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Abstract

This thesis is an investigation into woven textile structures and weave construction
methodologies. The main question at the heart of this research is what are smart
textiles and what role/s can weaving play in the creation of such textiles in the future?
A critical review of the literature led to a grammatical investigation and interpretation
of the term smart textiles, and as a result a key differentiator besuperficialand
deepresponsivity in textiles is made: the latter is henceforth used talokeoe
uniqueness of smart textiles (chapter 3). The thesis proceeds to explore the
fundamental engineering of textiles as material systems, and by doing so, provide
clues as to how fabrics could themselves be considered smart. Through this
exploration, a original Otextile anatomyO mapping tool is presented with the aim to
enhance and deepen current understanding of textiles and represent them as material

systems instead (chapters 4 and 5).

The hybrid research methodology that governed this investigatianique. It relies

on the creative tools of Design while also inherently applies the investigative methods
of Science, Technology and Engineering (chapter 2). Weaving is explored through
processes of making as an approach to develop smart textitesifgllan extensive
historical review revealing that although methods of weave production have much
evolved, the weave structures themselves have not changed at all for thousands of
years (chapter 5). A series of experimental case studies are presentedhetafore

seek to explore and challenge current limitations of weaving for the creation of a new
generation of material systems (chapter 6). As part of this practical work the
alternative fabrication technology of additive manufacturing was considereits

role as substitute manufacturing technique for textiles was accordingly rejected.

This research finds that since weaving has become solely dependent on its machines,
the structures produced through these processes of manufacturing are governed by
such same specifications and limitations. As a result, in order to step away from
current constraints, new assembly methodologies need to be revised. This is
particularly applicable within the context of future (smart) material systems, and micro
and nandabrication techniques (chapters 7, 8 and 9).
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Glossary

Abrasion: deterioration

Alloy: blend of metals

Amplitude: rise from ground

Aspect ratio: the proportional relationship between width and height

Basketry: the making (weaving) of baskets

Blanket warp (also 6lock setting® neighboring warps woven with the same weft
Biocompatibility : un-hostile or urtoxic to living organism

Biomimicry : the study of emulating nature

Bobbin: a cylinder or cone wound with threads, yarns or wires

Braiding: plating; multiple strands interlaced to form 3D structure

CAD: Computer Aided Design

Chemical properties changes in the molecular composition of a material
Chromogenic materials switchable materials, which are able to change colour
Coatings a thin layer of polymers applied onto constructed textiles

Cloth (also €@bric O ortéxtileO)fibrous architecture of yarns and fibres
Compressive strengththe resistance of a material to break when volume is reduced
CNC: Computer Numerical Control

Corduroy: a woven structure that forms ribs across cotton fabrics

Cover factor: one set of warp or weft threads that cover other threads in given area
Crimp : pleat or crease

Cross-sectional shapethe contour of the diameter

Curvature: the degree of bend

Denier: fineness measurement of yarns, weighting 1 gram for 9000 meters

! "#4



Dent: gap or space

Drape (also @andle)): the way in which a piece of fabric falls and hangs
Diameter: a straight line passing from side to side through the centre of a figure
Dimensional stability: maintenance of original dimensions during use

DLP: Digital Light Processing

DMLS: Direct Metal Laser Sintering

EBF>: Electron Beam Freedom Fabrication

EBM: ElectronBeam Melting

Elasticity: materialOs ability to resume its normal shape after being stretched
Elastomers polymers with distinctive elastic propertig®., rubber)

Electrical properties: materialOs ability to resist the flow of an electric current
Electroactive polymers those thateact to electric fields by changing size or shape
Electromagnetic properties materialOs response to electromagnetic radiation
Elongation: lengthening

Ends: individual warp units

Energy absorption the convergence of photons to internal energy

EPD: Ends Per Dent, the number of warp ends led through one allocated reed space
EPI: Ends Per Inch, the numbers of wdinpeads across one inch

Fabric (also @othO ortéxtileO): fibrous architecture of yarns and fibres

Fabric density: the ration of warp and weft threads in a squared inch

FDM: Fused Deposition Modeling

Felt: a nonwoven textile construction

FFF: Fused Filament Fabrication

Fibre alignment (also GrientationO): the setting of polymers into a new fibrous form

Fibre migration: the variation of fibre position within a yarn



Filament: long slender threatike objects

Finishings: processeapplied onto fabrics to improve their look, feel or performance
Flexural rigidity : the force required to bend malleable (or-mnigid) materials
Fracture toughness the ability of cracked materials to resist fracture

Frictio n: the resistance that a material encounters when moving over another
Glass transition temperature temperatures where polymers shift from hard to soft
Handle (also OdrapeO): the way in which a piece of fabric falls and hangs
Headle (also ®ealdO): wiredholes attached to shafts on looms

Headle set couple of heddles acting as one unit

Hierarchical level: the position of some items in relations to others

Hierarchical design the use of hierarchical principles to create new phenomena
Hierarchy: structureconsisting of multiple levels

Hydrogels: gels made of water

ICD: Industrial Clothing Division

Laminates:. layers of plastic or other protective materials

LED: Light Emitting Diode

Length scales The range of material properties encompasses witkystam

Lift : rise

Lift plan (also Peg plan{ the raising order of shafts during weaving

Linear density: the measurement of mass or electric charge per unit length
LOM: Laminated Object Manufacturing

Macro-scale large scale

Mechanical properties describe how materials react to physical forces

Melting temperature: transitionfrom a crystalline to an amorphous phase

Meso-scale intermediate or middle scale
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Micro : one millionth of a unit length

Mock leno: weave structure applied without leno doémsthe creation of open mesh
Model: a systematic description of a material or object

Modeling: physical, conceptual or mathematical representation of materials or objects
Moduli: plural of modulus

Modulus: a constant factor or ratio

Molecular weight: relative molecular mass

Monofilament: a single strand

Monomer: small molecule; the building block of polymers

Motif : a decorative image or design, which forms a pattern

MP3: audio coding format that compresses sound into small files for storage murpose
Multifilament : number of strands used as a single unit

Nano: one billionth of a unit length

Natural-regenerated organic polymers undergone synthetic processes

Negative spacethe space around and between a shape or an object

Pattern: display of reoccurring feature

Peg a short pin used to control the lifting of shafts on a loom

Pegging putting pegs in place to form a weave pattern

Peg plan(also @it planQ: the order of raising shafts during weaving to create pattern
pH: the acidity or alkalinity of a solution

Photoactive polymers those that chemically react to sunlight or ultraviolet radiation
Physical properties characteristics used to observe a describe a material

Picks: individual weft units

PoissonOs ratidhe ratio between contraction and extension

Polymer opals polymers that demonstrate many small points of shifting colour
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Porosity: the extent to which a martials full of holes

PP: Plasticbased 3D Printing

Repeat reoccurring unit

Resin flammable oganic substance that is insoluble in water

Sample warp series of woven samples that are created due to a specific warp plan
Shafts screens that hold headles and used to lift warp ends to form sheds

Shear. break off

Shed opening between warp endsaitow weft insertion to pass through

SHS: Selective Heat Sintering

Shuttle: an apparatus used for weaving to carry weft yarns from one side to the other
SLA: Strereolithography

SLM: Selective Laser Melting

SLS: Selective Laser Sintering

Specific area the total surface area of a material per unit length

Spootl a cylinder device (larger than a bobbin), used to wind threads, yarns or wires
Staple fibre: individual fibres, usually of a relative short length

Stimuli: plural of stimulus

Stimulus: something that incites to action

Strain: force

Strand: an individual long and slender unit

Stress pressure or tension applied onto a material

Structural properties: characteristics used to describe the assembly of a system
Structure unit: base assembly unit

Surface properties characteristics of the outer boundaries of a material or an object

Surface roughnessa measure of textures



Surface texture(also 8urface topography the overall nature of a surface
Surface topography(also urface texture@ the overall nature of a surface
Synthetic: chemically engineered

TA mapping: Otextile anatomyO mapping

Tappet: a linear motion transmitted through an apparatus

Tensile modulus the ratio between stress and strain applied to materials
Tensile strength the resistance of a material to break under tension

Textile: (also €lothO ortéxtileO): fibrous architecture of yarns and fibres
Thermal absorption: materialOs ability to captivate heat

Thermal conductivity: materialOs ability t@tain heat

Thermal properties: the behaviour of materials under various temperatures
Thermal resistance materialOs ability to resist a heat flow under specific conditions
Thermal stability : the steadiness of molecules at high temperature

Thread: long, thin strands made of fibres and used for sewing or weaving
Thread count the number of warps and wefh one square inch of fabric
Threading: warp planbthe positioning of warp ends across shafts

Treadle: foot pedal

Volume: the amount of space thatsubstance or object occupies

Warp: vertical threads used for weaving on a loom

Warp rib : weave structure producing a vertical cords effect across the cloth
Wavelength the distance between one pick of a wave to the next

Wetft: horizontal threads usédr weaving on a loom

Wetft rib : weave structure producing a horizontal cords effect across the cloth
Whug: a third set of threads used for triaxial weaving

Yarn count: a numerical expression that defines the fineness (or coarseness) of yarns
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Chapter 1

Introduction

One of the distinctive signs of the early'2&ntury has been the widespread
development of new technologies discreetly embedded into our everyday experience.
STEM (Science, Technology, Engineering and Mathematics) is pervasive in
contemporary life. Not only do we rely upon it as a tool for gresfaiency but also

it increasingly mediates our lifestyle amgtthods of communication. Throughout the
20th century the integration of STEM disciplines into textiles has been at the heart of
the textile industry. Science has driven the creation and systbienew polymers.
Technology enabled the creation of novel synthetic fibres, filaments and yarns.
EngineeringPalthough not a new construction methodology of teBit@ntinue to
dominate the industry, mainly through the implementation of weavingrattohg.

This also includes the development of various mathematical modeling systems and
tools, which until this day, claim to enable the prediction of specific textile properties
[figure A.1, p. 194 As a result, STEM research methodologies are nowlyideise

for the development of technical textiles, electronic textiles archiéed smart

textiles. The latter refetsosely to the research and development of textiles beyond

the conventional and away from standard applications.

Although the develapent of such textileBtechnical, electronic and smlled smart

- is currently directed mainly by the hands of textile engineers, textile deshgness
long been taking interest implementing new advances of textiles into the market
place. The divergece between textile designers and textile engineers still persist and
this is further discussed in chapter 2. In a response to thisssegrch had sought to
present new hybrid research methodology. This research methodology is anchored



in designthinking and design practicbut it differs from other methodologies in the
way in which it also heavily relies on the literature of STEM as well as on the
research methods and measuring tools that it offers. It is important to note however
that although thisasearch primarily rests on some contributions from the fields of
Science and Technology, it primarily relies on methods asearch tools offered by
the field of Engineering, and although Mathematics plays a role in predicting the
behaviour of some textile products, such were not included in the scope of this
research.

Through this sacalled STEM perspective, taken by a Designer, it quickly has become
clearthat in spite of much investment in the creation of smarterialsin recent

decades through STEM research and development, sartiigéshave thus far not
realized their expected potential. The distinction betweaterialsandtextilesis an
importantone, which | discuss in detail in chapters 3 and 4.

The objectives of my research investigatibarefore were sets follows:

(2) To determine what is meant by the term OsmartO when applied to
textiles.Through an extensive literature review, relying gidence
originating in the field of material science, electronics and human
ecology | will aim to formulate a greater understanding of what is
meant by smaifchapter 3) This understanding will be used to
challenge eisting definitions of the terms@arttextlesQvith practical

investigative samples through woven structures (chapter 6).

(2) To wnderstand and define the detailed logic that directs the creation of
woven textilesin order to do this, a mapping tool will be developed,
which | term Otextile anatomyO (TA mapping). This tool will represent
guidelines to the complexities that make woven textiles into material
systems with their unique sets of properfesiitable for arious
applications. OTextile anatomyO mapping will provide a framework
therefore for the various levels of structural hierarchy that are inherent
in the creation of woven textiles. It will also examine the inner

relationship between each hierarchical l¢gehe next across multiple



length scales. It will be constructed therefore to deepen our
understanding of woven textiles as a matimponent material system
and to explain how such hybrid research methodology such as
presented in this work, can be usedid and inspire new designs.
OTextile anatomyO will be used through the development of original
diagrams to emphasize the direct relevance and importance of
construction methodologies for theaking of new textile systems

(chapters 4 and 5).

(3) To investigate the potential role of weaving as a fabricationfool
today and irthe future- for the creation of smart material systems.
Following an investigation into textile architectures (chapter 5) a
number of experimental case studies will be d=ligs part of the
practiceled design activity that governs this research. These case
studies will set out to explore the character of new woven geometries,
i.e. geometries that are responsive and potentially adaptable to
changes. The findings frothe cae studies will then be used to reveal
the benefits and limitations of weaving as a method of creating smarter
fabrications. Additionally, alternative construction methodologies such
as additive manufacturing will also be investigated as potential
substitues for conventiorliaextile making (chaptes).

1.1 Distinctiveness of this research

The originality of this research is rooted in the development of a new hybrid research
methodology, which seeks to find a balance between two very different appramches
researctbthat of Design vs. that of STENh particular, this research deals with the
way in which Science, Technology and Engineerind {5) can inform the creative
process of Design (chapter Zhis approach builds on the merits of creative design
and scientific research methodolagya quest to narrow the gap between the triple
helix of design, human centneeds and behaviours, and material systems. It is

therefore, by & very nature, an iat-disciplinary study.



The intellectual weight that this research carries owes a factual and interpretive debt
to Roderick LakesKdaterials with Structural Hierarchy1993), Brian CulshawOs

Smart Structures and Material$996), and Mukesh Gandhi and BraihompsonOs
review and analysis @martMaterials and Structure§l992). These works have
illuminated perceptions and ideas regarding materialOs performance. Their logic and
understanding of materials propestand functions have here begplied onto
textilesBall of which is discussed in length throughout chapter 3.

Hierarchical design acrossateriallength scales is an established methodology in
material science and systems biology. The distinctiveness of this research is that it
takes the pringles of hierarchical design and applied them to the design and
production of woven textiles, which, in turn, can provide insights into the

development of smart textile constructs.

In an age of open innovation and widespread use of STEM integrated grothsct
important to be able to offer sufficient insight into the workings of textile systems, not
only for textile practitioners working away froam academic environment but also

for a broader audiena®ith the curiosity to explore new developmentstietato

textiles This research is relevant to the design fi2&ven away from the specialist

area of textile®because it investigates the principle methods of constructing
materials systems and transforming those into new 3D fdtisshereforeaimed at
designers from across the fields of textiles, fashion, product and architecture.

Designers in general, and weavers in particular, currently have no access to a
straightforward database mapping system that explains the engineering principles
upon which textiles are made. As a response, this research study seeks to present a
new understanding of tretructural complexities that dictate the construction of
textiles in particular. This is visualized through a novel mapping tool called Otextile
andaomyO (chapters 4 and 5).

Another point of difference is presented through the practical experimental work in
chapter 6. Weavers tend to look for specific properties infused in fibres, filaments and
yarns to integrate into new cloths. As a result, sughfabrics may only portray the
properties of its components. The originality of this research study steers away from



the properties of the fibres and yarns as prime agents for change in textile properties.

Instead it focuses on the process of weavingfiéseld way of defining smart in the

context of deformable woven structures (chapter 6).

1.2

Contribution to knowledge

This researclsombines the practical experience of a weaver with the application of

textile related STEM knowledge and methods. fidlewing practical and theoretical

investigations carried out within this research offer an original contribution to

knowledge as follows:

0 A comprehensive critical review of the literature with regard to smart textiles

o

reveals that smart textiles donéatlly exist as yet. The discussion of smart
textiles also demonstrates critically how perceptions regarding the definition
of smart have been distorted in pdstades. As a result this reseaslarifies

what smart actually means, and how it relatesxtilés for practical benefit.

The development of Otextile anatomyO mapping as a tool for enhancing our
understanding of complex structural hierarchies and their relevance to the
performance of constructed textiles in general and woven textiles in particu
This mapping isinique not only because of the aiikision on each of its
hierarchical scales, but also in the way in which it ties the various levels of
hierarchy together into one material syst@from the molecule to the
architecture of fibres @ahyarns. It integrates process and production
methodology with the structure of each individual component as well as the

materials system as a whole.

