirstein 2013).  
 
Electronic textile, or e-textile (Kirstein 2013), systems can be utile for commun-
ication and controlling applications (Gimpel, Mohring et al. 2004) and can even 
approach being “intelligent”. According to Kirstein (2013) electronics imply the 
only approach to smart textiles that allows multiple input parameters, user control 
and provides true, goal-oriented output. Thus, among all high-tech fibres, yarns 
and fabrics that are used in smart textiles, electrically conductive ones might be 
the most common and sought after. 

2.1.4 Conductive yarns 
Electrically conductive fibres are mostly used for anti-static, anti-microbial and 
shielding applications, but can also deliver input and output signals and power 
(Cork 2015). There are many different kinds of conductive yarns and processes to 
produce them. One principle is using highly conductive materials, like metals, 
directly in the form of wires or by coating or wrapping textile yarns or filaments 
(Eichhoff, Hehl et al. 2013, Cork 2015), often strong and lightweight polymers 
such as nylon and aramids, with metals. Metal composite yarns can be produced 
in twisting processes with different amounts of strands of metal wires to textile 
threads (Roh, Chi et al. 2010a). Electrochemical processing can be used to deposit 
a fine layer of metal or alloys, such as silver, copper, stainless steel, nickel, brass 
or gold (Qu & Skorobogatiy 2015; Eichhoff, Hehl et al. 2013; Gimpel, Mohring et 
al. 2004), on a fibre surface, giving it a high conductivity and low resistance, 
which is often desired (Eichhoff, Hehl et al. 2013).  
 
An issue with these yarns is metal damage while being subjected to mechanical 
friction and rubbing (Eichhoff, Hehl et al. 2013) which leads to loss of electronic 
functionality, and is basically unavoidable in common textile production 
processes. Other disadvantages are increased weight, increased diameters relative 
to moduli and strength and that metal-coated fibres can corrode and crack over 
time (Cork 2015). Washability and price are some parameters that also are 
important to consider (Eichhoff, Hehl et al. 2013).  The optimal conductive fibre 
would hence possess high electrical conductivity, high mechanical tenacity, be 
resistant to processing, washing, and should resist fatigue, should be cheap and 
would ideally even be dyeable (Cork 2015).  

2.1.5 Smart textile production techniques 
During the last decade a huge amount of work has been put into developing smart 
textiles and their corresponding production processes (Qu & Skorobogatiy 2015). 
Besides the most common, conventional fabric production principles weaving, 
knitting and braiding, which are constantly developed and adapted for certain 
applications within the field of smart textiles (Eichhoff, Hehl et al. 2013), there 
are also some more recent manufacturing techniques that are relevant especially 
for smart textiles. Since the current project will aim to investigate a type of 
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electronic smart textile system the following headings will focus of the 
manufacturing of just that, electronic textiles, or e-textiles.  

2.1.6 E-textiles 
The concept of e-textiles is the incorporation of electrical components and circuits 
into traditional textiles to enhance their functionality (Qu & Skorobogatiy 2015). 
The textile and electronics industries are both known for their mass production 
and affordable price level, and now there a lot of effort is put into establishing a 
combination of the two production processes in a successful manner (Waqar, 
Wang et al. 2015). Electronics, like chips and circuits, can be produced quickly 
and efficiently with accuracy on the nanometer range. Textiles, on the other hand, 
are much more flexible and accuracy can often not be ensured over the some 
tenths of millimetres (Eichhoff, Hehl et al. 2013). 
 
In the field of e-textiles the term ‘level of integration’ is fundamental. It simply 
refers to the level of component integration of an e-textile material and it affects 
the material characteristics to a great extent (Zysset, Kinkeldei et al. 2013). 
According to Bosowski, Hoerr and others (2015) there are three distinct levels of 
integration of electronic components into textiles: textile-adapted, which means 
e.g. clothing that leave room for attaching or appending conventional electronics 
to the textile or garment, textile-integrated, which means incorporation by 
establishing interconnections between electronics and the textile substrate, and 
textile-based, which means that the actual electronic components are based on the 
textile structure itself. 
 
High integration level is crucial for the performance of an e-textile. It is one of the 
principal goals in the world of smart textiles and it is the main course of action to 
maintain the functionality of the electronics and the comfort, flexibility, 
robustness, feel, look and low weight of the textiles (Locher and Sefar 2013, 
Zysset, Kinkeldei et al. 2013; Mecnika, Scheulen et al. 2015; Roh, Chi et al. 
2010). Unfortunately high integration level has often proven to be contradictive to 
level of smartness, namely since there are many challenges left in the area of 
integration, such as assuring reliability, durability, scalability, washability and 
producibility on an industrial scale (Kirstein 2013). 

Examples of e-textiles  
The first e-textiles were inhomogeneous and bulky, consisting of conventional 
textiles as substrates with conventional electronics and strands or wire attached to 
them (Locher & Sefar 2013; Kirstein 2013; Gimpel, Mohring et al. 2004) or put in 
the pockets, in case of garments (Suh 2015; Dias and Ratnayake 2015). A second 
generation of e-textiles were improved by the use of conductive yarns instead of 
conventional wiring between components (Dias and Ratnayake 2015).  
 
One of the first attempts to integrate whole electronic circuits into fabrics was 
based on woven fabrics with embedded conductive yarns creating conductive 
lines between conventional, rigid, printed circuit boards, PCBs (Kirstein 2013). 

Flexible electronics 
PCBs can be designed in multiple ways, to function as substrates for 
microprocessors, sensors, data storage units and inductors, and are commonly 
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occurring in smart textiles. They can also be made flexible by using a plastic film 
substrate (Zysset, Kinkeldei et al. 2013) instead of a rigid one, like the common 
FR4 substrate, (Locher & Sefar 2013; Huang, Jiang et al. 2016) which is a glass 
fibre reinforces epoxy laminate sheet. Developments in electronics, toward 
flexible as well as printable and stretchable electronics, in addition to 
miniaturization (Locher & Troster 2007; Kirstein 2013) of components, entail 
great advantages for smart textile production. Additionally, flexible circuits have 
even shown increased washability (Zysset et al., 2010a). Such improved 
components imply a huge potential for simplified textile-electronic integration by 
making the two phases more compatible (Kirstein 2013). 

2.1.7 Production of e-textiles 
To date e-textiles have mainly been produced in small quantities but to enable 
continuous, serial production and manufacturing of larger quantities automated 
assembling is crucial (Zysset, Kinkeldei et al. 2013; Mecnika, Scheulen et al. 
2015). This can potentially be ensured by optimizing process steps, like using 
pick-and-place technique as often used in the electronics industry, combined with 
automated processes with adhesives etc. (Zysset, Kinkeldei et al. 2013; Mecnika, 
Scheulen et al. 2015).  
 
The next level of integration would be to add electronic functionality directly into 
fabrics and even yarns (Kirstein 2013; Dias and Ratnayake 2015; Suh 2015). 
Zysset, Kinkeldei and others (2013) investigated and presented a successful 
production of smart fabrics using a commercial weaving machine where e-stripes 
were integrated into a textile band in the weft direction directly during a weaving 
process. Conductive yarns in the warp direction were used to interconnect the e-
stripes also directly in the weaving process. This weaving process entailed some 
manual work and a large decrease in weaving speed to make sure the e-stripe was 
not damaged. Several researches also show that electronic devices such as 
resistors and transistors can be integrated into single threads. Integration of 
miniature electronics directly into yarns is a desirable progression within e-
textiles, and not impossible, however it may require a paradigm shift in the 
industry (Dias and Ratnayake 2015). 

2.1.7.1 Interconnections 
A common method to establish interconnections between electronics on a textile 
substrate is to use textile cables built up by electronic integrated textile ribbons 
(Mecnika, Scheulen et al. 2015). They can be sewn or embroidered onto a fabric 
and then being followed up with a suitable way to link the conductive lines to the 
circuit. Another method is to embed conductive yarns in an x-y grid directly in a 
weaving process and, as in the previous case, follow up with suitable linking. A 
third method involves screen-printing of silver paste, and a fourth is to use glue or 
embroidery to attach conductive wires to the fabric (Zysset, Kinkeldei et al. 
2013). 

2.1.7.2 Joining technology 
Contacts between chosen electronics and infused conductive lines have to be 
established for product reliability. This contacting can be called joining 
technology (Zysset, Kinkeldei et al. 2013). 
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In smart textiles interconnection for permanent joints are often made by soldering, 
welding, sewing, embroidery or using conductive adhesive (Zysset, Kinkeldei et 
al. 2013; Mecnika, Scheulen et al. 2015). Some of these interconnection means, 
such as embroidery, can preferably be used in combination with an epoxy 
adhesive (Gimpel, Mohring et al. 2004; Mecnika, Scheulen et al. 2015) and/or hot 
melt encapsulation to ensure that the connections lasts through washing (Mecnika, 
Scheulen et al. 2015) and to provide mechanical stabilization (Zysset, Kinkeldei et 
al. 2013). Sewed connections generally does not create fully stable joints since the 
contact is established only by surface contact and the joining surfaces can become 
isolated by varying yarn tension or moisture build-up. However it is a cheap, 
durable and simple method (Locher and Sefar 2013). When the interconnections 
are supposed to be reversible clips and receptacle connectors can be used, but they 
have to be resilient to withstand wear and tare without disconnecting (Locher and 
Sefar 2013). 

2.1.8 Information technology 
Information technology, mobile electronics and the fact that people are almost 
constantly online has lead to a boom of research and products within this field, 
which in turn has had a big influence on today’s smart textiles (Kirstein 2013). 
Research in wearable communication systems have been increasing and has led to 
raising interest for many kinds of applications, primarily for smart clothing 
(Huang, Jiang et al. 2016). This development has happened step by step, starting 
when computers revolutionized the market and became widespread. As 
technology advanced and components were made smaller, the mobile phone was 
introduced, and the Internet truly became a global network.  Not only the smart 
phone industry continues to grow, but also the actual use of the Internet. The 
concept ‘Internet of things’ entails connecting billions of everyday objects, 
everywhere, by making them active and smart through embedding mobile Internet 
features. Machine-to-machine communication could be a technological revolution 
and the area of research is expected to also push development in smart textiles 
further (Kirstein 2013).   

2.1.9 Issues in the e-textile field 
Ever since the birth of smart textiles much effort has been put into bringing them 
to the market (Mecnika, Scheulen et al. 2015) smart textiles only stands for a 
small percentage of the world’s textile market and there are many challenges that 
would have to be overcome to increase the market share (Zysset, Kinkeldei et al. 
2013). Below some of the issues are summed up: 

•  One challenge is the user acceptance and high customer requirements that 
involve unobtrusiveness and mobility. Integrated electronics, which in 
many cases are crucial to the smartness of the fabric, are also contributing 
to an end product with less textile characteristics than the virgin substrate. 
To increase user acceptance not only the physiological parameters have to 
be considered, but also the reliability of their functions, easiness of 
handling and low cost (Zysset, Kinkeldei et al. 2013).  

•  A second concern in smart textiles is washability. Some smart textiles 
have to be partly dissembled before washing, separating the textiles from 
the electronics, prior to washing. Other smart textiles have been provided 
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with waterproof packaging for it to withstand washing with all its 
components intact (Zysset, Kinkeldei et al. 2013).  

•  Large-scale production is a challenge in the field of smart textiles. Smart 
textiles require both new and custom-made processes (Zysset, Kinkeldei et 
al. 2013) (Ossevoort 2013) and new production techniques entail large 
investments (Ossevoort 2013, Mecnika, Scheulen et al. 2015). 

•  Smart textiles have to be continuously improved by research and 
development, R&D, along with new information and communication 
technologies to remain competitive (Ossevoort 2013). 

•  Another challenge is the requirement of the products being fully 
developed in all its components before launch. For example, a smart fabric 
product also needs to present the concept for the complete electronics 
system, power supply, safety regulation, certificates etc. (Kirstein 2013). 

2.1.10 Environmental aspects in smart textiles 
One of the most important challenges of the twenty first century is managing our 
ability to continue living the convenient lives of today, with constant accessibility 
to media, information and each other, without continuing to harm the environment 
and thereby further contribute to the climate changes. Ordinary textile industry is 
not particularly sustainable even though textiles are generally possible to recycle, 
if separated into pure materials accordingly. Smart textiles on the other hand, 
consist to an even greater extent of multiple kinds of materials, and make 
recycling more problematic. However, if product lifetime and user value is 
considered, smart textiles can be considered not to imply a bigger environmental 
impact than other textiles (Ossevoort 2013).  
 
Smart textile systems are generally driven by batteries, which imply the need for 
charging or replacement (Lemey, Declercq et al. 2014) and are highly non 
environmentally friendly. Sustainable energy supply, energy from renewable 
resources instead of usage of the ending fossil fuels, is becoming more and more 
popular (Kirstein 2013) and many studies have been issued to find alternative 
ways to solve energy supply (Lemey, Declercq et al. 2014). One approach is using 
integrated energy harvesters and energy-storing functions, which enable products 
to be driven wirelessly by using ambient sources such as wind, vibration, 
temperature, sunlight and kinetic energy, like body movements (Kirstein 2013; 
Pu, Li et al. 2016; Lemey, Declercq et al. 2014).  

2.2 ELECTROMAGNETIC INDUCTION 
Electromagnetic induction was first discovered by Michael Faraday in 1831, and 
the law of physics that describes this phenomenon is thus called Faraday’s law of 
induction. It states that; a changing magnetic flux through a loop shaped 
conductor induces an electromotive force, emf, in that loop (Schuylenbergh & 
Puers 2009; Alonso, Marcelo, Finn & Edward 1983). Besides Faraday’s Law 
there are several laws describing the nature of magnetic fields, such as Ampere’s 
Law and Biot-Savart’s Law, which were then followed by the Maxwell’s 
equations, which describe the relation between the magnetic fields to electric 
fields (Lu, Wang et al. 2015). 
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To comprehend the phenomenon of induction, the following headings will some 
basic concepts related to induction and this particular project. 

2.2.1 Magnetic fields 
Fundamental electronics states that magnetic fields are generated around 
permanent magnets or around moving electric charges and that electric fields are 
generated around voltage, or electrically charged particles. This implies that 
moving charges always have both magnetic and electric field around them, 
consequently an electromagnetic field, EM (Schuylenbergh & Puers 2009; 
ARPNSA 2002). These fields are expressed in terms of electric field, E, given in 
volts per meter !/! , and magnetic flux density, B, given in tesla ! . These are 
two mutually perpendicular field vectors of EM fields, and are most often 
described as waves, oscillating with a certain frequency, f, wavelength, λ 
(ARPNSA 2002). Ems can propagate in any material; in a conductor, such as a 
cable, but also in free space, air and atmosphere. EM interacts with matter in 
many ways, in terms of attenuation, or absorption within a material, reflection 
when meeting a contrasting media, and scattering (Scholtz, Weigel & Mayer 
2009; ARPNSA 2002).  
 
An electric current that travels through a wire induces a magnetic field 
(Schuylenbergh and Puers 2009; Mendes Duarte and Klaric Felic 2014; DeJean 
2007; Lu, Wang et al. 2015), and thus magnetic flux density, around the wire. If 
an arrangement of a conductor, e.g. a metal wire coil, is approaching a magnetic 
flux, Φ, given in weber !" = !"! , an electromotive force, or emf, will be 
induced in the conductor if the current is changed (Schuylenbergh & Puers 2009; 
Alonso, Marcelo et. al. 1983). If the conductor is a regular coil with N similar 
turns the output can be described as:  

!!"# = ! !Φ!"  
 
Thus the principle of induction translates magnetic activity to electrical activity, 
namely a voltage, that can be utilized (Faraday´s law of induction). In this 
particular project this principle will be central. 

