
   

 

   

 

 

Novel manufacturing methods 

to realise electronic textiles: 

Modular systems and 

stretchable, helical electronics 

  

 

 

Jessica Stanley 

 

 

A thesis submitted in partial fulfilment of the requirements  

of Nottingham Trent University for the degree of Doctor of Philosophy  

 

 

 

This research programme was carried out in collaboration with Kymira Ltd.  

 

 

 

December 2023 

  



 

2 
 

The copyright in this work is held by the author. You may copy up to 5% of this work for 

private study, or personal, non-commercial research. Any re-use of the information 

contained within this document should be fully referenced, quoting the author, title, 

university, degree level and pagination. Queries or requests for any other use, or if a more 

substantial copy is required, should be directed to the author. 

  



 

3 
 

 

Abstract  

In electronic textiles (e-textiles), electronic parts are embedded in clothing and other 

textiles. This work addressed two key e-textile manufacturing challenges: reliable 

connections between e-textile parts, and manufacturing methods for stretchable e-textiles. 

YŜȅ ŘŜǾŜƭƻǇƳŜƴǘǎ ƛƴŎƭǳŘŜ ŀ ƴƻǾŜƭ ΨƛƴǘŜǊǇƻǎŜǊΩ ŦƻǊ ŘŜǘŀŎƘŀōƭŜ ŎƻƴƴŜŎǘƛƻƴǎ ƛƴ ƳƻŘǳƭŀǊ Ŝ-

textiles, and new method for stretchable e-textiles using flexible electronic strips wound into 

a helical structure. 

A modular temperature sensing garment was created, with sensors located on the thigh, 

scapula, lower back and chest. Sensors on the thigh were the most accurate, which has 

implications for future e-textile temperature sensing applications. An interposer ς a bridge 

between dissimilar parts in a circuit ς was developed, using two small connectors not 

previously used in e-textiles. These were incorporated in an updated sensing garment, which 

survived 1000 cycles of stretching and bending, showing that modular e-textiles are a viable 

alternative to permanently connected parts. 

{ǘǊŜǘŎƘŀōƭŜ ΨƘŜƭƛŎŀƭ Ŝ-ǎǘǊƛǇǎΩ ǿŜǊŜ ŘŜǾŜƭƻǇŜŘ ōȅ ǿƛƴŘƛƴƎ ǎǘǊƛǇǎ ƻŦ ŦƭŜȄƛōƭŜ ŎƛǊŎǳƛǘǊȅ ŀǊƻǳƴŘ 

stretchable rubber cord. Helical e-strips were able to stretch by over 100% before breaking, 

survived up to 10 washing machine cycles, and over 3000 cycles of stretching by 30% or 

40%, depending on the materials used. These results compare well with existing (planar) 

stretchable electronics technologies, and as helical e-strips are only at the early stages of 

development, this indicates that with further development they could outperform the 

current standards.  

A new flexible electronics fabrication method was also developed, using the vinyl cutter, a 

widely available machine. Features as small as 100 µm were successfully fabricated, and this 

method has potential to make flexible electronics prototyping faster, and accessible outside 

specialised labs. 

In conclusion, this work contributes to the advancement of e-textiles by presenting solutions 

that enhance modularity and stretchability, paving the way for stretchable e-textiles 

designed for easy disassembly and reduced waste. 
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Chapter 1  Introduction  

1.1 The potential of e -textiles  

Textiles are deeply embedded in our lives, and the same could increasingly be said of 

electronic devices. These two fields are normally seen as very much separate, yet in reality 

their histories are interwoven, as there are many examples of electronics and computing 

borrowing and adapting textile techniques. The Analytical Engine, which was never built but 

was the first design for a computer, used a punch-card system inspired by those used in 

Jacquard looms to weave patterns in fabric. In the words of Ada Lovelace, who conceived of 

the Analytical Engine with Charles Babbage in the 19th /ŜƴǘǳǊȅΣ ΨǘƘŜ !ƴŀƭȅǘƛŎŀƭ 9ƴƎƛƴŜ 

ǿŜŀǾŜǎ ŀƭƎŜōǊŀƛŎ ǇŀǘǘŜǊƴǎΣ Ƨǳǎǘ ŀǎ ǘƘŜ WŀŎǉǳŀǊŘ ƭƻƻƳ ǿŜŀǾŜǎ ŦƭƻǿŜǊǎ ŀƴŘ ƭŜŀǾŜǎΩ 1. In the 

1960s, women with textile skills were employed to weave core memory out of fine wires and 

ƳŀƎƴŜǘƛŎ ǊƛƴƎǎΣ ƴƛŎƪƴŀƳŜŘ ΨƭƛǘǘƭŜ ƻƭŘ ƭŀŘȅ ƳŜƳƻǊȅΩΣ ŦƻǊ b!{! ǎǇŀŎŜ Ƴƛǎǎƛƻƴǎ 2. And screen 

printing, which may have origins as far back as the 9th Century in China, was developed to 

print patterns on textiles, but has been adapted by the electronics industry to create printed 

circuit boards, as well as individual components. 

  
But it is only in the past few decades that electronics technology has advanced to the point 

where a new combination of the two fields has emerged: electronic textiles, normally 

abbreviated to e-textiles. In e-textiles, electronic circuitry and components are embedded in 

textiles (primarily clothing, but also upholstery and other textiles used in interior 

architecture). This allows clothing to become sensors, measuring physiological signals such 

as heart rate and temperature, or tracking the position or movement of the body. It enables 

garments to deliver medical treatment, such as soft electrodes that deliver electrical 

stimulation, for patients receiving rehabilitation therapy after suffering a stroke. It embeds 

new functions in the textiles that already surround us, and has creative applications as well: 

clothing that can light up, display digital images, or play sound.  

In short, e-textiles promise a future of soft, flexible, stretchable electronic devices. Rigid 

wearables replaced with textile alternatives, that are comfortable to wear. An e-textile 

future means freedom from being hooked up to uncomfortable, immobile medical 

equipment that requires a visit to a hospital or GP surgery. And a future where embedding 

electronics in textiles allows for new ways for us to interact with our electronic devices. 
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While there are a handful of e-textile products already on the market, these are not yet 

mainstream, and most contain a significant number of rigid parts. To realise the full potential 

of e-textiles, and commercial success, several technical and production challenges need to 

be overcome. These include a lack of standards for materials and manufacturing methods. E-

textiles can be constructed by various methods, including the use of textile techniques (e.g. 

weaving circuits with conductive threads), or electronics techniques (embedding flexible 

circuitry on plastic films inside textiles).  

Conductive textiles or printed conductive patterns can be used to make simple flexible 

sensors or actuators, and innovations in ultra-thin wafer technology have led to flexible 

silicon chips 3, but most components cannot yet be made in flexible format, and 

conventional (and rigid) electronic components are still needed. Durability and washability 

are other areas which are under active investigation: e-textiles, specifically those worn on 

the body, need to be washable, and not break when the body moves and stretches. While 

there are standards in development to help assess the durability of e-textiles, there is 

limited data available on what tests can properly mimic the stresses exerted on e-textile 

circuitry when worn on the body. 

This thesis presents research on two key issues: firstly, determining reliable interfaces 

between materials with dissimilar mechanical properties; a critical requirement for durable 

e-textiles. That is, reliable connectors and joining technologies are needed to connect rigid 

components or circuit modules to flexible or stretchable interconnects. This is particularly 

important for modular systems, which consist of discrete parts which need to be easily 

connected and disconnected. Modular systems have been recommended in the design of 

sustainable e-textiles, as they support easier repair, re-configuration, or recycling of parts 

than systems where everything is permanently fused together, and textile and electronic 

ǇŀǊǘǎ ŎŀƴΩǘ ōŜ ǎŜǇŀǊŀǘŜŘ ŦƻǊ ǊŜŎȅŎƭƛƴƎΦ  

Secondly, finding and defining new stretchable electronics technology for stretch e-textile 

garments. Major breakthroughs have been achieved in the creation of flexible electronics, 

with flexible cables being commonly used inside digital cameras and smartphones, to 

connect displays to other circuitry or save space due to their ability to fold. But achieving 

stretch is more difficult. As the invention of spandex and other elastic fibres has gradually 

led to stretch garments being very common, e-textiles that can only bend, and not stretch, 

will have limited applications. Stretchable electronics technologies exist, but as will be 

discussed further in Chapter 2, these all have limitations. An alternative approach is 
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ǊŜǎŜŀǊŎƘŜŘ ŀƴŘ ŜǾƛŘŜƴŎŜŘ ƛƴ ǘƘƛǎ ǘƘŜǎƛǎΦ CƛǊǎǘΣ ŦƭŜȄƛōƭŜ ΨŜ-ǎǘǊƛǇǎΩΣ ōŜƛƴƎ ƭƻƴƎ ǎǘǊƛǇǎ ƻŦ ŦƭŜȄƛōƭŜ 

circuitry, are fabricated. Then, they are wound around, and bonded to, a stretchable rubber 

cord. This creates a spring, or helix structure, transforming the flexible e-strip to a flexible 

and stretchable helical e-strip. While not the first time helical geometry has been used in 

electronics, it is the first time a full circuit has been made in helical form, rather than a single 

component, or a stretchable interconnect containing no components. The resulting 

structure is shown to be stretchable, and both LED lighting and temperature sensing helical 

e-strips are demonstrated as possible applications, alongside mechanical and wash durability 

testing to validate the concept. 

1.2 Motivation  

This project was part funded by Kymira Ltd, a UK company active in smart garment 

innovation, developing products primarily aimed at sports and medical markets. This is the 

link with e-textile manufacturing, which is mentioned in the title of this thesis. The goals of 

the project were therefore guided by manufacturing needs identified by Kymira who were 

(at the time the project started) expanding their manufacturing capabilities into e-textiles. 

The aim of the project can be summarised as follows: 

To design and fabricate novel e-strips for e-textiles, using printed and flexible electronics 

techniques to achieve stretchable, helical geometry capable of at least 30% linear strain, and 

develop detachable interfaces for e-strips to enhance reparability and reusability of smart 

garments through modular design. 

1.3 Research objectives  

¢ƘŜ ŦƻƭƭƻǿƛƴƎ ƻōƧŜŎǘƛǾŜǎ ǿŜǊŜ ƛŘŜƴǘƛŦƛŜŘ ǘƻ ŀŎƘƛŜǾŜ ǘƘŜ ǇǊƻƧŜŎǘΩǎ ŀƛƳΥ 

1. Design and fabricate novel e-strip geometries, including helical structures, to 

achieve at least 30% linear strain, for incorporation into stretch garments.  

2. Evaluate and compare printed and flexible electronics fabrication methods, 

specifically dispenser printing, screen printing and etching techniques, to 

manufacture e-strips with as small as 0201 (0.6 mm x 0.3 mm) components and 100 

µm pitch features. 

3. LŘŜƴǘƛŦȅ ŀǘ ƭŜŀǎǘ ǘǿƻ ŜƭŜŎǘǊƻƴƛŎ ŎƻƴƴŜŎǘƻǊǎ ǿƛǘƘ ǎƳŀƭƭ ŦƻƻǘǇǊƛƴǘ όҖ м ƳƳ ǇƛǘŎƘύ ǿƛǘƘ 

potential for use in interconnecting e-strips to other parts of an e-textile circuit, and 

use these connectors to construct a modular e-textile system aimed at increasing 

smart garment sustainability by promoting reparability and reconfiguration.  
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4. Assess and quantify reliability of e-strips and connectors, through tensile texting, 

bend testing, and wash cycle testing. 

 

1.4 Structure of the thesis  

The thesis is structured as follows:  

Chapter 2 is a literature review, detailing the background to the work, and state of the art. 

This covers fabrication methods for e-textiles, with specific attention to the methods used in 

this work. It also explores the role of modular design and connectors in e-textiles, and 

existing solutions for stretchable electronics, using both planar and helical geometries. 

Chapter 3 covers the materials and methods used in the project, including printed and 

flexible electronics techniques, and various test methods employed to evaluate prototypes 

produced during the project.  

Chapter 4 explains how methods to create conductive tracks on flexible substrates were 

evaluated, in order to pick one to use for the rest of the work. Dispenser printing on 

polyimide film is covered, as well as methods to etch copper-plated polyimide film. A novel 

method for flexible electronics prototyping using adhesive vinyl and a vinyl cutter arose from 

this. 

Chapter 5 explores modular design in e-textiles, through creating a prototype modular e-

textile system to measure skin temperature during cycling. It then documents the 

development of an interposer for better interconnections in modular systems, and an 

updated version of the modular skin temperature sensing system. 

Chapter 6 covers the design and fabrication of helical e-strips, stretchable structures made 

from a thin strip of flexible circuitry wrapped around and elastic core. It then showcases 

applications of this technology, specifically helical LED and temperature sensing e-strips. 

Chapters 7 concludes the thesis as a whole and discusses future work. 

Several students and colleagues at NTU Engineering have collaborated on this work. In 

particular, summer student Jasmyn Cliff-Patel designed mechanical testing accessories, and 

helped build a twist testing machine, described in Chapter 3. Arif Nazir and Khaled Hamed 

printed some of the circuits, and performed some of the measurements, in Chapter 4, as 

part of their undergraduate dissertation projects. Danielle Lawson ran the human participant 

trials in Chapter 5 as part of her undergraduate dissertation project, and Inês Guerreiro and 

Eleanor Martin contributed to that project as well as summer students. The cycling garments 
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covered in Chapter 5 were a collaboration with sports engineer Dr Katy Griggs. Dr Philippa 

Jobling provided fabrics used in Chapter 5. And MSc student Shrilakshmi Baby Sankar 

assisted with some of the mechanical testing in Chapter 6. Senior technician Damien Goy 

advised on mechanical testing, and Technical Specialist Iain Mitchell fabricated aluminium 

parts used for mechanical testing. Senior Technicians Esme Butcher and Xzara Foster laser 

cut and 3D printed mechanical testing accessories.  

Kymira part funded this project and provided guidance on the direction of the project as well 

as advice and feedback on the work produced, but apart from the contributions listed 

above, the writer of this thesis performed all of the work presented herein. 

1.5 Statement of novelty  

The following novel developments are covered by this thesis: 

Flexible and printed electronics prototyping  

A flexible electronics prototyping process using a vinyl cutter to cut flexible circuit modules 

and create a mask for etching copper-coated polymer films, with features as small as 100 

µm. The vinyl cutter replaces several pieces of equipment used in standard flexible 

electronics fabrication methods and reduces the number of processing steps. This method 

also allows for the mask and the flexible circuit substrate to be cut at the same time, 

eliminating alignment errors between mask and substrate. As this machine is commonly 

owned by hobbyists or available in fablabs and makerspaces around the world, this process 

has the potential to broaden access to flexible electronics fabrication outside specialised 

labs and manufacturing facilities. 

 

Interconnection methods for e-textiles 

A novel interposer that enables detachable connections between dissimilar materials in e-

textiles, e.g. allowing a flexible sensor to be connected to stitched conductive thread tracks, 

using small footprint flexible electronics connectors not previously used in e-textiles. While 

there are existing examples of detachable interposers and flexible interposers in e-textiles, 

the only examples that are both flexible and detachable use snap fasteners as connectors, 

ǿƛǘƘ җмл ƳƳ ǇƛǘŎƘΣ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ Җм ƳƳ ǇƛǘŎƘ Řemonstrated in this work.  

 

Helical e-strips: 3D structure for stretchable electronics 

A fabrication process to realise helical e-strips, consisting of a long, thin strip of flexible 

circuitry wrapped around a stretchable rubber cord core. While helical geometry has been 

used in e-textiles before, only helical interconnects or very simple single components have 
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been demonstrated, i.e. a single conductive track formed into a helix. The helical e-strips 

demonstrated in this work also contain small surface mount components within their 

structure, which is a significant advancement from previous work. This is demonstrated 

through LED and temperature sensing helical e-strips as narrow as 2 mm in diameter, with 

the ability to survive 3000 cycles of 30%-40% stretch, and 10 washing machine cycles. These 

results are comparable to existing stretchable electronics technologies, but further 

development of the technology beyond the prototypes presented in this thesis could see 

helical e-strips outperforming current technologies. 
 

1.6 Publications arising from this thesis  

1. WΦ {ǘŀƴƭŜȅΣ WΦ !Φ IǳƴǘΣ tΦ YǳƴƻǾǎƪƛΣ ŀƴŘ ¸Φ ²ŜƛΣ άbƻǾŜƭ LƴǘŜǊǇƻǎŜǊ ŦƻǊ aƻŘǳƭŀǊ 

Electronic Textiles: Enabling Detachable Connections Between Flexible Electronics 

ŀƴŘ /ƻƴŘǳŎǘƛǾŜ ¢ŜȄǘƛƭŜǎΣέ L999 {ŜƴǎƻǊǎ [ŜǘǘΦΣ ǾƻƭΦ сΣ ƴƻΦ сΣ ǇǇΦ мς4, May 2022, doi: 
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Textile Platform for Real-¢ƛƳŜ {ŜƴǎƛƴƎΣέ tǊƻŎΦ - Int. Symp. Wearable Comput. ISWC, 

pp. 131ς135, Sep. 2022, doi: 10.1145/3544794.3560293.  
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10.1002/ENG2.12491. 

4. WΦ {ǘŀƴƭŜȅΣ tΦ YǳƴƻǾǎƪƛΣ WΦ !Φ IǳƴǘΣ ¸Φ ²ŜƛΣ ά{ǘǊŜǘŎƘŀōƭŜ ŜƭŜŎǘǊƻƴƛŎ ǎǘǊƛǇǎ ŦƻǊ ŜƭŜŎǘǊƻƴƛŎ 

ǘŜȄǘƛƭŜǎ ŜƴŀōƭŜŘ ōȅ о5 ƘŜƭƛŎŀƭ ǎǘǊǳŎǘǳǊŜΣέ {Ŏƛ wŜǇ мпΣ ммлср όнлнпύΦ 
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No. GB2618195A, 2023. 
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Chapter 2  Literature Review 

To create stretchable, helical circuits, understanding of how planar, flexible circuits are 

fabricated is essential, as these are one of the building blocks of the helical structure that 

was developed in Chapter 6. A secondary investigation into connectors for e-textiles, and 

collaboration with colleagues interested in skin temperature measurement for sports, 

developed into an exploration of modular e-textile systems, and an interposer device to aid 

in the development of such systems. In other words, there are several topics to cover.  

This literature review is split into three parts, covering: 

1.  E-textile definitions and fabrication methods 

2. Connectors and modular systems 

3. Stretchable electronics state of the art 

A substantial proportion of the first two sections is adapted from the review article written 

during this project, which is listed in Chapter 1, Section 1.6 .  

Temperature sensors were also produced during this project, to demonstrate potential 

applications of the technology developed. As this was not the main focus of the project, a 

review of e-textile temperature sensors is not included in this chapter. This is instead 

included in Chapter 5, which covers temperature sensor applications in more detail. 

2.1 E-textile fabrication methods  

This section focuses on e-textile fabrication methods and is structured as follows:  

¶ First, a brief overview of the current state of the art of e-textiles, including 

commercial products currently available. 

¶ Then, an overview of e-textile construction techniques, as these are many and 

varied, as well as some definitions of terminology. Flexible and printed electronics 

fabrication techniques are covered in more detail than other techniques, as these 

were used in this work. 

¶ Finally, a discussion of the techniques selected for evaluation in this work, and the 

equipment required. 
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Resistance is measured by applying a small current between two points, and measuring the 

resulting voltage drop between those points. However, in a 2-wire measurement, the 

resistance measured will also include the resistance of the probes used to connect the 

multimeter (or other measuring device) to the sample under test. These usually have quite 

low resistance, but as the prototypes tested in this work typically have a resistance of < 1 ҠΣ 

including the resistance of the probes introduces error into the measurement. A 4-wire 

resistance measurement, by comparison, uses one set of probes to supply the current, and 

another set to measure the voltage drop. This removes the resistance of the probes 

themselves from the measurement, increasing the accuracy.  

2.1.1 E-textiles overview and definitions  

Though the embedding of electronics in clothing began as early as the beginning of the 20th 

Century 4, it is only in the past two decades that advances in material and manufacturing 

techniques have made the production of commercial e-textile products possible. Products, 

such as those for tracking physical activity and sports performance 5, have not yet seen 

widespread adoption, but are growing in number. Some forecasters predict that the e-textile 

market will grow to above USD$700 million by 2033 6. Early e-textile innovator Leah 

Buechley notes in her 2007 PhD thesis that materials for e-textiles were scarcely available at 

that time 7, whereas now there are many suppliers selling conductive thread sewing kits and 

sewable components, and microcontroller boards designed for stitching onto fabric (the first 

of which, the Lilypad Arduino, was developed by Buechley herself 8). Examples of e-textile 

commercial products and research prototypes are shown in Figure 2-1. 
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Figure 2-1. Examples of e-textile applications. 

A) Sensoria Fitness sports bra featuring a heart rate monitor. 9 Copyright Sensoria Inc. Reproduced with 

permission; B) Illuminated cycling jacket containing LED yarns. Reproduced under the terms of the CC-BY license. 

10 Copyright 2019, the authors, published by MDPI. C) SoundShirt by CuteCircuit with embedded haptic actuators 

that respond to sound. D) SoundShirt mobile app. 11  Copyright CuteCircuit, reproduced with permission. 

A 2020 review of e-textile products shows that the two leading categories of commercially 

available e-textiles are those aimed at sports and healthcare 12. Embedding sensors in 

garments can enable data collection on sports performance, for example monitoring heart 

rate 9, which can give insight into fitness and performance. In healthcare, e-textile medical 

devices can use similar sensors to perform electrocardiography 13 or deliver various forms of 

treatment 14,15. Or rehabilitation, e.g. electrical stimulation to aid in recovery from stroke 15.  

Beyond sports and medical applications, other products provide new ways to interact with 

technology, e.g. by turning a jacket sleeve into an interface for controlling a smartphone 16. 

hǘƘŜǊǎ ǎŜŜƪ ǘƻ ŀǳƎƳŜƴǘ ƘǳƳŀƴ ǎŜƴǎƻǊȅ ŀōƛƭƛǘȅΣ ǎǳŎƘ ŀǎ /ǳǘŜ/ƛǊŎǳƛǘΩǎ {ƻǳƴŘ{ƘƛǊǘ 11, which 

uses embedded haptic actuators to allow the wearer to feel music instead of, or as well as, 

hearing it. Garments with embedded LEDs for lighting or wearable displays are another 
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application category, and electroluminescent fabrics have been realized through printing 

with functional inks 17,18, weaving with luminescent fibres 19, or embedding LEDs inside yarns 

10. These can be used for aesthetic or artistic purposes, or for safety, for example to make 

pedestrians and cyclists visible to motorists on dark roads. Heated clothing is another area of 

interest 20, with applications in protective clothing and winter sports.  

Do-It-Yourself (DIY) kits and tools also enable e-textiles to be created outside specialized 

labs, including the Lilypad Arduino, similar sewable microcontrollers by Adafruit 21, Loomia 

Packs & Parts prototyping modules 22, and extensive documentation on e-textile 

construction methods by Kobakant 23. 

As an emerging field, there is not yet a consensus on e-textile terminology. Other terms that 

describe, or overlap with, e-textiles include smart garments, smart fabrics, intelligent 

textiles, wearable electronics, textronics, and electro-textiles. BSI Technical Report ISO/TR 

23383:2020 recommends standard definitions and categorizations for this field 24, and based 

on this advice the following definitions are used: 

¶ E-textile: A garment or other textile product that contains embedded electronics, 

whether the circuitry is made of textile components or more conventional electronic 

circuitry. 

¶ Electrically conductive textiles: textiles that either contain conductive fibres or are 

coated with metal or a conductive polymer, out of which e-textile circuits may be 

ŎƻƴǎǘǊǳŎǘŜŘΦ !ƭǎƻ ǊŜŦŜǊǊŜŘ ǘƻ ƛƴ ǘƘƛǎ ǘƘŜǎƛǎ ŀǎ Ƨǳǎǘ άŎƻƴŘǳŎǘƛǾŜ ǘŜȄǘƛƭŜǎέΦ  

¶ Resistance is measured by applying a small current between two points, and 

measuring the resulting voltage drop between those points. However, in a 2-wire 

measurement, the resistance measured will also include the resistance of the 

probes used to connect the multimeter (or other measuring device) to the sample 

under test. These usually have quite low resistance, but as the prototypes tested in 

this work typically have a resistance of < 1 ҠΣ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ǊŜǎƛǎǘŀƴŎŜ ƻŦ ǘƘŜ ǇǊƻōŜǎ 

introduces error into the measurement. A 4-wire resistance measurement, by 

comparison, uses one set of probes to supply the current, and another set to 

measure the voltage drop. This removes the resistance of the probes themselves 

from the measurement, increasing the accuracy.  