Visualization of the structural complexity of textile systems, through a series
of multi component diagim formats, reveals how woven geometries can be

used to enable or enhance textile performance.



o Through a series of experimental case studies, and based on an extensive
review of evidence based literature, not only the advantages but also the
limitations of weaving currently existing on the macro scale, are revealed and
discussed as a crucial hindering mechanism for the creation of genuinely smart
textiles. Furthermore, my researcdveals the reasons why additive
manufacturing cannot yet play a roler@placing conventional methodologies
for the construction of textiles.

0 Smart textiles are shown not to exist on the macro scale. Current perceptions
of textilesbon the macro scaleare revised and a suggestion for new
fabrication methodologies is pegted, based on the advantages of materials

systems through structural hierarchy analysis.

o0 As an answer to the deep and widespread confusion with respect to the
meaning of smart textiles, | @pose an original distinctidmetween what | call
superficialand deepresponsivity: the former referring to the use of one
technological parameter as a sole instrument for responBibeyit a polymer
coating, a fibre or a yarn that changes according to external stimuli. The latter
however, refer to a textile maiarsystem that is inherently responsive
meaning that each of its components is responsive to an external stmtdus
the mechanical forces applied onto its neighboring compgreemdstogether,

the system is therefore made responsive.



Chapter 2

Methodology

This research explores the possibility of creating smatrt textiles with a particular focus
on weaving methodologies and woven textile structures. Through the development of
a new hybrid research methodoldggne that merges Degi with Science,

Technology and Engineering-{GE) - this research seeks to investigate and interpret
the evolving role of weaving as a construction methodology for genuinely smart
material systems. During this process, common perceptions of textil@eissaye
challenged, particularly with regard to the nature of textiles as materials and the very
meaning of smart. In the text below two acronyms are presented and it is worth taking
note of their meaning and differencesT < refers to Science, Techngipand
Engineering, which are the main subjects of investigation and integration into Design
as part of a new hybrid research methodology, where STEM stands for the well

known acronym for Science, Technology, Engineering and Mathematics.

2.1  The divergence between Design and STEM

For centuries the work of textile designers and that of textile engineers have been
defined by a distinctive yet varied set of tools, assessment techniques and research
methodologies. Besides the different approaches thdiecéound through design
methods and through that of STEM, designers and engineers use different
vocabularies with distinct terminologies, which makes intercommunication between
the fields challenging. Additionally, they each operate within significantigrént

work environment®the studio and workshop serve the designer, and the lab works



for the STEM practitioner. It therefore may not come as a surprise that both
approache®that of the designer and the enginesrely work jointly in

collaboration From a design perspective, the fundamental problem with this
divergence is thahe benefits that derive from STEM research into textiles are hidden
from designers, which in turn, also limits their understanding of textiles as material

systems.

2.2 STEM and textiles

In order fully to understand textile construction and to be able to predict the properties
as well as the behaviour of textiles, textile STEM practitioners have created
mathematical models based on the principles of structural hierasgbgrt of a

scientific methodology (Dixit and Mali, 2013; Stig and Hallstrom, 2012; Vassiliadis,
Kallivretaki, Provatidis and Domvoglo@011; Chen, 2009/idal-Salle and Boisse,

2009; Brown, Morgan and Mcllhagger, 2003; Tarfaoui and Akesbi,;20@ori

2001; Dastoor, Ghosh, Batra and Hersh 1994; Freeston, Platt and Schoppee, 1967;
Olofsson 1964; Meredith and Hearle 1959). Some of these modeling systems date
back nearly a hundred years (Peirce 1937; Haas, 1918), which goes to show the extent
to which somescientific methods of investigating textiles are still rele@inaving

not changed throughout the"and 2f' centuries.

According to Antonisamy, Christopher and Samuel (2010), scientific research is
described as Osystematic, ordered investigation in which the evidences are based on
observed facts rather than on personal beliefsO (p. 277). PhD research theses that
research BEM subjects follow a distinctive methodology of describing the modeling
systems, tools and methods of measuren®2sigh as found in Ruijter (2009jrom

which an empirical evidence and verification of the results are produced. In a
scientific investigdon the empirical data tells the story and defines the success or
failure of the research. The models currently used by STEM practitioners in textiles
for predicting the behaviour of fibres, yarns and overall fabric structures can be
divided broadly intdwo prime methods: the deterministic and the-deterministic.

The deterministic approach derives from applied physics. Deterministic models are
used to explain the relationships between structure and property, and can be used to



create textile construons that meet specific applications. Such models are problem
specific and, as a result, when applied elsewhere, can often produce large prediction
errors. They require deep expertise, which, at times, can prove hard to access (Behera
and Hari, 2010). Tyeof deterministic modeling techniques include computer
simulation models and Finite Element Modelidglso known as FEM.

Non-determinist modeling systenBaunlike those discussed abovare known to be
more tolerant of imprecision, uncertainty, partraths and approximations. Those
include techniques known as fuzzy logic (FL), artificial neural networks (ANN),
genetic algorithms (GA), and hybrid modeling.

However, in the specific case of textileanlike the majority of the fields to which
Science, €chnology, Engineering and Mathematics appghe STEM routes were

found not to be without their issues. In particularly this applies to textile engineering.
The main criticism regarding engineering modeling strategies for textiles, such as
presented in ¥ssiliadis, Kallivretaki, Provatidis and Domvoglou (2011), tap into the
uncertainty that is associated with average calculations. According to Hearle (2006)
conventional engineering techniques have only circumstantial relevance, proving true
only under spafic conditions. This prevents such findings from ever being used as
general rules (Lomoet al.,2001). More specifically, Hearle (2006) claims, the rules
that apply for general engineering and those that are relevant for textile engineering
are differem - although rarely treated as suchHngineering Design of Textileke
explains: OTextiles are solid materials, but little of direct relevance to textile
behaviour will be found in any textbook on the mechanics of materialsO (p. 135). He
continues: Onlordinary engineering the development of discontinuities, of porosity,
of buckling [etc.] are often taken as signs of failure of the materialsE but in textiles
their manifestation signals the value of these materials.O (p. 135). In other words,
often, theengineering rules that apply to most materils this casédonOt always
apply to textiles, which makes them not without fault.



2.3  Textiles design in practice and in research

If textile engineers rely on the quantitative characterisationtohsic properties of
individual materials to describe the function, application or purpose of textile
productsbin practice, textile designers rely on qualitative measures that derive from
their experience as crafts persons, which are often basedtorakrdferences or

unique subjective views.

Frayling (1993) outlines three distinct main research avenues employed in design:
¥ Researclinto design, where design is the subject of investigation.
¥ Researclthroughdesign, where creative practice is aegral part of the
research which according to Frayling (1993) is also most suitable for
collaborative work with the communities of Science (Matthews, 2011).
¥ Researclior design, where the final outcome / aspects / effectiveness of the
design is investigated.

Throughout the industryextile designers employ a napecific and individualistic
approach that relies mostly on the creativity and contextual understanding of the
designerTextile design answers an ancient desire of humanity to decorate, ornament
and adore the fabrics theyMsabeen making, andptrecedes that of engineering by
thousands years. It relies mostly on visual and textural qualities that together create an
experience that in turn, determines the commercial value and effectiveness of the
textile (Fletcher, 1999).

The design process of textiles sees a visual manifestation of an idea by a sketch
initially, drawn in pencil or in colour on paper. Alternatively, in recent years many
designers have opt to using Computer Aided Design (CAD) softwares, such as
Photoshop olllustrator for the creation of an aesthetic representation of their work.
The manipulation and use of colour is key in those developments (Best, 2012): the
motif is then transformed into a patté&mhere single or various motifs come

together to createne image. This is then transformed to form the repeat of the cloth.
The advantage of many CAD softwares for wea¥sgich as Jacquard Designer,
Apso, WeavePoint, Weave Maker, Point Carrie, and ProWdain their ability to

incorporate some yarnsaalisation, which results in simulations of the aesthetics of



the end textile product. These simulations however are only visual. They do not allow
an understanding of the behaviour of the cloth and no quantifiable data can be
extracted form them. Fromithperspective, although designers are able to derive
much knowledge with regard to the aesthetic of the cloth, they lackaled STEM
understanding of how this textile is going to behave.

2.4  Design: STEM methodologybanchored in practiceled reseach

In a quest to narrow the gap between textile design and textile related STEM, | have
developed a Obespoke hybrid resear¢hatdelogyOYee, 2010Yhat seek to find a

balance between the merits of textile engineering and that of design thixikirogvn
personal take on this was to understand the principles, logic of analyzing and methods
of evaluation that are used for the characterization of textitesighScience,

Technology and Engineering-{ISE). | used this understanding tcaddress the

desigqn practice of weaving in order to gain new knowledge into the ongoing evolution
of woven textiles. Throughout my research, practice and theory have been co

dependent informing one another throughout the duration of the work.

It is interesting to note &t when Greek philosophers like Plato distinguished between
techne and episteme, as tdiferent types of knowledge (Bg, 2014)Dthe former

being practical and experienced based, the latter being pure knowlgureoften

used weaving as the characteristic example of techne (Lehmann, 2012). The
philosophy of the following methodology is that | have tried to bringtteyeboth

techne (my own practical experience of weaving) and episteme (in the modern form

of the ST-E disciplines) in order to generate new insights.

The integration of knowledge from the fields of Scigniiechnology and Engineering
(S-T-E) into thatof design[figures 2.1 and 2.2jas become key to thiew research
method and one that has driven me to create an informative and definitive database
for designersresulting in my conviction that there is much to be learnt by adding the
perspectives of Gence, Technology and Engineering to those of design.



Figure 2.1 Figure 2.2
The divergence between Design and STEM Design: STEM amtegnatoach
Lynn Tandler (2015)

Although originally, the focus of textile design was primarily on colour, pattern and
print (Aggrey, 1985} in the course of the 3entury textile designers had begun to
also consider the formation of handle and texture through the utilization of various
textile structures. Untilecently the development of textile structures themselves was
dominated by the interventions of té&tengineers, however this beg& change

when textile designers such as Philpott (2011)@ladzard (2014¢mbarked on a
practiceled research to create new textile structures and performdimcesghout

their research, Philpof011) and Glazzard (2014averelied on their specissit
knowledge of textile desigand expertise in craft anghaking as textile practitioners:
the former through the adaptation of printing techniques and the latter on those
anchored in knit.

Similarly, myresearchs conducted from the perspective of an experienced textile
designer, however unlike other design investigations, such as those described above,
my research does not focus on the aesthetic value, commerciality or specific
application scope to which the resgaputcomes should apply. Rather, it

concentrates on better understating methods of construction for t®ditelsweaving

in particularbfrom a hybrid perspective of Design and Science, Technology and

Engineering (ST-E). Here, the newly formed researdlethodology plays a key role.

In order to apply such new hybrid methodology onto my research | had to find an
original way to resolve the persistent tensions that arise between design and STEM
investigation®generally speaking, the former anchoredrigative thinking and
improvisation, and the latter relies on prescribed set of rules that are used as constant
parameters for evaluation. My guiding approachcfeatingthis hybrid rsearch

methodology was to combineelve years of practicaxperiencen weavingand



design with the academic BE disciplinesin chapter six, for example, | resolved
this tensiorby allowing my investigations to be guided by a long experience of textile
design and weaving practise, but then evaluating the results in purely functional

terms.

My considerable practicaxperience in weaving is described here as the application
of tacit knowledge. This, essentially, is the product of many years of weaving
referring to the instinctive tools that practitioners adopt through regheagagement

with their fornms of practice. Such deep understating of a practice cannot be taught
throughtextbooks or through a prescribed research methodeed,t is often

difficult to even explainAnd it is precisely theinique qualities of tacit knowledge,
which although makes it difficult to justify or discuss, also transformed tacit
knowledge into 8ch a valuable and creative research tool. Here, tacit knowledge is
not brought to the fore as a prescribed methodology but rather as a tool, which gives
an experienced maker the insight to dive deeper into the realm of their practice, and

investigate prolems that do not appear problematic on superficial inspection.

Relatedly, the knowledge acquired from the literature with regard to textit& Bas
allowed me to reevaluate my longtanding understanding of weaving and develop

new general concepts regarding smart woven textiles in general. Dend@@hde
describes such process of evaluation as Oindicative analysisO. Here it was used to
construct heoretical and comprehensive arguments about smart woven structures
overall. h an age where fundamental ideas of engineering are changing and making
way for new explorations into the realm of nanotechnology and synthetic biology
(Drexler, 1990), the indative analysis of this research was used to draw further
conclusions as to how the weaving research community, and industry, should evolve
in order to see the relevance of woven textile constructions proving successful for the

creation of new material sysns.

2.5  Writing in bespoke Design: ST-E hybrid methodology

One of the challenges of this reseabdnd indeed one of its purpod2s to combine

the language of various disciplines, translating the one to the other. The gap between
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Design and &ence, Technology and Engineering¥) goes both ways. For

example, many J-E practitioners consider the ornamental descriptions used by
designers to portray some qualities within materials invalid, and therefore
inadmissible. Similarly, | found, degiers tend to dismiss the technical and detailed
attention that derives from the accounts of Science, Technology and Engineering
practitioners. The challenge that | faced through conducting my research was not only
to gain the ability to understand howTSE relate to constructed textiles, but also to
translate my understanding of the relevafit-E literature into a language that

designers could relate to and find useful.

The incorporation of the insights STEM in general into thedid of Design hasm

itself the potential of generating new levels of understating and also new knowledge.
In this instance, in order to emphasize the extent to which some conceptions of
textiles have not changed in decades and are still relevant till this day, | cited the
earliest publication. In this research, dissatisfaction with current understandings of the
term OsmartO in Design is expressed and comprehensively discussed through a critical
review of the ST-E literature, and through a grammatical investigation ofeha t

(chapter 3). The grammatical investigation of the term OsmartO (chapter 3) is an
investigation into the meaning and use of the word with respect to textiles. This is not
a philosophical investigation that touches on the relevance of artificial ietetkgto

the development of new synthetic entities, but rather one that inquires into the

meaning and definition of smart textiles.

Whilst conducting a critical review of the literature into textile material systems (also
in chapter 3), it became apparémit there was no readily available tool, map or
database that enabled textile practitioners who are working away from academia, to
make conscious design choices in the design of new technological textiles. At present
any informative tools regarding texiproperties are anchored in STEM and therefore
are redeemed as unapproachable for most desigmersler to gain a deeper
understanding into textiles as engineered materials systems, a new mapping tool was
created in an illustrated and descriptive foramd it was termed Otextile anatomyO.
Through the use of an illustrated diagram, this mappingépted and discussed in
details through chapters 4 and 5) explains how textiles differ from other groups of
materials. It is offered as a tool for designers across the board who wish to deepen
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their understanding of textile systems, as well as a toolkfibebunderstanding the

structural complexity that govern smart material systems.

OTextile anatomyO mapping is the result of on an going exploration into the logic that
governs the architecture and structure of textile material systems and which gives
them their unique set of properties and hence performance characteristics. One of its
unique points of difference is the way in which it is presented to the lPadar

simple and straightforward way. The work carried out to develop Otextile anatomyO
mappng had helped shape the experimental pratgéidevork upon which this

research is based. It led to several significant insigiis most important of which is

that responsive behaviour thus far only occurs due to the properties of individual
textile conponents and not through the overall structure of the system (chapters 4 and
5). The approach therefore of a Design exploration with scientific and technological
understanding, as well as an engineering investigation, into constructed textiles was

the backbne for the experimental case studies in chapter 6.

2.6 Processes of making through Design:-$-E methodology

A number of specific experimental case studies are presented in chapter 6, exploring
the limitations as well as benefits of some current weaving methodologies. These
studies address questions that have not been asked before, let alone answered. In
particulr, whether weave structures themselves can be genuinely smart. Primarily,
the role of weaving was investigat®Bthrough processes of making for the

construction of genuinely smart textiles. This approach to weaving design is new and
one that has directlstemmed from the unique research platform created by the
integration between Design andlsE.

