Novel manufactur. t
t o realil se el ectr
Modul ar systems

stretchabl e, hel |

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



The copyright in thig/ork is held by the author. You may copy up to 5% of this work for
private study, or personal, nasommercial research. Any-tse of the information

contained within this document should be fully referenced, quoting the author, title,
university, degreeslvel and pagination. Queries or requests for any other use, or if a more

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



Abstract

In electronic textiles feextiles), electronic parts are embedded in clothing and other

textiles. This work addressed two ketertile manufacturing challenges: reliable

connections between-textile parts, and manufacturing methods for stretchabtextiles.
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textiles, and new method for stretchabldextiles 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 dextile temperature sensing applications. An interpasaibridge
between dissimilar parts in a circgitvas developed, using two small connectors not
previously used in-textiles. These were incorporated in an updated sensing garment, which
survived 1000 cycles of stretching and bending, showing that mastdatiles are a viable
alternative to permanently connected parts.
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stretchable rubber cord. Helicalstrips were able to stretch by over 100% before breaking,
survived up to 10 washing machine cycles, and over 3000 cyclegdfisggdy 30% or

40%, depending on the materials used. These results compare well with existing (planar)
stretchable electronics technologies, and as helisatips are only at the early stages of
development, this indicates that with further developméry 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 um were successfully fabricated, and this
method has potential to make flexible electronics prototyping fastetr aacessible outside

specialised labs.

In conclusion, this work contributes to the advancementteiéles by presenting solutions
that enhance modularity and stretchability, paving the way for stretchateetides

designed for easy disassembly and reduced waste.
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Chapter 1 Introduction

1.1 The potential of e -textiles

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

electronic devices. Theswo 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 thefirst design for a computer, used a purzdrd system inspired by those used in

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

the Analytical Engine with Charles Babbage inthd 19y G dzZNBE X Wi KS 'yl f @G A O
6SI@Sa f3SoONIAO LI GGSNyasx 2dzaid HantiekS wl OJ d
1960s, women with textile skills were employed to weave core memory out of fine wires and
YIIySGAO NAy3az yAOlYlIYSR WtAGIXMAdseréeR f | R Y
printing, which may have origins as far back as th&ehtury 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 gextiles. In eextiles, electronic circuitry and componeatge 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 orentent 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 alreadyround us, and has creative applications as well:

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

In short, etextiles promise a future of soft, flexible, stretchable electronic devices. Rigid
wearables replaced with textile alternatives, that are comfortable to wear-téxtike

future means freedom from being hooked up to uncomfortable, immobildaaked

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.

14



While there are a handful oftextile 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 prodabttieanges 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 elegics 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 ultri wafer technology have led to flexible

silicon chips$, 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 investigatietexéles, specifically those worn on

the bady, need to be washable, and not break when the body moves and stretches. While
there are standards in development to help assess the durabilityeatites, there is

limited data available on what tests can properly mimic the stresses exertetkxitilee

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 ared¢edonnect 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 bemmmamended in the design of
sustainable gextiles, as they support easier repaircanfiguration, or recycling of parts

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

LI NIa OFyQié 0S5 aSLI NI GSR T2NI NBOeOtAyIo

Secondly, finding and defining new stretchable electronics technology for stretxtile
garments. Major breakthroughs have been achieved in the creation of flexible electronics,
with flexible cables being commonly used inside digital cameras and kora#p 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 commosggtiles thatcan 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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circuitry, are fabricated. Then, they are wound around, and bonded to, a stretchable rubber

cord. This creates a spring, or helix structure, transforminfiekible estrip to a flexible

and stretchable helicalgtrip. 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 mtconnect 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 validatetie 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 etextile manufacturing, which is mentioned in the title of this thesis.dgoals of

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

(at the time the project started) expanding their manufacturing capabilities itexties.
The aim of the project can be summarised as follows:

To design and fabricate novestips for etextiles, using printed and flexible electronics
techniques to achieve stretchable, helical geometry capable of at least 30% linear strain, and
develop detachable interfaces foistrips to enhance reparabilignd reusability of smart

garments through modular design.

1.3 Research objectives
¢tKS F2tft206Aay3 202S0O00GAOSa 9SNBE ARSYGAFASR (2
1. Design and fabricate novebktrip 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 estrips with as small as 0201 (0.6 mm x 0.3 gomponents and 100
pm pitch features.
3. LRSyGATe G tSrad Geg2 StSOUGNRYAO O02yySOiz
potential for use in interconnectingstrips to other parts of an-&xtile circuit, and
use these connectors to construct a moduldextile system aimed at increasing

smart garment sustainability by promoting reparability and reconfiguration.
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4. Assess and quantify reliability e§tips 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 fotextiles, with specific attention to the methods used in
this work. It also explores the role of modular design and conrseict@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 copla¢ed polyimide filmA novel

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

Chapter 5 explores modular design itextiles, 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 helisttligs, 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 tempesaiosing trips.
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 cHifitel designed mechanical testing accessories, and
helped build a twist testing machine, described in Chapter 3. Arif Nazir aled Klamed

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 dissertatioe@t,cand Inés 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 techniciam oyi

advised on mechanical testing, and Technical Specialist lain 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 copjeated polymer films, witfeatures as small as 100

um. 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 substatee 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 teteics fabrication outside specialised

labs and manufacturing facilities.

Interconnection methods for-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 imsetextiles. While

there are existing examples of detachable interposers and flexible interposeexiites,

the only examples that are both flexible and detachable use snap fasteners as connectors,
GAGK xmMn YY LAGOKSZ Oz2emoiistviediin thigdwort. KS Xm  YY LI 0

Helical estrips: 3D structure for stretchable electronics
A fabrication process to realise helicaiteps, consisting of a long, thin strip of flexible
circuitry wrapped around a stretchable rubber cord core. While helical geometry has been

used in etextiles before, only helical interconnects or very simplglsicomponents have
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been demonstrated, i.e. a single conductive track formed into a helix. The hsliGpse
demonstrated in this work also contain small surface mount components within their
structure, which is a significant advancement from previous work. This is deshehst
through LED and temperature sensing heliestfips as narrow as 2 mm in diameter, with

the ability to survive 3000 cycles of 3@%846 stretch, and 10 washing machine cycles. These
results are comparable to existing stretchable electronics techiesl|dmit further
development of the technology beyond the prototypes presented in this thesis could see

helical estrips outperforming current technologies.

1.6 Publications arising from this thesis

1. Wo {{lyftSes Wd ! & ldzyisx to Ydzy20alAiz | yR
Electronic Textiles: Enabling Detachable Connections Between Flexible Electronics
YR / 2YyRdzOGADOS ¢SEGAT SaT¢ 4.9 2022{ddiy 32 NE [ &
10.1109/LENS.2022.3176726.

2. WO {GFlyfSeéx Y® DNARAIIAI hod | I yRTF2NRI WD ! «
Textile Platform for Redl A YS { Sy & ktySyap Wearslite @dmput. ISWC,
pp. 13135, Sep. 2022, doi: 10.1145/3544794.3560293.

3. Wo {GFyftSes Wo !'d Idzydx tod Ydzy2Q0aiAz | yR
G§SOKy2t 23288 FT2N) St SOGNRYAO GSEGAf Sazé 9y
10.1002/ENG2.12491.

4. Wo {GlFryftSez td Ydzy2@alAz Wod ! & ldzyidiz |, & 2
GSEGAt Sa SylLoftSR o0& o5 KStAOFt &iNUzOG dzNB 3
https://doi.org/10.1038/s4159824-614067

Other publications not included in the thesis:

1. , ® 9f{l02yAZX W ! & ldzyiz Wo {iGFyfSes |/ o
0FaSR LINRPGSAY aSyaz2NJ F2NJ Y2yASti2Réfoysd G KS K
2022 121vol. 12, no. 1, pp.cl2, May 2022, doi: 10.1038/s415082-11982

2. {® YdzYI NE wod {Ay3IKI ! d td {AyIKI Wod {G yf
capabilities of threRA YSy aA 2yl f LINAYUGSR 6SIFNIrofS aSy:
https://doi.org/10.1177/14644207231198708, Sep. 2023, doi:
10.1177/14644207231198708.

Patents arising from this thesis:
1. t ® Ydzy2@alAz ,® 2SAI Wo {dGlyftSes 4ot SO0 NI
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 connfmtertextiles, and
collaboration with colleagues interested in skin temperature measurement for sports,
developed into an exploration of modulatextile systems, and an interposer device to aid

in the development of such systems. In other words, thegeseveral topics to cover.
This literature review is split into three parts, covering:

1. Etextile 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, Sedtién

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 etextile temperature sensors is not included in this chapter. Timstesad

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

2.1 E-textile fabrication methods

This section focuses orextile fabrication methods and is structured as follows:

9 First, a brief overview of the current state of the art -®&xtiles, including
commercial products currently available.

1 Then, an overview ottextile 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 usedn this work.

1 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, imér@ measurement, the

resistance measured will also include the resistance of the probes used to ctrenect t
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 resistanc& & < 1
including the resistance of the probes introduces error into thasmeement. A 4vire

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 &f the 20
Century?, it is only in the past two decades that advances in material and manufacturing
techniques have made the production of commerdciaile products possible. Products,

such as those for tracking physical activity and sports perfornighage not yet seen
widespread adoption, but are growing in number. Some forecasters predict thatakgle
market will grow to above USD$700 million by 20&arly etextile innovator Leah

Buechley notes in her 2007 PhD thesis that materialstextides were scarcely available at
that time’, 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 h§rdetamples of-eextile

commercial products and research prototypes are shoviiginre2-1.
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Figure2-1. Examplesf etextile applications.

A) Sensoria Fitness sports bra featuring a heart rate moh@opyright Sensoria InReproduced with

permissionB) llluminated cycling jacket containing LED yarns. Reproduced under the terms-8ithiedSe.

10 Copyright 2019, the authors, published by MDPI. C) SoundShirt by CuteCircuit with embedded haptic actuators
that respond to sound. D) SoundShirt mobile BpBopyright CuteCird¢ureproduced with permission.

A 2020 review of-¢extile products shows that the two leading categories of commercially
available gextiles are those aimed at sports and healthddr&mbedding sensors in
garments can enable data collection on sports performance, for example monitoring heart
rate °, which can give insight into fitness and performance. In healthctegtile medical
devices can use similar sensors to perform electrocardiogtédphgeliver various forms of

treatment41% Or rehabilitation, e.g. electrical stimulation to aid in recovery from stfoke

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
hiKSNAR aSS| G2 1dAYSYyld KdzYty aSya&2wmNiegh oAt Al
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 ink$”18 weaving with luminescent fibré% 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?’, with applications in protective clothing and winter sports.