2.2.2 Alternating currents  
The flux changes that are required to induce an emf can be generated by different 
means, like moving the loop within the field or, preferably alternating the current 
that produces the field (Schuylenbergh and Puers 2009). An alternating current, or 
AC, is a signal in which the current alternates in direction and the voltage 
alternates in polarity. If the signal is graphed over time it takes on the shape of a 
wave, such as a square or triangle but typically a sine wave form or wave shape. 
Since alternating current is a wave phenomenon they shares many properties with 
other types of waves, such as sound waves, data transmission waves and radio 
waves (Kuphaldt 2007). 
 
AC current can, for example, be produced by a function generator, or signal 
generator, which is a device used to produce repetitive waveforms with a 
specifiable voltage over a specifiable time (Pengra 2007). Instead of just 
describing this back-and-forth oscillation as either a wave cycle (one complete 
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evolution before the shape is ready to repeat itself) or a period (the time it takes to 
complete one cycle) it is commonly described by its frequency, which is the 
number of cycles completed within a certain amount of time (Kuphaldt 2007).  
 
To display and analyse AC signals an oscilloscope can be used. The oscilloscope 
creates an image of the time varying signals in the form of a voltage-time graph 
with high accuracy. The picture is then studied to learn the frequency, the shape 
of the signal and how much voltage is present in the circuit. The scope is 
equipped with probes that are connected to the circuit (Pengra 2007; Kuphaldt 
2007). 
 

 
Figure 2.1 Graph of AC voltage over time, with peak, peak-to-peak and RMS values pointed out 

The peak value is decided by measuring the wave peak height, or amplitude, on a 
graph and the peak-to-peak value is decided by measuring the distance from 
maximum positive to negative peak. The issue with these values are that they are 
not comparable between different wave shapes or with DC, direct current, circuit 
values (Kuphaldt 2007).  

RMS 
To make AC quantities relatable to DC quantities the term RMS, Root Mean 
Square, comes to importance. The AC source of a circuit that dissipates the same 
amount of power, in form of heat energy, as an identical DC circuit set to the 
voltage 5 is called a 5 volt AC source and the voltage value is called 5 volt RMS. 
This is sometimes also called equivalent or DC equivalent (Kuphaldt 2007).  
 
The RMS value can be measured with therefore specifically designed electronic 
meters, but for pure wave shapes some simple conversion coefficients can be used 
to calculate the RMS from the measured peak values from an AC source instead. 
True sinusoidal waves have a value of the reciprocal of the square root of two, or 
0,707 (Kuphaldt 2007). 

2.2.3 Frequencies  
The frequency represents the number of wave cycles completed in one second and 
its SI unit is hertz, !"  (Kuphaldt 2007; ARPNSA 2002). There are different 
power system frequencies around the world, operating at around 50-60 Hz, which 
means 50-60 complete periods completed in one second. Data and radio 
transmission operate at much higher frequencies, such as 100MHz. Frequency and 
period are mathematically related as follows (Kuphaldt 2007): 
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2.2.4 Skin effect and proximity effect 
An internal AC magnetic field in a conductive wire tend to push the charges away 
from the centre and to the outer layer of the wire. Current then mostly flows on 
the surface of the wire and skin effect occurs (Schuylenbergh &Puers 2009). The 
skin depth represents the distance from surface towards the centre of the wire 
where current has decreased with 1/e of the value at the surface. When the same 
phenomenon happens, but is caused by another, adjacent conductor, it is called 
proximity effect, which increases both skin effect and resistance (Schuylenbergh 
& Puers 2009; Roh, Chi et al. 2010).  

2.3 WIRELESS POWER TRANSFER, WPT 
Both E and B fields, thus electromagnetic field, manage to convey energy from 
one point to another and can consequently be utilized for wireless power transfer, 
WPT, or wireless energy transfer, WET, as it is also called. The E field has for a 
long time being used in data communication, such as radio, television, cell-phone 
communication etc., which require some energy even though the levels are 
significantly smaller than that of pure power transmission (Schuylenbergh & 
Puers 2009). The B field can also be used for WPT, in form of inductive coupling. 
 
In WPT systems energy is transferred from a power source to a load through an 
air gap, in a safe, convenient and reliable way without requiring any physical 
interconnections (Mendes Duarte and Klaric Felic 2014; Lu, Wang et al. 2015). 
WPT has gained a lot of interest in the latest years (Mendes Duarte & Felic 2014). 
Customer demand for small, wireless devices and convenience has led to progress 
in this field, like an extension of information transmission technology (Pu, Li et 
al. 2016; Mizuno & Shinohara 2015). 
 

History 
The history of WPT is full of important breakthroughs, all the way from the late 
1800’s. One of the great pioneers in the field was Nikola Tesla (Karalis, 
Joannopoulos et al. 2008), a Serbian-American engineer and inventor who lived 
between 1856-1943. In 1891 Nikola Tesla managed to illuminate a gas discharge 
bulb using electric field, demonstrating that electric power can be transmitted 
without wires (Ackerman 2016) and introduced the famous ‘Tesla coil’ (Lu, 
Wang et al. 2015). He was the first to explore and perform long-distance WPT 
using micro waves, transferring signals over a 48 kilometer distance in 1896 and 
lighting 200 light bulbs over a 25 mile distance in 1899 (Kawamura & Kim 2013). 
Because of his astonishing contributions and many patents in the field of WPT, 
like the finding of alternating current electricity (Lu, Wang et al. 2015), next some 
information about his work will be presented.   

Tesla 
In an excerpt from a class Tesla held in 1892, published in writing in 1904, he 
tells the audience about his discoveries and the importance of the field of 
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alternating currents. Besides giving an explanation on his design ideas for a 
generator that creates alternating current using induction coils he gives a 
metaphorical description of these currents: “As in nature all is ebb and tide, all is 
wave motion, so seems that in all branches of industry alternating currents – 
electric wave motion – will have the sway.” (Tesla 1904a) 
 
Tesla had the not so modest goal of distributing power wirelessly worldwide 
(Tesla 1904b) and in 1901 he constructed the Wardenclyffe Tower Facility for 
wireless communication and power transmission (Garnica, Chinga et al. 2013). 
Here Tesla claimed to be able to produce and handle ten thousand horsepower 
under a tension of one hundred million volts, in a safe manner (Tesla 1904b).  
 
In one of his articles from Electrical world and Engineer, published the 5th of May 
in 1904, Tesla communicates his findings of his experiments on WPT, initiated no 
later than 1898. These experiments aimed at energy transfer through a natural 
medium, including the earth itself, which Tesla found to be “alive” after studying 
fluctuations from the earth during and during the aftermath of a summer storm. 
Tesla describes how this was his evidence of the experiment’s importance for the 
advancement of humanity (Tesla 1904b). 
 
In a vivid way, Tesla describes how the earth to an electric current is nothing but a 
small ball of metal and how many possibilities that implies, such as global 
transfer of the human voice, driving of all clocks and the energy to support 
lighting, heat or motive power, anywhere. Tesla even compares the earth with a 
giant brain, capable of responding to tiny, wireless devises anywhere within it. He 
claims that his system, consisting of several power plants around the world, can 
illuminate the masses in a safe and convenient way and emphasizes the effects 
and potential for uncivilized and less accessible parts of the world (Tesla 1904b).  
 
Even though Tesla definitely provided society with crucial knowledge, his efforts 
in energy transfer had no success commercially (Karalis, Joannopoulos et al. 
2008) for several reasons. The extremely high voltages he used could be a safety 
hazard, the system had low efficiency (Lu, Wang et al. 2015) and he was 
eventually out of funds. After Tesla’s failure, radio wave WPT was not given any 
attention until the entry of microwave technology (Garnica, Chinga et al. 2013).  

2.3.1 Classification of WPT 
WPT can be, just as Tesla had understood, both radiative and non radiative 
depending on the transfer principle (Lee & Zhong; Lu, Wang et al. 2015).  It can 
be separated into near-field, far-field (and sometimes also mid-field WPT 
(Cuyckens and Rogier 2016). 
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 Figure 2.2 General classification of WPT branches by combining several schemes from different 
sources (Lu, Wang et al. 2015; Zhang, Zhao et al. 2015; Yiming, Zhengming et al. 2015; Mizuno 
& Shinohara 2015) 

2.3.1.1 Radiative methods for WPT 
Radiative methods are based on propagation of electromagnetic waves, typically 
radio frequency waves, RF waves and microwaves that can travel over a long 
distance, performed at frequencies ranging between 30 kHz and 300 GHz 
(Schuylenbergh & Puers 2009; Lee & Zhong; Lu, Wang et al. 2015). These 
systems are well functioning for information transfer, but since they loose the 
majority of energy into free space, they might be unsuitable for actual WPT over 
long distances (Karalis, Joannopoulos et al. 2008; Lee & Zhong). Efficiency can 
be improved by the use of lasers or microwaves that operate at ultra-high 
frequencies in the range of GHz to THz (Karalis, Joannopoulos et al. 2008; 
Kusaka & Itoh 2015). Radiative methods still entail some issues; they require so-
called line-of sight (Karalis, Joannopoulos et al. 2008; Lu, Wang et al. 2015) 
(Garnica, Chinga et al. 2013) and preferably really large antennas (Tabassum & 
Hossain 2015). 

2.3.1.2 Non-radiative methods for WPT 
In non-radiative methods connection of transmitting and receiving units is 
performed with an alternating, non-radiating field, by establishing a capacitive 
link or a magnetic coupling between two coils at frequencies in the range of 
1kHz-100MHz (Schuylenbergh & Puers 2009). Non-radiative magnetic induction 
can be further divided into two main principles (Lu, Wang et al. 2015); 
electromagnetic coupling and magnetic resonant coupling.  

Electromagnetic coupling 
Electromagnetic induction is based on that magnetic field delivers electrical 
energy between two inductors, often a primary and a secondary metal wire coil, 
and the voltage can be used to charge or power some device wirelessly (Lu, Wang 
et al. 2015). Electromagnetic induction method uses small magnetic fields and 
therefore requires physical vicinity to induce a current in a secondary coil from a 
primary coil efficiently (Kusaka and Itoh 2015) and the transfer distance can be 
shorter than the size of the transferring coil (Karalis, Joannopoulos et al. 2008). 
Another limitation with this principle is that the efficiency is highly impaired if 
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displacement of the transfer coils occurs (Kusaka and Itoh 2015; Mendes Duarte 
& Felic 2014). 
 
Electromagnetic induction has been used for WPT over short distances for years 
and years and it is a simple and reliable method that is used in many applications 
ranging from RFID (radio-frequency identification), key cards, to electronic 
toothbrushes, cochlear implants, and biotelemetry devices (Schuylenbergh & 
Puers 2009; Lu, Wang et al. 2015). The most common application for 
electromagnetic induction method is probably in transformers, which are vital 
components in energy infrastructure for changing voltage and currents to higher 
and lower values.  
 
The amount of transferred power in inductive powering is determined by the two 
principal parameters transfer distance and coil coupling. In biotelemetry 
applications generally the power transfer is in the range of milliwatts over a few 
centimetres, while in RDIF applications the transfer distance can be up to half a 
meter, but then just run in the range of microwatt power levels (Schuylenbergh 
and Puers 2009). However, if resonance is added to the system, the distance and 
amount of transferred power can be increased (Kurs, Karalis et al. 2007).  

Resonance 
A fundamental concept in physics for oscillating systems is resonance. If an 
oscillating system, e.g. a spring, pendulum, vibrating molecule, a certain kind of 
electrical circuit or mechanical construction etc., is continuously fed with time 
periodic energy it might reach a certain frequency where sudden, dramatic 
amplitude increase occurs. Suddenly there is a high accumulation of energy in the 
system; resonance. Most often this is unwanted, like in bridges that start to swing 
and eventually break or for opera singers that shatter wine glasses, but in this 
particular project this phenomenon will be made useful. 
 
Inductors that are tuned to resonate at the same frequency increase efficiency 
dramatically and enable power transfer between inductors (Kurs, Karalis et al. 
2007; Dai, Li et al. 2015; Lu, Wang et al. 2015; Kusaka & Itoh 2015), sometimes 
even over a distance of a few times of the coil diameter (Zhang, Zhao et al. 2015; 
Yiming, Zhengming et al. 2015; Garnica, Chinga et al. 2013). This principle is 
called magnetic resonance coupling, MRC. 
 
One of Teslas main ideas was to power the world wirelessly (Tesla 1904b) but 
now, that the world already has been supplied with electricity to a great extent, the 
focal point is different. What society still lacks is the convenience and flexibility 
of wireless energy supply only the last few meters, from wall socket to electronic 
device. This also implies that the requirements of the energy transfer-system are 
significantly different. Even a medium-range wireless energy transfer might be 
sufficient to achieve a close-to completely wireless daily life (Karalis, 
Joannopoulos et al. 2008).   
 
MRC method, has proven to enable wireless power transfer over middle-range 
distances (Kusaka & Itoh 2015), and could therefore potentially meet today’s 
demands on wireless energy transfer. Therefore, this project’s approach will be to 
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use magnetism and induction together with resonance in a capacitive arrangement 
to create a circuit for wireless transferring of energy. 
  
More information on MRC will be found under paragraph 2.4, but first some 
corner stone circuits for this principle will be presented.  

2.3.2 Resonant circuits  

LC circuits 
Resonant circuits, LC circuits or tuned circuits, are widely used in electronics and 
engineering, and they are used in basically every transmitter, receiver or test 
equipment that have the need for selection of a certain frequency or group of 
frequencies to be transmitted from a source to a load. Such frequency or group of 
frequencies are part of a passband where all frequencies outside it are attenuating 
(Bowick, Ajluni & Blyer 2011). 
 
An LC circuit consists, as easily as it sounds, of L and C, an inductor and a 
capacitor, connected in series or in parallel. The circuit work as an electrical 
generator, or oscillator, oscillating at the circuit’s resonance frequency, and 
because of its ability to select specific frequency ranges it is often used to 
generate signals, for filtering or tuning. The LC circuit can also store electrical 
energy, where the capacitor stores electric field, E, depending on voltage over it, 
and the inductor stores magnetic field, B, depending on the current through it.  

RLC circuits 
An RLC circuit is an LC circuit where simply a resistor, R, given in Ω , is added. 
It works the same way as the LC circuit, but will give more damping and reduced 
resonance frequency peak. RLC circuits exist practically, unlike LC circuits, 
which assume to have no dissipation of energy at all and thus only exist 
theoretically, since any circuit will have some internal resistance.  

2.4 MAGNETIC RESONANT COUPLING, MRC 
MRC is based on the fact that two same-frequency resonant coils (Kusaka & Itoh 
2015), preferably with high quality factor, Q, tend to couple, with a coupling 
factor, k, but interact very weakly with other, non-resonant objects in their 
surroundings (Karalis, Joannopoulos et al. 2008).  Electrical energy is transferred 
from a transmitting, or primary coil, L1, to a receiving, or secondary coil, L2, 
through an oscillating magnetic field (Lu, Wang et al. 2015). While in each 
other’s proximity, a current in L1 produces a magnetic flux, Φ, through L2, where 
also an emf is induced, if the L1 current is changed. The magnetic field tracks will 
flow where the loop presents the lowest reluctance, or magnetic resistance, which 
is a concept similar to electric resistance, but for magnetic circuits 
(Schuylenbergh & Puers 2009).  
 
MRC typically operates in the frequency range of hundreds of kilohertz to dozens 
of megahertz (Zhang, Zhao et al. 2015; Yiming, Zhengming et al. 2015), power 
transfer is typically ranging from several watts to tens of watts and since the coils 
operate at the same resonant frequency they become strongly coupled and can 
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achieve high transfer efficiency with small leakage into the surroundings (Lu, 
Wang et al. 2015; Kusaka and Itoh 2015).  
 
