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ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING

Electronics and Computer Science

Thesis for the degree of Doctor of Philosophy in

RELIABILITY AND INTERCONNECTIONS FOR PRINTED CIRCUITS

ON FABRICS
Komolafe, Abiodun Oluwaseyi

E-textiles are specially engineered textiles that perform intelligent functions such
as sensing and actuation. They find useful applications in medicine, the military,
fashion and entertainment. However the durability of these textiles is limited by
mechanical failure resulting in degradation of the electrical performance of the
electronic circuits incorporated into them when they are exposed to stresses from

washing and bending which leave the host textile undamaged.

This thesis investigates the methods for improving the durability and wearability
of printed circuits on fabrics with an initial review of the state of the art
interconnection technologies and integration techniques for adding electronic
capabilities to fabrics. The durability solutions for e-textiles in the literature are
examined to identify their limitations and potential for achieving durable e-textiles.
A preliminary assessment of the durability of a printed e-textile fabricated by screen
printing is conducted to empirically identify the failure modes that result from

washing the e-textile.

Consequently, a theoretical model for characterising the bending behaviour of
printed e-textiles is developed to locate the neutral axis (NA) position where printed
circuits integrated to fabrics can be positioned to improve their durability. The
model integrates Pierce’s fabric cantilever test with the classical beam theory to
predict the NA positions of four screen printed e-textiles based on different blends
of polyester/cotton/lycra fabric. Modelling and empirical results show that
piezoresistive strain gauges, screen printed as conductors within +1 % distance

from these NA positions, show approximately 0.3 % and 10 % change in electrical
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resistance for a bending radius of 5 mm and five washing cycles respectively. This
contrasts to the corresponding changes of the 37 % and 400 % in the resistance of

the strain gauges positioned at a 65 % distance to the NA.

This thesis also examines the use of photolithography and thin film deposition
techniques to integrate functional thin film circuits with resolution down to 30 pm
on fabrics. The advantages of flexible substrates such as Kapton over polymer
coated fabrics for adding these fine circuits to fabrics is discussed. A 0.8 mm wide
electronic plastic strip containing micron-scale components such as LEDs is
fabricated to demonstrate the technology. The strip is 40 % of the size of the state

of the art offering better concealment in fabrics.
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CHAPTER 1
INTRODUCTION

1.1 Motivation: Integration and durability of electronic circuits

on textiles

For certain applications in areas such as fashion and entertainment, the military
and the bio-medicals [1, 2], electronic systems perform vital intelligent functions. It
is often advantageous for these to be mobile, personalized and unobtrusively
accessible to their users anywhere and anytime without hindering user mobility.
Electronic textiles (or e-textiles) are an attractive approach because textiles are
widely used and universally worn by individuals. The challenge then becomes how

to reliably and unobtrusively incorporate electronic functionalities into the textile.

Early integration ideas exploited the reasonable low weight of existing portable
devices and were embodied in commercial products like the entertainment ICD
(industrial Clothing Design) + suit from Levi Strauss and Philips Electronics [3],
figure 1.1(a, b), and the healthcare LifeShirt by Vivometrics [4], figure 1.1c. While
existing electronic solutions were easily inserted into their host garment, the

following design flaws became evident:
a. Enclosed devices were rigid and lack the flexibility typical of textiles.

b. Device packaging made the garments heavy, bulky and aesthetically

diminished.

c. Garments became uncomfortable to wear especially over a lengthy

period of time.

d. Garments often required delicate handling since attached devices are
fragile and would not normally survive impact stresses (such as

collision or fall) that normal textiles would withstand.

e. Devices had to be detached before the garment could be washed and
in some cases a level of technical ability was required to reassemble

them.
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memory card
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(b)

(a) The ICD+suit by Levi and Philips Electronics (2000)[3] (b) Attached headphone and
mouthpiece [2] (c) LifeShirt by Vivometrics, 2001 [4]

Figure 1.1: Early integration of electronics into textiles

These flaws led to research on E-Textiles where novel techniques are investigated
for embedding and packaging electronics on textiles, and more importantly, for
developing flexible and elastic electrical interconnections necessary for building

electronic circuits directly on textiles.

E-textiles are textiles that are functionalized to perform a specific electronic activity
in addition to their primary purpose e.g. clothing. They can be realized by
replicating the rigid printed circuit boards (PCBs) found in most electronics on
textiles using interconnection technologies that do not significantly affect the
traditional characteristics of textiles such as flexibility, feel, breathability, and
robustness (e.g. surviving washing). Some emerging e-textile prototypes shown in
figure 1.2, use traditional textile production techniques such as weaving [5], knitting
[6], embroidery [7] and screen printing [8], and the printing techniques used in the
fabrication of conventional PCBs such as evaporation [9] and etching [10]. These
techniques use electrically conductive yarns or threads [7] and electrically
conductive films and laminates [8, 9] as electrical interconnections respectively.
While passive components such as resistors and capacitors [8], have also been
fabricated with these interconnection technologies, electronic components (such as
LEDs, microcontrollers etc.) are mainly integrated on fabrics using electrically

conductive adhesives [8], and rigid or flexible interposer circuits [11].
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(a) The early e-textile prototype, Georgia Tech wearable motherboard in 2002 [5] based on

conductive fibres

(b) VTAMN remote health monitoring e-textile prototype in 2004 based on woven and

embroidered conductive yarns [7]

40mm

Capacitor

LED Flower
Electrode

Display

Monitoring Chip

25mm
(¢) Planar-fashionable circuit board with capacitive sensor, chip and LED display in 2010 based

on screen printed conductive films [8]

Figure 1.2: Some emerging e-textile prototypes



1.2 Scope and objectives of thesis

The durability of these e-textiles is still significantly affected by mechanical stresses
from typical washing or general use that standard textiles can endure.
Consequently, commercial products are still few and far between [12] and there are
no universal standards for designing and manufacturing e-textiles despite the

preponderance of target applications [13].

The state of the art solutions on e-textile durability use new interconnect materials
of improved tensile strength and flexibility [14] and apply polymeric encapsulations
to protect the interconnections and electronics [8, 14] from oxidation, abrasion or

washing effects.

1.2 Scope and objectives of thesis

This research aims to realise durable and reliable printed interconnects on textiles
and investigates the integration of electronic components to these interconnects.
This will be applied in the design of printed LED and temperature sensing garments

which are useful in fashion, military and biomedical applications.
To achieve this, the following objectives are outlined:

1. Preliminary assessment of the mechanical challenges to the design and
durability of printed electronics on textiles based on a wash test of a screen

printed LED circuit on a fabric.

2. Modelling of the neutral axis, NA of printed textile composites based on

classical beam theory to obtain equations for:

a. Optimizing the interconnect position to or in close proximity to the

neutral axis of the textile composite.

b. Easy determination of the requisite thickness for each layer of the

textile composite.

3. Experimental verification of model results from the bending induced changes
in the electrical resistance of a piezo-resistive strain gauge that is screen
printed on or close to NA of its e-textile composite based on modelled

thickness values.
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4.

1.3

Contrast the durability of interconnects positioned on and away from the
NA of their e-textiles due to a bending stresses at a radius of 5 x 10*m and

washing of at least five cycles.

Investigate the packaging of electronics inside the yarn itself which will

provide further mechanical protection.

Develop an example temperature sensor circuit using thin metal films on

Kapton.

Statement of novelty

The novelties arising from the research described in this thesis are as follows:

1.

The derivation of an asymmetric factor, n through an analytical model

that better approximates the elastic and bending behaviour of a woven

fabric.

The identification of multiple neutral axis, NA positions in woven fabrics
as opposed to the singular NA position theorised in the classical beam
theory (CBT).

The introduction of the asymmetric factor, 1 into the generic NA equation
of classical beams to theoretically predict and empirically verify the
neutral axis positions of the screen printed e-textiles from four different

woven fabrics.

A simplified analytical approach and equation for calculating the requisite
thicknesses of the constituent layers of an N-layered e-textile (N > 2).

These thicknesses position the interconnect layer of the e-textile on the
NA.

Durable screen printed interconnects on different polyester/cotton textile
blends that exhibited less than 1 % change in electrical resistance during
and after a single cycle of positive and negative bending around a 5 mm
bending radius. This significantly betters the 200 % change in resistance

reported in literature under similar testing conditions.
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6.  Durable interconnects with less than 10 % change in electrical resistance
after five washing cycles. This betters the 57 % change in resistance

reported in literature for interconnects under conditions.

7. Fabrication of a temperature sensor circuitry on a Kapton strip which can
be assembled into an electronic yarn. The sensor is responsive to
temperature changes with 5 °C and 45 °C. The electronic strip is 2.5 times

smaller than the state of the art.
1.3.1 Publications

The publications resulting from this work are:

1. Komolafe, A. O., Torah, R. N., Yang, K., Tudor, J., & Beeby, S. (2015,
May). Durability of screen printed electrical interconnections on woven
textiles. In Electronic Components and Technology Conference (ECTC),
2015 IEEE 65th (pp. 1142-1147). IEEE.

2. Komolafe, A.O., Torah, R.N., Tudor, J., & Beeby, S. P. The effect of the
elastic properties of fabrics on the durability of screen printed e-textiles by

neutral axis engineering. (To be submitted)

1.4 Thesis Outline

The rest of this report is structured as follows:

Chapter 2 discusses the state of the art in the integration of electronics on textiles.
The chapter is divided into two main sections which review the interconnection

technologies and electronic component integration on textiles respectively.

Chapter 3 introduces the process of screen printing while focusing on the factors
that affect the quality of printed interconnections on textiles and the design
guidelines for printing interconnections on textiles. Screen printed LED circuits
were also experimented and evaluated as a platform for understanding the

challenges of e-textile design.

Chapter 4 discusses the neutral axis engineering of screen printed patterns on
textiles. In chapter 5, the implications of the bending characteristics of woven

fabrics on electrical interconnections is investigated while chapter 6 discusses the

6
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performance of interconnects that are optimised on the NA when they are subject

to bending and washing stresses.

In chapter 7, the fabrication of fine interconnections of higher resolution than screen
printed interconnections is discussed. These interconnections are fabricated on

plastic substrate and cut into strips so that they can be woven into fabrics.

The conclusion and future work are detailed in Chapter 8.



CHAPTER 2
E-TEXTILES REVIEW

2.1 Defining E-textiles

There is currently no standard definition for “FElectronic textiles” (E-textiles). The
term varies in its use and meaning when often replaced with associated terms like
Technical textiles, Textronics, Interactive textiles, Smart or Intelligent textiles [15].
Hence several authors [2], [15-19] have coined their own definitions and in most
cases within the context of their research. While this lack of standard is not ideal
in itself, it is common with newly developing fields and “E-textiles” is no exception.
However as a common ground, e-textile researchers seek to integrate pervasive
electronic and computational elements into clothing with the ultimate target of
developing technologies that will ensure an entirely textile based electronic

integration [10]. At the moment, the state of art is still far from this target.

This work adopts the following definition by Joanna Berzowska [18] which
succinctly captures the working understanding of e-textiles as relayed in this

research:

“Electronic textile is defined as a textile substrate that incorporates capabilities for
sensing (biometric or external), communications (usually wireless), and power
transmission and an interconnection techmology which allows sensors or devices

such as information processing devices to be networked together within a Fabric”.

2.1.1 Challenges to e-textile technology
The following research questions arise from the adopted e-textile definition [18]:

a. How to implement durable and reliable electrical interconnections for
electronic components.

b.  How to realize and integrate the electronic (passive or active) components
on fabrics
How to supply power the components.

d.  How to package of the entire system so that it satisfies consumer needs.
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This chapter first discusses how these issues are being tackled with newly
developed electrical interconnection technologies with emphasis on the potential
of each of these interconnections for e-textiles. This is followed by a review on

the integration techniques for hardware electronics on textiles.

2.2 Electrical interconnections for e-textiles

Electrical interconnections are necessary for transmitting information and/or
energy within an electronic circuit on a textile substrate [20]. Wireless signal
transmission can be expedient for e-textiles since it potentially limits the use of
physical interconnections between electronic components to occasions where it is
only necessary. It is also possible to wirelessly transfer power to these components
but the technology is nascent and still limited to short transmission distance [21-
24].

Consequently physical electrical interconnections are best suited for e-textiles. New
electrical interconnects vis-a-vis their integration technologies on textiles are
investigated since the use of traditional interconnections like poly-vinyl-chloride

(PVC) coated copper wires alter the feel and handle of the textile significantly.

The emerging interconnects are reviewed below under three broad interconnection
categories — electrically conductive yarns/threads, electrically conductive films and

laminates.

2.2.1 Electrically conductive yarns and threads

A yarn is a continuous strand of textile fibres consisting of long or short fibres that
are twisted or otherwise held together. Threads are small diameter yarns that are

spun to a considerable length for sewing fabrics [25].

Electrically conductive yarns are a conductive composite comprising of the non-
conductive yarns from polyester, cotton fibres etc. and metal wires such as gold,
nickel, stainless steel, silver etc. These materials can be blended into three classes
of conductive yarns namely metal-wrapped yarns, metal-filled yarns and metal

yarns [26].
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a, Metal-wrapped Y am b. Metal-filled % am c. Metal Yam

Figure 2.1: Structures of conductive yarns, metal wires are shown in red [20]

In metal-wrapped yarns, one or more metal wires are spun around a strand of a
non-conductive yarn as in figure 2.1a. For metal-filled yarns, the core is a metal
wire that is wrapped with non-conductive yarns as shown in figure 2.1b. In metal
yarns, neither the metal nor the fibre yarn is the core. Rather finely drawn metal
fibres are interlocked with strands of the non-conductive yarns, figure 2.1¢ or with
another strand of metallic fibres in which case, the yarn is only composed of metal
wires and otherwise referred to as “full metal yarns”. In general, the electrical
conductivity of these yarns is dependent of the ratio of the conductive to non-

conductive fibres contained in them.

Post et.al [7] contrasted the conductivities of different blends of stainless steel yarns
that are biologically inert and resistant to washing or sweat. The yarn composed of
polyester fibres and short stainless steel fibres performed best under machine sewing
but offered the lowest conductivity of 0.5 Q/m. Yarns composed of 100% steel fibres
produced the best conductivity 0.01 2/m, they were only sewable when short
stainless steel fibres were used. Yarns with full continuous stainless-steel fibres were
rigid and impossible to sew due to its low elasticity [7]. The major disadvantage of
these yarns is the difficulty in interfacing them with electronic components [7].
More importantly, metal yarns can be generally hard to work with due to their

rigidity [27].

Metal coated yarns/threads are more flexible but less conductive than metal yarns.
This is because metallic coatings in them are not densely packed as the metal fibres
in metal yarns. Buechley et al. [27] reported machine sewable silver plated nylon
yarns of conductivities of 50 /m and 270 Q/m but these resistances can be too
high for many device applications distributed over large areas [28]. The major
drawback for metal coated threads is the quick degradation in their conductivity
which results from the poor adhesion the coatings to the textile fibres [21, 29].
10
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2.2.1.1 Enabling technologies for conductive yarns/threads on

textiles

Electrically conductive yarn/thread interconnections are implemented on fabrics

using any of weaving, knitting, sewing and embroidery.
e Weaving

Weaving is a textile production technique in which two distinct orthogonal yarns
or threads are interlaced with each other to produce what is called a “ Weave”. The
threads or yarns laced in the longitudinal direction are called the Warp while the

lateral threads are called the Weft or Filling as shown in figure 2.2a.
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Figure 2.2: Weaving patterns: (a) plain weave [30], (b) twill weave [31], (c) satin weave [31].
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Three types of weaves are common; plain weave, twill weave and satin weave. In
plain weave, each and every weft yarn goes alternately under and over the warp
yarn across the width of the fabric, figure 2.2a. For a twill weave, every weft yarn
goes alternately over every other warp yarn as shown in figure 2.2b while in satin
weave, the weft yarn floats over several warp yarns before interlacing with a warp
yarn, figure 2.2c. In like manner, conductive threads or yarns are also woven into
textiles to generate conductive paths or conductive fabrics [32, 33] using

conventional weaving machines such as the jacquard shedding system [34].

Post et al. [7] reported a woven metallic silk organza fabric, figure 2.3a, that was
used as interconnection lines for a microcontroller circuit, figure 2.3b. The organza
consisted of a plain silk yarn placed in the warp direction and a metal-yarn
composed of silk yarn wrapped around a thin metal (gold or copper or silver) foil
in the weft direction. The metal yarn had a conductivity of around 10 Q/m but

was too fragile to be machine sewn without breaking its electrical continuity.

11
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(a) (b)

Figure 2.3 (a) Metallic silk organza (b) Microcontroller circuit based on metallic silk organza

Jung et al. [35-37] also reported the use of conductive threads for a functional
digital music player prototype jacket. The authors replaced some warp yarns of a
polyester fabric with parallel and electrically isolated silver coated copper wires as
shown in figure 2.4. The electrical isolations by laser treatment of specific sites
allowed the soldering of electronics to the wires. The conductivity and the durability

of the thread was not reported.

Figure 2.4: Polyester fabric with some warp yarns replaced with conductive threads and attached

to an electronic circuit [35-37].

Locher et al. [32] also introduced a 90 pm thick PETEX, a woven hybrid textile
substrate embedded with thin copper wires (coated with polyurethane varnish) in
both weft and warp directions, figure 2.5a, offering conductivities of 15.7 2/m and
17.2 Q/m respectively. It was used as interconnections between two SMA adapters.
The PETEX structure is best suited for use with interposer circuits. Its main
drawback is the potential design complexities in its wiring structure especially for
applications where the maximum allowable current and voltage drop is higher than

the ratings of its thin copper wires [32].
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Figure 2.5: (a) Hybrid textile substrate, PETEX (b) Textile connected SMA adapters [32]

e Knitting

In knitting, a thread or yarn is used to form a series of interlocking loops as shown

in figure 2.6. These interlocking loops called “knits” are usually made using needles.

Figure 2.6: Knitting pattern [38]

A bio-clothe, figure 2.7, for health monitoring using a WEALTHY patented
interface was realized by knitting stainless steel yarns and viscose textile yarn based
on tubular intarsia technique [39]. The cloth consisted of knitted insulated
conductive tracks, piezoresistive yarn sensors and electrodes. Soleimani et al. [40]
also implemented a two-electrode switch by knitting copper-sulphide (CuS)
polyester yarn and a non-conductive polyester yarn to establish conductive

pathways between the two sensing electrodes.
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Figure 2.7: Knitted conductive tracks and sensors, the WEALTHY interface [39]

Interconnects made from knitting are able to stretch because they are not as tightly
interlaced as woven patterns. However transmission lines created through knitting
is expected to exhibit variable impedance characteristics due to opening and closing

of the conductive loops [34].
e Sewing and Embroidery

Sewing and embroidering are very similar but distinct technologies. The major
difference is that sewing is used for joining textiles while embroidery is used for
decorating [41]. The art of embroidering uses threads to form decorative patterns
on one cloth. The embroidery of conductive threads is generally referred to as E-

broidery [7].

(a) (b)
Figure 2.8: (a) Fully integrated EKG shirt with embroidered interconnections [42], (b) Two
contactless embroidered sensors integrated into a vest. Wiring was done with embroidery and

conductive woven yarns (White ribbons) [44]

Linz et al. [42, 43] designed a fully integrated EKG (Electrocardiogram) shirt by

embroidering a low conductivity yarn (silver-coated polyamide multifilament yarn)
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of resistance 500 €2/m. The shirt consisted of three electrodes, an EKG module on
a flexible polyimide substrate with embroidered wiring linking the electrodes and
the EKG module as shown in figure 2.8a. Contactless EMG (Electromyography)
sensors on textile figure (figure 2.8b) for analysis of muscle activity were also

produced from the embroidery of conductive threads [44].

Noury et al. [45] have woven and embroidered a metal filled yarn comprising

stainless steel wires and silk on a cotton shirt to fabricate a prototype

communicating undergarments for remote medical monitoring, figure 2.9.

S

s 7 _

Figure 2.9: (a) Woven stainless-steel wires on fabric used as bus for the VTAMN health

monitoring system [45] (b) The embroidered sinusoidal wiring [45]

Buechley et al. [10, 46] have sewn stainless steel thread into a shirt, figure 2.10a,
to electrically connect 140 LEDs in a wearable and fashionable LED display matrix
(figure 2.10b). The authors attempted three different techniques to make the sewn
conductive traces durable. The first technique was termed “couching” where
electrically insulating thread were sewn over the conductive tracks in a zigzag
pattern, figure 2.11a. Under a contact pressure, the sewn thread peeled off the
conductor beneath and hence is not a suitable approach for insulating tracks that
will come into frequent contact. The second approach which involved gluing non-
conductive textile patches over the sewn conductors, figure 2.11b—c, provided better
insulation but the insulated area became stiffer. This approach alters the textural
and elastic properties of the fabric. Fabric paints that were applied on the
conductive lines had similar disadvantages and also diminished the aesthetics of the

fabric.
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(a) (b)

Figure 2.10: (a) Sewn stainless steel interconnect patterns (b) Wearable LED display matrix
[10, 46]

(a) (b) (¢) (d)
(a) Crouching stitch made with the thread (b & ¢) The blue cloth in (¢) ironed-on the pink

conductor in b, (d) Painted conductor traces

Figure 2.11: Insulation for conductive threads [10, 46]

2.2.1.2 Implications of conductive yarns for e-textile applications

Conductive yarns/threads offer acceptable conductivity and flexibility, and are also
suitable for mass e-textile production since they can be integrated using
conventional textile production techniques [47]. However, their positioning will be
restricted by the structure of the fabric which are typically manufactured by
weaving and knitting. This ultimately limits the design freedom for realizing
electronic circuits on the fabrics [34] because circuits must now be tailored along
the linear path the conductive yarns follow, that is, the warp and weft weave of the
fabric [48]. Moreover, the long-term stability at the point of intersection of the warp
and weft conductive yarns in the textile is also constrained by the high strains
imposed on them by their integration process. Only metal coated textile yarns of
resistances more than 15 Q/m could reliably survive industrial weaving [28].
Similarly, the electrical contacts formed at the warp-weft intersections in the weave
show unstable contact resistances especially when the morphology and tension of

the yarns around these contacts are altered whenever the fabric deforms [28]. This
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presents a significant challenge in adapting the conductive yarns into clothes using

traditional textile processes especially where complex circuitry is inevitable.

Furthermore, the integration technology for conductive yarns and threads limit the
optimization of their durability to encapsulation techniques based on insulating
materials such as fabric paints, non-conductive threads and fabrics etc. These either
alter the physical and textural properties of the textile or are still unreliable under
stresses such as abrasion and bending [47]. Conductive threads or yarns are
interlocked together almost sinusoidally in and out the fabric. This makes it

impractical to locate them on the neutral axis of the e-textile.
2.2.2 Electrically conductive films

These are categorized into conductive thin and polymer thick films:
2.2.2.1 Conductive thin films

Deposition methods such as metal plating, sputtering and thermal evaporation have
been used to achieve thin layers of conductive materials on textiles. Also thin film

interconnections are also realized in the form of electrically conductive laminates.

e Metal Plating

Electro-less plating is the most reported metal plating techniques for fabrics.
Electro-less plating involves the deposition of metal on a material by dipping it in
a chemical solution. It is an autocatalytic process which continues deposition even
after the material appears coated with metal. This technique differs from
electroplating in that it does not require an external voltage supply. Electroplating

is a purely electrolytic process that requires a power supply [49].

Cho et.al [48, 50-51] reported an electro-less plated Cu/Ni polyester fabric that was
used as earphone transmission lines for an mp3 player. Other metal plated
interconnects reported in literature are summarized in Table 2.1. With thick
encapsulations, metal-plated interconnects show improved durability but after
washing the resistance changes by more than 500%. Metal plated textiles and fibres
exhibit limited washability [29].
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e Thermal evaporation and sputtering depositions

Thermal evaporation is the condensation of thermally vaporized or evaporated
atoms from a target material (such as copper, gold and aluminium) on to a
substrate in a vacuum chamber [52]. This is a low cost process which also offers a

deposition rate as high as 1000 A/s.

ILE
LR

Figure 2.12: Evaporated aluminium on coated and uncoated textiles. Sample A-B are uncoated

synthetic and natural leather, samples C — D are woven doubly and singly coated with PVC and
E — F are PU coated woven and knitted fabrics [9]

Silva et al. [9] successfully evaporated a 300 nm thick aluminium onto polymer
coated and uncoated textile substrates, figure 2.12, achieving low electrical
resistivity of 107 Qm. After 100 cycles of cyclical extension, a resistivity change of
less than 180 % was reported for the PVC coated substrates. However, their findings
also showed that the adhesion of evaporated films are poor and that the surface of
textile may need to be treated to improve adhesion. This is not the case with
sputtering deposition. Sputtering involves the momentum transfer of physically
vaporized atoms from a target surface to a substrate after bombarding the target
with energetic atomic particles, usually ions of a gaseous material accelerated in an
electric field. While sputtering is an expensive process that require more capital
equipment [157], it offers excellent adhesion. Hegemann et al, [29] reported the good
performance of silver sputtered PET (Poly-Ethylene Terephthalate) fibres when
subjected to a tensile strain of up to 7 % and cycle strains of 5 % suggesting they
can withstand fibre processing techniques such as weaving, knitting and
embroidering. Although the PET fibres lasted 30 washing cycles each performed at

40 °C for 1 hr, its change in surface resistivity was in the order of magnitude of 10%
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e Electrically conductive flexible laminates

Conductive laminates are flexible plastic substrates that are cladded on one or both

sides with thin sheets or films of metals.

‘ -

N\

(a) (b)
Figure 2.13: E-fibre fabrication. (a) Patterned flexible plastic substrate (b) The substrate is cut
into e-fibres [53]

Zysset et al. [53, 54] reported the fabrication of e-fibres using flexible plastic
substrates with electronic components such as single transistors, electrical
interconnections, sensors and contact pads for attachment of microchips. The
circuit design was selectively patterned on the deposited metallic films on the
substrate using photolithography and wet-etching techniques [55]. The patterned
substrate was then cut into thin fibres using a wafer saw, figure 2.13 and were

interconnected using conductive threads.

2.2.2.2 Enabling technologies for conductive thin films on fabrics

Thin-film coated fabrics or fibres have been integrated onto textiles using etching

[10] or weaving, knitting, sewing and embroidery [29].
e Etching

It is the selective removal of unwanted parts on a substrate [43] with the use of
chemicals or lasers [46, 49]. Buechley et al. [10, 27, 46] laser etched a Sn/Cu (tin-
copper) plated fabric which was ironed on to another fabric to realize a fabric PCB
and an LED bracelet, figure 2.14. Shin et al. [56] also etched a 35 pm thick copper
foil and glued it on polyester fabric to realize interconnections for a 16-bit

microcontroller circuit and a flexible textile wristwatch, figure 2.15.
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(@) (b)

Figure 2.14: (a) Fabric PCB for microcontroller [10] (b) Fabric PCB for LED bracelet (¢) LED
bracelet [10]

Figure 2.15: (a) Etched circuit of a 16-bit microcontroller [56] (b) Textile wristwatch etched
circuit [56] (c) Textile wristwatch

Stretchable horse-shoe patterned interconnects for textiles were fabricated within
the EU project STELLA (Stretchable ELectronics for Large Area applications) by
embedding and encapsulating the etched interconnects within a screen printed
PDMS (poly-dimethyl-siloxane) on knitted and woven fabrics as shown in figure
2.16 [57 - 60].

(b)
Figure 2.16: (a) Stretchable interconnects from STELLA project [59] (b) Stretchable interconnect
incorporated to a knitted fabric with PDMS [57]

The major disadvantage of the etch technique is the amount of the conductive
material wasted during the process and this can become prohibitive when expensive

materials like gold or silver are used.
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e Weaving of e-fibres
Takamatsu et al. [61] fabricated a fabric LED array by weaving e-fibres as shown
in figure 2.17.

Flexible circuit board

with LED and resistor Soldering

Poly\cs:cr fiber { % /1
Copper o 2 el : o 4
NG = R = =
(a) (b)

Figure 2.17: (a) Process description for integrating plastic strips to textiles, (b) A functional
array of LED plastic strips woven on textiles [61]

Zysset et al. [53] also reported a 100 mm long and 45 mm wide prototype
temperature sensitive undershirt fabricated by weaving conductive threads and
temperature sensing e-fibres into textile, in the weft and warp directions
respectively, figure 2.18a. Parallel e-fibres were connected with conductive threads
using a conductive glue. The woven fabric survived five washing cycles at 30 °C for
47 minutes per cycle and 100 tensile strain cycles of strains up to 10 % before
failure. Although the sensing patch survived a bending radius of 0.75 mm it failed
at a radius of 170 pm due to poor adhesion between the plastic and the metal. This
bending radius is representative of what is encountered during the weaving process
and hence poses a significant hurdle for commercial integration of plastic strips into
e-textiles [54].

Wa Flexible plastic stripes  Contact
P, p P

Conductive yarns

(a) (b)
Figure 2.18: (a) The temperature sensing textile band [53] (b) LED patch based on e-fibres [54]
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Cherenack et al. [55] addressed this by improving the adhesion between the metal
and Kapton substrate which lowered the bending radius of the e-fibres to a critical
value of 120 pm, below which the e-fibre failed. The adhesion was improved by
replacing the commercial copper-clad substrate with a thin copper-film of 500 nm
thickness deposited on a bare DuPont Kapton substrate [53]. This improvement

was demonstrated with a woven LED patch, figure 2.18b.

2.2.2.3 Implications of conductive thin films for e-textiles

In Table 2.1, the advantages of fabricating thin films on flexible plastic substrates
such as Kapton over fabrics are highlighted but the technologies that produce an
almost seamless integration between the flexible plastics and textiles are still
required for e-textiles. The durability results summarized in Table 2.1 indicate that
at the moment, the best performance from thin films are achievable with deposited
thin-films on plastic substrates. Although the weaving of plastic strips into fabrics
and the sandwiching these flexible conductive plastics on fabrics with polymers
have been reported, these technology must still be improved so as to be able to
properly mask the textural difference between flexible plastics and fabrics during

integration.