Dolt-Yourself (DIY) kits and tools also enaklikxtles to be created outside specialized
labs, including the Lilypad Arduino, similar sewable microcontrollers by A#tafraibmia
Packs & Parts prototyping modutésand extensive documentation ortextile

construction methods by Kobakat

As an emerging field, there is not yet a consensustertide terminology. Other terms that
describe, or overlap with/textiles include smart garments, smart fabrics, intelligent
textiles, wearable electronics, textronics, and elettrsdgiles. BSI Taaical Report ISO/TR
23383:2020 recommends standard definitions and categorizations for thi&'fistdi based

on this advice the following definitions are used:

1 Etextile: A garment or other textile product that contains embedded electronics,
whether the circuitry is made of textile components or more conventional electronic
circuitry.
1 Electrically conductive textiles: textiles that either contain conductive fibres or are
coated with metal or a conductive polymer, out of whidiexile circuits may be
O2yaiNUHzOGSRd ! f a2 NBFSNNBR (G2 Ay GKAA&A GKS
1 Resistance is measured by applying a small current between two points, and
measuring the resulting voltage drop between those points. However -iira 2
measurement, the resistance measured will also include the resistance of the
probes used to conneché 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 KI Ay Of dzZRAYy 3 GKS NBarAadl
introduces error into the masurement. A 4vire 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 dextiles 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 creati@xgles, which are covered in detail
in several review®2% Excluding early wearable electronics projects which consisted of
conventional electronicsbulky rigid circuit boards connected by wirastitched onto

clothing or inserted into pocketsstextile construction techniques can be loosely divided

into three categories, examples of which are depictdeignre2-2. These are:

a) Textile as electronics

b) Disappearing electronics in textiles

c) Printed electronics on textiles and new conductive materials

d) Hybrid etextiles, being a combination of two or more of the above categories

10/60 nm thick Titanium/Gold

Sk

50 pm thick Polyimide

Polyester /

Movement sensor

e-sleeve inside out  Electronics

Training software

Temperature Sensor IC  E-stripes Contact

(b)

Figure2-2. Examples of-gextile construction methods.

A) Textiles as electronics: Fractal Antennae by Afroditi Psarra, featuring an antenna laser cut frdabdepper
adhered to textile. Reproduced with permis8id@@opyright Afroditi Psarra. B) Disappearing electronics in textiles:
Flexible temperature sensor strip embedded in a yarn. Reproduced under the terms-Bithie€lSe8, C) New
flexible materials for electronics: screen printed electrode sleeve for stroke rehabilitation therapy. Reproduced
under the terms of the G&Y licens& Copyright 2018, the authors, published by MDPI. D) Hybrid approaches:
Flexible temperature strips woven into conductive fabric with conductive thread bus bars. Reproduced with

permissior?? 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
Figure2-3, 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. Electronionentp

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®, knitting®! or machine embroiders? to incorporate conductive tracks into fabric

during or after fabric creation.

Woven

- il

+
-__I_I_L+
F

FHHF

L

Embroidered Iron on

. Conductive yarns or fabric

@ Non-conductive yarns or fabric

Figure2-3. Textile construction methods fotextiles.
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 aexile circuit out of textiles, ultimately
replacing all rigid components with textile alternatives. Fully textile sensors have been

demonstrated, including bend and strain sensg?é However, it is not (or not yet) possible
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to make all components required for attextile circuit out of textiles. This means that
O2yRdzOGAGPS GSEGAESa OFryQi o6S dzAaSR G2 YIS
be used in conjunction with other electronics technologies.

While this approach is appealing because it means ttattile 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 challengingtthahing them

to rigid or flexible PCB%®. As a result, conductive textiles are most often used as
interconnects between rigid or flexible circuit modules. Manufacturing processes to
construct etextiles in this manner include specialised embroidery machines by ZSK Gmbh,
which can embroider sm&liCB modules directly onto textifésAnd the Fraunhofer

Institute for Reliability and Microintegration have developed custom machinery to laminate
PCB modules onto stitched conductive tra€kslowever, these are not yet webtablished
manufacturing processes. And though textiles are washable, conductive coatings on threads

and fabrics can flake off after multiple washes, unless insufated

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 pm for thin sewing
threads, up to 15 mm for chunky wool yarns, with conductive threadsinisgéxtiles

typically being -8B 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 oévécas. Thus another approach

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

T d.
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flexible circuitry, including conduativextiles.

Flexible electronic modules can be embedded inside textiles, whether in the seams, in
pockets or channef§#, or inside yarns themselvé&s 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 havedtieantage of making electronic parts easier to separate
TNRY (GKS GSEGAES FiG GKS LINRPRdAzOGQa SyR 27

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 1835 um thick) laminated to a flexible plastic substrate (typicaltd25 um

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

substrate, as its flexibility, combined with a high melting point of4825°C", makes it

compatible with soldering and other high temperature processes in electronics fabrication.
Polyethylene Terephthalate (PET) and Polyethylene Naphthalate (PEN) are also common:
GKSaS INBE GNIyaLlk NByilds FyR (skSoNRAcANS dza S T dzt
unsuitable. However, both have lower temperature resistance than PI, with PET films having

a maximum working temperature of around &) and PEN around 235*. This is a

limitation of PET and PEN relative to PIl. PET, for example, is often seen in printed sensors
such as piezoresistive strain and pressure sensors that use crimped connectors to interface
GAGK 20KSNJI O2YLRYySyidasz | yR TRemodestc O2y G Ay | ye@
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 arouf@*50

To etch coppeplated 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, used for both rigid and flexible PCB fabrication. This involves
laminating a photosensitive polymer film to the coppkated film, and selectively exposing

it to UV light to harden the film in specific areas. This can be achieved with a printed mask
ontransparent film, placed between the photosensitive film and the UV light source (this
process is illustrated Figure2-4). Or with a photoplotter, where a moving UV light source
creates the mask. Other methods to create the mask include tmmtransfers using

printer toner to create the mask, or more DIY methods using spray paint and a laser
engraver to selectively remove the spray paint from the coptzed film*®. And for

Of FNAGes gKIG A& NBFSNNBR (2 a GKS wWYlLaiQ A

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 imagkantact.
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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Figure2-4. Flexible electronics fabrication.
A) Dry film photolithography process; B) Etched flexible temperature sensing circuit embeddeddnGgxtile
Flexible LED circuit module embedded in aligigarment by Cute Circuit. Photo by Becky Stern, reproduced

under the terms of the @Y licens&.

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 ink4® 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 ils common to print on coated fabrie% or to print a dielectric
WAYOGSNFIFOSQ @SN FANRGSES ONBIFOGAYR I avyz22iK &
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 Toétangl Pauline van Dongéh

While it is not currently possible to print all components, printed electroluminescent (light
emitting) structures’, transistors and logic gafésand passive componeritshave 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 ultrathin device$? Nanomaterials such as MXeéfland carbon nanotubé$, as
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well as transparent conducting polymers such as PEDGTY,:B88be combined with

textiles to create new-&extile 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 usedniniate 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 & ahd at the end of this section.

Screen printing is a technique that has long been used in the garment industry, and more
NBEOSyifte Ay StSOGNRYyAOas F2NJ 0KS LINRPRdAzOGAZ2Y
frame. The mesh can be made from polymer fibres such as polyester, oefademine, 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 emulsibthemn

undeveloped emulsion is washed away. This effectively forms a flexible stencil, as illustrated
in Figure2-5A.

Once the screen has been manufactured, the screen printing process illustraigdren

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 sichpsffithe

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

51 dz8§6388 LINBaAadNB Aa LSdYlGAOIEte O2yGNREES
and the gap between the substrate and the screen, are all adjustaidend-the right

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

quality print.
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Figure2-5. Screen printing: method and examples.

A) lllustration 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 umdkee terms of the GBY license; C) Screen printed carbon electrodes and silver
tracks on textile for electrical stimulati&® 2019 IEEReproduced with permissipD) screen printed

electroluminescent structure on textilfésReproducednder the terms of the ERY 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 rehabilitatiofiand electrical stimulation for lymphatic fldév And

more complex printed structures, such as flexible electroluminescent devices realised

through multilayer printing of conductive, dielectric and electroluminescent’fifks

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-y plane, tracing out a préefined pattern and dispensing ink out of a
nozzle to print circuit tracegigure2-6A). 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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Air or mechanical pressure

Printed traces

Substrate

Conductive ink

Figure2-6. Dispenser printing: Method and examples.

A)illustration of the process. A cartridge of conductive ink is moved aroundm@ane, dispensing conductive
ink in a defined pattern; B) Electrochromic display on textiles fabricated using dispensef{€iraiiy IET
reproduced with permissiQrC) Dispenser printed antenna on Pl using silv& @R020IEEErepoduced with
permissiorD) Dispenser printed electroluminescent pattern on tektil@s2016Institute of Rysics, 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 showiigure2-6, 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 higlume manufactting 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 totalipt 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:

1 Inkjet: Small ink droplets are propelled from a print head onto a print substrate. This
technigue uses lower viscosity inks than screen and dispenser printing.
1 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.

1 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.

1 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.

T {f20 RAS O2FGSNYXY ! YS{iK2R G2 ONBIGS O21I (A
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.

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

Figure2-7A is a graphic produced by Hu et®a@lomparing the resolution and throughput
ONBfIFTGSR (2 &4LISSRX | YSI&dz2NBE 2F I (SOKYyAIl dzSQ
techniques. Dispenser printing is not covered in this figure, but as mentioned in the previous
sections, it has relatively lalwroughput as each design has to be traced out individually by

the print nozzleFigure2-7B shows another comparisby Matsui et af’, 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 produsantigecircuit.

! 10 pm +
Screen
Gravure Offset
i g 1 pm
E 10 £ Flexographic
3 £
g’ §
[ =
o Inkjet L' 100 nm 4
= Screen nkich sotbe
Coater
102 Rotary screen
Flexographic
Gravure 10nm+ | P i s
1 10 100 150 1 um 10 ym 100 um 1mm
Resolution (um) Spatial Resolution

Figure2-7. 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 multiplsamples at once, unlike screen printing and other techniques. Reproduced from Hu et al
66 © 2018Royal Society of Ohistry. Reproduced with permissjd) Comparison in terms of spatial resolution

and film thickness, reproduced frofatsui et aF?. Reproduced under the terms of theEBClicense.
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2.1.6 Hybrid e -textiles

In practice, many-&extiles 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 attachdke garment.

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

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

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 brandiciinery.

¢ KS NB REINYAY DIWS G§KSYy 0S5 R Yhis GgpiedchivdiRs welyfar 2 |

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 irgizee and time consumirf§

Other hybrid examples include work by Zysset &taainsisting of flexible circuit modules

with conductive thread bus bars, aGthseeloop Athleisure Fashiéfy where a rigid control
module interfaces with printed sensors laminated onto the garment. This is an example of a
pattern many eextiles follow: flexible sensors are embedded into a garment, and a
removable rigid module houses the battery and controudiry. 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 cdanctors 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 cretégtédes, while otherslo

the oppositeand adapt electronics manufacturing methods to work with textiles.

The development of new conductive materials, as mentioned in S@clidnare likely to
revolutionise the dextiles 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 processdsvaterials, or those that can be

easily scaled up. This means using printed and flexible electronics processes, which are the
most mature of the technologies fortextile fabrication. Using stitched conductive threads

is also a viable option, but onlydeate 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 systemseixtiées, covering the following

topics:

9 First, a review of connectors and modular systems-fex#es, highlighting the lack
of connectors designed specifically fetegtiles.