In MRC many coil configurations are possible, like a two- or four-coil structure 
(Garnica, Chinga et al. 2013; Zhang, Zhao et al. 2015; Yiming, Zhengming et al. 
2015), or transmitting resonator can be used to couple to various receiving 
resonators. This imply that MRC systems can be used to power or charge multiple 
devices simultaneously (Lu, Wang et al. 2015). 
 
MRC has proven to enable wireless power transfer over middle-range distances, 
and does so even when the coupling factor, k, between the transmitting and 
receiving side is small (Kusaka & Itoh 2015). Transfer distance and power 
transfer efficiency can be increased based on a number of parameters; Increased 
coil diameter, increased number of coil turns and reduced conductor width 
(Kusaka & Itoh 2015; DeJean 2007; Garnica, Chinga et al. 2013) Scholtz, Weigel 
& Mayer 2009; (Lu, Wang et al. 2015), which are parameters that have to be 
altered thoughtfully, since there is a limit where the power transfer efficiency 
again declines due to the increased resistance of the inductor lines. Coil alignment 
is also crucial for power transfer, where parallel alignment is optimal and 
theoretically enable 100% coupling, and perpendicular alignment theoretically 
gives zero coupling (DeJean 2007). Some more examples are high strength of the 
magnetic field high mutual inductance, high quality factors, Q, and high operation 
frequency (Scholtz, Weigel & Mayer 2009; (Lu, Wang et al. 2015; Garnica, 
Chinga et al. 2013; Kusaka & Itoh 2015; DeJean 2007). 
 
Under the following headings some of these concepts will be explained further. 

2.4.1.1 Mutual inductance 
Mutual inductance M, given in henry ! , can be shown to be !!" = !!" = ! 
and indicates how a variation in one coil influence the induced current in the other 
coil and reflects the tightness of coupling (Schuylenbergh & Puers 2009). 
 

 
Figure 2.3 Mutually coupled inductor coils 

There are ways of deriving explicit expressions for mutual inductance (Jackson 
1999), but Niu, Shuang and Li (2013) have presented a formula based on only 
easily measurable parameters:  
 

! = !!!!!!!!!!!
2!!  

 
where !! is the magnetic permeability in vacuum (!! = 4!10!! H/m), N1 and N2 
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are the number of coil windings for the primary and secondary coil respectively, r1 
and r2 are the coil radii for the primary and secondary coil respectively and d is 
the distance between the coils. Hence, the formula demonstrates the size of coils, 
the geometry of the conductive lines, the phase relationship between the current 
carried by those lines surrounding materials and the distance dependence of M 
(Schuylenbergh & Puers 2009; Jackson 1999). 

2.4.1.2 Self-inductance 
However, there is no need to have two coils to induce determine inductance. Emf 
appears also in a single coil if the current within the coil is changed. This effect is 
called self-induction, L0, and is, just as mutual inductance, dependent on coil size, 
geometry and surrounding materials (Schuylenbergh & Puers 2009). There are 
several formulas to calculate the self-inductance and in (2010b) Roh, Chi et al. 
presented a modified version of a Wheeler’s formula based on a planar coil 
structure with large winding areas, originally presented by Thompson (1999). The 
formula for inductance of circular coils, here LC, was modified to apply also for 
square shaped coils, here LS: 
 
 

!! = 31.33!!!! !!
8! + 11! = 31.33!!

!!!
8+ 22! 

 
 

!! = 2.34!!!! !!
! + 1.875! = 2.34!!

!!!
1+ 2.75! 

 
 
where a is the coil radius, c is the thickness of the winding, μ0 is the magnetic 
permeability in vacuum (!! = 4!10!! H/m), N is the number of turns, and ρ is a 
fill factor ! ≡ !!"#!!!"

!!"#!!!"
 (Roh, Chi et al. 2010b). In this particular project planar, 

square coils are going to be investigated, and thus this equation will be used.  

2.4.1.3 Resonance frequency 
Resonance occurs where stored electric energy and stored magnetic energy are 
equal, which means that circuits with inductors, L, and capacitors, C, have a 
resonance frequency at which maximum WPT takes place (DeJean 2007). This 
means a transmitting coil and receiving coil often are designed to have the same 
configuration, so that they will automatically will have the same self-resonant 
frequency (Kusaka & Itoh 2015; Zhang, Zhao et al. 2015; Yiming, Zhengming et 
al. 2015). The resonant frequency of the LC circuit can be given by f !"  or ! 
!"#/! , and is described by: 

 

! = 1
2! !" 

 

! = 1
!" 
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where L is inductance given in henry ! , C is capacitance in farad ! , and the 
relation between ! and f  hence is ! = 2!" (Schuylenbergh & Puers 2009; Roh, 
Chi et al. 2010; Karalis, Joannopoulos et al. 2008; DeJean 2007; Kusaka & Itoh 
2015). This shows that comparatively large coils, which have larger inductance 
values, have a smaller resonant frequency. 

2.4.1.4 Quality factor, Q 
The quality factor, Q, is a dimensionless quantity that determines the measure of 
selectivity of the circuit, which when high indicates narrow bandwidth and high 
selectivity and when low indicates wide bandwidth and low selectivity (Bowick, 
Ajluni & Blyer. 2011.). For this reason it is important to design coils with high 
Qs, so that surrounding devices, operating at similar frequency range, will not be 
exited unintentionally (DeJean 2007).   
 
The Q is determined by the L-C ratio, according to the following formulas 
according to series or parallel coupling respectively (Kawamura & Kim 2013): 
 

!!"#$"! =
!!!
! = 1

!
!
! 

 

!!"#"$$%$ =
!
!!!

= ! !
! 

2.4.1.5 Coupling factor, k 
A common way to describe the coupling is by using coupling coefficient, or 
coupling factor, k, which is a dimensionless variable between 0 and 1 equal to the 
fraction of the flux generated by the primary coil that flows through the secondary 
coil and vice versa (Schuylenbergh & Puers 2009, Mendes Duarte & Felic 2014). 
The frequency response of MRC can be over, critically and under coupled, as 
shown in figure 2.4, where critical coupling is the ideal situation (Bowick, Ajluni 
& Blyer 2011). 
 
 
 

 
Figure 2.4 Different levels of coupling 

 
 

The k can be calculated as follows: 
 

! = 1
!!!!!

≡ !
!!!!!

 ≡ !!"#$ 
 
where Q1 and Q2 are the quality 
factors are the quality factors of the 
primary and secondary coil, L1 and 
L2 are the self-inductances of the 
primary and the secondary coil and 
M the mutual inductance  
(Schuylenbergh & Puers 2009; 
Mendes Duarte & Felic 2014).  
  



 30 

2.4.2 Mathematical derivation 
The corner stone devices; resistor, R, inductor, L, and capacitor, C, are adding 
impedances, Z, to a circuit, characterized as follows:  
          

                         
 
where R is the resistance Ω , j = −1, ! is the frequency !"#/! , C is the 
capacitance !  and L the self induction !  (Jackson 1999). 
 
In this particular project there will be focus on a model circuit consisting of a 
resistor-inductor-capacitor arrangement with the latter in parallel on the primary 
side, denoted by ‘1’, and a resistor-inductor serial arrangement on the secondary 
side, denoted by ‘2’. L1 and L2 are the respective self-inductances, R1 and R2 any 
resistance on respective side and C1 resonant capacitor of the primary side. The 
system is fed with voltage Vin with a frequency of !.  
 

!1 = !!!!!!!!! + !!!!! 
For the voltage over the parallel arrangement at primary side;  

!!"#"!$%&'
!"# = !!"#$!"# 

Thus, eliminating !!"#"!$%&' 

!! = !!"#$!"#!"$ + !!"#$ 

!! = !!"#$ 1− !!!"  

 

Kirchhoff voltage law for primary side gives; 
 

 

and for the secondary side; 

 

!! = ! 
 
 

!! = !"# 
 

!! =
1
!"# 
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where M12 = M21 = M is the mutual induction, and V1 and V2 the voltage on 
primary and secondary side. Rearranging, a linear equation system is formed with 
the Z-matrix as 

 
 
In principle it is possible to find V2 in terms of primary circuit quantities, by 
Gauss elimination and matrix inversion (Lay, D.C. 2012), but the expressions will 
soon be enormously complicated and will therefore not be further analyzed 
further. It is sufficient to say that optimization of secondary side power ! ≡ !!!! 
is possible opposite frequency and distance, !! = !! !" . Plotting this could be 
done in Matlab for a given set of capacitances, inductances and resistances and 
find the maximum value.  

Since it also is that; 

!! = !!!! 

power can be written as: 

!! =
!!!
!!

 

 
 
As a next step, P can be used to determine the transmission efficiency, !, of the 
system and can be calculated as:  

! = !!"#
!!"

 

 
where Pin represents the power in the primary coil and Pout is the power output of 
the secondary coil (Kusaka & Itoh 2015). 

2.4.3 Components used for driving MRC 
We now know that coupled coils can be used for energy transfer to supply power 
to remote electronics, but for them to be able to do so, some additional 
components are required; a primary coil driver, a rectifier and a regulator 
(Schuylenbergh & Puers 2009; Mendes Duarte & Felic 2014).  

Power oscillator 
The power oscillator is a power amplifier, boosting the commercial AC frequency 
of 50-60Hz into a desired level to produce sufficient magnetic field, and driving it 
into the primary coil (Schuylenbergh & Puers 2009; Mendes Duarte and Klaric 
Felic 2014; Lu, Wang et al. 2015).  
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Rectifier 
The rectifier’s function is to even out variation in induced voltage and to convert 
the AC voltage received at the secondary coil back to a DC voltage that can be 
supplied to the electronics to power (Schuylenbergh &Puers 2009; Lu, Wang et 
al. 2015). 

Regulator 
Regulation is performed to make the output voltage more insensitive to coil 
coupling and load variations (Schuylenbergh & Puers 2009). 

2.4.4 Relay resonators 
Another interesting device is a relay resonator, or repeater, which can increase the 
MCR system transfer distance, by forwarding the signal when being placed in 
between the primary and secondary coil. Multiple relay resonators can be used at 
the same time and can hence provide not only increased transfer distance but also 
the possibility to create curved transfer patterns (Lu, Wang et al. 2015).  

2.4.5 The use of WPT 
As mentioned before, a combination of things has led to the increased need for 
wireless power transfer. The booming market for mobile electronic devices is the 
primary reason for the increasing interest in WPT, and mainly wireless charging, 
which is a market believed to triple by 2020 (Lu, Wang et al. 2015). WPT is also 
sometimes desired because of absence of other options (Mendes Duarte & Felic 
2014), like for some applications in demanding environments, such as underwater, 
humid environments, implantable medical devices, and inflammable or explosive 
environments (Schuylenbergh & Puers 2009; Zhang, Zhao et al. 2015; Yiming, 
Zhengming et al. 2015; Kawamura & Kim 2013), and implantable medical 
devices inside the human body (Mendes Duarte & Felic 2014), to which WPT 
might the only solution.  
 
WPT might never be able to compete with the efficiency of a cable plugged in a 
wall socket, but the many advantages make them commercially interesting 
nevertheless (Ackerman 2016). Below some pro’s and con’s with these systems 
are presented to get a clear overview.  
 

PRO’S 
• Convenience and user-friendliness is increased as the hassle from 

connecting cables or removing and recharging batteries is removed.  
• Applicability to demanding environments. 
• Diminished need for cables and batteries. 
• Fewer amount of chargers required, since one can be used to charge 

multiple devices.  
•  Reduction of device size and hence enhanced flexibility since products do 

not need incorporated batteries. 
•  Improved device durability, like being water- and dustproof. 

CON’S 
• Higher implementation cost compared to wired charging.  
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• Increased production of unwanted heat in the system compared to wired 
charging.  

• Relatively big device size might be needed if large transferring distance is 
required.  

2.4.5.1 Applications 
In 2007 Kurs, Karalis and others at the Massachusetts Institute of Technology, 
MIT, experimented with strongly coupled resonant coils that were able to transfer 
power over 8 times the coil radius. At megahertz frequencies they were able to 
light a 60 watts light bulb placed at over two meters of distance from the primary 
coil with an efficiency of about 40% (Kurs, Karalis et al. 2007). In 2008, Karalis, 
Joannopoulos and others further investigated the potential of this principal also 
both theoretical and numerical analysis showed that their system, was able to 
achieve an efficient mid-range wireless energy transfer even at distances a few 
times larger than the largest dimension of the transfer coils, only with a low 
amount of energy dissipation into the surroundings (Karalis, Joannopoulos et al. 
2008). Their study also aimed to investigate the influence of extraneous objects 
placed in the near field of the resonating system, and it was shown that such 
influence is practically negligible. Only objects with significant magnetic 
properties are able to impact the resonance, and not metallic or other non-metallic 
objects (Karalis, Joannopoulos et al. 2008). Similarly to Tesla (Tesla 1904b) they 
found that all non-magnetic objects, including human tissue, respond to this 
system as nothing but free space. This finding contributes to the understanding of 
a resonant system’s low effect on human health (Karalis, Joannopoulos et al. 
2008). 
 
Karalis principle became the Witricity technology, and ever since these studies 
were performed many other methods and applications have been developed 
(Kawamura & Kim 2013). 

Examples - Charging 
The perhaps most popular application for wireless power transfer is wireless 
charging of electronic devices. For low-power charging of e.g. mobile phones up 
to 5 W, efficiencies around 70% and frequencies ranging from 20kHz to a few 
MHz are used (Lee & Zhong). In 2014, many smartphone manufacturers began to 
release devices with built-in wireless charging capability (Lu, Wang et al. 2015). 
 
In January Ackerman 2016 stated that true progress in this field might come as 
soon as this year towards approaching technology that enable charging of devices 
directly in our hands, pockets or wherever. Many existing an emerging techniques 
were presented and here follows some of them:  

• Qi charging pads are charging e.g. cellphones that are placed on top of the 
pad through inductive coupling between the pad an a phones built in 
receiving antenna. The need for cables is diminished, but device 
placement, angle and minimal distance is still crucial for its performance. 
(Ackerman 2016, (Lu, Wang et al. 2015). 

• WattUp uses microwave beam forming technology used to power any 
objects/devices equipped with receiving antennas over several meters at 
5.8 gigahertz. The amount of power the beams deliver is dependent on 
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distance: 4 watts within 1.5 meters, 2 W within 3 meters, and 1 W within 
4.6 meters (Ackerman 2016). 

• PoWifi uses RF power transmitted over WiFi, using existing WiFi routers 
and can theoretically can transfer power over up to 10 meters. A challenge 
is not to impact the users’ common Internet access  (Ackerman 2016).  

• Similarly MagMIMO uses WiFi principle for its power transfer. (Lu, 
Wang et al. 2015) 

• Wi-Charge uses infrared light (Ackerman 2016).  
• uBeam uses ultrasound (Ackerman 2016). 

 
Just as wireless communication networks provide data service similar systems can 
be built for power distribution to users, in a Wireless Charger Network. Such 
system can be based on several charging techniques to provide heterogeneous 
charging for adaption to different needs, such as short-range (inductive) for high 
power charging and mid-range (resonant) charging for no line-of-sight charging 
(Lu, Wang et al. 2015). 