Table 2.1: Comparison of the advantages fabrics and Kapton for thin film interconnections

Fabric

Required to eliminate surface

Comparison Kapton

Required to only improve adhesion
[152, 153]

Surface treatment
roughness and improve electrical
performance of films [9, 151]
Can be slightly affected by the
polymer interface and encapsulations
[99]

Plastic feel are usually mitigated by
Textural feel placing them with fabric yarns [53] or
by sandwiching them on a fabric

between polymers [59]

Flexibility Flexible but depending on Very flexible because substrates are

thicknesses of the polymer interface usually thinner than fabrics [55]

and encapsulation [94]

Integration into Not required since the thin film are Processes such as like weaving [55],

thin film fabrication

While thin films have been used to

textile directly fabricated on the fabric [9)] screen printing [60] are still required
to integrate them into fabrics.
Compatibility  with | Compatibility still uncertain. Very compatible because Kapton is the

standard substrate for flexible printed

fabrics lack durability [29].

processes make fabrics conductive [9, 151], they | circuits which are mainly fabricated
are yet to be used to achieve printed | using thin film processes [154]
circuits on fabrics.

Durability Thin films deposited directly on | They are more durable, surviving up to

100 cycles and 5 washing cycles [53].
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Materials Interconnect Wash Test Encapsulation Abrasion Test Performance
Pattern index
Authors Substrate Type Conductor Type Pattern Type Before (initial value) | After /Washing temperature Material/Method Result
J. Cho et al | Polyester (Ripstop | I) Cu/Ni Electro- | Transmission Ripstop Material Ripstop Material Ripstop material
[50-51]. and Mesh Type) less plated fabric line i) UN - 0.035 Q/sq. i) UN - 70.0174 ©/sq after 5 laundering cycles. i) Resistance Increase from
ii) SE-0.035 Q/sq. | ii) SE —21.750 /sq. after 5 laundering cycles initial value of 0.23 Q/sq.
iii) DE - 0.035 ©/sq. to 0.53 Q/sq.
iii) DE — 0.062 Q/sq. after ten (10) laundering
cycles
Mesh Material Mesh Material Mesh Material
i) UN - 0.097 Q/sq. Material: i) Resistance increase from Low
ii) SE-0.097 Q/sq. | i) UN ~10.504 Q/sq. after 2 laundering cycles Polyurethane initial value of 0.29 Q/sq.
iii) DE - 0.097 ©/sq. | ii) SE — 10.650 2/sq. after 2 laundering cycle Tape to 15.09 Q/sq.
UN - Un- iii) DE - 5.063 Q/sq. after ten(10) laundering | Method: Final Resistances obtained
encapsulated cycles Hot air welding after 10000 abrasion cycles
SE - Singly Laundry performed at 20 °C. based on Martindale test.
Encapsulated
DE - Doubly
Encapsulated
Slade et al. | Woven Ribbons i) Ni/Cu/Ag plated Sample 1
26, 62] (Samples 1 and 2) yarn i) 0.0040 Q/sq. for | i) 0.0073 ©2/sq. after 10 washing cycles
sample 1
ii) 0.0032 €/sq. for | ii) 0.0090 ©/sq. after 50 washing cycles Good
sample 2 Sample 2 N/A
i) 0.0042 Q/sq. after 10 dry-cleaning cycles
ii) 0.0057 ©/sq. after 50 dry cleaning cycles
T. Vervust i) Knitted Fabric Copper foil Horse-Shoe Not Reported Survives 50 wash Cycles at 40 °C. Material: I) Withstood more than 30
et al. [57- (Polyester + interconnects (only by observation) PDMS % elongation at 100 N force
60 Elastane) on Woven substrate.
Method: High

i) Woven Fabric
(Polyester +
Carbon)

Screen Printed
on pattern

ii) Withstood 140 %
elongation at 100 N on
Knitted substrate
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Materials

Interconnect

Wash Test

Encapsulation

Tensile Test

Performance

Pattern index
Authors Substrate Type Conductor Type Pattern Type Before (initial value) After/Washing temperature Material/Method Result
Silva et. al [9] | Synthetic leather Thermally Rectangular i) Sample A:
(Sample A), evaporated conductor Resistance change of 700 % over
Woven textile + Aluminium None None None 3mm extension at 40 N
PVC coating on ii) Sample B: Fair
both sides. Resistance change of 25 % over
(Sample B) 3mm extension at 50 N
Hegemann et | PET fibres i) Ag-plated PET | - i) 10 Qsq. — Ag plated i) 10° Qsq. after 15 washes (for Ag plated Tensile test:
al. [29] fibres i) 10 Qsq. — Ag PET) Ag sputtered PET survived 7 %
ii)  Ag-sputtered sputtered ii) 10° Qsq. after 25 washes (for Ag tensile strain before cracking
PET fibres Sputtered PET) None Cyclic Test Low
Ag sputtered PET survived 5 %
Washing was for 1 hr at 40 °C tensile strain,
Buechley et | Cotton I) Copper (Cu) | Fabric PCB Un-Insulated Un-Insulated
al. [10, 46] plated fabric i) 11.7 Q- 0.6 Q (for Cu | i) >400 MQ - 790 kQ (for Cu traces) Material:
ii) Tin/Copper traces) ii) 2.3Q-04 Q (for Sn/Cu traces Cotton fabric
(Sn/Cu) plated ii) 0.6 Q-0 Q (for Insulated Not Reported Fair
fabric Sn/Cu traces i) 3.3 Q-0.9 Q (for Cu traces) Method:
Insulated ii) 1.5 Q- 0.4 Q (for Sn/Cu traces) By Ironing cotton
i) 2.6 Q- 0.7 Q (for Cu and an adhesive on
traces) Results obtained after five (5) washing | conductive pattern
ii) 1.2 Q- 0.4 Q (for cycles at 20 °C.
Sn/Cu traces)
All traces have length
100m and width in the
range 3 mm-20 mm
Slade et al. | Cotton, Foils i)  Copper (Cu) Both coated fabric (Cu-coated and
(26, 62 plated fabric N/A Sn/Cu) lost 98 % conductivity. N/A Low
ii) Tin/Copper Result obtained after Ten (10) washing
(Sn/Cu) plated cycles
fabric
S. Shin et al. | Polyester Copper foil 16-bit RHA 0.01 ©Q/cm Not Reported i) 0.01 ©/cm after stretching at
[56] contact pads N/A 21 kg/cm? Moderate
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2.2.2.4 Conductive polymer thick films

Conductive thick films can be broadly categorized into electrically conductive

polymers and composite inks.

Intrinsically conductive polymers (ICPs) conduct electricity because their molecular
chain structure contain fully conjugated sequences of double bonds which have low
ionisation potential and a high electronic affinity. Hence excess charges are created
in ICPs using reducing agents (electron donors) or oxidizing agents (electron
acceptors) [63]. Examples of ICPs are polyaniline, polyactelylene, polypropylene,
polypyrrole etc. However, ICPs offer insufficient conductivity levels unlike metallic
inks and may require inert atmospheres since they are highly susceptible to ambient
humidity and very reactive with oxygen [64]. Doping have been used to increase
the conductivity of ICPs by forming polymers such as PEDOT:PSS (poly (3, 4-
ethylenedioxythiopene (PEDOT), poly(styrene sulfonic acid), (PSS)), but this was
at the expense of their flexibility [65].

Conductive composite inks typically contain conductive fillers or particles and a
binder system which hold the particles together. The binder system usually
comprises a resin (e.g. phenolic or epoxy resins) and a compatible solvent which
dissolves it. Metal particles or flakes such as silver, nickel, or copper can be used as
then conductive fillers. Often referred to as polymer thick films (PTF), these inks
have a typical curing temperature between room temperature and 170 °C which

most textiles can withstand [66].

Table 2.3: Typical sheet resistivity of PTF inks [68]

Ink Sheet resistivity for 25 pm thick film, © /O
Silver (Ag flakes) 0.01 -0.1
Silver mixture 0.1-1.0
Nickel — copper 1.0 - 10.0
Carbon 10.0 — 100+

The conductivity of PTF films are obtained by measuring of the sheet resistivity,
at a specific thickness. This is the resistance per unit square area, (i.e. the resistance
of a printed conductor divided by the ratio of its length and width) [67]. The typical

sheet resistivity of common PTF inks are shown in table 2.3 [68].
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Silver-based inks are common due to their high conductivity even after oxidization.
Copper-based inks are also a good alternative but copper easily oxidizes with
prolonged exposure to ambient conditions and loses its conductivity after oxidation
[69]. To prevent this, copper is usually silver-plated [65]. Silver migration can also
occur with purely silver inks; a failure mechanism that happens when silver is able
to migrate between two close polarized silver conductors due to increased air
humidity or applied voltage. To prevent this, several blends of silver inks like
carbon-silver blends and palladium-silver inks are used. The addition of carbon to
silver inks only retards the effect and while palladium is a definitive solution, but
is an expensive option [64]. Other conductive inks include carbon inks [70] and
nickel inks [71, 72]. Carbon inks have high resistivity and are basically used for

high resistance applications like resistors [70].

In general, the conductivity of PTF inks depends on the ratio of the metal to
polymer content in the ink. Increasing the polymer content improves flexibility of

the ink but reduces the electrical conductivity [65].

2.2.2.5 Enabling technologies for integrating thick films on fabrics

Thick films are integrated on fabrics by printing methods such as screen printing,
inkjet printing and dispenser printing. The advantage of printing is that it is an
additive process that can enable the direct production of electronic circuit patterns

on specific local areas on textiles using conducting inks.

Inkjet and dispenser printing are both direct write techniques that require no form
physical screens or stencils. Pattern creation on a substrate is achieved by following
a predefined digital layout. Electrical interconnections based on inkjet printing have
been demonstrated in [73 - 75] however nothing has been reported about the
durability of these interconnections. Moreover inkjet printing is only possible with
a very narrow range of inks of specific rheological properties (i.e. ink flow
characteristics such as (i) low viscosity to enable easy expulsion of ink from the
nozzle and (ii) a surface tension high enough to prevent unwanted dripping from
the nozzle but low enough to ensure ejected droplets break away easily from the
nozzle [64, 73]. While dispenser printing is unlimited by these shortcomings, the
technology is still nascent and the durability of its interconnections are also very

much uncertain [76 - 79].
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This review therefore focuses on the screen printing technique and the state of the

art approach for enhancing the durability of its interconnections.
e Screen printing

The screen printing process described in figure 2.19, starts by depositing a volume
of ink on the printing screen. The ink is dragged across the screen by a squeegee
which presses the screen into contact with the substrate and in the process forces
ink onto the substrate (which is a fabric in this case) through the open areas of the
screen. As the screen behind the squeegee snaps back from the fabric, the screen
pattern is transferred to the fabric [80]. For multilayer printing, the pattern on the
screen must be properly aligned with the initial pattern on the substrate to avoid

any misalignment. The screen printing process is discussed in great detail in section
3.3.

Squeeges,
Opening in Scn‘cn\
Conductive
. . — Ink
Screen FFrame Sy
—Sereen

Substrate, % 7

|

Printed lmxtgé

Figure 2.19: INllustration of the screen printing [81]

Researchers have screen printed conductors and electrodes on textiles for health
monitoring which compare significantly in performance with the commercial
alternatives. Merritt et al. [11, 82] developed active carbon-rubber electrodes circuit
consisting 1 mm wide interconnect wires which were screen printed on opposite

sides of a nonwoven polyester-nylon textile as shown in figure 2.20.

The active electrodes which were designed to monitor ECG (Electrocardiogram)
rhythms produced a comparable performance to commercial Ag/AgCl electrodes
during an ECG test. The interconnect wires were realized from a commercial silver
ink CMI 112-15, and protected with a screen printed electrically insulating dielectric
ink, CMI 115-30 to improve durability and prevent cracks along the conductive

tracks. Both inks were cured at 100 °C but the curing time was not reported.
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(a) An ECG chest band on Escalade fabric [83]

Connections to Connections to
External Electronics Electrodes External Electronics

(¢) Fabric electrode array on polyester cotton fabric [85]

Figure 2.21: Screen printed fabric electrodes at University of Southampton, UK
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Similarly, at the University of Southampton, researchers screen printed conductive
pathways for several stencil-printed carbon-rubber electrodes for ECG monitoring
[83], facial EMG and EOG monitoring [84] and for functional electrical stimulation
(FES) that assists movement of patients with central nervous system lesions [85],
figure 2.21. The conductors were 5 pm thick and were realized using Fabink-TC-
AG4001 and DuPont 5000 silver pastes which were thermally cured at 120 °C for
10 minutes. The conductors were sandwiched between two UV-curable and screen
printed polyurethane layers on the fabrics to limit the effect of bending strains on

the conductors.

e Substrate-ink challenges with printed interconnections

In investigating the suitability of nonwovens for e-textiles, Karaguzel et al. [67, 86,
87] reported how the electrical characteristics of three different silver inks (CMI
112-15, DuPont 5025 and DuPont 5096) with different rheological properties were
affected by the surface characteristics of three different nonwoven textiles (Evolon,
DuPont’s Tyvek and Resolution Print Media (RPM)). The authors did this by
screen printing coplanar waveguides with the silver inks. Coplanar wave guides
(CPW) are interconnect lines used for propagating electromagnetic signals in a
preferred direction in space at a certain frequency [88] because they offer less
dispersion of signals. They consist of a centre strip, usually a signal plane of width,
W, and thickness, ¢, patterned on a dielectric substrate at a distance, S, from two
ground planes of equal thickness, t parallel to and in the plane of the strip as

illustrated in figure 2.22 [88].

Results from a TDR (Time Domain Reflectometry) profile and a DC resistance
measurement of their screen printed CPW lines shown in figure 2.23, indicated a

high viscosity was essential in retaining more of the ink on the surface of the

Strip

t
IL

Figure 2.22: Cross section of a coplanar waveguide [89]

5S> S
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nonwovens. Of all their inks, the creative materials ink, CMI 112-15 had the highest
viscosity and silver content, and produced more continuous and conductive
transmission lines on the nonwovens. Characteristic impedances between 135 €2 and
95 Q) for signals from track widths varying from 600 pm to 1200 pm were reported

at an average thickness of 41 pm.

(a) Tyvek Substrate (b) Evolon Substrate (¢) RPM Substrate

Figure 2.23: Screen-printed coplanar waveguides on three different substrates [86]

Kim et al. [8] screen printed 10 pm thick CPWs of characteristic impedances
between 180 2 and 230 2 on woven polyester substrate. The silver transmission
lines were encapsulated with a liquid molding epoxy to improve robustness. When
tested with a high frequency network analyser for high and low frequencies up to 3
GHz and 100 MHz, their 15 ¢m long printed transmission line produced a reliable

signal transmission with a -3 dB frequency response of 80 MHz.

These findings demonstrate that the interaction of the conductive ink with the
surface properties of the textile is critical for achieving printed interconnections on
textiles. A dissimilarity between the substrate material and the polymer type
contained in conductive inks, a high metal to polymer volume content and high
curing temperatures are factors identified to contribute to poor adhesion of
conductors to textiles [90]. The authors also showed that the higher the porosity of
the textile or substrate, the higher the variation in the thickness of the printed
conductor irrespective of the viscosity of the ink. This was evaluated by printing
silver conductors on paper, PVC (Polyvinyl Chloride), polyethylene terephthalate
(PET) and textile (50 % polyamide and 50 % cotton) substrates. Textile and paper
substrates were most porous, showing a variation of £5 pm in the thickness of the

silver conductors as against the +3 pm on the other substrates. Despite this, the
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sheet resistance of conductors on all substrates was still between 0.04 /0 and 0.13

Q2/0 for average thicknesses between 35 pm and 10 pm.

Araki et al. [91] studied the adhesion strength and conductance of polyurethane
(PU) and polychloroprene (PC) based silver pastes that were mask printed on
polymeric, cellulosic, PC and PU substrates upon stretching and folding. Silver inks
with binders matching their substrate type were found to have better adhesion and

better conductivity upon stretching, figure 2.24.

LED
Stretchable

wiring

Substrate B

Figure 2.24: LED circuit based on stretchable wires [91]

In [92], the impact of the mechanical properties of the textiles on the durability of
screen printed conductors was also investigated. Silver conductors on an elastic
polyester /spandex fabric showed higher changes in resistance relative to those on
the less elastic fabric (without spandex) despite plastic deformation of the fabric
(without spandex) at 19 % strain. At strains > 30 %, resistance measurements from

the elastic fabric were unreliable due to voids in the fabric after extension.

e Optimizing printed interconnections for low stress response

It is evident from this review that screen printed interconnects on textiles have
been widely studied. Screen printed interconnects realized directly on fabrics as
shown in figure 2.25, are quick to lose their conductivity under external stresses as
arising from, for example, washing. Other stresses such as bending, abrasion and
flexing also significantly affect the durability of these interconnects as shown in
Table 2.4.

In addressing this, commercial inks such as Creative materials CMI 112-15 or
DuPont 5025 which offer better elastic (or tensile) and electrical properties under
these conditions were initially tested. Experimental results from Karaguel et.al [86,
87], Kazani et al [93], Kim et al. [8], Merilampi et al. [90, 92] and Araki et al. [91]
all indicate that the electrical reliability of these inks are adversely affected when

the substrate and ink properties are not properly matched. Some of the properties
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-y

Silver conductor —_T—M

Textile substrate

Figure 2.25: Screen-printed silver conductor directly on textile surface [8].

to consider include the elasticity of fabrics and inks, surface roughness and porosity
of the fabrics, adhesive strength between the ink and the substrate, and the ink
viscosity and formulation. However, while inks of better flexibility and tensile
strength are desirable or necessary for certain applications, these characteristics are
often achieved by trading-off the mechanical resilience of the ink for its electrical
conductivity i.e. changing the ink formulation. For expensive inks like silver, the
cost of evaluating the compatibility of the inks and fabrics also makes this approach

undesirable.

Figure 2.26: Polymeric encapsulation of screen-printed silver conductors [93].

Low-cost waterproof polymers have also been investigated in order to protect the
conductors, figure 2.26. Conductors are either directly encapsulated with the
polymer or sandwiched within two polymers on the fabric to enhance their
durability. This method structurally modifies the printed composite and improves
the mechanical durability of the conductor without compromising its electrical

properties.
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Table 2.4: Durability tests for conductive thick films on textiles from literatures between 2005 and 2014.

Materials Printed Wash Test (Range of Results Reported over all Encapsulation Tensile Test Abrading Test Performance
Pattern substrate Selections) of Encapsulated Patterns (Range taken over index
all substrate
selections)
Authors Substrate Type Ink type/ Pattern Type | Before (initial After /Washing temperature | Material/Method of Result Final Results
application value) Application
Merritt et al. Nonwoven (PES- Ink type: Electrode Not Reported Failed after five (5) wash Material:
(11] Nylon) Silver (CMI 112- Cycles Dielectric material CMI | Not Reported Not Reported Low
15) Washing Conditions not 115-30
PES -polyester Application Reported Method
Screen printing Screen printed on
traces
Kazani et al. Woven (PES, Silver (Electrodag Square-shaped | i) 0.032 Q/sq for i) 0.171 Q/sq at 40 + 3 °C | Material: i) 0.036 Q/sq —
(93] Cotton, Viscose PF 410 and Conductor Electrodag ink for Electrodag ink Thermoplastic 0.234 Q/sq for
(CV), CO/PES, DuPont 5025) Polyurethane Not Reported Electrodag ink
PES/CV) ii) 0.010 Q/sq for | ii) 0.074 Q/sq at 40 + 3 Method: Moderate
DuPont °C for DuPont Ink Laminated on ii) 0.022 Q/sq —
All obtained over 20 wash Conductive pattern 0.396 Q/sq for
cycles with Van Der Pauw DuPont ink
Resistance Method || All obtained via
Martindale test
Karaguzel et Nonwoven Silver (CMI 112- Coplanar i) 22Qt081Q i) 7.8 to 8092 (over all Material:
al. [87] (Tyvek, Evolon 15,DuPont 5025 Waveguide (over all inks) for inks) for Evolon substrate Thermoplastic
and RPM) and 5096 inks) Lines Evolon Substrate based on ISO 6330 standard | Polyurethane
Method: Not Reported Not Reported Moderate
i) 22 Qto 3.0 Q ii) Failed (over all inks) for Laminated on
(over all inks) for Tyvek Conductive pattern
Tyvek substrate All obtained after 25 wash-
cycles using Digital
Multimeter.
Kim et al. [§] Woven Silver (CSP-3163) Coplanar 4.6 Q I) Approximately 9.2 Q Material: i). Withstood a
(Polyester) Waveguide (Washing conditions not Thermoplastic force of 300 N in
Lines reported) Polyurethane the x or y direction | Not Reported High
Obtained after 50 wash Method: i) 380 N force

cycles based on Four-Point
Probe Technique

Laminated on
Conductive pattern

diagonally with an
extension of 28 mm
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Kazani et al. Nonwoven (PU Foam, Silver (DuPont-Epoxy Square- i) 0.002 Q/sq -0.011 i) 0.0129 Q/sq to 2.263 Material:
[96] PES) resin, Acheson-PES shaped Q/sq (over all inks) Q/sq (over all inks) for Thermoplastic
resin, Sun Chemical-PES | Conductor for PU foam PU foam Polyurethane
resin, Sun Chemical— Method: Not Reported Not High
Epoxy Resin) ii) 0.001 ©/sq ii) 0.0125 Q/sq to > Laminated on Reported
0.014 Q/sq (over all | 2.263 Q/sq (over all ink) Conductive pattern
inks) for PES for PES substrate.
substrate
All obtained after 60 dry
cleaning Cycles (30 °C
Washing temp.) for 45
minutes. Van Der Pauw
technique was used to
measure resistance
Merillampi et Paper, Polyimide, PET, | Silver (Polymeric ink— Square- i) 200  to 60 kQ at 75
al. [90] PVC, Epoxy Resin, One shaped 0.01 ©/sq - 0.04 ©/sq % strain (Over all inks)
component silver ink — conductor, (for all inks over all | Not Reported N/A on PVC substrate Not Low
PES resin, PES-based Different line- | substrates) reported
silver ink ) width i) 10-15 % increase in
conductors resistance on PET
substrates after 10000
bending cycles
Araki et al. PU(Polyurethane) and Silver (PU-based and Line i) 2.8 x 10" Qem i) 0.1 Qcm after 400 %
[91] PC (Polychloroprene) PC-based silver) Conductor for | (PU-pattern on PU- strain (still lights an
substrates LED circuit Substrates) Not reported LED) for PU patterns
i) 2.1x10° Qem N/A Not High
(PC-pattern on PC- i) 2.4 Qem and 1.3x10° | Reported
Substrates) Qcm for 600 % strain
* Patterns not and beyond for PU-
encapsulated*® Conductors
iii) 4.3x10% Qcm after
40 % strain and
complete failure after 60
% strain for PC-
Conductors
Inoue et al. Silicone Silver (based on silicone- | Super-flexible i) 0.2 k2 - 5 kQ after
[97] binder) wire Not reported 34 Not reported N/A 100-180 % elongation Not Moderate

Reported
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Yang et al.

65%  Polyester/

30%

Silver (DuPont 5043)

Line

Noiminal Changes in

(98] Cotton fabric conductor of resistance
lengths 20 Bending test
mm and 30 ~40 % change in Material:
mm resistance for 20 mm long Thermoplastic 200 % change in
sample Polyurethane resistance due to
Width, lmm (Fabink-UV-IF020 | internal and external
Thickness = ~ 70 % change in and Fabink-UV- bending
~10 pm Not reported resistance for 30 mm long IF1) Not
sample Single cycle at a bending | Reported High
Method: radius of 5 mm
All values obtained after Screen printed as
20 washing cycles interface and
consisting of encapsulation for
Washing at 30 °C for 39 the conductor
minutes.
Spin speed = 1000 rpm
Drying at 50 °C for
30 minutes
Baking at 120 °C for
10 minutes
Paul et al. Escalade Silver (Fabinks AG-TC- | Line Material: Bending test
(94] 4001) conductor of ~50Q ~12Q Thermoplastic Escalade:
length, 40mm Polyurethane 20 % change in
Width, 3mm After 10 washing cycles at | (Fabink-UV-IF020 resistance after internal Not
Thickness = 40 °C for 58 minutes. and Fabink-UV- and external bending Reported High
5 pm 35 samples were IF1)

washed

Spin speed = 1200 rpm

34 of 35 samples survived.

Method:

Screen printed as
interface and
encapsulation for
the conductor

100 cycles at a bending
radius of 3 mm
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Polymers used as encapsulants are directly printed above the conductors for
protection against abrasion and oxidation upon exposure to air and water. Epoxy
[8], dielectric ink [11] and thermoplastic polyurethane (TPU) [83 - 85] encapsulants
have been reported. Encapsulated conductors show increases of up to 335 % [67,
87] and 100 % [8] in their initial electrical resistances after 25 and 50 washing cycles
respectively. Kazani et al. [93] also reported TPU encapsulated square-shaped silver
conductors with 434 % increment in sheet resistance after 20 washing cycles at 40
‘C for 22 minutes per cycle. The better performance of the conductors after 50
cycles of washings While the encapsulated conductors performed better than the
un-encapsulated ones which did not survive at all, the small change in the resistance
of conductors after 50 wash cycles relative to the change obtained after 25 cycles
could indicate that the conductive ink CHANGSUNG CORP. CSP-3163 that was
used for the 50 wash cycle test is more resilient to flexural stresses than the CMI
112-15 ink that was used in the 25 wash cycle test. Since the authors did not give
the encapsulation thicknesses for these conductors, the better performance of the
CSP-3163 conductor could also be attributed to using a thicker encapsulation than
what was used for the CMI 112-15 conductor.

Polyurethane Polyurethane
Encapsulation Interface

Silver Polymer

Figure 2.27: Screen-Printed conductors sandwiched between two polymeric layers, the interface

and encapsulation layers [94].

In the case of conductors being sandwiched between two polymer layers as shown
in figure 2.27, this can increase their flexibility and reduce their printed thicknesses
and hence the fabrication cost. In this case, the polymer is used as an interface
between the fabric and the conductor, and as an encapsulant on the conductor. As
an interface, the polymer eliminates the surface roughness and porosity of the fabric
that would normally require thicker deposits of conductive inks to fill up. The

average thicknesses of conductors printed directly on fabric is typically between 20
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and 45 pm [8, 67]. The use of an interface layer means much thinner conductive
layers can be printed. Reported interface materials include acrylic resin [99], silicone
[99], and polyurethane coatings [96, 99] which were screen printed or laminated on
fabrics to realize four and six-layer composite (FLC and SLC) structures. Acrylic
coatings were shown to give poor performances under tensile and bending stresses
unlike like silicone and polyurethane [99]. Yang et al. [98] realized a 10 pm thick
silver conductor on a polyurethane interface. This interface material was also used
to encapsulate the conductor in their six layer composite (SLC) structure because
of its good waterproof property. The 20 mm x 1 mm sized conductor had a 40 %

change in initial resistance after 20 washing and drying cycles.

The addition of polymer interface and encapsulating layers has been shown to
improve the durability of screen printed conductors. This structural modification
does, however, mean that externally induced stresses will be internally distributed
within a printed composite. Internal stresses could affect the resistance of a
conductor if it is not located in the region of minimal stress. Paul et al [94] examined
this by empirically varying the printed thicknesses of polyurethane (interface and
encapsulation) to correctly position a 5 pm thick silver conductor (20 mm x 3 mm)
within FLC and SLC structures. Minimal changes in the electrical resistances of
conductors that were accurately positioned within the composite was reported after
several cycles of cyclic bending at a 3 mm radius. Increases as small as a 20 %
change in the electrical resistance of conductors in both FLC and SLC structures
on Lagonda fabric were reported after 50 and 100 cycles of internal (positive) and
external (negative) cyclic bending respectively as shown in figure 2.28. Inaccurately
positioned conductors in both composites had increases of up to 100 % and 400 %

respectively.

Figure 2.28: Screen-printed conductors in external (left) and internal (right) bending orientations

(93]
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2.3 Modelling of the mechanical properties of screen printed e-textiles

The model implemented by the authors was unable to identify the location of the
neutral axis because of the complex mechanical properties of the textile.

Consequently, the requisite polymer thicknesses were only empirically obtained.

2.2.3 Conclusions

Electrically conductive yarns/threads, and conductive films and laminates are the
state of the art interconnect solutions available for e-textiles. The performance of
these interconnects is affected by the external stresses in their application
environments. The use of polymeric encapsulations limit the effect of these stresses
and can optimize conductor performance by locating it on the neutral axis of the
e-textile. With conductive threads/yarns this is impractical because they are
layered across all stress planes within the e-textile. While the durability of the thick
films is still a major concern for e-textiles, the significant progress achieved in the
past decade in the improved durability of thick films demonstrates they are

potential interconnections for e-textiles.

This review has identified the scope of this work to the mathematical and empirical
characterization of the durability of conductive films (based on screen printing) and
laminates. To this end, this work investigates a model for characterising the

mechanical properties of fabrics and the screen printed composites.

2.3 Modelling of the mechanical properties of screen printed e-

textiles

Following from the review in section 2.2.2.5, a screen printed e-textile can be defined
as a multilayer composite that primarily consists of a fabric substrate, an interface,

electrical interconnections (or circuit) and an encapsulation as shown in figure 2.29.

Encapsulation

ectrical interconnections
Interface

Fabric

Figure 2.29: Cross sectional view of a screen printed e-textile composite
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The review indicates that a reasonable amount of empirical research has gone into
improving the durability of such e-textiles against washing, bending and tensile
stresses as summarised in Table 2.4 (see page 33). Theoretical models for
characterising the mechanical behaviour of these e-textiles under such stresses are
still unreported. Although several models based on analytical, numerical and finite
element modelling techniques are available for characterising the mechanical
properties of fabrics [100 — 110] and textile composites (i.e. textile reinforced
polymer matrices) [111 — 114], some of these are complicated by the different
structural geometries of fabrics (knitted, woven, braided etc.) and by the type of
loading on the fabric [103]. These factors i.e. the fabric structure and the loading
conditions account for the different mechanical behaviours of fabrics and their
composites such as tensile extensibility, shearing, bending, twisting, and stiffness
[105]. An unsophisticated theoretical model is still necessary for predicting the
behaviour of screen printed e-textiles under such stresses so as to optimise their

design and performance in real applications.