2.1.2 Fabrication methods overview  

The field of e-textiles is interdisciplinary, with researchers and practitioners from electronic 

engineering, fashion, textile design, chemical engineering, nanotechnology, and human 
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computer interaction, among others, all active in the field. This diversity is reflected in the 

variety of approaches that have been taken to creating e-textiles, which are covered in detail 

in several reviews 25,26. Excluding early wearable electronics projects which consisted of 

conventional electronics - bulky rigid circuit boards connected by wires - stitched onto 

clothing or inserted into pockets, e-textile construction techniques can be loosely divided 

into three categories, examples of which are depicted in Figure 2-2. These are: 

a) Textile as electronics 

b) Disappearing electronics in textiles 

c) Printed electronics on textiles and new conductive materials 

d) Hybrid e-textiles, being a combination of two or more of the above categories 

 

Figure 2-2. Examples of e-textile construction methods.  

A) Textiles as electronics: Fractal Antennae by Afroditi Psarra, featuring an antenna laser cut from copper fabric 

adhered to textile. Reproduced with permission.27 Copyright Afroditi Psarra. B) Disappearing electronics in textiles: 

Flexible temperature sensor strip embedded in a yarn. Reproduced under the terms of the CC-BY license.28; C) New 

flexible materials for electronics: screen printed electrode sleeve for stroke rehabilitation therapy. Reproduced 

under the terms of the CC-BY license.15 Copyright 2018, the authors, published by MDPI. D) Hybrid approaches: 

Flexible temperature strips woven into conductive fabric with conductive thread bus bars. Reproduced with 

permission.29 Copyright 2018, IEEE.  

2.1.3 Textile as electronics  

This approach replaces traditional electronic circuitry with textile alternatives. Wires or 

printed circuit boards (PCBs) are replaced by conductive threads or fabrics, made from thin 
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metal fibres, or coated with metallic or conductive polymer layers. These materials can then 

be used in place of normal textiles in standard textile manufacturing processes. As shown in 

Figure 2-3, conductive threads can be woven or knitted into fabric, or stitched onto it, to 

form conductive tracks. Conductive tracks can also be made from strips of conductive fabric, 

cut by hand or by machine, and then stitched or bonded to fabric. Electronic components 

can then be stitched, soldered, or otherwise connected to the conductive textile tracks to 

form a circuit. Circuits can be crafted by hand or use textile manufacturing processes such as 

weaving 30, knitting 31 or machine embroidery 32 to incorporate conductive tracks into fabric 

during or after fabric creation. 

 

Figure 2-3. Textile construction methods for e-textiles.  

Woven: weaving conductive fibres into fabric; Knit: knitting conductive fibres into fabric; Embroidered: 

embroidering conductive thread onto fabric; Iron on: Ironing or heat pressing strips of conductive fabric onto non-

conductive fabric. 

A further step is to make all components of an e-textile circuit out of textiles, ultimately 

replacing all rigid components with textile alternatives. Fully textile sensors have been 

demonstrated, including bend and strain sensors 33,34. However, it is not (or not yet) possible 



 

26 
 

to make all components required for an e-textile circuit out of textiles. This means that 

ŎƻƴŘǳŎǘƛǾŜ ǘŜȄǘƛƭŜǎ ŎŀƴΩǘ ōŜ ǳǎŜŘ ǘƻ ƳŀƪŜ Ŧǳƭƭȅ ǘŜȄǘƛƭŜ ǎƳŀǊǘ ƎŀǊƳŜƴǘǎΣ ŀƴŘ ƛƴǎǘŜŀŘ ƴŜŜŘ ǘƻ 

be used in conjunction with other electronics technologies.  

While this approach is appealing because it means that e-textile garments can be made from 

textile parts, direct connection of components (for example resistors, LEDs, integrated 

circuit (IC) chips) to conductive threads often is much more challenging than attaching them 

to rigid or flexible PCBs 35,36. As a result, conductive textiles are most often used as 

interconnects between rigid or flexible circuit modules. Manufacturing processes to 

construct e-textiles in this manner include specialised embroidery machines by ZSK Gmbh, 

which can embroider small PCB modules directly onto textiles 37. And the Fraunhofer 

Institute for Reliability and Microintegration have developed custom machinery to laminate 

PCB modules onto stitched conductive tracks 38. However, these are not yet well-established 

manufacturing processes. And though textiles are washable, conductive coatings on threads 

and fabrics can flake off after multiple washes, unless insulated 39. 

2.1.4 Disappearing electronics in textiles  

The diameter of the threads used to create textiles sets a lower limit to the size of the 

circuitry that can be constructed from textile parts. This ranges from 100 µm for thin sewing 

threads, up to 15 mm for chunky wool yarns, with conductive threads used in e-textiles 

typically being 1-3 mm thick.  But existing electronics fabrication methods can create flexible 

circuits at least an order of magnitude smaller, using, for example, microfabrication 

processes, which are used to create smartphones and other devices. Thus another approach 

to e-textile construction is to fabricate electronics on flexible substrates, which is what the 

ǘŜǊƳ ΨŦƭŜȄƛōƭŜ ŜƭŜŎǘǊƻƴƛŎǎΩ ƴƻǊƳŀƭƭȅ ǊŜŦŜǊǎ ǘƻΣ ǊŀǘƘŜǊ ǘƘŀƴ ōŜƛƴƎ ŀƴ ǳƳōǊŜƭƭŀ ǘŜǊƳ ŦƻǊ ŀƭƭ 

flexible circuitry, including conductive textiles.  

Flexible electronic modules can be embedded inside textiles, whether in the seams, in 

pockets or channels 40,41, or inside yarns themselves 42. This method uses the textile as a 

carrier for the electronics, not an integral part of the circuitry itself, which means that the 

manufacturing of textile and electronic parts can be kept mostly separate until the final 

assembly stages. This may have the advantage of making electronic parts easier to separate 

ŦǊƻƳ ǘƘŜ ǘŜȄǘƛƭŜ ŀǘ ǘƘŜ ǇǊƻŘǳŎǘΩǎ ŜƴŘ ƻŦ ƭƛŦŜΣ ŀƴŘ ƳƛƴƛƳƛǎŜ ǘƘŜ ƴŜŜŘ ŦƻǊ ŎǳǎǘƻƳ ƳŀŎƘƛƴŜǊȅ 

and interdisciplinary textile and electronics knowledge during the manufacturing process. 

As flexible electronics fabrication methods are used in this work, a more detailed look at 

standard processes is required. This includes printing techniques, which can be used to 
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deposit conductive inks on polymer substrates. But as these processes can also be 

performed directly on textiles, they are discussed in the next section.  

A standard fabrication method for this approach involves the etching of a thin copper film 

(typically 18-35 µm thick) laminated to a flexible plastic substrate (typically 25 ς125 µm 

thick). Polyimide (PI), often known by the brand name Kaptonϰ, is the most common 

substrate, as its flexibility, combined with a high melting point of 375-401 °C 43, makes it 

compatible with soldering and other high temperature processes in electronics fabrication. 

Polyethylene Terephthalate (PET) and Polyethylene Naphthalate (PEN) are also common: 

ǘƘŜǎŜ ŀǊŜ ǘǊŀƴǎǇŀǊŜƴǘΣ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ǳǎŜŦǳƭ ƛƴ ŀǇǇƭƛŎŀǘƛƻƴǎ ǿƘŜǊŜ tLΩs amber colour is 

unsuitable. However, both have lower temperature resistance than PI, with PET films having 

a maximum working temperature of around 150 °C, and PEN around 235 °C 44. This is a 

limitation of PET and PEN relative to PI. PET, for example, is often seen in printed sensors 

such as piezoresistive strain and pressure sensors that use crimped connectors to interface 

ǿƛǘƘ ƻǘƘŜǊ ŎƻƳǇƻƴŜƴǘǎΣ ŀƴŘ ŘƻƴΩǘ Ŏƻƴǘŀƛƴ ŀƴȅ ǎƻƭŘŜǊŜŘ ǇŀǊǘǎ 45.  Thermoplastic 

polyurethane (TPU) is also used as a print substrate, either for flexible or stretchable 

electronic devices. It also has a lower melting temperature than PI, at around 150 °C 46. 

To etch copper-plated film a mask must first be applied, covering the areas that are needed 

to make the circuit. There are several options for fabricating this mask, of which the industry 

standard is photolithography 47, used for both rigid and flexible PCB fabrication. This involves 

laminating a photosensitive polymer film to the copper-plated film, and selectively exposing 

it to UV light to harden the film in specific areas. This can be achieved with a printed mask 

on transparent film, placed between the photosensitive film and the UV light source (this 

process is illustrated in Figure 2-4). Or with a photoplotter, where a moving UV light source 

creates the mask 47. Other methods to create the mask include iron-on transfers using 

printer toner to create the mask 48, or more DIY methods using spray paint and a laser 

engraver to selectively remove the spray paint from the copper-plated film 49. And for 

ŎƭŀǊƛǘȅΣ ǿƘŀǘ ƛǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ ΨƳŀǎƪΩ ƛƴ ǘƘƛǎ ǿƻǊƪ ƛǎ ǎƻƳŜǘƛƳŜǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ ΨǊŜǎƛǎǘΩΦ  

The masked film is then etched, typically in a ferric chloride or sodium persulphate solution. 

Chemical reactions between these compounds and copper etch the exposed copper, 

dissolving it into the etching solution and leaving only the areas covered by the mask intact. 

This method can be used to make flexible flat cables (flexible interconnects), or the etched 

substrate can be populated with surface mount components to create flexible PCBs. 
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Figure 2-4. Flexible electronics fabrication. 

A) Dry film photolithography process; B) Etched flexible temperature sensing circuit embedded in textile 50; C) 

Flexible LED circuit module embedded in a light-up garment by Cute Circuit. Photo by Becky Stern, reproduced 

under the terms of the CC-BY license 51. 

2.1.5 Printed electronics on textiles and new conductive materials  

Printing techniques including screen, dispenser and inkjet printing have been used in the 

textile and electronic industries for a long time but have recently been adapted to print 

directly onto fabrics using functional inks 14,15. As fabric is usually knit or woven from yarns 

(natural or synthetic fibres spun into long strands) or threads (thin yarns), it has high surface 

roughness and is porous. This makes it breathable, but can also negatively affect print 

quality. Therefore it is common to print on coated fabrics 52, or to print a dielectric 

ΨƛƴǘŜǊŦŀŎŜΩ ƭŀȅŜǊ ŦƛǊǎǘΣ ŎǊŜŀǘƛƴƎ ŀ ǎƳƻƻǘƘ ǎǳǊŦŀŎŜ ƻƴ ǿƘƛŎƘ ǘƻ ǇǊƛƴǘ ŦǳƴŎǘƛƻƴŀƭ ƛƴƪǎ 53. 

Laminating printed electronics onto garments, for later separation of electronics and 

textiles, has been suggested as a more sustainable alternative to printing directly on fabric, 

as highlighted by Dutch fashion tech designers Marina Toeters 54 and Pauline van Dongen 55. 

While it is not currently possible to print all components, printed electroluminescent (light 

emitting) structures 17, transistors and logic gates56, and passive components 57 have all been 

created to date. New research in nanotechnology and flexible electronics may eliminate the 

need for traditional components, and rigid PCBs, e.g. with the development of inherently 

flexible ultra-thin devices 58. Nanomaterials such as MXene 59 and carbon nanotubes 60, as 
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well as transparent conducting polymers such as PEDOT:PSS 61, can be combined with 

textiles to create new e-textile possibilities. 

It is also possible to solder components to printed conductive ink using low temperature 

solder, so it is possible to use this method to make printed circuits on some types of textile.  

In terms of limitations, printed tracks and other materials used to laminate and encapsulate 

printed parts on textiles are not breathable, which can impact the comfort and wearability 

of a smart garment if large areas of the textile are covered with printed electronics. 

2.1.5.1 Screen printing  

Screen printing and dispenser printing will now be discussed in more depth, as these were 

both considered for use in this work. More detailed information on inkjet printing and other 

techniques can be found in a review by Khan et al 62, and at the end of this section. 

Screen printing is a technique that has long been used in the garment industry, and more 

ǊŜŎŜƴǘƭȅ ƛƴ ŜƭŜŎǘǊƻƴƛŎǎΣ ŦƻǊ ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ ƻŦ t/.ǎΦ ¢ƘŜ ΨǎŎǊŜŜƴΩ ƛǎ ŀ ƳŜǎƘ ƘŜƭŘ ǘŀǳǘ ōȅ ŀ 

frame. The mesh can be made from polymer fibres such as polyester, or fine metal wire, and 

the frame can be made from a variety of materials, including aluminium.  

To form a pattern on the screen, it is covered with a photosensitive emulsion, and then a 

mask is placed on top, blocking the areas that are needed for the print pattern and forming 

a stencil on top of the mesh. Exposure to UV light hardens the emulsion, and then 

undeveloped emulsion is washed away. This effectively forms a flexible stencil, as illustrated 

in Figure 2-5A. 

Once the screen has been manufactured, the screen printing process illustrated in Figure 

2-5A can be performed. A squeegee spreads ink across the screen, filling the mesh with 

conductive ink. This process is called flooding. Next, the squeegee moves back across the 

screen, pressing it down onto the substrate. As the screen is flexible, it snaps back off the 

substrate after the squeegee has passed, depositing the ink onto the substrate. The 

ǎǉǳŜŜƎŜŜ ǇǊŜǎǎǳǊŜ ƛǎ ǇƴŜǳƳŀǘƛŎŀƭƭȅ ŎƻƴǘǊƻƭƭŜŘΣ ŀƴŘ ǘƘŜ ǎǇŜŜŘ ƻŦ ǘƘŜ ǎǉǳŜŜƎŜŜΩǎ ƳƻǾŜƳŜƴǘΣ 

and the gap between the substrate and the screen, are all adjustable. Finding the right 

combination for the particular ink, substrate, and screen in use is critical to achieve a good 

quality print.  
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Figure 2-5. Screen printing: method and examples. 

A) Illustration of the screen printing process, where ink is spread across a screen and allowed to fall through the 

screen onto the substrate in a defined pattern; B) Screen printed force sensitive resistor. Image copyright of 

Sparkfun Ltd, reproduced under the terms of the CC-BY license; C) Screen printed carbon electrodes and silver 

tracks on textile for electrical stimulation 14© 2019 IEEE, reproduced with permission ; D) screen printed 

electroluminescent structure on textiles 18. Reproduced under the terms of the CC-BY license. 

Screen printing is an established manufacturing process used in the production of both rigid 

and flexible PCBs. But it is also used to print electronics on textiles. This includes printed 

electrodes for stroke rehabilitation 15 and electrical stimulation for lymphatic flow 14. And 

more complex printed structures, such as flexible electroluminescent devices realised 

through multi-layer printing of conductive, dielectric and electroluminescent inks 18,63. 

2.1.5.2 Dispenser printing  

In dispenser printing, a cartridge of ink is attached to a gantry that allows the cartridge to 

move freely in the x-y plane, tracing out a pre-defined pattern and dispensing ink out of a 

nozzle to print circuit traces (Figure 2-6A). Similar to how a 3D printer operates, except that 

generally one layer of ink is printed, instead of many stacked layers of 3D printing filament. 
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Figure 2-6. Dispenser printing: Method and examples. 

A) illustration of the process. A cartridge of conductive ink is moved around an x-y plane, dispensing conductive 

ink in a defined pattern; B) Electrochromic display on textiles fabricated using dispenser printing 64 © 2017 IET, 

reproduced with permission.; C) Dispenser printed antenna on PI using silver ink 65. © 2020 IEEE, reproduced with 

permission D) Dispenser printed electroluminescent pattern on textiles 17. © 2016 Institute of Physics, reproduced 

with permission. 

Inks used for screen printing can also be used in dispenser printing, which allows both 

methods to realise the same applications. As shown in Figure 2-6, this includes 

electrochromic displays, antennae, and electroluminescent structures. However, it is worth 

noting that dispenser printing is less efficient in terms of time and other resources (i.e. 

scalable) than screen printing as a high-volume manufacturing process. With screen printing, 

many copies of one design can be fit on one screen, allowing multiple copies to be printed in 

one go. With dispenser printing, the print head must trace out each part of each design 

individually, which means that total print duration increases with the number and 

complexity of prints.  

2.1.5.3 Other printing processes  

Alongside screen printing and dispenser printing, it is worth mentioning other techniques 

and briefly discussing how they compare. These include: 

¶ Inkjet: Small ink droplets are propelled from a print head onto a print substrate. This 

technique uses lower viscosity inks than screen and dispenser printing. 

¶ Reverse offset: Ink is applied to a roller, which is then rolled across a surface with 

raised areas in the shape of the desired pattern (relief plate or roller). The rolling 
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process transfers ink only onto these raised parts. The print substrate is then rolled 

across the surface, selectively transferring ink onto the substrate in the desired 

pattern. 

¶ Gravure / gravure offset: Similar to offset printing, except that ink is deposited into 

recessed parts of a surface, using a blade, instead of onto raised parts. 

¶ Flexographic: Another similar technique to offset printing, except that where offset 

printing normally uses a rigid (metal) relief plate or roller, in flexography this is a 

flexible material. 

¶ {ƭƻǘ ŘƛŜ ŎƻŀǘŜǊΥ ! ƳŜǘƘƻŘ ǘƻ ŎǊŜŀǘŜ ŎƻŀǘƛƴƎǎ ƻǊ ŦƛƭƳǎ ƻƴ ŀ ǎǳōǎǘǊŀǘŜΦ ! ƳŜǘŀƭ ΨŘƛŜΩΣ 

similar to a screen printing squeegee except rigid and usually metal, is moved across 

the substrate at a fixed height above it, spreading ink into an even film. 

¶ Rotary screen: A form of screen printing using rollers instead of flat surfaces. 

Figure 2-7A is a graphic produced by Hu et al 66 comparing the resolution and throughput 

όǊŜƭŀǘŜŘ ǘƻ ǎǇŜŜŘΣ ŀ ƳŜŀǎǳǊŜ ƻŦ ŀ ǘŜŎƘƴƛǉǳŜΩǎ ǇǊƻŘǳŎǘƛƻƴ ŜŦŦƛŎƛŜƴŎȅύ ƻŦ ǎŜǾŜǊŀƭ ƻŦ ǘƘŜǎŜ 

techniques. Dispenser printing is not covered in this figure, but as mentioned in the previous 

sections, it has relatively low throughput as each design has to be traced out individually by 

the print nozzle. Figure 2-7B shows another comparison by Matsui et al 67, this time 

comparing resolution to the thickness of the printed patterns produced. It is clear from this 

that printing processes are many and varied, but with some overlap between their 

specifications, so that several processes could be used to produce the same circuit. 

   

Figure 2-7. Comparison of printing techniques. 

A) Printing techniques organised by resolution and throughput, which is a measure of production efficiency and is 

related to its speed. Dispenser printing is not listed here, but would rank relatively low in terms of throughput as it 

cannot produce multiple samples at once, unlike screen printing and other techniques. Reproduced from Hu et al 

66 © 2018 Royal Society of Chemistry. Reproduced with permission; B) Comparison in terms of spatial resolution 

and film thickness, reproduced from Matsui et al 67. Reproduced under the terms of the CC-BY license. 

A B 
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2.1.6 Hybrid e -textiles  

In practice, many e-textiles are constructed from a mix of the above techniques. Some 

elements of a circuit, e.g. a sensor, may be constructed entirely from conductive textiles, 

while other parts of the circuit are built into a rigid module that attaches to the garment. 

Other examples include using conductive textiles as interconnects between circuit modules, 

e.g. using embroidered conductive thread traces to interconnect flexible PCBs 68. 

Another method uses fine enamelled (Litz) wire, which is flexible and insulated, with 

electronic components soldered directly to the wire. Components are encapsulated in resin 

after soldering, and then the entire structure is wrapped in yarn using braiding machinery. 

¢ƘŜ ǊŜǎǳƭǘƛƴƎ ΨŜ-ȅŀǊƴΩ Ŏŀƴ ǘƘŜƴ ōŜ ƛƴǘŜƎǊŀǘŜŘ ƛƴǘƻ ŀ ƎŀǊƳŜƴǘ 69. This approach works well for 

simple circuits requiring two or three wires to interconnect components such as LEDs. But 

for more complex circuits, for example using motion sensing ICs, the wires currently have to 

be soldered by hand, which is labour intensive and time consuming 70. 

Other hybrid examples include work by Zysset et al 29 consisting of flexible circuit modules 

with conductive thread bus bars, and Closed-Loop Athleisure Fashion 54, where a rigid control 

module interfaces with printed sensors laminated onto the garment. This is an example of a 

pattern many e-textiles follow: flexible sensors are embedded into a garment, and a 

removable rigid module houses the battery and control circuitry. This means that to create 

e-textiles it is necessary to have reliable ways to connect parts of a circuit together, whether 

attaching rigid components to flexible substrates, joining a rigid module to a flexible 

interconnect, or joining flexible conductors of the same type, e.g. conductive thread tracks. 

2.1.7 Summary of fabrication techniques  

The foregoing sections have shown that there are many and varied approaches to creating 

e-textiles. Some adapt textile manufacturing techniques to create e-textiles, while others do 

the opposite and adapt electronics manufacturing methods to work with textiles.  

The development of new conductive materials, as mentioned in Section 2.1.5, are likely to 

revolutionise the e-textiles industry in the future. However, this work is focused on how e-

textiles can be realised in the short term, not in the coming decades. It is thus advantageous 

to make use of established manufacturing processes and materials, or those that can be 

easily scaled up. This means using printed and flexible electronics processes, which are the 

most mature of the technologies for e-textile fabrication. Using stitched conductive threads 

is also a viable option, but only to create interconnects between flexible circuit modules, as 

the attachment of components to conductive threads is not a standardised process.  
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2.2 Connectors and modular systems  

This section focuses on the use of modular systems in e-textiles, covering the following 

topics: 

¶ First, a review of connectors and modular systems for e-textiles, highlighting the lack 

of connectors designed specifically for e-textiles.  

¶ ¢ƘŜƴΣ ŀƴ ƻǾŜǊǾƛŜǿ ƻŦ ǿƘŀǘ ΨƳƻŘǳƭŀǊΩ ƳŜŀƴǎΣ ŀƴŘ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ŘŜƎǊŜŜǎ ǘƻ ǿƘƛŎƘ 

modular design can be employed in electronics, textiles, and e-textiles. And the 

important role connectors play in the development of modular e-textiles designed 

to prioritise repair and recycling. 

As stated at the start of the chapter, much of the content of this section ƛǎ ŀŘŀǇǘŜŘ ŦǊƻƳ Ψ! 

ǊŜǾƛŜǿ ƻŦ ŎƻƴƴŜŎǘƻǊǎ ŀƴŘ ƧƻƛƴƛƴƎ ǘŜŎƘƴƻƭƻƎƛŜǎ ŦƻǊ ŜƭŜŎǘǊƻƴƛŎ ǘŜȄǘƛƭŜǎΩΣ ǿƘƛŎƘ ƛǎ ƛƴŎƭǳŘŜŘ ƛƴ 

the list of publications in Chapter 1, Section 1.6 . 

2.2.1 Connectors and modular e -textile systems  

Though they are a critical part of e-textile construction, durable and reliable connections 

between different materials in an e-textile circuit remain a challenge. In the classic 

ŜƭŜŎǘǊƻƴƛŎǎ ǘŜȄǘ ά¢ƘŜ !Ǌǘ ƻŦ 9ƭŜŎǘǊƻƴƛŎǎέΣ IƻǊƻǿƛǘȊ ŀƴŘ Iƛƭƭ ŘŜǎŎǊƛōŜ ǘƘŜ ŎƻƴƴŜŎǘƻǊ ŀǎ ά!ƴ 

essential ingredient (and usually the most unreliable part) of any piece of electronic 

ŜǉǳƛǇƳŜƴǘέ 71. This is especially the case for e-textiles, where electronic parts must be 

flexible, and comfortable to wear. Connectors and joining technologies are a central part of 

this, as connecting e-textile parts in a way that is electrically reliable and durable, without 

negatively impacting the form and function of a garment, has proven challenging to date.  