1 ¢KSYys |y 20SNBASS 2F 6KI G WY2RdzZ I N YSI y3
modular design can be employed in electronics, textiles, dextiées. And the
important role connectors play in the development of moduttexiles designed

to prioritise rgpair and recycling.

As stated at the start of the chapteruoh of the content of thisectionA & | R LJG SR FTNR Y
NEOASG 2F O2yySOil2NE YR 22AyAy3 GSOKy2ft23AS
the list of publications in Chapter 1, Sectlo.

2.2.1 Connectors and modular e -textile systems

Though they are a critical part ofextile construction, durable and reliable connections

between different materials in antextile circuit remain a challenge. the classic

St SOGNRYyAOa GSEG a¢KS ' NI 2F 9f SOUNRYyAO&s T |
essential ingredient (and usually the most unreliable part) of any piece of electronic

S |j dzA LJ¥. Shfslistespecially the case fdaegtiles, where electronic parts must be

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

this, as connecting-extile parts in a way that is electrically reliable and durafitaout

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

This section reviews key joining technologies usedértides, demonstrating that few
solutions have been specifically developed faile applications. Existing solutions are
mostly connectors designed for use in rigid electronics, or textilerelosechanisms
adapted to work with gextiles. A need for development of new joining technologies-for e

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

¢KS GSNXY da22AyAy3d GSOKy2ft23ASaé¢ oAttt NBFSNI
between parts of a circuit. These have been divided into two categories: a) detachable

joining technologies, usually called connectors: these are typically ebectnanical

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

a power source to anextile garment; and b) fixed joining technologies such as stitching or

soldering, used for example to attach electronic compontnfiexible substrates. Fixed in
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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 easenbhpt a s

fastener or USB cable can be connected and disconnected.

Figure2-8 shows examples of two different joining technologies usedéntdes and
highlights common joining terminology, also describehinle2-1. There are many more
ways to characterize joining technologies, but these are the most relevaéxtle

applications which are usually battery powered and involve low voltages.

Table2-1. Explanations afommon 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 fror

several hundred in a single connector.

Pitch Distance between the centres of two adjacent contacts. Pitch can range from le
than 1 mm up to several cm depending on the application, and standardized pi
values allow interchangeable use of electronic parts.

Gender I 2yySOG2NR 2F0Sy 02YS Ay (g2 OFNRSI
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adopted.

Mating cycles How many times a connector can be connectedrarmbnnected, ranging from one

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

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.

Figure2-8 also illustrates the fact that most,ribt 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, @iseeds a fixed joining technology such as soldering or

crimping to fix it in place at one end.
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(i) (i) 10 mm

Figure2-8. Joining technology terminology.
A) (i) Pitch, (ii) Detachable contact, (iii) Connéuiasing, (iv) Fixed contact. a) An Amphenol FCI Clincher

O2yySOi2NE FSIFGdz2NAy3a RSGIFIOKFIOES LAY O2yidl OGa G 2yS Sy
permanent contact with a flexible flat cable or flexible printed cable at the other erslitthed 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 foréi SEGAf Sad ! FSg O2YLI yASa KIF@FS LINERdzO
applications, but most focus more on nt@xtile wearable applications such asast

watches or other wristvorn wearables, and very few are available for purchase off the

shelf. Joining technologies fotextiles also appear rarely within the literature otegtiles,

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

conductive materials, rather than the business of bringing a sylstexhsolution together.

2211 Fixed joining technologies

Among fixed joining technologidsdure2-9, Table2-2), 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 interconne®t&-%° 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 2200ut low temperature

solder with working temperatures around 18D exists). Several adhesives have been used

as alternatives. These include a) fommductive adhesive bonding (NCA), b) isotropic

electrically conductive adhesives (ICA), and c) anisotropic conductive adhesives (ACA).
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Figure2-9. Fixed joining technologies used-texiles.
A) embroidered contacts to a flexible Pée. 2005IEEEReproduced withermissio; 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 filanféi@. 2012, IEEEeproducedwith permissionD) Prototype

of an etextile module crimped to copper wires in fabfi® 2012, IEEEeproduced 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 ledohsed) solder with more environmenyaltiendly
alternatives. The tradeff 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 boretimgdsiare illustrated

in Figure2-10.

NCA bonding, used in fighip assembly, has been adapted by Fraunhofer IZM to contact
rigid circuit modules with conductive textile interconne€t$:’> 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.qg. silver flakes

added to epoxy®’®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
vettical (20 RANBOGA2YyS>S da GKS O2yOSYyidNlGAz2y 2F 02y
conduct in the % plane*>"87% This makes it suitable for fipitch connectors, and means it

is sometimes calledaxis tape/film, but also means it has higher contact resistance than

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

NCA ICA ACA
| | [
S S
[ A [ ]

Substrate

Conductive track i .
Non-conductive adhesive

Conductive fillers (spheres)

Contact pad Conductive fillers (flakes)

Figure2-10. lllustration of NCA (nesonductive 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 machi#é®. 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 tith&. Welding?8#2and crimping*®® (also

referred to as cold welding) are also possible but less commonly used.
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Table2-2 Comparison of fixed joining technologies

Name Method of attachment Compatible with Durability Advantages Disadvantages Ref
Machine Embroidery machine. For 1 Textile 1 Can bedamaged by  Compatible with most textiles ~ { Durability is not well studied 32,728
embroidered  some conductive threads, or q Rigid PCB with temperature (contact 1 Scalable with right equipment  § Temperature and washing can relax connection g
conductive more complex designs, sewable pads resistance) 1 Flexible 9 Specialized machinery
thread specialist machinery 1 Flexible PCB 1 Conductive coating can  { Looks and feels like textile 1 Not suitable for joining discrete electronic
required. 1 Wire flake off during washing components directly
9 Some conductive threads not compatible with
standard embroidery machines
Hand stitched Hand sewing tools (needle  § Textile 1 Preliminary washingtests 1 52 Say Qi NXBIj dzA I { Reliability not well documented, bekpectedto 86
conductive andconductive thread) 1 Rigid or flexible PCB show continued function equipment or technical be lower than machine stitching
thread with sewable pads after washing at 20C knowledge 1 Time consuming, therefore not scalable
1 Wire
Soldering Soldering equipment, heat. Rigid PCB 1 Strong electrical 1 Compatible with standard 9 High application temperature even with low 35,416
Typically above 25CC, low 1 Metal wire connection electronics processes temperature solder paste 9
temperature options still 1 Limited textiles 1 Not flexible, requires 1 High availability 1 Not compatible with many conductive textiles
require >150C 1 Someconductive inks protection against 1 Adaptable to both high and 1 Not flexible
1 Standard components  breakage at interfaces low volume
Welding Heat (produced as a by 1 Some conductive 1 Contact resistance <1 1 Compatible with wider range 1 High temperature can damage delicate textiles 32.81,8
product) textiles Ohm of conductive threads than and some printed conductive tracks on textiles »
Welding equipment. 1 Metal wires 1 Requiresncapsulation to soldering (e.g. stainless steel
survive washing thread)
Crimping and  Crimping tool (manually Depending on product:  { Preliminary evidence of 1 Room temperature applicatior § Not compatible with all types oftextile material 8385
rivets operated or automated) 1 Textiles washability 1 Compatible with both high anc 1 Some types of crimp connector do not survive
1 Rigid and PCBs 9 Supports repeated low volume production washing
1 Wires connection/disconnection
Adhesives: Heat and pressure, supplied { Bonding rigid modules { Resistant to temperature 9§ Demonstrated to work with 1 Requires die bonder or custom equipment 38,74,7
NCA by die bonder or custom or components to and humidity cycling 1.27mm pitch components 1 High bonding temperature (19T) 5
equipment. conductive tracks
Adhesives: Some variants are heat 1 Textiles 1 Encapsulation is required Lower curing temperature 1 More mechanically brittle than soldering 29,76,7
ICA curable;others cure at room 9 Rigid PCBs to prevent breaking than soldering 1 Higher contact resistance than soldering 7
temperature. Dispensed 1 Flexible PCBs 1 Compatible with printed 1 Absorbs moisture if not encapsulated
manually or by machine. 1 Standard components conductive tracks
Adhesives: Can be cured at room 1 Textiles 1 Mechanically strong but { Suitable for components with High contact resistance relative to ICAaldering 41,787
ACA temperature. Heat or 1 Rigid PCBs electrical connection very fine pitch 1 Inconsistent contact resistance under strain 9

pressure reduce cure time.
Applied manually or
dispensed bynachine.

1 Flexible PCBs
9 Surface mount
components

unreliable under strain

fLow curing temperature
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Table2-3. Comparison of detachable joining technologies (connectors)

Name Method of Compatible Durability Advantages Disadvantages Ref
attachment materials
Snap Sew, crimpor  {Textiles 1 Produced as a loAgsting garment  { Widely availability 1 Relatively large footprint (typically 32,87
fasteners solder, T Rigid PCBs fastener. Electrical durability not 1 Mechanicaburability 10mm diameter per contact)
dependingon  {Flexible PCBs tested. 1 Protective enclosure not needed 1 Electrical characteristics not well
variant. 1 Wires 1 Attachment can be done by hand or automated studied
Pogo pins Solder to rigid  { Rigid PCBs 9 10,000 mating cycles 9 Small footprint 1 Require sturdy housing to maintain 88
PCB 1 Contact resistance 20 K 1 Low contact resistance when properly mated. contact which can be bulky.
Magnets Conductive I Textiles Not defined 1 Contactmaintained without additional mechanical § Limited data on suitability as an 89,90
adhesive 1 Rigid PCBs support electronic connector
T Wires
Conductive  Sewing or 1 Textiles 1 10,000 mating cycles 1 Possible inconsistent contaetsistance 1 Not extensively studied 91¢93
hook and adhesive 1 Contact resistance unclear 1l Large footprint
loop 1 Stability of contact resistance unclear
Zipper Sewing 1 Textiles Not defined 1 Looks like clothing rather than electronic 1 Electrical properties not tested 94¢96
component
Button Sewing 1 Textiles Not defined 9 Looks like clothing rather than electronic 1 Not robust enough for use as a proper 97
component joining technology
Pin header  Soldering 1 Some textiles  { 50-300 mating cycles depending on T High availability 1 May disconnect easily inside clothing 86,98,9
1 Rigid PCBs metal used to plateontacts 1 Standard pitch compatible with other components  (not tested) 9
1 Wires 1 high mating cycles 1 Not tested for use in textiles
Amphenol Crimping T Flexible PCBs  { 100 mating cycles 12.54mm pitch compatible with standard 1 Not designed for use intextiles, may  83,10&
FCI clincher Some 1 Mating /unmating force 300 g / components disconnect easily inside clothing 103
conductive contact 9 Compatible with both low and higlolume 1 Not compatible with all-extile
textiles 1/ 2y Gl 04 NBaradly production interconnect materials
1 Preliminary evidence suggests abilit { Low contact resistance
to survive 50 wash cycles
Wireless Stitched or I Textile 9 Preliminary evidence of washability No physical connection required 1 Signal loss/lag 104¢
printed onto T Rigid PCB 1 Highly flexible 1 Flexibility 1 Inductive coupling requires AC signal 197
fabric T Flexible PCB and additional electronics
Alligator clips Not applicable  {Textiles 9 Can be attached/removed repeated| 9 Availability 1 Relatively bulky 108
fRigid PCBs 1 Contact with very thin or delicate 11 Quick to attach and remove 1 Jaws can cause damage to textiles
materials can be unstable 1 Useful for prototyping and testing of connections 1 Not suitable beyond prototyping stage
Etextile Not applicable  { Textiles Not tested 1 High compatibility with textiles 1 Not commercially available, must be 108,109
prototyping 1 Useful for prototyping custom made
connectors 9 Durability not tested
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2212 Detachable joining technologies

Of the connector optiond={gure2-11, Table2-1), snap fasteners, also called gripper snaps,
press studs, poppers, or press fasteners, are by far the most used conneetextites

3287 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 tségrsathission

along conductive textile transmission lifésAnd standards do exist for snap fasteners, but
only on their mechanical resistance when used a garment fasténstandards and further

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

as an electronic connector.