Examples - Vehicles  
Electric vehicles is a contribution towards a more environmentally friendly world, 
but these vehicles have limited travelling distance compared to gasoline driven 
vehicles and entail more frequent and more time spent on the required charging. 
There are now active investigations and trials of chargers for these vehicles using 
wireless power transfer technology for middle distances to improve the user 
convenience (Kusaka and Itoh 2015). MRC WPT for electric vehicles, transfer 
power around kilowatt level, and efficiencies around 90% are achievable 
according to Lee and Zhong. Similar values are also given by (Mizuno, Shinohara 
et al. 2015). There are also developments in Online Electric Vehicle, OLEV, 
systems, which is a technique that enable electric vehicles to charge while 
travelling, through charging units installed in the ground (Chun, Park, et al. 2014; 
Mizuno, Shinohara et al. 2015; Lu, Wang et al. 2015).  

Examples - Other 
Potentially WPT could be used to power industrial apparatus, like robots and 
computers, in a factory room (Karalis, Joannopoulos et al. 2008; Mizuno, 
Shinohara et al. 2015) as well as household devices and charging of biomedical 
implants (Lu, Wang et al. 2015).  In the medicine field RF techniques, through 
both GSM and WiFi, have the ability to create monitoring continuous and 
wearable monitoring systems (Lemey, Declercq et al. 2014).  

2.4.6 Environment 
The principle of providing wireless networks with power in an environmentally 
friendly way is an emerging issue, as the use of such networks is increasing. 
Green wireless powering is a concern and other options have to be evaluated, not 
to add on to high energy consumption and pollution (Lu, Wang et al. 2015).  
 
WPT diminish the use of batteries, but transferring of significant amounts of 
power might be highly wasteful, since the power output can be a lot smaller than 
the input (DeJean 2007). Common alternative solutions are based on energy from 
renewable sources, such as solar energy, but the drawback of this principle is the 
dependence on optimal conditions, such as sunny weather, to be able to provide 
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sufficient amount of power (Lu, Wang et al. 2015). Another interesting approach 
has its basis in energy harvesting systems where the devices are scavenging 
energy from the surrounding environment (Hyungsik and Rui 2014). There is 
hence a great potential in wireless in self-charging systems combining both 
energy-harvesting and energy-storing technologies (Pu, Li et al. 2016). 

2.4.7 WPT - Concluding remarks 
According to Bowick, Ajluni and Blyer (2011) there is no clear answer to how 
ideally design a MRC WPT system to ensure the best degree of coupling, because 
of the many parameters that affect the system. Those parameters are for example 
coil geometry, distance between the coils, core material, and shielding.  The 
authors suggest that the best way to design a transformer inductive coupled 
system is to apply a consistent trial-and-error method (Bowick, Ajluni & Blyer 
2011). 

2.5 TEXTILE ANTENNAS 
The increasing use of smart textiles and smart clothing applications, both among 
the public and the healthcare, has led to an increase in reliability requirement of 
these products (Adami, Zhu et al. 2015; Huang, Jiang et al. 2016). Textile 
integrated electrical circuits are fundamental parts of these products, and have to 
be comfortable to wear, lightweight, flexible etc. According to Singh and others 
(2015), full success will be reached first when all components of the system is 
made of 100% textile materials. One step in the right direction is using textile 
antennas (Lemey, Declercq et al. 2014). Textile antennas hold a lot of potential 
and as long as the demand of on-body and off-body wireless communication for 
smart clothing increases these systems will be highly interesting. (Roh, Chi et al. 
2010; Singh, Singh et al. 2015). 
 
Textiles generally have very low dielectric constants, which make them 
interesting for antenna purposes (Singh, Singh et al. 2015). They are also good 
platforms since garments and other textile products often provide large integration 
areas for one or even multiple antennas, which might be needed in some 
applications (Lemey, Declercq et al. 2014; Roh, Chi et al. 2010), to increase 
transfer distance (Hum 2001) or for the signals not to be over shadowed by body 
movements or objects in the surroundings (Lemey, Declercq et al. 2014). Among 
other purposes wearable textile antennas can be used in a range of applications 
from tracking, navigation (Singh, Singh et al. 2015), monitoring of different kinds 
(such as in health care and sports), for military and space applications (Roh, Chi 
et al. 2010; Lemey, Declercq et al. 2014) and for wireless communication, using 
Bluetooth and WiFi modules (Huang, Jiang et al. 2016). 
 
Early textile antennas were often non-fibrous stiff patch antennas of copper foils 
and similar materials. Now, when fibrous materials are used they are more 
successfully integrated in the platform fabric (Roh, Chi et al. 2010), and they are 
shown is shown in its best light when integrated into clothing, which might be the 
area of the highest demand of an unobtrusive integration (Singh, Singh et al. 
2015). The decreasing size of electronics make it possible to mount all 
components directly onto the textile close to the antenna ports, which and allow a 
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high level of integration and avoid long, critical interconnections (Lemey, 
Declercq et al. 2014). Requirements for textile antennas are very similar to those 
of different e-textiles. 

2.5.1 Production means and classification of textile antennas 
Textile antennas can be produced by several different means and below some 
kinds of antennas are presented: 

•  Patch antennas: Metal-coated fabrics bonded to an insulated dielectric 
substrate and attached onto a textile substrate by adhesives or sewing.  

•  Printed textile antennas: Antennas produced by screen- or ink-jet printing 
on textile substrates using conductive inks. 

•  Etched textile antennas: Antennas produced by etch pattering of silver-
coated fabrics. 

•  Embroidered textile antennas: Antennas, often in the shape of a coil, 
produced by embroidery with conductive yarns.  

•  Woven textile antennas: Antennas, often in the shape of a coil, produced 
by weaving with conductive yarns. Often in a coil-shape.  

    (Roh, Chi et al. 2010a) 
 
In the following sections some previous work on textile antenna fabrication and 
applications will be presented. Since weaving will be the used production method 
in this particular project, more focus will be drawn to woven antenna structures.  

2.5.2 Examples of woven textile antennas and joining technology 
An antenna can be completely embedded in a textile when produced by weaving 
technique with conductive wires or yarns incorporated in the two orthogonally 
oriented yarn systems (Jung, Lauterbach et al. 2003). Jung, Lauterback and others 
(2003) presented such antenna, intended for built-in RFID, using conductive 
wires. A woven textile antenna was produced of polyester yarn along with coated 
copper wires both in warp and weft and where six copper wires were forming one 
conductive line. In this case joining was made by using laser to remove both 
surrounding textile and coating to expose the copper wires at the corner points. 
Some wires had to be cut and the corner points were soldered with small contact 
plates before being encapsulated with epoxy resin for mechanical protection. The 
same production principle was applied also by Locher and Troster (2007) when 
producing an antenna for a wireless communication system and another similar 
example, using adhesive paste instead of soldering in an otherwise similar 
production process, was described by Locher and Sefar in 2013. A woven textile 
was fabricated with an integrated perpendicular wire grid of coated copper wires. 
The joining process consisted in removal of wire insulation and succeeding 
addition of adhesive paste to the interconnection points.  
 
Non-insulated yarns or wires might give short circuit when they cross and touch 
in a structure, but if jacquard weaving is used every conductive thread is 
controlled individually and can be placed so that it will not touch other conductive 
threads. Gimpel and others (2004) present a project using conductive yarns 
instead of wires, where jacquard weaving was used to fabricate a square shaped 
three-layer coil structure using silver-coated polyamide yarns in both warp and 
weft direction in separate layers so that the yarns cross only in the corner points. 
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This method required a procedure where conducting adhesive was applied at 
every corner point to establish the connection. 

2.5.3 Effect of antenna shape and size on inductive properties 
In 2010(b) Roh, Chi and others made a thorough investigation of embroidered 
antenna performance in different environments; in free space and on the human 
body. Both circular and square inductor coils with varying size, line interval and 
internal diameter were embroidered on a textile substrate using a metal-polyester 
composite yarns and the inductive properties, i.e. inductance, self-resonance 
frequency and quality factor, were investigated (Roh, Chi et al. 2010b). 
 

 
Figure 2.5 Embroidered antenna shapes (Roh, Chi et al. 2010b) 

 
A common dilemma while designing inductors is maximizing the quality factor, 
or inductor efficiency, Q, for a given inductance and self-resonance frequency. 
One mode to raise the Q, with maintained inductance, is to increase conducting 
line width, since it decreases resistance (Roh, Chi et al. 2010b). 
 
Results 
In this study the smallest sized inductor had the highest Qs, and the maximum Q, 
of 78, was measured for an inductor of 10 turns. When amount of turns was 
increased further, Q was decreasing again. With increasing inductor dimensions, 
i.e. increased line length, l, through increased inner diameter or increased line 
intervals, the self-resonance frequency, f0, was decreased while capacitance, C, 
and inductance, L, both increased. This implies that the inductive characteristics 
can be adjusted by modifying the circuit design, like varying metal type, thickness 
of metal filaments etc. In this study it was shown that decreasing the line interval 
was shown to be the most efficient way to increase both inductance and quality 
factor of the inductors (Roh, Chi et al. 2010b). 
 
To evaluate the effect of human body on antenna performance inductors were 
placed on the chest where the least amount of body movement, and thus inductor 
deformation, was expected to take place. The body did not affect the induced 
magnetic field i.e. the inductance, but the high dielectric constant of human skin 
made the self-resonant frequency drop (Roh, Chi et al. 2010b).  
 
Circular and square inductors of the same line length, l, were compared and 
showed that circular have higher inductances and higher self-resonant frequencies 
than square ones. To calculate the inductances, L0, of both circular and square 
shaped inductors the authors used the Wheeler’s formula was used, since it is 
suitable for coils having bigger winding area than coil diameter. In the following 
formulas C stands for planar circular spiral, and S, for planar square spiral:  
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!! = 31.33!!!! !!
8! + 11! = 31.33!!

!!!
8+ 22! 

 

!! = 2.34!!!! !!
! + 1.875! = 2.34!!

!!!
1+ 2.75! 

 
where a is the coil radius, c is the thickness of the winding, μ0 is the magnetic 
permeability in vacuum (!! = 4!10!! H/m), N is the number of turns, and ρ is a 
fill factor (! ≡ !!"#!!!"

!!"#!!!"
) (Roh, Chi et al. 2010b). 

 
Conclusions 
The conductors produced for this study overall showed high values of inductance, 
L, and quality factor, Q, and had the same inductive behaviour as conventional 
inductors (Roh, Chi et al. 2010b).  

2.5.4 Inductively coupled textile antennas 
One of the first attempts on inductively coupled textile antenna communication  
was performed by Hum in 2001, when investigating inductive coupling of RF 
fields for on-body communication. They made pieces of clothing and accessories 
communicate within a so-called fabric area network, FAN, by incorporating 
several small square shaped antennas at different positions of the garments, such 
as sleeves, cuffs, shirt and trouser pockets, the back of the shirt etc. The multi-
antenna approach was chosen because of the limited transfer distance of low 
frequency RF, which, according to Hum (2001) was about 10 cm. Without the 
multiple antennas that transfer a ‘hopping’ signal between garment antennas, a 
signal from head to toe would require a circular antenna of 2,54m in diameter.  
 
The FAN approach have been investigated in various studies, for example with 
hand stitched square copper yarn spiral antennas with an inductance of 2.5mH 
(Chung 2009). Another study, performed by Coosemans and others (2006) used 
embroidered antennas of 10cm in diameter made of stainless steel and copper 
composite yarn for ECG monitoring. This coil had the inductance value of 
13,7mH and quality factor 17,2 at 132kHz. A third study was based on spiral 
antenna coils of stainless steel yarn, where the receiving coil was 12,5 cm in 
diameter and had the inductance value 2,9mH and quality factor of 0,72 at 
700kHz integrated in both garments and mattress with the aim to monitor heart 
rate and respiration rate of hospitalized children (Catrysse et al. 2004). This 
system allowed a maximum coil separation of 6 cm.  

2.5.5 Textile antenna sensor systems 
As mentioned before, biomedical monitoring benefits greatly from integrated 
textile-electronic wearable systems. Based on this approach the Lemey, Declercq 
and others (2015) describe the potential of so-called smart fabric interactive 
textiles, SFIT, which could revolutionize many aspects of human life. SFIT 
systems can establish wireless communication links both between multiple 
devices and base centres where the collected data can be processed (Lemey, 
Declercq et al. 2014).  
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Wireless Body Sensor Network, or WBAN, is another, even more specified, term 
that comes to importance, primarily for health monitoring (Singh, Singh et al. 
2015; Xu, Shu et al. 2015). WBANs are systems of wearable antennas that 
provide unobtrusive, wireless monitoring by linking several smart devices that can 
be worn by the patient or even implanted in a patient’s body, converting physical 
signals to electrical signals and collecting the data at some base station. This 
approach is very interesting for health monitoring and rehabilitation of patients 
also in their own homes, which of course will improve independence and quality 
of life for these patients (Xu, Shu et al. 2015) as well as being cost-effective  
(Xiao, Dhamdhere, Sivaraman & Burdett 2009; De Clercq & Puers 2013).   
 
Xiao, Dhamdhere et. al. (2009) presented such health monitoring system. They 
described that their ultra-low-power radio WBAN managed to link over distances 
of 2-10 meters while consuming only 2.7mW. Roh, Chi and others (2010a) 
presented a wearable embroidered antennas system that showed varying 
resonance frequency depending on the antenna placement. Resonance frequency 
dropped while worn on the body due to human body losses. The antennas was 
tuned to resonate at a level of tens of MHz using appropriate capacitors and coil 
distances was ranging between 500 mm and 750 mm. 
 
As mentioned, the market for mobile devices, social networking sites, and 
certainly mobile phones is growing, providing new ways of communication and 
exchange of information. Xu, Shu and others (2015) state that WBANs have not 
yet been studied from that perspective but that there is definitely a possibility to 
perform monitoring also through social networks (Xu, Shu et al. 2015). And 
similarly to conventional electronics, the omni-presence ad-hoc, GSM and WiFi 
networks are make highly interesting systems to explore for different transfer and 
charging applications, also for textiles (Lu, Wang et al. 2015).  

2.5.6 Powering of textile antenna systems 
Again, similarly to conventional antenna systems, textile antenna systems can be 
driven by either batteries, energy harvesters wireless power transfer (Lemey, 
Declercq et al. 2014), both by near-field inductive coupling and far field RF. 
According to Adami, Zhu and others (2015) the latter is a promising source within 
the emerging technology of ‘Internet-of-things’, where antennas would be used 
not only for communication, but also for sufficient power supply (Adami, Zhu et 
al. 2015).  
 
An optional solution for powering is, as presented by Lemey, Declerq and others 
(2014), the installation of textile transmitters in flooring, which in turn can power 
relays in smart garments e.g. (Lemey, Declercq et al. 2014). In 2016 Cuyckens 
and Rogiers presented a framework for ultra wide band far-field WPT, especially 
focusing on close-to or on-body applications, and they stated that research in 
WPT is currently explored not only for cable-free desks, wireless charging and 
hard to reach sensor systems, but also in completely integrated textile antenna 
systems. 
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3 METHODS AND MATERIALS 

3.1 Method 
In this thesis project the course of action was predominantly practical and to some 
extent based on trial and error. Little experience in and limited amount of 
literature describing production of this kind of textiles demanded a flexible 
fabrication process and accepting attitude both towards potential success and/or 
failure. The part of the research regarding magnetic induction was initially fairly 
unknown and prior to any practical work a literature study was initiated to gain 
some knowledge on the topic. Within the field of electronics extensive 
information on methods to simulate or model similar systems are available, but no 
literature that could assure the reliability of such approach for textile substrates 
was found. Based on this knowing, the practical work began with sample 
production. The literature study and report writing was carried out throughout the 
whole project. 

Sample production 
The focus in the first stage of the project was to explore the potential of being able 
to produce textile coils, by comparing different textile production techniques, and 
then producing samples.  