This section reviews key joining technologies used in e-textiles, demonstrating that few 

solutions have been specifically developed for e-textile applications. Existing solutions are 

mostly connectors designed for use in rigid electronics, or textile closure mechanisms 

adapted to work with e-textiles. A need for development of new joining technologies for e-

textiles, as well as further research into the performance of existing methods, is highlighted. 

¢ƘŜ ǘŜǊƳ άƧƻƛƴƛƴƎ ǘŜŎƘƴƻƭƻƎƛŜǎέ ǿƛƭƭ ǊŜŦŜǊ ǘƻ ŀƭƭ ƳŜǘƘƻŘǎ ŀƴŘ ƳŀǘŜǊƛŀƭǎ ǳǎŜŘ ǘƻ ƳŀƪŜ ŎƻƴǘŀŎǘ 

between parts of a circuit. These have been divided into two categories: a) detachable 

joining technologies, usually called connectors: these are typically electromechanical 

components such as snap fasteners or USB connectors, used for functions such as attaching 

a power source to an e-textile garment; and b) fixed joining technologies such as stitching or 

soldering, used for example to attach electronic components to flexible substrates. Fixed in 
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ǘƘƛǎ ŎƻƴǘŜȄǘ ƳŜŀƴǎ ǘƘŀǘ ǘƘŜ ŎƻƴƴŜŎǘƛƻƴ ƛǎƴΩǘ Ŝŀǎƛƭȅ ŘŜǘŀŎƘŜŘ ŀƴŘ ǊŜŀǘǘŀŎƘŜŘΣ ƴƻǘ ǘƘŀǘ ƛǘΩǎ 

physically impossible to remove the connection. A solder joint can be reworked, for 

example, and stitches can be undone, but not with the same speed or ease that a snap 

fastener or USB cable can be connected and disconnected.  

Figure 2-8 shows examples of two different joining technologies used in e-textiles and 

highlights common joining terminology, also described in Table 2-1. There are many more 

ways to characterize joining technologies, but these are the most relevant to e-textile 

applications which are usually battery powered and involve low voltages.  

Table 2-1. Explanations of common joining terminology 

Characteristic Description 

Number of contacts Contacts are the parts, usually metal, of a connector that form an electrical 

connection when brought into physical contact. They can range in numbers from 1 to 

several hundred in a single connector. 

Pitch Distance between the centres of two adjacent contacts. Pitch can range from less 

than 1 mm up to several cm depending on the application, and standardized pitch 

values allow interchangeable use of electronic parts. 

Gender /ƻƴƴŜŎǘƻǊǎ ƻŦǘŜƴ ŎƻƳŜ ƛƴ ǘǿƻ ǾŀǊƛŜǘƛŜǎ ǿƘƛŎƘ ΨƳŀǘŜΩ ǘƻ ŎƻƴƴŜŎǘΣ ǘǊŀŘƛǘƛƻƴŀƭƭȅ ŎŀƭƭŜŘ 

ΨƳŀƭŜΩ ŀƴŘ ΨŦŜƳŀƭŜΩ ōǳǘ ƳƻǊŜ ǊŜŎŜƴǘƭȅ ǘƘŜ ǘŜǊƳǎ ΨǇƭǳƎΩ ŀƴŘ ΨǊŜŎŜǇǘŀŎƭŜΩ ƘŀǾŜ ōŜŜƴ 

adopted. 

Mating cycles How many times a connector can be connected and re-connected, ranging from one 

mating cycle up to tens of thousands, depending on the connection mechanism. 

Contact resistance Resistance introduced into a circuit by the interface between contacts, which is 

influenced by several variables including the force applied to the contacts, the 

materials they are made from, and their surface roughness.  

 

 

Figure 2-8 also illustrates the fact that most, if not all, connectors are only detachable at one 

end: one end attaches permanently to a wire, fabric, or other conductive interconnect, and 

the other is detachable and may be connected and disconnected repeatedly. Thus any 

connector, which is detachable, also needs a fixed joining technology such as soldering or 

crimping to fix it in place at one end. 
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Figure 2-8. Joining technology terminology.  

A) (i) Pitch, (ii) Detachable contact, (iii) Connector housing, (iv) Fixed contact. a) An Amphenol FCI Clincher 

ŎƻƴƴŜŎǘƻǊΣ ŦŜŀǘǳǊƛƴƎ ŘŜǘŀŎƘŀōƭŜ Ǉƛƴ ŎƻƴǘŀŎǘǎ ŀǘ ƻƴŜ ŜƴŘΣ ŀƴŘ ΨŎƭƛƴŎƘŜǊΩ ŎǊƛƳǇ ŎƻƴƴŜŎǘƻǊǎ ŘŜǎƛƎƴŜŘ ǘƻ ƳŀƪŜ 

permanent contact with a flexible flat cable or flexible printed cable at the other end. b) a stitched connection to 

sewable contact pads on an Adafruit Flora microcontroller, an example of a fixed joining technology. 

Despite the vast number of joining technologies in existence, very few have been developed 

specifically for e-ǘŜȄǘƛƭŜǎΦ ! ŦŜǿ ŎƻƳǇŀƴƛŜǎ ƘŀǾŜ ǇǊƻŘǳŎŜŘ ŎƻƴƴŜŎǘƻǊǎ ŦƻǊ ΨǿŜŀǊŀōƭŜΩ 

applications, but most focus more on non-textile wearable applications such as smart 

watches or other wrist-worn wearables, and very few are available for purchase off the 

shelf. Joining technologies for e-textiles also appear rarely within the literature on e-textiles, 

with many focusing on the development of novel textile sensors or actuators, or flexible 

conductive materials, rather than the business of bringing a system-level solution together. 

2.2.1.1 Fixed joining technologies  

Among fixed joining technologies (Figure 2-9, Table 2-2), a common method is soldering, 

where a metal alloy is melted and used to attach components to conductive substrates, and 

sometimes to join circuit modules to interconnects 35,41,69. Soldering has high compatibility 

with rigid and flexible circuit boards, but there are only a few conductive threads and textiles 

that can survive the high temperatures involved (typically >200 °C, but low temperature 

solder with working temperatures around 150 °C exists). Several adhesives have been used 

as alternatives. These include a) non-conductive adhesive bonding (NCA), b) isotropic 

electrically conductive adhesives (ICA), and c) anisotropic conductive adhesives (ACA).  
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Figure 2-9. Fixed joining technologies used in e-textiles. 

 A) embroidered contacts to a flexible PCB. 72 © 2005 IEEE. Reproduced with permission; B) LEDs soldered to 

copper conductive fabric. Copyright Liza Stark, reproduced with permission; C) Isotropic conductive adhesive (ICA) 

used to bond conductive thread to a flexible filament. 29 © 2012, IEEE, reproduced with permission; D) Prototype 

of an e-textile module crimped to copper wires in fabric. 73 © 2012, IEEE, reproduced with permission. 

Adhesive bonding has the advantage of lower curing temperatures than soldering requires, 

making it suitable for a wider range of fabric applications. Conductive adhesives also have 

the potential to replace (often lead-based) solder with more environmentally friendly 

alternatives. The trade-off is that these typically have higher contact resistance and lower 

mechanical strength than soldered connections, but future developments in material 

science may change this. The working principles of adhesive bonding methods are illustrated 

in Figure 2-10. 

NCA bonding, used in flip-chip assembly, has been adapted by Fraunhofer IZM to contact 

rigid circuit modules with conductive textile interconnects 38,74,75. A thermoplastic film is 

sandwiched between a rigid PCB module and conductive threads coated with thermoplastic. 

Under force and heat, contact is made between the PCB contact pads and the conductive 
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cores of the yarns, and curing the adhesive maintains pressure on this connection. The 

method has been refined and a custom textile bonding machine has been developed. 

ICA bonding involves adding a conductive filler to an adhesive material, e.g. silver flakes 

added to epoxy 29,76,77. ACA is similar, except that the concentration of conductive filler is 

much lower. This means that when ACA is sandwiched between two contacts stacked on top 

of each other, ACA conducts electricity only in direction that force is applied, commonly the 

vertical (z-ύ ŘƛǊŜŎǘƛƻƴΣ ŀǎ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ŎƻƴŘǳŎǘƛǾŜ ǇŀǊǘƛŎƭŜǎ ƛǎƴΩǘ ƘƛƎƘ ŜƴƻǳƎƘ ǘƻ 

conduct in the x-y plane 41,78,79. This makes it suitable for fine-pitch connectors, and means it 

is sometimes called z-axis tape/film, but also means it has higher contact resistance than 

ICA. These conductive adhesives are reviewed in more depth by Aradhana et al 77. 

 

Figure 2-10. Illustration of NCA (non-conductive adhesive), ICA and ACA adhesive bonding processes. 

It is also possible to stitch connections with conductive thread, either by hand or using a 

sewing or embroidery machine32,80. However, work by Linz et al has shown that without 

additional reinforcement, embroidered contacts tend to relax (and therefore suffer an 

increase in contact resistance) over time 68,80.  Welding 32,81,82 and crimping 83ς85 (also 

referred to as cold welding) are also possible but less commonly used.  
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Table 2-2 Comparison of fixed joining technologies 

Name Method of attachment Compatible with Durability Advantages Disadvantages Ref 

Machine 
embroidered 
conductive 
thread 

Embroidery machine. For 
some conductive threads, or 
more complex designs, 
specialist machinery 
required. 

¶ Textile 

¶ Rigid PCB with 
sewable pads 

¶ Flexible PCB 

¶ Wire 
 

¶ Can be damaged by 
temperature (contact 
resistance) 

¶ Conductive coating can 
flake off during washing 

¶ Compatible with most textiles 

¶ Scalable with right equipment 

¶ Flexible 

¶ Looks and feels like textile 

¶ Durability is not well studied 

¶ Temperature and washing can relax connection 

¶ Specialized machinery 

¶ Not suitable for joining discrete electronic 
components directly 

¶ Some conductive threads not compatible with 
standard embroidery machines 

32,72,8

0 

Hand stitched 
conductive 
thread 

Hand sewing tools (needle 
and conductive thread) 

¶ Textile 

¶ Rigid or flexible PCB 
with sewable pads 

¶ Wire 

¶ Preliminary washing tests 
show continued function 
after washing at 20 o C  

¶ 5ƻŜǎƴΩǘ ǊŜǉǳƛǊŜ ǎǇŜŎƛŀƭƛȊŜŘ 
equipment or technical 
knowledge 

¶ Reliability not well documented, but expected to 
be lower than machine stitching 

¶ Time consuming, therefore not scalable 

86 

Soldering  Soldering equipment, heat.  
Typically above 250 o C, low 
temperature options still 
require >150 o C 

¶ Rigid PCB 

¶ Metal wire 

¶ Limited textiles  

¶ Some conductive inks 

¶ Standard components 

¶ Strong electrical 
connection 

¶ Not flexible, requires 
protection against 
breakage at interfaces  

¶ Compatible with standard 
electronics processes 

¶ High availability 

¶ Adaptable to both high and 
low volume 

¶ High application temperature even with low 
temperature solder paste 

¶ Not compatible with many conductive textiles 

¶ Not flexible 

35,41,6

9 

Welding Heat (produced as a by-
product) 
Welding equipment. 

¶ Some conductive 
textiles 

¶ Metal wires  

¶ Contact resistance <1 
Ohm 

¶ Requires encapsulation to 
survive washing 

¶ Compatible with wider range 
of conductive threads than 
soldering (e.g. stainless steel 
thread) 

¶ High temperature can damage delicate textiles 
and some printed conductive tracks on textiles 

32,81,8

2 

Crimping and 
rivets 

Crimping tool (manually 
operated or automated) 

Depending on product: 

¶ Textiles 

¶ Rigid and PCBs 

¶ Wires 

¶ Preliminary evidence of 
washability 

¶ Supports repeated 
connection/disconnection 

¶ Room temperature application 

¶ Compatible with both high and 
low volume production 

¶ Not compatible with all types of e-textile material 

¶ Some types of crimp connector do not survive 
washing 

 

83ς85 

Adhesives: 
NCA 

Heat and pressure, supplied 
by die bonder or custom 
equipment. 

¶ Bonding rigid modules 
or components to 
conductive tracks 

¶ Resistant to temperature 
and humidity cycling 

¶ Demonstrated to work with 
1.27mm pitch components 

¶ Requires die bonder or custom equipment 

¶ High bonding temperature (197 o C) 

38,74,7

5 
Adhesives: 
ICA 

Some variants are heat 
curable; others cure at room 
temperature. Dispensed 
manually or by machine. 

¶ Textiles 

¶ Rigid PCBs 

¶ Flexible PCBs 

¶ Standard components 

¶ Encapsulation is required 
to prevent breaking 

¶ Lower curing temperature 
than soldering 

¶ Compatible with printed 
conductive tracks 

¶ More mechanically brittle than soldering 

¶ Higher contact resistance than soldering 

¶ Absorbs moisture if not encapsulated 

29,76,7

7 

Adhesives: 
ACA 

Can be cured at room 
temperature. Heat or 
pressure reduce cure time. 
Applied manually or 
dispensed by machine. 

¶ Textiles 

¶ Rigid PCBs 

¶ Flexible PCBs 

¶ Surface mount 
components 

¶ Mechanically strong but 
electrical connection 
unreliable under strain 

¶ Suitable for components with 
very fine pitch 

¶ Low curing temperature 

¶ High contact resistance relative to ICA or soldering 

¶ Inconsistent contact resistance under strain 

41,78,7

9 
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Table 2-3: Comparison of detachable joining technologies (connectors) 

Name Method of 
attachment 

Compatible 
materials 

Durability Advantages Disadvantages Ref 

Snap 
fasteners 

Sew, crimp or 
solder, 
depending on 
variant. 

¶ Textiles 

¶ Rigid PCBs 

¶ Flexible PCBs 

¶ Wires 

¶ Produced as a long-lasting garment 
fastener. Electrical durability not 
tested. 

¶ Widely availability 

¶ Mechanical durability 

¶ Protective enclosure not needed 

¶ Attachment can be done by hand or automated 

¶ Relatively large footprint (typically 
10mm diameter per contact) 

¶ Electrical characteristics not well 
studied 

32,87 

Pogo pins Solder to rigid 
PCB 

¶ Rigid PCBs ¶ 10,000 mating cycles 

¶ Contact resistance 20 ƳҠ 

¶ Small footprint 

¶ Low contact resistance when properly mated. 

¶ Require sturdy housing to maintain 
contact which can be bulky. 

88 

Magnets Conductive 
adhesive 

¶ Textiles 

¶ Rigid PCBs 

¶ Wires 

Not defined ¶ Contact maintained without additional mechanical 
support 

¶ Limited data on suitability as an 
electronic connector 

89,90 

Conductive 
hook and 
loop 

Sewing or 
adhesive 

¶ Textiles ¶ 10,000 mating cycles  

¶ Contact resistance unclear 
 

¶ Possible inconsistent contact resistance ¶ Not extensively studied 

¶ Large footprint 

¶ Stability of contact resistance unclear 

91ς93 

Zipper Sewing ¶ Textiles Not defined ¶ Looks like clothing rather than electronic 
component 

¶ Electrical properties not tested 94ς96 

Button Sewing ¶ Textiles Not defined ¶ Looks like clothing rather than electronic 
component 

¶ Not robust enough for use as a proper 
joining technology 

97 

Pin header Soldering ¶ Some textiles 

¶ Rigid PCBs 

¶ Wires 

¶ 50-300 mating cycles depending on 
metal used to plate contacts 

 

¶ High availability 

¶ Standard pitch compatible with other components 

¶ high mating cycles 

¶ May disconnect easily inside clothing 
(not tested) 

¶ Not tested for use in textiles 

86,98,9

9 
Amphenol 
FCI clincher 

Crimping  ¶ Flexible PCBs 

¶ Some 
conductive 
textiles 

¶ 100 mating cycles 

¶ Mating / unmating force 300 g / 
contact 

¶ /ƻƴǘŀŎǘ ǊŜǎƛǎǘŀƴŎŜ нл ƳҠ 

¶ Preliminary evidence suggests ability 
to survive 50 wash cycles 

¶ 2.54mm pitch compatible with standard 
components 

¶ Compatible with both low and high volume 
production 

¶ Low contact resistance 

¶ Not designed for use in e-textiles, may 
disconnect easily inside clothing 

¶ Not compatible with all e-textile 
interconnect materials 

83,100ς

103 

Wireless Stitched or 
printed onto 
fabric 

¶ Textile 

¶ Rigid PCB 

¶ Flexible PCB 

¶ Preliminary evidence of washability 

¶ Highly flexible 

¶ No physical connection required 

¶ Flexibility 

¶ Signal loss/lag 

¶ Inductive coupling requires AC signal 
and additional electronics 

104ς

107 
Alligator clips Not applicable ¶ Textiles 

¶ Rigid PCBs 

¶ Can be attached/removed repeatedly 

¶ Contact with very thin or delicate 
materials can be unstable 

¶ Availability 

¶ Quick to attach and remove 

¶ Useful for prototyping and testing of connections 

¶ Relatively bulky 

¶ Jaws can cause damage to textiles 

¶ Not suitable beyond prototyping stage  

108 

E-textile 
prototyping 
connectors 

Not applicable ¶ Textiles  Not tested ¶ High compatibility with textiles 

¶ Useful for prototyping 

¶ Not commercially available, must be 
custom made 

¶ Durability not tested 
 

108,109 
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2.2.1.2 Detachable joining technologies  

Of the connector options (Figure 2-11, Table 2-1), snap fasteners, also called gripper snaps, 

press studs, poppers, or press fasteners, are by far the most used connector in e-textiles 

32,87. Despite their popularity, limited research has been carried out on the suitability of snap 

fasteners as electronic connectors. One study reported preliminary positive results on the 

use of snap fasteners as connectors for low and medium bandwidth signal transmission 

along conductive textile transmission lines 87.  And standards do exist for snap fasteners, but 

only on their mechanical resistance when used a garment fastener 110. Standards and further 

research are required to assess, for example, the number of mating cycles they can survive 

as an electronic connector. 

 

Figure 2-11. Connectors used in e-textiles. 

A)-B) Snap fasteners used as modular connectors in Embodied RF Ecologies by Afroditi Psarra. Copyright Afroditi 

Psarra. Reproduced with permission; C) Conductive hook-and-loop used as a switch for a bag with embedded 

LEDs. Copyright Becky Stern. Reproduced with permission; D) Illustration of pogo pin, showing spring mechanism 

of the pin and flat contact pad when separated (top) and in contact (bottom); E) Two terminal Amphenol FCI 

Clincher connector, used with a flexible sensor printed on PI. Copyright Sparkfun, reproduced under the terms of 

the CC-BY license. 

Other textile closure mechanisms such as metal zippers 94ς96 and buttons 97 have been 

adapted into e-textile connectors. Similarly, conductive hook-and-loop (Velcro) can be 

coated with silver and used as a connector 91ς93Φ IƻǿŜǾŜǊΣ ƛǘΩǎ ǳƴŎƭŜŀǊ ǿƘŜǘƘŜǊ ŀƴȅ ƻŦ ǘƘŜǎŜ 

can provide consistent, reliable connections for anything except very simple circuits. Other 

connectors in this category are mostly electronics connectors: pin headers 86,98,99, pogo pins 

88, and connectors for flexible electronics, for example Amphenol FCI clincher connectors, 

which have pin headers at one end, and crimp contacts to connect to flexible circuits (or 
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conductive thread tracks) at the other 83,100ς103. Wireless connection through NFC or RFID, 

using printed or embroidered coils, has also been investigated, but mostly to transmit power 

rather than signals 104ς107. 

The need for rapid prototyping and testing tools for e-textiles has led to the creation of 

several e-textile kits and prototyping connectors. Standard electronics prototyping 

processes, such as using a solderless breadboard and jumper wires, have limited 

compatibility with e-textiles. Sewing a prototype with conductive thread is time-consuming 

ŀƴŘ ŘƻŜǎƴΩǘ ǎǳǇǇƻǊǘ ǉǳƛŎƪ ŘŜǎƛƎƴ ŎƘŀƴƎŜǎΣ ŀƴŘ ŎƻƴŘǳŎǘƛǾŜ ǘƘǊŜŀŘ ƻǊ ƻǘƘŜǊ ŦƭŜȄƛōƭŜ 

interconnect materials often have significantly higher resistance than breadboard jumper 

cables.  

Alligator clips are commonly used for e-textile prototyping, and many e-textile products such 

as the Adafruit Flora feature large contact pads which are designed for attaching alligator 

clips before sewing or soldering a fixed connection, as shown in Figure 2-12A. However, 

alligator clips and other standard tools such as multimeter probes and grabbers or spring 

hook clips, can be difficult to attach to e-textiles, and can also cause damage to delicate 

fabrics.  

 

Figure 2-12. E-textile prototyping connectors. 

a) Alligator clips. Reproduced with permission. Copyright Becky Stern. b) Pin probes by Irene Posch. Reproduced 

with permission. Copyright Irene Posch. c) Fabric pinch clip by Irene Posch. Reproduced with permission.108. 

Copyright Irene Posch. d) Pin coaxial connector by Afroditi Psarra (for an antenna). Reproduced with permission. 

Copyright Afroditi Psarra. e) Safety pin crocodile clips by Rachel Freire. Reproduced with permission.111 Copyright 

Rachel Freire. f) Threadboard prototyping kit90. Reproduced with permission. Copyright Chris Hill.  
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Posch et al explored these issues in depth and proposed designs for new tools that merge 

standard electronics tools with textile tools such as pins108. One of these is the Pin Probe, 

which combines a 4 mm banana plug, paracord, conductive thread, a pin and 3D printed 

parts to create a connector which can be inserted into a multimeter at one end, and pinned 

into the fabric at the other, creating a useful tool for probing connections on fabric circuits. 

Similarly, the Fabric Pinch Clip adds conductive tape to a plastic sewing clip to create a 

fabric-compatible cable. These connectors are shown in Figure 2-12B and Figure 2-12C.  

Building on this work, safety pin crocodile clips by Rachel Freire 109, shown in Figure 2-12E 

provide another way to interface between traditional electronics prototyping tools and 

fabric circuitry. Pins have also been used by Afroditi Psarra to make custom connectors to 

test an e-textile antenna, as depicted in Figure 2-12D. The Tools We Want project 112 

proposes additional tools for e-textiles that merge electronics and textile practice. 

Threadboard 90, shown in Figure 2-12F, is an e-textile prototyping platform that takes a 

different approach, using a grid of magnets to route conductive thread and connect it to 

components. This is suitable for prototyping e-textile projects using conductive thread, and 

facilitates prototyping using the same materials as will be used in the finished product. 

Conductive fabric tape, usually conductive fabric with a conductive adhesive backing, can 

also be used to create rapid e-textile prototypes113. A novel connector demonstrated by Li et 

al, and designed for use with standard through-hole components, consists of a coil of 

conductive thread encased in resin 114. It is proposed that this connector allows components 

to be removed for washing, as components can be inserted and removed as needed. This 

could be useful as a kind of fabric breadboard, but for use in a commercial product would be 

inconvenient for a user to remove all components and then replace them on every wash.   

Some e-textile kits provide for the need for different joining technologies at the prototyping 

stage compared a finished product. Prototyping parts by Loomia 22 have breadboard-

compatible contacts that can be used for prototyping, and then cut off so that fixed 

connections can be made to a separate set of contacts by soldering. Textile Prototyping 

[ŀōΩǎ Ŝ-textile kit takes a slightly different approach, consisting of rigid PCB modules with 

sewable contacts for making garment prototypes. For higher volume production, these 

contacts can be removed, reducing the overall size of the module, and components 

connected to conductive thread interconnects using NCA bonding instead 75. 