Contact pad

Figure2-11. Connectors used irtextiles.

A}B) Snap fasteners used as modular connectors in Embodied RF Ecologies iBsafrad@iopyright Afroditi

Psarra. Reproduced with permission; C) Conductiveandé&op used as a switch for a bag with embedded

LEDs. Copyright Becky Stern. Reproduced with permission; D) lllustration of pogo pin, showing spring mechanism
of the pin ad 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 CGEBY license.

Other textile closure mechanisms such as metal zigff€tand buttons’ have been

adapted into éextile connectors. Similarly, conductive haoidloop (Velcro) can be

coated with silver and used as aconneétéfd | 2 6 SOGSNE A1 Q& dzy Ot SI NJ ¢4
can provide consistent, reliable connections for anything except very simple circuits. Other
connectors in this category are mostly electronics connectors: pin hé&d&&tspogo pins

8 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 oth&r°®1%3 Wireless connection through NFC or RFID,
using printed or embroidered coils, has also been investigated, but mostly to transmit power

rather than signal®%107,

The need for rapid prototyping and testing tools féextiles has led to the creation of

several eextile kits and prototyping connectors. Standard electronics prototyping

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

compatibility with etextiles. Sewing a prototype with conductive thread is {0mesuming

YR R2S8ayQi adzlll2 NI |ljdza O1 RS&A3Iy OKIy3aSas |y
interconnect materials often have significantly higher resistance than breadbogydrju

cables.

Alligator clips are commonly used fereatile prototyping, and many-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, asrsimoligure2-12A. However,
alligator clips and other standard tools such as multimeter probes and grabbers or spring
hook clips, can be difficult to attach teextiles, and can also cause damage to delicate

fabrics.

Figure2-12. Etextile 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]ﬂérmission.
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. Reprodpeem'm;imr?:ll Copyright

Rachel Freire. f) Threadboard prototypin%okReproduced 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'fiin@ne 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 usetoibl for probing connections on fabric circuits.
Similarly, the Fabric Pinch Clip adds conductive tape to a plastic sewing clip to create a

fabriccompatible cable. These connectors are showigare2-12B andFigure2-12C.

Building on this work, safety pin crocodile clips by Rachel Ffesbhown inFigure2-12E

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 etextile antenna, as depicted Figure2-12D. The Tools We Want projéét

proposes additional tools fortextiles that merge electronics and textile practice.

Threadboard?, shown inFigure2-12F, is an ¢extile 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 prototypintggtile projects using conductive thread, and
facilitates prototypig 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 rapietextile prototypes'®. A novel connector demonstrated by Li et

al, and designed for use with standard throdmgile components, consists of a coil of
conductive thread encased in restf 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 usdo remove all components and then replace them on every wash.

Some eextile kits provide for the need for different joining technologies at the prototyping
stage compared a finished product. Prototyping parts by Lo@méve 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
[ | 0-file Kt takes a slightly different approach, consisting of rigid P@Blesowith
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 boimstepd”.

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

fixed and detachable. As an emerging technologgxies 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 stredt IntentionalyR S&A Iy Ay 3 F2NJ RAal aaSyYo
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2.2.2 Motivation for modular design

Seamless integration of electronics into textiles is often cited as the ultimate geal of e
textiles, i.e. garments where the electronic circuitry is completely undetectable by the user.
However, realizing this goal may have negative consequences fonabiditsi as it makes

repair or recycling of antextile product more difficult. Kohlét points out that when e

textiles break through to mass markets, this will create a new waste stream of products that
OFryQit oS N
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recycling.

If etextiles 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 nofrbaterials

used in a garment, to minimise the need for separation of materials for recyeladilés
typically contain textiles, electronic components, either conductive yarns, fabric with printed
conductive tracks, or plastics with metallic traédkgarment containing all of these cannot

be recycled using either textile or electronics recycling, steiftides are to contribute a

circular economy, the different parts of the garment must be separable, and there is a need
for proper endof-life soltions specifically for-eextiles!'®2% Furthermore, the
RSOSt2LIYSyd 2F WNRIKG G2 NBLIFANDR tSAAAtF0GA2Y
gives consumers the right to request replacement parts and repair information for devices
and equipment. It currently only applies to large appksnike 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 includirgetiles. A modular design may make
repair easier to facilitate, as a system vehmdividual 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 betweesxpected

lifetime of a garment and its embedded electrortiésThey give the example of esextile
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 isages 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 intartdée garment last

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

Others have suggested business models{exsles that are based on leasing garments
rather than selling therh'®, so that manufacturers can use their specialist knowledge to

repair and reuse-&xtile 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 assembtbd ahd of garment
production, which could minimise the need for specialisezkle 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
02FNRa o6! NRdzZAy2 WaKASftf RaQ> wl alloaSpdyddatt A WKL

slot on top of (or otherwise connect to) the main board, as depictEdyure2-13.

And in the realm of electronic music, th@dular synthesizer has been in existence since

the mid-20" 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 sytem by UK musician and unconventional electronic instrument builder LOOK MUM NO

COMPUTER, is showrFigure2-13.
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Figure2-13. Examples of modular design in electronics.
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reproduced with permissipB) Adafruit Featheé® Ij dzA LILISR ¢A GK [/ 5 &aONBSy WgiyaqQsr O
and humidity module. Photo by Kattni Rembor, reproduced under open source license terr84\(€Q) B3)

Modular synthesiser module lYQKMUM NO COMPUTER) Full modular synthesiser setup by LOOK MUM NO
COMPUTEReproduced withermission

2.2.3.2 Moadular design in fashion

In the 2F Century, we have a vast array of clothing options available to us. Much of this is
OKSI Ll Flrad FrakKAz2ys Iy AYyRdzAGNE RSTAYSR o0&
offering consumers frequent novelty in the form of dpriced, trendft SR LIN®BLR dzO G & €
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 workeesqdlity 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 multaceted issue, and there are many variables to consider in addressing

0KS Of20KAYy3a AyRddzZAGNE QA adzadlAylroAfAdGe LINROE
to promote reuse and repair of a garment rather than focusing oyctimg. 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 lakdfiRecycling is preferable to

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

possible.

46



Figure2-14. Examples of modular design in fashion.
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range of structures to be created from simple modules. Or larger modules can be used to create seamless

AL NYSyiGas ta a8Sy Ay WwW{SIyvftSaa 65 FRRothavborke&y (1 Q o6& al Al
produced as part of Fabricademy, a distributed textile education programme supporting innovation in textiles,

sustainability, and technology. Images reproduced under the terms of-Bi¢ @fn 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 andaild in another formgatisfying 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 dhigwrein

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 documemted in a

open sourcaepository?.

2.2.3.3 Modular e -textiles: state of the art

l Y2RdzZ FNJ aedadaSy Aa 2yS 02YLRASR 2F RAAONBGS
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47



- S Draged Top Layer

Mask Layer

(1 1] =
L] 1| =

\
[

1) Magnetic connector
= 12C Bus (SDA, SCL, +5V, GND)

D
Top Megnets 7 £ =]

Galor Goded MCU 7 5B
P« N
P=3

Flexbie PCB

Flop Structure

Figure2-15. Examples of modulaftextile systems.

A) Etextile garment concept where k2@abled sensors are attached to conductive tracks in the garment with

magnets®® © 2010IEEEreproduced with permissipn 0 W{ $02y R &1 Ay Q Y2RdzA I NJ 3 N¥ Sy i
making up the garmeﬁ?o Reproduced wier the terms of the CBY licensgC) Textile Prototyping Lakextile

toolkit, where circuit modules can be stitched or laminated onto te@ﬁﬂ@roduced under the terms of the CC

BY licensdD) SkinKit prototyping toolkit for buildicigcuits on the skitf®© 2021 ACM, reproduced with

permissionE) Wearable, modular electronic patches feile prototypinglal. Reproduced with permissid;
Sensoria Smart Sock, exhibiting the most common implementation of modular deséxtilesewhere a
detachable rigid control module connects to flexible sensors embedded in the dﬁ?m&rﬂoduced with

permission.
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2234 Canetexti |l es be Emore modul ar ee?

Most etextile garments currently employ a modular system, to a degree: the current

standard in commerciakextile garments is that sensors are embedded in the garment,

and a rigid control module attaches to the garment (usually via snap fastenerqripsyg

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

with this, making€l SEGAf $& WY2NB Y2Rdz I N (G2 o06SGGESNI &
of the standard situation where the only detachable part isctrdrol 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 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 cosnect

that would take up less space than rigid parts that commonly appear in garments, such as
buttons, zippers, and similar fasteneidthough the issue of sustainability ntextiles is

much more than recycling and reusg prioritising modular design means that connectors
have an important role to play in the sustainability-téxiles. An area that has not yet

been thoroughly explored is the potential for using modular design inside garments to
connect circuit modules to conduatiinterconnects. 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 inextiles. 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, repaireecycled.

2.3 Stretchable electronics

The final section of this literature revieavers technologies that enable stretchable

electronics, for embedding in stretch fabrics. Specifically:

1 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 ¢extiles using fully helical circuit modules.

1 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/ Ot dzRt&tehalileyeledironic strips for
St SOGNRBYAO (SEGAtSaEa SyloftSR o0& o5 KStAOFT

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) com{sottecreate

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 laptopsraadEhones 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 intextles.

However, many textiles are stretchable as well as flexible. While there are many items of
clothing that are minimally stretchaltedenim jeans, wool coats, formal shirts and sglits
stretch fabrics have steadily risen in popularity since the inventistnet€hable synthetic

fibres such as spandex in the raid" 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 ezdided electronic parts. Or consider
compression garments, used for both sports and medical applications, whe+kttiigint

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

support after injury* In many medical and sports applications, such as temperature
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sensing, heart rate measurement, or electrical stimulation, sensors or electrodteiilee
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 stretchdabfind as the medical
and sport markets are two key areas of developmentfexgles®>*° there is a need for

reliable, stretchable-extiles.