In Table 2.4, three primary stresses, washing, tensile and bending are shown to
potentially limit the durability of screen printed e-textiles during use. In fact, these
can be reduced to tensile and bending stresses, since the washing action is largely
dominated by the flexing (or bending) of a fabric in a washing machine [115 — 117].
The simplest approach to modelling the bending (and/or tensile) of a screen printed
e-textile is with the Pierce’s fabric cantilever test developed in 1930 [118]. This
model is popular for its simplicity and for its high correlation to subjective
measurements such as draping, appearance and tailorability [101, 104, 105].
Although the Pierce’s model does not account for the nonlinearity of fabrics, it is
still considered the standard to measure the two-dimensional bending of fabrics
[109]. It measures the bending rigidity of the fabric based on a simple calculation
of the bending length, weight and thickness of the fabric. The model has birthed
several testing systems such as the Kawabata Evaluation system (KES) [119], the
Fast Assurance by Simple Testing (FAST)-2 bending meter [119], the Shirley
bending tester [109] amongst others [119].

Yu et al [110] characterised the nonlinearity in the bending of fabrics based on the
classical beam theory (CBT) model. While the CBT assumes a linear bending
behaviour of beams and characterises the beam in tension and compression with

the same elastic modulus, fabrics show significantly different elastic properties in
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tension and compression. To account for this dissimilar fabric behaviour in the CBT
model, the authors characterised the fabric with different elastic modulus in tension
and compression. This led to the derivation of an asymmetric factor that quantifies
the nonlinearity of the fabric. The asymmetric factor was used in conjoint with
finite element simulation and a cantilever test to obtain a drape shape of fabrics
that correlated with experimental results. A potential benefit of CBT to the
modelling the screen printed e-textile is the concept of the neutral axis. This is a
position within a beam or multilayer where all strains or stresses are practically
zero. The implication of this is that electrical interconnections (or circuits) in a
screen printed e-textile can be positioned on the neutral axis to improve the
durability of the e-textile. While this neutral axis theory has not been demonstrated
on textile composites, this has been successfully demonstrated on a six layered

flexible nano-electronic structure based on a polyethersulfone substrate [120].

Consequently in this work screen printed e-textiles will be modelled by integrating
the Pierce’s bending of fabrics with the classical beam theory which also compensate
for the nonlinearity in the fabric bending. Moreover the beam theory and the
Pierce’s model were reported to show better correlations of 5 % and 11 % with
finite element simulations of a fabric cantilever. This is in contrast to the 61% of
the model based on the ASTM D1388 standard for measuring fabric stiffness [108].

2.4 Integrating electronics on textiles based on conductive films

Three levels of integration of electronics on traditional textiles are possible namely

direct, embedded and textile electronic integration, figure 2.30.

The direct integration of classical electronics on textiles is a system-level integration
which entails enclosing application-specific off-the-shelf electronic products and
their wired interconnections into textiles. It is the easiest form of integration but it
has limitations in the bulkiness and discomfort of the host-garment as detailed in
Chapter One. On the other hand, embedded and textile electronics integrations are
both component-level integration in which case the textile becomes the substrate
on which the electronics are fabricated rather than as a container for already
existing electronic solutions. Both techniques utilize the interconnection
technologies discussed in section 2.2 but differ in the type of electronic components

integrated on the textile.
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INTEGRATION LEVELS ON TEXTILES

v v
Direct Integration Embedded Integration Textile Electronics Integration
Electronic solutions Electronic solutions Electronic solutions
Off-the -shelf System-Level electronics e.g. Existing Component-Level Electronics like New Component-Level textile electronics e.g. textile
mp3 players resistors, ICs etc. and Interposer Circuits resistors, textile sensor fibers, transistors and ICs

Interconnect solutions Interconnect solutions Interconnect solutions
Printed, embroidered, woven, etched,

Existing wiring solutions e.g. PVC copper Printed, embroidered, woven, etched, . ;
knitted wires

knitted wires

wires

Examples Examples Examples

Lifeshirt [4], ICD+suit [3] EKG Shirt [43], LED e-fibres [54] Textile resistors [8], textile capacitors [8]

Figure 2.30: Integration levels of e-textiles
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In embedded integration, conventional passive components such as resistors,
capacitors and active components such as microchips (or ICs) are used to
incorporate electronic functionality in textiles. Associated challenges to attaching

such electrical components into a garment include [121]:

a. Almost all fabrics are made from polymers, which have a melting
temperature well below the typical soldering temperatures (for
example polyesters melt within 150 °C — 260 °C [122]). Hence high
temperature soldering of components (i.e. hard and soft soldering
occur at temperatures greater than and less than 450 °C respectively

[50]) is not compatible with these textiles.

b. Most wearable computer systems that have electrical components
incorporated into clothing lose their flexibility and do not drape

naturally on the body [7, 121]

c. Electrical components must be connected in such a way that they are
safe from environmental factors like moisture and that they remain
attached and electrically connected to the textile substrate after the

garment has been washed [7, 121].

The current solutions offered in literature to these problems include stapling
component lead frames on conductive threads [7], the use of low temperature
solders, micro spot-welding [7] or conductive adhesives [82] (especially for surface
mount components) and electronic sequins [10] for mounting electronic components
directly on the fabric. Interposer circuits [35, 82] (electronic circuits developed on
flexible substrates such as Kapton) have also been directly sewn or glued on textiles

to indirectly attach the components as discussed in page 19.

In textile electronics integration, an all-textile electronic components and
interconnections are incorporated into the textile and this can be a viable solution
to the problems associated with the embedded technique. Passive textile
components in resistors, capacitors and inductors have already been demonstrated
[8] while active components like sensors, integrated circuits (ICs) are yet to be
realized. The fabrication of such textile-based active components constitutes
another research focus in electronic textiles called Fibertronics which is regarded as

the building-in of electronic blocks such as transistors into yarns [19]. However this
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technology is still primitive due to the limited scope of current knowledge.
Although, the fabrication the fibre “Field Effect Transistors” (FETs) based on a
woven technology have been reported [123, 124], it has not been really implemented

in real applications.

Nonetheless, the advantages of the embedded and textile electronic integration over
the direct integration of packaged solutions include the increased flexibility and
potential stretchability and washability of integrated electronics with garment,
better textural comfort of integrated garment and also the minimal increase in

garment/textile weight after integration.

2.4.1 Prototypes based on embedded integration

C. R. Merritt et al. [11] used conductive adhesive (CMI 119-05 and CMI 119-44
mixed at 100:2.3) to directly attach on a polyester-nylon fabric, surface mount, 100
kQ and 200 k€2 resistors, 10 nF capacitor and an SO-8 amplifier to a screen printed
silver active electrode circuit. The attached components were further encapsulated,
figure 2.31 with Hysol FP4460 which was cured for 4 hrs at 130 °C.

Figure 2.31: Encapsulated surface mount components attached using conductive adhesives [11]

The authors also developed an interposer circuit (developed on a 0.005 inch thick
FR-4 with 0.5 oz. copper cladding and a gold finish) for the same design where
similar components were attached on the FR-4 substrate using a conductive epoxy,
CW2400 (Circuit works). The interposer circuit was designed to connect the surface
mount devices due to the feature size limitations (pitch mismatch) of the direct
attach approach for surface mount components. Unlike the direct attach approach
where the interconnecting lines were screen printed, conductive yarns were used as

the interconnect lines of the interposer circuit in figure 2.32a. The circuit was also
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encapsulated with a glob-top encapsulant as in figure 2.32b for protection from

environmental effects like moisture.

@ [+ L] [
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Figure 2.32: (a) Interposer circuit with attached components [11] (b) Encapsulated interposer
circuit [11]

The performance of the interposer circuit electrode patch in figure 2.32 was
compared to that of the direct-attach electrode circuit patch in figure 2.31 after
both were hand stitched to larger sheets of Evolon. After five wash cycles and one
drying, the direct-attach circuit failed due to the cracks formed at the
interconnection lines and contact pads while the interposer circuit was reported to

pass the wash test. The authors however did not mention the washing conditions.

25mm

wwgeg

Figure 2.33: (a) Screen printed lead frame, (b) Unpackaged chip glued to frame (¢) Molded
silicon package [8, 125]

Kim et al [8] also attached an unpackaged die on a screen printed lead frame shown
in figure 2.33a. The unpackaged chip was glued on the printed lead frame then gold
wire was bonded to the pads of the chip and to the lead frame, figure 2.33b. The
chip was then coated with a liquid molding epoxy to provide robust protection
against potential pressure on the packaged chip, figure 2.33c. The molded package

had dimensions of 1 cm x 1 cm and a height around 2.2 mm - 2.5 mm. A tensile
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strength tested performed on the molded silicon chip in figure 2.33c strained the
package along the x, y and the diagonal directions using a maximum load of 85.1
N/cm, 85.2 N/cm and 99.3 N/cm respectively. The package/bonding remained
unbroken in each case until the fabric itself got torn after experiencing a total strain

of 19.5 %, 27.2 % and 26.8 % in the x, y and diagonal directions respectively.

2.4.2 Prototypes based on textile electronics integration

In place of traditional passive components on textiles, Kim et al. [8] screen printed
an 85 (2 resistor of width and space of 1 mm each and thickness 10 pm as shown in
figure 2.34a. Square and octagonal shaped inductors of inductances 577 nH at 10
MHz and 970 nH at 10 MHz respectively were also printed (figures 2.34 b, c).

25mm d,,=30mm

WWGZ

1mm W=1.2mm

1mm

(@)

Figure 2.34: Screen printed (a) 8510 resistor, (b) inductor, 577nH at 10MHz (¢) inductor, 970nH
at 10MHz; (dout = outer diameter, din = inner diameter, w = line width) [8, 125]

The authors also fabricated three different capacitors with screen printing using
different types of fabric, figure 2.35. The type A parallel plate capacitor used a
denim fabric of thickness 320 pm as the dielectric between the screen printed ink

electrodes. The capacitor has an area of 35 x 20 mm? and a capacitance of 50 pF.

1=38mm |

Conducne ink Fabric (Denim) Elastic fabric

Fabric (Denim) l Conductive ink

25mm

Wi

Conductive ink Fabric (Denim)

60mm

(a) Type A Capacitor (b) Type B Capacitor (c) Type C Capacitor

Figure 2.35: Three types of screen printed capacitors [8, 123]
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2.5 Discussion

The type B capacitor was an interdigitated capacitor with six fingers of length and
width of 38 mm and 1 mm respectively. The finger gap x, the end gap “ge”, terminal
width w, substrate height h and the dielectric constant, were 1 mm, 2 mm, 25 mm,
320 pm, and 4.0 respectively. Its capacitance was 10 pF. The type C capacitor is
also a parallel plate capacitor but it differs from the type A capacitor because of
the elastic fabric used at both ends of the plates. Due to the elastic nature of this
fabric, the capacitance of this capacitor can vary when stretched from 10 to 100
pF.

2.5 Discussion

Current techniques, based on the above literature review, for integrating electrical
components on textiles are still very much based on laboratory prototypes, their

effectiveness and durability in real applications is challenging.

The direct attachment of classical components on textiles using low temperature
solder and micro-spot welding is challenged with the problem of biocompatibility
[121] resulting from the potential exposure of the body to solder (usually lead-based
solders). Also, due to the rigid nature of the solders, they are more prone to failure
in flexible applications. In addition, both processes can be time consuming especially
for complex electronic-textile applications where several components are to be

attached.

Although, the use of conductive adhesives offer instantaneous processing i.e.
attachment of components [121] there is a major concern on the longevity of its
adhesive strength in the face the real stresses and strains caused by washing,
bending and stretching of the fabric. There is also the minor problem on how it can
be neatly dispensed on textile substrate without affecting the textile aesthetics. The
packaged electronic components with threaded leads [7], which can be embroidered
on the textile also offer an easy form of incorporating components on textiles
however, the process required to achieve such threaded leads is complicated. Also
the durability of the bonded fine conductive threads used in such threaded
components, even after encapsulation is still uncertain for real applications. This
also applies to the unpackaged silicon die [8, 125, 126] which are integrated on

textiles to eliminate the rigid packaging of conventional ICs or microchips.
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Interposer circuits (flexible or rigid) [43, 127] are usually used for indirectly
attaching components with fine footprints and small pitch sizes on textiles.
Although they offer better and easy integration especially for condensed circuits on
textiles, the circuit boards are rigid and even for flexible rigid boards there is still

textural mismatch.

Finally, the use of rigid passive components is bypassed by fabricating them directly
on textiles [7] using the interconnection technologies discussed in section 2.3.1. As
with interconnect patterns, electrical reliability still needs to be improved so that
electronic characteristics of fabricated components do not vary in circuit
applications. Hence, screen printed interconnections are initially fabricated on

fabric in Chapter 3 for a preliminary assessment of their reliability after washing.
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CHAPTER 3
THE FABRICATION OF E-TEXTILES BY
SCREEN PRINTING

3.1 Introduction

This chapter presents the empirical investigation into the durability of screen
printed circuits on fabrics and identifies the fabrication challenges. Ten LED and
resistor circuits were realized on a 65 % / 35 % polyester cotton Bari fabric by
using screen printed silver interconnections sandwiched between two the interface
and encapsulation layers. The Bari fabric (see datasheet in appendix A for physical
properties) was selected because of its extensive use in garment industries and for
its potential for e-textile applications [95]. The durability of the printed circuits
were evaluated by performing 3 wash cycles and the conclusions resulting from the

experiment are used to pave the direction for the rest of this work.

3.2 The screen printing technology

Screen printing is a traditional process in the textile industry for reproducing
artistic patterns on textiles. It also doubles as the low cost fabrication process that
is widely used in the electronics industry for realizing thick-film circuits [81]. This
conveniently makes screen printing the ideal technique for replicating printed

circuits on textiles.

In this work, the commercial DEK 248 semi-automatic screen printer, figure 3.1 is
used to screen print the LED and resistor circuits on Bari fabric. While printed
circuits such as the LED circuits maybe easily replicated on woven fabrics with
screen printing, the functionality and/or long-time reliability of the circuits can be

limited by poor printing resolution and quality.

3.3 Resolution of screen printing

Resolution refers to the smallest possible feature size, i.e. line widths and spacing,

that is transferrable onto the fabric from a screen or mask. A good resolution gives
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Figure 3.1: Semi-automatic DEK-248 screen printer

a high print quality (i.e. accurately defined lines and spacings) and allows for denser
circuit patterns to be realized. The resolution for screen printing is typically around
100 pm but with specialized screens that have high dense mesh structures and

special surface treatment, resolution can be as high as 20 pm [128].

In general, the resolution of screen printing is controlled by the following

parameters:
1. Ink rheology

2. Printing screen characteristics like its mesh count; mesh and emulsion

thickness and the mesh material.

3. Printing process parameters such as print speed, separation and snap-

off distance and squeegee pressure.
4. Surface roughness of the fabric.
These parameters served as a guide for the following;:
a. Selection of inks
b. Selection of screen properties
c. Selection of printing parameters

d. Minimizing of surface roughness effects
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3.3.1 Selection of inks

The deformation and flow characteristics of an ink under pressure, i.e. its rheology,
determines its suitability for screen printing. Screen printable inks exhibit
thixotropic or shear-thinning behaviour which means they increase and decrease in
viscosity at low and high shear rates respectively [129]. This property enables a
highly viscous ink to become fluid enough to pass through a screen mesh during
printing, and to return to their original viscosity once the screen has snapped back
thereby maintaining the printed geometry [66]. Pudas et al. [130] showed that inks
with high viscosity and internal cohesion yielded the best printing while low viscous
pastes yielded patterns with poor resolution since they bled on the substrate during

the printing.

Table 3.1: Viscosity and electrical characteristics of inks

Ink Fabink UV-IF1 Electrodag PF-410
Supplier Smart Fabinks Ltd. Nor-cote International Inc.
Ink type Thermoplastic polyurethane Polymeric silver
Viscosity @ 25 °C (Pa.s) 4.7 17.5
(Brookfield, 10 rpm)
Sheet resistance @ 25 pm film - < 0.025

thickness (Q/0)

Nonetheless, the suitable range of ink viscosity range for screen printing is
reportedly from 1 Pa.s to 50 Pa.s at 25 °C [131]. This is reflected in the viscosities
of the inks chosen for this experiment as shown in table 3.1. The chosen commercial
conductive ink, Electrodag PF-410, has a conductivity of 0.025Q2/0 which is

sufficient for this experiment.

3.3.2 Selection of screen properties

Screen properties such as the mesh count, mesh material, the mesh and emulsion

thicknesses of the screen, can also affect print quality.

The mesh count is the number of apertures (i.e. meshes) in a screen per linear inch
[66] or the number of threads per inch of the screen [132]. A screen with a high
mesh count produces finer line-width and line spacing unlike a low mesh-count

screen which produces coarse patterns. The appropriate mesh count (MC) for a
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screen depends on the ink to be printed and it is usually specified by the ink
manufacturer. The particle size (PS) of the ink, figure 3.2, can also be used to

estimate MC using equation 3.1 provided the mesh thickness, t, (i.e. the thickness

of each wire strand in the screen) is known [133].
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Figure 3.2: Screen mesh for sorting particle sizes [133]

The mesh thickness, t, and the thickness of emulsion used to block off the undesired

mesh areas also determines the amount of squeegee pressure to be exerted on the

”

screen during printing [81]. The typical value of “t, 7 is 150 pm but as this value

increases, the screen becomes thicker and rigid hence the squeegee pressure

increases. By reducing the emulsion thickness, mesh thickness t, and selecting a

flexible mesh material for the screen, the pressure can be reduced.

Four different screens were used in this experiment and the characteristics of each
is shown Table 3.2. The interconnect screen was designed for printing a monolayer
of the Electrodag PF-410 silver ink which contained silver particles of sizes of < 3
pm [93]. To minimize the weight of the screen, the smallest mesh thickness was
chosen from the available screens at MCI precision Ltd, the screen supplier. For
monolayer printing, a polyester mesh material was suitable largely because it costs
half the price of using a stainless steel. With t, = 30 ym and PS = & um, an
estimate mesh count of MC = 303 meshes/cm was obtained from equation (3.1).
Therefore the standard mesh count of 305 meshes/cm (i.e. 120 threads/inch) was
selected. The same properties were chosen for the encapsulation screen but with a
higher emulsion thickness of 20 pm to ensure a thicker encapsulation (i.e.

protection) for the silver interconnect.
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Table 3.2: Selected screen properties for screen printing

Screens Ink Mesh material Mesh count Emulsion
Test screen Fabink UV-IF1 Stainless Steel 250 meshes/cm 40 pm
Interface Fabink UV-IF1 Stainless Steel 250 meshes/cm 40 pm
Interconnect Electrodag PF-410 Polyester 305 meshes/cm 5 pm
Encapsulation Fabink UV-IF1 Polyester 305 meshes/cm 20 pm

The interface and test screens also printed the Fabink UV-IF1 and following from
the review in Chapter 2, screen printed interfaces are usually the thickest of the all
the printed layers on fabrics. Therefore to reduce the printing time the screens had
a reduced mesh count, an emulsion thickness of 40 pm and a more durable mesh

material. Selection of printing parameters

The printing process parameters include the squeegee pressure, printing speed and
the snap-off distance (i.e. print gap), figure 3.3. These parameters can be controlled
to ensure a repeatable printing process. On the DEK-248 printer, these parameters
were set as shown in Table 3.3.
Screen Printing Diagram
Direction of travel——=

Original Pressure
Screen Position

\_iqueegee

Screen Frame

Stop Snap Off Height
/'ﬁ Substrate
Print
Separation
Screen Printing Machine

Figure 3.3: Screen printing process parameters [107]

Generally, the pressure the squeegee exerts on the screen depends on the tension
and mesh material in the screen and must therefore be carefully chosen so as not
to damage the screen or wear out the squeegee [81]. In this case, the squeegee

pressure was set to 6 kPa.

Conversely, the print speed depends on the thixotropic behaviour of the chosen ink.

The highest possible speed for printing the ink is recommended to reduce printing
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time and to prevent thinning the ink than it should be during printing. When the
ink is thinned, its viscosity reduces and it can become watery which will lead to
bleeding i.e. the spreading of the ink outside printed areas of the substrate [134]. A

printing speed of 70 mm/s was found suitable for all the inks selected in this work.

Table 3.3: Printing settings on DEK-248 semi-automatic screen printer

Screen printer parameters Settings
Snap-off height (print gap) 1.1 mm
Snap-off height test range 0.7mm — 1.1 mm

Squeegee Speed (forward & Backward) 70 mm/s
Squeegee Pressure 6.0 kPa
Print type Flood print
Front print limit 119 mm
Rear print limit 327 mm

The snap-off height, also the print gap is the distance between the bottom of the

screen and the top of the substrate.

(@) (b) (¢) (d)

Figure 8.4: Resolution and print quality of 100 mm X 100 mm rectangular samples after nine

(9) prints at snap-off heights of 0.7 mm, 0.9mm, 1.0mm and 1.1mm respectively.

The print gap should be small enough to allow the screen to make good contact
with the substrate. The gap height was determined by test printing a 100 mm x
100 mm rectangular pattern at different print gaps ranging from 0.7 mm to 1.1

mm. The best rectangular pattern was obtained at 1.1 mm, (figure 3.4 sample d).

3.3.3 Minimizing surface roughness effects

Woven fabrics have uneven and porous surfaces due to their weave pattern. That

potentially causes a thickness variations or discontinuities along a printed pattern
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as in figure 3.4. The surface of the polyester cotton fabric, Bari used in this work
shows the sinusoidal and interlocking weave structure that is typical of a woven

fabric, figure 3.5.

Figure 3.5: Weave structure of the Bari fabric showing its porosity and uneven surface

With a 2-D surface profile, vertical displacements relative to a reference position
on the surface of the fabric can be obtained and used to estimate its average

roughness R, using equation 3.2 [135]

R, = _Zsi (3'2)

wpn
1

Where S, is the surface displacement at a profiled point “i”, and “n” is the total

number of profiled points.

The R, value calculated for the Bari fabric was 30.7 pm based on results from the

commercial 2-D Tencor P-11 surface profiler which profiled n = 20000 points on
the fabric over a scan length of 8000 pm, figure 3.6. Despite this high degree of
roughness, it is still possible to realize functional circuits on the fabric by printing
more layers of the conductor [92] but for e-textiles, this is a problem when expensive
inks are used and/or flexibility is essential. It is then necessary to reduce the surface

roughness of the fabric to a minimum by treating its surface.
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Figure 3.6: 2-D surface topology of the Bari fabric and the TPU interface layer

3.3.4.1 The interface layer

The use of thermoplastic films and coatings are the two approaches common for
treating the surface of fabrics. These materials are smoothening layers which
interface the fabric and the printed circuit. They are used to also modify other

surface properties of the fabric such as its surface energy, porosity and water proof
property.

Fabrics can be laminated with thermoplastic polyurethane (TPU) films to create a
surface that is smooth enough for screen printing. While this can be achieved with
relatively small film thicknesses (since the TPU-film thickness can be as low as 25
nm), tailoring the film by lamination to the design layout of the circuit can be very
cumbersome especially for microcircuits of line-widths and spacings less than 0.5
mm [94].

The Microflex Project at the University of Southampton introduced screen printed
interfaces using coatings such as polyurethanes which are easily tailored to the
design layout of a printed circuit. Although the printed interface thickness is higher,
the fabric is still flexible, interfacing material is not over-used and printed circuits

are easily localized on the host textile.

Consequently, the TPU Fabink UV-IF1 paste was screen printed on Bari fabric,
figure 3.4d. At an average printed interface thickness of 211 pm measured from a

micrometre, the R, value of the fabric was significantly reduced to 0.5 pm from its
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initial 30.7 pm. Figure 3.6 depicts this reduction by contrasting the surfaces of the
fabric and the TPU interface layer.

3.4 Design guidelines for interconnects: The stress and strain

considerations

Interconnect patterns in rigid printed circuits can always assume any type of
geometry since they are only meant for static applications. In flexible circuits, the
interconnect geometry is crucial to its durability. Simple design guidelines have
been reported for flexible circuits [136] and although the production process is based

on etching, they provide a platform for designing interconnect patterns on textiles.

It is recommended that sharp corners, (right or acute angles) are avoided in the
circuit routing. This is to mitigate potential issues of stress risers (stress

concentration points) at the interface between perpendicular conductors.

Filleted land design
distributes stress

Potential stress riser
Avoid Better Best without fillet

(a) (b) (©) (d)

Figure 3.7: Geometrical considerations for routing interconnects [116]

A radius at such interface best provides a smooth transition between the
conductors, figure 3.7c. Similarly, at the interface of between contact pads and
conductors, the conductors should be flared into the contact pads using fillets as

shown in figure 3.7d.

3.4.1 Design of printing screen

Patterns on the interface, interconnect and encapsulation screens were designed
using a Tanner EDA software tool, L-Edit, figure 3.8. LED circuit patterns of
varying line-widths and PCB footprints of a 14-pin microcontroller were designed
on a 150 mm x 150 mm Bari fabric. Two square-shaped conductors of different
areas were also designed. The alignment marks on each screen were designed to

ensure easy and proper positioning of layers during the multi-layer printing as
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Figure 3.8: L-EDIT screen layout (a) Patterns on interconnect screen (b) Composite pattern

—
1
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for the screens

Table 3.4: Interconnect screen patterns and their dimensions

Pattern no Printed pattern Dimensions
1 Square Conductor 60 mmx60 mm
2 and 9 LED Circuit 0.2 mm line width
3 and 10 LED Circuit 0.5 mm line width
4 and 11 LED Circuit 0.75 mm line width
5 and 12 LED Circuit 1 mm line width
13 Square Conductor 30 mmx30 mm
14 Square LED Circuit 1.5 mm line width
6 and 16 LED Circuit 1.25 mm line width
7 and 17 LED Circuit 1.5 mm line width
8 and 15 IC contact pads 0.4 mm line-width, 0.9 mm line spacing

depicted in the composite layout, figure 3.8b. Also, the contact pads for attaching
electronic devices and power supply cable were designed without encapsulation to

allow easy access.

The interconnect dimensions are shown in Table 3.4. The line-widths of the LED
circuits was varied to find the minimum line-width that can be achievable with the
screen. The line-widths for the interface and encapsulation patterns were also
slightly increased so that the interconnect patterns to just lie in the middle of each
and are completely sandwiched within them as shown in figure 3.8b. This also

accommodates patterns that slightly bleed out after printing.
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3.5 The fabrication process

The fabrication process as shown in figure 3.9 is split into two categories namely,

the screen printing and component attachment processes. These are described as

UV cure

follows:
__
e
© Woven fabric substrate
a
g
a .
2
g Glue woven fabric to a rigid
8 alumina tile to provide support.
3 N Sheve fabric afterwards
. Screen print and UV cure
Screen printing interface paste, Fabink UV-IF-1.
| _ Repeat until surface is smooth.
process
2 . 2
8
o m Screen print a single layer
; of conductive silver paste,
£ | I CecrodePrall
£
-
= s 2
Screen print and then UV
cure encapsulation paste,
Fabink -UV-IF-1 on
— N cesignated areas
— c |
.g Dispense conductive epoxy
'—; on un-encapsulated area
& | I
o
Q
c
z s 2
e
c
L]
% Attachment component(s)
£ or power supply cables and
S oven cure
]
g | I
o
Component & $
I g
attachment process é
8 * Glob-top component or power
i cable with Fabink-UV-IF-1 and

Delaminate fabric from Alumina
tile via oven heating

Figure 3.9: Fabrication process flow chart
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3.5.1 The screen printing process

The Bari fabric was first adhesively bonded to a flat alumina tile. This ensures
consistency in the prints and to also enable proper alignment of the printed layers.
Afterwards, the textile was shaved with a rotary shaver to remove any standing

fibre strands that contribute to the surface roughness of the fabric.

Rough surface of textile

Smooth UV-IF-1 interface

Figure 3.10: Interconnect screen patterns and their dimensions

The interface layer was realized in 4 prints consisting of 6-4-2-2 depositions of the
Fabink UV-IF1 ink on the Bari fabric respectively. The smoothening effect of the
interface on fabric is clearly shown in figure 3.10. Each print was UV cured for 60
seconds. The average interface thickness from seven measurements was 124 pm,

Table 3.5.

Table 3.5: Screen printed layers and their thickness measurements (thickness taken over seven
micrometre measurements)

Layers Material Curing method Measured
thickness
Substrate Bari Fabric 324 um
Interface layer Fabink UV-IF1 ink Oven cure, 125°C 15 124 pm
mins
Interconnect Layer Electodag PF-410 Ultraviolet (UV), 10 pm
silver ink 60 secs
Encapsulation Fabink UV-IF1 ink Ultraviolet (UV), 28 pm
Layer 60 secs

The LED circuit was printed on interface in a single print consisting only one
deposition of the Electrodag PF-410 silver ink. The print was oven-cured at 125 °C
for 15 minutes. An average thickness of 10 pm was measured. Finally the
encapsulation layer was printed in a single print consisting 2 depositions of Fabink
UV-IF1 ink. The print was UV-cured for 60 seconds. An average thickness of 28

pm was measured. Figure 3.11 shows the composite structure.
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(a) (b)

Figure 3.11: (a) Interface Layer on Fabric, (b) Printed silver and encapsulation on the interface

3.5.1.1 Resolution of the screen printed circuits

All the patterns were well defined on the fabric except for the LED circuit with line
width 200 pm which was difficult to achieve repeatedly with accuracy, figure 3.12.
This suggests that the 305 mesh/cm mesh count of the interconnect screen was not
sufficient to achieve that resolution. Consequently, screens with higher mesh counts

will be better suited for patterns with linewidths < 200 pm.

Electrical discontinuities

Sample A Sample B

Figure 3.12: Poor and inconsistent resolution of LED circuits of 200 um

3.5.2 Component attachment process

Surface-mount green LEDs and 470 (Q resistors with dimensions 3.2 mm x 1.6 mm
x 1.1 mm, and 3.2 mm x 1.6 mm x 0.6 mm supplied by RS components were

attached to the printed patterns using a silver-loaded epoxy adhesive and left to

60



Chapter 3: The fabrication of e-textiles by screen

printing

cure at room temperature for twenty-four hours. Similarly in figure 3.13, 240 pm-
thick wires were also glued to the contact pads and the edge of the LED, with the
same epoxy so as to ensure power supply into the circuit and to estimate circuit

resistance respectively.

PU-Encapsulated Electronics : , Point of Sewing of
Cable on the fabric

*

Encapsulated contact
Pads for power cable

(b)
Figure 5.13: (a) Un-sewn and (b) sewn cable attachments on LED circuits

It was also dried for the same period of time. The attached electronics and the wires
were then encapsulated with a Fabink UV-IF1 glob top which was dispensed with
a syringe and UV-cured for sixty seconds immediately after application so as to

prevent it from bleeding out.