Through the investigation of case studies 1 and 2, the limitations that current weaving
methodologies have on the creation of new material systems weresckatalg with

a strong link between apparatus and textile structure possibilities upon which the
textile industry heavily relies. Additionally, case study 3 of chapter 6 explores
whether additivamanufacturing (AM) technologieddsuch as 3D printingcould

compete with weaving looms for the creation and production of woven textiles in the
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future. A specific account of the methodology undertaken for each of the case studies

is outlined in sections 6.1.2, 6.2.2, and 6.3.3 in chapter 6.

2.7  Analysis through Design: ST-E methodology

The experimental case study weniresented throughout chapter i@volves the
gathering and analysis of qualitative data in the form of Oreseaecttered analysisO
(Denscombg2010). In other words, this refers to ae@sh methodology that relies
both on the experience, observation and the unique point of view of the researcher.
My Oresearcheentered analysisO, has been informed by many years of weaving,
design practicing and researching the art of textile construéti particular, much of
the evaluation and analysis of woven structures and themlkl successful

adaptation to applicablcloths in chapter 6 was drawn fréacit knowledge.

By assuming the pose of Ohumans as instrumbftagkuf and Morehouse, 1994), |

was able to evaluate the literature (chapter 3), draw innovative conclusions through

the development of an original Otextile anatomyO mapping (chapter 4 and 5) and create
a set of unique experimental case studies (chapfesr)the unique point of view of

an experienced weaver. Particularly this was true with respect of the investigation and
development of new woven structures, which | was able to contextualize

appropriately through process of making and through writtenragegchapter 6).

The designer unlike most STEM practitioneBlocates him/herself inside the
research, in the centre of creation. HoweveMathews (2011) comments, at the
same time, Oit must be acknowledged that challenges arise over objefctiidiity,
and reliability, which must be addressed through the research methods that are
selectedO (p. 71).

Lincoln and Guba (1985) inform us thednsferability, dependability and
confirmabilityare important in establishirtge criteria for trustworiness- which in

turn determines the credibility of oneOs findings. To alamsferability, the context,
aims, objectives, and methods of research have been detailed for each case study
separately (chapter 6) in order to allow the reader to draw areéeqicture of the



settings that framed each experimental work. dégendabilityof this research,

although difficult to achieve in a qualitative research (Shenton, 2004) was established
by the same detailed account of each of the works that has baed oatr which

will allow others to repeat the case study if they so wish. In order to allow
conformabilityin the researchguantifiable data was gathered in two and three
dimensional imaging and through various resolution s&weth the aid of UBS
microscopy [image 2.1] and stereomicroscopy in both reflective and transmitted light
capture [image 2.2]as a quantifiable visual method of studying and analyzing the
properties of individual textile components.

Image 2.1
Dino-Lite USB microscopequipment
Digital photography

Image 2.2
Stereomicroscope equipment
Digital photography
Lynn Tandler (201}



2.8 Research methodologyFlow diagram

The diagram in figure 2.3 summarizes the hybrid research methodology between
Design and Science, Technojognd Engineering as undertaken throughout my
research. | divided my research methodology into three main stages. The first stage
marked in pinkDidentified my research question through a critical review of the
literature. Additionally, knowledge abontaterials properties was acquired and
selected components were measured and characterized accordingly (chapter 3 and
Appendix A). The second sta@anarked in bluédwas allocated for building the
platform for Otextilanatomy® mapping (chapter 4 and H)fana series of
experimental case studies, which have derived from the research into the literature
(chapter 6). With the knowledge acquired from materials properties, the Otextile
anatomyO mapping tool, and results from the experimental case stagethrste of

my research methodolod@marked in yellonbexamined how well the findings
matched the original research question.

Figure 2.3
Research methodology
Lynn Tandler (2015)



Chapter 3

Literature review

Throughout the 20th century till present day the integration of STEM disciplines into
textiles has been at the heart of the textile manufacturing industsulting in the
development of technical textiles, electronic textiles and the more ambiguous Osmart
textilesO.

3.1 Technical and electronic textiles

Technical textiles are nemesponsive textiles. According to Mattila (2015) they are
aimed at fulfilling a specific function. Such textiles claim no particular aesthetic
value. Instead, they rely on technical performance to characterize their worth.
Techncal textile engineers employ STEM methodoloddssich as quantitative
measurements, modeling, characterization and an&lysienhance textile

performance. These explorations are often focused on the development of individual
textile components, whiclr@emended into the textile or that are applied onto it in
later stages of productiddsuch as various coating and finishings. With applications
across the fields of agriculture, architecture, footwear, clothing, furniture, filtration,
health, automotivegackaging, sport and leisure (Horrocks and Anand, 2000),
technical textiles have now become common in our everyday lives. In fact, the
ubiquitous use of technical textiles in the environments surrounding contemporary
human lives significantly outweighextiles for fashion and everyday apparel.
Electronic textiles, like their technical counterparts, are equally reliant on STEM as a
driving tool for the advancement of new textile products. A piece of textile can
become electrically conductive through tise of metal alloys, wires, fibres and



yarns or through the applications of conductive coatings during the later stages of
production (Wilson, 2011a).

Electronic textiles however are not a new phenomena. For example, in the early part
of the twentieth century electrical tablecloths were briefly popular amongst the upper
classes: bare electric wires ran between two layers of woolen felt cloth, linked to a
12-volt battery. As a result special light bulbs could be plugged directly into the
tablecloth and adorn the table with illuminations. At the time, the hazardous
combination of bare electrical wires, food and water was not yet fully known.
Unsurprisingly in later years, the electrical tablecloth proved highly dangerous and its
reputation and use declined (Field, 2004).

According to Veja (2015), electronic components can be attached onto or into a fabric
though processes of binding, knitting or weavifg.date, Veja (2015) claims, all
electronic textile samples can be classified into either one of these two groups. This
includes the works of CuteCircull(g Shirt 2004;Galaxy Dress2009;Twitter

Dress 2012); Despina Papadopoult®ye Jacket§995 anl 2005); Maggie Orth

(Firefly Dress and Neckla¢d998;Electronic Tablecloth1999;Grace,2004);

SubTela (White Wall Hanging2007;Jacket Antics2007;Blue Code2008) and Zane
Berzina E-Static Shadows2009) among others. These works are a display of
designers who work with readily available electronic components to create new textile
products. This mainly involves the implementation of hghtitting diodes (LEDsIp
making such gextile prototypes open to criticism for their limited use, gimmicky

appeal and specific suitabilifpmostly for younger markets (McCann and Bryson,
2009). In other words, they take little or no account of psychological, emotional or

cultural requirements in their implementation.

In an industry report titledhe Future oSmart Fabrics: Market and Technology
Forecast to 2021Wilson (2011a) writes, OElectronics companies and brands care
little whether something is textile or not. Neither, ultimately, does the consumer, as
long as the product worksO (p. 1). Accordingly hérd, one of the reasons that
electronic textiles have not yet become well embedded across western consumers
marketsBunlike technical textiles for examplés not because electronic cloth isnOt
used as an interface for technology but rather becausm@aien a fabric is



employedO, he writes, Oit may be little more than a carrier for certain electronic
components, rather than being an integrated OproductO or containing fibre circuitry of
any descriptionO (p. 1). In other words, one of the problem=leittronic textiles

today is that the construction of weaving or of knitting seems to have no particular
significance for the successful construction and operation of electronic cloths.

In practice, textile designers are only able to put together thparmants that textile
engineers develop. And this is where the two methodologies of design and
engineering, particularly in textiles, fundamentally differ. In places where designers
are aware of the context to which aqutial fabricshould belong, enginegoften

think about the function, limitation and performance of individual components,

independent from a particular textile to which they are intended to belong.

Building on this point, the failure of electronic textiles to gain acceptance in the
markeplace thus far might also relate to a cut & paste effect, for the technology of all
electronc textiles is engineered awayim the fabriconly to be transferred into or

onto the cloth towards the end of production. In other words, electronic textikes hav
not yet become one homogenous and integrated product, but rather they are fabrics
with attached electronic componemgcording toCork (2015), Oelectrically

functional yarns and fibres should have the same diameters, moduli and strengths as
conventionatextile fibresO (p. 14)only then could there be a genuinely discreet
integration of electronics with textile substances, and thus become suitable to create
comfortable, aesthetically pleasing products.

Research groups such as those led by Prof. ddibsttingham Trent University, have

been working with a distinct focus to overcome such boundaries and increase the
compatibility between electronic components and textile yarns (Dias, 2015). Google
too has launched a small research groups who weaveaom@threads on jacquard

looms for the production of mobile phone interfaces embedded into cloth (Brownlee,
2015). Similarly, an internationally collaborative project that emanated from the
University of Exetepresents a conductiveeansparent anfiexible textile technology
through the integration of graphene into textile elements and into the cloth (Onita,
2015). These research groups continue to extend our understanding of the relationship
between electricity and textiles.



In some cases, electiiortextiles have been referred to as OsmartO tBxtiigsthe

term OsmartO representing the cutting edge of textile design and engineering. There is
still much ambiguity with regard to the definition and descriptions of the term smart
textiles: so muclso that it is difficult to clearly understand from the literature what

smart textiles actually are and do.

3.2 Smart textiles

OThe term smart structures and smart materials are much used and more abusedO
(Culshaw, 1996, p. 3). This was from twenty rgeago. And for most designers, itOs

just as true today. These days, the word smart has found popular use within the public
domainbwith products such as smart phones, smart watches, and even smart water
reaching our shelvesdominating our consumer exgiations and habits with positive
promotions associated with everything that is OsmartO.

According to VarLangenhovg2015),smarttextileshavebeenaroundsince2000D

unlike Culshaw(above)who waswriting aboutsmartmaterials andnot smart
textiles.Probably the first attempt to define the term smart in relation to textiles is that
of Tao (2001) who classified textiles according to their potential level of smartness.
Although not distinguishing between materials and textiles, she described smart
mateials as those that Osense and react to environmental conditions or stimuli, such
as those from mechanical, thermal, chemical, electrical, magnetic or other sourcesO
(p. 2-3) Bfurther classifying them int@assive smart, active smart, and very smart
mateialsO(p. 3). Her descriptions have passed from one publication to the next and
her division of smart into active, passive and very smart materials has become widely
repeated across the literaturgometimes without acknowledgement of TaoOs original
publcation Stoppa and Chiolerio, 2014)

Some textile specialists still hold to the belief that any piece of textile, which presents
properties over and above those of conventional textiles is worthy of the description
smartbparticularly for example, these of electronic textileséilesFriedman

2016) Similarly, some contemporary attempts at defining smart textiles have little to
separate them from those of responsive textiles per se. For example, Stoppa and
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Chiolerio (2014) summarize the term smakxtites as Oproducts such as fibres and
filaments, yarns together with woven, knitted or 4+vaswven structures, which can

interact with the environment/userO (p. 11958). This is an example that reaffirms a
common perception that as long as textile compor@imteract with the
environment/userQ they shall be considered smart. The problem with this definition is
that, to some degree, every piece of textile changes in reaction to its environment
(Morton and Hearle, 2008; Taylor, 20@ahnson, Wood, Ingham, MeN and

McFarlane, 2008

Similarly in Textiles and Fashion: Materials, design and technalddgttila (2015)
describes smart textiles as those that interact with the environment and Obased on
information received [they] perform predetermined actions repeatedly and often
reversiblyO (p. 355). What he seems to have in mind here are examplesasuch as

ICD jacket and an MP3 player jacket. But in the same text, Mattila (above) describes
wearable electronics as Otextiles where electronic or mechanical components are
attached to the textile material, and the textile part does not have any intelligence
propertiesO (p. 355). Meaning, that in electronic textiles it is not the textiles
themselves that are being OsmartO. What Mattila does not do is properly differentiate
between wearable electronics and smart textiles. In other words, he does not explain
how smatrt textiles differ from any other group of responsive textiles. Thus, in spite of
making a clear distinction between smart textiles and wearable electronics in the same
text, the examples that Mattila (2015) describes as smart do not differ fromithbse t

can be used to describe wearable electronics.

In order to understand where genuine smartBéssuch exists occurs in textiles it
is important to understand how textiles are built and what are the foundations upon
which they are engineered, baéthnologically and aesthetically, to meet human

centered needs and wants.

3.3  Understanding woven textiles as material systems

In an article for th& extile Research Journdlomov, Huysmans and Verpoest (2001)
describe textiles as Ohierarchically structured fibrous materialsO (p. 534). Their
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definition of the term textiles, as adopted by many others in the field, is one that relies
on principles of structural hierarchy ttustrate a system which is made out of fibrous
materials (Zheng, Zhao and Fan, 2012; Bosia, Buehler and Pugno;T291dr,

2007;Yao and Gao, 2008; Lomov, Huysmans and Verpoest, 2001; Takano, Uetsuiji,
Kashiwagi and Zako, 199€ollier, 1980.

Structual hierarchy refers to the logic that governs comptexcturesvhere the
elements that form the overall structure themselves have structures (Lakes|rna93).
muchreferenced paper from 1993, titlbthterials With Structural HierarchyLakes
explains he principles of structural hierarcBfor both natural and manmade
materials. Lakes (above) defined the hierarchical order of a structure in tamms of
degrees of scale. Accordinglyy) ©0 corresponds to the material which is [E] the
base material or thbase unit block of the overall structureO (Lakes, 1993, p. 511).
The number of hierarchical levels) within a system as well as the criteria, which is
used to link orders together, define the nature of complex hierarchical systems, be
they woven matgals or the construction of mechanical or structural environments

such as the Eiffel Tower, which was the inspiration behind LakesO work.

The vast majority of woven textiles described in the literature exhibit three levels of
structural hierarchy. With dkesO description of hierarchical systems in mind, in most
textile description accounts, fibres appear as the base order within the hienaxchy (
0), yarns represent the architecture of fibres and therefore appear as the first order of
complexity within he hierarchyrf{ = 1), and fabric structures, as the architecture of
yarns, appear as the second order of complexityd). Other descriptions of textile
systems report four or five levels of structural hierarchy such as those described by
Chen, Zhao an@ollier (2001), which includes finishings and coatings agents as third
order, above fabric structure € 3); and Takano, Uetsuji, Kashiwagi and Zako

(1999) and Smith (2010) who specify fabric application as fourth ondedj above
finishing and coatinggents and techniques.

Largely, fibres are described as the building blocks of all texlegds-Goode and
Townsend 2011; Collier, 1980)Goodman (1968) defines fibres as Osolid objects
whose lengths are hundreds or thousands times greater than their widthsO (p. 1).
Throughout the literature many classification of fibres integdups can be found.
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Cook (1984) classifies fibres into two maroups: natural and manmade. Collier
(1980), on the other hand, divides fibres into three main groups, according to their
origin: naming vegetable fibres, animal fibres, and mineral fibres, and Hearle and
Peters (1963) classifies fibres into four graugescording to their polymeric origin
naming them as those obtain from animal, vegetable, mineral, or any other chemical
source. [A more detailed investigation into the structure of single component fibres
and their applications can be found in AppendljlxComplications arise however

when creating fibre composite and multicomponent fiBreswhich case the

properties of different fibre materials are conjoined together into the one textile

product.

Fibre properties such as strength, elasticity, thestahility and potential

responsiveness to external stimuli can be found within the code that is the equivalent
of the materialOs DNA. This can be found through measurements of the properties of
the polymers from which specific fibres are made (Hearl82)19n the case of most
textile components, these refer to the natural and synthetic polymers from which they

are formed.

Polymers are large moleculB&nown as macromoleculesnade of small repeating

units, called monomers, which are linked togethecovalent bonds (Cook, 1984;

Hearle, 1982). Because of this, it is inevitable that understanding polymers can enrich
the understanding of textile componentOs performance (Young, 1981). According to
Hearle (1982), OAs a class, polymers are among thémpustant of all materialsO

(p- 19). In 2009, Chen and Hearle reported a textile hierarchy with a new base order
(n=0), which they referred to as polymers and not fibres the building block of

the fibre in the macromolecule that constitutes thefib

Polymers are generally divided imatural polymers or biopolymer®and

manmade polymers. In general, biopolymers are water loving, a property that
identifies them as hydrophilic due to their evolution through water based
environment®either bologic, botanic or aquatic environments. Manmade polymers
on the other hand are mainly water repelling, which identifies them as hydrophobic
polymers due to the nature and arrangement of the organic molecules of which they
are constituted.