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

08 G(GKS 3aINRPAYT WHGKESAEAdINEQ GNBYRXI 6KSNB AdS
activities (for example, leggings or Lycra shorts) are worn diayt@r even chosen for

their aesthetic'®, And the recent Cowtl9 lockdowns seem to have caused a lasting shift in

clothing choice towards comfortable clothiti§ and an increase in online shopping for

A NYSyGas ¢gKSNBE FFENX¥Syda GKIG Oy GaidNBGOK U
be tried on in a physical shéfs.

2.3.2 Stretchable electronics state -of-the-art

There are several existing methods to fabricate stretchable electféhibsit none has yet

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

between stretchable materials and standard electronics manufacturing processes. For

Of FNAGEZ GKS GSNY aadNBGOKI offrigd oSfiex®e i N2 y A O4& ¢
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, whinh loe loosely organised into two

categories:

a) Using inherently stretchable materials, e.g., stretchable conductive inks,
nanomaterialenabled 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-texiles, but there are also many
examples of stretchable electronics forslin applications, where the device is adhered to
the skin rather than embedded in a garment. As these are subject toohdrg/same
constraints as-extiles (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 quanyifi KS aa G NB G OKé¢ GKI G Aa NBTSNN
stretch fabricsDepending on the yarns used to construct the fafarig. wool or Spandex),

and the method by which it is constructed (e.g. knitting or weavdagh a fabric may

stretch by anywhere from 18% to over 10@## respect to its original dimensioH$. As

will be seen later in this section,K SNB A ay Qi F Of SINJ 6SYOKYIFN] ¥
devices in terms of how much they should stretch. And vididecs used for sportswear

may be highly stretchable, the seams in a garment, and other elements such as aippers,

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 garment$§™, 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 thré&d&nitting 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 irFigure2-16.

Transport direction N~ 2
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Figure2-16. Stretchable electronics enabled by stitched or kritteductive threads.

A) Stretchable knit fabric incorporating conductive thrédds 2020 Elsevier, reproduced with permissg)n
Stretchable conductive thread pattern used as a strain stf@r2020 ACM, reproduced with permissiGha)
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?®, and conductive threads are primarily used as interconnects between rigid
circuit modules?7>14%and flexible circuit modul€$!4’or to construct textile sensors

33,144,148 including knitted inductot®.

Conductive threads are breathable and conform well to fabric, but have limited

washability*®, 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#4

2.3.4 Serpentine geometries on flexible and stretchable substrates

{AYAEI NI &S FtSEA0fS St SOGNRBYAO OANDdAAGE 64Tt
horseshoe shapes. In some cases, a Pl substrate is also cut in a serpentine geometry,

allowing the whole assembly to stretbhand in others feature serpentine metal tracks on a
stretchable substrate such as thermoplastic polyurethane (TPU), polydimethylsiloxane

(PDMS), or other elastomef81®1 Examples of serpentine structunesed in etextiles can

be seen irFigure2-17.

However, these materials have limited compatibility with many standard electronics
manufacturing processes, for example needing to be placed on-alastic carrier film for
roll-to-roll manufacturing®?, 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
(Figure2-17D), at the parts of the structure with highest curvatt®&®®, which can
ultimately lead to failure caused by cracks in the metal tracks. Their shape also means that a

strip of circuitry withserpentine traces is significantly wider than one with straight traces.
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Figure2-17. Serpentine traces on various substrates.

A) Coppesplated PI cut into stretchable serpentine geometry, for integration into a stretchable knit g‘é&ment
Reproduced under the terms of theBXClicenseB) Printed stretchable serpentine traces on fabric, encapsulated
with PDMS°¢ ©2018 Wiley, repmuced with permissio€) Stretchable LED matrix with serpentine metal traces
on an inherently stretchable elastomer substfate © 2012 Taylor & Francis, reprada with permissiom)
Simulation of serpentine structure showing concentration of stress (orangelaf‘s@saOl? Elsevier,

repraduced with permigon.
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2.3.5 Alternative geometries with out -of-plane deformation

While it is most common to seefifane 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 ogthéhlse controlled

buckling as a means to enable stretth

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 fabfi¢ Other examples include kirigamspired
nanomaterials®. Another example combines an origami structutiee Miura Ori pattern,

which uses a specific folded structure to enable stretefith kirigami elements to create a

stretchable structuré®®.

Figure2-18 shows examples of these. To use these methoddertites, 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 M@iecircuit boardKigure2-18C),

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 buckifgg(re2-18A).

A B

16.48 mm

Figure2-18. Alternative geometries for stretch.

A) Controlled buckling of semiconductor ribbons on-atpreched PDMS substraf® © 2007 Springer Nature
reproduced with permissipB) Kirigami inspired nanomaterial stretchable intercor§@€t 2018Wiley;
reproduced wittpermissionC) MiuraOri inspired stretchable circuit board, a) unfolded, b) foljathfolded

again, and d) compressé&¥. Reproduced under the terms of theBClicense.
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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 showigure2-18B 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 metadetals or metal
alloys which typically have gile consistency at room temperatuf®&1%4 An appealing
feature of liquid metal is that it can sékal, which has clear potential for use itegtiles.
However, it exhibits significant change in resistance when stretched. It is therefore most
often used to measure strain, e.g. strain gaugesetsy the US company Liquid Wite
Similarly, there are stretchable conductive inks, but these tend to exhibit the same
relationship between resistance and str&fh Stretchable optic fibres, made from silicone

coated urethane fibre, have also been stitched onto textiles and used as strain $&nsors

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 stretchiatliéscoften 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 stdgeeddbpment and not

yet commercially availabt€. 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-textiles rely on the use of some rigid components. These
components; usually mounted on flexible or rigid PCB modglesist be connected to the
stretchable interconnects. And there are, at the moméawer 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 Indofigaiahindian

textiles!’®, and in European Renaissance tapestfieand is still used today. In an early

paper on etextiles, Orth and Post used silk organza fabric made from silver wrapped yarn as

a conductive substrate fortextiles!’2 Examples of these yarns are showRigure2-19.

Figure2-19. Decorative wrapped yarns wiiklical structure.

A) The helical structure of metatapped silk threads in silk organza is visible in this microscopeji?ﬁ@ge
1997 IEEReproduced with permissipB)C) Microscope images of a sitweapped silk yarn with a triple layer

helical structure in a Renaissance tapestty© National Museum of Atrsllia.

Though they have a helical structure, the metal fibres are wrapped arourstretchable

core materials, such as silk. The overall structure is therefore not stretchable, and the
purpose is purely decorative. Another example of helical structure ireteigtithe 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 behavioury?.

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 ifigure2-20. This includes helical polyurethane (PU) and copper fitfres

helical conductive yartt®, helical copper interconnects embedded in silicBheand helical
interconnects for epidermal electronit’d. Individual helical components have also been

ONB I §SRxZ Ay Of dzRA ¥eArE privtSd tranSistdrs oWAEN Gl BrappadzY LJ& Q
around a PU fibr&”®,
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Figure2-20. Examples of helical geometry in electronics.
A) Helical fibres composed from copper and PU fibte® 2020 Wiley, reproduced wifiermissionB) Helical

auxetic yarn capacitive strain sensor, where a copper wire is wrapped around a stretchable t8teyan?3
Wiley, reproduced with permissj@) Helical electrodes embedded in a stretchable elastomer to realise a

stretchable sensor array for robotic siih © 2017 Elseviereproduced withpermissia; D) Braidedstretchable
interconnects, where multiple helices of fine copper wire are embedded in %’?ﬁcﬁn@roduced under the

terms of the CBY licenseE)}F) Printed transistor on PEN film wrapped around a stretchabléfibge 2021

IEEE, reproduced with permission.

Helical electrodes formed from copper wire wrapped around a nylon core have also been
developed for use in robotic skiff, as well as helical energy harvesting devices to power
pacemakers$®, and flexibldithium-ion batteries using helical electrod€4. The HAY

structure mentioned above has also been utilisedtexéles 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

58



also a number of patents which have mentioned helical structurdertibees®>8’. 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 mat 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

Table2-4 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 pe&sinm
testing, others do not. Some focus on cyclic testing at moderatéQ®) 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 stretchirgtdntiles, 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 practieal@swill 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 exéé@ntyonics

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 wmddored wih 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 geometryt KS RS @St 2 LIYSy (i 27F TGN LBASTOA Gl & COAEND

this work and is covered in Chapter 6.
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Table2-4. Comparison between stretchable electronics technologies

Description Type of circuit Materials Maximum stretch Cyclic tests Wash tests Comments Ref
Conductive textiles
StretchEBand: Strain sensor Silverplated nylon thread  240% Not performed Not performed Functionality of strain sensor 144
embroidered conductive stitched onto stretch fabric demonstrated, but durability
thread sensor (polyester blended with was not assessed
elastodiene)
Knitted conductive Textile Silver conductive yarns 60% 6000 cycles of 45% Not performed Would need to be subjected 143
textiles triboelectric formed into a knit fabric stretch to wash testing to assess
nanogenerator durability
Knitted inductors Single component: Copper wires knit into Not determined Not performed Not performed Demonstrates functionality =~ 145
inductor fabric structure as an inductor, but durability

is not investigated

Serpentine structure

Tailored etextile sensing Flexible PCB Copper tracks on Pl film, 79-88% 1000 cycles at 30% Able to survive 10 wash Demonstrates resistance to 40
garment modules joined by and flexible Pl modules strain cycles cyclic stretching and washing
serpentine containing SMD but this is only preliminary
interconnects components. Wires also data
used to join modules
Copper and printed Interconnect Copper foil embedded in  Notdetermined. Up to 100,000 cycles o Not performed Comprehensive study on 188
silver serpentine tracks PU and PDMS. Silver ink  Study focuses on 20% strain cyclic durability of serpentine
printed on norwoven cyclic durability interconnects at low to
fabric moderate (20%) stretch.
Higher levels of strain are na
explored
Stretchable LED matrix ~ Stretchable Etched copper serpentine Not determined Not performed Encapsulated LED modules Demonstrates successful 151
interconnect, and interconnects embedded were able to survive-50 fabrication of fully
flexible / in PDMS, used to join wash cycles at 4 and stretchable circuit, but lacks
stretchable LED F¥f SEAG6f S OAN 60°C. Full stretchable LED  tensile testing data, focusing
matrix matrix was not washed only on wash testing
Origami, kirigami
Miura-ori enabled ECG monitoring  Copper tracks and SMD  Not determined. All samples survived Not performed FullOA NDdzA G £ 06 dz 160
stretchable circuit board system components on PI, Tested up to 40% 3000 cycles of approx. how it would be incorporated
embedded in silicone strain 24% stretch into textiles
Kirigamiinspired textile  Interconnect Silver conductive ink, inkje Approximately 600% 1000cycles of 100% Not performed There is a change in 189
electronics printed onto woven PET strain, with 2630% resistance between
fabric, then laser cut into increase in resistance unstretched and stretched
kirigami structure after testing states, which may be an isstL

for some applications
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Serpentine geometry Interconnect Gallium Arsenide ribbons  Not determined. Not performed Not performed Demonstrates proof of 157