Aot

(a) Connected without by-passing the resistor (b) Connected by by-passing the resistor

Figure 3.14: Functional LED circuit (before washing)

Following this encapsulation, the wires were sewn onto the fabric, figure 3.13b to
provide mechanical support to the joints especially when the sample undergoes
washing. Figure 3.14 shows the functional LED circuit after being supplied with a

dc current of 3 mA driven by a voltage of 2.5 volts.
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10
9* En

Figure 3.15: Stapled circuits on T-Shirt

Table 3.6: Description of stapled circuits on the shirt

Circuits Type Line-width | Encapsulated | Threaded cables
1 LED circuit 1.5 mm Yes No
2 LED circuit 0.2 mm Yes Yes
3 Resistor circuit 0.2 mm No No
4 Resistor circuit 0.75 mm No No
5 Resistor circuit 0.5 mm No No
6 Resistor circuit 1.5 mm No No
7 LED circuit 0.75 mm Yes Yes
8 LED circuit 0.5 mm Yes Yes
9 Square LED circuit 1.5 mm Yes Yes
10 Square resistor circuit 1.5 mm No No
3.6 Wash test

To replicate practical applications, ten textile circuit patches described in Table
3.6 were randomly stapled to a white shirt as shown in figure 3.15 for the wash
test. Similarly for real conditions, the shirt was washed alongside two other shirts
in a commercial Beko washing machine WME7247W at 30 °C for 49 minutes with
a 1000 rpm spin dry. A total of 3 wash cycles is reported.
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3.6.1 Results and discussion

All the circuits (both the LED and the resistor circuits) survived the first wash
with all components still well attached. The LED circuits were still functional as

well. No noticeable break in the interconnect lines was observed.

The second wash resulted in the failure of the component — interconnect (C-I)
adhesive bond and cracks in both the encapsulation and interconnect layers of some
of the circuits. In circuit 1, the unsewn black power cable as shown in figure 3.16a
was weakened and almost peeled off. Although the LED circuit was still functional
when powered as shown in figure 3.16b, small cracks were also noticed along the
silver interconnect just around the mounted LED but the TPU encapsulation

appeared unaffected.

Crack along interconnect

Figure 8.16: LED circuit 1 after 2* wash

LED circuit 8 completely failed after the second washing. A crack (location 1, figure
3.17) in the in the encapsulation which also led to the split the interconnect path
just between the mounted resistor and the LED was observed. The TPU
encapsulation became brittle largely due to its water absorption [95]. Another crack,
(location 2) which was seen just at end of the encapsulation. The encapsulation

layer peeled off the fabric hence peeling the interconnect layer with it.
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Figure 3.17: Crack Locations in LED circuit 8 after 2" Wash

The brightness of circuit 2 reduced after the second washing (by observation). This
likely resulted from an increase in circuit resistance and poor contact between the
power terminals and the components. It was difficult to measure the circuit
resistance since it was encapsulated. Other LED circuits (7 and 9) remained

functional.

Figure 3.18: The resistors in circuit 3 still firmly attached after 2" wash but with discontinuity

along the silver conductor

The C-I adhesive bond in some of the un-encapsulated circuits were also weakened.
In circuits 4 and 6, the solder at one leg of the resistor terminals was broken unlike
in circuit 3, where all resistors remained firmly attached but with broken conductive

track, as in figure 3.18.

The third wash severed the already weakened connection of the unsewn black cable
in circuit 1. In addition, a crack was also observed in the area between the resistor
and the LED due to the break in the encapsulation. However, the components still

remained firmly attached to the circuit, figure 3.19.
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Broken Encapsulation

and Interconnect

Black cable for power supply
completely detached

Figure 8.19: Crack Location in circuit 1 after $* Wash

Similarly in circuit 7, the blue power cable, figure 3.20 was peeled off the
interconnect contact pad despite being sewn to the fabric. This failure is largely
due to the weakening of the encapsulation layer and also can probably be as a result

of poor soldering of the wire to the contact pad before encapsulation and sewing.

Peeled Encapsulation
around LED

Detached power cable

from contact pad

Figure 3.20: Faults in circuit 7 after 3 Wash

The components and the power cable in circuit 2 were still firmly attached after
the third wash however the LED became even dimmer than it was after the 2
wash. Probable causes for this include the further increase in circuit resistance and
weakening in the contact or jointing between the LED and its printed terminals.
For the three washes, the square LED circuit, circuit 9 remained functional with
all components firmly attached and the LED lighting very bright as in figure 3.14.
In this case, the soldering appeared to have been better and circuit well
encapsulated unlike the others which might be a reason for its survival. The
resistors in the un-encapsulated circuits 3, 4 and 6 remained as they were after the

second wash.
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Circuits 5 and 10 have not been studied because their components removed before

washing started. This happened because they were not encapsulated hence they

peeled off during the delamination of the fabric substrate from the alumina tile.

Table 3.7 summarises the wash test results as follows:

Table 3.7: Summary of wash test results

Circuits Type Encapsulated Result
1 LED circuit Yes Power cable weakened after second wash but failed
completely after the 3 wash. Encapsulation also
cracked after 3 wash.
2 LED circuit Yes Circuit survived three washes but LED lighting
became very dim that it was barely seen.
3 Resistor No Resistors remained attached after the 2" wash but
circuit cracks were noticed along the silver tracks.
4 Resistor No Adhesive failed at one of the two terminals of the
circuit resistor that was bonded to the circuit.
5 Resistor No Failed before washing during the delamination of
circuit fabric from the alumina tile
6 Resistor No Resistors remained attached after the 2" wash but
circuit cracks were noticed along the silver tracks.
7 LED circuit Yes Failed after the third wash due to the peeling of the
power cable from the circuit.
8 LED circuit Yes Failed after the 3 wash due to a crack in the
encapsulation layer and in the silver tracks
9 Square LED Yes Survived the three wash cycles. Circuit appeared to
circuit be better encapsulated than the others.
10 Square No Failed before washing during the delamination of
resistor circuit fabric from the alumina tile

The table showed that encapsulated circuits lasted until the third wash before

failing completely unlike the un-encapsulated circuits that failed only after the

second wash. While most of the encapsulated circuit failed after the 3" wash mainly

due to the poor water proof property of the Fabink UV-IF-1 encapsulation, the

results however indicate the importance of a proper encapsulation to the durability

of e-textiles.
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3.6.1.1 Discussion: Problems arising from experiment

The problems identified from the wash test are as follows:

1.

Increase in circuit resistance:

A continuous increase in circuit resistance not only introduces design
challenges but also degrades the electrical characteristics of the circuit as
evidenced by the dimmed LED lighting observed in circuit 2 after the 2™

and 3 wash cycles.
Water absorption of interface and encapsulation material:

The experiment demonstrated the importance of encapsulations for printed
circuits having recorded 100 % failures for un-encapsulated circuits (circuits
3, 4 and 6) after the 2! wash cycle, figure 3.18. While encapsulated circuits
performed better, the water absorption of the encapsulation material
initiated other failures. The Fabink-UV-IF-1 encapsulation have been shown
to absorb roughly 20 % of water when completely immersed in it [95]. This
in turn makes the material brittle and prone to cracking as shown in figure
3.17. It also weakens its interfacial bond with the underlying surface which

can potentially break the electrical continuity within a circuit, figure 3.19.
Interfacial failures at the joints:

This largely occurs between power cables and printed terminals, and
components and printed terminals. The threading and encapsulation of the
power cables to the substrate have shown minimal failure rate by limiting
the stress induced at the joint between the cable and the printed terminals.

Only one of the four tested circuits (circuits 2, 7, 8 and 10) failed.

To minimize failure of the adhesive bonding the component (LED or
resistor) with the printed terminals, a Fabink-UV-IF-1 glob-top
encapsulation was dispensed across the joints. However, the glob-topping
proved to be a temporal solution to encapsulating components due to failures
arising at its interfaces which results in the peeling of the glob-top and/or
with the breaking circuital lines, figure 3.20. Other recorded failures were
largely due the weakening of the adhesive strength of the silver-loaded epoxy
adhesive by the washing stresses and/or the failures along on encapsulation

which translate into these joints. The silver loaded epoxy used in this work
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had an adhesive shear strength between 70 — 140 kg/cm? [137]. This suggests
conductive adhesives that provide a better adhesive strength will be crucial

for integrating components on printed circuit.

3.6.1.2 Proposed solutions

To address the problems the following solutions are proposed:

1.

Printing on the neutral axis:

From the review in chapter, it can be concluded that the resistance of a
circuit increases when the conductive path (i.e. interconnection) is subjected
to stress. In multilayer printed composites such as the LED circuits, the
magnitude of the induced stress will vary across the printed layers especially
as the composite flexes or bends. Conductors must therefore be carefully

located in the region of minimal stress within the printed composite.
Waterproof interfaces and encapsulation:

Kai et al. [95] reported a new and highly hydrophobic polyurethane material,
Fabink UV-IF-010 that absorption rate of 0.3 % when fully immersed in
water. However, the material has a lower surface energy than the Fabink
UV-IF-1 and therefore materials other than the Fabink-UV-IF-1 will not
strongly adhere to it. This means a thin layer of the UV-IF-1 must be printed
to improve adhesion. This changes the structure of the e-textile from a four
layer composite (FLC) to the six layer composite (SLC) structure in figure
3.21.

ENCAPSULATION LAYER

ADHESION LAYER

INTERCONNECT LAYER

ADHESION LAYER

INTERFACE LAYER

Figure 5.21: Cross section of the siz layer composite (SLC) e-textile

3. Anisotropic adhesives:

The use of the isotropic silver loaded conductive adhesive meant that the

components could only bonded to the substrate at their contact pads
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3.7

therefore leaving a considerable portion of the component un-bonded. In
bonding the entire bottom area of the component, its adhesion can be
improved. Anisotropic adhesives offer this advantage since their
unidirectional conduction allow them to be applied to the entire component
area other than the contact pads. Therefore the anisotropic adhesive Elecolit
3061 supplied by Eurobond Adhesives Limited will be used be in further

experiments.

Conclusions

This chapter investigated the durability of screen printed circuits by
subjecting fabricated samples to a wash test. The results indicated that
encapsulated printed circuits showed better durability against washing

unlike un-encapsulated circuits.

However, to improve on this durability, it is still important to understand
the mechanical actions of a fabric in a washer and separately examine the
effect of each mechanical action on the durability of e-textiles. Yun et al
[116] categorised these mechanical actions into three fabric movements
consisting of sliding, falling and rotation. These movements especially the
falling action impact the loaded fabric by flexing (or bending) it and also
ensure that the fabric is properly immersed in the detergent solution during
washing [115, 116].

Consequently, the next chapter focuses on improving the durability of

printed circuits against a bending action of a printed e-textile.
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CHAPTER 4
NEUTRAL AXIS ENGINEERING OF PRINTED
E-TEXTILES

4.1 Introduction

This chapter attempts to improve the durability of printed e-textiles in bending by
investigating the positioning of electrical interconnections on or in close proximity
to the neutral axis, NA of e-textiles where they will experience zero stress. It
examines the applicability of the classical beam theory (CBT) in calculating the
thicknesses of the different layers contained in e-textile structure depicted in figure
3.21 that are needed to position the interconnect on the NA. It also evaluates the
effects of the elastic and geometric properties of the different layers contained in
the e-textile on the NA position and the stiffness of the e-textile. The NAs
calculated from the CBT model based for a three and four layer composite structure
of Kapton and polyester cotton fabric are experimentally verified by measuring the
resistance change in bending of the strain gauges screen printed on these NA

positions respectively.

4.2 The concept of the neutral axis: The beam theory

The preceding chapters indicate that the stresses induced in printed e-textiles
during use cause mechanical failures and a degradation of the electrical resistance
of the printed electrical interconnections after at least three cycles of washing and
bending. Nevertheless, this degradation can be minimised by positioning their
electrical interconnections on the NA of the e-textile; a point within the e-textile

where all normal strains and stresses are non-existent based on CBT [138].

However the CBT model simplifies the mechanical behaviour of a beam to only
pure bending and assumes that shearing deformation and beam deflections are
negligible. But depending on the loading and geometric structure of a fabric,
mechanical properties such as tensile extensibility, shearing, bending and twisting
can be exhibited by a fabric [105]. While the stresses consequent of these mechanical

properties may influence the mechanical behaviour of screen printed e-textiles, the
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assumptions of the CBT are also extended in this work for modelling screen printed
e-textiles for initial investigations. This reasoning is based on review in section 2.3
which identifies the bending stress (comprising of tensile and compressive stresses)
as the primary stress to limit the durability of such e-textiles. Therefore to assess
the suitability of beam theory to e-textile design it needs to be decided whether or
not printed e-textiles comprising a fabric substrate and some printed polymeric

layers can be treated as beams?

A beam is defined by Huston et al. [139] as any structure whose length, [ is an order

of magnitude (i.e. 10 times) larger than the cross sectional dimensions, that is;

| >10y and | >10x (4.1)

Where y and z represent the height (depth) and width of the beam respectively.
The screen printed e-textiles reviewed in section 2.2.2.5 fall within this definition.

So a printer fabric can be considered to be a beam.

Further when in use, fabrics are also subject to any, or a combination, of the three

principal loadings theoretically associated with beams:

i.  Axial or longitudinal loads, in which case the beam experiences either

compression or tension
ii.  Transverse loads which subjects the beam to bending
iii.  Torsional loads which twists the beam.

Hence before fabricating an e-textile, it is imperative to know its NA position during
the e-textile design so that interconnects can be printed on, or close to, the NA
during fabrication. This model will also be useful for rapid prototyping of printed

e-textiles.

4.2.1 Importance of the neutral axis to e-textiles

Although this work primarily focuses on using the beam theory to locate the NA of
screen printed e-textiles, the stress distribution across the constituent layers of the
e-textile is also investigated. This is particularly relevant when the functional or
active layer needs to be optimised for maximum stress response. This is the case
with energy harvesting e-textiles such as piezoelectric shoe insoles or carpets where

the piezo-layer must be located as far as possible from the NA to harvest maximal
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Figure 4.1: The neutral axis of a multilayer beam

energy. Also in the design of e-textiles containing more than one functional layer,
this also helps in optimising the positions of these layers for desired stress response.
4.3 Locating the neutral axis of a printed e-textile

The e-textile in figure 3.21 can be approximated to a multilayer beam shown in
figure 4.1 whose NA, Y is the interconnect layer. If Y is chosen such that the

position of other layers in beam are measured relative to it, then from Ballas’ model

[140] on piezoelectric multilayer beams, Y can be obtained using (see appendix B.1):

) iZ:Eixihi [2§hj—hiJ

Zzn: E;x;h,
i=1

y

(42)

Where FE;, z; and h; represent the elastic modulus, width and thickness of the 7™

layer of the beam respectively.

4.3.1 The method for measuring the elastic modulus of materials

A tensile test is one of common industrial techniques for measuring the elastic
properties of materials [141]. It involves applying a controlled tension or force on a
clamped material, with the equipment shown in figure 4.2, until it fails. In the

linear regime of its stress-strain profile shown in figure 4.3, elastic deformation
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(b) After unloading

(a) Before loading
Figure 4.2: Tensile testing of Kapton on Tinius Olsen’s H25KS benchtop tester

occurs. The slope of the graph gives the elastic modulus of material which is based

on Hooke’s law of elasticity given by equation 4.3.

Force, F
g _ Stress,o _ Crosssectiopal Area, A _ Fl (4.3)
strain, & extension, s As
~length, |

In the second regime, viscoelastic deformation occurs in which case the fabric slowly
returns to its initial length after unloading for a certain relaxation time. In the

third phase, the fabric permanently deforms before it eventually breaks [143].

A
Polymers [142] Yarn [143] Woven Fabric [143]
gj\ /' lll Ill
= /! L. ,’I 1. 1. L S IL I
/, 1
Zﬁ R :3/ /? ?
é <) // f 5’1 Break :‘7 Breals
2 7 Ultimg - S 5
N imate Break S o .
OBQ Tensile Stress &/ Yield Point § Yield Point
B Q)@ \,‘V% QO
§ &5 &5
S E
Y S
1

Strain, € (%)

Figure 4.3: Stress-strain diagrams of different materials

Dumb-bell shaped specimens are typically used for tensile testing. But based on the

BS EN ISO 13934-1:1999 standard for the tensile testing of fabrics and, the ASTM

D882 and EN ISO 527-3 standards for the tensile testing of thin plastic strips that
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Figure 4.4: Description of specimen for tensile testing

are less than 1 mm thick, rectangular specimens were used. This is because the
materials to be tested fall within the specification of these standards. The

rectangular strip as shown in figure 4.4, is divided into three sections namely:

i.  Grip _sections: These sections provide clamping for the specimen to be

tested. The lower clamp is usually fixed while the upper clamp is movable
which allows for tension or compression stress in the material when moved

up or down.

ii. Gauge section: The change in length of the gauge section gives the

extension in the material after the test.

Tensile tests are unsuitable for some thick film materials that are fragile and hence
easily prone to cracking such as the 100 pm thick Electrodag PF 410 silver

conductor shown in figure 4.5.

Figure 4.5: Cracks on a 100 um thick Electrodag PF /10 silver on Kapton

The nano-indentation technique is one way of measuring the elastic modulus of
such coatings [123]. During the indentation process, the tip of the indenter indents
the material surface with a loaded force and penetrates into the sample to a certain
depth, shown in figure 4.6. Both parameters are recorded as a function of time to
obtain the load — displacement plot for the sample. However, the modulus measured

in this way is referred to as a reduced modulus, E, which is related to the elastic

moduli, F'and E, of the material and indenter respectively by [144]:
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Figure 4.6: The Berkovich Indenter [145]

1 1y N 1-0v° (4.4)
E E, E '

r

Where v and v, are the Poisson ratios of the material and indenter respectively.

4.3.2 Elastic modulus measurement of materials in the e-textile

The Tinius Olsen’s H25KS benchtop tester, pictured in figure 4.2 was used to obtain
the elastic modulus of the materials shown in Table 4.1 except for Fabink-TC-
PolyPR1 which was indented with the Berkovich nano-indenter in figure 4.6
because of its brittleness. The polymer samples for testing were stencil printed
(screen printing with an unmeshed screen) on a poly-tetra-fluoroethylene, PTFE

substrate which enabled them to be easily removed after curing.

Table 4.1: Elastic modulus of materials

Classification Materials Thickness | Width | Gauge | Overall | !Average Elastic
length | length modulus, F

Substrates Bari fabric 324 pm 3 cm 55cm | 10 ecm | 400 + 20 MPa

Kapton 75 pm 3+ 0.5 GPa

Fabink UV-IF-1 250 pm 2 cm 3.5 cm 8 cm 100 + 30 MPa

Polymers | paphink UV-IF-010| 285 ym 2.8 + 1 MPa
Fabink TC-
PolyPR1 100 pm | 10 mm 10 mm 3.25 + 0.9 GPa

! Elastic modulus was averaged over five samples.
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The dimensions of the tensile tested materials are given in Table 4.1 and these were
chosen to easily suit the sample holders of the tensile equipment. Five samples of
each material were tested to minimise measurement errors. Their elastic modulus
values, correct to the tolerances shown in Table 4.1, were calculated from the force-

extension profiles shown in figure 4.7 using equation 4.3.
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Figure 4.7: Force - extension profiles of substrate and polymer materials

The reduced modulus of the Fabink-TC-PolyPR1 was automatically calculated by

from the nano-indenter after twenty indentations. This equals the elastic modulus

76



Chapter 4: Neutral azis engineering of printed e-

textiles

of the material in equation 4.4 under plane strain conditions for the thin layer (i.e.

v = 0) since the diamond indenter has high modulus of 1.141TPa [146].

4.4 Numerical modelling of the neutral axis of a printed e-textile

For simplicity, the layers of the e-textile are assumed to be of equal width, z which
can be the case when the e-textile is not necessarily desired to be completely
waterproof (i.e. water can penetrate slightly from the sides). Therefore equation 4.2

becomes:

; X =X (4.5)

This reduces the parameters for calculating Y to F and h. An understanding of the

relationship between these parameters and the NA position pre-informs the choice

and range of materials that can be used to easily:
i.  Position the interconnections on the NA of an e-textile during fabrication.

ii. Optimise an e-textile without significantly compromising its textile

properties such as flexibility during fabrication.

Table 4.2: Initial material properties of a multilayer beam on Kapton substrate

Classification Sub-layer Material Elastic Initial
Modulus Thickness

Substrate Kapton E, | 30GPa | h | 75 pm
Interface, Fabink UV-IF- 010 E, | 2.8 MPa | hy | 15 pm

Bottom la
ovtom fayer Bottom adhesion |Fabink UV-IF-1 Es | 100 MPa | hy | 15 um

Piezoresistive carbon paste,

Interconnect Interconnect Fabink-TC-PolyPR1 E; 13.25 GPa| h; | 5 pm
layer
Top adhesion Fabink UV-IF-1 E5; 100 MPa | h; | 15 um
Top layer Encapsulation Fabink UV-IF- 010 E; | 28 MPa | hs | 15 um
Interconnect position Neutral axis position
110 pm 43 pm
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This understanding is enabled by a numerical analysis of equation 4.5 which was

undertaken in MATLAB to investigate how the independent changes to the F and

h values of each layer will affect the NA position of the e-textile. The values of £

and h, that will place the interconnect on the NA are also investigated. These values

are called the optimised elastic modulus and thickness values respectively. First,

the initial material properties of the e-textile are defined in Table 4.2. To avoid the

irregular mechanical properties of woven fabrics reported in [94], Kapton was used

as the substrate. The interconnect layer is 105 pm from the substrate and 62 pm

away from the NA which is located 43 pm from the substrate as calculated from

equation 4.4.
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Figure 4.8: The NA and interconnect positions at different (a) substrate, (b) interface and (c)

bottom adhesion thickness values using initial elastic modulus values.
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4.4.1 Effect of the thickness and elastic modulus values of the

bottom and interconnect materials on the neutral axis

The increase in the thicknesses h;, h. and hy of the substrate, interface and the
bottom adhesion layers separates the NA from the interconnect position as
respectively shown in figures 4.8 (a, b & ¢). The blue and red lines represent the
positions of the layer whose thickness is modified and the interconnect in the e-
textile. Similar divergence is also observed with increasing values of E;, the
substrate elastic modulus, and decreasing values of E,, Ej and FE, of the interface,
bottom adhesion and interconnect materials respectively as shown in figure 4.9 (a,

b, ¢ & d). Conversely, the distance between the NA and the interconnect layer

reduces.
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Figure 4.9: Effect of varying the elastic modulus of (a) substrate (b) interface (c) bottom

adhesion and (d) interconnect layers on the neutral axis position with the layer thickness

unchanged.
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For locating interconnects on the NA, these results imply either:

(a) A replacement of the substrate with an elastomeric polymer whose elastic
modulus in the order of £< 0.1 MPa [147]. For example the distance between
the NA and the interconnect layer reduces to 3 pm as F; — 0. While such
polymers maybe flexible, they lack the textural feel of textiles.

(b) A replacement of any of the interface, bottom adhesion and interconnects
materials with stiff materials in the order of F > 320 GPa which typify
materials like ceramics, metallic alloys and glasses as shown in figure 4.10
[148]. Using such materials will trade-off the flexibility of the e-textile.
Figure 4.9 also discounts this approach because the reduction in the NA —
interconnect distance from 43 pm when E, = 100 MPa and E; = 3.25 GPa,
to 10 pm when FE, increased to 320 GPa or to 29 pm when E; = 555 GPa
indicates that the interconnect can still be located away from the NA after
using such high elastic modulus materials and at thicknesses as small as
15pm. In contrast to their initial values, the high values of the final E, and
E, also shows that the increase in stiffness of the bottom layer materials is
not necessarily commensurate with the rate at which the NA-interconnect

distance reduces.
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Figure 4.10: Elastic modulus (stiffness) values of common materials [1/8]
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4.4.2 Effect of the thickness and elastic modulus values of the top

layer materials on the neutral axis

Figure 4.11 (a, b) shows that positions of the NA and the interconnect layer become
exactly the same when the thickness of the top adhesion, h; or encapsulation, hy,
reaches the optimised value respectively. This occurs at the intersection between

the NA and interconnect lines when h; = 550 pm and hs; = 3300 pm.
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Figure 4.11: Effect of varying in thickness of (a) top adhesion and (b) encapsulation layers on the neutral

azxis position, with the elastic modulus unchanged.
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Figure 4.12: Effect of varying the clastic modulus of (a) top adhesion and (b) encapsulation layers on the

neutral axis position, with the thickness unchanged.

Since the top adhesion material, E; = 100 MPa is stiffer than the encapsulation
material, F; = 2.8 MPa, it can be concluded that by using a reasonably stiff polymer

to encapsulate an interconnect, the optimised encapsulation thickness can be
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significantly minimised. This is evidenced by the optimised value of hs; which is
2750 pm less than that of hs This also ensures that the total thickness of the e-
textile is curtailed to a practical minimum as best as possible. Figure 4.12 (a, b)
also shows that when F; = 50 GPa or F; = 150 GPa, the optimised values of h;
and hs can both be as small as 15 pm. Since these modulus values typify rigid
materials as is shown in figure 4.10, it is still essential to optimise the e-textile for
optimal flexural stiffness. This compromises between achieving small optimised
encapsulation thickness with polymers of elastic modulus as high as 100 MPa <FE <
10 GPa and high optimised encapsulation with polymers of elastic modulus as low

as E < 2.8 MPa. This is discussed in much detail in section 4.5.1.

4.4.3 Inferences from the numeric modelling of the neutral axis

e The thicknesses of the sub layers contained in the bottom layer as described
in Table 4.2 should be low as practically possible. At high thicknesses, the
interconnect layer drifts further away from the NA as shown in figures 4.8

(a, b &c).

o [t is better and easier to modify the thicknesses of the sub-layers in the top
layer of the e-textile than those of the bottom layer. This is portrayed in
figures 4.8 ¢ and 4.9 ¢ where the interconnect layer was not positioned on
the NA despite increasing the thickness and elastic modulus of the bottom
adhesion layers to 700 GPa and 1 mm respectively. This is contrasted in
figure 4.11 where the interconnect layer was positioned on the NA by only
increasing the thickness and elastic modulus of the top adhesion layer to 100

MPa and 0.55 mm respectively.

e The more elastic the fabric (or substrate) is, the lower the top layer thickness
required to engineer the interconnect layer on the NA. Figure 4.9a showed
that as the elastic modulus of the substrate is reduced down to the order of
FE < 0.1 MPa, the optimised thickness of the top adhesion and encapsulation

layers which constitute the top layer were each still as small as 15 pm.

e The stiffer the materials in the top layer, the lower the optimised thickness.
When elastomers (E <1 MPa) are used, the optimised thickness can be as

high as 3.3 mm and for higher elastic modulus polymers (100 MPa < £ < 10
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GPa) such as thermoplastic polyurethanes i.e., optimising thickness of less
than 0.55 mm are achievable depending of the elastic properties of the

bottom layer [147].

e The e-textile should be optimised for minimal flexural stiffness when
choosing between using stiff and elastic materials for the sub layers of the

top layer.

4.5 Analytical modelling of the neutral axis of a printed e-textile

This analytic model characterises the elastic behaviour of the top and bottom layers
of the e-textile making it possible to calculate the values of E and h for the materials

in the top layer.

Consider a bilayer material whose bottom and top layers are bounded by the neutral

axis. If Egand E,represent the elastic modulus of these layers, and Hy and H,

their respective thicknesses, then these parameters can be related by [120]:

H, \Ex Hg (4.6)

Equation 4.6 is explained in figure 4.13 by showing how the optimised thickness
and elastic modulus of the top layer can be chosen relative to a bottom layer of

known elastic property i.e. thickness and elastic modulus of the bottom sub-layers.
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Figure 4.13: Relationship between the elastic modulus and thickness of top Layer
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In comparison with the e-textile classifications in Table 4.2, the bottom and top
layers of the bilayer are further divided into “¢” and “n-q” sub-layers whose elastic

properties are effectively characterised by E; and E, using equation 4.7. This was

derived from equations 4.5 and 4.6 as (see appendix B.2):

i-1 =1 Hg
h

i=1
E,= Z Et [2 z t, —ti); {Z t=1, t=—"1 (4.7b)
i=g+1 j=0g+1 i=g+1 H A

Where E;, h and t,are the elastic modulus, thickness and thickness ratio of the "

layer in the e-textile respectively.
The values of E; and E, are defined as:

Es € {Epvn By} (4.8a)
Exe{Eqpr By} (4.8b)

The equation for calculating the optimised thicknesses of the sub-layers is derived

from equation 4.7 as follows:

\ . . Es . E . -

=Y et| 2D t-t | Jeg=—=2; eg=—";V i<q, (4.9a)
i=1 j=1 1 E1
C i . EB . Ei . H

e =Y et|2) t -t |; {e,= ==, g=—"; V q+1<i <n, (4.9b)
i=gq+1 j=0+1 E1 Eq+1

Where ¢ and t,are the elastic modulus and thickness ratios of the sub-layers, and
e, and e, are the elastic modulus ratios in the bilayer material as defined in

equation 4.8.

For example:

By assuming the empirical values of E and h for the sub-layers in the six layer
composite (SLC) e-textile are as defined in Table 4.1, then the optimised thicknesses

for materials in the top layer can be obtained from equation 4.9b by:
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e,—e
t. = A6 410
° 1-g, (4.102)
e,—¢
t= 1-— [-A_6 4.10b
° 1-e, ( )
So that:
t.xH, (4.11a)
hy =txH, (4.1lb)

Note: Equations 4.9 and 4.10 assume that the interconnect layer is the neutral axis

and has a negligible thickness so that hy = t;, = 0.

Setting Hz = 105 pm, then from (4.7a), E;= 2.76 GPa.
Inserting H, and Eginto (4.6), we get H, = 712 pm.

Based on equation 4.8 and the inferences in 4.4.3, the elastic moduli of the top layer
materials should be chosen close to the higher modulus material so as to reduce the

optimised thicknesses of the top layer and e-textile. Here E,= 60 MPa.
From equation (4.9b), we get e,= (E,/E;) = 0.6; ¢, = (E;/E;) = 0.028.
Inserting e, and e, into (4.11), we obtain t;= 0.767; t;= 0.233

So that h, = 546 pm and hy= 166 pm.