There seems to be an opportunity for a new category of connection that falls in between 

fixed and detachable. As an emerging technology, e-textiles should be constructed in a 
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manner that facilitates repair and recycling, in order to limit waste, and avoid the creation of 

a new, unrecyclable, waste stream 115. Intentionally ŘŜǎƛƎƴƛƴƎ ŦƻǊ ŘƛǎŀǎǎŜƳōƭȅ Ƙŀǎ ōŜŜƴ 

ǇǊƻǇƻǎŜŘ ŀǎ ŀ ǇŀǊǝŀƭ ǎƻƭǳǝƻƴ ŦƻǊ ǊŜŘǳŎƛƴƎ ǘƘŜ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ƛƳǇŀŎǘ ƻŦ ŜπǘŜȄǝƭŜǎΣ ƛƴŎƭǳŘƛƴƎ 

ǳƴǊŀǾŜƭƭƛƴƎ ŀƴ ŜπǘŜȄǝƭŜ ǘƻ ǊŜŎƻǾŜǊ ƳŀǘŜǊƛŀƭǎ ŦƻǊ ǊŜǳǎŜ 116Σ ƻǊ ǳǎƛƴƎ ŀ ƳƻŘǳƭŀǊ ŘŜǎƛƎƴ 117Φ CƻǊ 

ǘƘƛǎ ǘƻ ōŜ ŀŎƘƛŜǾŜŘΣ ǎǳƛǘŀōƭŜ ŎƻƴƴŜŎǘƻǊǎ ǿƛƭƭ ƴŜŜŘ ǘƻ ōŜ ƛŘŜƴǝŬŜŘΦ hƴŜ ƻǇǝƻƴ ŦƻǊ ǘƘƛǎ ƛǎ ǘƻ 

ƭƻƻƪ ŀǘ ǎƳŀƭƭ ŎƻƴƴŜŎǘƻǊǎ ŘŜǎƛƎƴŜŘ ŦƻǊ ƅŜȄƛōƭŜ ŜƭŜŎǘǊƻƴƛŎǎΦ ! ŦŜǿ ƻŦ ǘƘŜǎŜ ƘŀǾŜ ōŜŜƴ 

ƛƴǾŜǎǝƎŀǘŜŘ ŦƻǊ ŜπǘŜȄǝƭŜ ǳǎŜΣ ǎǳŎƘ ŀǎ ǘƘŜ !ƳǇƘŜƴƻƭ C/L /ƭƛƴŎƘŜǊ ŎƻƴƴŜŎǘƻǊ ƳŜƴǝƻƴŜŘ 

ŜŀǊƭƛŜǊ ƛƴ ǘƘƛǎ ŎƘŀǇǘŜǊΦ .ǳǘ ǘƘŜǊŜ ŀǊŜ Ƴŀƴȅ ǘƘŀǘ ƘŀǾŜ ƴƻǘ ȅŜǘ ōŜŜƴ ŜǾŀƭǳŀǘŜŘΦ 

2.2.2 Motivation for modular design  

Seamless integration of electronics into textiles is often cited as the ultimate goal of e-

textiles, i.e. garments where the electronic circuitry is completely undetectable by the user. 

However, realizing this goal may have negative consequences for sustainability, as it makes 

repair or recycling of an e-textile product more difficult. Köhler 118 points out that when e-

textiles break through to mass markets, this will create a new waste stream of products that 

ŎŀƴΩǘ ōŜ ǊŜŎȅŎƭŜŘ ƛƴ ŜƛǘƘŜǊ ǘŜȄǘƛƭŜ ƻǊ ²ŀǎǘŜ 9ƭŜŎǘǊƛŎŀƭ ŀƴŘ 9ƭŜŎǘǊƻƴƛŎ 9ǉǳƛǇƳŜƴǘ ό²999ύ 

recycling.  

If e-textiles must, at present, contain environmentally harmful materials, then we can at 

least facilitate easy repair, and try to reuse components and materials as much as possible. 

Design for recycling guidelines generally recommend minimising the number of materials 

used in a garment, to minimise the need for separation of materials for recycling. E-textiles 

typically contain textiles, electronic components, either conductive yarns, fabric with printed 

conductive tracks, or plastics with metallic tracks. A garment containing all of these cannot 

be recycled using either textile or electronics recycling, so if e-textiles are to contribute a 

circular economy, the different parts of the garment must be separable, and there is a need 

for proper end-of-life solutions specifically for e-textiles 119,120. Furthermore, the 

ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ΨǊƛƎƘǘ ǘƻ ǊŜǇŀƛǊΩ ƭŜƎƛǎƭŀǘƛƻƴ ƛǎ ǎƻƳŜǘƘƛƴƎ ǘƘŀǘ ǎƘƻǳƭŘ ōŜ ŎƻƴǎƛŘŜǊŜŘΦ ¢Ƙƛǎ 

gives consumers the right to request replacement parts and repair information for devices 

and equipment. It currently only applies to large appliances like washing machines, and 

varies from country to country. But this may well grow in popularity and extend to other 

types of devices in the future, potentially including e-textiles. A modular design may make 

repair easier to facilitate, as a system where individual parts can be replaced is inherently 

more repairable than one in which a fault in one part means the entire system is defunct.  
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Another aspect of sustainability is ensuring that a product remains in use for as long as 

possible, i.e. maximising its lifetime before it enters a recycling process, or landfill. As 

pointed out by Hardy et al, there may be a significant mismatch between the expected 

lifetime of a garment and its embedded electronics 117. They give the example of an e-textile 

denim jacket which the manufacturers guarantee to be washable 10 times. But a denim 

jacket would be expected to last 5 years, which means there is a significant mismatch 

between the expected lifetimes of electronics and textiles. If this is the case, then such a 

garment must be repairable, with electronic parts accessible for repair or updating until the 

garment has worn out. Or conversely, if the electronic parts in an e-textile garment last 

longer than the textile, it should be possible to remove and transfer them to a new garment. 

Others have suggested business models for e-textiles that are based on leasing garments 

rather than selling them 119, so that manufacturers can use their specialist knowledge to 

repair and reuse e-textile circuitry.  

In addition to sustainability considerations, keeping the electronic and textile parts separate 

has also been highlighted as a means for easier manufacturing, as it allows for the textile 

and electronic parts to be manufactured separately and assembled at the end of garment 

production, which could minimise the need for specialised e-textile knowledge in the 

manufacturing process.  

2.2.3 Modular design in electronics, textiles, and e -textiles  

2.2.3.1 Modularity in rigid electronics  

There are many examples of modular design in conventional (i.e. rigid) electronics. Most 

computers are manufactured in a modular format that allows modification after 

manufacturing. For example, additional memory can be added by slotting in an additional 

circuit board, and graphics cards can be removed and replaced to perform upgrades or 

repairs.  Development boards like Arduino and Raspberry Pi can be connected to additional 

ōƻŀǊŘǎ ό!ǊŘǳƛƴƻ ΨǎƘƛŜƭŘǎΩΣ wŀǎǇōŜǊǊȅ tƛ ΨƘŀǘǎΩ ƻǊ !ŘŀŦǊǳƛǘ CŜŀǘƘŜǊ ΨǿƛƴƎǎΩΣ ŦƻǊ ŜȄample) that 

slot on top of (or otherwise connect to) the main board, as depicted in Figure 2-13.  

And in the realm of electronic music, the modular synthesizer has been in existence since 

the mid-20th Century. Oscillator modules generate waveforms with varying shapes (and 

therefore varying sounds), and other modules can be slotted into the system to alter the 

waveform, or create sequences of notes to play repeatedly. Kosmodular, an example of such 

a system by UK musician and unconventional electronic instrument builder LOOK MUM NO 

COMPUTER, is shown in Figure 2-13. 
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Figure 2-13. Examples of modular design in electronics. 

!ύ wŀǎǇōŜǊǊȅ tƛ Ψ9ƴǾƛǊƻ ƘŀǘΩ ǘƻ ƳŜŀǎǳǊŜ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŎƻƴŘƛǘƛƻƴǎ ǿƛǘƘ wŀǎǇōŜǊǊȅ tƛΣ ōȅ tƛƳƻǊƻƴƛ. © Pimoroni, 

reproduced with permission; B) Adafruit Feather ŜǉǳƛǇǇŜŘ ǿƛǘƘ [/5 ǎŎǊŜŜƴ ΨǿƛƴƎΩΣ ŎƻƴƴŜŎǘŜŘ ǘƻ ŀ ǘŜƳǇŜǊŀǘǳǊŜ 

and humidity module. Photo by Kattni Rembor, reproduced under open source license terms (CC BY-SA 3.0); C) 

Modular synthesiser module by LOOK MUM NO COMPUTER; D) Full modular synthesiser setup by LOOK MUM NO 

COMPUTER. Reproduced with permission. 

2.2.3.2 Modular design in fashion  

In the 21st Century, we have a vast array of clothing options available to us. Much of this is 

ŎƘŜŀǇΣ Ŧŀǎǘ ŦŀǎƘƛƻƴΣ ŀƴ ƛƴŘǳǎǘǊȅ ŘŜŦƛƴŜŘ ōȅ bƛƛƴƛƳŀƪƛ Ŝǘ ŀƭ ŀǎ άŀ ōǳǎƛƴŜǎǎ ƳƻŘŜƭ ōŀǎŜŘ ƻƴ 

offering consumers frequent novelty in the form of low-priced, trend-ƭŜŘ ǇǊƻŘǳŎǘǎέ 121. 

However, they and many others have pointed out that there are huge ethical issues around 

fast fashion. Its low cost is made possible by cheap labour, where cost saving for consumers 

is prioritised over safe working conditions and fair pay for workers. The quality is also low: a 

t-shirt may be much cheaper than in years gone by, but the quality of the fabric, its 

construction, and its expected lifetime have also reduced.  

Sustainability is a multi-faceted issue, and there are many variables to consider in addressing 

ǘƘŜ ŎƭƻǘƘƛƴƎ ƛƴŘǳǎǘǊȅΩǎ ǎǳǎǘŀƛƴŀōƛƭƛǘȅ ǇǊƻōƭŜƳǎΦ hƴŜ ŀǇǇǊƻŀŎƘ ǘƻ ƛƳǇǊƻǾƛƴƎ ǎǳǎǘŀƛƴŀōƛƭƛǘȅ ƛǎ 

to promote reuse and repair of a garment rather than focusing on recycling. The vast 

majority of discarded clothing ends up in landfill or is incinerated, and significant portion of 

clothing sent for recycling ends also ends up in landfill 122. Recycling is preferable to 

incineration of landfill, but it makes sense to focus on keeping a garment in use for as long as 

possible. 
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Figure 2-14. Examples of modular design in fashion.  

{Ƴŀƭƭ ƳƻŘǳƭŜǎΣ ŀǎ ŘŜƳƻƴǎǘǊŀǘŜŘ ōȅ ΨaƻŘǳƭŀǊ ƛƴŎǊŜŀǎŜ ŀƴŘ ŘŜŎǊŜŀǎŜΩ ōȅ [ƻŜǎ .ƻƎŜǊǎ 123 (top row) allow for a wide 

range of structures to be created from simple modules. Or larger modules can be used to create seamless 

ƎŀǊƳŜƴǘǎΣ ŀǎ ǎŜŜƴ ƛƴ Ψ{ŜŀƳƭŜǎǎ ǿŜŀǾŜŘ ƎŀǊƳŜƴǘΩ ōȅ aŀƛǘŜ {ƻǎŀ aŜǘƘƻƭ όōƻǘǘƻƳ Ǌƻǿύ 124. Both works were 

produced as part of Fabricademy, a distributed textile education programme supporting innovation in textiles, 

sustainability, and technology. Images reproduced under the terms of the CC-BY open source licenses. 

One way to tackle this issue is modular design, which has been adopted by several designers 

and fashion collectives. Small interlocking fabric modules can be used to construct garments, 

with the possibility to disassemble and re-build in another form (satisfying consumer desire 

for new clothes without discarding old clothes and buying new ones). Or larger interlocking 

modules can be used to make seamless garments. Examples of both are shown in Figure 

2-14, with work by Loes Bogers and Maita Sosa Methol. Both were created during 

Fabricademy, a textile and technology education programme with a sustainability focus (of 

which the writer of this thesis is also a graduate). These designs are also documented in an 

open source repository 125. 

2.2.3.3 Modular e -textiles: state of the art  

! ƳƻŘǳƭŀǊ ǎȅǎǘŜƳ ƛǎ ƻƴŜ ŎƻƳǇƻǎŜŘ ƻŦ ŘƛǎŎǊŜǘŜ ƳƻŘǳƭŜǎ ǿƘƛŎƘ ŀǊŜ ƧƻƛƴŜŘ ǘƻ ŦƻǊƳ ŀ ŎƻƳǇƭŜǘŜ 

ǎȅǎǘŜƳΣ ŀƴŘ ǘƘŜǊŜ ŀǊŜ Ƴŀƴȅ ŜȄŀƳǇƭŜǎ ƻŦ ƳƻŘǳƭŀǊ ŜπǘŜȄǝƭŜǎΣ ǇŀǊǝŎǳƭŀǊƭȅ ƛƴ ǘƘŜ ŦƻǊƳ ƻŦ Ŝπ

ǘŜȄǝƭŜ ǘƻƻƭƪƛǘǎ 126ς128Φ ²ƘƛƭŜ ǎƻƳŜ ǳǎŜ ŎƻƴƴŜŎǘƻǊǎ ƻǊ ƛƴǘŜǊŎƻƴƴŜŎǘǎ ǿƘƛŎƘ ǎǳǇǇƻǊǘ 

ǊŜŎƻƴŬƎǳǊŀǝƻƴ 129Σ  Ƴŀƴȅ ǳǎŜ ǎƴŀǇǎΣ ǿƘƛŎƘ ƘŀǾŜ ŀ ǊŜƭŀǝǾŜƭȅ ƭŀǊƎŜ ŦƻƻǘǇǊƛƴǘΦ hǘƘŜǊǎ ǳǎŜ 

ǎǝǘŎƘŜŘ ŎƻƴƴŜŎǝƻƴǎ ǘƻ ŎƻƴŘǳŎǝǾŜ ǘƘǊŜŀŘ ƛƴǘŜǊŎƻƴƴŜŎǘǎ 72Φ  
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Figure 2-15. Examples of modular e-textile systems.  

A) E-textile garment concept where I2C-enabled sensors are attached to conductive tracks in the garment with 

magnets 89 © 2010 IEEE, reproduced with permission; .ύ Ψ{ŜŎƻƴŘ ǎƪƛƴΩ ƳƻŘǳƭŀǊ ƎŀǊƳŜƴǘ ǿƛǘƘ ƳǳƭǘƛǇƭŜ ƭŀȅŜǊǎ 

making up the garment 130 Reproduced under the terms of the CC-BY license.; C) Textile Prototyping Lab e-textile 

toolkit, where circuit modules can be stitched or laminated onto textiles 75 Reproduced under the terms of the CC-

BY license; D) SkinKit prototyping toolkit for building circuits on the skin 129 © 2021 ACM, reproduced with 

permission; E) Wearable, modular electronic patches for e-textile prototyping 131. Reproduced with permission; F) 

Sensoria Smart Sock, exhibiting the most common implementation of modular design in e-textiles, where a 

detachable rigid control module connects to flexible sensors embedded in the garment 132. Reproduced with 

permission. 
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¢ƘŜǊŜ ƛǎ ǎƻƳŜ ǾŀǊƛŀōƛƭƛǘȅ ƛƴ ǘƘŜ ŘŜŬƴƛǝƻƴ ƻŦ ΨƳƻŘǳƭŀǊΩΣ ŀǎ ŜǾƛŘŜƴŎŜŘ ōȅ Figure 2-15Φ Lƴ ǎƻƳŜ 

ŎŀǎŜǎΣ ƭƛƪŜ ǘƘŜ ¢ŜȄǝƭŜ tǊƻǘƻǘȅǇƛƴƎ [ŀō ǘƻƻƭƪƛǘΣ ŎƛǊŎǳƛǘ ƳƻŘǳƭŜǎ ŀǊŜ ŀǧŀŎƘŜŘ ǘƻ ŎƻƴŘǳŎǝǾŜ 

ǘŜȄǝƭŜ ƛƴǘŜǊŎƻƴƴŜŎǘǎΣ ōǳǘ ŀǊŜ ǇŜǊƳŀƴŜƴǘƭȅ ƧƻƛƴŜŘ ŀƴŘ ƴƻǘ ŀōƭŜ ǘƻ ōŜ ǊŜǇŜŀǘŜŘƭȅ ŀǧŀŎƘŜŘ 

ŀƴŘ ŘŜǘŀŎƘŜŘ 75Φ Lƴ ƻǘƘŜǊ ŎŀǎŜǎΣ ŘƛǎŎƻƴƴŜŎǝƻƴ ŦƻǊ ǊŜŎƻƴŬƎǳǊŀǝƻƴ ƛǎ ǇǊƛƻǊƛǝǎŜŘΣ ǎǳŎƘ ŀǎ ƛƴ 

ǘƘŜ ƳƻŘǳƭŀǊ ǎȅǎǘŜƳ ōȅ wƛƎƘŜǩ Ŝǘ ŀƭ ǿƘŜǊŜ ƅŜȄƛōƭŜ ǎŜƴǎƻǊ ƳƻŘǳƭŜǎ ŀǊŜ ŀǧŀŎƘŜŘ ǘƻ 

ŎƻƴŘǳŎǝǾŜ ǘǊŀŎƪǎ ƛƴ ŀ ƎŀǊƳŜƴǘ ǳǎƛƴƎ ƳŀƎƴŜǘǎ ŀǎ ŎƻƴƴŜŎǘƻǊǎ 89Φ {ƛƳƛƭŀǊƭȅΣ {ƪƛƴYƛǘ 129 ŀƴŘ 

{ǿŀǘŎƘπōƛǘǎ 131 ŦŜŀǘǳǊŜ ŎƛǊŎǳƛǘ ƳƻŘǳƭŜǎ ǘƘŀǘ Ŏŀƴ ōŜ Ŝŀǎƛƭȅ ŀǎǎŜƳōƭŜŘ ƻǊ ŘƛǎŀǎǎŜƳōƭŜŘΣ ŀǎ ǘƘŜȅ 

ŀǊŜ ŘŜǎƛƎƴŜŘ ŦƻǊ ǇǊƻǘƻǘȅǇƛƴƎΦ !ƴŘ {ŜŎƻƴŘ {ƪƛƴǎ ōȅ aŀƭƻǳ .ŜŜƳŜǊ ǳǎŜǎ ŀƴƻǘƘŜǊ 

ƛƴǘŜǊǇǊŜǘŀǝƻƴ ƻŦ ƳƻŘǳƭŀǊƛǘȅΣ ǿƘŜǊŜ ŀƴ ŜπǘŜȄǝƭŜ ƎŀǊƳŜƴǘ ƛǎ ŎƻƴǎǘǊǳŎǘŜŘ ŦǊƻƳ ǎŜǾŜǊŀƭ 

ǎŜǇŀǊŀǘŜ ƭŀȅŜǊǎΣ ōǳǘ ǿƛǘƘ ŀƭƭ ŎƛǊŎǳƛǘǊȅ ƛƴŎƭǳŘŜŘ ƻƴ ƻƴŜ ƭŀȅŜǊ 130Φ CƛƴŀƭƭȅΣ ǘƘŜ Ƴƻǎǘ ŎƻƳƳƻƴ 

ǘȅǇŜ ƻŦ ƳƻŘǳƭŀǊ ŘŜǎƛƎƴ ƛƴ ŜπǘŜȄǝƭŜǎ ƛǎ ǘƘŀǘ ǿƘŜǊŜ ŀ ŘŜǘŀŎƘŀōƭŜ ǊƛƎƛŘ ŎƻƴǘǊƻƭ ƳƻŘǳƭŜ 

ŎƻƴƴŜŎǘǎ ǘƻ ƅŜȄƛōƭŜ ƻǊ ǘŜȄǝƭŜ ǎŜƴǎƻǊǎ ŜƳōŜŘŘŜŘ ƛƴ ŀ ƎŀǊƳŜƴǘΣ ǳǎǳŀƭƭȅ ǳǎƛƴƎ ǎƴŀǇ ŦŀǎǘŜƴŜǊǎ 

ƻǊ ǇƻƎƻ Ǉƛƴǎ ǘƻ ŎƻƴƴŜŎǘ ǊƛƎƛŘ ƳƻŘǳƭŜǎ ǘƻ ǎƻƊ ŀƴŘ ƅŜȄƛōƭŜ ŜƳōŜŘŘŜŘ ǇŀǊǘǎΦ 

2.2.3.4 Can e-textiles be Œmore modularœ? 

Most e-textile garments currently employ a modular system, to a degree: the current 

standard in commercial e-textile garments is that sensors are embedded in the garment, 

and a rigid control module attaches to the garment (usually via snap fasteners or pogo pins) 

but is detachable for washing. A question asked in this thesis is: can we go a step further 

with this, making e-ǘŜȄǘƛƭŜǎ ΨƳƻǊŜ ƳƻŘǳƭŀǊΩΣ ǘƻ ōŜǘǘŜǊ ǎǳǇǇƻǊǘ ǊŜǇŀƛǊ ŀƴŘ ǊŜŎȅŎƭƛƴƎΚ LƴǎǘŜŀŘ 

of the standard situation where the only detachable part is the control module, what if we 

also place detachable connections inside the garment? A power supply might still need to be 

attached on the outside of a garment and be removed for washing, but modular parts inside 

the garment would only need to be disconnected and reconnected intermittently, when the 

garment is undergoing repairs, receiving an update, or being disassembled at end of life. 

One concern might be that including more connectors in garments would add bulk and 

make the garment less wearable. But given the number of small connectors that have been 

developed for flexible electronics and smartphones, it may be possible to use connectors 

that would take up less space than rigid parts that commonly appear in garments, such as 

buttons, zippers, and similar fasteners. Although the issue of sustainability in e-textiles is 

much more than recycling and reuse 133, prioritising modular design means that connectors 

have an important role to play in the sustainability of e-textiles. An area that has not yet 

been thoroughly explored is the potential for using modular design inside garments to 

connect circuit modules to conductive interconnects. As mentioned in the previous section, 

evaluation of small connectors for flexible electronics could lead to new ways to join 
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electronic parts in e-textiles. These would fall in between fully integrated and fully modular: 

circuits designed to be disassembled and reassembled not hundreds or thousands of times, 

but maybe up to ten times, when a garment needs to be updated, repaired, or recycled. 

2.3 Stretchable electronics  

The final section of this literature review covers technologies that enable stretchable 

electronics, for embedding in stretch fabrics. Specifically: 

¶ State of the art technologies for stretchable electronics, covering both planar 

devices as well as helical and other 3D geometries, are reviewed, highlighting the 

potential for stretchable e-textiles using fully helical circuit modules.  

¶ Finally, there is a short discussion of how the research questions identified in this 

chapter impact the choice of fabrication methods used to investigate them. 

 

A significant portion of this section was ƛƴŎƭǳŘŜŘ ƛƴ άStretchable electronic strips for 

ŜƭŜŎǘǊƻƴƛŎ ǘŜȄǘƛƭŜǎ ŜƴŀōƭŜŘ ōȅ о5 ƘŜƭƛŎŀƭ ǎǘǊǳŎǘǳǊŜέΣ ǿƘƛŎƘ ƛǎ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ ƭƛǎǘ ƻŦ 

publications in Section 1.6. 

2.3.1 Introduction and motivation  

The term flexible electronics normally refers to circuits formed on thin, flexible polymer 

films. These include laminated or printed flexible flat cables (FFC) used to interconnect rigid 

circuit modules, but can also incorporate surface mount (SMD) components to create 

flexible printed circuit boards (Flex PCBs). These are commonly used in devices such as 

cameras and wireless earphones, to reduce weight and allow circuit boards to fold or roll up 

to fit into small spaces. They are also used in laptops and smartphones to connect displays 

to other circuitry. These are just a few example applications, and as mentioned in Section 

2.1.4, flex PCBs have also been incorporated into e-textiles. 