According totheir origin, biopolymers are further divided into those that originate in
plants and those that originate in animals (Walton and Blackwell, 1973; Alfrey and
Gurnee, 1967; Goodman, 1967). Similarly, manmade polymers can be further divided
into natural regeerated polymers and synthetic polymers. A different group of
polymers called responsive polymesslescribed in by Hu and Lu (20t4hese are
polymers that €how noticeable changes in their properties with environmental
stimulatiorO p. 437). Theirbehaviour is dependent ahanges in their chemical and
physical structureOther than polymers, some inorganic and metal elenienish as
ceramics, glass and metélare also in use for making textile fibrédore detail on

the different groups of ppiners and their inorganic elements counterparts, their sub
divisions and unique propers are described in Appendix A

Once polymers or other inorganic or metal elements are made into fibres, they can
then be OspunO into y4tm@svrence, 2010; Wilkinsor,967).In the literature, yarns

are mainly classified according to their fibre content @arwbrding to their suitability

for enduse applications (Gong, 2011; Alagirusamy and Das, 2010). The properties of
yarns are largely subjected to the propertiegbhefibres from which they are spun,

and the spinning techniques used to create the yarns. As a result, understandably, a
wide range of yarn spinning technologies has been developed (Alagirusamy and Das,
2010; Jing and Hu, 2010; Lawrence, 2010; Nyoni arabB, 2006; Jiang, Li and Fan,
2002; Wilkinson, 1967the general methodolags are summarised in Appendix A

Yarns, and/or continuous filaments in some cases, are used to form the geometry of
the cloth and hence, its structdenost commonly throughrpcess of weaving and
knitting. For nearly a century, since textiles laboratories begun producing polyamides
for making Nylon fabrics, and polyurethane for example, for making kybthe

textile industry has relied on the properties of fibres and/osytarprovide a textile

with novel performance (Kapsali, Toomey, Oliver and Tandler, 2013). With advances
in chemistry and in engineering, new fibres have been developed and taken to the
market. As a result, the structure of the cloth itBelthether woveror knittedbhas

played a relatively insignificant role in providing novel functionalities to textiles:
whether within the field of technical textiles, electronic textiles or that of conventional
textiles. With regards to smart textiles, it is now belietreat their inception is solely
dependent on the development of smart textile compor@tupga and Chiolerio,



2014;CherenackzZysset, Kinkeldei, Munzenrieder and Troster, 20Mattila, 200§.
And this is precisely the source of so much confusion themeaning of smart

textiles.

Textile materials behave differently to other materials. According t@ferd
EnglishDictionary, the latter is defined as Othéstancérom which a thing is or can
be madeQwaite, 2012, p. 446)Textileson the other hand, are described in the same
text as those made out of many materalewed throughout as systems govern by
principles of structural hierarchysee chapter 5. In other words, the word textile itself
implies that there is an assemblynaény materials into the one form.

3.4  Nanotechnology and textiles

In the groundbreaking pap&hereOs Plenty of Room at the Bofeeynman, 1960),

the potential of exploring and developing new nano scale materials was presented in
its enormity. Nanotechnology and bionanotechnology refer to the study of materials
from 100 nanometers down to the atomic level. According to the criécew by

Dowling et al.(2004), @ is in this range (particularly at the lower end) that materials
can have different or enhanced properties compared with the same materials at a
larger sizeQp(5). At the nano scale, for examptee chemical reactiytof many

materials increase due to a larger surface area, which in turn can dramatically change
the properties of the same materials as it exist on the macro scale. This is caused by
the fraction of atoms at the surface becoming greater than the attmasuk of the

material as the particle size decreases below approximately 20 nanometers.

Indeed, ideas of bulk engineering have been slowly giving space to those of
nanotechnology for several decades (Drexler, 199t5.exploration of materials on
thenano scale for textile applications is not new, and one that had already proved
useful for the enhancement of textile attributeach as fabric softness, durability,
breathability, water repellence, fire retardancy and antimicrobial properties alike
(Sawhney, Condon, Singh, Pang, Li and Hui, 2008}extiles, nano scale techniques
have become popular where nasaated materials such as polymer coatings have
been applied onto individual fibres in order to enhance their performance (Bartels,
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2011). Todaymore companies aravolved in fibre engineeringyhich involve

chemical and mechanical intervention on the micro and nano scales. One of the most
prominent examples refers to the biomimicry of the Lotus leaf and its adaptation to
the development of wateepellent textile surfaceSamaha, Tafreshi and Gad

Hak, 2012; Gao and McCarthy, 2006; Marmur, 2004; Patagké¥).

Needless to say that nanotechnology research requires special measurement and
characterization tools, such atomic force microscégyM) and scanning electron
microscopy (SEM), which are used for the study of materials on the nano scale.
AFMs are probes able to measure the physical, mechanical and structural properties
of nanoparticles and nanomaterials, and simulate these in the fdfraraimage

depicting individual atoms within the surface roughness of the object. Similarly, SEM
give a microanalysis of solid natural, inorganic and synthetic materials with high
magnification rates up to x 300,000 able to generate higiesolutionpictures,

accurately measuring small features and particles within nanofibres or other

nanostructures.

3.41 Micro and nano scale textile components

Nanofibres are small fibres with diameters smaller tham®B0MNanofibres can be
made form natural polymers (Ifuku and Saimoto, 2012) as well as from manmade
materials (Teo and Ramakrishna, 200%ey havehigh surface area to volume ratios
(Petrulyte and Petruli2011), which provides them with enhanced chemigadtree

and physically different properti€san aspect already proven useful in various textile
applications (Bartels, 2011; Van der Schueren and De Clerck, 2011; Fleck, 2008).
The three inherent properties of nanofibres are their high specific arezésurfa
area/unit mass), high aspect ratio (length/diameter) and their ability to suit a wide
range of applications demanding biocompatibility traits. Depending on which,
nanofibres can create lightweight, breathable and strong fabrics (Brown and Stevens,
2007) Fibres made of carbon are often used for structural lightweight applications

and have been discussed in Paris and Peterlik (2009).



Monofils are single continuous filaments with diameters within the regions-of 30
2000 microns thick (Mclntosh, 1994). Maiils can be made from natural as well as
synthetic polymers. Monofils are much stiffer than conventional multifilament yarns
for example: they are known to have high flexural rigidity, good surface release
properties and resistance to damage (McIntost4 19 hey can be created in many
cross sectional shapBsee chapter 4and their applications vary across agriculture,
paper manufacture, industrial brushes and filtration, textile and sport acceBsmies
shown in figure 3.1.

Figure 3.1
Theapplications of synthetic monofilaments according to McIntosh (1994, p. 367)
PVC = poly(vinyl chloride); PE = polyethylene; PP = polypropylene; N = Nylon
PET = polyester; PBTB = poly(butylene terephthalate); PPS = polyphenylene sulphide
PEEK = poly(etheether ketone); PTFE = polytetrafluorowthylene.

Sawhney, Condon, Singh, Pang, Li and Hui (2008) describe the diameter of fibres
throughout macromicro- and nanetechnology lengthscale [Figure 3.2]. A common
example for a class of nano fibres #rese mde from carbon nanotub&salso

known as CNTsCarbon nanotubes are graphene sheets made entirely of carbon.
These are rolled up long tubes with fibre dimensions in the rariy@®aind 10"
(Sawhney, Condon, Singh, Pang, Li and Hui, 200Bemechanichand thermal



properties of CNTOs were discussed in length in a paper by Ruoff and Lorents (1995).
CNTOs have great electrical and thermal conductivity, which made them into a
desirable material for the creation of supercapacitors (Dattah,2003). With novel
chemical, physical and electrical properties, CNTOs are amongst the stiffest and
strongest fibres known (Silvestre, Faria and Lopez, 2012; Harris, 2004). The
applications of CNTOs vary from Oaviation and space, car, power, defense, medical,
textile and other industries, in information technologies and for environmental
protectionO, so far as that Oshvggdled CNTOs are expected to replace silicon in
electronic chips in 145 yearsO (Rakov, 2013, p. 28).

Figure 3.2
Fibre diameter acrodsngthscale according to Sawhney, Condon, Singh, Pang, Li and Hui (2008, p. 732)

According toDowling et al. 004 Nanotechnologies aim to [E] create structures,
devices and systems with novel properties and functions due to their sizeO (p. 5).
Already, microscopic structures are embossed directly onto the surface of individual
synthetic fibres in order to increase the surface texture of the fibres and by that,
increase its chemical reaction capabiliti®awhney, Condon, Singh, Pang, Li and

Hui, 2008).But more techniques are being explored across the nano domain in a quest
to fabricate new materials into novel material systems (Zbanf2012; Tsukruk,

Ko and Peleshanko, 2004).

Within the domain of micro and nano materials fabrication, textildotktiogies

have been used as an inspiration for scientists wishing to draw on textile production
methods in order to construct new materials on the nano scale. Examples can be found
in the mimicry of yarn spinning techniques that inspired new makingsaf@ayarn

such as can be seenldiang, Li and Fan (2002) and4imang, Atkinson and

Baughman (2004) and in Rye, Kim, Lee and Hong (2014). Similarly, carbon

nanotubes have been spun together with other natural fibres in order to create a hybrid
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yarns withenhanced propertigSawhney, Condon, Singh, Pang, Li and Hui, 2008;
lijima, 1991).Images 3.1 and 3ghow the resembling process that is used to spin

yarns form conventional fibres, and spinning yarn from CNTOs respectively.

Image 3.1 Image3.2
Spinning wool fibres into yarn Spinning CNT fibres into yarn
Image aaptation from Flynn (2012) Image adaptation from CSIR@ear unspecified)

But not only yarmrspinning techniques have inspired the production of new materials
on the micro and nano scal&ngineers, further afield from textiles, begun to search
for fabrication techniques for the assembly of nano multi structures. Carlson and
Kuppurathanam (200&ubmitted a patent applicatiéor a woven fabric with carbon
nanotube strands. Similarly, Zhaelgal. (2012) reported attempts at weaving carbon
nandube yarns into solar fabricspdscientists fronShinshu University, Nagano
Japan, developed a theoretical model for a nanoscale weaving mecbamsrthat
mimics the action of weaving on the mascale seamlesslXia and Hirai, 2013

At present, only first few steps have been taken for the creation of textiles on the
nanoscal®all of which are STEM related: conceptualizing the engineering and
theological steps needing to take place for thesigll fabrication of woven textiles

for examples. But little discussion could yet be found regarding the potential design
elements, which will be prominent or absent with such inventions (Maclurcan and
Radywyl, 2011).



The ways in which we experienaed perceive surface roughness depends greatly on
the surface topography of our fingertigeiies and Lederman, 2008is scale of
roughness on average, is approximately thirty microns. Anything finer than thirty
microns will be perceived as a smoothtte®, while anything above that scale will

be perceived as textural.

According to Rakov (2013), OThe fabrication of [carbon nanotube] materials is a new
stage in the evolution of materials scienceO (p. 3@hénNew Industrial Revolutign

Marsh (2013) advocates ththenew investigdon, research and development into
nanotechnologys set to be transformativ/en more so than the original Industrial
Revolution- affecting the way we produce and manufacture materials and products. It

is therefore not much surprise that scientists, researchers and scholar alike have turned
to production methodologiesriginated during that timBfor inspiration.The works

of Xia and Hirai (2013jor exampleconfirm this: giving wa to the relevance of
weaving,as a construction methodology for the fabrication of many material systems.
With this in mind, let us now return to the question of smart and its relevance to

textiles.

3.5 Smart materials Das opposed to OsmartO textiles

Back in 1992, Gadthi and Thompson suggested grouping materials into structural,
functional and multifunctionagccording to their degree of responsivity. Structural
materials, they explain, never change their inner structure but can be manipulated
mechanically into variasishapes; functional materials can change their physical,
chemical or mechanical structure under certain conditions; and, multifunctional
materials display an overall behaviour which is the sum of many functions operating

simultaneously (Gandhi and Thompsd992).

There are currently already over 160,000 new materials available for designers and
for engineers out of which there are more than 45,000 manmade polymers alone, as
well as thousands of light alloys and hundreds of high performance composites
(Ashby, Shercliff and Cebo2014). kgure 3.3, as originally presented in Ashby,



Shercliff and Cebon (2014, p. 3), demonstrates the development and occurrence of
materials through history from 10,000 BC to current days.

Figure 33
The development ahaterials over time according to Ashby, Shercliff and Cebon (2014, p. 3)

Recent advances in materials and in mechanics now allow the development of organic
and inorganic microstructured forms to enable electronic components to compress
twist and bend. Inloing so new groups of materials such as stretchable electronics
has emerged (Rogers, Someya, and Huang, 2010). Among the list of emerging new
materials are electroactive and photoactive polymers and elastomenesmosive
polymers and hydrogels, cimmgenic materials, polymers opal composites, shape
memory polymers and alloys, phase change materials, conductive polymers, and
stretchable polymers and electronics. Today designers and engineers alike face the
expectation of not only familiarizing themses$ with the properties of the materials
they seek to use but al®alue to their diverse selection of materials at hantbrm

an optimal choice of materials with regard to properties, suitable for application and
cost (Ashby, Shercliff and Cebon, 2014)



Hu and Mondal (2006) define smart materials as those that Ocan sense changes in
their environments and make useful or optimal responses, by either changing their
material properties, geometry, mechanical or electromagnetic propertiesO (p. 106). In
thejournal ofSmart Materials and Structurellu, Meng, Li and Ibekwe (2012)

describe smart materials as stirm@sponsive materials. By applying those to textiles,
they explain, an array of smart textile applications are made possible. They give
examples ohape memory polymers and fibres that are used for the creation of shape
changing textiles, heat and moisture managements within garments, and the
development of a verity of skin care products. It is worth noting however, that such
definitions do not givea meaning to smart over and above that of responsive

behaviour.

It is a weltknown fact that some natural textile materials, such as cotton fibres for
example, inherently change their properties and behaviour according to changes in
their environmentshMorton and Hearle, 2008). Cotton fibres expand when exposed to
humidity and shrink back when dried (Mattila, 2006), they also become stronger
when wet as opposed to all other fibres, which become weaker under the same
conditions (Taylor, 2007). Does thitherefore, class cotton as smart? To which, in
Smart Structures and MateriaBulshaw (1996) comments: OAIll materials are also
responsive. Whether or not they are smart materials is a different questionO (p. 7).
According to Culshaw (above), ONo singlespmaterial could ever be construed as
OsmartO, since all the single material can do is respond to external influences but
without any implicit or explicit informatiomeduction potentialO (p. 13).

In which case, what does smart mean?

3.6  What is smart? Finding inspiration for the term smart

Back in 1992, Gandhi and Thompson have defined smart materials as Ostructures with
inherent brainsO (p. &) having the Ocapability to select and execute specific
functions intelligently in responge changes in environmehttimuliO (p. 40). A few

years later, V@ing and Kang1998) described smart materials as thbsé can sense

the environment and/or their own staad accordingly, make a judgment in order to
change theirdnctions (Wang and &g, 1998). Similarly, Mann (199&-enned that
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OSmart or intelligent materials are materials which respond to environmental changes
at the most optimum conditions, and manifest their functions according to changesO
(Mankodi, 2000p. 238). But how can a material make a judgment? Can a piece of

material really think for itself?

In 2001 it wasdemonstrated that the virtue of smartness could exist even inlé&sain
creatures (Nakagaki, 2001he Physarum polycephalum one of thousatis of types

of slime moldsThese are sebustaining single celled organisknown as

amoebas, which have no brains. This type of slime mold duplicates itself to survive
by spreading its spores and reproducing as a result. As long as food is abhedant, t
slime mold exists in its singleelled state, but when food is scares the many
individual cells congregate into one single W large organism that is sensitive to
airborne chemicals: This large new organism system can detect food and optimize its
movementnow as a microorganisain the most energy effective way (Jacobson,
2012). As soon as food is found, the slime molds return to their individual state of
existence. The slime mold, however only made out of one individual cell, is much
susceptiveéo changes in its environment, up to point where itthasability to Ojudge
and add (Wang and Kang, 1998 1) Oat the most optimum conditionsO (Mankodi,
200Q p. 238, and adapt gbehaviour accordingly.