Sample characterization 
The second stage of the project was aimed at characterizing the produced samples 
in many different aspects. Many kinds of measurements and some calculations 
were performed to be able to address the research questions. In addition to 
measurements and calculations an analytical computation over magnetic field 
strength was carried out. 

3.2 Materials and equipment 
Under the following headings the equipment and materials used in the project’s 
different stages are presented. They are basically stated in chronological order, 
starting with the fabrication process and continuing with the measurements.   

3.2.1 Sample production process 
The soft wares Adobe Photoshop and ScotWeave were used for the sketching of 
coil geometries and creation of weave patterns. The fabrication of woven textile 
coil samples was performed using a shuttle jacquard hand-weaving loom, an AVL 
Jacq3G, from AVL Looms, Inc., and a double rapier jacquard-weaving machine, 
Vamatex SD 7101 from Saurer Diederichs, with a machine speed 380 picks/min. 
In table 3.1 some additional data regarding the weaving loom and weaving 
machine are presented.  
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Reed	width	
[cm] ,	
number	
of	threads	

Warp	
threads	
per	dent	

	

Warp	
threads	
per	cm	

	

Design	
width,	
threads	

	

Yarn	
number	of	
warp	yarn	

	

Weft	
insertion	
system	

	

	
AVL	

93cm,	
1680	

threads	

	
2	

	
18	

Full	width,	
1680	

threads	

	
Nm40/2	

Manual	
shuttle	

	
Vamatex	

160cm,	
5280	

threads	

	
4	

	
33	

1/4	width,	
1320	

threads	

	
Nm40/2	

Double	
rapier	

Table 3.1 Weaving loom and weaving machine used for sample production 

 
 

 
   High-flex 3981x7 

 
	 Material	 Yarn	type	 Yarn	number	 Colour	

Conductive	yarn,	
High	Flex	
3981x7	

Copper-elastane	 7	threaded	
filament	yarn	

≈Nm4,2	
≈240tex	

(Diameter	≈	0,42mm)	

Copper	

Matrix	warp,	
batch	1	

100%	cotton	 Staple	yarn	 Nm40/2	
25tex	

White	

Matrix	weft,	
batch	1	

100%	cotton	 Staple	yarn	 Nm34/2	
29,4tex	

Blue	

Matrix	warp,	
batch	2	

100%	cotton	 Staple	yarn	 Nm50/2	
20tex	

White	

Matrix	warp,	
Batch	2	

100%	cotton	 Staple	yarn	 Nm50/2	
20tex	

White	

Table 3.2 Yarns used for woven samples 

A meticulous scale allowing four decimals, Kern ABJ, was used to weigh the 
copper yarn to be able to calculate the yarn number, which was not given in the 
data sheet. In the process of securing connection at woven textile coil corners 
solder tin and conductive silver ink, Electrolube SCP 03 B, NORDIC, was used. 

3.2.2 Sample measurements 
To measure the static resistance of produced textile coils two kinds of multi-
meters, Mastech MAS830L and Agilent 34405A, were used. As power source 
during all the measurements a power supply PS3005 was used. The power supply 
was connected to a non-commercial power oscillator, built on a 70x100 mm FR4 
substrate with a capacitance of 30 nF, an approximated static resistance of 10 Ω, 
an operating frequency of 160 kHz, a maximum output of 20-30W and producing 
a sinus wave. Figure 3.1 shows its schematic diagram. 
 

The conductive yarn used for all coils was High-flex 
3981x7 copper from Karl Grimm. As a matrix 100% cotton 
yarns of Nm40/2 in warp and Nm34/2 in weft was used for 
weaving of batch 1 on AVL weaving loom and Nm50/2 
both in warp and weft for weaving of batch 2 on Vamatex 
weaving machine. In table 3.2 all yarns are presented.  
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Figure 3.1 Schematic diagram of power oscillator 

Some measurements were aided by a printed circuit board, PCB, produced on a 
70x100 mm FR4 substrate with a five turn coil and an integrated LED. Figure 3.2 
shows its schematic diagram.  
 

 
Figure 3.2 Schematic diagram of PCB coil circuit 

An oscilloscope of the type PicoScope 5000 along with a stationary computer 
with the software PicoScope 6 was used to measure output amplitude of voltage 
and resonance frequency of the textile coil samples. For manual magnetic field 
measurements a HC Protec sweep function generator B-801 along with a 
Tektronix TDS 220 oscillator was used. For automated magnetic field 
measurements a Detectus EMC scanner equipped with a horizontal near field 
probe was used along with a spectrum analyser, Rhode & Schwartz FSL, and a PC 
with the software DSS, Detectus Scanner Software, to review the results. Some 
calculations as well as the analytical magnetic field measurement were performed 
using the computational software Wolfram Matematica 10.4. 

4 SAMPLE PRODUCTION 
To decide on fabric forming technique for sample production several factors were 
considered. Studied literature mainly focused on embroidery (Roh, Chi et al. 
2010b) or weaving techniques (Jung, Lauterbach et al. 2003; Locher & Troster 
2007; Gimpel et al. 2004). Because the possibility to achieve continuous 
production, weaving was chosen over embroidery. Pattern design was made 
thoughtfully to make production viable, both technically and in terms of time 
consumption. 
  
First, a number of coil geometries were sketched out in Adobe Photoshop, where 
every row and column of pixels represented every warp and weft thread 
respectively, to enable individual design of the threads. Then the final patterns 
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were created in ScotWeave. The design idea was based on using conductive yarn 
both in warp and weft and having lines of yarns interlacing at ‘corners’ to create a 
square shaped conductive spiral coil, or inductor, within a ‘matrix’ of a non-
conductive yarn. This was achieved by designing a single layer fabric with 
elements of double weave to be able to interlace the conductive yarn, or not, 
where desired. Inside the spiral design the conductive lines are ideally surrounded 
and kept in place by matrix yarn and outside the spiral the conductive threads are 
only floating, so that excess conductive yarn easily can be detach after the 
weaving process. Because of the complexity of the coil design jacquard weaving 
was the chosen weaving method of weaving for its ability to control all warp 
threads independently (Eichhoff, Hehl et al. 2013). The entire approach was 
similar to that presented by Gimpel and others (2004), and the reason for using 
non-insulated conductive yarns was to avoid a joining process that involves 
elimination of insulation and surrounding materials, such as presented by (Jung, 
Lauterbach et al. 2003) and Locher and Sefar (2013). 
 
Since low resistance is wanted the coil designs included four strands of 
conductive yarn placed in width to create broad conductive lines, which will allow 
higher current passing through the coil without breaking the threads. Too thick 
lines of conductive yarn though will however make the fabric stiffer. 
 
As stated by (Roh, Chi et al. 2010b), the most efficient way to achieve high 
inductance is having narrow conductive line interval, and this was considered in 
he design phase. In the weaving process winding density is decided by the number 
of threads that go between each conductive line, both in warp and weft, and the 
interval is therefore dependent on weave pattern, yarn number and fabric density. 
The minimum distance in this case is limited to the amount of interlacing points it 
takes at each corner to secure connection between conductive threads at the 
corner, allow space for some tool to manage to cut excess conductive threads 
away after weaving, not to unravel when excess conductive threads have been cut 
away and not permit the ends of the cut conductive threads to touch the next 
conductive line. The idea is presented in figure 4.1. 
 

 
Figure 4.1 Image of excess conductive yarn before and after being cut away 

In this case the final design had an 8-thread distance between conductive lines, 
out of which 3 threads in both warp and weft directions were used for plain weave 
to secure the corners. The ‘matrix weft yarn’ was chosen so that the decided 
pattern would be as proportionate as possible, according to the design. 
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Several coil designs were created, out of which some were used for a trial 
weaving only with cotton yarns. Through visual evaluation of the trial coils, 
where the closeness of the “conductive” threads in the conducting lines was the 
conclusive parameter, the coil designs to weave with conductive yarn was chosen. 
The coil designs for the first batch of woven coils are presented in table 4.1. 
 
Name	 Pattern	 Sample	
3	turns	

	 	
4	turns	

	 	
5	turns	

	 	
Table 4.1 First batch of woven coil samples 

Within each coil design a colour represents a different weave, which all have a 
specific purpose depending on the placement within the coil. The final weaves 
included some well-know basic weaves, like plain and twill weave (Eichhoff, 
Hehl et al. 2013), while others, like the warp tunnel, is a weave designed 
specifically for this woven coil which allows conductive weft yarns to run through 
‘a tunnel’ of cotton yarns without interlacing points, to achieve the tightest 
packing of conductive yarns. There was also a separate production of only 
‘corners’ to be able to evaluate the impact of chosen weave. Some of the coil 
weaves are presented in table 4.2 and the corner weaves in table 4.3.  
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Colour	 Weave	pattern	 Weave	in	3D	view	
White	–		
Twill	weave	

		
	

	
Dark	turquoise	–		
Floating	warp	over	twill	weave	
		
	
	

	
	
	

	

	
Brown	–		
Warp	tunnel		
	

	 	
Light	brown	–	Floating	weft	over	warp	tunnel		

	 	
Yellow	–		
Floating	warp	and	weft	over	twill	weave	

	 	
Orange	–		
Plain	weave	

	 	
Table 4.2 Some colour coded weaves for woven coil samples 
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Name	 Weave	in	3D	 Sample	
Corner	1,	
Plain	weave	

	 	
Corner	2,	
Panama	weave	

	 	
Corner	3,	
Floating	

	 	
Corner	4,	
Twill	weave	
	

	 	
Table 4.3 Corner weaves 

Before weaving of the first batch, the conductive yarn had to be wind on small 
paper bobbins, one for each conductive warp thread needed, and some more for 
the shuttling of conductive weft yarn. Also cotton matrix yarn were wind on 
several bobbins for shuttling. A small warp rack was constructed and placed next 
to the warp beam. Conductive warp threads were tied together with the ordinary 
warp threads to replace them in the right spots for conductive lines in the design. 
Tying of warp yarns was performed in steps after every change of coil design to 
match the amount of turns for each coil. The first batch of woven coil samples 
was woven manually on the AVL weaving loom.  
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Figure 4.2 Warp rack and shuttle with copper yarn spools  

To approach an industrial weaving process another batch of coils were woven on 
Vamatex jacquard-weaving machine, which is a full size, fast (380 picks/min), 
automatic weaving machine. Prior to weaving of the second batch of coil another 
trial weaving was performed only using cotton yarn. Both designs and matrix 
warp yarn thickness had to be adapted to the new machine parameters, such as 
warp density, warp yarn thick-ness, reed-width etc. Because of the increased 
weaving speed and accuracy in fabric density many coils were produced, namely 
five different sizes with 3 different numbers of turns each, giving 15 different 
types. 
  

  
Figure 4.3 Conductive warp yarns inserted in Vamatex weaving machine 

 

  
Figure 4.4 Woven coils, inside the weaving machine and after let off. 

Dimensions of second batch coils 
The produced coil sizes are defined by the dimensions of their respective inner 
diameters, inside the conducting line windings, and the number of turns. Winding 
distance was measured to 9 mm in weft direction and 7 mm for warp direction for 
all coils, with minimal variation. In table 4.4 inner diameters for all and outer 
dimensions of some coils are shown. 
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Inner	diameter,		
warp	[mm] 	

Inner	diameter,		
weft	[mm] 	

Outer	diameter,		
warp	[mm] 	

Outer	diameter,		
weft	[mm] 	

Size	1	 30	 29	 8	turns:	130	 8	turns:	169	
Size	2	 57	 57	 8	turns:	160	 8	turns:	196	
Size	3	 86	 86	 7	turns:	173	 7	turns:	226	
Size	4	 115	 110	 8	turns:	215	 8	turns:	245	
Size	5	 285	 265	 7	turns:	370	 7	turns:	380	

Table 4.4 Coil size of second batch woven coil samples 

5 RESULTS 

5.1 RESISTANCE MEASUREMENTS 

5.1.1 Resistance measurements of corner weaves 
Resistance measurements were performed on the woven corner-patterns to see if 
the weave affected the resistance, or bonding of conductive threads, to any 
significant extent. This was measured under some different circumstances; 
normal, with no treatment; by impregnating the corner with silver ink; and by 
soldering the corner. All these circumstances were measured while the fabric was 
both lying still and during geometrical disturbance created by pulling and moving 
the piece of fabric. All measurements were repeated a number of times and in 
figure 5.1 the mean value of each measurement is shown. 
 

Figure 5.1 Resistance mean value of all corner weaves 

 
All untreated corner weaves showed to be affected by geometrical disturbance 
with a mean variation of about 0,75 Ω. The silver-ink was easy but somewhat 
time consuming to apply and required quite a large amount of ink to cover all 
interconnecting threads at the corner, which is crucial for proper connection. 
Silver ink and soldering gave low resistance and the threads actually became 
fused together in a fixed position. Silver ink treated corners were not particularly 
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sensitive to geometrical disturbance, but soldering was superior with basically no 
signs of being affected. Soldering also showed the most similar results from one 
measurement to another.  

5.1.2 Resistance of coils 
Resistance measurements of coils without any treatment of the corners gave large 
differences between each measurement. There was also no obvious relation 
between coil size, and hence length of conductive line, and resistance, in this 
measurement. In figure 5.2 the measured values of resistance are shown. 
 

 
Figure 5.2 Lowest and highest resistance values of woven coils with untreated corners 

 
Since evenness in resistance of coils is needed to be able to design a reliable 
circuit the continuing experiments were performed on coils with soldered corners. 
Coils from the first batch of weaving were also excluded from further 
measurements. In figure 5.3 and table 5.2 the measured values of resistance of 
woven coil with soldered corners are shown. 
 
 

    
Figure 5.3 Mean resistance value of woven coils with  
soldered corners 
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Resistance	[Ω] 	 6	turns	 7	turns	 8	turns	

Size	1	 1,07	 1,33	 1,73	
Size	2	 1,41	 1,75	 2,19	
Size	3	 1,75	 2,18	 SILVER	INK:	3,39	
Size	4	 2,1	 2,55	 2,88	
Size	5	 4,72	 5,22	 -	

Table 5.1 Mean resistance value of woven coils with soldered corners 

Note that coil size 3 with 8 turns, which had its corners impregnated with silver 
ink, shows a slightly higher resistance than the soldered coils. Figure 5.3 clearly 
shows that resistance increases with increasing coils size and amount of turns, 
hence conductive line length.  

5.2 MEASUREMENTS OF TRANSFERRED VOLTAGE 

    
     Primary circuit for all measurements 
 
The power source in this case is a the power supply connected to the power 
oscillator, equipped with capacitors of 30 nF, which in turn are connected to the 
transmitting coil by soldering. For these measurements a PicoScope was used to 
measure the wirelessly transferred voltage amplitude, from a transmitting to a 
receiving coil, as well as the resonance frequency. The PicoScope probes were 
attached to the receiving coil for measurements. No signal averaging had to be 
performed, since all signals were clearly sinusoidal and had little noise, for all the 
measurements. 

5.2.1 Transferred voltage to PCB circuit coil 
This measurement was made to display the effect of similar self-resonance 
frequencies of coils on transferred power. Over all settings: 

• Woven coils are used as transmitters. 
• A PCB coil is used as receiver. 
• Input voltage from power supply is 5 V. 
• The PCB coil was placed in the centre of the woven coils for all 

measurements. 
• Measurements were performed at two distances between transmitter and 

receiver; 2 mm and 30 mm. 
 

The experimental setup for the 
following measurements was based 
on the same primary (transmitting) 
circuits in combination with different 
secondary (receiving) circuits.  
 