However, many textiles are stretchable as well as flexible. While there are many items of 

clothing that are minimally stretchable ς denim jeans, wool coats, formal shirts and suits ς 

stretch fabrics have steadily risen in popularity since the invention of stretchable synthetic 

fibres such as spandex in the mid-20th century. For example, clothing designed for sports 

(sportswear) must allow the body to move freely. As an athlete runs or jumps, for example, 

they must not be constricted by either textile or embedded electronic parts. Or consider 

compression garments, used for both sports and medical applications, where tight-fitting 

stretch fabric is used to create compression, for example on a limb that is swollen, or needs 

support after injury 134. In many medical and sports applications, such as temperature 
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sensing, heart rate measurement, or electrical stimulation, sensors or electrodes in e-textile 

garments need to be in contact with the body, rather than merely close to it. A tight fit is 

therefore needed, and this is most often achieved with stretch fabrics. And as the medical 

and sport markets are two key areas of development for e-textiles 5,135, there is a need for 

reliable, stretchable e-textiles.  

More broadly, stretch fabrics are also commonly used in everyday garments. This is reflected 

ōȅ ǘƘŜ ƎǊƻǿƛƴƎ ΨŀǘƘƭŜƛǎǳǊŜΩ ǘǊŜƴŘΣ ǿƘŜǊŜ ƛǘŜƳǎ ƻŦ ŎƭƻǘƘƛƴƎ ǘǊŀŘƛǘƛƻƴŀƭƭȅ ƻƴƭȅ ǿƻǊƴ ŦƻǊ ŀǘƘƭŜǘƛŎ 

activities (for example, leggings or Lycra shorts) are worn day to day, or even chosen for 

their aesthetic 136. And the recent Covid-19 lockdowns seem to have caused a lasting shift in 

clothing choice towards comfortable clothing 137, and an increase in online shopping for 

ƎŀǊƳŜƴǘǎΣ ǿƘŜǊŜ ƎŀǊƳŜƴǘǎ ǘƘŀǘ Ŏŀƴ άǎǘǊŜǘŎƘ ǘƻ Ŧƛǘέ Ŏŀƴ ōŜ ōƻǳƎƘǘ ƻƴƭƛƴŜ ǿƛǘƘƻǳǘ ƘŀǾƛƴƎ ǘƻ 

be tried on in a physical shop 138.  

2.3.2 Stretchable electronics state -of -the-art  

There are several existing methods to fabricate stretchable electronics 139, but none has yet 

reached widespread commercial adoption. In many cases this is due to incompatibility 

between stretchable materials and standard electronics manufacturing processes. For 

ŎƭŀǊƛǘȅΣ ǘƘŜ ǘŜǊƳ άǎǘǊŜǘŎƘŀōƭŜ ŜƭŜŎǘǊƻƴƛŎǎέ Ƴŀȅ ŘŜǎŎǊƛōŜ ŀύ ŀ ǎȅǎǘŜƳ of rigid or flexible 

modules joined by stretchable interconnects, b) an individual stretchable component, for 

example a sensor or electrode. The remainder of this chapter describes and compares 

different methods to realise stretchable electronics, which can be loosely organised into two 

categories: 

a) Using inherently stretchable materials, e.g., stretchable conductive inks, 

nanomaterial-enabled stretchable polymers, or stretchable substrates for 

electronics such as TPU or silicone.  

b) Engineering the geometry of flexible materials to make them stretchable. This 

includes using serpentine (wavy) or zigzag patterns, as well as helices. 

c) A combination of both, for example serpentine metallic tracks laminated to an 

elastomer substrate.  

Much of the work covered in this section is related to e-textiles, but there are also many 

examples of stretchable electronics for on-skin applications, where the device is adhered to 

the skin rather than embedded in a garment. As these are subject to many of the same 

constraints as e-textiles (must stretch and bend with the body, must be washable, unless 

disposable) some of these are included here.  
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At this point it is important to quantify ǘƘŜ άǎǘǊŜǘŎƘέ ǘƘŀǘ ƛǎ ǊŜŦŜǊǊŜŘ ǘƻ ǿƘŜƴ ŘƛǎŎǳǎǎƛƴƎ 

stretch fabrics. Depending on the yarns used to construct the fabric (e.g. wool or Spandex), 

and the method by which it is constructed (e.g. knitting or weaving), such a fabric may 

stretch by anywhere from 18% to over 100% with respect to its original dimensions 140. As 

will be seen later in this section, ǘƘŜǊŜ ƛǎƴΩǘ ŀ ŎƭŜŀǊ ōŜƴŎƘƳŀǊƪ ŦƻǊ ǎǘǊŜǘŎƘŀōƭŜ ŜƭŜŎǘǊƻƴƛŎǎ 

devices in terms of how much they should stretch. And while fabrics used for sportswear 

may be highly stretchable, the seams in a garment, and other elements such as zippers, are 

less so, so it is not necessarily required that all electronic parts in a Spandex garment much 

stretch by 100%. In consultation with Kymira, and aligning with existing work on stretch e-

textile garments141, a benchmark of 30% stretch (i.e. linear strain) was chosen for this work. 

2.3.3 Knitting and stitching with conductive threads and yarns  

Sewing techniques used to make seams in stretch garments use zigzag or other looping 

stitches that extend as the garment stretches, and these have been used to stitch 

stretchable conductive tracks on fabric with conductive threads 142. Knitting conductive 

yarns into the structure of fabric can create the same effect, as knit fabrics are typically 

stretchable. Examples of stretchable electronics using knit or stitched conductive threads 

are shown in Figure 2-16.  

 
Figure 2-16. Stretchable electronics enabled by stitched or knitted conductive threads.  

A) Stretchable knit fabric incorporating conductive threads143 © 2020 Elsevier, reproduced with permission; B) 

Stretchable conductive thread pattern used as a strain sensor 144 © 2020 ACM, reproduced with permission; C) a) 

knitted inductor formed by incorporating conductive threads into fabric as it is knitted, and b) equivalent circuit 

145. © 2019 IEEE, reproduced with permission. 
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However, while it is possible to attach components directly to conductive threads, this is 

challenging 35, and conductive threads are primarily used as interconnects between rigid 

circuit modules 32,75,146 and flexible circuit modules 72,147 or to construct textile sensors 

33,144,148, including knitted inductors145. 

Conductive threads are breathable and conform well to fabric, but have limited 

washability149, and it is difficult to connect electronic components directly to them in a 

reliable manner, as most are not compatible with soldering. Stretchable conductive thread 

assemblies are also more commonly used as strain sensors, as their resistance can change 

significantly when stretched 33,144.  

 

2.3.4 Serpentine geometries on flexible and stretchable substrates  

{ƛƳƛƭŀǊƭȅΣ ŦƭŜȄƛōƭŜ ŜƭŜŎǘǊƻƴƛŎ ŎƛǊŎǳƛǘǎ όάŦƭŜȄ ŎƛǊŎǳƛǘǎέύ Ƴŀȅ ōŜ ŦƻǊƳŜŘ ƻǊ ǇǊƛƴǘŜŘ ƛƴ ǎŜǊǇŜƴǘƛƴŜ κ 

horseshoe shapes. In some cases, a PI substrate is also cut in a serpentine geometry, 

allowing the whole assembly to stretch40, and in others feature serpentine metal tracks on a 

stretchable substrate such as thermoplastic polyurethane (TPU), polydimethylsiloxane 

(PDMS), or other elastomers 150,151. Examples of serpentine structures used in e-textiles can 

be seen in Figure 2-17. 

However, these materials have limited compatibility with many standard electronics 

manufacturing processes, for example needing to be placed on a non-elastic carrier film for 

roll-to-roll manufacturing 152, or deforming when exposed to the high (>200 °C) 

temperatures normally required for soldering, the most common and durable method to 

attach components to circuits.  

The main disadvantage of serpentine tracks is that stress concentrates in certain areas 

(Figure 2-17D), at the parts of the structure with highest curvature 153ς155, which can 

ultimately lead to failure caused by cracks in the metal tracks. Their shape also means that a 

strip of circuitry with serpentine traces is significantly wider than one with straight traces. 
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Figure 2-17. Serpentine traces on various substrates.  

A) Copper-plated PI cut into stretchable serpentine geometry, for integration into a stretchable knit garment 40. 

Reproduced under the terms of the CC-BY license; B) Printed stretchable serpentine traces on fabric, encapsulated 

with PDMS 156. ©2018 Wiley, reproduced with permission; C) Stretchable LED matrix with serpentine metal traces 

on an inherently stretchable elastomer substrate 151;  © 2012 Taylor & Francis, reproduced with permission; D) 

Simulation of serpentine structure showing concentration of stress (orange areas) 155. © 2017 Elsevier, 

reproduced with permission. 
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2.3.5 Alternative geometries with out -of -plane deformation  

While it is most common to see in-plane serpentine structures (that is, where the serpentine 

shape is parallel to the plane of the textile and lies flat on its surface) there have also been 

demonstrations of out of plane serpentine structures. Some of these utilise controlled 

buckling as a means to enable stretch 157. 

Another, less common, approach borrows from the Japanese paper art of kirigami, creating 

conductive textiles by inkjet printing silver inks onto woven fabric, and enabling stretch by 

strategically placing cuts in the fabric 158. Other examples include kirigami-inspired 

nanomaterials 159. Another example combines an origami structure ς the Miura Ori pattern, 

which uses a specific folded structure to enable stretch ς with kirigami elements to create a 

stretchable structure 160.  

Figure 2-18 shows examples of these. To use these methods in e-textiles, it would be 

necessary to embed them in stretchable encapsulation, to prevent the structures from being 

crushed when worn on the body. In the case of the Miura-Ori circuit board (Figure 2-18C), 

the authors embed the stretchable circuit board in an elastomer, which is 5 mm thick (much 

thicker than most textiles). A similar approach would need to be taken with serpentine 

structures created using controlled bucking (Figure 2-18A).  

 

Figure 2-18. Alternative geometries for stretch. 

A) Controlled buckling of semiconductor ribbons on a pre-stretched PDMS substrate 161 © 2007 Springer Nature, 

reproduced with permission; B) Kirigami inspired nanomaterial stretchable interconnect 162 © 2018 Wiley, 

reproduced with permission; C) Miura-Ori inspired stretchable circuit board, a) unfolded, b) folded, c) unfolded 

again, and d) compressed 160. Reproduced under the terms of the CC-BY license. 
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This is a disadvantage relative to the planar serpentine structures discussed in the previous 

section, which are up to two orders of magnitude thinner and will conform better to the 

textile in which they are embedded. The kirigami structure shown in Figure 2-18B could also 

be easily damaged by washing in a domestic washing machine (for example, becoming 

knotted or entangled with other items) unless securely attached to, or encapsulated by, a 

supporting material. 

2.3.6 Inherently stretchable conductors and stretchable components  

Stretchable printed electronics can also be fabricated using liquid metal, i.e. metals or metal 

alloys which typically have gel-like consistency at room temperature 163,164. An appealing 

feature of liquid metal is that it can self-heal, which has clear potential for use in e-textiles. 

However, it exhibits significant change in resistance when stretched. It is therefore most 

often used to measure strain, e.g. strain gauges made by the US company Liquid Wire 165. 

Similarly, there are stretchable conductive inks, but these tend to exhibit the same 

relationship between resistance and strain 166. Stretchable optic fibres, made from silicone-

coated urethane fibre, have also been stitched onto textiles and used as strain sensors 167. 

If, in the future, all electronic components can be made stretchable, their stretchability 

could be matched to the textile in which they are to be embedded. This would solve much of 

the issues experienced today, where failures in flexible and stretchable circuits often occur 

at interfaces between rigid components and flexible or stretchable parts. However, this 

would require a significant change in electronic device packaging. Though flexible 

components have been achieved, these are at the research stage of development and not 

yet commercially available 168. Almost all electronic components are produced in a 

rectangular plastic enclosure with metal contacts designed for attachment to a PCB, and a 

total packaging redesign would be required to create flexible packaging and flexible 

contacts.  

In the meantime, current e-textiles rely on the use of some rigid components. These 

components ς usually mounted on flexible or rigid PCB modules ς must be connected to the 

stretchable interconnects. And there are, at the moment, fewer solutions for connecting 

inherently stretchable materials like liquid metal to PCBs than there are for more 

conventional interconnect materials such as copper. 
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2.3.7 Helical geometry  

Helical geometry was first employed in textiles centuries ago. Metallic threads used for 

decorative garments and tapestries can be formed by wrapping thin strips of metal around a 

core yarn, typically silk. This has been documented in Asia, in Indonesian 169 and Indian 

textiles 170, and in European Renaissance tapestries 171, and is still used today. In an early 

paper on e-textiles, Orth and Post used silk organza fabric made from silver wrapped yarn as 

a conductive substrate for e-textiles 172. Examples of these yarns are shown in Figure 2-19. 

 

Figure 2-19. Decorative wrapped yarns with helical structure. 

A) The helical structure of metal-wrapped silk threads in silk organza is visible in this microscope image 172 © 

1997 IEEE, reproduced with permission; B)-C) Microscope images of a silver-wrapped silk yarn with a triple layer 

helical structure in a Renaissance tapestry 171. © National Museum of Australia. 

Though they have a helical structure, the metal fibres are wrapped around non-stretchable 

core materials, such as silk. The overall structure is therefore not stretchable, and the 

purpose is purely decorative. Another example of helical structure in textiles is the helical 

auxetic yarn (HAY), where a thin thread is wrapped around a thicker one, and stretching this 

structure leads to a rippling effect, causing the yarn to increase in thickness as it is stretched 

(auxetic behaviour) 173.  

Helical geometry has also been used in electronics, but existing work has focused on helical 

interconnects joining planar circuit modules, rather than entire helical circuits. A selection of 

these is shown in Figure 2-20. This includes helical polyurethane (PU) and copper fibres 174, 

helical conductive yarn 175, helical copper interconnects embedded in silicone 176, and helical 

interconnects for epidermal electronics 177. Individual helical components have also been 

ŎǊŜŀǘŜŘΣ ƛƴŎƭǳŘƛƴƎΣ ƘŜƭƛŎŀƭ ΨŦƛōǊŜ ǇǳƳǇǎΩ 178 and printed transistors on PEN film wrapped 

around a PU fibre 179.  
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Figure 2-20. Examples of helical geometry in electronics. 

A) Helical fibres composed from copper and PU fibres 174. © 2020 Wiley, reproduced with permission; B) Helical 

auxetic yarn capacitive strain sensor, where a copper wire is wrapped around a stretchable core yarn 180. © 2023 

Wiley, reproduced with permission; C) Helical electrodes embedded in a stretchable elastomer to realise a 

stretchable sensor array for robotic skin 181. © 2017 Elsevier, reproduced with permission; D) Braided stretchable 

interconnects, where multiple helices of fine copper wire are embedded in silicone 182. Reproduced under the 

terms of the CC-BY license; E)-F) Printed transistor on PEN film wrapped around a stretchable fibre 179. © 2021 

IEEE, reproduced with permission. 

Helical electrodes formed from copper wire wrapped around a nylon core have also been 

developed for use in robotic skin 181, as well as helical energy harvesting devices to power 

pacemakers 183, and flexible lithium-ion batteries using helical electrodes 184. The HAY 

structure mentioned above has also been utilised in e-textiles as a strain sensor.  

The majority of the above are constructed from a cylindrical fibre (a wire or thread) wound 

into a helix, and most feature an elastic core material that supports the structure. There are 
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also a number of patents which have mentioned helical structure in e-textiles 185ς187. Of 

these, none mentions using conventional SMD components, and the focus of all is on helical 

interconnects. This existing work has demonstrated the potential of helical geometry for 

stretchable electronics, but fully helical circuits using components have not yet been 

explored. This is perhaps surprising, as when a helix extends, it distributes stress evenly 

along its structure, which could be highly beneficial for preventing failures in stretchable 

electronics.  

2.3.8 Comparison between stretchable electronics technologies  

Table 2-4 provides a comparison between selected works on stretchable electronics, with a 

focus on helical geometries. One thing is immediately apparent: there is a lack of consensus 

about how stretchable electronic devices should be evaluated. Some studies perform wash 

testing, others do not. Some focus on cyclic testing at moderate (30-40%) stretch, while 

others focus on demonstrating the ability to achieve extreme (500%) strain before breaking, 

but do not show how the device performs under repeated stretching. In e-textiles, many 

cycles of low to moderate strain can be expected as the body moves, so cyclic testing is 

important. Wash testing is also key, as a stretchable device that cannot survive a domestic 

washing machine wash cycle will have limited practical use. Or will need to be disposable, 

which is wasteful and not environmentally friendly. 

As stated in the previous chapter, new stretchable materials hold promise for the future of 

stretchable electronics, but it is unclear how long it will take for these to become readily 

commercially available. That is, to achieve compatibility with existing electronics 

manufacturing processes, or for the widespread adoption of new processes that can achieve 

stretchable electronics. Given this, what can we achieve now, using already established 

manufacturing processes? Helical geometry seems under-explored with existing research 

focusing on interconnects and simple components. There is an opportunity to explore helical 

circuits, formed by winding thin strips of flexible circuitry (containing SMD components) into 

helical geometry. ¢ƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ Ŧǳƭƭȅ ƘŜƭƛŎŀƭ ŎƛǊŎǳƛǘǎ όάƘŜƭƛŎŀƭ Ŝ-ǎǘǊƛǇǎέύ ǿŀǎ ŜȄǇƭƻǊŜŘ ƛƴ 

this work and is covered in Chapter 6. 
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Table 2-4. Comparison between stretchable electronics technologies 

Description Type of circuit Materials Maximum stretch Cyclic tests Wash tests Comments Ref 
Conductive textiles        
StretchEBand: 
embroidered conductive 
thread sensor 

Strain sensor Silver-plated nylon thread 
stitched onto stretch fabric 
(polyester blended with 
elastodiene) 

240% Not performed Not performed Functionality of strain sensor 
demonstrated, but durability 
was not assessed 

144 

Knitted conductive 
textiles 

Textile 
triboelectric 
nanogenerator 

Silver conductive yarns 
formed into a knit fabric 

60% 6000 cycles of 45% 
stretch 

Not performed Would need to be subjected 
to wash testing to assess 
durability 

143 

Knitted inductors Single component: 
inductor 

Copper wires knit into 
fabric structure 

Not determined Not performed Not performed Demonstrates functionality 
as an inductor, but durability 
is not investigated 

145 

Serpentine structure        
Tailored e-textile sensing 
garment  

Flexible PCB 
modules joined by 
serpentine 
interconnects 

Copper tracks on PI film, 
and flexible PI modules 
containing SMD 
components. Wires also 
used to join modules 

79-88% 1000 cycles at 30% 
strain 

Able to survive 10 wash 
cycles 

Demonstrates resistance to 
cyclic stretching and washing, 
but this is only preliminary 
data 

40 

Copper and printed 
silver serpentine tracks 

Interconnect 
 

Copper foil embedded in 
PU and PDMS. Silver ink 
printed on non-woven 
fabric 

Not determined. 
Study focuses on 
cyclic durability 

Up to 100,000 cycles of 
20% strain 

Not performed Comprehensive study on 
cyclic durability of serpentine 
interconnects at low to 
moderate (20%) stretch. 
Higher levels of strain are not 
explored 

188 

Stretchable LED matrix Stretchable 
interconnect, and 
flexible / 
stretchable LED 
matrix  

Etched copper serpentine 
interconnects embedded 
in PDMS, used to join 
ŦƭŜȄƛōƭŜ ŎƛǊŎǳƛǘ ΨƛǎƭŀƴŘǎΩ 

Not determined Not performed  Encapsulated LED modules 
were able to survive 5-10 
wash cycles at 40 °C and 
60 °C. Full stretchable LED 
matrix was not washed  

Demonstrates successful 
fabrication of fully 
stretchable circuit, but lacks 
tensile testing data, focusing 
only on wash testing 

151 

Origami, kirigami         
Miura-ori enabled 
stretchable circuit board 

ECG monitoring 
system 

Copper tracks and SMD 
components on PI, 
embedded in silicone 

Not determined. 
Tested up to 40% 
strain 

All samples survived 
3000 cycles of approx. 
24% stretch 

Not performed Full ŎƛǊŎǳƛǘΣ ōǳǘ ƛǘΩǎ ǳƴŎƭŜŀǊ 
how it would be incorporated 
into textiles 

160 

Kirigami-inspired textile 
electronics 

Interconnect 
 

Silver conductive ink, inkjet 
printed onto woven PET 
fabric, then laser cut into 
kirigami structure 

Approximately 600% 1000 cycles of 100% 
strain, with 20-30% 
increase in resistance 
after testing 

Not performed There is a change in 
resistance between 
unstretched and stretched 
states, which may be an issue 
for some applications 

189 
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Serpentine geometry 
formed by controlled 
buckling 

Interconnect 
 
 

Gallium Arsenide ribbons 
coated with silicone 
dioxide, on a PDMS 
substrate 

Not determined. 
Stretched up to 51% 

Not performed Not performed Demonstrates proof of 
concept, but at an early stage 
not suitable for integration in 
e-textiles 

157 

Stretchable conductors        
Conductive ink printed 
on TPU substrate 

Interconnect Silver conductive ink 
screen printed on TPU film 

Half of the samples 
broke before 74% 
strain 

Resistance increased 
from approximately 1.5 
Ҡ to 5 Ҡ after 1000 
cycles of 20% stretch 

Not performed  Resistance varies with tensile 
strain, making this suitable 
for strain sensing, but 
possibly not as an 
interconnect 

166 

Liquid metal Strain sensor 
 
 

Liquid metal paste made 
from GAInSn and Ni 
nanoparticles, printed and 
then encapsulated in 
silicone 

Not determined 10,000 cycles of 50% 
strain with stable 
resistance 

Not performed  Exhibits good stability under 
many thousands of tensile 
strain cycles, but is just a 
series of printed lines, rather 
than a full circuit 

164 

Helical structures        
3D helical fibre Interconnect, 

used to make LED 
circuit with 
through hole LEDs 

Copper wire bonded PU 
fibre with cyanoacrylate 
coating 

At 300% strain helical 
structure is lost 

30% strain, 300 cycles 
per hour, for 10,000 
cycles. No damage 
reported 

Samples survived ultrasonic 
washing at 20, 30 and 55 °C 
for 100 min, both with and 
without detergent 

Interconnect only. Wash test 
does not simulate textile 
washing procedure, so is not 
a realistic assessment of 
washability 

174 

Hierarchically 
interlocked helical 
conductive yarn 

Conductive yarn Conductive yarn made 
from silver nanowires, 
MXene, and TPU 

1000% 3500 cycles at 200% 
strain 

Not performed Highly stretchable conductor, 
unclear if useful for building 
fully stretchable circuits with 
other components 

175 

Braided textile-based 
interconnection 

Interconnect Multiple copper wires 
braided to form a multiple 
helix structure, embedded 
in silicone 

762% 500 cycles at 500% 
stretch 

Not performed Interconnect only, 3 mm ς 5 
mm in diameter, most of 
which may be too thick for 
textile integration 

176 

Helical printed transistor Single component: 
transistor 

Organic thin film transistor 
on PEN substrate 

50% (theoretically 
determined) 

Not performed Not performed Only one component, not a 
full circuit. Lacks information 
on washability 

179 

Lantern-inspired on-skin 
helical interconnects 

Interconnect Helical copper wire 
embedded in PU / PDMS 
fibre solution 

Approximately 175% 3000 cycles at 50% 
strain 

Not performed Interconnect only, not 
designed for e-textile 
integration 

177 
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2.4 Summary  

This chapter began with a review of e-textile fabrication techniques. Then, connectors and 

joining methods for e-textiles were reviewed. Most, if not all, are solutions designed either 

for electronics or textiles and have been adapted for use in e-textiles. The potential benefits 

of using modular design in e-textiles have been discussed, as well as the central role that 

connectors need to play in achieving modular e-textiles. There is still the opportunity and 

need for e-ǘŜȄǘƛƭŜǎ ǘƻ ōŜ ƳŀŘŜ ΨƳƻǊŜ ƳƻŘǳƭŀǊΩ ǿƛǘƘ ǘƘŜ ǳǎŜ ƻŦ ǎƳŀƭƭŜǊ ŦƻƻǘǇǊƛƴǘ ŎƻƴƴŜŎǘƻǊǎ 

than commonly used connectors such as snap fasteners.  