Lipton (2005)laims that single cells arenart, due to their sensory ability,

adaptability, survival instinct and energy efficient abilifxplaining that OThere is

not one OnewO function in our bodies that is not already expressed in the single cellO
(p. 7) and therefore Olt shouldnOt berising that cells are so smartO (p. 9). Single

cells donOt have braibst least not as mammals do. But they do have a sophisticated
sensorysystemwhich- building on previous definitions of smart textileallows

them to respond to several externahsli and adapt they behaviour accordingly. It

can therefore be suggested that smartness does not appear in linear forms, but rather
assystem®f many components and responsiveness abili#aisvoven into the one

form.



3.7 Smart structures

Accarding to Wadhawan (2007), OA smart structure is that which has the ability to
respond adaptively in a poesigned useful and efficient manner to changes in
environmental conditions, as also any changes in its own conditionO (p. 1). Similarly,
according toraoOs description (2001), smart structures Ocan sense and react to
environmental conditions or stimuli, such as those from mechanical, thermal,
chemical, electrical, magnetic or other sourc@s@3g) Bwhere the degree of

complexity determines the level smartness. Unlike materials however, textiles are

an assembly of many materials bound together within a macro structure. Textiles are
in other wordDmaterial systems. Smart material systemesording to Varadan,

Jiang and Varadan (2001), are ableg¢ase changes in the environment and then
respond optimally either by changing some of thewaterial properties and geometry

- or by changing the mechanical or electromagnetic responsivity of the system as a
whole (Wadhawan, 2007).

CulshawOs desciim of a smart structure refers to a structure that Omonitors itself
and/or its environment in order to respond to changes in its conditionO (Culshaw,
1996, p. 6). This of course was not commented with textiles in mind, but such a
structure, he adds, OMbg selfrepairing, or it may use variable stiffness element to
control its response to applied mechanical loadsO (p.6).

To date, weave structures have not yet been investigated as potential property
changers in fabrics, and the vem interlacements of threatfemselves do not yet
play arole in making fabrics smantjainly due to the fact that the properties of
fabrics are dominated by the properties of the fibres and yarns that they inhabit
(Thomas, 2009). Could a change in teemetry of the weave structure itself
therefore ever lead to a change in the properties of a fabric? In other words, and
following the title of thisresearchhow smart can weaves structures be? This
guestion is used a guide for the practed researclhindertaken throughout chapter 6.



3.8 Discussion: A new perspective on (genuinely) smart textiles

Culshaw (1996) claimed that: Ono single pure material could ever be construed as
OsmartO, since all the single material can do is respond to external influences but
without any implicit or explicit informatiomeduction potentialO (p. 13). Therefore, he
concluded in this book, Osmart materials are always material systems rather than
single substancesO (p. 1B%7). Although Culshaw (above) referred to electronic
systems in his book, in textiles too, smartness could therefore be understood to be as
not onlyabout the ability of a material system to be responsive but also about the
ability of a material system to optimizes its functionality, use, appearance and/or

suitability to suit various applications.

The difficulty and confusion with the use of the tesmart- in general and within the
context of textiles in particularis not that | want to distinguish between smart and
responsive behaviour. But rather, if smart is different to mere responsivity as often
suggestedRailesFriedman 2016 Mattila, 2015 Stoppa and Chiolerio, 2014), then
what is it? It seems sensible to describe being smart as the ability to manifest
appropriate responsive behavior. But it has to be something a little bit more than
simply the way a piece of material might respond to ghann moisture or
temperature. The problem therefore in the somewhat careless explanation of smart
textiles according t®ailesFriedman(2016),Mattila (2015) or Stoppa and Chiolerio
(2014) for example, is that smartness simply occurs on the macr@aedaleron the
surface of the materialsjther through the attachment of electrical circuits into

garments or through the utilization of yarns with specific properties.

| believe, from the evidence, that there is little to distinguish such curremt@sma
textiles from other responsive textiles, or from organic texlesstretch the
argument a little further. The distinction that | wish to suggest and examine is
therefore betweesuperficialanddeepresponsivity- only the latter, | propose, is
worthy of the term smart when applied to the material systems themselves.

Similarly, when scholars such as Gandhi and Thompson (1992) or Wang and Kang
(1998) suggest that smart redals have some sort of Obraor@re able to make a
judgment, this shouldot be taken to na that jumpers or table clotban or should
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be able to think for themselves. Instead, my understanding and interpretation of the
literature has led me to consider Ointelligent® behavior in materials as such that would
manifest itself ,erchanicallypas a sense of responsivity that is deep and inherent
throughout the structure of the systems. Hence in order to be smart, the responsivity
of textiles has to be deep and not superficald hence, the pursuit towards Otextile

anatomyO mapyg.

What | think makes sense is that the term smart textiles should refer to the very
construction of the material systddne. the responsivity, which is inherent in the

way individual textile components are put together. In other words, smartagquir
what | call deefor inherent responsivity across length scale. The responsivity of
smart textiles would have to be prominent throughout the structure of the materials
systembin this way no cut & paste effect, nor adds, nor MP3 jackets would ave

in principle be able to make a piece of textile that is smart. In chapters 4 and 5, the
hierarchical structure for such a postulate is developed before creating, in chapter 6,

evidence to support this view through woven material systems.



Chapter 4

OTextile anatomyO process mapping:

TA mapping

According to Lakes (1993), hierarchical design principles often lead to further
observations about the workings of each of the elements, which belong to the
investgated system. Additionally, ¢an also shed more light on the geometry of the
hierarchical system as a whole. As a result, he claims, understamelinigrarchical
structureof a material systermman guide the exploration and development of new
materials- some tailored for specific and unique applicatifirekes, 1993; Sen and
Buehler, 2011)This observation is further explored in this chapter withreega
constructed textileand the creation of genuinely smart textiles.

The divergence between téatdesigners and textile engineers such as described in
chapter 2is deep and wide: both are different in how they conceive of textile
construction and in the domains of discourse they use to describe and communicate it.
Engineers employ acquired scidistvocabulary, drawn from research journals,
academic publications and technical handbooks; they rely on quantifiable data to
inform their decisions and they put their trust in facts in order to justify progression

and future aims. Designers on the othand, rely on more subjective views; their
decisions are based on qualitative analysis drawn mostly from practical work and
existing production methods found across the inddémyd not solely from

academia. The language that they use therefore is pagercolorful, imaginative

and intuitive.



For the creation of new texas the two disciplines share equal standing.ha

Design of Everydayhings Norman (2013) explain§When we interact with a
product we need to figure out how to work it. Tinieans discovering what it does,
how it works, ad what operations are possibleO (p. 10). This, he further explains,
happens though the exploration of several fundamental psychological conmoests
important of which is the creation of a conceptual mofighe system (Norman,
2013). In other words, is the conceptual model that provides true understanding of
the system as a whole. This notion is further explored through Otextile anatomyO
mapping (chapter 4 and 5).

Textiles are the only material used by the entire population of the world. This allows
textiles to surround us at all the time and it inherently links textiles with a sensorial
experience. According to Norman (2013), an experience Ois critical, forihuete

how fondly people remember their interactionsO (Norman, 2013, p. 10). In other
words, experience is in the heart of great designs. According to Norman (2013), the
solution for optimal use of materials is rooted in Ohuman centered deignO (Norman,
2013). This, he defines, is Oan approach that puts human needs, capabilities, and
behaviour first, then designs to accommodate those needs, capabilities, and ways of
behavingO (Norman, 2013, p. 8). In other words, materials can posses a variety of
propertiesdut it is the way in which those materials are put together that truly informs
an optimal characterization of new products into the market.

A Design: STEM approach is proposed throughbigst researclichapter 2with an
aim to bridge over the lorgtarding gap between design and STERMishybrid
research methodology led for the developmentreéva mappindgool, named by the
researcheDtextile anatomy@ TA mapping). This mapping tool outlines the
structural complexity and hierarchy that goverrcalistructed textile systems,

includingthe process links, which tie its variobgerarclhical levels into a system.

This OtextilanatomyO diagram [figure 5.13, p. 91] preseitear overview of textile
hierarchiedPfrom the molecule up to the architee of the textile thus providing

textile designers with a tool to understand the overall structure and complexity of
textile systems. At the same time it also offers textile engineers a broader perspective
of textile systems as a whddbeyond the paicular limitations and specifications of
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single components. It is therefore offered herefasm of aDesign: STEM mapping
tool for the development of new textile systems.

OTextilanatomyO [figure 5.13, p. 91] presents four levels of structuraldiigy

building on the work presented by Chen &tehrle (2009). In Otextile anatomyO
mapping however, the properties of each hierarchical order and the links between the
levels help explain the properties of thetiles as a whole. In doing sOtextile

anatomyO was developed as an assistive mapping tool and as a way of helping
diagnose why it is that modern textiles have failed to yet be properly smart.

According to Culshaw iSmart Structures anilaterials (1996), Othdifference

between the smart strwce and the smart material is essentially one of scale and
integrationOp(. 14. Through Otextile anatomyO we are able to see more clearly what it
is that secalled smart textilesre not doing and what they uld need to do in order

to become smart

The Otextile anatomyO assistive mapping tool has therefore been created to:

() Enable and enrich a broad and deep understanding of woven textile systems
for designers and engineers alike.

(i) Bridge the gap between Design and STEM disciplines by creating a unified
mapping system for both.

(i) Investigate and understand the reasons that textiles are not yet smatrt.

(iv) Help indicate what could make them so.

It is different from other accounts of tex in the way it:

(i) Divides and classifies each level of the structural hierarchy into sub groups
based on the unique sub architectures of each of the lev@aEl, n=2).

(i) Outlines not only the various hierarchical levels within the system but also the
links, which tie their properties together into one homogenous materials
system.

(ii) Portrays the complexity of textile inner structuigisually Bwhich
inherently connects matials properties and structure to textile behaviour.



4.1  OTextile anatomyO mapping

Fibres are largely considered as the building blocks of textiles (Eadie and Ghosh,
2011). The properties of fibr&their shape, form and behaviour under different
conditionsbdetermine their suitability for various textile applications. The structural,
mechanical and physical properties of fibres are extensively reviewed throughout the
literature (Eichhorn, Hearle, Jaffe and Kikutani, 2009; Scott and Gilead, 188%y;,B

1994; Hearle, 1982; Walton and Blackwell, 1973; Hearle and Peters, 1963; Nielsen,
1962; Meredith, 1956) and these have been summarized in Appendix A. The
properties of fibres are directly linked to the properties of the macromolecules from
which fibres are formed (Bartels, 2011; Eichhorn, Hearle, Jaffe and Kikutani, 2009;
Hearle and Peters, 1963) (also in Appendix A), however only one relatively recent
account of the literature describes these macromolecules, rather than fibres, as the
base units anduilding blocks of textiles (Chen and Hearle, 2009). Accordingly,

Otextile anatomyO mapping follows the four predominant hierarchical levels: polymers
and macromolecules (marked in red), fibres and filaments (marked in blue), and yarns
(marked in purple)presented in this chapter , and fabric architecture (marked in

green)Dpresented in chapter 5.

4.2  Macromolecules and inorganic elementsnE0)

Polymersbwith their own internal structural hierarcByare directly linked and

informed by the characteristics of their base units, the monomers, as well as by the
chemical or physical bonds that tie them together into chains (Hearle, 2A982).
detailedaccount of the mechanical properties of polymers has been given by Alfrey
and Gurnee (1967), Hearle (1982), Nielsen (1963), and Young (P28d9ng others
Bwith account regarding thghysical properties of polymers given by Wolf (1985)

and Shirtcliffe, MeHale and Newton (2011) h&ir work was used as part of this

research to gain in depth knowledge into the mechanical operations of polymers unde
specific conditions.

The properties of any macromolecul@nd of polymers in particul@depend on
their chemical structure and molecular weight (Hearle and Peters, 1963). In other
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words, it is the structural hierarchy of the polymer itself that determine the properties
of the polymer (Meijer and Govaert, 2005). The behaviour of polymers under various
conditions is described by their mechanical properties, which explain their behaviour
and deformation by applied forces (Nielsen, 1963): such as the measurements of
tensile strength, compressive strength, tensile modulus, PoissonOs ratio (Nishino,
Matsui and Nakawmee, 1999; Nielsen, 1963), and the relationship between stress and
strain. The mechanical properties of polymers therefore are important when they are
intended for use as structural materials, since their use as plastics will be determined

by their abilityto deform and fuse into shape.

Macromolecules are distributed for the textile industrgowders, granules, pellets,
solution or melt based liquids. For the synthetic creation of fibrous materials, the
thermal properties of polymeBindicated by thenelting temperaturelfm) and the
glass transition temperaturgg) (Billmeyer, 1984)Pare crucial: they aresed to
inform the production requirements as well as care instructions for fabric applications
postproduction. Both th&gand theTmare relevanin the main to the synthesis,
production and characterization of manmade filaments. Most biopolynéts the
exception of keratin, which demonstrates great fire retardancy properties (Matko,
Toldy, Keszei, Anna, Bertalan and Marosi, 2008)e not tterant to the same high
temperatures that synthetic polymers are able to endure, and this renders them
unsuitable for some processes and applications.

In general, the literature at large describes polymers as materials in their own right
without speciication or differentiation between probable applicatiofgextile

anatomyO mapping only includes polymers that can be used for the creation of fibres
and filaments, which can later be implemented for the construction of texates: n

only because the daftion of textiles is that of Ohierarchically structufiédous

materialsO (Lomoet al.,2001, p. 534) but also because the production

methodologies of fibres and filaments are inherently different from those used for the
creation of other substratesich as textile coatings, laminates and thin films.

OTextile anatomyO therefore describes fougrsuips of macromolecules potentially
used for the creation of fibres and filaments: (1) biopolymers, (2) synthetic polymers,
(3) responsive polymer systenasid an additional group titled (4) inorganic and metal
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elements. The sutlassification is based on the distinctiveness of eaclysalp
within the inner architecture of the macromolecdiseir polymeric origin- and
their unique properties as a résu

(1) Natural polymers, or biopolymerate derived from living organisni
derived from plants or from animals. Each is comprised of different monomer
units and those monomers form into polymeric chains with unique
characteristics (Scott and Gilead, 1995; Walton and Blackwell, 1973).
Biopolymers form the backbone of fibres through processes of natural growth,
and it is interesting to see the great extent to which their geographic origins
affect their properties (Hearle, 1982; Young, 1981). Plants, for example, are
subject to variations in weatheonditions and pesticide treatments, which are
rarely regulated on a global scale: this is why cotton plants from across the
globe generate different types of cotton fibneith different properties.
Similarly, dieting regulations and nutrition qualsidirectly affect the animals
whose hair we shave to obtain fleece. And therefore the properties of the wool
of sheep from Scotland for example, varies dramatically from that of those of
New ZealandOs sheep.

Unlike biopolymers, naturakegenerated polymg- however derived from
natural sourcesdo not go through process of natural growth but rather, are
formed into fibres through manmade mechanical and chemical processes.
Different synthesis processes transform biopolymers into manmade hatural
regenerad polymers. This affects their properties and commerciality greatly
(Cook, 1984). Figure 4.1 outlines the types of natural poly®bath of
biopolymers and natural regenerated polymersed in the creation of fibres.



Natural Bplant Natural - animal Natural Bregenerated
Cellulose | Chitin Cellulose 11
Chitosan PLA (poly-lactic acid)
Keratin PLLA (poly-L-lactic acid)
Fibrin PGA (poly-glycolic acid)
Collagen PLGA (poly-lactic-co-glycolic acid)
Gelatine PCL (poly-caprolactone)
Alginate Soy protein
Casein Micolles (milk protein)

Figure 4.1
Biopolymers and natural regenerated polymers commonly used for textile fibre production
Lynn Tandler (2015)

(2) Synthetic polymers are everything but natural. They are derived from oil: their
internal chemical structural and molecular arrangements are crucial in
determining the mechanical, thermal, physical and chemical properties of the
polymer. An example fathe subtleties that the synthesis processes of
synthetic polymers can have is found between Nylon 6 (PA6) and Nylon 6.6
(PA6.6). These Nylon polymers differ from one another only in the
arrangement of one single atom in their amide groups. This however,
according to Cook (1984), results in distinctive variation in their average
molecular weight creating great differences in the mechanical properties of
the fibre that they each produce, which in turn effect theusedof a textile.
Figure 4.2 outlines soeof the various synthetic polymers commercially used
across the textile industry for the productiorsyinthetic fiores and filaments.