The primary circuit consist of a coil, 
L, with an internal resistance, R, 
connected in parallel to a capacitor, 
C, and an alternating power source. 
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Figure 5.4 Transferred voltage amplitude from woven coil to PCB coil 

As shown in figure 5.4, voltage amplitude peaked when the similar-sized size 0 - 
4 turns coil was used as transmitter, and decreased significantly when coil size 
increased.    

5.2.2 Transferred voltage to corresponding receiving coil with 5V input 
Over all settings: 

• Transmitting coil and receiving coil are  
both woven coils of the same size and shape. 

• Input voltage from the power supply is 5 V. 
• Distance between transmitting coil and  

receiving coil is fixed at 2 mm. 
• Six levels of resistance are used on the  

receiving coil; no additional resistor, resistor  
of 10Ω, 100Ω, 1kΩ and, for some coils also,  
10kΩ and 100kΩ. 
 

In figures 5.5-5.9 measured peak values of each 
receiving coil in terms of coils size are presented. For all sizes the peak is 
basically unaffected by additional resistance until after 1000Ω, where it decreases 
dramatically. With respect to number of turns for the same coil size, amplitude is 
in the same range, but is increasing slightly for higher number of turns.   
 

      
Figure 5.5 Peak values for coil size 1, 5 V             Figure 5.6 Peak values for coil size 2, 5 V        

 

Secondary circuit setup  
for this measurement 
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Figure 5.7 Peak values for coil size 3, 5 V             Figure 5.8 Peak values for coil size 4, 5 V             

             
Figure 5.9 Peak values for coil size 5, 5 V              

In figures 5.10-5.12 measured peak values of each receiving coil in terms of 
amount of turns are presented. Also in this view it is clear that increased line 
length increases peak value slightly.  
 

     
Figure 5.10 Peak values for 6 turn coils, 5V        Figure 5.11 Peak values for 7 turn coils, 5V           
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Figure 5.12 Peak values for 8 turn coils, 5V  

5.2.3 Transferred voltage to corresponding receiving coil with 10 V input 
The measurement in 5.2.2 was performed also with input voltage of 10V and the 
outcome was very similar to that of 5.2.2. only showing doubled peak values. 

5.2.4 Transferred power over some distances and angles 
Overall settings: 

• Transmitting coil and receiving coil are both woven coils of the same size 
and shape. 

• Additional resistance on the receiving coil is 10 Ω.  
• Distance measurements are made at five different distances; 30, 60, 245, 

470, and 600 millimetres. 
• Angle measurements are performed at two different angles 45°	and	90°	

both in plane and away from the plane, respectively.  
• The in plane measurements were made at a distance of 2mm between the 

two coils. 
• Secondary circuit setup is the same as for 5.2.2. 

5.2.4.1 Transferred power over some distances, 5 V and 10 V input 

 
Figure 5.13 Peak values at different distances       Figure 5.14 Peak values at different distances 
between transmitting and receiving coil, at 5 V.    between transmitting and receiving coil, at 10 V. 

In figure 5.13 and 5.14 it is shown that peak value is decreasing rapidly with 
increased distance between transferring and receiving coil for measurements at 
both 5 V and 10 V input voltage, and that peak values are about the double for 10 
V input compared to 5 V.  

After this 
measurement one 
coil of each size; the 
ones that showed the 
highest peak values 
this far, was chosen 
to be used for the 
continued 
measurements. 
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5.2.4.2 Transferred power at some angles with 5 V and 10 V input 
Measurements of transferred voltage when keeping the coils in a parallel 
configuration and rotating the secondary coil within the plane showed small 
variations in peak value, in the range of a few volts. When the secondary coil was 
placed directly over the primary, at 0° angle, the peak value was the highest, at 
45° rotation it was the lowest and at 90° in between. However, while rotating the 
secondary coil out of the plane a significant decrease in amplitude was shown. 
Already at 45° the peak value decreased to less than half the peak value of parallel 
configuration, and at 90° the peak value was basically zero.  

5.2.5 Registered current and resonance frequency with 5 V and 10 V input 
Current from the power supply was registered several times during the different 
measurements. In table 5.2 and 5.3 the mean current and resonance frequency at 
5V input and 10V input respectively, are presented. 

	
	
	

Mean	value	of	current,	
	from	power	supply	at	5V	

[A] 	

Resonance	frequency,		
from	receiving	coil	

[kHz] 	

Size	1,	8	turn	coil	 0,29	 335	
Size	2,	8	turn	coil	 0,27	 275	
Size	3,	7	turn	coil	 0,26	 270	
Size	4,	8	turn	coil	 0,25	 215	
Size	5,	7	turn	coil	 0,25	 160	

Table 5.2 Current mean value and resonance frequency, at 5 V 

	
	
	

Mean	value	of	current,	
	from	power	supply	at	10V	

[A] 	

Resonance	frequency,		
from	receiving	coil	

[kHz] 	

Size	1,	8	turn	coil	 0,60	 335	
Size	2,	8	turn	coil	 0,57	 275	
Size	3,	7	turn	coil	 0,56	 270	
Size	4,	8	turn	coil	 0,53	 215	
Size	5,	7	turn	coil	 0,53	 160	

Table 5.3 Current mean value and resonance frequency, at 10 V 

5.2.6 Distance to light an LED with corresponding receiving coil 
Overall settings: 

• Transmitting coil and receiving coil are both woven coils of the same size 
and shape and the receiving coil is equipped with a 1 W LED. 

• Distance is measured with a ruler, and might not be too meticulous. 
• No additional resistance but the LED is used.  

 
 

	
	

Distance	[mm] 	at	
input	voltage	5	V	

Distance	[mm] 	at		
input	voltage	10	V			

Size	1,	8	turn	coil	 86	 96	
Size	2,	8	turn	coil	 93	 136	
Size	3,	7	turn	coil	 105	 150	
Size	4,	8	turn	coil	 129	 193	
Size	5,	7	turn	coil	 200	 290	

Table 5.4 Distance at which an LED cannot longer be lit 

 
Both tables show that 
current decreases with 
increased conductive 
line length, and 
resonance frequency is 
decreasing with 
increasing line length. 
 
The resonance 
frequency does not 
change with input 
voltage, since it is only 
dependent on coil 
dimensions. 

    
Secondary side setup for 
distance measurements 
with an LED 
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Distance was increasing with increasing coil size as well as input voltage.  

5.2.7 Transferred power and distance to light an LED with the use of relays 
 
Overall settings: 

• Transmitting coil and receiving 
coil are both woven coils of the 
same size and shape and the 
receiving coil is equipped with 
a 1 W LED. 

• Relays are equipped with 30nF 
capacitors. 
 
 
 
 

Size	4	
8	turn	coil	

5	V	

Voltage	[V] 	
with		

no	relay		

Voltage	[V] 		
with		
1	relay	

Voltage	[V] 	
with	

2	relays	

	100	mm	 ±2,3	 ±5	 -	

200	mm	 ±0,65	 ±1,85	 ±3,55	
300	mm	 ±0,25	 ±0,65	 ±1,65	

Table 5.5 Transferred  voltage using relays, 5 V input 

Size	4	
8	turn	coil	

10	V	

No	relay	
Voltage	[V] 	

1	relay	
Voltage	[V] 		

2	relays	
Voltage	[V] 	

100	mm	 ±4,3	 ±8,90	 -	
200	mm	 ±1,3	 ±3,60	 ±6	
300	mm	 ±0,5	 ±1,4	 ±3,5	

Table 5.6 Transferred voltage using relays, 10 V input 

 
 
 

        
Figure 5.15 Schematic setup of entire system for distance measurements with LED and relays 

           
Schematic setup of relay and secondary circuit 
measurements of transferred power with relays 

As shown in table 5.5 and 5.6 
the insertion of a relay in the 
system increases transferred 
power at that distance, e.g. 
enable the signal to be 
transferred a bit longer before 
attenuating completely. 
 
Measurements with 10 V 
input voltage showed that the 
maximum distance to light an 
LED was 390 mm using three 
relays. The setup is shown in 
figure 5.15 and 5.16. 
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Figure 5.16 Photos of the setup using three relays, both in straight and curved arrangement 

5.3 CALCULATION OF TRANSMITTED POWER, 
EFFICIENCY AND INDUCTANCE 

To determine what coil size is most suitable for continued experiments the 
transferred power from transmitting coil to receiving coil was determined. First of 
all the RMS of each peak value had to be calculated, to represent the true output 
of the receiving coil, according to one of the following formulas: 
 

!"# = !!"#$
!     or   !"# = !!"#$ ∙ 0,707 

 
As seen in our derivation in the literature review part, the following formula can 
represent an approximate calculation of transferred power: 
 

! = !!
!     or, in this case   ! = !!"!!

(!!"#$!!!"#$%)
 

5.3.1 Calculation of transmitted power, with 5V input 
The following figure, 5.17, show the RMS values next to the measured peak 
values, and it is clear that they increase with coil size, but show a slight decline in 
steepness approaching the largest coils. 

 
Figure 5.17 Peak value and RMS value for all woven coils. 
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Figure 5.18 Transferred power at 5V, calculated for all woven coils. 

In figure 5.18 the calculated transferred power is presented. According to this 
calculation there is a decrease in transferred effect after the coil size 4 - 5 turns 
when a resistor of 10Ω was used, and resulted in a power of 5,82 W. At this point 
it was decided to give that coil some extra attention, by making some more 
measurements. The coil of size 5 - 7 turns was used as a reference.  

5.3.2 Calculation of system efficiency, with 5 V input 
A calculation was performed to get an idea of the efficiency of the entire system, 
from power supply to secondary coil output. The basic formula for efficiency, !, 
(Kusaka and Itoh 2015) was adapted for our specific system configuration/design.  
  

! = !!"#
!!"

→ !!"!#$% =
!!!

!! + !!"#$
!!"##$%!

!! + !!"#"$%&'$

 

 
This modified formula is written to enable efficiency calculation at all, but is far 
from ideal. Normally efficiency take phase shift between current and voltage into 
account, but such measurements of angle frequency have not been performed, and 
also it is not recommended to assume the generator resistance as a static R. 
However, the same set up and formula is applied for all coils, and can 
consequently at least be used to make a comparison between them.   
 
Calculated system efficiency is shown in table 5.7 and shows a total efficiency 
ranging from 164% to 325% when a 10 Ω resistor is used. When higher resistance, 
100 Ω and 1000 Ω, is added, efficiency decreases with factors of ten.  
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 η system	at	5V	input	
R10	

η system	at	5V	input	
R100	

η system	at	5V	input	
R1000	

Size	1,	6	turn	coil	 1,64	 0,16	 0,0154	
Size	1,	7	turn	coil	 1,53	 0,153	 0,019	
Size	1,	8	turn	coil	 1,99	 0,199	 0,0207	
Size	2,	6	turn	coil	 2,08 0,234	 0,234	
Size	2,	7	turn	coil	 2,47 0,286	 0,0262	
Size	2,	8	turn	coil	 2,736	 0,326	 0,0317	
Size	3,	6	turn	coil	 2,497	 0,286	 0,0267	
Size	3,	7	turn	coil	 2,507	 0,33	 0,0302	
Size	4,	6	turn	coil	 2,743	 0,325	 0,0325	
Size	4,	7	turn	coil	 2,924	 0,347	 0,0347	
Size	4,	8	turn	coil	 3	 0,355	 0,0355	
Size	5,	6	turn	coil	 3,241	 0,0453	 0,0465	
Size	5,	7	turn	coil	 3,25	 0,451	 0,046	

Table 5.7 Calculated system efficiency for all coils, with 5 V input 

5.3.3 Calculation of coil self inductance 
Coil self inductances were calculated using the modified Wheeler formula, as 
presented by (Roh, Chi et al. 2010b). The current project is based on square 
shaped coils, but calculations were executed using both formulas, LC and LS, for 
both circular and square shaped coils to be able to identify the effect of geometry 
on inductance.  
 

	 LC		[mH] 	 LS		[mH	] 	

Size	1	
8	turn	coil	

7,590	 3,670	

Size	2	
8	turn	coil	

11,728	 5,777	

Size	3	
7	turn	coil	

16,445	 8,258	

Size	4	
8	turn	coil	

27,	753	 14,095	
	

Size	5	
7	turn	coil	

55,	072	 29,695	

Table 5.8 Inductance values for circular and square coils  
with the same diameter. 

5.4 MEASUREMENTS OF MAGNETIC FIELD 
To investigate the strength and shape of the magnetic fields a manual 
measurement as well as an analytical computation of magnetic field were 
performed for some of the woven coils.  

5.4.1 Manual measurements of magnetic field 
For the manual measurement the woven coil was connected to a function 
generator. Instead of using a probe to measure the field a 5 turn PCB coil, 
70mmx10mm, was connected to an oscilloscope and then used to measure the 
peak value of the transmitted signal by placing it at multiple spots at different 
distances from the woven coil. The PCB is significantly larger than a probe, but a 
lot smaller than the woven coil. Nevertheless this measurement gives a general 

The same dimensions 
for radii was used in 
both formulas and as 
shown in table 5.8, 
circular coils have 
almost the double 
inductance compared to 
square coils.  
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and not very exact data when it comes to measured amplitudes, but it will give a 
fair image of the magnetic fields’ shape. 
 
The printed circuit board coil was measuring the field according to a specific 
pattern by being moved 50 mm in the x and y directions. In this way 104 values 
over a surface of 650 mm x 450 mm were registered for each coil at a certain 
distance.  
 
Overall settings:  

• Input voltage is 20 V for all coils. 
• Oscillation frequency is set to 160 kHz. 
• Sine wave is the wave shape used.  
• Transferred voltage is measures at 6 distances; 20 mm, 32 mm, 50 mm, 95 

mm, 145 mm and 200 mm. 

Manual measurements of magnetic field - coil size 4 with 8 turns 

   

    
Figure 5.19 Manual measurement of magnetic field strength and shape, coil size 4 with 8 turns 

Figure 5.19 show that the field has a uniform bubble-shape, with its peak in the 
centre of the coil. 
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Manual measurements of magnetic field - coil size 5 with 7 turns 

    

   
Figure 5.20 Manual measurement of magnetic field strength and shape, coil size 5 with 7 turns 

Figure 5.20 show that this field has a uniform bubble-shape as well, with its peak 
in the centre of the coil. Field images show that the size 5 - 7 turn coil has a 
stronger magnetic field (74 dB vs 57 dB) at 200 mm distance, while the size 4 - 8 
turn coil show stronger magnetic field (624 dB vs. 356 dB) at 20 mm, where the 
field of size 5 - 7 turn coil seems less uniform.  

5.4.2 Analytical magnetic field measurement 
The analytical magnetic field computation was performed based on coil 
dimensions that were set in Wolfram Matematica 10.4, which then calculated the 
expected magnetic field.  
 

 
 

	 	
 
Figure 5.21 Theoretical magnetic field for the coil size 4 with 8 turns. 
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Figure 5.22 Theoretical magnetic field for the coil size 5 with 7 turns. 

In figure 5.21 and 5.22 the theoretical magnetic fields for coil size 4 with 8 turns 
and size 5 with 7 turns are illustrated, and where the coil is ‘placed’ in ‘the back’ 
of each geometry. Size 7 - 5 turns shows a stronger, wider and longer magnetic 
field.  

5.4.3 Magnetic field measurement, EMC scanner 
For these measurements a coil was connected to a function analyser which also 
had a generator output and a horizontal near field probe was used to scan the 
generated magnetic field. 

   
Figure 5.23 Apparatus for EMC scanning, performed on the size 4-8turn coil 

Overall settings: 
• Input is 1 mW output. 
• Measured area ¼, a corner, of the coil. 
• Probe swipes through all frequencies between 50 kHz-100 MHz. 
• Probe steps were 5 mm, thus having 2,5 mm accuracy. 
• The measuring distance from the coil is 5 mm. 