On the subject of stretchable electronics technologies, from reviewing the various methods 

ς serpentine geometries, stretchable conductors and substrates, origami and kirigami 

patterns and helical geometry ς helical geometry in particular appears to be under-explored. 

While there are several examples of helical interconnects, and a few cases of single 

components being made in helical form, fully helical circuits do not appear to have been 

demonstrated. That is, a thin strip of flexible circuitry, using small footprint SMD 

components (1 mm x 2 mm or smaller) could be wound into a helix and become stretchable.  

Referring to Section 2.1, which fabrication methods should be used to investigate a) making 

ΨƳƻǊŜ ƳƻŘǳƭŀǊΩ Ŝ-textile systems, and b) helical circuits? One of the conclusions of that 

section was that printed and flexible electronics processes should be used, with stitched 

conductive tracks being used only as interconnects between flexible modules. In practical 

terms, the readily available printed and flexible electronics fabrication processes for this 

project were: 

¶ Screen printing, using a TWS SR2700 semi-automatic screen printer. 

¶ Dispenser printing, using a Voltera V-One dispenser printer. 

¶ Etching copper-plated flexible plastic films, using a sodium persulphate bubble etch 

tank, and several different tools and materials to make etch masks. 

Screen printing can be ruled out at this point. Though it is a well-established manufacturing 

method, with good repeatability and reliability, it has one major disadvantage for this work. 

To investigate modular and helical electronics, it is important to be able to easily alter the 

design of printed and flexible circuit modules. For example, after fabricating a prototype, it 

may become apparent that its design needs to be changed. This might mean making it 

longer, shorter, adding or removing components, or changing the layout of components, or 

the width of traces. In screen printing, once a screen is manufactured to print a specific 
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design, it cannot be changed. This means that if the design turns out to be flawed, the 

screen is now redundant.  

In dispenser printing, changing the design is as simple as uploading the new design to the 

printer software. Conductive inks used in screen printing can also be used in dispenser 

printing, so a design prototyped using dispenser printing could be scaled up and 

manufactured using screen printing, using the same materials. Etching processes can also 

facilitate simple design changes, by altering the etch mask that protects the parts of the 

copper that are required for the circuit. As described in Section 2.1, etch masks can be 

printed directly onto the copper, or printed on PET film using an inkjet printer, neither of 

which is time-consuming or costly. 

Both dispenser printing and etching processes were therefore selected for further 

evaluation. 
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Chapter 3 Materials and Methods  

This is a thesis heavily focused on fabrication. All of the e-textile devices presented in it were 

made and tested by the author, rather than designed and or manufactured elsewhere. As a 

consequence, there is some overlap between methods and results. In some cases, the 

distinction is clear: an existing fabrication technique is used to create a prototype of a novel 

device, and that device is the result. But in other cases, existing techniques were adapted in 

the process of making prototypes, and the fabrication techniques themselves become 

results. To keep things clear, this chapter gives an overview of all fabrication and test 

methods used ς as they were many and varied ς explaining what they are and why they 

were chosen.  

In many cases, methods and materials were changed or enhanced over the course of the 

project, and this progression is documented in this chapter. For example, the method used 

to cut flexible circuit modules out of a larger sheet of material evolved from simple and 

approximate (using scissors or craft knife) to precise (using a vinyl cutter). This was 

motivated by a need to cut more precise, complex outlines as the work progressed. Where 

there were novel adaptations to techniques, or in-depth evaluations that constitute 

experimental results, these are discussed in brief, but proper discussion and evaluation of 

them is left to later chapters. 

In terms of overall methodology, there were a few options which were considered at the 

start of the project, in consultation with Kymira. These included: 

1. Simulate, then fabricate: Simulation of circuit designs using software such as Ansys 

or COMSOL, to evaluate the mechanical stresses on various parts of a circuit when 

subjected to bending or stretching, and only fabricating the circuit after optimising 

the design.   

2. Outsource manufacturing: This would mean coming up with general circuit designs 

and then sending them to Kymira to turn into a manufacturable design, and then 

sending the design to a flexible PCB manufacturer for fabrication. 

3. In-house prototyping: Designing and fabricating all prototypes at Nottingham Trent 

University using available lab equipment, for rapid production and iteration of 

designs, and the ability to produce new prototypes outside the normal specifications 

of a PCB manufacturer. 
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Simulation is a valuable tool, but it was agreed that making and testing several iterations of 

prototypes would be equally as efficient, and more closely aligned with the experience and 

background of the writer of this thesis. And although outsourcing fabrication to a 

manufacturer could also have been an effective way to run the project, this was not chosen 

for the following reason: when designing new devices, errors often occur, and these often 

ŘƻƴΩǘ ōŜŎƻƳŜ ŀǇǇŀǊŜƴǘ ǳƴǘƛƭ ŀŦǘŜǊ ǘƘŜ ŘŜǾƛŎŜ Ƙŀǎ ōŜŜƴ ƳŀŘŜΦ LŦ fabrication is done in house, 

a small number of samples can be made, errors quickly spotted, and the design updated, 

with fewer delays and expenditure than if it is outsourced to a manufacturer. Most of the 

work covered in this thesis is about producing prototypes of new configurations of flexible 

and stretchable electronics and proving their viability. If, in future, these move forward to 

more extensive testing, or to production, then establishing a manufacturing process with an 

external company will be explored at that point. 

3.1 Fabricating flexible and printed electronics  

The following sections outline printed and flexible electronics fabrication methods which 

were used during the project. The processes follow the same general format: 

1. Design of the circuit schematic and layout. 

2. Creation of conductive tracks on a flexible substrate to form circuit traces. 

3. Attachment of components, usually by soldering. 

4. Encapsulation of components and conductive tracks, i.e., coating them with 

dielectric materials for mechanical support and electrical insulation. 

In many cases, the process also involved cutting out the outlines of the circuit. This was 

performed at different stages in the process, as will be explained in later sections. 

3.1.1 Circuit Design  

The two main tools used for circuit design were: a) Autodesk Eagle, a PCB design software, 

and b) Adobe Illustrator, which is a versatile tool for 2D drawing. Circuit schematics and 

layouts were mainly created in Eagle, but outlines (i.e. the shape of an individual circuit 

module), and details such as stitching holes, were created in Illustrator. As has been 

highlighted by Tools We Want, a collaborative project by e-textile researchers and designers 

Irene Posch, Ebru Kurbak, Hannah-Perner Wilson and Mika Satomi, a tool combining the 

capabilities of these two software packages would be very useful for e-textile design 190.  
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Figure 3-1. Overview of the circuit design process used in this project. 

1) Circuit schematic and layout created in Autodesk EAGLE; 2) Design is imported into Adobe Illustrator to create 

outlines and stitching holes for the circuit module; 3) circuit modules are fabricated on copper-plated polyimide 

film; 4) circuit modules are attached to fabric and joined to conductive thread interconnects.. 

 

An example of the process is shown in Figure 3-1, using the example of temperature sensor 

and interposer circuit modules which will be covered in Chapter 5. Illustrator was also used 

to design solder paste stencils, coverlay (flexible encapsulation for conductive tracks in 

flexible electronics), photolithography masks, and any other part that needed to be cut using 

a vinyl cutter, a machine which served many purposes in this project. In some cases, 

Illustrator was also used to modify or create very simple circuit layouts instead of using 

Eagle.  

3.1.2 Methods to create conductive tracks  

To create conductive tracks on polymer films or on textiles, two methods were used: a) 

dispenser printing conductive inks, and b) etching copper-plated PI film. As mentioned in the 

previous two chapters, printed and flexible electronics fabrication methods were chosen 

because they can be scaled up using established manufacturing processes. And as set out at 

the end of the previous chapter, screen printing was also evaluated, but ultimately not used 

because it is less suited to rapid iteration of designs than dispenser printing or etching 

processes. 

3.1.2.1 Dispenser printing  

A Voltera V-One dispenser printer was used in this work. The printer is shown in Figure 3-2, 

along with the relevant parts and materials involved in printing on flexible substrates. This is 

a commercially available dispenser printer, controlled by a companion computer application. 

Voltera supply their own inks, but as they are based in Canada and this work was carried out 

in the United Kingdom, it was more convenient to use inks from UK suppliers. Flexible silver 

conductive ink from Engineered Conductive Materials (product no. CI-1036, total solids 

content 66%, viscosity 25,000 cps) was used. Empty nozzles, pistons and other printing 
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consumables were obtained from Intertronics Ltd, and cartridges to fit the V-One were 

obtained from Nordson Ltd. These are shown in Figure 3-2C and D. The process of 

calibrating the V-One for new inks is covered in the next chapter.  

 

Figure 3-2. Dispenser printing.  

A) illustration of the process. A cartridge of conductive ink is moved around an x-y plane, dispensing conductive 

ink in a defined pattern; B) the Voltera V-One printer used in this work, printing conductive tracks to create a 

flexible circuit; C) Parts: the cartridge is filled with silver ink, and then a piston is inserted to seal the ink inside. The 

tip cap and end cap are placed on the cartridge when not in use, to keep the ink fresh and prevent spills; D) 

cartridge filled with ink, equipped with piston and nozzle before printing. 

3.1.2.1.1 Ink preparation  

Before printing, cartridges of ink needed to be prepared. This involved a) mixing the tub of 

ink by hand, using a spatula; b) pouring a small quantity of ink into a smaller container, and 

mixing in a Thinky ARE-250 speed mixer (a centrifugal mixing machine which ensures 

smooth consistency of ink and removes bubbles from the mixture); c) using a syringe to fill a 

cartridge with mixed ink. A nozzle can then be attached for printing (Figure 3-2D). 
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3.1.2.1.2 Printing process for flexible substrates  

¢ƘŜ ƎŜƴŜǊŀƭ ǇǊƻŎŜǎǎ ŦƻǊ ŘƛǎǇŜƴǎŜǊ ǇǊƛƴǘƛƴƎ ƛǎ ǎŜǘ ƻǳǘ ōŜƭƻǿΦ ¢Ƙƛǎ ƛǎ ŀŘŀǇǘŜŘ ŦǊƻƳ ±ƻƭǘŜǊŀΩǎ 

standard process for printing on rigid substrates, as documented on their website 191. 

¶ A cartridge of ink was prepared as described in the previous section, or a prepared 

cartridge was removed from a refrigerator and left to rest for 30 minutes to come to 

room temperature. 

¶ A piece of PI film was cut and prepared by wiping with isopropyl alcohol (IPA) to clean 

the surface of oils and dust.  

¶ Spray adhesive (3M Adhesive Spray Mount, 3M LTD) was used to attach the substrate to 

a rigid backing material. The V-One comes with a kit including small FR4 boards (50 mm 

x 76 mm and 101 mm x 127 mm) which were used for this. 

¶ The substrate was clamped on the V-hƴŜΩǎ ǇǊƛƴǘ ōŜŘΣ ŀƴŘ ǘƘŜ ǇǊƛƴǘ ŦƛƭŜ ǿŀǎ ƭƻŀŘŜŘ ǳǎƛƴƎ 

the V-One software. 

¶ The substrate was probed so that the correct print height could be determined, and to 

detect any irregularities in the surface of the substrate that might cause issues. This 

process was performed by the V-One, using a probe attachment that moves around the 

substrate and measures the height at different points.  

¶ A print nozzle was attached to the cartridge of ink, which was then attached to the V-

One, and a calibration pattern was printed to test the print settings.  

¶ Settings were adjusted if needed, such as the ink pressure and print height, until good 

printing quality was achieved. These settings are documented further in the next 

chapter. 

¶  The full pattern was then printed. 

¶ The print was heat cured using the V-hƴŜΩǎ ƘŜŀǘŜŘ ōŜŘ ŀǘ мпл °C for 20 minutes, in line 

with curing settings provided by the ink manufacturer. 
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3.1.2.2 Etching copper -plated PI  

As outlined in Chapter 2, conductive tracks can be formed by etching metal-plated films, the 

most common of which is copper-plated PI. Several films with 18 µm copper thickness, and 

PI thicknesses of 25 µm, 50 µm and 75 µm were obtained from GTS Flexible LTD. 

To etch circuit traces on copper-plated PI film, an etch mask must be applied to the copper 

to protect the parts that are needed for the circuit. Three different etch masks were used in 

this work. As detailed further in the next chapter, each of these has advantages and 

disadvantages, and is suitable for different applications and levels of production. The third 

method, using adhesive vinyl and a vinyl cutter to make the etch mask, was developed 

during this PhD project. Figure 3-3 illustrates the different methods by which a mask can be 

made, which were all used at different stages of this work. They are as follows: 

1. Toner transfer (Figure 3-3A): The mask was printed on a coated paper using a laser 

printer. The coating prevents the printer toner from sinking into the paper, so it 

remains on the surface. The paper was then laminated to copper-plated PI using an 

ordinary laminator, which transferǎ ǘƘŜ ǘƻƴŜǊ ŦǊƻƳ ǇŀǇŜǊ ǘƻ ŎƻǇǇŜǊΦ ! ΨƎǊŜŜƴ ŦƛƭƳΩ ǿŀǎ 

then laminated on. This is a special film provided with the kit, which sticks to the toner 

and makes the mask more opaque. 
 

2. Dry film photolithography (Figure 3-3B): A photosensitive dry film was laminated to 

copper-plated PI. Separately, a negative UV mask was created by printing the inverse 

of the circuit pattern on a transparent film*. This was placed on top of the 

photosensitive film in a UV exposure box, allowing UV light to cross-link and harden 

exposed photosensitive film. A developing process then washed away unexposed film. 
 

3. Adhesive vinyl mask (Figure 3-3C): This is a method that was developed in the course 

of this work. Adhesive vinyl, a material commonly used to make signs and stickers, is 

applied to the copper-plated PI. A vinyl cutter then cuts out the circuit pattern, and 

tweezers are used to remove excess vinyl. 

* This is the standard method to fabricate the UV mask, but it was discovered during this project that 

it can also be made by cutting heat transfer vinyl, a material used to make graphics on garments. This 

method is further discussed in the next chapter. 
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Figure 3-3. Different methods to create masks for etching copper-plated polymer films.  

A) Toner transfer method prints the mask on a coated paper, which is later transferred to the flexible substrate; B) Dry film photolithography involves lamination of a photosensitive 

film to the substrate, and exposing specific areas to UV light to harden the film, creating the mask; C) Adhesive vinyl is applied to the substrate, then a vinyl cutter cuts out the circuit 

pattern, and excess vinyl is removed using tweezers. This method was developed as part of this project.
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Two different etch tanks were used in this project. A Fortex bubble etch tank (Chapter 5 and 

part of Chapter 4) and a Mega Electronics PA210 bubble etch tank (Chapter 6 and part of 

Chapter 4). The Fortex tank was used in the first half of the project, but then developed a 

fault and was replaced by the Mega Electronics tank. In all cases, the etchant was made 

from 1 kg of fine sodium persulphate crystals (Fortex Engineering Ltd, Lincoln, UK) mixed 

with 5L of water and heated to approximately 45 °C by the etch tank. 

3.1.2.3 Stitched conductive tracks  

In Chapter 5, conductive threads were also used to create conductive tracks. This method 

was used only to create stretchable interconnects connecting flexible circuit modules to 

each other; components were not attached directly to conductive threads. A Brother Innovis 

sewing machine was used for this.  

Machine stitching normally uses two threads: a top thread which is threaded through the 

needle, and a bottom (bobbin) thread on a small spool, located in a rotating case called a 

bobbin, underneath the needle. The fabric to be stitched is placed below the needle, but 

above the bobbin, and each time the needle pierces through the fabric, the bobbin rotates, 

and the top thread and bobbin thread interlace to form a stitch.   

When sewing with conductive thread, using a regular (i.e. non-conductive) thread as the top 

thread, and the conductive thread as the bobbin thread, is usually the best course of action. 

This is because conductive threads are usually thicker and rougher than regular sewing 

thread 192,193. And as the top thread takes a route with several twists and turns, passing 

through different parts of the sewing machine before arriving at the needle, most 

conductive threads are likely to break or become jammed when used as the top thread in a 

standard sewing machine.  

The conductive thread used in this work was a solderable thread (insulated conductive 

thread, SewIY Ltd) which consists of fine enamelled copper wires braided with a Kevlar 

supporting thread. It was exclusively used as the bobbin thread, and the bobbin tension 

needed to be adjusted so that smooth, good quality stitches were achieved. The tension of 

both top and bobbin threads is generally adjustable in sewing machines, as different types 

and weights of thread, stitched onto different types of fabric, need to be held at different 

levels of tension to feed through the machine smoothly and produce good quality stitches.  
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3.1.3 Cutting circuit outlines, coverlay and stencils  

Flexible circuit material was cut from large rolls of PI, or copper-plated PI. At the start of the 

project, circuit outlines were cut by hand using a scissors or craft knife, after circuit traces 

had been made by etching or printing. This is fine for simple, rectangular designs, but as 

more complex shapes needed to be realised, a precise method for cutting outlines was 

needed. Figure 3-4 illustrates the progression in circuit outline complexity during the 

project. Luckily, there is a machine that can perform this task easily: the vinyl cutter. This is a 

computer-controlled cutter designed for cutting thin films (vinyl) to make signs, and graphics 

for laminating onto garments, but it can cut many other types of film for other uses, and 

some can also cut rubber or textiles. Featuring a fine, swivelling blade, vinyl cutters can 

achieve fine resolution: the Roland GS-24 model used in this project was used to cut 

features as small as 100 µm.  

 

Figure 3-4. Examples of methods to cut circuit outlines. 

A) An LED circuit on PI film, cut by hand using a craft knife; B) Temperature sensor module, with more complex 

shape and small cutout holes for stitching onto fabric, which would have been challenging to cut by hand/ C) 

coverlay film for another circuit module, cut from 250 µm thick PI, including features as fine as 1 mm pitch; D) 

copper-plated PI film outlines for helical e-strips in Chapter 6, whose ends need to be precisely angled. 

Two approaches to cutting flexible circuit outlines with the vinyl cutter were evaluated: a) 

etching (or printing) first, then cutting, and b) cutting first, then creating the conductive 

tracks. As etching rather than printing was used for circuits needing precise outlines (as will 

be explained in the next chapter), the remainder of this section will describe the process for 

cutting outlines for etched circuits only. However, the same process applies to printed 

circuits, except that the material to be cut is PI film, rather than copper-plated PI film. 
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The Roland GS-нп όƘŜǊŜŀŦǘŜǊ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ Ƨǳǎǘ ΨǘƘŜ Ǿƛƴȅƭ ŎǳǘǘŜǊΩύ Ƙŀǎ ŀƴ ŀƭƛƎƴƳŜƴǘ ŦŜŀǘǳǊŜ 

that can align with existing features. This is designed for printable vinyl, where a design is 

printed on clear or white vinyl, and then its outline is cut out. This method works by 

including black circular crop marks at the edges of the design, which the machine scans for 

and detects using an optical sensor. It has a margin of error of 1 mm, which is acceptable for 

many applications, but for many of the devices fabricated in this work, this can cause issues 

with misalignment. For example, some of the flexible circuits produced in Chapter 6 were 

1.5 ς 3 mm wide, meaning that a 1 mm error in alignment causes significant errors. 

The first approach to cutting after etching was to etch the crop marks, i.e. including them in 

the etch mask. However, the copper crop marks are quite close in colour to the PI film 

substrate, which made it impossible for the optical sensor to detect them. Colouring the 

crop marks in with a black marker made it possible for the vinyl cutter to detect them, but 

only partially improved the results (as seen in Figure 3-5A, B and C).  Alternatively, the circuit 

pattern can be printed in black and white on paper, which is used to align the vinyl cutter. 

Then, spray adhesive can be used to attach the PI with printed or etched metal tracks on top 

for cutting out. As can be seen in Figure 3-5E and F, alignment errors of 1-2 mm remained.  

 

Figure 3-5. Creating conductive tracks, then cutting outlines using the vinyl cutter 

!ύ /ǊƻǇ ƳŀǊƪ ƻƴ tLΣ ŎƻƭƻǳǊŜŘ ƛƴ ǎƻ ǘƘŀǘ ǘƘŜ Ǿƛƴȅƭ ŎǳǘǘŜǊΩǎ  ƻǇǘƛŎŀƭ ǎŜƴǎƻǊ ŎƻǳƭŘ ŘŜǘŜŎǘ ƛǘΤ .ύ hǇǘƛŎŀƭ ǎŜƴǎƻǊ ŘŜǘŜŎǘƛƴƎ 

a crop mark; C) Cutting the outlines, showing multiple crop marks; D) Alternative method, printing the circuit 

patterns on paper and aligning the patterned PI on top to cut outlines; E) Close-up of previous image; F) Close-up 

showing cutting misalignment, highlighted by yellow boxes. 

The other option is to cut the outlines first, then create the conductive tracks. After 

evaluating the different options, this was chosen as the preferred method. As it is usually 

more efficient to print or etch multiple circuits at once, a method is therefore needed to 
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keep all of the circuits aligned in a fixed pattern, e.g. for aligning a photolithography mask 

later on. Alignment becomes more critical during that stage of the process when the 

outlines are cut first. 

To achieve this, the following process was developed, using transfer tape obtained from 

Grafityp LTD (UK). This is also shown in Figure 3-6. Transfer tape is a clear tape designed to 

keep disconnected parts of a vinyl design aligned when applying it to a surface: it sticks well 

to PI to keep it in place temporarily, but can also be peeled off easily. It was used as follows: 

1. Transfer tape was applied to the PI, or to the non-conductive side of the copper-

plated PI (double-sided copper-plated PI is available but was not used in this work). 

2. The circuit outlines were cut on the vinyl cutter. The force that the knife applies to the 

cutting material is adjustable, so it can be adjusted to cut only through the PI material, 

not the transfer tape. 

3. Excess material was weeded (removed), leaving the circuit outlines adhered to the 

transfer tape. 

4. Circuit traces were etched or printed, and components were attached to the circuit. 

5. Each individual circuit was then able to be gently peeled off the transfer tape. Acetone 

can be used to dissolve the adhesive if needed. 

 

 

Figure 3-6. Cutting flexible circuit outlines before etching.  

Copper-plated PI is applied to clear transfer tape (left), and then the outlines are cut using the vinyl cutter, excess 

material removed, and conductive tracks etched (right). 
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3.1.4 Encapsulation  

Electronic components and conductive traces in circuits need to be encapsulated, i.e. 

covered with a dielectric material. This serves two purposes: a) protecting the circuit from 

damage, and b) providing electrical insulation to prevent accidental short circuiting. This is 

particularly important for e-textiles, where uninsulated flexible circuitry may accidentally 

short circuit when the fabric folds, or from moisture when the user sweats.  

Several different encapsulation materials and methods were used during the project. These 

can be split into two categories:  

1. glob top encapsulation, which is dispensed onto components to form a protective 

dome around them.  

2. Encapsulation of conductive traces, which was done by applying a thin layer of 

adhesive, or a thin PI film (coverlay film). 

 

For glob-top encapsulation, the following materials, shown in Figure 3-7, were used: 
 

¶ Plasti-dip: this is a non-toxic, clear rubber material that cures with exposure to air. It 

was dispensed onto components using a syringe. It was used for early prototypes 

and in Chapter 5, but the results were irregular in shape. This is not desirable. 

 

¶ UV curable medical adhesives from Dymax Ltd: As a more professional alternative to 

Plasti-dip, flexible medical adhesives were used. These were selected in consultation 

with Intertronics LTD, who specialise in adhesives for the electronics industry. The 

adhesives are certified safe for medical use and produced a cleaner, more 

reproducible result. As well as being curable by UV light, they have a secondary heat 

curing mechanism designed to cure parts that might be blocked from light. 

In both cases, glob top encapsulation was applied with a syringe.  



 

76 
 
 

 

 

Figure 3-7. Glob top encapsulation of printed and etched flexible circuits. 

A) Dymax medical adhesive applied on a resistor on a printed temperature sensor on PI film. The adhesive creates 

a smooth dome over the component; B) Plasti-Dip encapsulation applied onto the same type of resistor, on an 

etched temperature sensor on PI film. The Plasti-5ƛǇ Ƙŀǎ ŎǳǊŜŘ ƛƴ ŀƴ ƛǊǊŜƎǳƭŀǊ ǎƘŀǇŜΣ ŀƴŘ ŘƻŜǎƴΩǘ Ƴŀƛƴǘŀƛƴ ŀ 

ǇǊƻǇŜǊ ΨƎƭƻōΩ ǎƘŀǇŜΣ ǿƘƛŎƘ ǎƘƻǳƭŘ ōŜ ƳƻǊŜ ŘƻƳŜŘΦ  

To encapsulate conductive copper or silver tracks, the following methods were used: 

¶ Spray Plasti-dip: an aerosol version of the Plasti-Dip used for glob-top encapsulation, 

this was sprayed onto conductive tracks.  