PEN (polyethylene naphthalate) PVDC (polyvinylidene chloride)

PET (polyethylene terephthalate) PVDF (polyvinylidene fluoride)

PTT (poly trimethylene terephthalate) PVF (polyvinyl fluoride)

PBT (polybutylene terephthalate) PVAL (polyvinyl alcohol)

PA (Polyamide) PTFE(polytetra flouroethylene)

HDPE (polyethylene high density) PC (Polycarbonate)

LDPE (polyethylene low density) PS(polystyrene)

HMPE (high modulus polyethylene) PES(polyethersulfone)

PU (Polyurethane) PPTA (pphenylene terephthalamide)

PP (Polypropylene) MPIA (poly-metaphylene isophthalamide)

PAN (poly acrylonitrile) LCP (liquid crystal polymer)

PVC (polyvinyl chloride) TLCP (thermotropic liquid crystal polymer)
Figure 4.2

Synthetic polymers commonly used for textile fibre and filament production
Lynn Tandler (2015)
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(3) The thirdgroup of polymers in Otextile anatomyO mapping depicts polymers

that demonstrate dramatic chemical or physical changes within their
architecture when exposed to certain environmental stimuli, such as
temperature, moisture, light, pH and/or electricity @thal Lu, 2014). Often

such polymers are referred to as responsive polyrmet®nclose inspection

into the properties of other OrresponsiveO, salled regular polymers, it
became clear that all polymers are responsive to some &iteparticular
biopolymers, which naturally respond to change in their environment. Within
Otextile anatomyO mapping, therefore, the group of polymers showing dramatic
changes irtheir architecture according to exposure to various external stimuli
will be named Oresponspalymer systemdBdue to their more complex

internal structural hierarchy. Shape memory polymers (Hu, Zhu, Huang and
Lu, 2012; Hu and Chen, 2010; Hu, 2007), phase change polymers (Hu, Meng,
Li and Ibekwe, 2012; Mondal, 2008 and triple shape polymerd @eh

Lendlein, 2010) are most widely discussed.

Figure 4.3 outlines the names of responsive polymer systems used for the
creation of fibres, followed by figure 4.4, which depicts the environmental
stimuli to which responsive polymer systems are suseems well as the

reactions caused respectively.

TPI (transpolyisoprene)

poly(styreneco-butadiene)

Polynorbornene

shape memory polyurethane: SMPU%® SMPU56120, SMPU6690, SMPU66120

Figure 4.3
Responsive polymer systems commonly used for the production of textile filaments
Lynn Tandler (2015)
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Environmental stimuli Response within the material

pH change Colourchange

Temperature change Colour change
Volume change (swelling or shrinking)

Surface change: i.e. hydrophobic to hydrophilic switching

Light Volume change
Shape change

Applied pressure (mechanical Colour change

stress) Capacitance change

Applied stretch (mechanical strain| Colour change

Texture change

Capacitance change

Figure 4.4
The environmental stimuli to which responsive polymer systemsusieeptive according to
MoreheadQliver, OOConnor, Stevens&eating, Toomeyand Wallacg2016, p. 3

(4) Metal elements and inorganic macromoleculsisch as ceramics and glass
play a significant role in the textile industiporganic elements that are used
for themaking for textiles fibres include mainly ceramics and gléks.
specificpolymers and macromolecules included in eachgsohp are

outlined in figure 4.5.

Silica Copper

PMMA (poly-methyl methacrylate) Silver

PEEK (poly-etheretherketone) Gold
Aluminium
Carbon
Titanium
Steel

Figure4.5
Inorganic polymers commonly used for the production of textile filaments (left)
and metal elements commonly used for the production of wires for textile applications (right)
Lynn Tandler (2015)

Groups 1, 2, and 3 of hierarchical orde=(0) of Otextile anatomyO mapping are all
thermoplastic polymers (Young, 1981). They can be manipulated into various forms
and shapes through processes of extrusion, postdie processing, forming and injection
molding (Baird and Collias, 1995). The process/aver that is ascribed to fibre
formation is fibre spinningpand this process is based on polymer extrusion, which

will shortly be outlined.
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The originality of this new perspective nonetheless is that it builds on the properties
of the materials and pways the properties of polymers, fibres, and filaments and
yarns as the building block of a potentially smart textile syfleme whose

behaviour is governed by physical, chemical and mechanical laws. The properties
identify as well as inform what a gottially smart textile system would be able to do
and which materials could be paired up in order to enhance its behaviour and extend
its functionality.

4.3  From polymers to fibres: the technologies that govern
the making of fibres

Biopolymers gahrough processes of natuggbwth to make fibres. These depend on
the plant or animal According to the unique properties of some polymers, various
fibre-spinning techniques have been developed for the creation of fibres and
continuous filament® predomnantly falling into four methods, naming: dry

spinning, wet spinning, melt spinning and elecpinning. The mechanical and

thermal properties of polymers inform a suitable fibre spinning process. Tasse

well as the molecular weight of the polymealay key role in determining the

formation and subsequent properties of the fibres (Bartels, Eidihorn, Hearle,

Jaffe and Kikutani2009; Hearle and Peters, 1963). The properties of individual fibres
are widely discussed across the literature (Majid,22 Thomason ans Carruthers,
2012; Senthilram, Mary, Venupogal, Nagarajan, Ramakrishna and Dev, 2011; Lewin,
2006; Gruszka, Lewandowski, Benko and Perzyna, 2005; Rwei, Lin and Su, 2005;
Stamoulis, Baillie and Peijs, 2001; Pan et al., 1997; Greaves aitieé SE895)-

together giving an detailed overview to the way fibres behave under certain

conditions.

Fibre spinning, according to Robinson (1980), is the process of extrusion of polymer
solution through fine spinnerets to produce long continuous filgs1({®orton and

Hearle, 2008). The molten polymers are pressed through fine holes under pressure to
form long continuous filamenBwhich can be chopped into shorter length as

manmade staple fibres (Kadolph and Langford, 2002). The properties of polymers



used remain prominent in the newly formed filaments however, the molecular
structure of the new filaments is realigned. The methods of fibre spinning are briefly

outlined below:

(a) Dry spinning: after extrusion of molten polymers through fine spinnehets, t
filaments are set into their fibrous form during a cooling process, where excess
solution liquid is extracted through air jets only to leave a formed solid

filament.

(b) Wet spinning: after extrusion of molten polymers through fine spinnerets, the
newly formed filaments are passed through a solution bath during the fibre
formation in order to rid itself from excess solution liquid and complete the

molecular alignment.

(c) Melt spinning refers to the process by which polymers are heated to reach their
melting temperaturelm) and then are forcibly extruded though micro scale
spinnerets (Hearle and Peters, 1963) to form continuous filaments. This
method is solely applied ontgrghetic polymers for the creation of synthetic

fibres and filaments.

(d) Electro-spinning: applied to generate naflarous scaffolds, wheran
electrical charge is applied onto the spinnerets in order to draw out very fine

fibres from a melt liquid.

Not only polymers but also the various metal elements from which wires are drawn
have great effects on the properties of the fibres and henceforth on the properties of
the cloth that they in turn, make. My previous experience in weaving with rietals
also showased in the upcoming publicationDésigning with Smartextiles

(Kettley, 2016)Prevealed, though a series of experimental work, that the properties
of metals play a key role in their successful adaptation to different fabrication
processes. Copper wires and copper based alloys, for example, (with diameters of
0.1mm and 0.2 mmdueto their softness and relative fine diametcsuld

withstand the stress and strains inflicted by the weaving process with relative ease.



Stainless steel wires of similar thickness on the other hand, are stiff, hard and brittle
and therefore proved difult to weave. BrasBwhich is essentially a mixture of

copper and zin®was similar to stainless steel, however slightly softer due to the
presence copper, which made it tolerable for hand weaving but still unsuitable within
industrial production techques[image 4.1.

Image 4.1
The effects of metal wire properties of the drape of woven textiles
0.1mm copper / polyester blend (top left), 0.1mm tinned copper / polyester blend (top right)
0.2mm bronze / polyester (bottom left), 0.2mm tinned coppelykster (bottom right)
Lynn Tandler(2010)

Throughout all fibrespinning processes, the spinné&tom which molten polymers

are extrudedplays a key role in determining fibre properties: the shape of the
spinneret determines the cressctionakhape of the filament or the fibr@su,
Morseburg, Gregersen, Yamakawa and Liukkonen, 204dr)ousshapes can be
producedas shown in the diagram of figu4e6 - and in doing so the physical
properties of the fibres are consequently enhanced, wbhehtg show how

fundamental and important is the inherent link between polymers properties and fibre
properties. Moreover, although often filaments are spun from single component
polymers, sometimes more than one polymer or substance is used for tlom @kati

new filaments or fibres. Btomponent filament and tdomponent filaments may be
produced to tailor specific applications. The properties of such filaments depend on
the properties of the polymers used for extrusion. Additionally, the ways in ti@ch

two or three components are bound to form the filament affect the characteristics and
applications of the filaments.



Figure 4.6
Various fibre cross sectional shape according to Lawrence (2010, p. 159)

Three main methods of forming-bomponentsnd tricomponent filaments are
commonly found across the textile industry. These are termed: (1)\s&lde, (2)
sheathcore, (3) islandn-the-sea, and (4) segmented / conjugate Bas illustrated
in figures 4./M4.10 Like other manmade fibre$ydse too can be cut into specific
lengths towards the end of the process to form short staptmbtituent and tri
constituent staple fibres.

The link between polymer properties and the way in which they are processed or spu
into fibres is central to their classification throughout Otextile anatomy® mapping.
Consequently, fibres and filaments-{) are classified in TA mapping according to

their physical propertiesreferencing the macromolecules from which they were

spun, the production methodologies used in the process, and the paoicesses

they undergo in order to turn into yarms2). In particular, the lengths of the fibres

are useds an indication to their structural and mechanical propeffilees and

filaments (=1) are therefore classified into four predominant groups: naring (
shortstaple fibres(2) long staple fibreg3) single component continuance filaments,

and (4) mufi-component continuance filaments.



Figure 4.7
Cross sectional shape of sibg-side bicomponent fibres
lllustrated by Lynn Tandlef2015) based on Hedge, Dahiya and Kamath (2004)

Figure 4.8
Cross sectional shape of cesleeath bicomponent fibres
lllustrated by Lynn TandI¢2015) based on Hedge, Dahiya and Kamath (2004)

Figure4.9
Cross sectional shape of islamdthe-sea bicomponent fibres
lllustrated by Lynn Tandlef2015) based on Hedge, Dahiya and Kamath (2004)

Figure 4.D

Crosssectional shape of segmented / conjugate / pie bicomponent fibres
lllustrated by Lynn Tandler (2015) based on Hedge, Dahiya and Kamath (2004)

4.4  Fibre and filamentsand filaments (=1)

Not all existing fibres and filament are mentioned in TA mappingimercial names
given by the textile industry to various fibneske the task of tracking every single
fibre into a time consuming and difficult one. Instead though, a representative list of
fibres and filaments has been gathered and characterized &oepthrts of Brody
(1994), Cook (1984 Kichhorn, Hearle, Jaffe and Kikuta2009), Morton and Hearle



(2008), and Taylor (2007). Instead of outlining those in a list, selected fibres and
filaments were added on and inserted into Otextile anatomyO nixgdpimgside the
polymers from which they are made and the process that these had undergone.

Then =0 andn = 1 of Otextile anatomyO mappingtseefore present in figude1l

Figure 4.11
TA mapping: macromolecules and polymers (red) and fibrdikmdents (blue)
Lynn Tandler (2014)

45 Yarns (n=2)

In order tofrom fabrics, fibres are often spun into yarns. Just as fibres are affected by
the properties of the polymers and their spinning process (BB@ggsle and

Townsend, 2011)the properties ofyarns are determined by their fibre and filament
content, their respective properties and the yarn spinning process applied
(Alagirusamy and Das, 201Gjbre type, fibre properties and fibre migration, as well

as the applied yarn spinningogess, all affect the properties of yarns (Lawrence,

2010). Yarns, therefore, are the sum of many variables that together help determining
the properties of fabricsand this is because they are in themselves encapsulating
complex structural hierarchy afacromolecules, fibres and / or filaments

arrangementgt this point, therefore, the structural hierarchy of yarns is already
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considered complex. Due to that, their constituents and their individualist set of
properties i.e. fibres or filaments play acenter role in determining the properties of
the yarns[More detail on the yarnsO structure and properties is shown in

Appendix A].

In Otextile anatomyO mapping therefore, yarns have been divided twice into two main
classification groups, according their structure and physical properties. These are

summarised as first and second divisions.

4.5.1 OTextile anatomyO mapping of yarns: first division

In the first division, yarns have been grouped according to their contents, identifying:
(1) multi-component yarns and (2) singlemponent yarns. This classification links

the architecture of yarns firstly to the macromolecule lavel @) and the first level

of fibres within the structural hierarchg £ 1) Bboth of which are crucial

componerd in determining the physical and mechanical properties of yarns.

4.5.2 OTextile anatomyO mapping of yarns: second division

The second division sees yarns being classified into fiveysulps according to the
production methodologies and yapinning techniques used to construct the yarns.
These too, reflect heavily on the mechanical and physical properties of the end
product yarns. They are: (1) ngpun yarns, (2) spun yarns, (3) compound yarns, (4)
textured yarns, and (5) fancy yarns. Eechriefly described overleaf.

(1) Spun yarns group fibres or continuous filaments into a twist and bind them
into a single continuous form. Even though both spun yarns and spun
continuous filament yarns are produced often through very different types of
machnes, their architecture is similar: a single twist along the axis hold the

fibres or the filaments in place.



But issues with regard to spun yarn engineering have arisen in the literature.
In the field of textile engineering, spun yarns are all consaiey be

comprised of continuously unified filaments: ones with regblaften

round- crosssectional shape and a constant linear density along their
lengths (Dastoor, Ghosh, Batra and Hersh, 1994; Freeston, Platt and
Schoppee, 1967; Olofsson 1964; Peit®37). The problem however with

such an assumption is that factors such as fibre migration and fibres
alignment are not taken into account, and as a result, the predictions made
regarding the performance of such yarns are often misleading or easily
proven wrong. Meredith and Hearle (1959) and Komori (2001) have all
developed yarn analysis modeling tools with awareness to the issue above.
However only Ozgen and Gong (2010) suggested a model, towards a more
realistic rather then idealistic representatioyarns, with variable cross
sectional shapes based on fibre type, yarn count, yarn twist and cover factor
(Vassiliadis, Kallivretaki, Provatidis and Domvoglou, 2011).

Image 4.2
Spun silk yarn
Dino-Lite microscopy
Lynn Tandler (2014)
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(2) Compound yarnsalso known as cofspun yarns (Chen, 2011) or wrap
spun yarns are those which have a central core of either a group of staple
fibres, a single or a multifilament core: the core is wrapped with a layer or
sheath of fibres or filaments (Gong, 2011). Compbyarns can be either
single component yarns or multicomponent y@nseaning that all the
fibrous constituents are from the same or from a different source,

respectively.

Image 4.3
Compound yarn
Dino-Lite miscroscopy
Lynn Tandler (2014)

(3) Textured yarns and Fancy yarns are included in the same group of TA
mapping. These are yarns have been deliberately introduced with
irregularities or intermittent effects along their length, in order to create an
interesting visual effect or texture (Wrigl2011). These yarns undergo
various spinning processBsome with an addition process of heat setting
either by liquid or by air in order to improve their structural and
mechanical properties. This process is usually carried out by the insertion of
loops and snarls (Taylor, 2007; Collier, 1980): snarl, loop, chenille and
boucle are amongst the most popular yarns irbusainly across the

fashion textile industry.