The calculated optimised thicknesses for other chosen values of E, indicate that as
the value of E, increases, the optimised thickness value is reduced as shown in
Table 4.3 when the E, and H,values are compared. The table compares the

stiffness of a SLC e-textile before and after the optimisation of the elastic moduli
and thicknesses of its bottom and top layer materials. The table is divided into
three sections - the initial material property, the various elastic modulus only and
thickness only variations of the e-textile. The elastic modulus only section shows
the optimised elastic modulus values of composites 2-5 while the thickness only
section shows the optimised thicknesses of composites 6-10. A comparison of the
flexural stiffness values of the optimised composites using equation 4.12 shows the

beam stiffness is always increased after a composite has been optimised.
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Table 4.3: The normalized flexural stiffness (where width, z = 1pm) of a six-layer e-textile. The asterisked cells represent the parameter changed. In composites 1 and 3, the

interconnect layer is still away at the neutral axis position.

Total Apparent Beam
Bottom layer Neutral axis Top layer Modular ratio Thickness Thickness ratio Modulus Stiffness
Top Bottom Top Bottom Top layer Bottom Top Top
Substrate Interface Bottom adhesion Interconnect Adhesion Encapsulation Layers Layer Layer Layer Layer Bottom layer Layer
1n h 1 he L5y hs 1L ha I hs 1 he e e € Hsy Ha t b ts ts ts Ep Ea EI
(GPa) | (pm) (MPa) (nm) (MPa) (nm) (GPa) (nm) (MPa) | (um) (MPa) (nm) (x10°%) (x10°%) (x10°%) (nm) (nm) (GPa) (MPa) pNm?
Initial Material Properties (Calculated Neutral Axis = 43um)
3 75 2.8 15 100 15 3.25 5 100 15 2.8 15 0. 933 33.33 28 105 30 0.714 | 0.143 | 0.143 0.5 0.5 - - 431
Elastic Modulus Variation Only
*3 933.3 33.33 2.21x10°%
x1073 2.8 100 2.8 x10? 28 27.1 0.25
100
3 *300 x10° 100 2.8 x10° 33.33 28 - - 529
*150 37.5
3 75 2.8 15 100 15 3.25 5 “10° 15 2.8 15 0. 933 33.33 0.02 105 30 0.714 | 0.143 | 0.143 | 0.5 0.5 2.76 «10° 591
*50 500 37.5
3 2.8 100 x10% 0. 933 33.33 x10? 2.76 x10? 816
Thickness Variation Only
15 *3300 105 3315 0.005 | 0.995 2.76 2.77 34,423
*474 #1270 180 1744 0.272 | 0.728 2.76 10 8823
3 75 2.8 15 100 15 3.25 5 100 *532 2.8 *475 0. 933 33.33 28 120 1007 0.714 0.143 | 0.143 | 0.528 | 0.472 2.76 30 6253
*546 *166 120 712 0.767 | 0.233 2.76 60 6033
*550 15 105 565 0.973 | 0.027 2.76 95.23 H981
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textiles

El= 23 Exh’ (4.12)
124

ET is the flexural stiffness and [ is the moment of inertia of the e-textile which is a

measure of its resistance to rotation about an axis.

For example, the normalised stiffness (i.e. when z = 1 pm) of the un-optimised
composite 1 is 431 pNm? at a total thickness of 135 pm. Results from modifying
only the elastic modulus of the bottom layer materials show about 90 % increase
in the initial stiffness and this will require printable polymers of £ > 50 GPa which
is currently impractical because polymers only have elastic modulus defined within

the range F < 10 GPa as shown in figure 4.10.

These results from the thickness modification of the composites indicate that
although highly elastic materials like the encapsulation material, UV-IF-010, with
E = 2.8 MPa are characteristically flexible, they require very high optimised
thicknesses up to 3.3 mm for the NA engineering of an e-textile. This significantly
increases the resultant stiffness and thickness of the e-textile. For example, the

optimised encapsulation thickness in composite 6 (where hy= 3300 pm) increases

the initial stiffness by almost 80 times and also increases the initial composite
thickness by more than 25 times. This contrasts the results for composite 10 (where
h,= 550 pm), whose the optimising encapsulation thickness increased the initial
composite thickness and stiffness to only 5 and 14 times the initial values. This
shows that stiff polymeric materials like the top adhesion, UV-IF-1 with F = 100
MPa are better; requiring lower optimising thickness that only reasonably increases
the total e-textile stiffness and thickness as in composite 10, relative to high increase

from using elastic polymers as in composite 6.

4.5.1 Stress optimization of an e-textile

The normal stress on the “i” layer in a multi-layer beam is given as:

E{ "i‘l " —9} (4.13)

r

Where o;and ¢ are the normal stress and strain in the " layer, and “r” is the

bending radius of the beam.
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Table 4.4 gives the stress values across the layers of the differently optimised e-
textile composites in Table 4.3 when bent at 7 = 5 mm. The resulting stress profiles
are illustrated in figure 4.14. Since the neutral axis position is independent of the
bending radius, r of a beam, as shown in equation 4.5, r = 5 mm bending radius
was chosen for the modelling and the experiments based on the literature review.
At this radius printed conductors on woven fabrics show significant response to
bending stress [94]. The profiles in figure 4.14 depict zero stress on the interconnect
layer for optimised composites 2 - 10 which contrasts with the bending stress of

1.21 MPa that it experienced in the un-optimised composite 1.

160 A 160~
= 140 1 T 140
g - 2
z Top layer 120 4 Top layer
g Interconnect, X

__________ L ___ || Interconnect ____.
= 100 ~ e ST
2 g Neutral axis /
j ]0 4 —;; Interconnect laver
= =
e ’-.J
@ Bottom laye_r< 60 1 s 60 4
% _________ | - 4 ~beZ - - - - Neutral axis _ é- — Bottom layer
g / s 10
O 20
20 =
r T I_ G T T 1
-30 -20 -10 0 10 20 30 f T T T T T T !
-04 -03 -02 01 0 01 02 03 04
Distributed stress (MPa) Distributed stress (MPa)
(a) (h)

Figure 4.14: Stress distribution within (a) composite 1 {(b) composite 2 due to r = 5 mm. The steps in

the graph shows the transition between layers

The stress profiles also show the maximum stress that can be induced in the layers

of the composite during bending which is important for:

i.  Identifying and limiting potential locations of failures or cracks in the e-

textile before fabrication.

ii. Estimating the maximum bending radius that an e-textile can survive.
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Table 4:4: Minimum and maximum stresses across the layers of different e-textiles at a bending radius of 5 mm. The interconnect layer/ neutral axis,

layer 4 has been omitted since it has zero stress. The negative sign show compressive stresses while asterisked cells have inputted units and values.

Layer 1 Layer 2 Layer 3 Layer 5 Layer 6
E-textile Kapton Substrate UV -~ IF - 010 UV -1F-1 UV -~ IF - 010 Polyurethane (39)
Composites N
Min. Max UTS Min. Max. UTS Min. Max. UTS Min. Max. UTS Min. Max. UTS
(MPa) (MPa) (MPa) (kPa) (kPa) (MPa) (kPa) (MPa) | (MPa) | (MPa) | (MPa) | (MPa) (kPa) (kPa) (MPa)
Stresses at bending radius of 5 mm
1 -29 22.6 236 -27.7 -20.1 -103 -1.3 -1.3 -1.6 -44.8 -53.0
2 18.2 (pPa) 61.7 (pPa) - 8.8 16.5 25 19.6 0.29 -0.27 0 64 -16.5 -8.2
3 3.8 47.2 =51 3.2 - -0.46 x10° 02 -0.76 -0.48 -29.9 217 2
x10° x10°
4 -40.3 8.8 - -16.3 -8.1
5 18.4 61.9 8.9 16.6 255 0.30 -0.27 0.006 64 -291 x10° -144 x10° -
236
- 64
6 2 -0.29 -1820 8.8
7 -9.3 -957 -261
8 17.6 61.7 8.2 15.9 *265 pPa 027 -104 -19.6 64 -552 -292 25
9 107 | <107 301 -300
10 -10.8 -310 -302
Stresses at bending radius of 1.3 mm and 1.2 mm respectively

10 64.1 224 29.9 57.8 *965 pPa 1.0 -39.1 -0.07 -1098 -1126
10 69 241 236 322 62.2 25 *1 nPa 1.1 64 -42.1 -0.08 64 -1212 -1182 25
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4.5 Analytical modelling of the neutral axis of a printed e-textile

Also, the maximum induced stress in any layer is shown to increase as the layer
thickness increases and as the bending radius of the composite reduces as shown by
the stress values in Table 4.4. This prohibits the use (i.e. screen printing) of
thicknesses or bending radii that make the maximum bending stress in any layer
greater than its ultimate tensile strength/stress (UTS), i.e. the maximum stress it

can withstand.

F
UTS = & 414
B} (419)

Where F,.. and A are the maximum force at breaking point and the initial cross
sectional area of the material respectively. It should be noted that equation 4.14
gives the engineering stress on the material which is only an exaggerated measure
of the true stress on the beam. To calculate the true stress, the final cross sectional
area of the beam at the point of failure will be required and this can often be
difficult to obtain [141].

Since composite 10 showed the lowest flexural stiffness, the minimum bending
radius it could survive was investigated. Theoretically it can survive up to r = 1.3
mm below which the induced stress in the Kapton substrate, 241 MPa at r = 1.2
mm will become greater than its UTS value of 236 MPa which was obtained from

its tensile test using equation 4.14.

4.5.2 Quantifying the strain in an e-textile due to bending stress

The strain induced in any layer from a bending stress can be estimated by exploiting
the piezo-resistive properties of strain gauges which enable them to change their
electrical resistances upon an applied strain. Strain gauges can be empirically useful

for locating the neutral axis of an e-textile.
The relationship between the applied strain, € and the change in electrical
resistance, AR of the gauge is given by:

_AR/R
&

GF

(4.15)

Where GF is the gauge factor which is a measure of the sensitivity of the transducer

to an applied strain.

90



Chapter 4: Neutral azis engineering of printed e-

textiles

4.6 Experimental validation of the beam theory model on

Kapton and textile

To empirically verify the beam theory model results, piezoresistive strain gauges
were screen printed on Kapton and Bari, a polyester cotton fabric, substrates of
the same dimensions: 150 mm x 150 mm which was chosen to fit the size of sub-

holder of DEK 248 semi-automatic screen printer, shown in section 3.2.

In figure 4.15, each substrate is shown to contain three pairs of twin strain gauges,
SG-1, SG-2 and SG-3 whose dimensions are 5.1 cm x 2.6 cm, 6.6 cm x 6.2 cm and
5.5 cm x 2.0 cm respectively. The gauges were meandered to maximise the gauge
length and therefore change in resistance. The resistance change, AR of the gauges
during bending at a radius of 5 mm were measured to locate the NA. At the

NA, AR = 0 but during tension and compression AR > 0 and AR < 0 respectively.

Figure 4.15: Screen printed strain gauges on Kapton (left) and Bari fabric (right)

4.6.1 Fabrication process

The composites on the Bari fabric were fabricated following the printing process
described in figure 3.9. However in this case, the silver paste is replaced with a
piezoresistive paste, Fabink-TC-PolyPR1. For the Kapton composites, the Fabink-
TC-PolyPR1 ink was screen printed directly on the Kapton substrate. For both
substrates i.e. Bari and Kapton, an average gauge thickness of 5 pm was achieved

after oven curing of the ink for 5 minutes at 100 °C.
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4.6 Experimental validation of the beam theory model on Kapton and textile

Some of the gauges were encapsulated with the Fabink UV-IF-1 paste and others,
the UV-IF-010 ink which has a lower elastic modulus compared to the UV-IF-1 as
shown in Table 4.1. This was done to differentiate how these inks influence the
mechanical and electrical performances of the encapsulated gauges. In this case,
the encapsulation does not only protect the strain gauge but it also enables the
positioning of the gauge on the NA of the composite. The different thicknesses of

encapsulation printed on Kapton and Bari are shown in Table 4.5.

Table 4.5 Thickness distribution of e-textile composites of Kapton and Bari fabric

Average thickness (um)
Layer Material
Tile 1 | Tile 2 | Tile 3 | Tile 4 | Tile 5 | Tile 6
Substrate Kapton 75
Interface UV-IF-010 - - - - - -
Bottom adhesion UV-IF-1 - - - - - -
Strain gauge Fabink-TC-PolyPR1 5
Top adhesion UV-IF-1 - 18 100 200 560 -
Encapsulation UV-IF-010 - - - - - 595
Total thickness 80 98 180 280 640 675
Substrate Bari fabric 324
Interface UV-TF-010 - -1 -1 -1 -1 -
Bottom adhesion UV-IF-1 109
Strain gauge Fabink-TC-PolyPR1 5
Top adhesion UV-IF-1 40 100 200 400 600 800
Encapsulation UV-IF-010 - - - - - -
Total thickness 478 538 638 838 1038 | 1238
4.6.2 Device testing and analysis of results

The gauges were bent in negative and positive bending orientations as shown in

figure 4.16 to also ascertain if the elastic characteristics of the composite in both

orientations are the same.

Figure 4.16: Negative bending (left) and positive bending (right) orientations of the strain gauges
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Figure 4.17 shows that on Kapton, the gauge is closest to the NA in the composite
with UV-IF-1 encapsulation thickness, Hr = 560 pm during negative bending since
the smallest resistance change of AR = 2% in both SG-1 and SG-2 gauges occurred
at this thickness. This does not correlate with the Hr = 411 pm predicted by the
model having used the values Fr = 100 MPa, Ezy = 3 GPa and Hp = 75 pm in
equation 4.6.

Er=
2.8 MPa

Er= 20 1 ¢ Er=100 MPa  —p
2 8]MPa

15 7 €— Er =100 MPa —>

10 A

) I I-]‘HII 15 [1]_[111‘ 1
0 18 100 200

0 18 100 200 560 595 560 595
-5 - Hy on Kapton tiles (pm) -5 - Hy on Kapton tiles (pm)
M Negative bending M Positive bending M Negative bending M Positive bending

Change in Resistance (%)
Change in Resistance (%)
=
1

Figure 4.17: In-bending resistance changes of (a) SG -1 and (b) SG-2 strain gauges on Kapton
tiles at a bending radius of 5 mm in negative and positive bending. Two samples were averaged

for each result.

This inconsistency in the empirical and theoretical Hr values most likely ensues
from a change in the values of the elastic moduli of the printed polymers due to
changes in the ambient temperature during the fabrication process and possibly
during testing. Changes in ambient temperature have been shown to affect the
elastic modulus of materials and for polymers; the elastic modulus can increase
significantly by a factor of 10° for a temperature change of up to 30 °C [149]. This
is equivalent to a factor of 33.33 for every 3 °C change in temperature which perhaps
explains the high error margins in the elastic modulus values of the UV-IF-1 and
UV-IF-010 pastes obtained from the tensile test as 100 & 30 MPa and 2.8 + 1 MPa
respectively. Also during the fabrication process, these pastes were put through a
100 °C heat for 5 minutes to cure the strain gauges and also 14 cycles of 30 seconds
UV heating for curing the polymers. These were unaccounted for in the preliminary
tensile testing of the pastes. Hence by using the lower modulus Fr = 70 MPa, the

theoretical Hr = 525 pm which is reasonably consistent with the experiment.
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Figure 4.18: In-bending resistance changes of (a) SG -1 and (b) SG-2 strain gauges on Bari
fabrics at a bending radius of 5 mm in negative and positive bending. Two samples were averaged

for each result.

Nonetheless, figure 4.17 clearly agrees with the model that the use of stiff
encapsulations rather very elastic encapsulations minimise the thickness that is
required to engineer interconnects on the NA of composites. This is indicated by
the smaller AR in both positive and negative bending in the strain gauge with the
UV-IF-1 encapsulation, Hr = 560 pm than the gauge with UV-IF-010 encapsulation
despite its comparable thickness Hr = 595 pm.

For the composites on fabric, the model estimated an Hy = 840 pm given that the
elastic modulus of the fabric is 400 MPa; but in practice Hr = 600 pm as shown in
figure 4.18. With the lower and upper elastic modulus values of UV-IF-1 ie. Er =
70 MPa and Er =130 MPa, Hr = 740 pm and 1000 pm respectively and these are
still very inconsistent with the experiment. The inconsistency is attributed to the

following;:

i.  Fabrics are stiff in tension but very compliant in compression. Therefore
there is vast difference between their tensile and compressive elastic
properties [130]. This makes the use of the tensile modulus of the fabric in

the mathematical model insufficient to characterise its elastic behaviour.

ii.  The interface material alters the elastic properties of the fabric because the
sinking of the interface paste into the fabric limits the movement of the
loosely interlocked yarns of the fabric.
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Finally, the results also show that the NA is different for negative and positive
bending. This indicates that the elastic properties of the e-textile changes with its

bending orientation and must be considered in the subsequent mathematical model.

4.7 Conclusions

The NA of a screen printed e-textile is initially located within its textile substrate
away from the interconnect layer which must be printed on the surface the textile.
The results show that the NA is best engineered into the interconnect position by
increasing the elastic modulus or thickness of the encapsulating layers that are
directly printed above it. This ensures that the stiffness or thickness of the e-textile

is significantly increased respectively.

The optimizing values for these parameters are impossible to calculate from the
generic NA equation based on beam theory because it does account for the different
elastic properties exhibited by fabrics in tension and compression respectively. This
therefore necessitates the need for characterising the bending properties of fabric in

e-textiles to improve the model. This forms the discussion of chapter 5.
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CHAPTER 5
IMPLICATIONS OF THE BENDING
BEHAVIOUR OF WOVEN FABRICS FOR
SCREEN PRINTED INTERCONNECTIONS

5.1 Introduction

This chapter aims to correlate results from the NA equation in equation 4.5 with
empirical results by integrating the bending properties of woven fabrics obtained
from Pierce’s cantilever bending theory of fabrics into the beam theory model. An
analytical model for the bending characteristics of fabrics is initially developed to
obtain the parameter that differentiates the bending from the beams assumed in
equation 4.5. This parameter, called the asymmetric factor, is derived for four
different fabrics from Pierce’s cantilever test. The investigated fabrics are Bari (see
appendix A), Polyester, Escalade (see appendix C) and Lagonda (see appendix D).
These were selected for their use as industrial work wears and apparel garments.
The asymmetric factors of these fabrics are inserted into the analytical model to
obtain an integrated model for calculating their NA positions. The resulting NAs
are empirically verified on composites of these fabrics each consisting of a woven
fabric substrate, a thermoplastic polyurethane (TPU) interface layer, the gauge and
TPU encapsulation layers depicted in figure 5.1. The NAs are ascertained by
subjecting the composites to the same test conditions described in section 4.6. Also,

the effect of the interface layer on the elastic characteristics of the fabrics, and on

TPU Encapsulation Layer

Gauge Layer
TPU Interface Layer

Woven Fabric Substrate

Figure 5.1: Assembly of a four layer textile composite
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the correlation between the theoretically and empirically obtained NA positions are

investigated.

5.2 Modelling the bending of woven fabrics

In symmetric beams the NA naturally coincides with the central axis due to equal
tensile and compressive modulus values. In fabrics these values are unequal [110].
In pure bending, the tensile and compressive moduli of the fabric illustrated in
figure 5.2 are defined as Fr and E¢ respectively. If this modular difference shifts the
NA i.e. plane EF from the central axis, GH of the fabric by a distance 6, then the
bending strain, € on any arbitrary plane AB of elemental dA in the bent fabric is
given by [138]:

Top surface in tension

F & &
& S Bottom surface
N %0 > N : H
) & in compression ",
QZJ \\\ /// %:D
Bending AN
Moment, M

/? Centre of Curvature

Figure. 5.2: Deformation of a fabric under pure negative bending moments. T.S and C.S regions

are the tensile and compressive siress regions respectively.

_change in length of planeAB _ (r+y-6)0-ré
undeformed length of plane AB re
;- 2 (51)

Wherel and r +(y—5 ) are the radius of curvature of planes EF and AB relative to

the centre of curvature respectively.

The bending stress is obtained from elastic modulus, £ in (tension or compression)

of the fabric by:

97



5.2 Modelling the bending of woven fabrics

= d_F =Eg = M (52)
dA r

As the beam attains force equilibrium across its entire area, the force becomes zero:

h

i ( jdi+jE (yrajdi 0 (5.3)

To enable the calculation of the position and distance of the NA from the central
axis of the fabric using equation 5.3, the following are initially defined:

A plE o EcE
1+ E,

(5.4)

Where “k” and “ g"” are the relative modular difference (i.e. the normalised

difference between tensile and compressive modulus values of the fabric) and the

bi-modular ratio of the fabric. These will also be used to:

i.  Differentiate the bending characteristics of fabrics from that of its symmetric
equivalent which was assumed in equation 4.5.
ii.  Show how the modular difference affects the NA positions of the fabric and

its composite.

By inserting equation 5.4 into equation 5.3, the distance 6 of the NA from the
central axis is given in equation 5.5 [130]. It is important to note that equation 5.5
is only a scalar description of “6” and it is therefore insufficient for locating the
exact position of the NA because it presupposes that the NA and the elemental
area, dA are located above the central axis of the fabric. If this is changed such
that the NA and dA are now located below the central axis in figure 5.2, then

equation 5.5 becomes equation 5.6.

S = n(gj ; n =ig (5.5)

5 - —n[gj (56)

Where “n” is the fractional change in the NA from its initial central axis position
and “h”is the thickness of the fabric.
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W

By substituting equation 5.4 into equation 5.5, the relationship between “n” and

the relative modular difference, k in the fabric is derived as:

k:f”
n“+1

0<k<1;0<n<1 (5.7)

A plot of equation 5.7 shown in figure 5.3 indicates that as the modular difference
of a fabric increases, the fractional change, n in its NA position also increases and
introduces a degree of asymmetry in the fabric about its central axis. This
asymmetry is indicated by the k-value of the fabric which ranges from the
completely symmetric, £ = 0 to the completely asymmetric value, k£ = 1. This elastic
asymmetry contrasts the bending behaviour of the fabric from that of a symmetric
equivalent by reducing the bending rigidity, G (a parameter that describes the
compliance of fabrics to bending loads) as shown below in the bending moment
equation of the fabric [138]:

h
5 _ 2 _
M = jyEC(yngdi+ijT(yr5jdi:o (5.8)
,2 s
M = @ ;7 =(1-n) (5.9)
3
G =&l 0 (5.10)
X 12
B =7k, (5.11)
1 -+
0.8
0.6 A Lincar Nonlinear

. region
reqion g

0.4

0.2

Relative Modular difference, &

O 1 1 1 J
0 0.2 0.4 0.6 0.8 1
Fractional Change in NA position, n
—&— Non linear case ——#—— Linear case

Figure 5.3. The effect of a relative modular difference, k of fabrics on the fractional change in the
NA, n relative to the central axis of the fabric.
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B is the bending modulus defined as the ability of the fabric to resist deformation

under a bending load. 7 is the asymmetric factor which reduces the values of B and

G in fabrics as shown in equations 5.10 and 5.11.

This explains why woven fabrics are readily compliant to bending in that the

resistance of the fabrics to bending is moderated by 77, a factor that has no effect
in the symmetric case i.e. 1= 1. The value of 7 is obtained from the Pierce’s

cantilever bending test of fabrics discussed below.

5.2.1 Pierce’s bending theory of fabrics

Pierce’s bending theory relates in equation 5.12, the deformation of a fabric to its
bending rigidity per unit width, G as the fabric bends under its own weight in the
cantilever bending test depicted in figure 5.4 [109].

G =wL' (%j (5.12)

W, L and @ are the weight per unit area, overhang length and the bending angle

of the fabric respectively.

Slider

Fabric
Fabric frontside
» Fabric backside

Figure 5.4. The Pierce cantilever test of a 75mm x 10mm specimen of Bari fabric inclined at 41.5°
after being slid with an alumina plate on a horizontal platform

The bending angle, § was set to 41.5° to replicate that used in a standard
commercial tool, the Shirley tester, and also to reduce the effect of overhang length

and too small or too large bending angle on the flexural rigidity of the fabrics [102].

Then 100 mm x 10 mm sized strips of the four examined fabrics were cut along
their warp and weft weave directions. These were slid on a low-friction horizontal
platform in the direction parallel to the long dimension of the strip. To obtain

overhang lengths, the front-side and backside of the fabrics as shown in figure 5.4
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Table 5.1: Physical Properties of fabrics

Fabric Bari Lagonda Escalade "Polyester
Supplier Klopman

Thickness (jpm) 324 290 400 60
Twill 2x1 2x1 3x1 2x1
Colour Blue Cream Cream White
Percentage Blend, % 65/35/0 30 /40 / 30 16 / 46 / 38 100/0/0
(Polyester/Cotton/Lycra)

Direction of Measurement Warp / Weft Warp Weft Warp Weft Warp / Weft
Bending orientation Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos.
Tensile Modulus, Er (MPa) 400 622 79 550 102 617

2 Weight (N/m?) 2.0 2.1 2.1 3.0 3.0 0.5
Overhang Length (m) 0.041 0.043 0.055 0.066 0.037 0.045 0.059 0.077 0.05 0.059 0.033 0.035
Compressive Modulus, Ec 2.0 2.0 684 1295 237 482 44 11 3.26 592 5553 70.34
(MPa).

Bending Modulus, B (MPa) 6.4 76 2282 392 687 124 154 341 928 153 1314 157.34
? Bending rigidity, G' (nNm) 182 21.0 462 798 140 253 814 1809 495 814 237 283

Asymmetric factor, n 0.016 0.019 0.037 0.067 0.087 0.157 0.028 0.062 0.091 0.150 0.213 0.255

[os}
o
(o3}

0.735 0.705 0.603 0.833 0.751 0.698 0.613 0.

(33
(V5]
[os}

Fractional change in NA 0.874 0.862 0. 0.495

position, n

! The cantilever test values were influenced by surface properties of the fabric. The electrostatic force between

the substrate and the inclined plane caused the fabric to bend which is not necessarily under its own weight.
2 Weight per unit area of test sample of size 10 cm x 1 cm used for Pierce Cantilever test

? Bending rigidity per unit width of test sample

were slid on the platform similar to how they would have been bent in a printed e-
textile in positive and negative bending orientations respectively. The overhang
lengths, L of the strips were measured as the fabrics touched the inclined plane
after bending the fabric and were substituted into equation 5.12 to obtain the

corresponding bending rigidities which are shown in Table 5.1.

The bending rigidity of the fabrics changes with the bending orientation and this

can be inferred from equation 5.10 to mean that the asymmetric factor,n changes

with bending direction of the fabric since all other parameters in the equation 5.10

are known constants.

By equating equations 5.10 and 5.12, the values of 1 corresponding to these bending

rigidities are calculated from:
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X

T

From these values of 17, the bending and compressive modulus (B and E¢) values
of the fabrics shown in Table 5.1 were calculated from equation 5.4 after the value
of g - the bi-modular ratio of the fabrics was obtained from equations 5.5 and 5.9.
These values are in the order of more than 10> MPa lower than the Er values which

clearly explains the compliance of the fabrics in bending.

5.2.2 Effect of the asymmetric factor on the NA of fabrics

The multiple asymmetric factors, 7 obtained from the cantilever bending test meant

that the NA of each of the fabrics is at different distances, 6 from the central axis

depending on the bending orientation. The relationship between 7 and é in figure
5.5 shows that as 7 increases, the NA moves closer to the central axis of the fabrics
i.e. 6 decreases. It also shows the different locations of the NA in negative and

positive bending orientations of the fabrics.

100 -
S .,
w 75 n
e A
Q
= °
2 °
50 - m
)
2
=
£ 25
o
Z

0
0 0.05 0.1 0.15 0.2 0.25 0.3

Asymmetric factor, n
® Bari- frontside (warp/weft) B Bari - backside (warp/weft)

Lagonda - frontside (warp) Lagonda - backside (warp)
Lagonda - frontside (weft) Lagonda - backside (weft)
® Escalade - frontside (warp) B  Escalade - backside (warp)
A Escalade - frontside (weft) ¢ Escalade - backside (weft)

Figure 5.5: Relationship between the asymmetric factor, n and the normalised NA distance, & from
the central plane using measured bending factors of all fabrics. The top and back sides denote

negative and positive bending respectively.
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For the fabrics, Bari and Polyester, that have equal elastic modulus along their
warp and weft weave directions, only two bending-oriented NAs are noticed and
these are unaffected by the weave direction along in which the fabrics are bent.
When the warp and weft elastic modulus values are unequal, the fabrics have four
bending-oriented NAs which is the case with Lagonda and Escalade. These fabrics
contain Lycra in their weft weave, an elastic material that makes the weft more
stretchable than the warp which is polyester cotton [150]. Hence the pair of bending
oriented NAs from negative and positive bending along the warp direction are

different from those along the weft direction.

Since distance, 6 is only a scalar variable, it is necessary to define the tensile and
compressive regions of the fabrics so as to pinpoint the position of the NA in any
bending orientation. This is because the boundary between these regions is the NA.
In positive bending, the fabric bends inwards as in figure 5.6. The resulting
compression in the fabric largely characterises its bending which results in a larger
compressive region. This is represented by shifting the NA below the central axis
by the distance, 8§, as shown in figure 5.6. Conversely in negative bending, the

region of tensile stress is larger. Now, the NA positions due to 1] are calculated and
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Figure 5.6: NA positions of a fabric in negative and positive bending.
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contrasted with the central axes of the fabrics (i.e. the NA in the symmetric case)
in Table 5.2.

Table 5.2: NA positions of investigated fabrics

Central Axis Asymmetric NA (pm)

Fabrics (Warp/Weft) Warp direction Weft direction
nm

Negative bending Positive bending Negative bending Positive bending

Bari 162 20.4 22.4 20.4 22.4
Polyester 30 13.9 15.2 13.9 15.2
Lagonda 145 27.8 38.4 42.8 57.6
Escalade 200 334 49.8 60.4 774

5.2.3 Effect of fabric asymmetry on the NA of screen printed e-

textiles

The asymmetry in fabrics is accounted for in the generic NA equation 4.5 by
modelling the fabric as a two-layer material. The four layer e-textile in figure 5.1 is

now treated as a five layer structure as shown in figure 5.7.

Negative Bending

Fabric Asymmetric NA

NA of Compesite

Fabric Asymmetric NA

Positive Bending

Figure 5.7: The five layer equivalent (right) of a four layer e-textile (left) in negative and positive
bending orientations due to the asymmetry of fabrics.
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The two fabric layers are its compressive and tensile regions of which the elastic
properties are characterised by the compressive and tensile modulus values of the
fabric respectively. The bottom fabric layer has a thickness equivalent to the

asymmetric NAs shown in Table 5.2 at the given bending orientations.