¶ Dymax medical adhesive, painted on with a small brush to create a thin layer of 

encapsulation and UV cured. This was the most used method during this project. 

¶ Coverlay film cut from PI, adhered with Dymax medical adhesive: This was messy, 

with adhesive spilling out. It also needed to be heat cured, as PI blocks UV light, 

making UV curing slow and inefficient. 

¶ PI coverlay film, applied with 3M FPC double sided tape: This created an even 

coverlay, and creates a professional finish, but it can be difficult to achieve an even 

finish with no air bubbles under the film. 

A UV curable dielectric ink was used to encapsulate soldered connections between pin 

headers and conductive thread in Chapter 5, and is covered in more detail in that chapter. 
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3.1.5 Attaching components to conductive tracks  

Soldering was the main method used to attach components to conductive tracks. Soldering 

techniques used included: 

¶ Dispensing solder paste using a syringe. 

¶ Dispensing solder paste using the Voltera V-One dispenser printer. 

¶ Stencilling solder paste using vinyl cut PI stencils. Depicted in Figure 3-8, the vinyl cutter 

was able to cut stencils for components with 1 mm and 0.3 mm pitch. 

¶ Hand soldering using a soldering iron. 

Solder paste is a shear thinning fluid, meaning that its viscosity decreases when pressure is 

applied to it. This means that it can be easily dispensed from a syringe, or squeezed through 

a stencil, but firms up again after the pressure is removed.  

Flexible circuits were adhered to FR4 boards or alumina plates with spray adhesive or PI 

tape, and heated on a hotplate to solder. For 0603 and larger package components, Type 3 

(T3) solder paste was used. For smaller components, T5 solder paste was used. Solder paste 

consists of solder powder suspended in a liquid flux medium, and the number (3, 4 or 5) 

refers to the size of the powder particles. Higher numbers correspond to smaller particles. 

This is shown in Figure 3-8A. 

A Fritsch LM 901 manual pick and place machine (Figure 3-8D) was used to place SMD 

components before soldering, although some components were placed by hand using fine 

tweezers. The pick and place machine has a vacuum nozzle that allows components to be 

picked up from their packaging, and then placed on the relevant solder pads. A microscope 

is fixed next to the nozzle, recording video shown on a monitor, to aid with placement.   

Only lead-free solder paste was used. This was for general health and safety reasons, as well 

as the fact that e-ǘŜȄǘƛƭŜǎ ŀǊŜ ŘŜǎƛƎƴŜŘ ǘƻ ōŜ ƛƴ ŎƻƴǘŀŎǘ ǿƛǘƘ ǘƘŜ ōƻŘȅΣ ǎƻ ǎƘƻǳƭŘƴΩǘ Ŏƻƴǘŀƛƴ 

lead. In some cases, soldering was performed by hand using a soldering iron instead of using 

solder paste, particularly when using solderable conductive thread in Chapter 5. Dispensing 

solder paste using the Voltera V-One was found to be more time consuming than stencilling 

or applying solder with a syringe, so this was not much used. 
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Figure 3-8. Soldering processes, equipment, and materials. 

 A) Microscope image of T3 and T5 solder paste, showing different sizes of solder balls suspended in the paste. T5, 

with smaller balls, is more suitable for soldering fine pitch 0402 and 0201 components than T3; B) Solder paste 

stencil cut from 75 µm thick PI film using the vinyl cutter; C) Solder paste applied to flexible LED circuits using a PI 

stencil, with inset section showing paste deposited on the solder pads after the stencil is removed; D) Pick and 

place machine used to place components onto solder pads before soldering.  
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3.2 Test methods  

Several different tests were used in the evaluation of the fabricated e-textile prototypes, to 

assess their function, as well as their durability.  

3.2.1 Mechanical testing  

The work presented in this thesis is intended for use in real e-textile garments, and primarily 

for sports and medical garments, where durability is a core requirement. Therefore, 

prototypes were subjected to a range of mechanical tests, specifically: 

¶ Tensile tests 

¶ Bending tests 

¶ Twisting tests 

All test procedures were based on IPC-9204 Guideline on Flexibility and Stretchability 

Testing for Printed Electronics 194, as specific standards for e-textile testing are still in 

development. This standard describes tests for printed electronics on printed and 

stretchable substrates, including for wearable applications, which makes it a suitable choice 

for testing stretchable e-textiles. As can be seen in Table 2-4, the tests used to assess 

stretchable electronics vary significantly, but mostly fall into two categories: strain until 

failure, and cyclic tensile strain tests. Both of these tests are included in IPC-9204. 

Tensile and bending tests in Chapter 5 were performed with a Shimadzu AG-X universal 

testing machine, with a 1 kN load cell. This had standard metal serrated grips which could 

grip fabric well, but were not able to hold flexible circuits without causing damage. To 

address this, laser cut tensile test clamps, and 3D printed fixed plate bending test clamps 

were fabricated, as shown in Figure 3-9. Later on, a Mecmesin MultiTest-2.5dV, with a 100 N 

force gauge, was acquired, and this was used for most of the work in Chapter 6. This was 

used with rubber-coated grips for tensile tests, which are designed for clamping fabric 

samples.  

Two types of test were carried out: 

¶ Stretching or bending until breaking point, to determine the absolute flexibility or 

stiffness (stretchability) of a prototype. 

¶ Cyclic strain and bending for 1000-3000 cycles, at lower than maximum extension or 

bending, to mimic the routine bending and stretching e-textile parts would undergo 
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in a garment. The number of cycles is not set by IPC-9204, but is based on similar 

work such as that performed by Wicaksono et al 40,. 

 

Figure 3-9. Custom clamps for mechanical testing.  

A)-B) 3D printed fixed plate bending test clamps; C) Fixed plate bending test clamps in use to test a flexible sensor 

from Chapter 5. This test is carried out under compression and is designed to change the bending radius; D) laser 

cut tensile testing clamps clamping a flexible LED strip and stretchable fabric interconnect during a tensile test; E) 

tensile testing clamps, which have circular cutouts to tidy wires and cables attached to samples under test, and 

cutout pieces at the top to fit in the jaws of the Shimadzu AG-X metal tensile testing clamps. Images A, B and E 

were taken by Jasmyn Cliff-Patel. 
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There is, at the moment, no standard for how many cycles should be performed. 1000-3000 

cycles are often reported in the literature, though this should be considered a preliminary 

evaluation, as e-textile parts can be expected to potentially undergo tens of thousands of 

cycles, or more even, in a real garment. Thus the mechanical test results presented in this 

work should be considered preliminary data on durability, with further work required to get 

a full picture of how well the technology will last in a garment. 

A custom twisting jig was fabricated for twisting tests, as shown in Figure 3-10. This consists 

of two aluminium clamps attached to an aluminium rail, where the distance between clamps 

is adjustable. One clamp is attached to a stepper motor, which is powered by an Arduino 

Uno microcontroller. An Arduino sketch controls the maximum twisting angle, rotation 

speed, and the number of cycles to be performed in a test. The position of the rotating 

clamp can also be manually adjusted, using physical switches to manually rotate the clamp 

clockwise or counter-clockwise.  

This is a simple device and does not measure torque experienced by a sample during testing, 

ōǳǘ ƛǎ ǳǎŜŦǳƭ ŦƻǊ ŎŀǊǊȅƛƴƎ ƻǳǘ ŎȅŎƭƛŎ ǘŜǎǘǎ ǘƻ ŀǎǎŜǎǎ ŀ ǇǊƻǘƻǘȅǇŜΩǎ ŀōƛƭƛǘȅ ǘƻ ǿƛǘƘǎǘŀƴŘ ǊŜǇŜŀǘŜŘ 

twisting. 

 

Figure 3-10. Custom twisting jig. 

 A) The finished twisting jig, featuring aluminium clamps, one of which is rotated by a stepper motor; B) First 

prototype of the twisting jig, using laser cut acrylic; C) Control unit, which houses an Arduino, and has manual 

switches to rotate the clamp clockwise or anti-clockwise for calibration, and to start or stop a cyclic test. Images 

by Jasmyn Cliff-Patel. 
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3.2.2 Wash testing  

Technology for e-textiles needs to be washable, and preferably washable by machine rather 

than by hand, for user convenience. ISO 6330 standard for domestic washing and drying of 

textiles was used as a guide for wash tests 195. As there is not yet a separate wash testing 

standard for e-textiles, most e-textile research uses some variation of this standard 196. 

A makeweight or load ballast was made by assembling 2.2 kg of pieces of polycotton fabric, 

in accordance with the aforementioned standard. This is intended to simulate a real wash 

cycle with a full load of washing, instead of washing samples in an otherwise empty washing 

machine. Wash testing was only performed on helical e-strips covered in Chapter 6. Samples 

were washed 10 times in a domestic washing machine (Model i-DOS, Bosch GMBH), with a 

supermarket brand detergent. Samples were weighed before each wash cycle to confirm 

that they were fully dry, and were air dried in between washes. Samples were washed in a 

40 °C, 1400 rpm cycle lasting 2 hours 33 minutes, to replicate a regular domestic wash cycle. 

3.2.3 Resistance measurement  

Resistance measurement is commonly used to determine the effect of a mechanical test on 

a sample. Or to check that fabrication has been successful. An increase in resistance during 

or after testing can indicate cracks in the conductive tracks, or tearing of the flexible / 

stretchable substrate. 

2-wire resistance measurement, using both a handheld multimeter and a Keithley 2110 5 ½ 

bench multimeter, was used to check continuity, or identify short circuits, after etching, 

soldering, stitching conductive tracks etc. This was also used to measure the resistance of 

printed conductive patterns after printing and curing, to assess the quality of the printing. 

This included the identification of small gaps or cracks in prints, short circuits between layers 

of multi-layer prints, and unsuccessful curing, as evidenced by a higher than expected 

resistance measurement. The conductive inks used in this project consist of small silver 

flakes suspended in a solvent, which enables them to be printable. After printing, heat 

curing evaporates the solvent, and this increases the conductivity of the printed pattern. A 

high resistance value after curing indicates that not all of the solvent has been evaporated. 

As improperly cured ink is also liable to crack, this is also an indicator that the printed 

pattern will not be durable. 
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2-wire resistance is a useful technique for quick testing. But for higher accuracy, particularly 

for measuring resistances of < 100 Ҡ, 4-wire resistance is a better technique. Figure 3-11 

illustrates the wiring configuration for both methods. 

 

Figure 3-11. Schematics of electrical connections for resistance measurements 

A) 2-wire resistance measurement, where one set of test leads supplies the current and measures the voltage 

across the resistance under test. Here, the resistance of the test leads themselves is included in the measured 

value of R, which is negligible if R >> RLEAD, but can introduce significant error if R Ғ RLEAD; B) 4-wire resistance 

measurement, with separate sets of test leads to supply current (source) and measure voltage (sense), resulting in 

a more accurate measurement. Both figures are re-drawn versions of schematics published by the electronic test 

equipment manufacturer Keithley Ltd. HI and LO points refer to source voltage and ground. 
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Resistance is measured by applying a small current between two points, and measuring the 

resulting voltage drop between those points. However, in a 2-wire measurement, the 

resistance measured will also include the resistance of the probes used to connect the 

multimeter (or other measuring device) to the sample under test. These usually have quite 

low resistance, but as the prototypes tested in this work typically have a resistance of < 1 ҠΣ 

including the resistance of the probes introduces error into the measurement. A 4-wire 

resistance measurement, by comparison, uses one set of probes to supply the current, and 

another set to measure the voltage drop. This removes the resistance of the probes 

themselves from the measurement, increasing the accuracy.  

First, the previously mentioned bench multimeter was used to measure 4-wire resistance, 

using two sets of multimeter probes, or Kelvin probes, which are designed for 4-wire 

measurements. However, these have quite sharp tips, which makes them difficult to use 

with flexible circuit modules, as they can easily scratch and cause damage to the copper 

ŎƻŀǘƛƴƎ ƻƴ ŦƭŜȄƛōƭŜ ŎƛǊŎǳƛǘǎΦ ¢ƘŜȅ ŀƭǎƻ ŎŀƴΩǘ ōŜ ŎƭŀƳǇŜŘ ƻƴǘƻ ǘƘŜ ǎŀƳǇƭŜ ŀƴŘ Ƴǳǎǘ ōŜ ƘŜƭŘ ƛƴ 

place. This is fine for one off or intermittent measurements, but continuous measurement is 

preferable for most mechanical tests. If a sample is being stretched until it breaks, for 

example, continuously monitoring resistance can provide information about how and when 

it begins to fail, by detecting increases in resistance. The same applies in cyclic tests.  

A few alternative cables were researched to find a solution. To perform continuous 

measurements, there are two things to consider: a) suitable equipment to measure the 

resistance, and b) suitable connectors or clamps to connect the sample to the measurement 

equipment.  

Most bench multimeters have companion software that allows resistance to be measured 

and logged continuously. However, they can usually only measure one sample at a time, and 

there are some situations where multiple measurements are desirable, for example if a 

sample has several conductive tracks and all of them need to be measured. An NI-9219 

universal analogue input module was purchased to allow continuous 4-wire resistance 

measurement of up to four samples at a time, at a rate of 2 Hz. 

In terms of connectors, a range of cables were purchased, with banana plugs to connect to 

multimeters. These are shown in Figure 3-12. Alligator ŎƭƛǇǎ ǿŜǊŜ ǊǳƭŜŘ ƻǳǘΣ ŀǎ ǘƘŜȅ ŘƛŘƴΩǘ 

clamp well onto thin flexible circuits. They also tend to have serrated teeth, designed for 
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clamping onto wire, which is damaging to flexible circuits, but can work well with conductive 

textiles. Spring hook probes work well to connect to wires, but soldering wires to every 

sample that needs to be tested is time consuming. An interposer circuit, which is covered in 

Chapter 5, was designed for connecting flexible circuits to conductive threads, but also 

turned out to be useful to connect them to wires, to attach spring hook probes to, or to 

connect to screw or spring terminal connectors on DAQ (data acquisition) devices used to 

measure resistance or voltage. Using spring hook probes to clamp pins (for sewing) was 

useful for testing continuity in conductive threads. This has been previously documented by 

Afroditi Psarra, who used a similar method to test a textile antenna 197. 

Helical e-strips covered in Chapters 6 were made with pin header connectors, which allowed 

them to be connected to a multimeter using banana plug to female pin header probes, or 

using female jumper cables and pieces of solid core wire to connect to spring terminal 

connectors on the NI 9219 analogue input DAQ module. Data from the DAQ was recorded in 

NI LabVIEW. 

 

 

Figure 3-12. Connection methods for resistance measurement. 

A) Spring hook probes used to clamp sewing pins to be inserted into conductive textiles; B) Testing continuity of 

conductive thread module using spring hook connectors and sewing pins; C) Alligator clip multimeter probes; D) 

Interposer circuit from Chapter 5 to allow spring hook connectors to be attached to wires; E) A helical e-strip from 

Chapter 6, equipped with male pin header connectors, connected to jumper cables with female pin header 

connectors, which are in turn connected to spring terminals on a DAQ device. 
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3.2.4 Microscopy  

Visual analysis using a microscope is a useful tool to use in combination with resistance 

measurement, to characterise failures occurring during fabrication or testing. A Keyence 

VHX-7000 digital microscope was used to image samples during fabrication, or after failure 

during mechanical tests. Figure 3-13 shows two examples of this. Scanning electron 

microscopy was also evaluated, but was not found to be necessary for this work, as most 

failures could be identified using optical microscopy. 

 

Figure 3-13. Microscope-aided failure analysis. 

 A) Flexible temperature sensor from Chapter 5, where a crack has formed in a copper track where a fold has been 

created in the sensor substrate; B) SMD connector on an interposer covered in Chapter 5, showing slight 

misalignment of the connector on the solder pads, and too much solder. 

3.2.5 Sensor characterisation  

Several variations on a Wheatstone bridge temperature sensor circuit were produced during 

this project. Characterisation of these sensors is covered more fully in later chapters, but in 

brief, temperature sensors were characterised by attaching them to a hotplate and varying 

the hotplate temperature across the range of normal human skin temperature. Sensor data 

was recorded using two models of NI USB DAQ ς 6008 and 6210 ς and NI LabVIEW, where 

data was plotted in real time and logged to a text file for later analysis.  Sensors were also 

compared against commercial temperature sensors, as will be described in more detail in 

the methods sections of the chapters documenting this work. 
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Chapter 4 Evaluation and adaptation of 

flexible electronics fabrication methods  

4.1 Introduction  

The previous chapter summarised the fabrication and test methods used in this thesis. This 

chapter further explores how methods to create conductive tracks on flexible substrates 

were evaluated, and decisions made for which ones to use in later chapters. It also 

documents adaptations to these processes for easier prototyping. This is a key point: what 

works well in an industrial PCB fabrication facility may not suit a smaller research lab. Some 

of the techniques evaluated here are industry standards proven to work at scale. But for this 

project and others like it, rapid prototyping is important for quickly iterating and evaluating 

research prototypes. And this often requires a different approach.  

The fabrication of flexible electronic modules involves several elements. To carry out the 

work documented in later chapters, it was necessary to identify a suitable method for 

creating conductive tracks on flexible substrates. As discussed in previous chapters, the 

methods selected from the available options were: 

a. Dispenser printing 

b. Etching copper-plated PI film 

In previous chapters, it was established that the chosen method should facilitate easy 

changes to designs. The following criteria were also set: 

1. Resolution: what is the minimum pitch (space between tracks) that each method 

can achieve? Chapter 5 uses small footprint connectors with 300 µm pitch, and 

Chapter 6 uses 0201 package SMD components requiring features of approximately 

100 µm to be etched or printed. 

 

2. Alignment: As discussed in the previous chapter, the ability to accurately align 

conductive tracks to the outline of the flexible module is critical for proper function.  

 

3. Speed: how many steps does each process involve, and how long does it take to 

produce prototypes? 
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This chapter is structured as follows:  

First, dispenser printing is evaluated. This included calibrating print settings on a Voltera V-

hƴŜ ǇǊƛƴǘŜǊ ǘƻ ǇǊƛƴǘ ǿƛǘƘ ƛƴƪǎ ƻǘƘŜǊ ǘƘŀƴ ±ƻƭǘŜǊŀΩǎ ƻǿƴ ōǊŀƴŘΦ ! ǇǊƛƴǘŜŘ ǘŜƳǇŜǊŀǘǳǊŜ ǎŜƴǎƻǊ 

is also demonstrated. There was also a small investigation into printing on textiles coated 

with heat transfer vinyl (an adhesive-backed polymer film used in the garment industry to 

make designs on garments). This was deemed to not be optimal for realising the objectives 

of this thesis, and is not included here. 

The remainder of the chapter covers processes for etching copper-plated PI. This mainly 

involved evaluating, and developing, methods to make etch masks, which cover selected 

areas of copper to prevent them from being etched. Two methods were evaluated, one of 

which was adapted, and one new one was developed, using adhesive vinyl (PVC or PU film 

with an adhesive backing) and a vinyl cutter to create perfectly aligned etch masks. The 

chapter closes with a discussion of the various methods and why etching processes are used 

for the remainder of the thesis. 

4.2 Dispenser printing  

As explained in Chapter 2, Section 2.1.5.2, dispenser printing is a method for printing 

electronics by dispensing functional inks onto a substrate. Ink is dispensed out of a nozzle 

attached to an ink cartridge, which can be moved around the substrate to create the desired 

pattern. Though it is possible to print many different types of functional ink, this work 

focuses on printing silver conductive ink, to be used in combination with conventional (rigid 

SMD) components to make flexible circuits. 

Dispenser printed patterns were printed using a Voltera V-One, and were cured using the V-

hƴŜΩǎ ƘŜŀǘŜŘ ōŜŘΣ ŀǘ мпл °/Σ ŦƻǊ нл ƳƛƴǳǘŜǎΦ ¢Ƙƛǎ ǿŀǎ ōŀǎŜŘ ƻƴ ǘƘŜ ƛƴƪ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

recommendation to cure for 15-20 minutes in an oven at 120 °/Σ Ǉƭǳǎ ±ƻƭǘŜǊŀΩǎ 

recommendation to increase curing time by 20 °C, accounting for less efficient heat transfer 

on a heated bed compared to an oven. 

4.2.1 Materials and methods  

4.2.1.1 Optimisation of print parameters  

Initially, conductive ink supplied by Voltera (the dispenser printer manufacturer), was used. 

¢Ƙƛǎ ƛƴƪ όǇǊƻŘǳŎǘ ƴŀƳŜΥ Ψ/ƻƴŘǳŎǘƻǊΩύ ƛǎ ƴƻǘ ŘŜǎƛƎƴŜŘ ŦƻǊ ǳǎŜ ƻƴ ŦƭŜȄƛōƭŜ ǎǳōǎǘǊŀǘŜǎΣ ŀƴŘ ƛǎ 
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susceptible to cracking under bending strain, which makes it unsuitable for e-textiles. While 

Voltera do have a flexible ink, they are based in Canada and did not have a UK distributor at 

the time this work was carried out. This meant it was more convenient to use inks 

obtainable from UK suppliers. Additionally, Voltera inks are sold in small quantities (typically 

2 ml), whereas other inks can be purchased in larger, more cost-effective quantities.  

To print with CI-1036 ink, it was necessary to calibrate the settings, to make sure that 

enough, but not too much, ink flows from nozzle to substrate. As there are many settings, 

rough tests were performed first to assess whether each variable had a noticeable impact on 

print quality. Settings which appeared to have a significant impact on print quality were 

varied systematically until the best possible print quality was achieved. 

Test patterns (Figure 4-1) were developed to evaluate prints. These are: 

¶ Printed straight lines (Figure 4-1A): These were designed to test print quality. The 

ƭƛƴŜ ǿƛŘǘƘǎ ŀǊŜ ǎǘŀƴŘŀǊŘ t/. ǘǊŀŎŜ ǿƛŘǘƘǎΦ ¢ƘŜ ƛƳǇŜǊƛŀƭ ǳƴƛǘ ΨƳƛƭΩΣ ōŜƛƴƎ ŀ 

thousandth of an inch, is shown in the figure as this is the default unit used in PCB 

design software, including Eagle. 

¶ Printed lines of varying pitch: This assesses the minimum pitch achievable between 

printed tracks, i.e. how closely tracks can be spaced. Two sets of tracks, where the 

pitch (spacing between tracks) varies from 150 µm to 1.2 mm. One set has a track 

width of 800 µm (Figure 4-1B), the other 150 µm (Figure 4-1C). Serpentine lines are 

included, as curved traces are common in flexible and stretchable electronics. 

 

Figure 4-1. Test patterns used to compare printed and etched samples.  

A) Straight tracks of varying width; B) 800 µm wide straight and serpentine tracks of varying pitch; C) 150 µm 

straight and serpentine tracks of varying pitch.  
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A key component of the dispenser printer is the nozzle through which the ink is dispensed. 

The V-One uses metal Preci-Tip nozzles and is shipped with black (internal diameter 234 µm) 

ƴƻȊȊƭŜǎΣ ǿƘƛŎƘ ǿƻǊƪ ǿŜƭƭ ŦƻǊ ±ƻƭǘŜǊŀΩǎ ƻǿƴ ōǊŀƴŘ ƛƴƪǎΦ IƻǿŜǾŜǊΣ ǿƘŜƴ ǇǊƛƴǘƛƴƎ ǿƛǘƘ /L-1036 

ink, there were issues with ink leaking, even after adjusting the print parameters. Several 

nozzles with smaller diameter were evaluated, to assess whether this could resolve the ink 

leaking issues. All nozzle details are given in Table 4-1 and pictured in Figure 4-2. This is 

especially critical for the V-One, as it relies entirely on mechanical pressure to dispense ink. 