Image 4.4 Image 4.5

Snarl yarn Loop yarn
Dino-Lite microscopy Dino-Lite microscopy
Image 4.6 Image 4.7
Chenille yarn Boucle yarn
Dino-Lite microscopy Dino-Lite microscopy

Lynn Tandler (2014)

(4) Unlike any of the former yarn examplgsyns that dmot undergo any
process of spinning are called rgpun yarngimage 4.8] This group of
yarns embodies singleften synthetic, continuous monofilaments, tapes or
strips from extruded films. In a way, ngpun yarns are the results of fibre
spinning procsses rather than of yarn spinning process, and hence,
sometimes create confusion among practition@nsen a single component

monofilament is described as a yarn.
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Image 4.8
Nonspun yarn (paper)
Dino-Lite miscroscopy

Lynn Tandler (2014)

As a result of this investigation Otextile anatomyO is proposed overleaf id figure

as a tool to better understand the inherent structural complexity of textile components.
Through TA mapping, individual fibres and yarns can be traced back to their
moleailar origin and the processes applied for their making can be revealed too. The
structural hierarchy of individual textile components can inform designers and
engineers alike towards the potential performance of the textiles that they are intendec
for congructing. This way, individual textile components can be fitted into TA

mapping and within one illustration reveal their history of making and inherent

structural complexity.



Figure4.12
TA mapping: macromolecules and polymers (red), fibre and filtsr(@fue) and yarns (purple)
Lynn Tandler(2014)

4.6 TA mapping as an assistive tool for the creation of new textile systems

As an example of the benefits that the TA mapping tool can bring to the
understandin@f yarn origin and properties, fofine white yarns are presented
below.All four yarns were deliberately chosen due to their similar aesthtics
meaning thathey are all white and spun out of fibres. Each of the yarns has been
observed through a USB Dirlate microscope and a tailor mad@é mapping were
attached to suit. The results are outlined through image3418 and
figures4.13D4.16 (p. 60 63).



_ Image 49
2/600s wool ring spun yarn
DinoLite microscopy

Figure 4.13
Description of thesarn through TA mapping
Lynn Tandler 2015)



Image 410!
Nylon monofilament norspun yarn
DinoLite microscopy

Figure 4.14
Description of thesarn through TA mapping
Lynn Tandler 2015)



Image 411
Viscose floss rotespun yarn
DinoLite microscopy

Figure 4.15
Description otheyarn through TA mapping
Lynn Tandler 2015)



_ Image 412
2/120s cotton wragpun yarn
DinoLite microscopy

Figure 4.16
Description of thesarn through TA mapping
Lynn Tandler 2015)



4.7  Summary

OTextile anatomyO mapping is a diagram meant to illustrate in a straight forward way
the structural complexity that governs all constructed textile systems, by
encompassing within itself the properties of polymers (n=0), fibres and/or filaments
(n=1) and wrns (n=2), as well as the process mapping to how these elements link
together to form one piece of textile. TA mapping identifies the areas where
responsive behaviour may occur in textile systems as well as the areas that are most
commonly exploited in t pursuit to enhance textile performance. Currently, these

are achieved through the synthesis of polymers, the creation of fibres and the
development of yarn spinning technologies. The next chapter will discuss the role of
yarn assembly methodologiesud as weaving, knitting and lace makinfpr the

creation of textiles. These will be investigated as potential agents for aiding the

creation of genuinely smart textiles.
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Chapter 5

The anatomy of constructed

textile structures

According to Vincent (2008), fabrics are considete be an assembled structure
rather than a material. This emphasizes the point that textiles are in tadaima
systems and not just materials. Indgédhay be concluded from practical evidence
that what makes textiles different from other materials is the structural and
mechanical relationships that are created from the assembly of the many individual

components.

Emery (1994) presents a distinction in the classification of fabric structures between
Qhose composed of felted fibres, and those composed of interworked elementsO (p.
17). By which she means to distinguish between construabett$- such as weave

or knit, which dominate indust textile productio®and norconstructed fabrics

such aghose bonded or felte@imilarly, Vassiliadis, Kallivretaki, Provatidis and
Domvoglou (2011) classify fabricaccording to thei@nanufacture process as knitted,

woven and nomwovenO (p. 42).

According to Kapsali, Toomey, Oliver and Tandler (2013), indésgign process of
synthetic materials designers and engineers rely on the properties of materials to
create the produ®or the system. In other words, both designers and engineers rely
on individual properties of some materials to be implemented idiffeaent context

and enhance the behaviour of the product @sifstem accordingly. This, it's

claimed, leads us to Ooperate in a space where the needsyétér@nform the
selection ofmaterialO (p378). Biomimicry is aesearch fieldhat seeks téind deep



and insightful inspirations in the natural world to inform new designs. Nature relies

on the way in which molecules come together with inherent varying structures to form
new systems with minimum energy. Such variations in the assembly otiualivi
polymeric units are responsible, through natural occurrefaea,vast range of
properties. In other words, in such instanaest@rialsare used to form theyster®
(Kapsali, Toomey, Oliver and Tand|&013,p. 378).

This strongly implies that not only the properties of single components are important in
determining the characteristics of material systems, but also the way in which those
components are put togethare. the overall structure that holds them in plase

equally as important. lather words, the assembly methods that are used for
constructing textile systems affect the properties and behaviour of textiles. This is also

important in allowing a material system the potential of becoming smart.

The firstpart of Otextile anatomyO mapgpgesented in chapterBldemonstrates

how textiles are material systems built on the principles of structural hierarchy: the
properties of macromolecules inform the formation of fibres, and various processes
are used téeransform those into yarns. The second part of Otextile anauvhyeh is
examined in this chapt@&discusses the various ways in which fibres and yarns can
come together to form a piece of textile: the processes, methodologies and machines
applied argeviewed. Below, the various structures that can be used to bring yarns
together into cloths are describ@through knitting, lace making and weaving
methodologies and the strong link between existing construction methodologies and

the machines by whitcthey are formed is also discussed.



5.1  Fabric architecture (n=3) in representation throughout TA mapping

Two new columns are added to Otextile anatomyO mapping describing the process
methods and the textiles that they produce, marked in whaereemespectively

(Figure 5.1, p. 68 The white column is divided into two main production
methodologies: the first described as hand techniques or bespoke production, and the
second as industrial production. The main difference between the tvmigiees rests

in their dependence on machine specifications; whereby with hand there is potentially
greater freedom for manipulating the structures, through industrial production
techniques there is much less tolerance for specific modifications. The {grofluc

these manufacturing methods (marked in green) are described as woven textiles,

knitted textiles and other constructed textfagferring to lace making, braiding, etc.

The majority of this chapter focuses primarily on weaving as a construction
metodology for material systems. In addition however, it includes brief accounts of
knitting and lace making technique as a comparison.



Figure 5.1
TA mapping: macromolecules and polymers (r&étije and filaments (blue),
yarns (purple)andtextile construction (green)
Lynn Tandler(2015)



5.2  Khnitting

The action of knitting can be done by hand or by machines. By hand, knitting is the
formation of intertwined loops that together form a cloth. Various stiches can be
knitted by hand with th most common known as the plain and pearl stiches (Collier,
1980). Knitting on machind3across the industiis done predominantly on weft
knitting machines, where a single yarn is passed horizontally across the fdbrra to
rows of loops [figure 5]2 or through warp knitting, in which case sets of yarns pass
vertically and simultaneously across the fabric, interlocking parallel rows of loops
together [figure 5.3]. Both production principles can be done on flat bed or circular

machines.

Figure 5.2 Figure 5.3
Weft knitted structure Warp knitted structure
lllustrations fromCollier (1980, p. 104L05)

Further advancements in the field of knitting have been the introduction of 3D knitted
fabrics such as multiaxial watmitted fabrics and space fabrics (Guo, 2011). In the
former, many parallel yarns create interlocked layers often with varying yarnie®nsi

to enhance fabric performance. In the latter, two layers of either warp or weft knitted
fabrics are attached through crossing strands that hold the two layers connected at a
predetermined distance usually betweetD3nm (Guo, 2011).

Sinceknitted fabrics are essentially made out of loops, they tend to be very
extendable conforming easily tehanges irshape and form. Which is also why

knitted fabrics have found such wide reaching application scope within hosiery and



the apparel sectors. Howevdretelasticity of such constructions also ysdbrics
with very limited dimensional stability, which limit their application scope
dramatically.

Although haneknitted textiles and machidaitted textiles are different in
manufacturing speed andlume of production, they do not differ much in the
principlethat governs their intricacyolth are comprised of a single yarn twisted
and looped on and around of itself to create a fabric. In other words, in knitting,
always only one continuous yarnused at any given time: a stitch is made when

a loop of yarn is drawn through a preceding loop to form the textile construction.

OTextile anatomyO mapping calpas shown in figure 5.1 (p. 68vere
implemented into a knitted textile structure in order to emphasis the importance
of the structural hierarchy [figufe4and 5.5]. The richness of the TA mapping
colour code is a reminder of the structural complexity of individual constituents,
suchas single yarn strarfdas shown throughout chapter 4. Similarly, all textile
production methods can be analysed through TA mapping.

Figure 5.4 Figure 5.5
Weft knitted structure coloured withA mapping Warp knitted structure coloured with TA mapping
lllustrations modified fronCollier (1980, p. 104.05)
Lynn Tandler(2015)

Through the process of machine knitting only one yarn is used to create loops
and knots at any given time. Tha not to say that only one type of yarn can be
used throughout production, but rather that the structural unit of knitted fabrics

getsits integral complexity from ongole agent.



5.3 Lace making and Bobbin lace

A description of lacefom TheEncyclopaedia Britannicé1929 describes it as OAn
ornamental openwork fabric formed by looping, interlacing, braiding or twisting
threadsO (p. 563). Accordingly, it is reported, lace making can be achieved through
different processes such as knittingawieg or braiding: looped lace is traditionally
made with a crochet hook; interlaced lace or woven lace is constructed on a weaving
loom and braided or twisted laces can be made with bobbins and pins, or with a
needlebstitched over an open net weave.

Theconstructiorprinciple behind lace in general, and bobbin lace in particular, is that
two groups of thread®a soecalled warp and a crossing wefare employed. Only

here, the threads upon which the lace is crefatbd secalled warp- is not statioary

but mobile:threads wound onto bobbins are used as wefts to cross over and under th
warps, twisting around neighboring threads to create a similar interlacement of
threads as can be found in weaving. In bobbin lacestiaped laid threads cross over
and under one another at a sequence, forming a wideendlfplat. In this technique,

it is this exact multiplicity of thread directioand their mobilitypwhich allows the

unique and versatile weaving of the lace.

5.4  Weaving

Weaving is the most prominent textile construction methodology currently employed
by the textile industry worldwide. It refers to the action of systematically interlacing
two separate textile elements such as filaments or yarns into cloths (Emery, 1994;
Forbes, 1964; Watson, 1946). Weave structures are known for their unique ability to
create stable structures. They are the architecture that binds threads in a geometric
form into fabrics. As a result, weagtructures have been used as a platform for

fibres filaments and yarns properties. At present, weave structures do not, in and of
themselves, contribute to the smartness of textiles. Thus, an inevitable question arise
if weave structures are only a framework that enables the responsive behaviour of its

elementdcan the woven architecture of textiles itself be smart?



5.4.1 The evolution of weave structures

The past is often a helpful guide to the future. The followingchdpter will
therefore review the history of basic weave structbresmely plain weave, twill and
satin. It will examine how they evolved throughout time and what made the textile

industly Bthroughout historyprely on them so heavily.

According to Broudy (1979), ONo one knows nor is ever likely to know how weaving
began, but the idea of weaving clearly preceded the loom by many thousands of
yearsO (p. 9). He explaingwhit Othe farthdrack we go, the less likely it is that

fibrous materials would survive; and from times before the use of clay became

common (in the Neolithic), we donOt find impressions on clayO (p. 79).

But what is known from the earliest archeological textile impgruntlence is that the
oldest textiles already displayed more than one weave structure. Which goes to show
that over 8000 years ago weavers had already developed some sort of library of
weave structures to make cloths. As Barber (1991) put it, Oright fedbeginning of

our evidence we discover that weavers were already aware of more than one possibl
way to bind threads togetherO (p. 126). Weavers used 4tedlet library of weave
structures creatively in order to attribute unique ethnographic sigaatceltures

and geographies throughout the world.

According to Barber (1991), the first weave structures were found to be constructed
by threads being passed over and under each other to form a simple fabric, known as
plain weave fabric or plain clotithe warp referring to the vertical threads and the

weft to the horizontal [figure 5.6]. This fundamental form of weavifigm at least

8000 years ago (Barber, 1991)as lasted through the years and is still commonplace
across the weaving industry amauthe world. The earliest variations of plain weave

that were found included twithread basket weave in which two warp threads pass
between to weft threads [Figure 5.7] and thieead basket weave in which three

warp threads pass between three weftatisegBarber, 1991).



Figure 5.6 Figure 5.7
Plain weavg8-ends weave structure) Hopsack(8-ends weave structure)
Warps (black)wefts (white) structure unit (inside red frame)
Lynn Tandler (2016)

Today, plain weave structures expend beyond the basket weave. According to Straub
(1977), version of plain weave may exist in several forms: (1) through the creation of
warp or weft ribstructures; (2) through basket or hopsack weaves; or (3) by altering
the tension of the warp and hence creating seersucker fabrics. This goes to show that
however the geometry of plain weave is considered simple, it still lends itself to a
wide verity of extures, effects and design motifs.

The next stage of development following the discovery of fabrics with various plain
weave structures came when fabric threads were passed over and under each other Jat
at stages would miss out askip over a number dhreads. These nenterlacing

threads are known as floats. In a warp float, the warp thread might pass over a numb

of weft threads, where in a weft float, the weft might pass over a number of warp
threads. Weave floats, according to Emery (1994), tef@any position of a warp or

weft element that extends unbound over two or more units of the opposite set on

either face of the fabricO (Emery, 1994, p. 75).

Evidence from around 3000 BC shows the innovative introduofifioatsinto
weave structure®arber (1991) described: Othe idea that one thread can skip or float

over two or more threads in the opposite system, instead of being bound in by every



second warp or weft thread, is developed far beyond the regular passing of warp
threads over and under pairs of weft threads in the bordersO (p. 137). This at the time

was a hugelynnovative addition to the design and construction of fabrics.

Technicaly, a twill BDa weave structure with small floatexhibits precisely this
architecture. As does a satin, which has longer floats [Figure 5.8 and 5.9
respectively]. The main difference between a twill and a satin, as far as the float is
concerned, is thahe twill generally has a float of two to four threads, and a satin a

float of between five to twelve threads.

What is remarkable is that from this point onwabdsom the development of plain
weave, its variations, the weave floats, the twills and#tes- some 3000 years ago
Pweave structures have changed very little. This basic structural architecture is still
very much in use today and remains the building block for most woven fabrics.

Figure 5.8 Figure 5.9
2/2 Twill (8- ends weave structure) 8-ends Satiweave structure
Warps (black), wefts (white) structure unit (inside red fam
Lynn Tandler (2016)

In comparison to knittedonstructionsvhere only one type of yarn is looped in and
over itself to create a structure, in weaving a minimum of four different agents (in
plain weave construction) or more (in twill or satin constructions) can be used to

create a woven assembly. These filamentgmons may be identicélas often they
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areDbut more importantly they can also be different. From the perspective of Otextile
anatomyO mapping this means that multiple sets of yarns with their unique set of
properties can be used to create the struciure symbolic colour code of TA

mapping is illustrated in the weave structures below [Figures 5.10 and 5.11] as a

reminder of the structural complexity of individual constituents.

Figure 5.10 Figure 5.11
2/2 Twill (tight structure) 8-ends Satirftight structure)
Weave structures illustrated through TA mapping: warps (vertical), wefts (horizontal)
Lynn Tandler (2016)

5.4.2 Weave structures vsfabric structure

The difference between weasguctures and fabrstructures may not appear

obvious but it is nonetheless fundamental. Weave structures relate to the geometry
that is formed between a warp and a weft invegirepeat unit. Fabric structure on

the other hand refers to the sum of the properties of the cloth or the overall design of
multiple weave structures measured as one architecture. But in spite of this,
specialists within the field still confuse the funtental difference between weave
structure and fabric structure, and by doing so often propose suggestions based on
inaccurate assumptions (Veja, 2015).

Weave structures are the geometrical shapes that are created wagnand a weft

interlace. They reaitedirectly to fabric properties such as handle and drape.



Fabric properties such as weight, permeability to airflow and moisture are more
directly linked to characteristics of specific fibre and ydasd not the geometry
upon which the fabric immade.