5.2.3.1 Calculating the NA of the screen printed e-textile

composites

The NA of screen printed e-textile composites can be pre-set to the position of the
printed conductor with an optimised thickness of encapsulation. For the composites
examined in this work, the optimised encapsulation thicknesses, hr that were
calculated from equation 4.5 are shown in Table 5.3. These results show that the
different optimised encapsulations thicknesses for negative and positive bending
orientations in the asymmetric case are unlike the symmetric case where they are
equal. Also apparent is the lower asymmetric encapsulation requirement in positive
bending than in negative bending. This is because the fabric offers little bending
resistance in positive bending since it is largely characterised by the low compressive
modulus of the fabric. Also since its NA is closer to the position of the conductor
than in negative bending as illustrated in figure 5.7, a smaller hr is needed to shift

the NA from within the fabric to the conductor’s position.

Table 5.3: Symmetric and Asymmetric encapsulation thickness for the FLC structures on all fabrics

Fabric Bari Polyester Lagonda Escalade

Fabric Weave Warp/Weft ~ Warp/Weft Warp Weft Warp Weft
Bending Orientation Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos.
Pre-set Neutral Axis (pm) 433 169 399 509

Symmetric Encapsulation 840 335 960 353 1165 510
value hr (pm)

Asymmetric Encapsulation 799 292 295 217 886 450 315 220 1090 542 450 305
value, hr (um)

Rough estimate of empirical 600 400 400 300 1000 600 1000 300 1000 600 1000 400

encapsulation (jm)
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integrated model

5.3 Experimental validation of the optimised encapsulation

thicknesses from the integrated model

The asymmetric NAs in Table 5.3 were verified following the same fabrication
process and bending test conditions for the Bari fabric described in sections 4.6.1
and 4.62 respectively. In this case however, the strain gauges were also printed
aligned with the warp and weft weave of the fabrics to demonstrate the effect of
the elastic property of the fabric on the NA. The encapsulation thickness, hr printed
on the gauge was varied between 100 pm and 800 pm on each fabric. A cross-section

of the complete four layer composite (FLC) structure is shown in figure 5.8.

TPU Encapsulation

v

Strain gauge

v

TPU Interface

Fabric

TS AT, 2
3

Nl \
Mag= 94X Beam Current= 30.0 uA  Signal A = SE1 Date :7 Jul 2014
WD =10.0 mm EHT =15.00kV  Chamber = 1.14e-003 Pa  Time :16:47:13

Figure 5.8: A SEM cross section of a strain gauge sandwiched between two TPU layers on Bari

fabric

5.3.1 Device testing and results

The composites were bent around a 5 mm radius rod in negative and positive
bending orientations as in section 4.6.2. The results validate the possible number
of NA positions in the fabric composites indicated in figure 5.5. It also affirms that
the NA of the composites change when their bending orientation and the elastic

characteristics change.

106



Chapter 5: Implications of the bending behaviour of

woven fabrics for screen printed interconnections

20

15

10

Resistance Change, AR (%)

30
B - S
= 20
&
£ 15
SRt
g
g
I. i [
1 z L
. 1 i 1]
100 200 300 400 600 5 L 100 200 300 00 600

Encapsulation thickness, fp (jum)

Encapsulation thickness, by (jum)
W Negative bending M Positve bending

M Negative bending M Positve bending
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Figure 5.10: The in-bending responses of SG-1 and SG-2 strain gauges printed in FLC structures
of Lagonda and FEscalade fabrics along their elastic weft and inelastic warp weave during one bending

cycle.
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integrated model

This is corroborated by the two bending-oriented NAs (i.e. where AR ~(0) noticed
in the Bari and Polyester fabric composites, each in positive and negative bending

orientations as shown in figures 4.15 and 5.9.

Lagonda and Escalade composites fabrics have very distinct elastic moduli along
the warp and weft weave so four NAs are seen as predicted in the integrated model.
Each pair of NAs is seen during positive and negative bending along the warp and
weft weave of the fabrics as shown in figure 5.10. Also, the empirical encapsulation
thicknesses, hr required to locate these NAs are comparable to the theoretical
asymmetric thicknesses. For example, the NAs in the Bari composites were
empirically located with hr = 400 pm and hAr = 600 pm encapsulations during
positive and negative bending respectively. These values show no correlation with

the symmetric thickness of 840 pm.

While the empirical thicknesses are dissimilar to the asymmetric equivalents (292
pm and 799 pm), both sets of thicknesses agree that a smaller encapsulation is
required to locate the NA in positive bending. This trend is consistent across all
the fabrics except in the negative bending of the Lagonda and Escalade composites
along their elastic weft directions. The bending test showed that both fabrics
seemed to behave as though they were bent along their warp direction where the
fabrics are stiffer. This anomaly primarily stems from the limiting effect of the
interface layer on the bending dynamics of the fabrics. In woven fabrics, the warp
and weft yarns are typically interlocked in a way that both yarns are still able to
slide across each other, shear, stretch or contract about their woven position. With
the interface, this movement becomes hindered because the interface layer
impregnates the fabric during printing and in some cases rigidly bonds the yarns
together and grips them to their initial woven position. Consequently, the fabric
behaves like a bimetallic strip where the yarn with the higher elastic modulus (i.e.
with lower expansion under stress) mainly influences the bending of the fabric just
as with a bimetallic strip where the metal with the lower thermal coefficient
determines the bending behaviour of the strip. This also explains why the

asymmetric thicknesses are not close the empirical equivalents.
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5.4 Effect of the interface on the elastic characteristics of the

fabric

If the elastic modulus of the interface - impregnated fabric is approximated to the
value when the fabric just contained a single layer of interface UV-IF-1, then the
asymmetric thicknesses can be recalculated from equation 4.5 with new elastic
modulus values. Table 5.4 shows the new tensile modulus of the four fabrics
examined in this work. Due to the difficulty in obtaining the compressive modulus
of the samples from the Tinius Olsen’s benchtop tester, the new compressive moduli

were chosen to fit the electrical resistance changes of the strain gauges.

The recalculated asymmetric encapsulation thicknesses of the composites based of
the new tensile and compressive modulus values of the fabric are shown in Table
5.5.

Table 5.4: Flastic modulus of UV-IF-1 impregnated fabrics

Fabrics Fabric + UV-IF-1 | Width | Gauge 'Average 2Approximate compressive
average thickness length | tensile modulus, Erg of | modulus, Ec of impregnated
impregnated fabric fabric in
Negative Positive
bending bending
Bari 348 pm 1 cm 3.5 ¢cm 220 + 19 MPa 80 MPa
Lagonda | Warp 365 pnm 599 + 29 MPa 90 MPa
Weft 350 pm 36 + 2 MPa 90 MPa 20 MPa
Escalade | Warp 441 ym 0.4 cm 3 cm 443 + 14 MPa 90 MPa 60 MPa
Weft 434 nm 56 + 3 MPa 90 MPa 52 MPa
Polyester 75 pm 615 + 44 MPa 95 MPa

"Fabric-interface modulus was averaged over four samples.

Values were deduced from the electrical resistance changes of the strain gauges

Table 5.5: Asymmetric encapsulation thicknesses of the FLC structures due to the interface effect

Fabric Bari Polyester Lagonda Escalade

Fabric Weave Warp/Weft ~ Warp/Weft Warp Weft Warp Weft
Bending Orientation Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos.
Previous asymmetric 799 292 295 217 886 450 315 220 1090 542 450 305
encapsulation thickness

New asymmetric 605 418 295 217 852 525 280 245 980 580 406 373
encapsulation value (nm)

Rough estimate of 600 400 400 300 1000 600 1000 300 1000 600 1000 400
empirical Encapsulation,

(um)
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To simultaneously verify these thicknesses and demonstrate the interface effect, the
theoretically normalised distances of the strain gauges from the NA position were

contrasted with the empirically obtained resistance changes as shown in figure 5.11.

Figure 5.11 shows that, when the interface effect is not modelled, the normalised
distance, § of the strain gauge from the NA of the composites will not correlate
with the measured changes in its resistance AR during bending. For instance in the
negative bending of the Bari composites, the minimum AR »~ - 0.3 % which should
normally indicate the proximity of the gauge to the NA, is implying a separation
of 6 ~ 18 % between the gauge and the NA. This disproportionality is corrected in
the improved model by characterising the interface effect which then translates this
resistance change to a distance, 6 ~ 0.5 % which reasonably reflects the measured

change in resistance.

Similarly in positive bending, a AR ~ - 0.3 % in the gauge is also translated to § ~
- 1.4 % and 6 ~ 10 % when modelled with and without the interface effect
respectively. The new asymmetric encapsulation thicknesses for these bending
orientations are 605 pm and 415 pm respectively. These values also correlate with
the empirical hr ~ 600 pm and hr ~ 400 pm respectively shown in table 5.5. This
is also consistent with results from the Lagonda and Escalade composites except
during negative bending along the weft weave of the fabric. In Lagonda for example,
the minimum AR ~ 10 % is disproportionately translated to a large normalised
distance of 6 ~ - 35 % between the gauge and the NA. This happened because the
composites behaved as though they were in bent along the inelastic warp weave of
the fabrics as highlighted and explained in section 5.3. Consequently, the tensile
and compressive moduli of the fabrics along the weft were replaced with their warp
weave equivalents which correctly translated AR ~ 10 % to a distance of 6 ~ 4 %.

This was also the case for the Escalade composite.

The asymmetric thicknesses for Lagonda and Escalade during negative bending
along the weft weave are 851 pm and 980 pm. These values are validated by the
experiment since none of the gauges in both composites was positioned on the NA
at the highest encapsulation thickness, hr = 800 pm. The smaller AR ~ 10 % (where
6 ~ 4 %) in the gauges in Lagonda at hry = 800 pm compared to the AR ~ 14 %
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Figure 5.11: A comparison of the resistance changes of the strain gauge after one bending cycle its
normalised distance from the NA of the composites. NB, PB, and NBI, PBI denote the negative
and positive bending results before and after modelling the interface effect. The warp weave mode
(WM) bending behaviour only occurs in the negative bending of Lagonda and Fscalade fabrics along

their weft weave. Also plots derived purely from experimental results are indicated in the Polyester
fabrics as (exp).
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(where 6 ~ 10 %) in Escalade also validate the higher encapsulation that is required

for the escalade composite as was calculated.

The model however failed to characterise the bending behaviour of the polyester
fabric composites. Empirical results indicate that the elastic property of the
polyester fabric is different from the one obtained from the tensile test. By
extrapolating these results, the tensile and compressive modulus values of the fabric
were obtained as 2.25 GPa and 95 MPa respectively. These values, in particular
the tensile modulus clearly contradicts the 617 MPa from the Tinius Olsen tensile
tester and used to characterise the polyester fabric. This discrepancy emphasises
the wunusual bending characteristics of fabrics and the need for further

characterization of the mechanical properties of fabrics.

5.4.1 Effect of the interface on the correlation between the

theoretical and empirical strains on the gauges

The theoretical and empirical strains can be calculated from equations 4.13 and
4.15 respectively. Only the strains on Bari, Lagonda and Escalade composites will
be discussed in this section due to the difficulty in characterising the Polyester

fabric as indicated earlier in the concluding paragraph of section 5.4.

Negative bending (NB) Positive bending (PB)

Strain, & (%)

. . . o 4 b0 400 600 800
200 100 GND

Encapsulation thickness, hy (um) 3

Encapsulation thickness, Ay (pm)

—a—NB, ep —8— NBI, tl NB, &t —=—PB,ep —=— PBI, &tl PB, et

(a) (b)
Figure 5.12: Effect of the interface effect on the correlation of the empirical strain €p with the
theoretical strains €, and €y calculated before and after the interface effect characterisation on the

SG 2 strain gauges in Bari composites. NB, PB, and NBI, PBI denote the megative and positive
bending results before and after modelling the interface effect.
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Figures 5.12, 5.13 and 5.14 contrast the empirical strain, €p with the theoretical
strains, €; and &, calculated before and after characterising the effect of the interface
layer on the bending behaviour of the Bari, Lagonda and Escalade composites. The
graphs show that theoretical strains calculated before the characterising the
interface effect in all the composites do not correlate with the empirical strains in

the gauge especially at the NA where all strains should be zero.

For example, a comparison of the strain values, €, = 1.23 %, €, = 0.04 % and ep =
- 0.05 % at the NA of the Bari composite in negative bending i.e. where hr = 600

pm in figure 5.12a, shows that €p better correlation with €4 than €. The graph also

14 r Negative bending (NB) 4 r Positive bending (PB)
12
—~ 10 L
= 2
© 8T =
:E.E 6 I~ 2 0 1 1 1 1
R = 200 0
Z /
2 | o L
U 1 1 1 1
0 200 400 600 800
4 L ) _
Encapsulation thickness, h; (jum) Encapsulation thickness, iz (jum)
—=—NB, gp —=— NBI, &tl NB, &t —=—PB, ep —=—PBI, etl PB, et
(a) Lagonda SG 1 strain gauges along the warp weave
15 8 -
10 F 6T
= —
. S
g 5 L w
g’ g
in E2 t
w2
0 1 1 1
. . 0 L
200 400 6600 800
200 400 600 800
-5 - 9 L
Encapsulation thickness, 4 (pm) Encapsulation thickness, h; (pm)
—=—NB, ep —=—NBI, &tl NB, et —=—PB, ep —=—PBI, &t PB, &t

(b) Lagonda SG 2 strain gauges along the weft weave

Figure 5.13: Effect of the interface effect on the correlation of the empirical strain €p with the
theoretical strains €, and &y calculated before and after the interface effect characterisation on the
SG 2 strain gauges in Lagonda composites. NB, PB, and NBI, PBI denote the negative and positive

bending results before and after modelling the interface effect.
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shows that model predicts the strains close to the NA better than those far from
the NA. This is evidenced by the huge difference between the values of €, and &,
when hr < 200 pm also in negative bending. This is because the position of the
strain gauge varies across within the composite due to the non-uniformity of the
printed thickness of the layer which is influenced by the uneven surface of the
interface layer as shown in section 3.3.4. This is why the e average thicknesses were
reported. This difference is also significant because the measurements are micro-

strains. Although similar correlation is also observed in the positive bending of the
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Figure 5.14: Effect of the interface effect on the correlation of the empirical strain €p with the
theoretical strains €, and € calculated before and after the interface effect characterisation on the
SG 2 strain gauges in Escalade composites. NB, PB, and NBI, PBI denote the negative and positive
bending results before and after modelling the interface effect.
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composites in figure 5.12b, the graph shows that the model predicts strains in
negative bending better than positive bending. Like the Bari composites, the
integrated model was also used to closely predict the strains on the gauges in

Lagonda and Escalade fabrics as shown in figures 5.13 and 5.14 respectively.

5.5 Conclusions

The contrasting elastic properties of fabrics in tension and compression create an
elastic asymmetry in the fabric. This asymmetry alters the bending characteristics
of the fabric and changes its NA position whenever the bending orientation of the
fabric changes. It is therefore essential to properly characterise this asymmetry
when modelling the NA of a screen printed e-textile. To do this, the fabric must be
modelled as a two layer material containing two sublayers that are bounded by the

asymmetric NA of the fabric.

For screen printed e-textiles containing an interface layer, it is also necessary to
characterise the effect of the interface on the fabric’s elastic properties. This is
because the fabric behaves like bimetallic strip after it’s been impregnated by the
interface. The stiffer yarn in the fabric now controls the bending of the fabric. This
behaviour is approximately characterised by the elastic modulus of the fabric when

it just contains a single layer of interface.

While this chapter achieved its goal of characterising and empirically validating the
NA and the strains developed within the screen printed e-textiles described herein,
the model developed in this chapter is still not exhaustive in its approach as was
shown in the difficulty in characterising the Polyester fabric composite. Hence more
characterisation of the mechanical properties of fabrics is still needed to enable a

perfect model.
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CHAPTER 6
DURABILITY OF SCREENPRINTED
INTERCONNECTS ON WOVEN FABRICS

6.1 Introduction

The bending characteristics of screen printed e-textiles has been modelled in the
previous chapter to theoretically determine the NA of the e-textiles. The optimised
strain gauges positioned close to the theoretical NA demonstrated minimal changes
of less than 0.1 % in their electrical resistances during bending. However the results
do not show how the electrical performance of the optimised gauge is affected as it

relaxes from bending.

This chapter examines the implications of this when screen printing e-textiles by
investigating the post bending effects on these gauges. This is assessed by
comparing the resistance changes and empirical strains on the gauge during and
after bending. An examination of the effect of the bending orientation of the e-
textile on the magnitude of the strains developed on the gauges. The effects of
washing on the gauges are also be assessed to demonstrate their washability. Based
on this, potential solutions to optimising electrical interconnects for better
durability in positive and negative bending e-textile applications are proposed. The
failure modes that could potentially arise from engineering electrical interconnects

on the NA of an e-textile using encapsulations as thick as 700 pm are also discussed.

6.2 Experimental testing of the durability of e-textiles by

bending and washing

The two composite structures investigated are the four layer composite (FLC) and
six layer composite (SLC) structures. The impact of bending on the electrical
performances of printed strain gauges and LED circuits are first assessed with the
FLC structures before using the SLC Only the SLCs were used to examine the
effect of washing on the sandwiched circuits. This is because it is more waterproof
than the FLC. It used the Fabink-UV-IF-010 as the interface and encapsulation

layers on the fabrics to improve the water resistance of the composite as discussed
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in section 3.6.1.2. The poor adhesion of Fabink-UV-IF-010 to the Fabink-TC-
PolyPR1 (piezo-resistive) and Electrodag PF-410 silver inks necessitated the use of
Fabink-UV-IF-1 before and after the inks were printed. This improves the adhesion

within the composite as reported in [95].

6.2.1 Fabrication process

The fabrication process for the FLC structures is as described in section 4.6.1. The
printed thicknesses are also detailed in table 4.5 (page 95). For the SLC structures,
the interface and encapsulation materials are replaced with UV-IF-010 while new

adhesion layers of UV-IF-1 are introduced as shown in figure 6.1. An interface

Woven fabric substrate

Glue woven fabric to a rigid
alumina tile to provide support.
Shave fabric afterwards

Screen print and UV cure interface
paste, Fabink UV-IF-010. Repeat
until surface is smooth.

Screen print and UV cure a
single layer of UV-IF-1 to
improve adhesion

Screen print and oven cure a
single layer of Piezoresistive
carbon

Screen print a UV-IF-1 paste
to improve adhesion and to
engineer the NA position

Screen print and UV cure
encapsulation paste UV-IF-010.

«‘ «‘ «‘ «‘ «‘ «‘«

Delaminate fabric from the
alumina tile

Figure 6.1: Fabrication process for a six layer composite (SLC) e-textile
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6.3 Bending test and results

thickness of 109 pm was realised. The UV-IF-1 adhesion layer on the interface had
an average thickness of 22 pm while the value for the top adhesion layer on the
gauge was 22 pm for the un-optimised gauge and 676 pm for the optimised gauge.

The UV-IF-010 encapsulation has an average thickness of 24 pm.

6.3 Bending test and results

The primary conclusion from the bending test results of all the composites shown
in figures 6.2 and 6.3 is that gauges closest to the NA of their composites experience
the least strains and show the least changes in electrical resistance during and after
bending i.e. in-bending and post-bending. These graphs also indicate other results
which are best discussed by the dividing the composites into two groups, each

containing composites showing similar behaviour in bending.

6.3.1 Bari, Lagonda (warp) and Escalade (warp) fabrics

These fabrics are similar because they are stiff, that is they have a high elastic
modulus in the direction in which the screen printed gauges are oriented as
indicated in Table 5.1. The in-bending and post-bending results for gauges printed

on these fabrics shown in figure 6.2 can be summarised as follows:

(a)  In negative bending, the magnitude of the in-bending changes in

resistance and strain is greater than the post-bending equivalent.

(b) Compared to negative bending situations, the gauges in positive bending
experience more stress after bending and therefore show higher changes

in resistance after bending than during bending.

These conclusions are illustrated with figure 6.2c which shows the results for the
gauges along the warp weave of the Escalade fabric. In negative bending, the
magnitude of both the in-bending and post-bending changes in resistance and strain
of the gauges are shown to reduce as the encapsulation thickness hr approaches the
value that places the gauge at the NA. The in-bending changes are also shown to
be a magnitude higher than the post bending changes. For the gauge closest to the
NA of the composite, with hr = 800 pm, the in-bending resistance change |AR| ~
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Figure 6.2: In-bending and post-bending resistance changes and empirical strains from negative and
positive bending of gauges in Bari, Lagonda (warp) and FEscalade (warp) composites. The
encapsulation thickness, hr on the graph correlates to the values on both vertical azes.
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3.76 % and the equivalent empirical strain, €p ~ 0.75 %, are almost twice the post-

bending values |AR| ~2 % and gp ~ 0.4 %. Conversely, at the NA in positive bending
where hr ~ 600 pm, the in-bending Values|AR| ~0.08 % and €p ~ 0.02 % of the gauge
are almost 120 times less than its corresponding post-bending values, |AR| ~9.64 %

and gp ~ 1.93 %. This means that for e-textiles, fabricated using these stiff fabrics,
the electrical resistances of interconnections will degrade more quickly in positive

bending applications than in negative bending even when in close proximity to the
NA.

6.3.2 Polyester, Lagonda (weft) and Escalade (weft) fabrics

Except for the polyester fabric, these fabrics are elastic in the directions in which
the gauge was oriented. The Polyester fabric seems to be the odd fabric in this
category since its tensile modulus automatically classifies it as a stiff fabric, in Table
5.1. Similarly, its empirically extrapolated tensile modulus value of 2.25 GPa in
section 5.4 also suggests the same. However based on the comparison of the similar
trends in the graphs in figure 6.3, it can be deduced that the polyester fabric
behaves as though it were elastic. The results from the bending tests of gauges

printed on fabrics shown in figure 6.3 are hence summarised as follows:

(a) In negative bending, the magnitude of the in-bending resistance changes

and strains is always greater than in post-bending.

(b)  In positive bending, as hr exceeds the value that places the gauge on the
NA, the magnitude of the in-bending resistance changes and strains of
the gauge becomes higher than its corresponding post-bending values.

The converse is also true.

The results from the Lagonda (weft) composite in figure 6.3b are used to illustrate
these inferences. The gauges showed similar electrical characteristics as those of the
first set of fabrics in negative bending. In positive bending however, the gauges
show higher post-bending changes in resistance and strain than in-bending
resistance and strain changes when hr < 400 pm (i.e. 400 pm is the thickness that
places the gauge on the NA of this composite). As this value is exceeded, the in-

bending changes becomes greater.
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Figure 6.3: In-bending and post-bending resistance changes and empirical strains from negative and
positive bending of gauges in Polyester, Lagonda (weft) and FEscalade (weft) composites. The
encapsulation thickness, hr on the graph correlates to the values on both vertical azes.
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For example, at hr = 100 pm for example the in-bending and post bending changes

of the gauge were almost identical with values |AR| ~ 827 %, er ~ 1.65 % and |AR|

~ 8.88 %, ep ~ 1.78 % respectively. While these values reduced at the NA when hr
~ 400 pm, the post-bending change was still almost twice the in-bending change
and as hr increased to 800 pm, the in-bending changes also increased to almost
twice the post bending changes. However, this is 60 times better than the
performance of the gauges printed on the first set of fabrics in section 6.3.1 where
the post-bending resistance changes are almost 120 times greater than the in-

bending resistance changes.

This result indicates that printed interconnections perform better in both positive
and negative bending when printed on elastic fabrics. This contrasts their behaviour
on the stiff fabrics in section 6.3.1 where they only perform better in negative

bending.

6.3.3 Implications of bending test results for durable e-textiles

Durability of electrical interconnections is critical for screen printed e-textiles but
the dependence of the NA position on the bending orientation and elastic properties
of the fabric substrate of the e-textile make this challenging. Electrical
interconnections may only be effectively placed at one NA at a time as indicated
in the bending test where the NA in positive and negative bending orientations are
different. These conductors can therefore be situated very close to the NA positions
in both orientations. In the Bari fabric for example, an optimised encapsulation
thickness, hr = 500 pm would suffice since it averages the hr values in both positive
and negative bending. While this compromises the durability of the conductors
when printed on the NA in either bending orientation, this approach should
minimise the effective stress experienced the conductor hence optimizing it in long
term for both bending orientations. Positive bending applications are not
recommended for screen printed interconnections with stiff fabrics since the fabric
experiences more stress than in negative bending. But in such cases, interconnect
materials that show high resilience to stresses could be used to achieve better

durable performance.
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6.3.4 Effect of the optimised encapsulation thickness of electrical

interconnections on e-textile wearability

The bending tests have shown that a high optimised encapsulation thickness, hr is
almost inevitable when thermoplastic polyurethanes elastomers (TPU) are used to
engineer electrical interconnects close to the NA. The elastic modulus of TPUs is
between 0.015 - 0.7 GPa [127] and for the UV-IF-1 TPU (100 MPa) used in this
work, hr was as high as 0.8 mm. Obtained results indicate that the hr value for
optimizing an e-textile of thickness, ¢t and elastic modulus, E, can be reduced by

using thinner fabrics with a higher or comparable elastic modulus.

A trade-off to this is that the proportion of the printed materials or films to that
of the fabric can increase significantly if the fabric is too thin. This could
consequently alter the textural feel and comfort of the fabric. Table 6.1 shows this
increase in the film/fabric mass ratio when Bari was replaced with the thinner

polyester fabric. An e-textile wearer could become more aware of the printed film.

Table 6.1: Deposit to fabric mass ratios for optimised Bari and Polyester composites

'Strain ~ Fabric Fabric Fabric Film Total Mass  Film /Fabric
Gauge Thickness Mass (g) Mass (g) (g) Mass ratio
(um)
Polyester 60 0.17 0.43 0.60 2.53
SG -1 Bari 324 0.76 0.72 1.48 0.95
Polyester 60 0.30 1.29 1.59 4.30
SG -2 Bari 324 1.35 2.26 3.61 1.67

"The strain gauges are positioned close to the NA

6.3.5 Bending test for the SLC structures

To properly investigate the effect of washing on gauges positioned close to the NA,
gauges in SLC structures of Bari and Polyester with printed encapsulation of
average thicknesses of hy = 700 pm and hr = 400 pm were subjected to bending.
These fabrics were used because the gauges require smaller optimised encapsulation
thicknesses compared to Escalade and Lagonda fabrics as shown in section 5.3.1.
The bending result shown in figure 6.4 also correlates with the results from the
FLC structures in that the post-bending changes in the electrical resistances of the
strain gauges are more than the in-bending changes after positive bending. The

gauge in Bari for example showed in-bending changes of AR= -2 % in negative
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bending. This reduced to AR = - 0.07 % after bending. In positive bending, the in-
bending resistance, AR = 0.5 % increase to AR = 3.33 % after bending. This result

indicates the gauges are not exactly located on the NA of the SLCs but in its
proximity.

15 In-bending Post-bending

Polyester  Bari Polyester Bari

10

N _— |

400 700 400 700

Resistance Change, AR (%)

Optimum encapsulation thickness, hp (jm)

B Negative bending M Positive bending

Figure 6.4: In-bending and Post-bending responses of SG-1 strain gauges printed in SLC structures
of Bari and Polyester at the optimum encapsulation thickness due to bending radius of 5mm

6.4 Wash test

To replicate practical applications, the SLCs were stapled to a T-shirt as shown in

figure 6.5 and were loaded with other clothes in a domestic washing machine for

Figure 6.5: Strain gauge patches stapled on a T-Shirt
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five washing cycles that consisted a 58 minute wash at a temperature of 40 °C with
a 1000 rpm spin dry followed by oven drying at 100 °C for 5 minutes per washing
cycle. This wash cycle was chosen to closely replicate the normal washing procedure
as stated in the ISO 6330:2000-6A washing standard shown in Appendix E.1. While
the oven drying of the gauges at this temperature does not in any way reflect real
life drying conditions for fabrics, it presents a harsher condition to assess the
performance and survival of the e-textile. A total of twenty eight samples consisting

of fourteen optimised and un-optimised strain gauge samples.

The resistance measurement of the gauge after washing was done by using 240 pm
thick wires that were attached to the terminals of the strain gauges using isotropic
silver—loaded epoxy adhesive as shown in figure 6.6. These were cured at room-
temperature for a day. These terminals were also glob-topped with UV-IF-010 and
UV-cured for 120 seconds to protect the wires during washing. Further protection
was also ensured by hand sewing the wires to the fabric to prevent them from

peeling off.

(a) Wired SG-1 on Bari Fabric (b) Wired SG-1 on Polyester Fabric

Figure 6.6: Strain gauge wiring and glob topping.

6.4.1 Discussion of results

A comparison of the resistance changes after washing is reported in figure 6.7 for
the optimised and un-optimised gauges in the Polyester fabric and Bari SLC
structures. The actual resistance change in the gauges after each wash and dry cycle
is shown in Table 6.2 (see page 127). As expected the resistance changes of the

optimised strain gauges were smaller than the values obtained for the un-optimised
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Figure 6.7: Effect of washing and drying on the resistance of (a) optimised strain gauges closest to
the NA and (b) un-optimised strain gauges farthest from the NA of Bari (right) and Polyester fabric
(left) SLC structures. Plots are based on the average resistance change of two samples.

gauges after five washing cycles. The optimised samples exhibited a resistance

change of |AR| ~ 10% after drying compared to a resistance change of |AR| ~ 200%

in the un-optimised strain gauges of both the Polyester fabric and Bari composites.

Figure 6.7 also showed that the resistance change measured just after washing the
gauges, i.e. before drying is almost twice the resistance change after drying. This
shows that the UV-IF-010 polyurethane encapsulant also absorbs water during
washing and expands as a consequence. This stretches the strain gauge and

increases its resistance just after washing as shown in figure 6.8.
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Figure 6.8: Pre-drying (left) and post-drying (right) of the strain gauge after washing

Drying eliminates the absorbed water and any residual washing stresses by relaxing
the gauge and reducing its resistance. However, drying parameters such as the
temperature and drying time must also be carefully controlled to minimise residual
stresses in the samples. This explains the negative post-drying resistance changes
seen in the optimised gauges in figure 6.7 which showed that though the drying
process had removed the residual tensile stresses in the gauges, it had also produced

residual compressive stresses in the gauges.

Table 6.2: Actual resistances of strain gauges after each wash and dry cycle.