Other printers use pneumatic systems, where vacuum pressure can be applied to hold ink 

inside the nozzle when it is not actively printing. 

Table 4-1. Colours and diameters of nozzles evaluated for dispenser printing. 

Nozzle colour Internal diameter (µm) 

Black 234 

Blue 159 

Orange 108 

Yellow 57 

 

 

Figure 4-2. Preci-Tip dispensing nozzles of different internal diameters evaluated to optimise print quality.  
The numbers refer to the internal diameter of the nozzle at its tip. 

The straight track pattern (Figure 4-1A) was printed with the blue, orange, and yellow 

nozzles to identify the optimal one for printing CI-1036 ink. 
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4.2.1.2 Printed temperature sensor  

A printed temperature sensor was made to test printing more complex patterns containing 

components. A Wheatstone bridge temperature sensing circuit was created using an NTC 

thermistor and three fixed value resistors. This sensor was designed for a project covered in 

detail in Chapter 5, so further details on its design and choice of components are left until 

Chapter 5, Section 5.2.4.2. It is included here just as a demonstration of a functional 

component produced by dispenser printing. Two temperature sensor designs were printed, 

with different track widths, using the same values as the print patterns in Figure 4-1B and C 

(800 µm and 150 µm). 

After printing and curing, low temperature solder paste (Chip Quik SMD291AX50T3) was 

dispensed onto solder pads using a syringe, and components were placed and soldered 

using a pick and place machine and a hotplate (Chapter 3, Section 3.1.5).  

4.2.1.3 Evaluation  

Prints were assessed by measuring: 

1. Continuity, with a digital multimeter. This was used to do an initial quality check on 

printed samples, as failure of continuity implies that the sample has a crack, a gap in 

ŀ ǇǊƛƴǘŜŘ ǘǊŀŎŜΣ ƻǊ ƘŀǎƴΩǘ ōŜŜƴ ǇǊƻǇŜǊƭȅ ŎǳǊŜŘ ό/ƘŀǇǘŜǊ оΣ {ŜŎǘƛƻƴ 3.2.3). 

2. Four wire resistance, measured with a digital multimeter (Chapter 3, Section 3.2.3), 

with lower resistance values being preferable. 

3. General visual inspection, e.g., identification of drips of excess ink, short circuits, and 

gaps, both with the naked eye and with a digital microscope. 

For comparison, the patterns were also created by etching copper-plated PI film, using the 

toner transfer method described in Chapter 3, Section 3.1.2.2 (as well as in later sections of 

this chapter). 

Printed temperature sensors were also evaluated as described in Chapter 3, Section 3.2.5 by 

using them to measure the temperature of an Echotherm chilling heating dry bath, which is 

a calibrated hotplate with 0.2 °C accuracy. This was used to comparing the performance of 

the printed sensor against a sensor with etched copper tracks. Data was recorded using an 

NI-6210 USB DAQ and LabVIEW software.  
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4.2.2 Results  

4.2.2.1 Optimisation of print parameters  

Initial problems with dispenser printing CI-1036 ink are depicted in Figure 4-4. Excess ink 

leaked out of the nozzle (Figure 4-4A), and there were issues with too much ink flowing 

(Figure 4-4B), or inconsistent flow (Figure 4-4C), with alternation between too little flow, 

with gaps appearing in printed tracks, and excess drops of ink. 

In terms of nozzle diameter, the yellow (57 µm) nozzle was ruled out, as several nozzles 

became clogged, and it is likely that this nozzle is too narrow for the silver particles in the ink 

to easily pass through. Of the three remaining nozzles, the orange (108 µm) nozzle produced 

neater prints with less drips and overflowing ink than the blue (159 µm) nozzle. Examples 

showing these results can be seen in Figure 4-3. The orange nozzle was selected for the 

remainder of the prints in this section. 

 

Figure 4-3. Dispenser prints made using nozzles with different diameters. 

108 µm nozzle produces the cleanest prints, the larger nozzle resulting in excess ink drips, and the smaller nozzle 

becoming clogged with ink.  

Calibrated settings are listed in Table 4-2. Two important settings ς nozzle height and ink 

pressure ς are not listed. Varying the nozzle height, the distance between the end of the 

nozzle and the print substrate, was not found to improve print quality, and was left at its 

default value of 0.1 mm. The only exception to this is when the 57 µm (yellow) nozzle was 

used. This only produced good quality prints when the height was reduced to 0.8 mm.  

Ink pressure is related to kick, which is listed in the table. The kick is the maximum pressure 

that is applied to the piston to dispense ink. That is, the displacement applied to the piston, 

compressing the ink in the cartridge and causing ink to flow from the nozzle. Conductive ink 
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is a shear thinning fluid, meaning that its viscosity decreases temporarily after pressure is 

ŀǇǇƭƛŜŘΦ ! ΨƪƛŎƪΩ ƻŦ ǇǊŜǎǎǳǊŜ ƛǎ ŀǇǇƭƛŜŘ ǘƻ ǘƘŜ Ǉƛǎǘƻƴ ŀǘ ǊŜƎǳƭŀǊ ƛƴǘŜǊǾŀƭǎΣ ŎŀǳǎƛƴƎ ǘƘŜ ƛƴƪ ǘƻ 

flow out of the nozzle. The value of the kick is set before printiƴƎ ǎǘŀǊǘǎΣ ōǳǘ ǘƘŜ Ψƛƴƪ 

ǇǊŜǎǎǳǊŜΩ ǾŀǊƛŀōƭŜ ŀƭƭƻǿǎ ŀŘƧǳǎǘƳŜƴǘǎ ǘƻ ǘƘƛǎ ŘǳǊƛƴƎ ǇǊƛƴǘƛƴƎΣ ƛŦ ǘƘŜ ƛƴƪ Ŧƭƻǿ ƛǎ ǘƻƻ ƘƛƎƘ ƻǊ ǘƻƻ 

low. It was found that ink pressure needed to be calibrated at the start of every printing 

session, and there was no fixed starting value that produced consistently good quality prints.  

 

Figure 4-4. Dispenser printing issues. 

A) Ink leaking; B) too much ink flow; C) Inconsistent ink flow with areas where there is too little ink flow, with gaps 

appearing, combined with excess drops of ink in some areas. 

Table 4-2. Optimised print settings for CI-1036 silver conductive ink 

Property Initial value Optimised value Description 

Feed rate  500 mm / min 300 mm / min The speed at which the ink cartridge and nozzle 

are moved around the substrate 

Trim length 50 mm 80* The maximum distance travelled before more 

pressure is applied to the cartridge, i.e. before a 

ΨƪƛŎƪΩ ƛǎ ŀǇǇƭƛŜŘΩ 

Anti-stringing 

distance 

0.1 mm 0.5 mm At the end of a track, the print head doubles 

back before moving to the next point, which 

helps avoid strings of ink being created 

Kick 0.35 mm 0.1 mm The amount of pressure periodically applied to 

the piston to dispense more ink, i.e. the 

displacement applied to compress the ink in the 

cartridge and cause ink to flow from the nozzle. 
 

* This value is dependent on the pattern being printed, and should be matched to the length of the longest track 

in the print pattern. 
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Another example of an improvement in print quality is shown in Figure 4-5, where the trim 

length is varied. Using the default trim length (Figure 4-5A), the printed tracks contain many 

drips of excess ink where the printer has paused to apply more pressure, and then 

continued, with a drip of ink leaking out each time pressure is applied. Increasing the trim 

length to match the length of the track greatly improves the quality of the print (Figure 

4-5B), as the tracks are now printed in one continuous stroke. Some small irregularities 

remain, for example when the printer pauses before turning a corner (Figure 4-5C), but the 

quality is much improved. One consequence of increasing the trim length is that the ink 

pressure has to be increased to print long tracks, so that there is enough ink dispensed to 

print the track in one motion. But this means that the ink pressure is then too high when 

printing solder pads and similar features. However, there is an easy solution to this: the V-

One allows specific parts of the print to be selected and printed, so it is possible to print 

different features, requiring different levels of ink pressure, separately. 

 

Figure 4-5. Improvement in print quality after increasing the trim length. 

A) Print with a short trim length, with many drips of excess ink; B) Print with trim length increased to the length of 

the pattern, with much fewer drips; C) In the updated pattern, one drip (highlighted by the arrow) remains where 

the printer reaches the maximum trim length. 

4.2.2.2 Minimum achievable pitch  

In terms of spacing between tracks (Figure 4-6), dispenser printed patterns spaced 600 µm 

or 800 µm apart were successfully printed. At 300 µm spacing, narrower (150 µm wide 

tracks) were printed successfully, but one of the thicker (800 µm) patterns failed. And 150 

µm spacing was not achievable with either width of printed track, and was only partially 

achievable with etching. It is thus recommended that dispenser printed narrow tracks can be 

spaced as closely as 300 µm apart, but thicker tracks and patterns should allow a clearance 

of at least 600 µm. 
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Figure 4-6. Minimum achievable pitch / track spacing with dispenser printing and etching. 

A) Graph showing % of samples, printed and etched, of 150 µm and 800 µm track width, were achieved without 

short circuits; B) 32 mil printed straight and serpentine tracks, with unwanted short circuit highlighted; C) 800 µm 

etched straight and serpentine tracks, with no failures; D) 800 µm straight tracks, with significant short circuits 

highlighted; E) 800 µm etched straight tracks, with short circuit highlighted. Note that etched samples are 

mirrored with respect to printed samples but are otherwise identical. 

4.2.2.3 Printed temperature sensor  

Figure 4-7 shows images of two iterations of the printed temperature sensor. In the first 

design, a trace passed too close to a solder pad, and several samples suffered short circuits 

in this area (ink from the pad flowing over onto the trace). In the second design, 

adjustments were made to move these closely spaced features further away from each 

other, which resulted in significantly better print quality. This lines up with the results of the 

minimum pitch experiment: two narrow (150 µm) traces can be printed close together 

(approx. 300 µm spacing), but wider features such as solder pads need a larger clearance (at 

least 600 µm spacing) from other features. 
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Figure 4-7. Dispenser printed temperature sensor.  

A) Version 1 of the temperature sensor, with Amphenol FCI Clincher connector attached, highlighting problematic 

area; B) Close-up of problematic area, where ink has overflowed from solder pads and is in danger of short-

circuiting; C) Updated design, with more space between pads and traces; D) Close-up showing more clearance 

between traces than previous design. 

Resistance values of tracks on both printed and etched temperature sensors are depicted in 

Figure 4-8A. Resistance values of printed tracks are significantly higher, which is expected as 

silver conductive ink is inherently less conductive than a sheet of copper, even if the copper 

sheet is very thin.  

However, Figure 4-8 clearly shows that the resistance variations do not have an impact on 

sensor function, i.e. on the temperature recorded by them. Both printed and etched sensors 

report very close temperature readings. As the temperature sensor is composed of three 10 

ƪҠ ǊŜǎƛǎǘƻǊǎ ŀƴŘ ƻƴŜ мл ƪҠ b¢/ ǘŜƳǇŜǊŀǘǳǊŜ ǎŜƴǎƻǊΣ ǿƘƛŎƘ ŘŜŎǊŜŀǎŜǎ 150-нлл Ҡ ǇŜǊ 

increase of 1 °C (in the human skin temperature range)Σ ǎƳŀƭƭ όғмл Ҡύ ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ ǘƘŜ 

ǊŜǎƛǎǘŀƴŎŜǎ ƻŦ ǘǊŀŎƪǎ ƻƴ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ǎŜƴǎƻǊ ǿƛƭƭ ƘŀǾŜ ŀ ƴŜƎƭƛƎƛōƭŜ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ǎŜƴǎƻǊΩǎ 

function. It is important to note that this is raw, uncalibrated data from the temperature 

sensors, and accuracy could be further improved by calibration, comparing each sensor with 

a known temperature before testing them against each other. The hotplate temperature can 

vary across its surface by ± 0.3 °C and fluctuates slightly around its set temperature (as seen 

in Figure 4-8C).  
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Figure 4-8. Printed and etched temperature sensor results. 

A) Resistance of printed and etched temperature sensor tracks, with inset section showing sensor design with 

labelled tracks; B) Average difference between printed and etched sensors, for sensors of different track widths; C) 

Raw data from comparison of 150 µm width printed and etched sensors. The large difference in sensor response 

ŦƻǊ ǘƘŜ ŦƛǊǎǘ м ƳƛƴǳǘŜ όŀǇǇǊƻȄƛƳŀǘŜƭȅύ ƛǎ ŀǘǘǊƛōǳǘŜŘ ǘƻ ŀƴ ŜȄǇŜǊƛƳŜƴǘŀƭ ŜǊǊƻǊ ǿƘŜǊŜ ǘƘŜ ǎŜƴǎƻǊ ǿŀǎƴΩǘ ƛƴ ŎƻƴǘŀŎǘ 

with the hotplate surface for the first minute.  

4.2.2.4 Recommended dispenser printing parameters for CI -1036 and inks 

with similar rheology  

Based on the above data, optimal printing of CI-1036 and inks with similar viscosity can be 

optimised by: 

¶ Using the print settings listed in Table 4-2. 

¶ Ensuring a gap of at least 300 µm near solder pads and wide features when 

designing printing patterns. 

¶ Printing solder pads, or similar features, separately to tracks, and using increased ink 

pressure to print tracks. The amount by which ink pressure needs to be adjusted will 

be varied, and should be calibrated at the start of the print session.  
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¶ Using a 108 µm nozzle instead of the standard 234 µm. 

¶ Matching the trim length to the length of the longest trace in the design, to avoid 

excess ink drops appearing mid-track. 

4.2.2.5 Overall performance of dispenser printing  

At the start of the chapter, three criteria established: resolution, alignment, and speed. 

Dispenser printed samples were compared directly against etched samples to compare the 

minimum achievable pitch, and dispenser printing performed poorly for closely spaced (< 

300 µm) tracks. As this level of resolution was required for a) small footprint connectors in 

Chapter 5, and narrow circuits with small components and closely spaced tracks in Chapter 

6, this made etching copper-plated PI the preferred method. The next section documents 

the evaluation of several processes used to make masks for etching. 

4.3 Evaluation of methods to create masks for etching  

Chapter 3, Section 3.1.2 introduced three methods used to create masks to etch circuits 

from copper-plated PI, all using a bubble etch tank filled with a sodium persulphate solution 

as described in Section 3.1.2.2. The evaluation of several different methods was motivated 

by the need to produce increasingly narrow, fine pitch circuits as the project progressed. 

LƴƛǘƛŀƭƭȅΣ ŀ ǘƻƴŜǊ ǘǊŀƴǎŦŜǊ ǇǊƻŎŜǎǎ ǿŀǎ ǳǎŜŘΣ ōǳǘ ǘƘƛǎ ǿŀǎƴΩǘ ŀōƭŜ ǘƻ ǊŜƭƛŀōƭȅ ǇǊƻŘǳŎŜ ŦŜŀǘǳǊŜǎ 

less than 0.5 mm in size of spacing. Then, a more professional dry film photolithography 

process was used. This produced better quality but required many more fabrication steps 

and a lot of fine tuning, making it difficult to achieve high quality fine pitch circuits. 

Alignment of mask to substrate was also an issue with both methods. Finally, a mask method 

suitable for prototyping was developed using adhesive vinyl and a vinyl cutter. 

This section documents issues encountered with the first two methods, with evidence, and 

explains how this led to the development of the vinyl mask method.  

4.3.1 Materials and methods  

4.3.1.1 Mask method 1: toner transfer  

This is a low-cost method aimed at hobbyist electronics makers. It uses kits manufactured by 

PCB Fab-in-a-box Ltd and is shown in Figure 4-9. It is designed for rigid and semi-flexible 

circuit boards, but was used here to make flexible circuit modules.  
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Figure 4-9. Toner transfer etch mask fabrication process. 

A) The mask is printed on coated toner transfer paper, and placed on a piece of copper-plated PI film; B) The mask 

and film are passed through a laminator; C) The heat of the laminator causes the copper-plated PI to warp 

slightly; D) After laminating, soaking in water releases the paper; E) After soaking, the mask has transferred fully 

from the paper to the copper; F) A green film is laminated on top to fill in any gaps in the toner, and then peeled 

off, as shown. 

The process includes the following steps: 

2. A laser printer was used to print the mask on a special coated paper. The coating 

prevents the toner ink from sinking into the paper and allows the paper to be 

soaked in water without dissolving.  

3. The mask was applied to the copper-plated film by passing both through a laminator 

(Figure 4-9A, B and C). 

4. The laminated paper and copper-plated PI were then place in a tray of water to soak 

off the paper, transferring the toner onto the copper (Figure 4-9D and E).  

5. An additional green film, which sticks to the printer toner but not the rest of the 

substrate, was then laminated on to fill in any gaps in the toner (Figure 4-9F). The 

film is peeled off after lamination. 
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4.3.1.2 Mask method 2: Dry film photolithography  

As the project progressed, circuits with finer pitch (as small as 0.2 mm, as will be seen in 

later chapters) needed to be fabricated, so a more professional mask fabrication process 

was set up. Shown in Figure 4-10, the dry film process involves the following steps: 

1. The substrate (copper-plated PI film) was cleaned with acetone. 

2. Spray adhesive was used to attach the substrate to a piece of FR4. This is to ensure 

proper lamination, as the substrate alone is below the minimum thickness suitable 

for the laminator. 

3. Photosensitive dry film (Ordyl Alpha, procured from Fortex Engineering Ltd, Lincoln, 

UK) was placed on top of the substrate, away from direct light. This is ideally carried 

out in a dark room with UV-safe light, but moderate shade in a normal lab, with 

blinds down to block light from outside, was found to be sufficient. 

4. Both were passed through a laminator together to adhere the dry film to the 

substrate. After lamination, the laminated substrate was stored in a dark place until 

it has fully cooled. 

5. A negative UV mask was placed on top of the substrate in a UV exposure box, and 

UV light solidified the mask in the areas where copper is needed for the circuit. A 

further rest period follows this step. 

6. The substrate was agitated in a potassium carbonate developing solution, which 

washes away any undeveloped photosensitive film. This process was done by hand 

at first, by shaking a tray of developer, but later on an orbital shaker was procured 

to automate this step. 

7. After development, the mask is complete, and the substrate was ready for etching. 

Acetone was used after etching to lift the mask off the remaining copper traces. 

This process was taken from the instructions provided by the supplier of the dry film. The UV 

exposure, lamination procedure and development times are dependent on equipment. 
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Figure 4-10. Etch mask fabrication using dry film lithography.  

A) The outlines of the flexible circuits are cut from copper-plated PI using a vinyl cutter; B) The flexible material is 

applied to a rigid substrate (not visible) using spray adhesive, and then photosensitive dry film is applied on top 

using a laminator; C) After UV exposure and developing, the mask is finished and the circuit is ready for etching; 

D) After etching, all copper except that covered by the mask is removed; E) The mask is removed, using acetone; 

F) A finished module produced with dry film photolithography, where a PI encapsulation layer has been added, 

and holes have been punched in the solder pads to allow conductive thread to be stitched to them. 

4.3.1.3 Mask method 3: The adhesive vinyl mask  

Towards the end of the project, very fine pitch, narrow circuit strips needed to be fabricated 

to realise some of the helical e-strips documented in Chapter 6. Specifically, helical LED and 

temperature sensing e-strips with 0201 LEDs and resistors, with pitch as low as 100 µm, and 

strips as narrow as 1.5 mm. Not only was it difficult to tune the dry film process to realise 

features this small, it was also challenging to accurately align the mask with the circuit 

outlines. While it is possible to buy equipment for high accuracy alignment of masks, and it is 

theoretically possible to tune the dry film mask process to increase the resolution, there was 

another, simpler option that did not require the purchase of additional equipment. 

A novel method was developed, making use of the vinyl cutter already used to cut circuit 

outlines. By applying adhesive vinyl (used to make stickers and signage) on top of the 

copper-plated PI before cutting, it is then possible to adjust the cutting force of the vinyl 

cutter blade, so that it can either a) cut through vinyl only, to form the etch mask, or b) cut 

through both vinyl and PI, to cut the circuit outlines. This is illustrated in Figure 4-11, where 

a temperature sensing e-strip with fine pitch and solder pads for 0201 components is made. 
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Figure 4-11. The adhesive vinyl etch mask fabrication process. 

 a) Cutting the vinyl, then the circuit outlines, on the vinyl cutter; B) Peeling away excess copper-plated PI; C) 

peeling away excess vinyl; D) The finished mask ready for etching. 

The process involved the following steps: 

1. Copper-plated PI film was applied onto a transfer tape backing. 

2. The copper was cleaned by wiping it with an IPA wipe. 

3. Vinyl was applied on top of the copper. 

4. Circuit traces were cut at low force (~90 gf) to cut through the vinyl layer only. 

5. Circuit outlines were cut at medium cutting force (~120 gf) to cut through the 

copper-plated PI layer. 

6. The overall outline of the module was cut at high force (~200 gf) to cut through the 

transfer tape. 

7. Excess vinyl was weeded with tweezers. 

8. The circuit was etched in a sodium persulphate bubble etch tank. 

9. After etching, the vinyl was peeled off with tweezers, but can also be released with 

IPA or acetone. 
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4.3.2 Results  

4.3.2.1 Mask method 1: toner transfer  

This method was used during the first two years of the project, and used for most of the 

work covered in Chapter 5. It is easy to perform and produces acceptable results, but has 

limitations. The following issues were encountered, as shown in Figure 4-12: 

¶ When using very thin flexible substrates, the laminator can cause wrinkling, 

which deforms the circuit design, leading to gaps in the mask which render the 

sample unusable. 

¶ ²ƛǘƘ ŦƛƴŜ ǇƛǘŎƘ ŎƛǊŎǳƛǘǎΣ ǘƘŜ ƎǊŜŜƴ ŦƛƭƳ ŎŀƴΩǘ ōŜ ǳǎŜŘΣ ōŜŎŀǳǎŜ ƛǘ Ŧƛƭƭǎ ƛƴ ƎŀǇǎ ƛƴ 

between traces. 

¶ hƴŎŜ ǇŀǎǎŜŘ ǘƘǊƻǳƎƘ ǘƘŜ ƭŀƳƛƴŀǘƻǊΣ ƛǘΩǎ ŘƛŦŦƛŎǳƭǘ ǘƻ ǘŜƭƭ ƛŦ ǘƘŜ ƭŀƳƛƴŀǘƛƻƴ Ƙŀǎ 

ǿƻǊƪŜŘΣ ǳƴǘƛƭ ǘƘŜ ǇŀǇŜǊ ƛǎ ǎƻŀƪŜŘ ƻŦŦΣ ŀǘ ǿƘƛŎƘ Ǉƻƛƴǘ ƛǘΩǎ ǘƻƻ ƭŀǘŜ ǘƻ ŦƛȄΦ {ƻƳŜ 

details can be filled in using a marker, but for circuits with fine details this is 

challenging. 

¶ If the laminator pressure is too high, the mask can become deformed (i.e., 

squished) in that the toner spreads out, which can cause short circuits between 

closely spaced traces. 

Overall, this method was quick and easy to set up and use, but had a high rate of failure 

when using thinner copper-plated PI films of less than 50 µm thickness, and components or 

traces with pitch of less than 1 mm. 

This method was also challenging to use when etch masks needed to be accurately aligned 

with pre-cut circuit outlines (see Chapter 3, Section 3.1.3 for reasons why outlines were cut 

before etching). 
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Figure 4-12. Issues encountered with toner transfer etch mask fabrication method. 

A) Wrinkling of substrate causing delamination of mask; B)-C) Green film creating unwanted short circuits in fine 

pitch circuits; D) Toner left on transfer paper due to lamination failure; E) Failed mask where both wrinkling, and 

lamination failure have occurred. 

4.3.2.2 Mask method 2: dry film photolithography  

This is a professional method with the ability to create fine pitch, high complexity circuits. 

However, the process involves many steps (laminating, UV exposure, developing), each with 

its own calibration process to achieve optimal results, and rest periods in between several of 

the steps. For prototyping in a research lab with low throughput, it is achievable, but 

requires a significant investment of time and fine tuning. Issues are shown in Figure 4-13, 

and included:  

¶ Delamination of the mask during etching, possibly caused by unclean substrate. This 

was mostly resolved by cleaning with acetone before applying the dry film, but it 








































































































































































































