formed bycontrolled coated with silicone Stretched up to 51% concept, but at an early stag
buckling dioxide, on a PDMS not suitable for integration in
substrate e-textiles
Stretchable conductors
Conductive ink printed  Interconnect Silver conductive ink Half of the samples Resistance increased  Not performed Resistance varies with tensil 166
on TPU substrate screen printed on TPU film broke before 74% from approximately 1.5 strain, making this suitable
strain Kto 5Kafter 1000 for strain sensing, but
cycles of 20% stretch possibly not as an
interconnect
Liquid metal Strain sensor Liquid metal paste made  Not determined 10,000 cycles of 50%  Not performed Exhibits good stability under 164
from GAInSn and Ni strain with stable many thousands of tensile
nanoparticles, printed and resistance strain cycles, but is just a
then encapsulated in series of printed lines, rather
silicone than a full circuit
Helical structures
3D helical fibre Interconnect, Copper wire bonded PU At 300% straihelical ~ 30% strain, 300 cycles Samples survived ultrasonic Interconnect only. Wash test 174
used to make LED fibre with cyanoacrylate structure is lost per hour, for 10,000 washing at 20, 30 and 368 does not simulate textile
circuit with coating cycles. No damage for 100 min, both with and ~ washing procedure, so is not
through hole LEDs reported without detergent a realistic assessment of
washability
Hierarchically Conductive yarn ~ Conductive yarn made 1000% 3500 cycles at 200%  Not performed Highlystretchable conductor, 175
interlocked helical from silver nanowires, strain unclear if useful for building
conductive yarn MXene, and TPU fully stretchable circuits with
other components
Braided textildbased Interconnect Multiple copper wires 762% 500 cycles at 500% Not performed Interconnect only, 3 mm 5 176
interconnection braided to form a multiple stretch mm in diameter, most of
helix structure, embedded which may be too thick for
in silicone textile integration
Helical printed transistor Single component: Organic thin film transistor 50%(theoretically Not performed Not performed Only one component, nota 179
transistor on PEN substrate determined) full circuit. Lacks information
on washability
Lanterrinspired onskin  Interconnect Helical copper wire Approximately 175% 3000 cycles at 50% Not performed Interconnect only, not 177
helical interconnects embedded in PU / PDMS strain designed for gextile

fibre solution integration




2.4 Summary

Thischapterbegan with a review @-textile fabrication technique3hen connectors and

joining methods for dextileswere reviewedMost, if not all, are solutions designed either

for electronics or textiles and have been adapted for useéntédes. The potential benefits

of using modular design intextiles have been discussed, as well as the central role that
connectors need tplay in achieving modulartextiles. There is still the opportunity and

needforel SEGAt Sa (2 6S YIRS WY2NB Y2RdzZ I N gAGK

than commonly used connectorscéuas snap fasteners.

On the subject of stretchable electronics technologies, from reviewing the various methods
¢ serpentine geometries, stretchable conductors and substrates, origami and kirigami
patterns and helical geometgyhelical geometry in particular appears to be emrexplored.
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, usingl$amprint SMD

components (1 mm x 2 mm or smaller) could be wound into a helix and become stretchable.

Referring tdSection 2.1which fabrication methods should be used to investigate a) making
WY 2 NB Y 2eRtitzlyistéhd3, add b) helical circuits? One of the conclusionatof th
sectionwas 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 prodesskis

project were:

9 Screen printing, using a TWS SR2700-aatoimatic screen printer.
9 Dispenser printing, using a Volter®¥e dispenser printer.
1 Etching coppeplated 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 eestalblished manufacturing
method, with good repeatability and reliability, it has one major disadvantage for this work.
To investigate modular and helical electronics, it is importane tahbe 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;langing 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 scatewiup

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 describe8dution 2.1etch masks can be

printed directly onto the copper, or printed on PET film using an inkjet printer, neither of

which is timeconsuming 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-teetide 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 resultsnincsses, 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 fabraratechniques themselves become

results. To keep things clear, this chapter gives an overview of all fabrication and test
methods used; as they were many and variee@xplaining 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 froplesand
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, odapth evaluations thaconstitute

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 PCBnanufacturer.
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Simulation is a valuable tool, but it was agreed that making and testing several iterations of
prototypes would bequallyas 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 eason: when designing new devices, errors often occur, and these often
R2Yy QG 06S8S02YS I LI NByYy G dzy ( AfabricatibriisSdNde in Kobse RS A OS
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 producinot@types 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 bexplored at that point.

3.1 Fabricating flexible and printed electronics
The following sections outline printed and flexible electronics fabricat&hods 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 lllustrator, which is a versatile tool for 2D drawing. Circuit schematics and
layouts were mainly created in Eagle, but outlines (i.e. the shaperafigiduial circuit

module), and details such as stitching holes, were created in lllustrator. As has been
highlighted by Tools We Want, a collaborative projecttextle researchers and designers
Irene Posch, Ebru Kurbak, Hankaner Wilson and Mika t®ani, a tool combining the

capabilities of these two software packages would be very usefutdatile desigrt®.
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1. CIRCUIT LAYOUT 2. CIRCUIT OUTLINE 3. FABRICATE 4. ATTACH TO FABRIC
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=] -7 ‘ ‘ e
Circuit traces and solder Outlines of circuit modules  Circuit modules fabricated Finished circuit modules stitched onto
pads created in EAGLE and stitching holes drawn using vinyl cutting, etching, fabric and connected to conductive
in Illustrator and soldering of components thread tracks stitched on fabric

Figure3-1. 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 lllustrator to create
outlines and stitching holes for the circuit module; 3) circuit modules are fabricated orptagguepolyimide

film; 4) circuit modules a@tached to fabric and joined to conductive thread interconnects..

An example of the process is showligure3-1, using the example of temperature sensor
and interposer circuit modules which will be covered in Chapter 5. lllustrator was also used
to design solder paste stencils, coverlay (flexible encapsulation for conductive tracks in
flexible electronics), photdtiography 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,
lllustrator 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 copfsed Pl film. As mentioned in the
previous two chapters, printed and flexible electronics fabrication metheds 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 thigpenser printing or etching

processes.

3.1.2.1 Dispenser printing

A Voltera YOne dispenser printer was used in this work. The printer is shdvigure3-2,

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 Canadhiarwork was carried out

in the United Kingdom, it was more convenient to use inks from UK suppisible silver
conductive ink from Engineered Conductive Materials (product fid36l 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-beéivere
obtained from Nordson Ltd. These are showhigure3-2C and DThe process of

calibrating the MOne for new inks is covered in the next chapter.

Cartridge

P Piston

A)illustration of the process. A cartridge of conductive ink is moved aroundpane, dispensing conductive

Figure3-2. Dispenser printing.

ink in a defined pattern; B) the Volter&®¥We printer used in this work, printing conductive tracks to create a
flexible circuit; C) Parts: teartridge 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 anudzle 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 ARIB0 speed mixer (a centrifugal mixing maclhihéch 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 pririggre3-2D).
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3.1.2.1.2 Printing process for flexible substrates
¢KS ISYSNIf LINPOS&a T2NJ RAALISYaSNI LINAYyGAYy3 A

standard process for printing on rigid substrates, as documented on their wébsite

)l

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. TheQhe 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 clampedonthédy SQ& LINAYy (G o06SRZ | yR GKS
the \AOne 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 theQhe, 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 te 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 thdh\ S Qa K S I (i &CRor B0$nidutdsini linev n n

with curing settings provided by the ink manufacturer.
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3.1.2.2 Etching copper -plated P/
As outlined in Chapter 2, conductive tracks can be formed by etchingptattal films, the
most common of which is coppplated PlSeveral filmsvith 18 um copper thickness, and

PI thicknesses of 25 ym, 50 um and 75 um were obtained from GTS Flexible LTD.

To etch circuit traces on coppplated 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 thesadhentages 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 projecEigure3-3 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 transferFigure3-3A): 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 cq@atyd Pl using an
ordinary laminator, which transf@r G KS G2y SNJ FNRBY LJ LISNJI {2
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 photolithographyHigure3-3B): A photosensitive dry film was laminated to
copperplated Pl. 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, abhowJV light to crostink and harden

exposed photosensitive film. A developing process then washed away unexposed film.

3.  Adhesive vinyl maski@ure3-3C): 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 coppeplated PI. A vinyl cutter then cuts out the circuit pattern, and

tweezers are used to removeaeess 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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A: Toner transfer
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Copper-plated
polyimide applied

B: Dry film photolithography
Mask printed on
coated paper

Negative UV mask printed
on transparent film
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to substrate

Paper soaked off in
water, transferring mask

UV light hardens exposed
parts of film
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L 1

UV mask is removed
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Figure3-3. Different methods to create masks for etching coptsted polymer films.

C: Adhesive vinyl mask

I

E

f

Adhesive vinyl film
applied to substrate

Vinyl cutter cuts out
circuit pattern

Excess vinyl ‘weeded’
using tweezers

Copper layer removed
by etching

Mask removed by peeling
off with tweezers

A) Toner transfer method prints the mask on a coated papét 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) Adhesivaiemhybibepubstrate, 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 etchGhater Zand
part of Chapter 4 and a Mega Electronics PA210 bubble etch @hkter Gand 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, LincolmxédK) m

with 5L of water and heated to approximately°@5by 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.theBtonovis

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 belaveéutte, 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.ecooductive) 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 rougheethdar sewing
thread!°219 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

standardsewing machine.

The conductive thread used in this work was a solderable thread (insulated conductive
thread, SewlY Ltd) which consists of fine enamelled copper wires braided with a Kevlar
supporting thread. It was exclusively used as the bobbin thread, and the boldionten
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, nedoktheld 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 cegupezd PIl. 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 sim@ttangular designs, but as

more complex shapes needed to be realised, a precise method for cutting outlines was
needed.Figure3-4 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
computercontrolled cutter designed for cutting thin films (vinyl) to make signsgiaudhics

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
achievefine resolution: the Roland model used in this project was used to cut

features asmallas 10Qum.

A

10 mm

Figure3-4. Examples of methods to cut circuit outlines.

A) An LED circuit on Pl 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 rdole, cut from 25@m thick PI, including features as fine as 1 mm pitch; D)

copperplated PI film outlines for helicaktips in Chapter 6, whose ends need to be precisely angled.

Twoapproaches 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 neediog@mutlines (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 igil, rather than coppeplated PI film.
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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 ous fritethod 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 devicesitatted in this work, this can cause issues

with misalignment. For example, some of the flexible circuits produced in Chapter 6 were

1.5¢ 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 tGefouring 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 seeFkigure3-5A, 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 Pl with printed or etched metal tracks on top

for cutting out. As can be er inFigure3-5E and F, alignment errors 6RImm remained.

Coloured in
cro

Figure3-5. Creating conductive tracks, then cutting outlines using the vinyl cutter
'O / NRL) YIEN] 2y tLX O2f2d2NBR Ay a2 (GKIG GKS @Gayet Odzid

a crop mark; C) Cutting the outlines, showing multiple crop marks; D) Alternative method, printing the circuit

patterns on paper and ghing the patterned PI on top to cut outlines; E) Glpsef previous image; F) Clage

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 floeeeneeded 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 shovirigare3-6. 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 Pl 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-nonductive side of the copper
plated P(doublesided coppesplated Pl 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 Pl 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.