Initial Actual resistance in ({2) after
Resistance
1t wash 2" wash 3" wash 4" wash 5" wash
before
. & & & & &
Gauge washing i dovi dovi dovi dovi
Fabric  location Samples Q) tYIme tyme g diying - Giyimg
NA 1 719 708 858 720 690 655
2 897 846 808 750 846 778
Bari
Away 1 92.6 167.5 224.8 218.8 323.4 318
from NA 9 66.3 164 1462 2575 364 404
NA 1 801 869 869 835 745 688
2 740 851 906 937 795 710
Polyester
Away 1 54.5 108.6 163.9 166 146.6 152.9
from NA 9 61.9 179 220 2187 2043 225
6.4.2 Encountered failure modes after washing

Only 36 % (i.e. 10 samples) of the 28 strain gauge samples that were washed
survived the five washing cycles. This statistic consists of the 43 % of the optimised

samples (i.e. 6 out of 14) and the 29 % of un-optimised samples (i.e. 4 out of 14).
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The failed samples did not survive because of structural defects induced in them

during washing. These failure modes are described as follows:

6.4.2.1 Peeling of the glob-top at the power supply terminals

The peeling of the glob-top encapsulation at the contact pads during washing either
broke the gauges or soaked its pads which made it impossible to measure the
resistances of these gauges as shown in figure 6.9. This failure is attributed to poor
bonding between the glob-top and the interface layer. While the glob-top and the
interface layer are both of the same material, curing them separately meant they

were only able to make a interfacial bonding rather than the seamless bonding that

Broken strain gauge due to

peeled glob top

Soaked strain gauge terminal

as the glob top peeled off

Figure 6.9: Peeling of glob top from (a) un-optimised and (b) optimised strain gauges on Bari
and PES fabrics after the I* and " washing cycle respectively.
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would have occurred if they were cured at the same time. Consequently, in washing,

this interfacial bond is stressed to failure.

6.4.2.2 Mismatch between the thickness of the encapsulation and

its underlying layers

The optimised SLC Bari sample has a total thickness of about 1.2 mm. The
encapsulating layer (i.e. the UV-IF-1 top adhesion and UV-IF-010 encapsulation)
constitutes 61 % of this thickness. This huge difference between the encapsulating
layer and the underlying layers (i.e. the interface, bottom adhesion and strain gauge
layers) created potential stress risers at the terminating sites of the encapsulation
on the strain gauge. This unfurled during washing when the encapsulating layer
peeled off by breaking the glop top and peeling the strain gauge together with it
as shown in figure 6.10. This failure mechanism was not encountered when the
encapsulation thickness was as low as 24 pm in section 3.6.1 (page 63). This shows
that the adhesive bond between the encapsulating layer and the underlying layers

decreases as the encapsulation thickness is increased.

\
‘ Y;Peeled off encapsulation
~ and strain gauge

Interface layer

Broken glob top
after encapsulation

peeled off
Figure 6.10: Encapsulating layer and strain gauge peeling off the interface after the 5 wash

6.5 Application circuit

The simple resistor and LED circuits investigated in section 3.4.1 were screen

printed on the NA of SLC Bari composites to determine if the circuits will endure
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more wash cycles. An encapsulation thickness hr = 700 pm was used to locate the

interconnections on the NA as shown in figure 6.11.

Resistor attached with §

isotropic adhesive.

700 pm thick

encapsulation

Figure 6.11: Screen Printed resistive circuit on neutral axis on a Bari- textile patch

6.5.1 Component attachment

Following the recommendation in section 3.6.1.2 to use anisotropic adhesive, the
LEDs and resistors were attached pads of the printed circuit using an anisotropic
conductive achieve, Elecolit 3061 as pictured in figure 6.12. To achieve this
anisotropy, a force of 0.51 N was exerted on the components in the orientation of

conduction during curing. The samples were oven cured for 5 mins at 100 °C.

Figure 6.12: Application of anisotropic conductive adhesive on an LED textile patch

Isotropic silver-loaded epoxy adhesive was used to attach the wires to circuits

following the detailed process in section 3.5.2.
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6.5.2 Bending and wash tests

The LED and resistor circuits did not survive bending and washing because of
mechanical failures at the termination sites of the encapsulating layer at the contact

pads as illustrated in figure 6.13.

Encapsulation peeling the silver

interconnect from the interface

Termination point of encapsulation layer during ben ding

P .-
'r'".',’:;' i
P ’9’
"r'np PR
'fll Lt
ff"‘o‘l" »”

Figure 6.13: Circuit failure due to the high thickness of the encapsulation layer.

This was due to the stiffness mismatch at these locations. This is because the
encapsulation does not bend equally as the underlying layers, consequently during
flexing or bending, the mechanical bond between both layers breaks down. In
contrast to the wash test in section 3.6, this results shows that by only increasing
the thickness of the encapsulation to optimise the electrical performance of printed
conductors, the probability of incurring failures at the interfaces also increases

during bending and washing.

6.6 Conclusions

So far, the concept of the neutral axis has been explored to improve the durability
of an e-textile by optimising the position its electrical interconnects. The findings
of this work from chapters 3 to 6 lead to the conclusion that electrical interconnects
of improved durability in both positive and negative bending orientations are best
achieved when oriented along the fabric weave of higher stiffness. Results show that
when printed on elastic fabrics, these interconnects degrade faster in performance

after bending except when on the NA. Failure modes and the increased wearer
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sensitivity of printed films also arise when high TPU encapsulation thicknesses are
used to optimise interconnects on the NA. To avoid this, it then becomes necessary
to use stiffer encapsulations so that these interconnects and the integrated

electronics are optimised with lower encapsulation thicknesses.

The durability of e-textiles can also be enhanced by reducing the size of the circuit
integrated on the fabric while its interconnections are still positioned on the neutral
axis. This potentially minimises the stress areas on the e-textiles because the
electronic component sizes are also reduced along with the track widths of the
electrical interconnects. Consequently thick film processes like screen printing are
no longer suitable. Hence the next chapter focuses on the fabrication of very fine

thin film interconnections and circuits for e-textiles.
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CHAPTER 7
THIN FILM INTECONNECTIONS ON
TEXTILES

7.1 Introduction

This chapter investigates the design and fabrication of very fine circuits for e-
textiles. Screen printing is an easy and time effective approach for making
interconnections on fabrics unlike other the fabrication techniques discussed in
Chapter 2. This is because it requires lesser fabrication processes than the others.
However with screen printing, only printed circuits with feature sizes greater than

or equal to 100 pm can be integrated on the textile [128].

The minimum feature size of a circuit becomes critically important when the
electronic functionality to be integrated within a small fabric space requires a dense
or very fine circuitry. By scaling down the size or minimum feature of the integrated
electronics, the wearability of the e-textile is enhanced because the circuitry
becomes less conspicuous to the wearer. The reduction in component size, especially
by using the bare die versions of components also minimises the e-textile stiffness
[8]. With packaged components such as the LEDs and resistors used in section 6.5,
the fabric loses it flexibility and becomes effectively rigid in the areas where the

components are integrated.

Thin film interconnections are suitable for fabricating such fine circuits that require
resolutions higher than 100 pm [138]. Section 2.2.2 indicates that thin film processes
have been successfully used to make electronic circuits on flexible plastic substrates
such as Kapton. After fabrication, these substrates are cut into strips and are woven
into textiles but at the moment these have poor wearability. This is why printed
circuits on Kapton was not considered in great detail in the previous chapters.
Although thin film processes like evaporation and sputtering have been used to
directly coat fabrics, they are yet to be used to make functional electronic circuits
on them. Hence in this work, the suitability of conducting thin film processes on a
UV-IF-1 coated fabric is initially investigated. The UV-IF-1 coating is used to

minimise the surface roughness of the fabric as explained in section 3.3.3.

133



7.2 Fabrication of thin film interconnections on substrates

The functionalisation of a Kapton substrate with a temperature sensor circuit is
also investigated with the thin film processes of photolithography and thermal
evaporation deposition since they are commonly used in the literature. The sensor
circuit is composed of aluminium interconnects, surface mount resistors, thermistor,
bare die LED chips and a wafer level chip scale packaged (WLCSP) microcontroller
of sizes less than 1 mm?®. The aluminium interconnections are of line widths and
spacings of 30 pm to allow for cutting the Kapton thin strips to improve their
wearability and concealment on fabrics. The strips can be initially assembled with
other textile fibres to make an electronic yarn before they are woven into a fabric.
The thin strips are encapsulated before washing to determine their electrical and
mechanical reliability. This is because the bending test results in figure 4.17 (see
page 93) indicate encapsulated conductors on Kapton perform better than un-

encapsulated conductors especially when they are located on the neutral axis.

7.2 Fabrication of thin film interconnections on substrates

Thermal evaporation deposition is a cost effective technique for depositing
conductive thin films on substrates as discussed in section 2.2.2. To realise useful
thin film interconnections/circuits for e-textiles with the technique, the following

processes are necessary:

7.2.1 Surface treatment of substrates

Evaporated thin films adhere poorly to their substrates. To improve their adhesion,
a surface treatment of the substrates is often required. This work uses the plasma
surface modification which is one of the cleanest and hazard-free of improving
adhesion of a material because it produces little to no toxic or unwanted byproducts
[155, 156]. It entails exposing the substrate to an ionised gas or gases, called plasma
which adds or replaces the organic functional groups at the surface of the substrate
to increase its adhesion strength. Some of the gases that have been used in this

process include oxygen, nitrogen and argon [155].

7.2.2 Surface patterning of substrates

It is necessary to define the areas where electrical interconnections are to be located
on the substrate before depositing any thin film on it. Photolithography enables
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the transfer of patterns from a mask to the surface of a substrate during its exposure
to ultra violet (UV) light [157]. The substrate surface is initially coated with a
photosensitive material called photoresist before UV exposure. The choice of
photoresist applied on the substrate determines the photolithographic process that

will be used to realise thin film on the substrate.

Figure 7.1 shows two photolithographic patterning processes; etch and lift-off. The
etch process uses a negative photoresist which becomes insoluble in a developer
solution when exposed to UV through the mask. The unexposed (dark field) area

dissolves in the developer and makes it possible to etch the underlying substrate

Photolithography and Patterning Process

The etch process The lift off process

positive resis
Apply and soft bake UV Light
negative resist

I_____' Mask
s i

UV exposure of resist

UV exposure of resist

o I 3 i)
Hard bake and develop
exposed resist
Q;f"f"f;: ;};4;-&;{5-&;-‘! §;+;+;+;: .
Metallise substrate
Etch metal

Figure 7.1: The photolithographic process for etching and lift off
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area. For lift-off, a positive photoresist is used. The masked area of the resist is
insoluble while the exposed area dissolves in a developer solution which makes it
possible to metallise the underlying substrate area. The main advantage of the lift-
off is the ability to control the linewidth unlike in wetting etching where overcutting

of deposited patterns is possible [158].

Some of the chemicals for performing the etch and lift-off processes at the
University of Southampton nanofabrication clean room are listed in table 7.1. While
these chemicals are suitable for processing on Kapton substrates [154], their
suitability on fabrics is unknown. The effects of processing these chemicals on fabric
at room temperature is assessed in section 1.3 to determine the practicality of etch

and lift off process on fabrics.

Table 7.1: Chemical solutions for the etch and lift off processes

Photolithographic Chemical solutions Use
process
A7 nLOF 2070 photoresist Negative resist solution
AZ 726 MIF Developer | To develop AZ nLOF 2070 after UV-
Etch process solution exposure
Ferric Chloride solution To etch copper film
Chrome etchant UN0398 To etch chromium film
A7 9260 photoresist Positive resist solution
A7 400K developer To develop positive resist after UV-
Lift — Off process expostre
N-Methyl-2-pyrrolidone To strip positive resist after
(NMP) metallisation of substrate
Acetone To strip positive resist after

metallisation of substrate

General De-ionised water To clean substrate after developing

7.3 The feasibility of fabricating thin film circuits in fabrics

Conductive thin films that are fabricated directly on fabric lack durability under
mechanical stresses, hence the surface of the fabric is often treated to improve
durability and electrical performance [9, 102]. Although Silva et al. [9] fabricated

300 nm thick aluminium film on polymer coated textile, nothing has been published
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Figure 7.2: Samples of UV-IF-1 coated (top) and uncoated (bottom) fabric samples before testing

in literature on the suitability of thin film fabrication processes for patterning
interconnections on polymer coated fabrics especially when printed circuits are to

be fabricated.

This section therefore investigates the effects of the chemicals listed in 7.1 on a
polymer coated fabric by immersing two 10 mm x 85 mm rectangular samples of
UV-IF-1 coated and uncoated fabrics shown in figure 7.2 in the chemical solutions.

Table 7.3. The results from the test after five minutes are discussed as follows:

7.3.1 Effect of de-ionised water, AZ 726 MIF and AZ 400K developer

solutions on UV-IF-1 coated and uncoated fabrics

Figure 7.3 shows a twist in the UV-IF-1 coated fabric after 5 minutes of submerging
it de-ionised water. The uncoated fabric remained unchanged. This confirms the
results in 3.6.1.1 that the UV-IF-1 interface absorbs water which is responsible for
the twist in the sample. Similar behaviour was also observed with the UV-IF-1
coated samples that were submerged in AZ 726MIF and AZ 400K developer

solutions as shown indicated in figure 7.4.

Figure 7.8: Samples of UV-IF-1 coated fabrics after submerging it de-ionized water for 5 minutes
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(a) ) (o)

Figure 7.4: Samples of UV-IF-1 coated (left) and uncoated fabrics after submerging them in (a)
AZ 726 MIF, (b) AZ 400K developer solutions for 5 minutes. Figure (c) shows the delamination

samples from alumina tiles after 5 minutes.

The UV-IF-1 coated samples also twisted despite being glued to an alumina tile.
This is because the adhesive glue was weakened by the developer solutions. While
the samples do not appear to be physically damaged, this result shows that the
lithographic process on a UV-IF-1 coated fabric might be possible by using a
chemically resistant adhesive that is able to overcome the twisting force in the

fabric and hold it firm to its alumina tile.

7.3.2 Effect of chrome, ferric chloride, acetone and NMP solutions

on the UV-IF-1 coated and uncoated fabrics

The UV-IF-1 coated fabric twisted after 5 minutes of submerging it into a chrome
etchant as shown in figure 7.5a. Unlike in figures 7.3 and 7.4, more rounds of twist

are noticed which possibly indicates that the UV-IF-1 polymer either greatly

(¢)

Figure 7.5: Samples of UV-IF-1 coated fabrics after submerging them in (a) chrome etchant (b)

acetone and (c) ferric chloride for 5 minutes. In (c) the uncoated fabric (left) is also shown.
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absorbs the chrome etchants or is attacked by it. Similar twist is also seen with
acetone in figure 7.5c. While the coated and uncoated samples dipped in the ferric
chloride solution showed no twist during the same time, these were stained by the
colour of the etchant thereby changing its colour from blue to a tarnish brown. The
UV-IF-1 coated part of the fabrics can be readily cleaned with a wipe as evident in
figure 7.5b.

This result shows that the chrome etchant can be suitable for fabricating thin films
on UV-IF-1 coated fabrics only if a chemically resistant adhesive that is strong
enough to firmly hold the fabric in position during the processing time. Ferric
chloride etchant offer a better alternative except for the stain it introduces in the
fabric. This can be curbed by masking the exposed area of the fabric before etching

with a disposable material such as a polyvinylchloride (PVC) material.

The effect of NMP solution on the UV-IF-1 interface at room temperature is shown
in figure 7.6. After 20 minutes, the 95 mm x 95 mm sample of a UV-IF-1 coated
fabric folded up completely. Also the NMP is shown to attack the UV-IF-1 polymer
by peeling it off the fabric.

Peeling of UV-IF-1
<— interface from fabric after
submerging it in NMP

Figure 7.6: Effect of NMP on a 95 mm x 95 mm of UV-IF-1 fabric coated fabric after

submerging it for twenty minutes.

7.3.3 Conclusions on the suitability of the lift-off or etch process on
a UV-IF-1 coated fabric

The results in section 7.3.2 show that the lift-off process is unsuitable for making
thin film interconnects on a UV-IF-1 interface on fabric. The NMP solution attacks
and destroys the UV-IF-1 interface even before the metal can be lifted off. Acetone,

another lift-off solution, twists the fabric. Lift-off chemicals that are gentle on the
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interface coating are necessary to make the lift-off process suitable for interface

coated fabrics.

The etch process is a potential alternative but its suitability entirely depends on
the type of metal to be deposited and the etchant to be used. This work has
considered the etching of copper and chromium films with ferric chloride and
chrome etchants respectively. While chrome etchant twist the fabric, the ferric
chloride proves a better alternative for deposition copper interconnections on UV-
IF-1 coated fabrics but the decolourisation of the fabric during the etching process
could be a deterrent especially where aesthetics is necessary for the end user e-
textile application. Therefore an extensive study of the effect of other metal
etchants on the UV-IF-1 or any polymer coated fabric is still needed before any
definitive conclusions can be made on the suitability of the etch process for such

substrates.

This results shows that unlike Kapton substrates, for photolithographic patterning
of thin film metals on fabrics coated with polymers like Fabink UV-IF-1 becomes
highly process selective and restrictive. To this end, this work will focus on

fabricating thin film interconnects on Kapton substrates.

7.4 Design and fabrication of thin film circuits on Kapton for e-

textile applications

The design considerations for electrical interconnections on Kapton for e-textiles
depends on its method of integration into the textile. Two forms of integration have

been reported in literature and these are by:

i. Sandwiching etched metallised Kapton strips between two screen-printed
PDMS polymers on textiles [59, 60]. A 0.1 mm wide horse shoe strip was
only used as interconnects and connected in pairs to rigid interposer

circuits.

ii. Weaving of laser cut metallised Kapton strips or fibres with textile yarns
to make a fabric [53, 54, 60]. The strips in [53 - 55] and [61] are 2 mm
and 5 mm wide respectively. In both cases the strips were functionalised

with packaged sensors and/or LEDs of similar width.
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The drawback to these techniques is that the electronic strips are still visible to the
user even after integrating them to a textile as shown in figures 2.16 - 2.18. To
compensate for this visibility, the strips would have to be designed or positioned
aesthetically within the fabric and this can become challenging as the circuit
complexity increases. Otherwise the width of the strips needs to be significantly
reduced to make them less conspicuous. In [59, 60], the strip width was reduced to
20 pm but this was used only as an electrical interconnection for rigid interposer
circuits. These interposers were ten times heavier that the fabric and can increase

the user’s awareness of the integrated electronics in the textile.
In this work, the width of the Kapton strip is reduced to 0.8 mm while ensuring;:
i. The strip retains its electronic functionality

ii. It is small enough to be assembled into an electronic yarn illustrated in
figure 7.7 where the thin film interconnections and electronic modules
are first encapsulated before textile fibres are woven around it to conceal

the areas of electronic modules that should not be assessed by the user.

iii. The resulting electronic yarn can be woven into a textile

Contact pads for power supply  Electronic module  Thin fﬂm interconnects

Encapsulation for
— electronic module

and interconnect

Strlp width

Ka ton stri
P P The cover fexflle fibres

Figure 7.7: A simple cross sectional description of the electronic yarn. The cover

textile fibre is made transparent to be make the layers underneath it visible.

The choice of using a strip width of 0.8 mm was based on the maximum width of
strip that can be woven in the Jacquard weaving tool at Nottingham Trent
University which will be used to manufacture the electronic yarn. This strip width

is still 2.5 times smaller than the state of the art.

7.4.1 The design of a re-programmable temperature sensing strip

A programmable temperature sensing circuit shown in figure 7.8 was fitted in the

0.77 mm wide strip of lengths of 75 mm and 135 mm designed in L-Edit as shown
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Figure 7.8: Schematic for a re-programmable temperature sensor

in figure 7.8. The circuit function is to detect and classify ambient temperature into
four different temperature ranges (5 - 15 °C, 16 - 25 °C, 26 - 35 °C and 36 - 45 °C).
These temperature ranges will be indicated by a pair of blue, green, yellow and red

LED lights respectively as shown in figure 7.9.

The circuit contains four major components, a microcontroller, LEDs, resistors, and

a thermistor (see appendix F.1 for dimensions). These components are

interconnected by 30 pm wide aluminium thin film conductors while parallel
conductor lines were also spaced by 30 pm. This conductor width and line spacing
ensure that the sensing circuit (without the microcontroller) is less than 0.8 mm
wide which can then be woven into a yarn. It was impossible to fit the
microcontroller into the 0.8 mm strip width because it was difficult to find a

commercially available microcontroller with a smaller width than 1.403 mm.

Microcontroller Surface mount Pads for bare  Surface mount
TE ino pads (l 9
Programming pads contact pads

100 € resistors die LEDs 10 k2 thermistor  Power supply pads
for microcontroller
11.6 mm lO.T? mm T T (_A_‘
I e s— igl-;\‘; F}E;"n T '?,-’ ——— L—Di Tl a— I
| * Nl h E—

3mm - 10 mm |

Conductive track

75 mm - 135 mm

Figure 7.9: Temperature sensing circuit layout for a 0.8 mm wide Kapton strip

The circuit was also designed in two different lengths of 75 mm and 135 mm, to

demonstrate how closely packed the components can be without failing during use.
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The maximum separation between components corresponding to this lengths are 3
mm and 10 mm. The power supply and programming pad were positioned at
opposite ends of the strips to provide the option of reducing the length of the strip
after the microcontroller has been programmed. The spacing between the 5 mm x
0.67 mm rectangular power supply pads are 3.3 mm and 5 mm for the short and

long strips respectively.

The temperature sensor circuit patterns in appendix F.2 were replicated on a 7-
inch glass mask by JD Photo Data Ltd, UK. The glass mask also contained square
sized patterns with resolutions of 10 pm, 20 pm, 40 pm, 60 pm, 80 pm, 100 pm,
200 pm, 400 pm, 600 pm and 800 pm. This was done to test empirically ascertain
the best pattern resolution that can be achieved with the photolithographic process.

7.4.2 Fabrication of the temperature sensing circuit on Kapton

The fabrication process is divided into two parts: (a) the fabrication of the circuit
pattern in figure 7.9 and (b) the attachment of the components to their circuit

pads.

7.4.2.1 Fabrication process for the deposition of thin aluminium

interconnections on Kapton

The lift-off process was used to fabricate the temperature circuit on the Kapton
substrate for better control the interconnect linewidth [158]. Although the process
is standard, this is the first to be developed on Kapton in the University of

Southampton clean room facility.

Six Kapton sheets were initially adhesively bonded to a 6 inch silicon wafer using
Tesla double sided adhesive tape. This was to ensure the Kapton sheet remained
flat and rigid during the lift-off process. The Tesla adhesive was also chosen because
it could survive the process temperatures and chemicals. To improve its adhesion,
a plasma treatment of the Kapton surface with O* (oxide ions) for 5 minutes was
performed in Plasmalab 80Plus etcher by Oxford instruments, USA. This was
validated by a tape test performed on a subsequently deposited 1 pm film of

aluminium by evaporation as shown in figure 7.10.
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Sellotape before peeling

Figure 7.10: Tape test on 1 um thick aluminium film deposited on a plasma treated Kapton

The plasma treated surfaces were spin coated with AZ 9260 positive photoresist for
thirty seconds using a Brewer Cee200 spin coater at a spin speed of 3000 rpm. This
achieved a resist thickness of 6 pm on each substrate. The resist was patterned by
with the glass mask using the EVG 620T UV mask aligner. The substrates were
exposed to UV light of energy density of 8.81 eV for 20 seconds. Then they were
immersed in a 1:4 solution of AZ 400K developer and water, and were gently

agitated while they developed for 5 minutes.

After inspecting the developed patterns in a microscope, the substrates were plasma
treated again before aluminium films of thicknesses of 500 nm, 1 pm and 1.5 pm

thermally evaporated on them at deposition rate of 2.5 A/sec and an applied

Figure 7.11: Patterned substrate after lift-off for substrate (a) with plasma re-treatment and (b)

without plasma re-treatment after photolithography
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pressure of 10° torr. The process lasted 35 minutes for every 500 nm film that was
deposited. The metallised substrates were dipped in a solution of NMP for 12 hours
to lift-off the remaining resist on the resist. Afterwards the substrates were was
rinsed with de-ionized water. The patterned substrate is shown in figure 7.11a.
Similarly, an initial experiment indicated the poor adhesion of aluminium thin films
after lift-off to Kapton substrates that were not re-plasma treated as shown in figure
7.11b. The photolithography processes before lift-off mostly likely re-modified the

surface characteristics of the Kapton substrate after the first plasma treatment.

7.4.2.2 Resolution of the evaporated aluminium films

After lift-off, the patterns were inspected through a Nikon microscope at 10x
magnification. All the patterns were clearly defined down to a resolution of 10 pm

on all substrates, as shown in figure 7.12.

(a) (b) (c)
Figure 7.12: Clearly defined square patterns at 10X magnification on 1.5 pm thick aluminium
substrates for resolutions of (a) 10 pm (b) 40 pm and (c) 800 pm after lift-off

Figure 7.18: 10X magnification of circuit interconnections (a) before and (b) after acetone clean.

The equivalent positions in (b) of the circled portions in (a) are cleaner and devoid of stray

aluminium films.

Further inspection of the circuit interconnections showed that it was necessary to

clean the substrates with acetone after rinsing off the NMP from the substrates
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with de-ionised water. Figure 7.13 shows that while the interconnections were
clearly defined, the circuit can still be shorted by stray aluminium films that were
not completed lifted off as shown. It was necessary to clean the substrates with
acetone to remove the stray films otherwise electrical integrity of the circuit will be

compromised.

7.4.2.3 Electrical resistivity of the evaporated aluminium film

The resistance, R of a uniform rectangular conductor of a length, [, thickness, ¢

and width w, shown in figure 7.14 is given by the equation (7.1):

Thickness, t

A - -~ - * ,-’]
. -~ I - -
L v e e L

- o

L

Length, |

Figure 7.14: A uniform conductor divided into a number of squares [159]

Where: p = electrical resistivity of the conductor, a material property
independent of the geometry of the conductor which determines how much current

a conductor can resist. It is the resistance of a material of unit length and unit

cross-sectional area. The term % is referred to as Sheet Resistance, qu of the

conductor while the second term r is called the aspect ratio and it gives the
w

number of squares that can be taken found in the conductor, figure 7.14.

The electrical resistivity of the evaporated aluminium interconnects at room
temperature calculated based the average measurements of the electrical resistances

from six different circuits of same length and thickness is shown in Table 7.2.

The electrical resistivity of the aluminium interconnections is shown to vary
between the values of 1.2 x 10% Qm and 2.92 x 107 Qm. Although these values
correlate with the resistivity value of 107 Qm obtained in [9], they also indicate an
unevenness in the film thickness across the entire length of the interconnects which
is one of the disadvantages of the thermally evaporated films [157]. The resistivity

values are in an order of 10! higher than the bulk resistivity of aluminium, 2.65 x
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Table 7.2: Electrical resistivity of evaporated aluminium interconnect

Film Film Film '"Measured Calculated Typical electrical
thickness, ¢ length, [ |width, electrical electrical resistivity of
(nm) (mm) (nm) resistance, R resistivity, O aluminium at
Q) (Qm) 20 °C (Qm)[158]
36.7 mm 2994.5 1.2 x 10
0.5
81.3 mm 9045 1.67 x 10
i 2.65 x 10®
36.7mm | 9 am 268.8 2.20 x 107
1
81.3 mm 791. 33 2.92 x 107
36.7 mm 149.97 1.84 x 107
1.5
81.3 mm 364.18 2.02 x 107

"Average resistance measurements from six different circuits

10® Qm [160]. Thin metallic films generally have higher resistivity than their
corresponding bulk metal because of defects that displace atoms from their lattice
sites hence annealing might often be required after deposition to minimise this effect
[160]. In this case, the aluminium films were not annealed since their conductivity

was high enough for the temperature circuit.

7.4.2.4 The component bonding process

The pitch size between parallel conductors in the circuit is 30 pm. To avoid short
circuiting, component bonding to the circuits was initially attempted with a
thermally cured anisotropic conductive adhesive, Elecolit 3061 as described in
section 6.5.1. The anisotropic adhesive ensures electrical conductivity is only
achieved vertically between the pads of the components and the interconnection

pads.

This process requires the use of a flip-chip bonder with resolution of up to 100 pm
for proper placement due to the small scale of the component especially the
resistors, see table 7.4. Due to the unavailability of the tool, the component
placement were manually attempted. The small size of the components necessitated
the use of flat weights (weighing 8 N) that covered the entire substrate area as

shown in figure 7.15.
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Weight on substrate to
align the particles of the
Substrate anisotropic adhesive during
curing

Hotplate curing adhesive at
220°C

Figure 7.15: Component bonding using anisotropic adhesive

The adhesive was manually dispensed using a 100 pm thick needle tip. To enable
proper heat transfer between the adhesive and component, a hot plate curing at
220 °C for 10 minutes was used in place oven curing. While occasional precision
placements of the resistors, in particular, were possible as shown in figure 7.16a, it

was not repeatable to ensure proper testing. The failure modes encountered include:

i. Misalignment of resistors with the contact pads, as shown in figure 7.16b.
This mainly occurred during the placement of a load on the component
before it is cured since it is firmly held in place. The misalignment results

in a short circuit.

ii. Poor heat transfer between the component and the adhesive. The
adhesive was uncured after 10 minutes of heating it while the weight is
still firmly placed on the component. But without the weight, the

adhesive cures in less than a 1 minute. This was the reason for using a

Figure 7.16: Anisotropically mounted resistors at 10X magnification when (a) properly aligned

with interconnect pads (b) and (c) misaligned with interconnect pads
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temperature as high as 220 °C but the process was still unrepeatable. It
should be noted that this problem was not encountered in section 6.5.1
because the components were not of sub-millimetre dimensions.
Conventional flip chip bonding ensures uniformly heat distribution to

ensure proper heat transfer within the adhesive [161].

To address the misalignment, a stencil containing apertures with sizes equivalent
to the components was designed. The adhesive was dispensed through the apertures
before positioning the component in the aperture. While the components firmly
remained in position after curing, they stuck to the stencil and peeled off the
substrate as the stencil was removed. This led to the use of isotropic conductive

adhesive.

Figure 7.17: Successfully mounted (a) resistors (b) LEDs and (c) thermistor on interconnect

pads. Images are at 5X magnification

All the components were successfully mounted on the temperature sensing strip as
shown in figure 7.17 using silver loaded epoxy adhesive which was also dispensed
with the 100 pm tip of a needle. The components were mounted and oven cured on
the strip in batches for 5 minutes, first the four resistors, eight LEDs and the

thermistor and microcontroller.