 

 
Figure 5.24 Graph of amplitude to frequency from EMC scanning 
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Figure 5.24 shows that there were different frequency peaks, out of which the 
highest was on 33,78 MHz. The following figures show the magnetic fields of the 
three highest peaks, as well as the fields around the resonance frequencies range 
measured in this project.  
 

  
Figure 5.25 Magnetic field shape at 33,78 MHz    Figure 5.26 Magnetic field shape at 50,025 MHz 

  
Figure 5.27 Magnetic field shape at 33,78 MHz     Figure 5.28 Magnetic field shape at 129 kHz 

  
Figure 5.29 Magnetic field shape at 348 kHz          Figure 5.30 Magnetic field shape at 945 kHz 

The different frequencies represent different shaped fields and for the lower 
frequencies all 8 conductive lines of the coil seem to give one wide peak of the 
magnetic field, while at the higher frequencies they give two to three peaks.  

6 DISCUSSION 

6.1 Sample production process 
To begin with, sample production run unexpectedly smoothly. The High-flex 
copper yarn was considerably coarser than the cotton yarns that were used and 
resulted in a fabric with slightly sparse and some slightly irregular areas. That 
being said, production ran well and the former worry, that the coarse high-flex 
yarn would not have been able to create shed because of crowding of yarns in the 
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small dents of the reed, was proven wrong. When a third batch was going to be 
produced, however, a two-year old spool of the exact same yarn was used as weft 
and it happened to break a large amount if warp threads at multiple occasions, 
until production was aborted. A reason for this could be that the yarn surface had 
undergone some corrosion, as suggested by (Cork 2015), and thus had become 
rougher and sharper in its surface structure so that it cut the cotton threads while 
passing through the shed.  
 
The process of replacing cotton warp threads with High-flex yarn was highly time 
consuming but basically problem free. It would have been desirable to assure an 
even tension on warp yarns, which in this case was not enough by only leading 
the yarns one turn around the warp beam, due to the somewhat slippery surface of 
the copper yarn. The irregularity in tension and the overall low tension 
contributed to interlacing points where the warp yarn was slightly over-fed in 
some areas.  
 
A double advantage of the manual shuttle weaving compared to the automatic 
weaving process was the decreased waste of conductive weft yarn. Both processes 
meant the continuous feeding of warp yarn, also in between coils, in the fabric 
direction. In the weft direction however a shuttle, while handled manually, does 
not have to be forced over the entire fabric width, but can be directed back and 
fourth over only the coil width. Where the automatic weaving process, in contrast, 
resulted in a fabric where excess weft yarn were floating over full width, even 
though the coil only occupied a portion of that width (see figure 4.4). Following 
steps in the production, such as the removal of excess yarn and joining of corners 
is thus highly simplified while using manual shuttling.  
 
It might be relevant to consider weather continuous textile processing is really 
needed at all, since it in this case imply a large waste in terms of excess warp and 
weft yarn. Nonetheless, it has been thrilling to find that such production is 
actually achievable.  

6.2 Sample performance 
Generally measurements in this project have to be seen as reference values and 
not statistically significant data. Measurements that were performed multiple 
times gave results in the same range, but of course other woven coil samples 
might give different values, depending on yarn quality of a certain batch, 
variations in weaving machine settings during production etc. Besides the 
potential variation of results based on the samples, another factor that might affect 
data reliability is the margin of error of the used equipment. Like for resistance 
measurement, where both internal resistance of the multimeter as well as the 
human factor plays a part in the retrieved data. Another example is that more than 
one power oscillator have been used in the project, and even though they are of 
the same design, they might to give slightly varying output. All values that are 
compared, however, are measured under the same circumstances and can thus be 
seen as reliable for that certain setting.  
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Electrical properties 
The measured resistance values of coils were in the range of about only 1-5 Ω. 
Either this was purely due to that the yarn could withstand the mechanical friction 
of production process, or that it simply still could perform like this, despite harsh 
handling. A suggested explanation for the good electrical properties is that a 
textile approach, using yarns instead of wires or printed conductive lines, actually 
could be an advantage. Because of skin effect that occurs when an AC current is 
used. (Schuylenbergh and Puers 2009) a larger surface area is desirable. In figure 
6.1 this theory is illustrated.  The rectangular shape represents the cross section of 
a printed conductive line in any electronic device. The area of the brown line is 
here representing the actual space the current will occupy. 
 

 
Figure 6.1 Skin effect 

Transferred power  
In this project measurements were simplified by using transmitting and receiving 
coils of the same size and shape, since they automatically will resonate on the 
same frequency, as stated by (Kusaka and Itoh 2015) By doing this tuning could 
be avoided, even though that possibility imply an interesting aspect for possible, 
future applications.  
 
Measurements of transferred power showed results strictly following studied 
literature. For all measurements increased coil diameter gave a greater transfer 
distance (as proposed by (Kusaka & Itoh 2015; DeJean 2007; Garnica, Chinga et 
al. 2013; Scholtz, Weigel & Mayer 2009) and increased number of coil turns had 
the same effect (as proposed by DeJean 2007). A parallel coil alignment (as 
proposed by DeJean 2007) showed to give maximum power transfer, while 
perpendicular alignment gave practically no transfer at all. All this implies that the 
chosen construction gives textile coils with similar behavior to conventional 
electronics and that results can be compared. 
 
When performing tests using relays both increased transfer distance and angles 
were shown, just as stated by (Lu, Wang et al. 2015). Regarding magnetic field 
strength all the performed measurements show the same relation, i.e. increasing 
coil size gives increased field strength and field size.  
 
Since the focus in this project was to find a potential solution for charging or 
powering in wearable applications, the coils should also preferably be small 

The four circles represent our 
woven coil, where four yarns in 
width were used to form one 
conductive line. Taking into 
account that each strand of High-
flex yarn also consists of 7 threads 
give the last image.  
 
It is quite clear that the area of the 
brown lines is increasing with the 
number of filaments within a 
conductive line. 
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enough to be possible to integrate in wearable products. Therefore a coil that was 
considered to be “small enough” for such integration, the coil sample size 4 - 8 
turns with the dimensions of 215x245mm, was considered to be the most 
successful one. This coil also showed the highest power transfer, of 5,82 W at 2 
mm distance, and thus following the suggested power transfer values for MRC, of 
several watts to tens of watts, as suggested by (Lu, Wang et al. 2015; Kusaka and 
Itoh 2015).  
 
Low-power wireless charging of mobile phones, at up to 5W and 20kHz to a few 
MHz (Lee & Zhoung), should be able to perform with this projects’ samples, 
since values in that range of power and frequency have been achieved. Achieving 
that same level of power transfer over a bigger distance, on the other hand, have 
not been attained but then the input voltages used have been limited only to 5 V 
and 10 V. Using a another power oscillator, allowing higher current would make 
it possible to raise input voltage, and thus, also transferred power.  

Calculations 
A lot of literature investigating antenna systems and magnetic resonant coupling 
has been studied, as well as common electronics. There are many different 
descriptions and derivations of formulas to calculate the common parameters of 
such systems, and which could be applied in this specific case is hard to 
distinguish. Sometimes formulas are simplified to match findings in a certain 
study and sometimes they are customized for a certain system’s setup, and 
sometimes this is not defined. Calculated values in this project must hence be seen 
as reference values, and primarily just be compared to one another. An example of 
this is the system efficiency, ηsystem, that reached values of hundreds of per cent. 
These values are only representing the efficiency of input voltage from the power 
supply to the secondary coil, and not only between coils, and can thus only be 
used to determine what coils responds the best to the certain settings and the 
power oscillator used. Which in this case was the biggest, Size 5 – 7 turn coil. 
 
The calculated self-inductance using (Roh, Chi et al. 2010) modified Wheeler’s 
formula showed that larger coils gave larger inductance values, just as stated by 
DeJean (2007), with values ranging from 7,590 to 55,072 for circular coils and 
3,670 to 29,695 for square coils between the smallest and biggest radii. Even 
though the coil samples are squared this showed what inductance values could be 
expected from a circular coil with the same radius, as a point of comparison. 
Depending on the demands on a specific application a higher inductance with 
retained coil size might be imperative and thus circular coils whould be more 
beneficial. In such case the production aspect must be considered. If using 
weaving, as in this project, circular shapes would be an enormously big challenge, 
if not even an impossibility, to produce.  Emboridery, on the other hand, could be 
an interesting principle in this case. 
 
Literature study showed inductance values of textile based antennas for different 
FAN and monitoring systems with values of 2,5 mH (Chung 2009), 2,9 mH 
(Catrysse et al. 2004) and 13,7 mH (Coosemans and others 2006), which were all 
used for data transfer. Calculated inductances of the woven coils are thus higher, 
and probably indicates superior ability of power transfer, compared to those 
antennas. 
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Resonance frequency 
The measured resonance frequencies ranged between 130-360 kHz and also 
followed the theoretical background by giving smaller resonance frequency with 
increasing coil size and hence increasing self-inductance, as stated by DeJean 
(2007), and that they operated in the range of hundreds of kilohertz to dozens of 
megahertz, as MRC normally does according to (Zhang, Zhao et al. 2015; 
Yiming, Zhengming et al. 2015).  

EMC measurement 
Apart from giving nice looking magnetic field images from the EMC scanning 
could be analysed based on number of peaks over the eight conductive lines. A 
potential reason for showing several peaks and not only one might be because of 
so-called proximity effect; that a adjacent conductor can increase skin effect and 
resistance in another one, as described by (Schuylenbergh and Puers 2009) (Roh, 
Chi et al. 2010).  The higher frequencies seem to give more peaks compared to 
lower frequencies, and what this indicates is that a certain frequency can be 
intentionally chosen to strengthen or weaken such effects, depending on the 
application.   
 
 

 
Figure 6.2 Conductors’ magnetic fields counter-
act each other 

 
When it comes to the projects’ intention of proposing a solution that improves 
some of the issues within the field of smart textiles, the produced textile inductors 
have shown the potential of meeting these needs to some extent. If this textile-
based WPT system is used for driving or charging a smart textile application, the 
amount of attached electronics can be reduced in terms of decreased amount or 
complete elimination of batteries and their accompanying cables by having a 
textile inductor integrated close to the ports of whatever device requiring power, 
instead of having long, stiff cables leading to a battery pack. At this stage 
improved contacting cannot be assured, but the reduction of cable length between 
devices certainly entail less amount of wire to risk breakage.  
 

6.3 The potential of this field of investigation 

Novelty 
The literature study has given many examples of textile antenna coils to be used 
for data transfer, but, surprisingly, not one single article investigating textile 

Another reason for development 
of amplitude peaks over 
conductors is illustrated in figure 
6.2, where the circles represent 
two adjacent conductors that 
counteracts each other by having 
the directions of their magnetic 
fields meeting each other, 
according to the arrows. The 
graph underneath shows two 
peaks with minima in between, 
which is due to this field clash. 
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inductors specifically intended for power transfer. Since results clearly show that 
the produced textile coils can behave similarly to electronics, and that inductance 
values are better than those of coils for data transfer, there is an obvious potential 
in this field. If both data and power transmission are desired both could probably 
be achieved by using these novel textile-based WPT- antennas, as suggested by 
Cuyckens and Rogiers (2016).  

Level of integration 
Bosowski, Hoerr and others (2015) defined three levels of integration: textile-
adapted, textile-integrated, and textile-based. In this project the focus was on the 
coils, or inductors, which are fundamental electronic components of MRC 
circuits. That in mind, these textile inductors can be considered ‘textile based’,, 
even though some additional electronics are needed. Luckily, the system does not 
have to become big and bulky regardless. Capacitors can be really small and 
lightweight, and the power oscillator can be made a lot smaller. If, for instance, 
the primary side do not have to be as small or mobile as the receiving side a large 
part of the challenge is already worked out.  

Market 
There is a golden opportunity to ride the wave of the wireless charging market, 
which is believed to increase drastically in the coming years (Lu, Wang et al. 
2015), but it is still basically just oriented around electronics,  in the combination 
with developments in establishing a successful e-textile production processes 
(Zysset, Kinkeldei et al. 2013) and the textile industry needs new ideas to remain 
competitive (Ossevoort 2013). The on-going developments in both WiFi, ac-hoc 
networks, WBANs and internet-of-things indicate that there might be a high 
demand for textile based kinds of products because of its improved flexibility, 
comfort and convenience. This in turn could be revolutionary and imply a 
paradigm shift both in the smart textile industry and electronics industry.     

6.4 Environmental impact 
It is not enough just stating that the investigated textile-based WPT system has the 
potential to reduce or even diminish use of batteries as for defending the concept 
from an environmental point of view, because it is not the whole story. As stated 
by (Ackerman 2016), WPT might never be able to truly compete with the 
efficiency of devices powered by a cable connected directly to the socket.  
 
One typical factor for improved environmental impact is recycling and a product 
should advantageously be possible to dissemble into recyclable parts. 
Unfortunately it is obvious that the product idea of this particular project is the 
complete opposite, as for smart textiles in general. Because of the demand for 
high level of integration, actually on of the main intentions is to make the product 
exactly that; impossible to dissemble. Textile industry in general is not 
particularly environmental friendly (Ossevoort 2013), even though a lot of things 
can be done to improve the processes, and metals, used for the conductive part of 
the product, are of a non-renewable source. However, when product life time, user 
value (Ossevoort 2013) and user demand is considered, the product ends up in a 
new light. 
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Knowing all this, pro’s and con’s for a textile-based WPT system such system 
must be considered thoughtfully. There would have to be a lot of focus directed 
into testing and assuring long product lifetime, high functionality and product 
reliability before commercialization, to be able to defend such system from a 
sustainable perspective. 

7 CONCLUSIONS 
Regardless of specific numerical results in this particular project it has shown 
proof of the potential for textile MRC systems. The conductive copper yarn 
seemed to be working at least equally as well as conventional metal wires and 
printed circuit lines, and hence the efficiency of the whole system was higher than 
expected. 
 
Both literature findings and experimental results have led to the possibility to give 
quite simple and straight forward answers to the stated research questions, which 
will be repeated here one by one for clarity. 
 
 May woven textile coils be used for wireless energy transfer? 
Yes. The produced textile coils have managed to light LEDs over some distance 
and the measured power transfer shows levels sufficient to drive also more power 
consuming devices. Since the system is distance dependent there is just the 
question of finding the right relation between transfer distance and amount of 
power supplied to the system, for any chosen application. 
 

What conditions enable wireless energy transfer using textiles? 
There are some very basic conditions that have to be fulfilled, which are the same 
as for conventional electronics. One crucial factor is reliable joints within coils 
and interconnections to other components of the system. Also, conducting line 
width has to allow the passing of enough current and the line length should be 
long enough to induce sufficient strength of magnetic field. Coil diameter should 
also be large enough to produce sufficient size of magnetic field. Basically, there 
is a matter of using low resistance yarns and balancing the line length to where 
maximum power transfer is reached.  

 
What weaving pattern seems to be the most ideal for achieving wireless energy 

transfer using woven textiles? 
In literature there was a limited amount of information on this topic and limited 
number of patterns used in sample production make giving an answer to this a 
little unwise. What can be assumed from experimental results though, is that the 
‘warp tunnel’ and ‘weft tunnel’ weaves seemed to give a really close 
configuration, as desired, and thus establish good connections between yarns 
within the conducting lines. Regarding corner weaves, even though measurements 
showed slightly different resistance between them evenness in resistance have to 
be assured, and thus soldering or similar technique have to be used regardless. 
Weave pattern for corners could thus as well be chosen based on what is most 
convenient for the chosen process. A recommendation though, is to at least use a 
weave that give some interlacing of yarns so that they will stay in place during 
further process steps, like the cutting of excess yarn and soldering. 
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What coil size seems to be the most ideal for achieving wireless energy transfer 

using textiles with current settings? 
This investigation did not result with one obvious ‘ideal’ coil size. Again, the size 
has to be chosen depending on the desired application. However, since one of the 
goals of this project was to investigate a wearable product-concept the coil of size 
4 - 8 turns, which was considered ‘small enough’ to be integrated in a garment 
while providing the highest transfer efficiency, was considered ‘the best’ one.  