Copper-plated
polyimide
Outlines cut using vinyl cutter

Excess copper material removed

b

Transfer tape Conductive tracks created by etching

Figure3-6. Cutting flexible circuit outlines before etching.
Copperplated Pl is applied to clear transfer tdfadt), 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 stooiitiog. This is

particularly important for ¢extiles, 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.
Encapsulation of conductive traces, which was done by applying a thin layer of

adhesive, or a thin Pl film (coverlay film).

For globtop encapsulation, the following materials, showfigure3-7, were used:

1

Plastidip: this is a nottoxic, 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
Plastidip, 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.
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Figure3-7. Glob top encapsulation of printed and etched flexible circuits.

A) Dymax medical adhesive applied on a resistor on a printed temperature sensor on Pl film. The adhesive creates

a smooth dome over the component; B) RRgiiencapsulation applied onto the same type of resistor, on an

etched temperature sensor on RhfiThe Plas A LJ KIF & OdzNBR Ay |y ANNBIdz I NJ aKIF LI

LINR LISNJ w3200 &aKILST gKAOK adKz2dZ R 65 Y2NB R2YSRO

To encapsulate conductive copper or silver tracks, the following methods were used:

1

Spray Plastiip: an aerosol version of the PlaBtp used for glotop 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 Pl 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.

76



3.1.5 Attaching components to conductive tracks
Soldering was the main method used to attach components to conductive tracks. Soldering

techniques used included:

1 Dispensing solder paste using a syringe.

1 Dispensing solder paste using the Volteané dispenser printer.

1 Stencilling solder paste using vinyl cut PI stencils. Depidtéglire3-8, the vinyl cutter
was able to cut stencils for components with 1 mm and 0.3 mm pitch.

1 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 Pl
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 w&olosrdaste
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 iRigure3-8A.

A Fritsch LM 901 manual pick and place maclrigei(e3-8D) 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 aelesolder pads. A microscope

is fixed next to the nozzle, recording video shown on a monitor, to aid with placement.

Only leadree solder paste was used. This was for general health and safety reasons, as well
asthefactthatél SEG At S& I NB RS&A3IYySR (2 68 Ay O02yil C
lead. In some cases, soldering was performed by hand using argpldariinstead of using

solder paste, particularly when using solderable conductive thread in Chapter 5. Dispensing

solder paste using the VolteraOhe was found to be more time consuming than stencilling

or applying solder with a syringe, so this watsnmach used.
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ideo from microscope

Figure3-8. 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 7%m 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 sotderpads before soldering.
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3.2 Test methods

Several different tests were used in the evaluation of the fabricategtite 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 reaitéde 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:

I Tensile tests
1 Bending tests

1 Twisting tests

All test procedures were based on{#2D4 Guideline on Flexibility and Stretchability

Testing for Printed Electronit¥, as specific standards fotextile 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 stretchale e-textiles. As can be seenTiable2-4, 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 included920RC

Tensile and bending tests in Chapter 5 were performed with a Shimag¢wi@rsal

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 causintadea. To

address this, laser cut tensile test clamps, and 3D printed fixed plate bending test clamps
were fabricated, as shown Figure3-9. Later on, a Mecmesin MultiTeabdV, with a 100 N
force gauge, was acquired, and this was used for most of the work in Chapter 6. This was
used with rubbeicoated grips for tensile tests, which are designed for clamping fabric

samples.
Two types of test were carried out:

9 Stretching or bending until breaking point, to determine the absolute flexibility or
stiffness (stretchability) of a prototype.

1 Cyclic strain and bending for 168000 cycles, at lower than maximum extension or
bending, to mimic the routine bending and stretchiaAgxile parts would undergo

79



in a garment. The number of cycles is not set kOEO@, but is based on similar

work such as that performed by Wicaksono ét-al

Figure3-9. 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 claps 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 bétShimadzu A% metal tensile testing clamps. Images A, B and E

were taken by Jasmyn Ghfatel.
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There is, at the moment, no standard for how many cycles should be performeeBA@DO
cycles are often reported in the literature, though this should be considered a preliminary
evaluation, as-¢extile parts can be expected to potentially undergo terthousands 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 igaament.

A custom twisting jig was fabricated for twisting tests, as showigime3-10. 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 maximurstitvg 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 counteclockwise.

This is a simple device and does not measure torque experienced by a sample during testing,
odzi A& dzaSTdzZ F2NJ OF NNEBEAYy3I 2dzi OBOftAO GSaia
twisting.

Figure3-10. 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 clampockwise or anitlockwise for calibration, and to start or stop a cyclic test. Images

by Jasmyn Clifatel.
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3.2.2 Wash testing

Technology for ¢extiles 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 t&8tds there is not yet a separate wash testing

standard for gextiles, most dextile research uses some variation of this stand®rd

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 othemyigy washing
machine. Wash testing was only performed on helisatips covered in Chapter 6. Samples
were washed 10 times in a domestic washiraghine (ModelDOS, Bosch GMBH), with a
supermarket brand detergent. Samples were weighed before easih eyale 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 begecessful. 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 %
bench multimeter, was used to check continuity, or identify short circuits, after etching,
soldering, stitching conductive tracks etc. This was also used to meastesistence 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 multiHlayer prints, and unsuccessful curing gaidenced 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 timsreases 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 ke durable.
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2-wire resistance is a useful technique for quick testing. But for higher accuracy, particularly

for measuring resistances of < IR04-wire resistance is a better techniquggure3-11

illustrates the wiring configuration for both methods.

A Digital Multimeter

RLEAD

T

Test Current (I)

Y ’\/\/\/T——¢
Lead Resistance
I <T> Q“D M Resistances VR R§ Under Test
LO Rieap l
P 'Y

VM= Voltage measured by meter
VR = Voltage across resistor

Measured Resistance =VM/ | = R + (2 x RLEAD)

B Digital Multimeter

J\Source HI RLEAD Test Current (1)

% Vv 1
RLeAD S C t (DA

| Sense HI ense Current (pA)

b T AAVAY, @
Lead T .

|<T> Q/'\D VM Resistances VR R § Eii;?:?:;
RLEAD ’
Sense LO

0 NNV s
RLEAD

A Source LO /\/\/\,

Vm=Voltage measured by meter
VR = Voltage across resistor

Because sense current is neglibile, VM = VR and measured resistance =Vm/I=VR/|

Figure3-11. Schematics of electrical connections for resistance measurements

A) 2wire resistance measurement, where one set of test leads supplies the current and measures the voltage
acrosshe resistance under test. Here, the resistance of the test leads themselves is included in the measured
value of R, which is negligible if R gzagbut can introduce significant error if R eap B) 4wire resistance
measurement, with separate sets of test leads to supply cisanice)and measure voltag@ense)resulting in

a more accurate measurement. Both figures amdragvn versions of schematics published by the electronic test

equipment manufacturer Keithley Litland LO points refeosourcevoltageand 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, imér@ measurement, the

resistance measured will also include the resistance of the probes used to ctrenect t
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 resistanc& & < 1
including the resistance of the probes introduces error into thasmeement. A 4vire

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 measwiee4esistance,

using two sets of multimeter probes, or Kelvin probes, which are designewia 4

measurements. However, these have quite sharp tips, which makes them diffigét to u

with flexible circuit modules, as they can easily scratch and cause damage to the copper
O2FGAy3 2y FtSEAO0fS OANDdAGad ¢KSe Ffaz O yQ
place. This is fine for one off or intermittent measurements, butcoatis 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 resistartoe. 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 meaguremen

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

sample has several conductive tracks and all of them need to be measunisR219

universal analogue input module was purchased to allow continuaire 4esistance

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 shownRigure3-12. AlligatorOf A LJA ¢ SNB Nz SR 2 dzi =

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 ciwbitt) 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(d@equisition) 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 methodetst a textile antenn&”’.

Helical estrips covered in Chapters 6 waenade 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 analogaput DAQ module. Data from the DAQ was recorded in
NI LabVIEW.

Figure3-12. 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 Chapt&rto allow spring hook connectors to be attached to wires; E) A hedtdal fgom

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 oQadBvice.
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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
VHX7000 digital microscope was used to image samples during fabricatafterdiailure
during mechanical testEigure3-13 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.

Figure3-13. Microscopeided 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 thddsr 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 tdpdatte and varying

the hotplate temperature across the range of normal human skin temperature. Sensor data
was recorded using two models of NI USB DA@8 and 621@ and NI LabVIEW, where

data was plotted in real time and logged to a text file for latalysis. 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 chapadss. |

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 praverork 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 previpiesstitae

methods selected from the available options were:

a. Dispenser printing

b. Etching coppeplated Pl 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 withu8Qtitch, and
Chapter 6 uses 0201 package SMD components requiring features of approximately

100um 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 \foltera V
hyS LINAYGSNI G2 LINAYy(d 6A0GK Ayla 20KSNI KLy

I+
N

is also demonstrated. There was also a small investigation intingom textiles coated
with heat transfer vinyl (an adhesisacked 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 cgygtexd Pl. 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 evaluateaf, one
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 etchiegggsa@are used

for the remainder of the thesis.

4.2 Dispenser printing

As explained in Chapter 2, Secth.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 pe#ble 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 Volte@n¥, and were cured using the V

hySQa KSI G§S/R: 0BRN Hil Wnyidzi Sad ¢KAa ¢tFa ol &SR
recommendation to cure for 230 minutes inanovenat 120 ¥ LJ dza +2f G4 SNI Qa
recommendation to increase curing time by°20) 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.
¢CKAA AY]l OLINRBRdAzOG yIFYSY W/ 2yRdzOG2NR0O Aa y2i
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susceptible to cracking under bending strain, which makes it unsuitableciailes. 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 convetaerse inks

obtainable from UK suppliers. Additionally, Voltera inks are sold in small quantities (typically

2 ml), whereas other inks can be purchased in larger, moresffestive quantities.

To print with GIL036 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 aatdgig@pact 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 patternsKigure4-1) were developed to evaluate prints. These are:

9 Printed straight lines~jgure4-1A): These were designed to test print quality. The
fAYyS 6ARGKA INB &adlFyRFNR t/. GNIOS 6ARGKS
thousandth of an inch, is shown in the figure as this is the default unit used in PCB
design software, including Eagle.
1 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 filffto 1.2 mm. One set hastrack
width of 800um (Figured-1B), the other 15Qum (Figured-1C). Serpentine lines are

included, as curved traces are common in flexible and stretchable electronics.