Following this, the gold contact pad at the top of the LED (which can be seen in
figure 7.17b) is required to be wire bonded to the ground (i.e —ve) terminal pad on
the strip. Attempts to do this with an ultrasonic wedge wire bonder failed because
the 25 pm thick aluminium wire from that should be ultrasonically bonded did not
stick on the contact pad on the aluminium interconnection or the LED bond pads
at a bonding force of 100 US energy. This is called the non-stick effect in wire
bonding and it is attributed to insufficient bonding force [162]. The initial bonding

force was increased to 160 US energy which did not resolve the problem.
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Hence attempts were made to manually wire bond the LEDs with the silver load
epoxy adhesive to bond the 25 pm thick aluminium wire to bond pads on the LED
and interconnect. The unrepeatability and difficulty of the process led to a few
LEDs wire bonds.

7.5 Circuit testing

To test the circuit, wires were bonded to the power supply and programing contact
pads on the strip using the silver epoxy. Due to the difficulty in wire bonding all
the LEDs, the microcontroller was programmed to just turn on, and/or blink an
LED on the strip. Figure 7.18 shows a blue LED lighting on the strip after the

microcontroller was successfully programmed.

Figure 7.18: A blued LED turned on by a microcontroller on the 0.8 mm sized circuit

7.5.1 Reliability testing of the of electronic strip

To place the interconnects and components on two working strips on the NA, an
encapsulation thickness of up to 0.6 mm is required based on the previous
experiment in section 4.6. The strip was manually glob topped from a 5 ml syringe
with UV-IF-1 and UV-IF-010 inks to test them for washing. To avoid any interfacial
failures that could result by glob-topping the components in isolation, the entire
circuit was glob-topped. The inks were UV-cured for sixty seconds. Due to the
bleeding of the inks during dispensing, the encapsulation extended to neighbouring

circuits on the strip. An encapsulation thickness of 1.1 mm was achieved which is
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0.5 mm more than the thickness required. Nonetheless, after encapsulation, the
LED lightings became too dim and unnoticeable hence they were not washed since
they had already failed. This failure could have resulted from a poor contact at the
wire bonds on the LEDs.

Peeled encapsulation

(a) Peeling of encapsulation from Kapton substrate

(b) Peeling of components by the encapsulation

Figure 7.19: Failure modes on temperature sensing strip after encapsulation

Furthermore, the Kapton sheet was separated from the silicon wafer at a
temperature 130 °C from a hotplate. This was done at this temperature to weaken
the glue strength of the Tesla adhesive tape so that the Kapton can be peeled off
easily. However during delamination, the TPU encapsulation peeled off from the

Kapton substrate and also peeled the components with it as shown in figure 7.19.

7.6 Conclusions

The integration of very fine functional circuits on textiles with feature sizes below

100 pm can be achieved with thin film interconnections. While it is easy to realise

thin films on fabric or a polymer coated fabric, photolithographic patterning of thin
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film interconnects on these substrates is complicated by the effects of the
photolithographic processes on them. This work demonstrated showed that a UV-
IF-1 (or a TPU) coated fabric would not survive a lift-off process based on NMP
solution while the use of etchants like ferric chlorides causes a discolouration of the
fabric. To conduct any photolithography on TPU polymer coated fabrics, the

processing liquids that are gentle on such polymers are required.

Conventional flexible substrates such as Kapton are an alternative means of
integrating fine circuits on fabrics but when functionalised, these substrates are too
wide and often not concealed within the fabric after integration. By reducing their
width, they can be better concealed by a cover textile fibre when woven into a yarn
before integrating them on the fabric. This was successfully demonstrated with a
0.8 mm wide programmable Kapton strip that was functionalised with LED
lightings. However, the prototype was not robust enough and didn’t survive full

processing.
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CHAPTER 8
CONCLUSIONS AND FUTURE WORK

E-textiles are a potential solution for integrating electronic functionalities into a
textile without significantly compromising its traditional function. The state of the
art indicates that the transition of e-textiles from research prototypes to mass
produced commercial products is hampered by their short-lived durability. This is
because the incorporated electrical interconnections and the electronic components
fail when they are exposed to real application stresses such as washing and bending.
The durability of the e-textiles reviewed from the literature was initially enhanced
by improving material properties such as the flexural rigidity and elasticity of the
electrical interconnections so that they are still electrically reliable under flexural
stresses. Waterproof and abrasion-proof features were also incorporated into the e-
textiles to make them more durable under washing by using thermoplastic polymers
to encapsulate or sandwich the interconnections and electronic components on the

textile.

This thesis furthered these contributions by examining the reliability of electrical
interconnections and electronic components for printed circuits on textiles. The
findings of this work and its implications for achieving durable and wearable e-

textiles are summarised below.

8.1 Suitable electrical interconnections for e-textiles

The electrical interconnections used for e-textiles can be categorised into electrical
conductive threads/yarns, and electrically conductive films and laminates which

consist of conductive inks, thin films and metal cladded or coated flexible plastics.

Electrically conductive threads/yarns are integrated into fabrics using any of the
traditional textile techniques such as weaving, knitting, sewing and embroidery.
They derive their conductivity from flexible metal yarns or coatings and can offer
conductivities in the range of 0.01 Q/m - 500 Q/m respectively. Their durability
are often improved by increasing their mechanical strength or by encapsulating
them. Electronic components are more reliably bonded to them with the use of

flexible or rigid interposer circuits to which the interconnections may be sewn but
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this can potentially alter the textural feel of the e-textile. Conductive threads/yarns
are best suited for realising only simple circuits on fabrics since they are limited by
their integration process to the weave structure of the host fabric. This constraint
also complicates their use for designing and integrating complex circuits on the

fabric.

Electrically conductive films and laminates offer more flexibility in designing any
circuit due to the design freedom and simplicity afforded by their integration
process. Hence they are suitable for making large area (> 100 cm?) planar circuits
or concealing and localising circuits within a small fabric space (< 10 cm?). Some
of the common methods for realising these interconnections on fabrics include the
screen printing of conductive inks, thermal evaporation of metallic films on fabrics
or flexible plastics, and the weaving of conductive flexible plastics to fabrics.
Although these interconnections are not as conductive as conductive yarns
(containing metallic fibres or yarns), they still offer conductivities as high as 1 Q/m
for metal clad plastic substrates or a sheet resistivity as low as 0.01 /sq. for 25

pm thick conductive films.

Electronic components can be easily bonded to them by using conductive (isotropic
or anisotropic) adhesives or with flexible interposer circuits. Their durability can
also be enhanced with the aforementioned methods used for conductive yarns. It is
also possible to limit the stress induced in them during use by positioning them on
the neutral axis (NA) of the e-textile. Unlike the previous durability solutions, this
has the advantage of optimising the electrical performance of the interconnection
irrespective of its material property. This approach is impractical with conductive
threads/yarns because they are always interlocked to the fabric by weaving or
knitting them in and out the fabric and this places them across all the stress planes
of the fabric. For this reason, this thesis discussed the reliability of printed circuits
realised by the screen printing and thermal evaporation deposition of conductive

films.
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8.2 Durable screen printed circuits for e-textiles

The current durability solution from the literature for screen printed
interconnections on textiles sandwiched the screen printed interconnect between

two screen printable thermoplastic polyurethanes (TPU) which act as:

i. an interface between the fabric and the interconnections to minimise the
surface roughness of the fabric and to increase the flexibility of the

interconnect by reducing its thickness to values as low as 5 pm.

ii. an encapsulant to protect the interconnect from abrasion and oxidation

from air and water.

This thesis indicated, through a theoretical model developed in this work to
characterise the bending behaviour of printed e-textiles, that these interconnects
will be more electrically reliable and durable when they are positioned on or close
to NA of the e-textile. Empirical verification of the model results obtained by screen
printing a piezoresistive strain gauge in close proximity to the NA of four screen
printed e-textiles of different woven fabric substrates - Bari, polyester, Escalade

and Lagonda, showed resistance changes of |AR| <10 % for bending at a radius of 5

mm and five cycles of washing. However, a high TPU encapsulation thickness is
often needed to engineer the screen printed interconnect on the NA due to its low
stiffness. Thermoplastic polyurethanes elastomers (TPU) generally have elastic
modulus defined in the range 0.015 - 0.7 GPa [125] and for the Fabink UV-IF-1
TPU (100 MPa) used in this work, the encapsulation thickness was as high as 0.8
mm. A disadvantage of using such a high thickness is that it can lead to failures in
screen printed circuits due to stress risers that develop in the neighbourhood of the
termination points of the encapsulant on the screen printed interconnect. Failure
modes arising from the washing of screen printed LED circuits based on this
encapsulation thickness also show that glob topped components are prone to failure

unlike the circuits with small encapsulation thickness of 24 pm.

Another disadvantage is the effect of using such a high encapsulation on the
wearability of the e-textile. An e-textile wearer can become more aware of the screen
printed circuit. Nonetheless a compromise between the stiffness and flexibility of
the encapsulating material can minimise the encapsulation thickness. By using

flexible materials with elastic modulus as high as 3 GPa such as Kapton, an
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encapsulation thickness less than 30 pm would be sufficient to position the

interconnect on the NA of these fabrics based on the model.

Related results also showed that the different elastic modulus values of fabrics in
tension and compression changes the NA position of e-textile as the bending
orientation of the fabric changes from positive to negative bending and vice versa.
Hence it is recommended that screen printed interconnects are located close to the
NA positions in both bending orientations so as to improve the longevity of the

interconnect.

8.3 Durable and wearable thin film circuits for e-textiles

The suitability of screen printed interconnects for e-textiles is limited by the
resolution of the screen printing process to the integration of circuits with a
minimum feature size of 100 pm. Very fine functional circuits with features sizes
down to 20 pm are initially achieved on flexible plastic strips with photolithographic
patterning and thin film deposition techniques before they are integrated into the
fabric by weaving. While the emerging e-textile prototypes show good durability
by surviving five washing cycles, the integrated plastic strips are too wide (= 2 mm)
and are hence visible to the wearer. This potentially limits their wearability

especially in aesthetic oriented field such as the fashion industry.

In this thesis, the width of the electronic strip is reduced to 0.8 mm which is small
enough to be concealed by a cover textile yarn before it can be woven into a fabric.
A functional strip was demonstrated with a reprogrammable circuit which
contained a microcontroller to flash a bare die square sized LED that is 0.3 mm
wide. Although the circuit was not robust enough for testing because the
components were manually bonded to the strip due to the unavailability of the
standard flip-chip and wire bonding processing tools, the working strip

demonstrates some potential for this technology.

A related experiment in thesis also showed that the fabrication thin film circuits
directly on a polymer coated fabric can be limited by the inability of the fabric to
survive the photolithography patterning processes. This makes the use of flexible

plastic ideal for integrating thin film circuits on fabrics.
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8.4 Future work

To advance the findings of this research for the design and manufacture of durable

e-textiles, further investigations in the following areas would be beneficial.
8.4.1 Modelling the mechanical behaviour of printed e-textiles

The mechanical behaviour of printed e-textiles in real applications determines the
span of their durability. Therefore to customise and optimise their performance
over the application lifetime, it is essential to have a theoretical model that is
representative of this practical behaviour as a guide to designing them. This
research presented a theoretical model that characterised the mechanical behaviour
of printed e-textiles based on their elastic properties. Screen printed e-textiles were
used as a case study for the model. The model was however only able to
approximate the behaviour of three of the four experimented screen printed e-
textiles on Bari, Polyester, Lagonda and Escalade woven fabrics. The mechanical
actions such as bending, tensile extensibility, compression and washing that limit
e-textile durability was simplified to a bending action. Hence the mechanical
property of the e-textiles was characterised from their bending behaviour based on
their elastic property in tension and compression. It also assumed a uniform
geometry across the cross-section of the e-textile for simplicity hence the effects of
the structural geometry and shear properties of the fabric substrate on e-textile
durability were not investigated. The physiochemical effect of other washing
parameters such as hydrodynamic flow actions [117] and the detergent flux [116]
on the e-textile behaviour was also not considered. A model incorporating these
parameters should improve the correlation between empirical results and model
predictions. The new model should nonetheless be easy to use and cost effective for

e-textile design.
8.4.2 Neutral axis engineering of printed e-textiles

The results presented in this work showed that the positioning of the printed
circuits on the neutral axis of an e-textile improve its durability. However
thermoplastic polyurethane (TPU) encapsulations of thicknesses as high as 0.8 mm
are still needed to achieve this depending on the fabric substrate. Besides the

increased sensitivity of the wearer to printed encapsulation, the e-textile also
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becomes easily prone to mechanical failures especially at the interfaces. New screen
printable materials of elastic modulus up to 3 GPa are needed to significantly

reduce the encapsulation thickness.

Similarly more work is still needed in providing durable encapsulations to the
electronics attached to these printed interconnections. The glob-top encapsulations
experimented in this work resulted in structural failures along the interfaces
between the glob top encapsulation on the component and the interconnect
encapsulation. To avoid this, it is recommended that the encapsulation is stencil
printed so that the components and interconnects are all encapsulated at once. This
is because it is still at the moment impractical to screen print the encapsulation

after the component has been bonded to the interconnects.
8.4.3 Durable thin film circuits on textiles

This work presented a proof of concept thin film temperature sensor circuit that
has a minimum feature size of 30 pm. The circuit is contained on a 0.8 mm wide
Kapton strip and could be potentially concealed in a textile as an electronic yarn.
However, its robustness still has to be improved before any integration on textiles
can be contemplated. Some aspects in the fabrication process of thin film circuits

on textiles that would benefit from further investigation include:

1. Reliable techniques and automated tools for precision placement of
electronic components of widths and lengths less than 0.3 mm on the
strip. This is because manual placements of such components on the
strip proved challenging and requires an excellent hand-eye co-
ordination from the technician. Commercial flip chip bonders are
promising but expensive tools. They will often need to be customised

as the component size decreases.

2. Dispenser modules for depositing a small droplet volume of
conductive adhesive on the contact pads on the strip. For the smallest
contact pad (i.e. 0.2 mm x 0.2 mm) fabricated in this work, a
minimum of 1 nano-litre droplet of conductive adhesive is required if
a 25 microns adhesive thickness is assumed. This can be manually

cumbersome and unrepeatable. Besides manual dispensing can be
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fraught with short circuiting challenges especially where isotropic

adhesives are dispensed.

3. Making reliable wire-bonds on thin film interconnects on Kapton and
on the bare die chips integrated on them. This is perhaps on area
that mainly limited the robustness and reliability of the fabricated
temperature sensor in this work. Non-stick of aluminium wire to the
evaporated aluminium film on Kapton was encountered during a
wedge bonding. Gold — gold ball bonding have been shown in
literature to be effective for its reliability [69] but this has yet to be

investigated on flexible substrates.

Finally, the Functional ElecTronic Textiles (FETT) project by the University of
Southampton and Nottingham Trent University seeks to further this technology by
investigating reliable bonding electronics on thin film circuits on plastic substrates.
Commercial flip-chip tools are investigated for adhesively mounted components
alongside the suitability of wire-bonding (i.e. wedge and ball bonding) techniques

for thin film circuits on plastics.
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APPENDIX A

Datasheet of Bari fabric

L 2

*
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®© 000 00 0000 00000 © ..ol
FABRIC INFORMATION
FABRIC: SBM-S
FINISH: Bacteriostatic finish silver based (P309 AG)
END USE: Workwear Industrial Wash

FABRIC DESCRIPTION

CHARACTERISTICS

PHYSICAL PERFORMANCE

Flbre Conient BS5 5 Polyester 35 % Cotton

Finished Wiaignt 210 g'm?

Yam Count (Nm) Wam 44 Nm Wett 27 Nm
Finished Construction jsm) Warp 43 om Weft 23 cm
Weave %1 tall

Minimum Usabdia Width 150 ¢m

TEST METHODS AND RESULTS

COLOUR PERFORMANCE

Klopman Teats |_ Resulta Intsmational Tasta Results
Tenglie Srength Warmp TM. KT W, ar|: 1100 N IS0 135341 Warp 1100 N
Weft EDO M W SO0 N
Pliing ICl Box (35000 Rew) TM.KIT20 Grage A 150 1284541 Grade 4
Shrinkage Inwashing 75°C 5x TM KIT43-TT #-3.0% IS0 15787 +-3.0%

TEST METHODS AND RESULTS

Rubbing Dry T.M. KI 750 Grags 4 IS0 105 X12 Grade 4
‘Washing: Colour Change TM. KI T70-A Grage El IS0 105 CO6 E15 Grade 4
Colour Staining [Pes + Col) TM. Kl 770-A Grade 304 150 105 CO06 E15 Grade 34
Dy Cleaning (Colour Change) T.M. KI 754 Grade e I5C 105 DO Grade 4
Pers piration: Crlgur Change TM. K Grage ] IS0 105 E04 Grade A4
Colpur Stalning (Pes + Cot) T.M. Kl Grags 34 IS0 105 E04 Grade 34
Light Fastness T.M. KITE0 Grage IS0 105 BO2 Grade 5
OTHER PERFORMANCES TEST METHODS AND RESULTS
Antibacienal eMclengy (Dynamic coniact test) - P 30 150 15757, 12, pd:
Tested by Saniizeoe ASTM E 214501 > B9%

Domestic Laundering:

PRODUCT CARE - ALL FABRICS ARE TESTED TO KLOPMAN TEST METHODS.

Il
ALBaE
Industrial Laundering - see Klopman Laundering Recommendation.

1SO 9001:2000 REGISTERED COMPANY

THIS DOCUMENT IS5 FOR INFORMATION OMLY.
FOR A CONTROLLED DOCUMENT PLEASE CONTACT THE KLOPMAN "PRODUCT MANAGER™ -

FROSINOMNE.

Dark and special colours may not fulfil quoted figures.
Characteristics may vary within commercial tolerances.
Sanitized is a Registerad Trademark

Oct-0& English

Figure A.1: Datasheet of Bari fabric
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APPENDIX B

B.1 Proof of neutral axis equation

Taking into consideration the elastic modulus of the different materials that make

up the n — layered composite in figure 4.1, the resultant force acting across the

cross-section of the beam in pure bending about its neutral axis position is given

by:

n upper limit
F=>Ex | Zdy=o0

lower limit

(B.1)

From figure 4.2, the lower and upper limits of the integral is obtained about the i-

th layer as:
i1
Lower limit =y — > h,

i=1

upper limit =y - >"h,
j-1

Hence equation B.1 can be reduced as:

-3
n j=1 l B
Z‘Eixi, L Rdy—O

y-.h;
n 2 V—lehj n _ i 2 _ i-1 2
ZEIX{%} .11 - ZEIX'[(y_ZhJ ] —[Y—ZhJJ ] =0
i y- h; i j=1 j=1
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Proof of neutral axis equation

$ex|[25-En-3n )] -0
Z?:Eixi —2§hi+h{§hj+zi:th _ 0

Also,

i-1 i i-1 i
dhi+> h = (h+h+..+h )+ (h+h+..+h +h)=2> h +h =2>"h -h
j=1 j-1 j=1 j=1

Zn:Eixi —2§hi+hi[22hj—hij:l =0
i j=1

Zn:Eixi Zghi—ZhiZhﬁhf} =0 (B.4)
i j=1

2Zn: Exhy = Z E.xh (22 h, —hi]
i i j=1
Zn:Eixihi (22hj —hiJ
i j=1
Zzn: E;x;h,

y:

B.2 Apparent modulus of a multi-layer beam

Figure B.1: Bilayer equivalent of a multi-layer beam
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Appendixz B

If the neutral axis position of this multi-layer becomes the new origin, i.e. )_/ =0,

so that it has k bottom layers and n-k top layers about this point, then equation

(B.4) can be rewritten as:

SEx {29hi—2hiihj+hf} + > Ex {thi—Zhi > b, +h?
g =

ikl j=k+1
From equation 4.13,
—EBHé + EAHf\ =0

By comparing both equations then,

k _ i
—EgH =) Ex|2yh-2h > h, +hf}
i j=1

EH2 = Z E,x. | 2yh —2h Z hj+hf}

skl | j=kt

If the following parameters are defined as follows:

t=1 Vi<k

ti:i;
HB

k
i=1
h < :
t =—,; t=1 Vizk+1

HA i=k+1

For )_/ = 0 then equations B.8a and B.8b can be rewritten as:
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APPENDIX C

Datasheet of Escalade fabric

L *

000000 O 000000 @GO0O® GO®O® LU
o® © eooeee 000 ©® ©O©9® QOO
® 000 00 0000 00009® O ..xmwncom |

FABRIC INFORMATION

FABRIC:
FINISH:

Escalade
Regular Finish (4176 16)
Apparel Garment

END USE:

FABRIC DESCRIPTION CHARACTERISTICS

Fibre Content 43% Ciotton 339:T400 16%Polyester

Finished Weight 205g/m*

Yam Count Warp 25 Nm Weft 330 Deex
Finished Construction Warp 43 cm Weft 23,5 em
Weave Jucl twi

Minimum Usable Width 140 cm

PHYSICAL PERFORMANCE

TEST METHODS AND RESULTS

COLOUR PERFORMANCE

TEST METHODS AND RESULTS

Klopman Tests Results International Tests Results
Tensile Strength Wap TMEITI ‘Warp 1200 M 150 136341 Warp 1200 M
Wedt Weft G600 N Weft 500 M
Tear Sirength- Wap TRFITT3 Warp TRNGr TS0 13037 Wap Thigr
Elmendorf [gr.} Weft et 3500gr Weft 3500gr
Filling {11000 Rew) TM KIT21 Grade a4 150 128451 Grade 2
Shrinkage in washing 1 x 80°C T.O. TM. KI741-TD +H-25% 150 8330 /24-E +1-25%

Ruibbing Ciry TM. KI 750 Grade 4 150 108 X12 (Grade 4
‘Washing: Colour Change TM KITT. Grade 4 150105 C08 C15 Grade 4
Colour Staining TAM KITT4-A Grade 34 150 108 C08 C15 Grade 24
Diry Cleaning Colour Change TM KIT54 Grade 4 150105 DM (Grade 4
Ferspiration: Colour Change TRLEITET Grade E 150 105 B4 Grade 4
Colour Staining TM KI 757 Grade el ) 150 1085 E04 Grade 24
Light Fastness T.M. KI 761 Grade 5 130 105 BO2 Grade i}

OTHER PERFORMANCES TEST METHODS AND RESULTS
% Stretch Blongation TMKIT37 >16% ASTMD 2107-60 =16%
Growing TMKIT37 25% ASTMD 2107-60 2.5%

For dark, black & special colours, minimum fastness expected values have to be negotiated at first sampling order.

If any additional minimum colour fasiness requirements are specifically nesded, please contact your Klopman representative.
For any customised minimum fastness requirements please contact your Klopman representative.

Due to a special construction we should consider +/-5% weight tolerance.

PRODUCT CARE - ALL FABRICS ARE TESTED TO KLOPMAN TEST METHODS.

wWALAQ0

Domestic Laundering:

1S0 9001:2000 REGISTERED COMPANY

THIS DOCUMENT 1S FOR INFORMATION ONLY.
FOR A CONTROLLED DOCUMENT PLEASE CONTACT THE KLOPMAN "PRODUCT MANAGER™ - FROSINONE.

Jarl7T Engiish

Figure C.1: Datasheet of Escalade fabric
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APPENDIX D

Datasheet of Lagonda fabric

-* L
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FABRIC INFORMATION

FABRIC: LAGONDA (Provisional)
FINISH: Reguiar A303 16
END USE: Apparel Garment
FABRIC DESCRIFTION CHARACTERISTICS
Fiom Costent % Comon 3% Tal0 M0% Pobyester
Finshed Waght 205 ghn
Yam Coust W 3 N Wislt 165 Oven
Finshed Construchion Wi 4T em L F
v 201 bl
Wisr=u= Lsabde WWillh 138 om
TEST METHODS AND RESULTS
Miegaman Tests i sasits b sl il Tasts [
[Tesk Segr | Wap TR R 7o B0 TR A TN
Vet | et 400 N Pl 400 N
TR 713 1= Lpf ]
Elmandort (gr)  Welt [ Wt 1500gr Ll 1500gr
Filing (11000 Ruv} TM W73 [(Grade 180 1251 [(Grade ET]
Sheinkage in washing 1 x 80°C (%) TD T Kl T41-TD - 180 83X FIAE
COLOUR PERFORMANCE TEST METHODS AND RESULTS
R liting Dy TM ¥l T80 | Drmche a4 180 %05 X12 | Dl 4
[T Toleur Changs TH TR T Rl gee Fuii g T
Lo Simneg L [T [ T
Ory Claaning Calour Change T K1 754 Grade 4 180 205 Do [(Grade 4
Furnpratan Ckour Change TH W79 Grade 4 180 205 Ed [Grade ]
Codout Stmnng L Grade 3w IS0 105 ED4 Qrade 34
Lightl Fasbresss. T ¥ T8 | Dracks § IBD 305 BO2 | Dl 5
TEST METHODS AND RESULTS
% Swich Etorgaten T K737 1% -1 ASTWOD 310780 15ei-5%
Girrwing. T KIT37 ) ASTMOD ¥107-80 %
, FRERIFMLIT =3 ave at

nwmmmwmmamwmwm pleasemnmwwmreprmmﬁe
For any customesed minimum fastness requirements please contact your Klopman represantative.
Due to a special construction we should consider +/-5% weight tolerance.

PRODUCT CARE - ALL FABRICS ARE TESTED TO KLOPMAN TEST METHODS.
= [
. : W AL AP0

IS0 5001:2000 REGISTERED COMPANY

THeS DOCUMENT 15 FOR INFORMATION GNLY.
FOR A CONTROLLED DOCUMENT PLEASE CONTACT THE KLOPMAN “PRODUCT MAMAGER® - FROSINONE.

Figure D.1: Datasheet of Lagonda fabric
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APPENDIX E

E.1 ISO washing standard 6330:2000

The washing procedure by the International Organization for standardization is described in the Table below:

Table E.1: 1SO 6330: 2000 Washing Standard for horizontal rotating drum machine — Type A.

Procedure | Agitation during | Total load Washing Rinse 1 Rinse 2 Rinse 3 Rinse 4
No heating, (dry mass) Liquor | Wash Cool |Liquor Rinse | Liquor | Rinse | Spin | Liquor | Rinse Spin | Liquor | Rinse Spin
Washlng and Temp level time Down | Level time Level time time Level time time Level time time
rinsing b ¢ d e f c eg c eg e d eg e d &9 e
°C cm min min min cm min min cm min min cm min min
1Ah Normal 2+0,1 923 10 15 Yesi 13 3 13 3 - 13 2 - 13 2 5
2Ah Normal 2+x01 |60x3 10 15 No 13 3 13 3 - 13 2 - 13 2 5
3Ah Normal 2+x01 |60x3 10 15 No 13 3 13 2 - 13 2 2 - - -
4Ah Normal 2+0,1 50 £ 3 10 15 No 13 3 13 2 - 13 2 2 - - -
5A Normal 2+0,1 40 = 3 10 15 No 13 3 13 3 - 13 2 - 13 2 5
6A Normal 2+0,1 40 = 3 10 15 No 13 3 13 2 - 13 2 2 - - -
7A GentleX 2+x01 |40=3 13 3 No 13 3 13 3 1 13 2 6 - - -
8AI GentleX 20,1 30«3 13 3 No 13 3 13 3 - 13 2 2 - - -
9AI Gentle 2 92 =3 10 12 Yesi 13 3 13 3 - 13 2 2 - - -
Simulated GentleX 2 40 + 3 13 1 No 13 2 13 2 2 - - - - - -
Hand Wash
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Appendix E

a — For procedures 1A, 2A and 5A an alternative load of 5kg and for procedure 7A an alternative load of 1kg is recommended

where articles are being tested for washing efficiency, possible abrasion sensitivity or similar effects.
b — All filling temperatures for wash and rinse are (20+5) °C.
¢ — Liquor level is measured from the bottom of the cage after the machine has been run for 1 min and allowed to stand for 30s

d — The volumes of liquor corresponding to the quoted levels are determined by a separate test using a graduated measuring

vessel.

e — The stated times may have a tolerance of +20s

f — Cool down; top up with cold water to 13cm level and agitate for a further 2 min.
g — Rinse time is measured when liquor level is reached.

i — For safe laboratory practice only

J — Short spin or drip dry

k — No agitation during heating

1 — This programme is retained because it is part of 1SO 3758
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APPENDIX F

F.1 List and dimensions of components for temperature sensing strip

Table F.1: List of circuit components

S/N Component Function Number Package Dimension
used length x width
x thickness
(mm?)
1. Attiny20 To program to the 1 Wafer level | 1.555 x 1.403 x
Microcontroller, ambient chip scale | 0.538
supplied by Digi- [temperature to be package
key, USA detected by the (WLCSP)
circuit
2. LEDs (blue, red, |To indicate the 8 Wire 0.3 x0.3x0.27
green and yellow) [temperature sensed bondable
supplied by Cree bare die
lightings INC,
USA
3 100 €2 resistor To prevent the 4 Surface 0.4x0.2x0.13
LEDs from drawing mount
too much current
from the
microcontroller.
4 10 k€2 thermistor |To detect changes 1 Surface 0.6 x0.3x0.3
in ambient mount
temperature
changes
5 CBCO005, supplied [To store energy of 1 Wire 225 x 1.7 x
by Cymbet SuAh useful for bondable 0.175
corporation clocking and as a bare die
switch over power
6 CBC910, supplied [Power management 1 Wire 1.36 x 0.96 x
by Cymbet for module bondable 0.15
corporation bare die
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Appendix F

F.2 Screen design of the photolithography glass mask for the
temperature sensing strip
Glass mask for photolithographic patterning of a temperature sensor circuit on
Kapton. Section 1 contains 10 square patterns of resolution ranging from 800 pm
to 10 pm to determine highest resolution of the thin film technique. Sections 2 and
4 contain temperature sensing circuits with lengths of 75 mm and 135 mm. Section
3 contains 142 mm long temperature sensing circuits that contain a rechargeable 5
pAh (micro-amp-hour) bare die energy storage and power management chips. This
was designed to investigate the potential of a self-powered strip by a battery.
However since the power provided by the battery is too low to power the

microcontroller, it can be used to power the thermistor.
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Figure F.1: Screen design for patterning thin film temperature sensor circuit on

Kapton
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