 
Can textile inductors be produced industrially using conventional weaving 

technique and complementary assembling? 
Yes. Such production might imply an increased cost, primarily in terms of 
investment costs, and low production speed, but according to studied literature 
(Zysset, Kinkeldei et al. 2013; Mecnika, Scheulen et al. 2015) there are several 
existing techniques that could enable this kind of production, using conventional 
but modified fabric forming processes in combination with techniques for 
assembling of electronics. Some interesting findings were; the ZSK Stick-
maschinen which performed detailed embroidery to fasten tiny electronics, such 
as LEDs, to a textile substrate, and the possibility to use pick-and-place 
assembling also on textile substrates (Zysset, Kinkeldei et al. 2013; Mecnika, 
Scheulen et al. 2015). 

8 FUTURE RESEARCH 
Here suggested future research will be presented, both in terms of what could be 
done to complete/perfect the current research and what different approaches 
would be interesting to take on.  

8.1 Improvements of current research  
In case of extension of the current research it would be useful to produce samples 
with a larger amount varied parameters. If made systematically, increased amount 
of parameters would probably facilitate identification of an ideal construction 
through a balance of functionality vs. retained fabric properties. 
 
It would also be interesting to make a final weave which is specifically adapted to 
where electronics will be placed. If necessary conductive lines can be extended, 
outside the coil, and continue to any desired ‘port’ or similar. It would be valuable 
to investigate the possibility of weaving the samples on a weaving machine using 
heald shafts, how many shafts would be needed and, in that case, how the healds 
would need to be arranged. If such production would be possible the amount of 
machines able to produce the textile coils would increase dramatically. A really 
interesting idea would to try and figure out if there is any way of automatic 
production where weft yarns are only inserted over the coil width, not leaving so 
much excess yarn to be removed. As mentioned before, such method would 
simplify assembling, and of course also decrease costs, both in terms of material 
and time. 
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There is of great importance to further investigate options to soldering of the 
woven coil corners in order to achieve the quickest and most suitable production 
method whilst, of course, assure reliability. It would be interesting to try 
embroidery, such as the sequin machine presented by Mecnika (2015), and 
preferably in combination with epoxy adhesive or hot melt encapsulation 
technique to investigate washability and robustness. The investigation of 
lamination or coating of entire coils, primarily for electrical insulation but also for 
the possibility of achieving washability, is also an aspect that would contribute to 
bring this product idea further.  
 
A larger focus could advantageously also be directed into the mathematics. 
Formulas should be made sure to fit the present settings and if such formulas are 
not available in literature they should beneficially be derived to do so. Now that 
the main characteristics of woven textile coils are outlined simulation and 
modelling are also facilitated.  
 
When it comes to the electronics another investigation area is looking to find the 
most suitable components to accompany the textile inductors. It would also be 
interesting to focus on tuning of inductor coils of drastically different sizes to 
resonate at the same frequency and thus, hopefully, enable the transmission of 
power over larger distances without compromising the mobility (size) of the 
receiving unit.  

8.2 New approaches 
An alternative idea to the weaving + assembling process could be to integrate all 
necessary electronic components on an e-stripe which is incorporated directly 
while weaving the coils, just as suggested by Zysset, Kinkeldei and others (2013).  
 
If a continuous production process is not required, the potential of embroidered 
coils for WPT may be investigated. As provided by (Mecnika, Scheulen et al. 
2015) embroidery can produce complex patterns, such as circular coils instead of 
square shaped ones, plus additional attachment of electronic components in the 
same step, which could be highly attractive. To avoid yarn tension and 
mechanical friction of conductive yarns, which might lead to loss in functionality 
(Cork 2015), an interesting approach would be to use tailored fibre placement 
(Eichhoff, Hehl et al. 2013), where the conductive yarn could used as the third 
yarn system which is sewn to the fabric surface by the two other yarns.  

9 SUGGESTED APPLICATIONS  
Basically only imagination is the limit for potential applications for textile-based 
MRC WPT systems. One of the most straight forward ideas is to use these textile 
coils to power or charge batteries used in smart textile or e-textile systems. If the 
smart textile itself is based on a woven structure, the induction coil may even be 
possible to produce in the same step.  
  
Assuming textile coils can be tuned to resonate with small electronic coils 
integrated in electronic devices, textile-based WPT can be used for charging 
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systems that could be integrated in garments, bags, interior textiles etc. The 
challenge is to decide where to place the transmitting unit, which can supply 
relays that repeat the signal so that it eventually reach the receiving device. 
Textile coils with huge diameters could be installed to charge or power any 
nearby placed devices, as well as providing a design feature to a room, if in the 
form of tapestries or panel curtains. 
 
A more conceptual application idea is the combination of social networking along 
with charging, similar to wireless charger networks, as presented by (Lu, Wang et 
al. 2015), but with the difference that people, through their functional clothes and 
accessories, constitutes as key components of the actual network. Just as our 
electronic devices could be connected in social network, people’s garments could 
be part of a power network. The idea of having people carrying relay resonators in 
their outfits allow the visualization of people approaching each other and wanting 
to stay in each other's vicinity to take advantage of the system's function, and 
potentially contributing to a more sociable and collaborative social environment at 
the same time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 72 

10 REFERENCES 
 
Ackerman, E. (2016). Wireless power takes charge, North American January 
2016. pp. 13-14.  
 
Adami, S., Zhu, D., Li, Y., Mellios, E., Stark, B.H. & Beeby, S. (2015). A 2.45 
GHz rectenna screen-printed on polycotton for on-body RF power transfer and 
harvesting, IEEE. pp. 1. 
 
Alonso, Marcelo, Finn, Edward J Fundamental university physics 2. ed. Reading, 
Mass. : Addison- Wesley, Cop. 1983  

ARPNSA (2002). Maximum Exposure Levels to Radiofrequency Fields — 3 kHz 
to 300 GHz, Radiation Protection Series Publication, 3. 
 
Bosowski, P., Hoerr, M., Mecnika, V., Gries, T. & Jockenhövel, S. (2015).  
Design and manufacture of textile-based sensors, pp. 75-107. 
 
Cuyckens, T. and H. Rogier (2016). Framework for the simulation of wireless 
power transmission over ultra wide band links in multipath propagation 
environments in the vicinity of the human body. International Journal of 
Numerical Modelling: Electronic Networks, Devices and Fields, 29(3), pp. 364-
379. 
 
Chun, Y., Park, S., Kim, J., Kim, H., Kim, N. & Ahn, S. (2014). Electromagnetic 
Compatibility of Resonance Coupling Wireless Power Transfer in On-Line 
Electric Vehicle System. IEICE Transactions on communications, 97(2), pp. 416-
423. 
  
Cork, C. R. (2015). Conductive fibres for electronic textiles. pp. 3-20. 
 
Dai, X., Weiyi, L., Yugang, S., Chunsen, T., Zhihui, W. & Yue, s. (2015). 
Improved LCL resonant network for Inductive Power Transfer system. 
 
De Clercq, H & Puers, R. (2013). A Wireless Energy Transfer Platform, 
Integrated at the Bedside,  35th Annual International Conference of the IEEE 
EMBS Osaka, Japan, 3 - 7 July, 2013. 
 
DeJean, G. (2007). Wireless Evanescent Coupling and its Connection to the 
Latest Developments Presented by Researchers at MIT. 
 
Dias, T. & Ratnayake, A. (2015). Integration of micro-electronics with yarns for 
smart textiles. pp. 109-116. 
  
Eichhoff, J., Hehl, A., Jockenhovel, S. & Gries, T. (2013). Textile fabrication 
technologies for embedding electronic functions into fibres, yarns and fabrics. pp. 
191-226. 
 



 73 

Faraday´s law of induction. http://global.britannica.com/science/Faradays-law-of-
induction [2016-06-01] 
 
Gimpel, S., Möhring, U., Müller, H., Neudeck, A. & Scheibner, W. (2004). 
Textile-Based Electronic Substrate Technology. Journal of Industrial Textiles, 
33(3), pp. 179-189. 
  
Huang, J., Jiang, T., Wang, Z., Wu, S. & Chen, Y. (2016). A novel textile antenna 
using composite multifilament conductive threads for smart clothing applications. 
Microwave and Optical Technology Letters, 58(5), pp. 1232-1236. 
 
Hum, A. (2001). Fabric area network - a new wireless communications 
infrastructure to enable ubiquitous networking and sensing on intelligent clothing. 
Computer Networks 35. pp. 391-399 
 
Jackson, J.D. (1999). Classical Electrodynamics, 3rd edition. USA: John Wiley & 
Son, inc. pp. 218-222. 
 
Jung, S., Lauterbach, C., Strasser, M. & Weber, W. (2003). Enabling technologies 
for disappearing electronics in smart textiles. Digest of Technical Papers - IEEE 
International Solid-State Circuits Conference. pp. 385-387 
 
Karalis, A., Joannopoulos, J.D. & Soljačić, M. (2008). Efficient wireless non-
radiative mid-range energy transfer. Annals of Physics, 323(1), pp. 34-48. 
  
Kirstein, T. (2013). 1 - The future of smart-textiles development: new enabling 
technologies, commercialization and market trends. Multidisciplinary Know-How 
for Smart-Textiles Developers. Woodhead Publishing. pp. 1-25. 
 
Kuphaldt, T.R. (2007). Lessons In Electric Circuits, Volume II – AC, 
Sixth Edition. 
 
Kurs, A., Karalis, A., Moffatt, R., Joannpoilos, J.D., Fisher, P. & Soljacic, M. 
(2007) Wireless power transfer via strongly coupled magnetic resonances. Sci. 
Mag, 317(5834), pp. 83–86. 
 
Kusaka, K. & Itoh, J. (2015). Fundamental Evaluation of Power Supply and 
Rectifiers for Wireless Power Transfer Using Magnetic Resonant Coupling. 
Electrical Engineering in Japan, 190(3), pp. 57-67. 
 
Lay, D.C. (2012). Linear algebra and its applications, 4th edition. USA: Addison-
Wesley. 
 
Lemey, S., Declercq, F. & Rogier, H. (2014). Textile Antennas as Hybrid Energy-
Harvesting Platforms. Proceedings of the IEEE, 102(11), pp. 1833-1857. 
  
Locher, I. & Sefar, A. G. (2013). Joining technologies for smart textiles. pp. 285-
305. 
  



 74 

Locher, I. & Troster, G. (2007). Fundamental Building Blocks for Circuits on 
Textiles. IEEE Transactions on Advanced Packaging, 30(3), pp. 541-550. 
  
Mecnika, V., Scheulen, K., Anderson, C.F., Hörr, M. & Breckenfelder, C. (2015). 
Joining technologies for electronic textiles. pp. 133-153. 
 
Mendes Duarte, R.M. & Felic, G.K. (2014). Analysis of the Coupling Coefficient 
in Inductive Energy Transfer Systems. Active and Passive electronic Components 
2014. pp. 1-6. 
 
Mizuno, K., Shinohara, N. & Miyakoshi, J. (2015). Expression of Heat Shock 
Proteins in Human Fibroblast Cells under Magnetic Resonant Coupling Wireless 
Power Transfer. Energies, 8(10), pp. 12028-12028 
 
Mizuno, K., Shinohara, N. & Miyakoshi, J. (2015). In Vitro Evaluation of 
Genotoxic Effects under Magnetic Resonant Coupling Wireless Power Transfer. 
International Journal of environmental research and public health, 12(4), pp. 
3853-3863 
 
Niu, D., Shuang, K., & Li, W. (2013). Magnetic resonant coupling for magnetic 
induction wireless communication. IETE Journal of Research, 59(5), 624-630. 
doi:http://dx.doi.org/10.4103/0377-2063.123769 
  
Ossevoort, S. H. W. (2013). Improving the sustainability of smart textiles. pp. 
399-419. 
 
Pengra, D. (2007). The Oscilloscope and the Function Generator: 
Some introductory exercises for students in the advanced labs. 
  
Pu, X., Li, L., Liu, M., Jiang, C., Du, C., Zhao, Z., Hu, W. & Wang, Z.L. (2016). 
Wearable Self-Charging Power Textile Based on Flexible Yarn Supercapacitors 
and Fabric Nanogenerators. Adv Mater, 28(1), pp. 98-105. 
 
Qu, H. & Skorobogatiy, M. (2015). Conductive polymer yarns for electronic 
textiles. pp. 21-53. 
  
Roh, J., Chi, Y. & Kang, T.J. (2010a). Wearable textile antennas. International 
Journal of Fashion Design, Technology and Education, 3(3), pp. 135-153. 
  
Roh, J., Chi, Y., Lee, J., Nam, S. & Kang, T.J. (2010b). Characterization of 
embroidered inductors. Smart Materials and Structures, 19(11): pp. 1-12. 
 
Scholtz, A.L., Weigel, R. & Mayer, L.W. (2009). Antenna design for future multi-
standard and multi-frequency RFID systems. 
 
 
Singh, N., Singh, A.K. & Singh, V.K. (2015). Design and performance of 
wearable ultrawide band textile antenna for medical applications. Microwave and 
Optical Technology Letters, 57(7), pp. 1553-1557. 
  



 75 

Suh, M. (2015). Wearable sensors for athletes. pp. 257-273. 
 
Tesla, N. (1904) Experiments with Alternate Current of High Potential and High 
Frequency. New York: McGraw-Hill. 
 
Tesla, N. (1904). The Transmission of Electric Energy Without Wires (The Thir- 
teenth Anniversary Number of the Electrical World and Engineer). New York: 
McGraw-Hill, Electrical World and Engineer, March 5, 1904 
 
Thompson, M.T (1999). Inductance Calculation Techniques --- Part II: 
Approximations and Handbook Methods. Power Control and Intelligent Motion, 
December 1999. 
 
Wang, Z., Volakis, J.L. & Kiourti, A. (2015). Embroidered antennas for 
communication systems. pp. 257-273. 
  
Waqar, S., Wang, L. & John, S. (2015). Piezoelectric energy harvesting from 
intelligent textiles. pp. 173-197. 
  
Xu, X., Shu, L., Guizani, M., Liu, M. & Lu, J. (2015). A Survey on Energy 
Harvesting and Integrated Data Sharing in Wireless Body Area Networks. 
International Journal of Distributed Sensor Networks 2015. pp. 1-17. 
 
Xiao, S., Dhamdhere, A., Sivaraman, V. & Burdett, A. (2009). Transmission 
Power Control in Body Area Sensor Networks for Healthcare Monitoring, IEEE 
Journal on Selected Areas in Communications, vol. 27, no. 1, pp. 37-48. 
 
Yiming, Z., et al. (2015). Quantitative Analysis of System Efficiency and Output 
Power of Four-Coil Resonant Wireless Power Transfer. Emerging and Selected 
Topics in Power Electronics, IEEE Journal of 3(1): 184-190. 
 
Zangani, D., Fuggini, C. & Loriga, G. (2015). Electronic textiles for geotechnical 
and civil engineering. pp. 275-300. 
 
Zysset, C., Kinkeldei, T., Munzenrieder, N. & Tröster, G. (2013). Fabrication 
technologies for the integration of thin-film electronics into smart textiles. pp. 
227-252. 
 
 
 