A B 38.5 mm
b h ~0.15 mm
widt —_—04mm
c| = %/ls mil / 152 um —_—08mm
el n 12 mil /305 um 1.2 mm
g & 4l 24 mil / 610 um ANNNNS NN NNANNNANNAN
ANV VNV VNVANAN
o & 32 mil /813 um
ANV
€ 38.5 mm
£
£]
o
£ 1 ANNNNNNANNANNNNNANNNAL
£ PN NSNS NNENT NS NSNS
O "NANANNANNNNANNNNNNNN

Figured-1. Test patterns used to compare printed and etched samples.
A) Straight tracks of varying width; B) §00 widestraight and serpentine tracks of varying pitch; C)ut60

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 VYOne uses metal Pre€ip nozzles and is shipped with black (internal diametep2g4
y211t8S8 6KAOK ¢62N] 6Sff TFT2NJ +2f G SNIOBBEA 26V
ink, there were issues with ink leaking, even after adjusting the print parameters. Several
nozzles with smaller diameter were evaluated, to assess whetheothdsresolve the ink

leaking issues. All nozzle details are giv@mlmed-1 and pictured irFigure4-2. This is

especially critical for the-@ne, 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.

Table4-1. Colours and diameters of nozzles evaluated for dispenser printing.

Nozzle colour Internal diameter{m)
Black 234
Blue 159
Orange 108
Yellow 57

159 um 234 um

108
57 um al

Y

Figure4-2. PreciTip dispensing nozzles of different internal diameters evaluated to optimise print quality.
The numbers refer to the internal diameter of the nozzle at its tip.

10 mm

The straight track patterr-{gure4-1A) was printed with the blue, orange, and yellow

nozzles to identify the optimal one for printinglOB6 ink.
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4.2.1.2 Printed temperature sensor

A printed temperature sensor wagadeto 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, soffilher details on its design and choice of components are left until
Chapter 5, Sectioh.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 patteffigume4-1B and C
(800um and 15Qum).

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, S&dtign

4.21.3 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

I LINAYGSR GNJ OSzZ 2N KIFayQi 3@89Sy LINRLISNI &
2. Four wire resistance, measured with a digital multimeter (Chapter 3, S8@ién

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 cg@atad Pl film, using the
toner transfer method described in Chapter 3, Secidn2.2(as well as in later sections of

this chapter).

Printed temperature sensors were also evaluated as described in Chapter 3, S2dion

using them to measure the temperature of an Echotherm chilling heating dry bath, which is
a calibrated hotplate with 0.Z accuracy. This was used to comparing the performance of
the printed sensor against a sensor with etched copper tracks. Data was recorded using an
NI6210 USB DAQ and LabVIEW software.
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4.2.2 Results

4221 Optimisation of print parameters

Initial problems with dispenser printingIT36 ink are depicted iRigure4-4. Excess ink

leaked out of the nozzl€&igured-4A), and there were issues with too much ink flowing
(Figure4-4B), or inconsistent flowr{gure4-4C), 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 um) 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 ofaA8eim) nozzle produced
neater prints with less drips and overflowing ink than the blue (159 um) nozzle. Examples
showing these results can be seefrigured4-3. The orange nozzle was selected for the

remainder of the prints in this section.

159 um nozzle 108 pm nozzle 57 um nozzle

Figure4-3. Dispenser prints made using nozzles with different diameters.
108 um nozzle produces the cleanest prints, the larger nozzle resulting in excess ink drips, and the smaller nozzle

becoming clogged with ink.

Calibrated settings are listedTiable4-2. Two important settings nozzle height and ink
pressurec 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 mnT.he only exception to this is when the 57 um (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 flaw fihe nozzle. Conductive ink
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is a shear thinning fluid, meaning that its viscosity decreases temporarily after pressure is

F LI ASRP | WiAO1Q 2F LINBaadz2NBE A& |LILXASR 0
flow out of the nozzle. The value of the kick is set beforeyriiti & i F NIl &> o0dzi GKS
LINBEadzZNBEQ O NAFO6ES Fff2pga | RedzadYySyita G2 (K
low. It was found that ink pressure needed to be calibrated at the start of every printing

session, and there was no fixed startingadhat produced consistently good quality prints.

Figure4-4. Dispenser printing issues.
A) Ink leaking; B) too much iidw; 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.

Table4-2. Optimised print settings for-0036 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 noz

are moved around the substrate

Trim length 50 mm 80* The maximum distance travelled before more
pressure is applied to the cartridge, i.e. befor
WIAO1Q A& | LILXASRQ

Anti-stringing 0.1 mm 0.5 mm At the end of a track, the print head doubles
distance 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 {
the piston to dispense more ink, i.e. the
displacement applied to compress the ink in {

cartridge and cause ink to flow from the nozz

* 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 showrigare4-5, where the trim
length is varied. Using the default trim lend8igUre4-5A), the printed tracks contain many
drips of excess ink where the printer has paused to apply more pressure, and then
continued, with a drip ahk leaking out each time pressure is applied. Increasing the trim
length to match the length of the track greatly improves the quality of the |Biignire

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 cofigure4-5C), 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 presgs 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 leis of ink pressure, separately.

C 10 mm

Figure4-5. Improvement in print quality after increasing the trim length.
A) Print with a short trim length, with many drips of excess ifkjr)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.

4.2.22 Minimum achievable pitch

In terms of spacing between tracksgure4-6), dispenser printed patterns spaced 600

or 800um apart were successfully printed. At 30® spacing, narrower (150m wide

tracks) were printed successfully, but one of the thicker @0patterns failed. And 150

pm 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 30® apart, but thicker tracks and patterns should allow a clearance

of at least 60Qum.
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Figure4-6. Minimum achievable pitch / track spacing with dispenser printing and etching.

A) Graph showing % of samples, printed and etched, eiisMhd 80Qum track width, were achieved without
short circuits; B) 32 mil printed straight and serpentine tracks, with unwanted short circuit highlightegin®) 800
etched straight and serpentine tracks, with no failures; DuB0§traight tracks, with significant short circuits
highlighted; E) 800m etched straight tracks, with short circuit highlighted. Note that etched samples are

mirrored with respect to printed samples but are otherwiseiciEnt

4.2.2.3 Printed temperature sensor

Figure4-7 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 (1p@n) traces can be printed close together

(approx. 30Qum spacing), but wider features such as solder pads need a larger clearance (at

least 600um spacing) from other features.
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Figure4-7. Dispenser printed temperature sensor.

A) Version 1 ahe temperature sensor, with Amphenol FCI Clincher connector attached, highlighting problematic
area; B) Closep of problematic area, where ink has overflowed from solder pads and is in danger of short
circuiting; C) Updated design, with more space betwads gnd traces; D) Clesp showing more clearance

between traces than previous design.

Resistance values of tracks on both printed and etched temperature sensors are depicted in
Figured4-8A. 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 Figure4-8 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
1XSaNBadG2NE YR 2yS mn K b¢/ 1601VLIS NG (LIBNG
increase of 1 °C (in the human skin temperature rahge Y+ £ £ o6f mn KO RAT
NEaAradlyoSa 2F GNFXOl1a 2y (GKS (GSYLISNI dzNB
function. It is important to note that this is raw, uncalibrated data from the temperature
sensors, and accuracy could be fertimproved by calibration, comparing each sensor with

a known temperature before testing them against each other. The hetgmperature can

vary across its surface by + @3and fluctuates slightly around its set temperature (as seen

in Figure4-8C).
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Figure4-8. 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 850 pmwidth printed and etched sensors. The large difference in sensor response
F2NJ GKS FANRG M YAydziS oFLIIINBREAYLFGSE&0 A& FGiGNAOdzi SR
with the hotplate surface for the first minute.

4.2.2.4 Recommended dispenser printing parameters for C/  -1036 and inks
with similar rheology
Based on the above data, optimal printing e1@36 and inks with similar viscosity can be
optimised by:
9 Using the print settings listed Trable4-2.

1 Ensuring a gap of at least 30@ near solder pads and wide features when
designing printing patterns.

1 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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1 Using a 108m nozzle instead of the standard 23%.
1 Matching the trim length to the length of the longest trace in the design, to avoid

excess ink drops appearing Abieck.

4.2.25 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 ckmated (<

300um) 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 coppetated Pl the preferred method. &mext 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, SectioB.1.2introduced three methods used to create masks to etch circuits

from copperplated PI, all using a bubble etch tank filled with a sodium persulphate solution

as described in Secti@l.2.2 The evaluation of several different methods was motivated

by the need to produce increasingly narrow, fine pitch circuits as the project progressed.
LYAGAlrttes I G2ySNI OGN yaFSNI LINPOSaa ¢l a dzaSR
less tharD.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 sircuit

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 loveost method aimed at hobbyist electronics makers. It uses kits manufactured by
PCB Fain-a-box Ltd and is shown kigure4-9. It is designed for rigid and sefieixible

circuit boards, but was used here to make flexible circuit modules.
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Figure4-9. Toner transfer etch mask fabrication process.

A) The mask is printed on coated toner transfer paper, and placed on a piece epledpg@é?! film; B) The mask

and film arepassed through a laminator; C) The heat of the laminator causes the-ptaipdrPI 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 fdaminated 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 copypbatedfilm by passing both through a laminator
(Figure4-9A, B and C).

4. The laminated paper and coppelated Pl were then place in a tray of water to soak
off the paper, transferring the toner onto the coppEigure4-9D 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 térigue4-9F). 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 KFigured-10, the dry film process involves the following steps:

1. The substrate (coppgplated 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 thiclsnisble
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 U¥afe 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 automatethis 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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Photosensitive
/ dry film

Figure4-10. Etch mask fabrication using dry film lithography.

A) The outlines of the flexible circuits are cut from ceplpézd Pl using ainyl 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 adyifoisetehing;

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 Pl encapsulation layer has been added,

and holes have bagunched 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 helicalstrips documented in Chapter 6. Specifically, helical LED and
temperature sensing-strips with 0201 LEDs and resistors, witblpas low as 10gm, 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 equipmhér 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
copperplated Pl before cutting, it is then possible to adjust the cutting fafrtiee 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 illustratéiduime4-11, where

a temperature sensing&rip with fine pitch and solder pads for 0201 components is made.
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Figure4-11. The adhesive vinyl etch mask fabrication process.

a) Cutting the vinyl, then the circuit outlines, on the vinyl cutter; B) Peeling away excesslatgupet; C)

peeling away excess vinyl; D) The finished mask ready for etching.

The process involved the following steps:

o > 0w NP

Copperplated PI film was applied onto a transfer tape backing.

The copper was cleaned by wiping it with an IPA wipe.

Vinyl was applied on top of the copper.

Circuit traces were cut at low force (~90 gf) to cut through the vinyl layer only.
Circuit outlines were cut at medium cutting force (~120 gf) to cut through the
copperplated Pl layer.

The overall outline of the module was cut at high force (~200 gf) to cut through the
transfer tape.

Excess vinyl was weeded with tweezers.

The ércuit was etched in a sodium persulphate bubble etch tank.

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

4321 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 showigime4-12:

1 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.

f 2A0K FAYS LAGOK OANDdzAG&aX GKS 3ANBSYy TFAift
between traces.
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details can be filled in using a marker, but for circuits with fine details this is
challenging

T 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 coppeglated PI films of less than ffh 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, SecBah3for reasons why outlines were cut

before etching).
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Figure4-12. Issues encountered with toner transfer etch mask fabrication method.
A) Wrinkling of substrate causing delamination of mask) Byreen 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 carred.

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 [garidibtween 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 shéiguiad-13,

and included:

1 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
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