5.4.3 Weave construction methodologies

Weaving can be divided into two main types: flat weaving and pile weaving
(Redmore, 2011). According to the dimensidiahlric volume that they produéflat
weaving refers to 2D fabrics, and pile weavio@D constructions. Gandhi (2012)

however, divides weaving into three main grslup

(i) Fabrics in which warp yarns and weft yarns intersect one another at right
(90 degrees) angles.

(i) Fabrics in which certain warp yarns interweave to the right and/or teftra
neighboring warp ends creating a stable open weave such as leno or gauze.

(iif) Fabrics in which portions of the threads (either warp or weft) project away
from thefoundation of the cloth creating loops and piles on the surface.

This classification ird types of woven cloths can also be viewed as a classification of
fabrics according to the looms that they are produced by (more on this later in this
chapter). From the perspective of the machines upon which weave structures are

made, woven fabrics couldso be classified according to:

a) Fabrics in which warp yarns and wgérns intersect one another at right
anglescan be woven on tappet, dobby or jacquard looms.

b) Fabrics such as leno and gauaichrequire unique assistive tools to be
fitted onto thdoom in order to achieve the unique weave.

c) Fabrics such as terry towel, velvet and corduralyichrequire an entirely
different loom all together.

! Originally this classification of weaving into three groups was outlined in Watson (1648) this
was not referenced in GandhiOs text (2012)



In the past, weaving looms were classified based on the way they used to insert the
wefts, for example imir-jet, rapier and water jet loomBédmore, 2011). But the
insertion of the weft has no bearing on the properties of the cloth and therefore such
developments are not discussed in this wddday, the vast majority of weaving is

done on dobby and Jacgddooms.The differences between the two types of looms

do not manifest themselves through the weave structures that they employ but solely
on the size of their repeat. Meaning that dobby and Jacquard looms vary mainly in th
fabric structures that theyeaable to create and the size of motifs rather than the
weave structures that they are able to emplayich in fact, remain the same.

From a machine perspective, looms fundamentally vary from one another in the
mechanism employed to control sets aliwdual warp ends. Today, the

majority of textile production worldwide is done through the mechanical
operation of dobby and Jacquard looms.

5.4.3.1 Dobby looms

Dobby looms operati®ur to forty-eight shafts, which in turn control the lifting

of pradetermined groups of warp ends. The number of shafts in dobby looms
informs the pattern type and size that can be created. Jacquard looms on the other
hand, havea mechanism that is able to control individual warp ends and in doing
So create larger and nemntricate patterns across the design of the cloth.
Principally however, in weaving, regardless of the looms used for the
construction the hierarchical complexity is fundamentally greater from any other
textile construction methodolog@mostly due to théact that two different sets

of textile elements, namely the warp and the weft, are involved in creating the
architecture at any given time: warp and weft yarns can be identical but they can
also vary dramatically in appearance, property and handle @amahjralso affect

the properties of the clotAlthough the weaving of a plain cloth can be made on
looms as limited as two shafts, many weaving looms in industry today employ a
minimum of four shaftsAs the number of shafts increases, so does the

compleity of potential interlacement arrangements.



Double cloth constructions can occur on a minimum of four shaft looms, which
can produce two layers of plain cloth at once; each through the application of
two allocated shafts. Hencaglet shaft looms caweave more elaborate

structurs as a double cloth, meaning that two individual four shaft sets fabrics
can be woven simultaniously. Similarly, sixteen shaft looms can be divide into
two groups of eight shafts, four groups of four shafts, or eight groupsof

shafts for the simultanuous weaivng of a various layered cloths: the allocation of
shafts does not have to be equal, meaning that on a sixteen shaft loom for
example, two groups of four shafts can be woven simultanously with an

additional gorup of eigt shafts.

5.4.3.2 Jacquard looms

Jacquard looms are not controlled by shafts, but by the lifting of individual warp
ends in accordance to a prescribed lift plan. The fact that Jacquard looms are so
called free from shaft space restriction doesmmake them without limitation for

the structural weave unit remains with the same merit as that which is woven on
dobby looms. With Jacquard however, the arrangement of weave unit side by
side is virtually unlimited. In other words, a plain weave struatarg for

example, can be woven next to a type of twill, next to a section of satin and/or a
honeycomb constructiddall within one inch. Even though on the macro scale
these variations may not be visible to the naked eye, structurally they are made

possble on Jacquard looms.

Some Jacquard looms are laid out in the formiraular looms, which allows

them to weave tubular seamless cloths. These are types of Jacquard looms
operating to a wavshed principle (Adanur, 2000). This form of weaving differs
from other methods mainly due to its urequeft insertion principle, which
although may also exist in flat bed looms, can often be found on the circular
loom: wefts travel across the cloth in circles, simultaneously, through changing

shed openings that me like a wave.



5.4.3.3 Dobby and Jacquardooms and the weaves they produce

It is often assumed that because the Jacquard loom picks up individual threads, as
opposed to preletermined groups of threads spread across shafts as on a tlubby
weave structure is limited only by the size of the Jacquard loom itself. One of the
reasons this is not true is because weave structures do have limitations. For example,
floats have a limited reach. In order to achieve successful stable weaves, it is a
common practice amongst weavers not to exceed floats that are bigger than 12 threa
across whether as warp or weft float. Depending on the weave structure, a ratio of
1:12 is just about enough to hold the threads securely, without distorting the form of
thecloth. Anything beyond this proportion leads to loose warp ends or weft picks that
migrate away from the structure center of the cloth. This rule of thumb restricts the
size of weave structures to twelve ends / picks structure unit repeats. It is tharefor
misperception to think that any shape or size of weave structure could be invented an
further employed. Regardless to the type of loom on which textiles are woven
whether tappet, dobby or jacquard looms the maximum wk@aesize cannot

exceed twhkyve threads across. Sath twelve shafts, a dobby loooan weave any
architecture that dacquard loonsan. Which is why dobby looms remain the

dominant form of production for modern textile materials.

The number of shafts of dobby loom indicates the maximum size of a weave structure
that could be woven or in other words, the size of its repeat. For example, with two
shafts, the tappet loom could only weave structures that are no bigger than two warp
ends units. Similarly, a dobby loom with eight shafts could only weave structures with
up to eight wargends repeats. A dobby loom with twetfibur shafts on the other

hand, could also weave two unit structures, each with twelve-evatp wide; three

unit stiuctures, each repeat with no more than eight veags wide; or four unit

structures with no larger than six wagpd repeat size in each.

The principle difference between the dobby and the Jacquard looms therefore resides
in the size of their repe&@tmeaning that dobby looms could weave, small repeat unit
determined by the number of their shafts, while Jacquard looms could potentially
employ many structural repeats across the width of the cloth and in doing so produce
large and complex motifs.



Jacquad looms however do differ quite dramatically to dobby looms in the way in
which they allow the bigger and more articulate motif to be woven. On a Jacquard
loom, the size of the repeat does not refer to the size of the weave structure unit but
the size ofhe artistic motif that can be woven as a whole. Artistic motifs can be
woven with one or several weave structures at the same time. For example, in a floral
design, one petal could be woven with a plain weave, while another petal within the
same flower, rgardless oits position on the design, can simultaneously be woven

with a twill (Watson, 1946).

In that style of weaving, weave structures are used to create visual effects within the
artistic design of the cloth: Light refracts differently on threads tun vertically in

the warp, and threads that run horizontally in the weft. And these basic principles
have been used by textile designer for generations to create shadow effects on the
cloth and to allow an entire image to be woven from just thecoloair thread by

manipulating the warp/weft structure ratio.

5.5 Alternative weaving technologies

In order to step away from conventional cloth constructions, unique weaving tools
and looms were developed and implemented into the textile industy.ara briefly
described overleaf.

5.5.1 Leno weaving and leno doups

Leno weaving is the twisting action that allows some warp ends to loop around other
ends to form empty spaces, gaps and holes with the cloth. Through the process of len
weaving twotypes of textiles can be created: leno fabric and gauze. Leno fabrics are
fabrics made out of separate segments of leno twisting, which are introduced into the
cloth to form of a pattern (Straub, 1977; Muller, 1991). Gauze, on the other hand, is a
term usd to describe a fabric that is woven with leno twisting throughout (Gandhi,
2012).



Leno weaving allows much greater spaces between warp and weft threads due to its
unique twining system that locks warp threads in place through twisting around other
ends The uniqueness of leno weaves resides in the fact that large gaps are created
between the threads without jeopardizing the structural stability and integrity of the
cloth (Straub, 1977; Taylor, 2007) meaning that in spite of the large holes created as
result of leno weaving, the woven structures hold their shape without distortion or
fraying. Leno weaving creates durable fabrics with excellent dimensional stability.
Leno-weave fabrics are in fact stronger and firmer than other conventional woven
textiles (Chen, 2011). Its open structure geometry creates a fabric with much negative
space, meaning that from a design perspective the holes become a visual feature in it

own right.

Leno fabrics are woven on conventional looms such as dobby loomshevitielp of
specially fitted headles, also known as doups. The principle behind leno weaving
reveals two sets of warp threads: a set of Ostationary endsO and a set of Ocrossing
endsO (Chen, 2011, p. 118). The crossing ends are carried through the dobps, wh
allow them to twist and wrap around the stationary ends according to a predetermined
pattern (Best, 2005). Due to their unique weaving method, leno fabrics have become
known for their stable construction they are lightweight and open, breathablg, stron
and firm. Also, leno fabrics have reduced yarn slippage and reduced distortion
(Thomas, 2009).

5.5.2 Velvet looms

Velvet fabrics are woven on spedabms - where an individual loom produces two
separate pieces of woven cloths simultaneolislyelvet weaving individual fibres or
yarns are caught within a base fabric construction of plain weave. Velvet can be done
on a single or doubleed velvet weavingpoms. Single velvet looms are types of
Jacquard looms th&twith the help of metal rod®weave loops foyarns into the

fabrics These loops, if kept in tact, are also known as terry towel weaves. Otherwise,
they can be cutwith fine knives running aoss the width of the clothin order to

produce a cut pile fabric.



Double bed velvet weaving machines are more expensive to run. These are special
looms that weave effectively two cloths at the same Bxiaeing one another and
interlinked throughoutin other words, the wefts of cloth no.1 are also the wefts of
cloth no. 2. The base cloth of each of the cloths is plain weave, but he angle in which
the wefts are inserted can be altered, to produce straight or angular velvet. Once
wovenband locked t@ne anotheba knife runs through the weft insertions and

splits the double cloth into two individual single cloBsach wound onto a separate

cloth beam.

The properties of velvet fabrics are greatly affected by the density of the warps and
the type dyarn used for weaving. Pile weav@s/hich are woven on special loonts

are durable, firm, dense and insulating (Thomas, 2009klvet, more so than any

other woven fabric, the applied finishing techniques dramatically change the
appearance of thelfac as well as its end use. These finishing techniques involve the
application of great forces pressing onto the piles, wrinkling, creasing and embossing
them into shap®but rather than affecting their mechanical characteristics, these
techniques are ed solely for aesthetic values.

5.5.3 Tapestry weaving and basketry

Tapestry weaving iweft-faced weaving, meaning that all twarpthreals are hidden
in the completed work, and the weft threads solely create the motif on the cloth. In
tapestry weaving, weft yarns are typically discontinuous, and they are tied to one
another to form small pattern areas. It is mostly artistic and neverprahsced in
continuous lengths. Essentially, tapestry involves tying on knots and creating an
intricate visual image. It is done on a frame loom and therefore is referred to as
weaving, but unlike other methods of weaving, tapestry does not require the kno
how of operating a loom. It is free hand productmbit like painting with threads.

Basketry weaving is thought to be the oldest form of weaving (Broudy, 1979). Itis a
versatile handcraft, done by habdnd until present day, not in a loom. Inmgking,
basketry is similar to bobbin lace making: a set of mobile strands travel over and
under a predetermined skeleton shape.



5.5.4 Triaxial and tetra -axial weaving

Triaxial weaving is a modernization of an old basketry technique dating from about
710 AD (McCarty and McQuaid, 1998). Like many ancient art forms, it too was done
by hand (Tyler, 2011) until mechanized by Dow in the 19700s (Kulczycki, 1977,
Kulczycki andDarsie, 1977; Kulczycki and Darsie, 1976; Kulczycki, Darsie and
Dow, 1976;Townsend and Trumpio, 1976; Dow, 1974; Dow, 1969). Triaxial
weaving uses three sets of threatsstead of just two as used in conventional
weaving: warps, whugs and wefts (Tyl2911). Conventional weavingalso known

as biaxial weaving sees the warp and the weft interlace at a 90 degrees angle.
Triaxial weaving on the other hand, includes all three sets equally at Gfedeg
interactionswhere tetreaxial weaving employ fousets of warps and wefts inclined

at 45 degrees intersections. Like leno, gauze andtl@aal and tetraaxial fabrics

too have holes in them. Only unlike the formers, triaxial and-getia fabrics are

very regular and isotopic (Tyler, 2011). Curigrtowever, only triaxial weaving is
produced commercially: tetiaxial weaving is done by hand.

The prime advantage of triaxial fabrics resides in their ultra lightweight properties,
good resistance to damage and an ability to withstand tear: a tvieeaaé fabric
Otypically has about half as many structural elements per unit area as a rectangular
woven fabric made using the same elementsO (Tyler, 2011, p. 141). Due to their
superior mechanical properties, triaxial weaves are used in industrial coastBuc
being added to cement to create stronger conced$® in automotive production,

sport accessories, and even bulletproof vests (Mooney, 1984).

Even though it was claimed that triaxial weaves were developed by Dow in the
19600s (Mooney, 1984), chanical triaxial weaving was first discusse®bewart

(1921). In this patenBsubmitted in the U.3P Stewartdescribes a weaving method in
which the warp turns into wefts and vise versa, in order to create a multi directional
weave. In the past similanethodology was applied for the making of baskets in
basketry making. Soon after the publicatadrhis patent Stewart drew the first

machine for the creation of a multi directional weave (Riley, 1926). Dow on the other
hand developed a special loom be very same principle of 60 degreaterlacing
intersections, but one that use different sets of warps, wefts and whugs. According to

! )$



Dow, triaxial weaves can vary according to yarn thickness and proportion with regard
to the other sets of threaBgachin turn results in different fabric construction (Dow,
1969). Triaxial weaves, according to Thomas (2009) have high tear and shear

resistance, are very strong, stable, lightweight and breathable.

5.5.5 3D weaving

The definition of 3D weaving is uredr (Hearle, 2015). The construction of all cloths

in general describes a structure along the X and thri&, but also on the direction

of the Zaxis. Badawi (2007) explained: OFibres or yarns are intertwined, interlaced or
intermeshed in the X (longitirehl), Y (cross), and Z (vertical) directionsO (p. 92). It

has been suggested in the past that a third dimension in the thickness layer of the clo
bthe sacalled Z axis creates 3D wovetextiles (Badawi, 2007; Behera aktishra,

2008). Hearle (2015herefore described Oa structure that has yarns crossing in three
mutually perpendicular W, Y and Z direction or, at least, with components through

the thickness (Z axis)O (p. 2). At the same time however he also noted that Ko (1989)
used this definition 08D weaving to describe a navoven cloth: in this instance

threads were crossing one anotBéut not interlacing.

As we saw when describing the differences between dobby and Jacquard weaving
OAny loom is limited by the size of the weave repeat it can produce, and this is
governed by what is known as the shedding motion, which controls the lifting and
lowering of the lkald shaftsO (Taylor, 2007, p. 92). The shedding mechanism of 3D
weaving technology is therefore different to that of 2D weaving techniques
(Gokarneshan and Alagirusamy, 2009), which enables the creation of bulkier 3D

architectures.

According to Ko andPastore (1985), OAD fully integrated structure is formed with
yarns intimately interlaced together to assume various net shape structuresO (p. 429)
3D weaving can happen through 2D weave construéliarthe form of a multi

layered woven cloth as shavby LaMdtina and ParvizMajidi (1992)- or through
manipulation and additives that can be fitted onto conventional looms in order to
genuinely weave 3D shapes. This involves the utilization of a dual shedding
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mechanism (Hearle, 2015; Behera and MisR@®8). This, in other words means that
the motion of interlacement need to take place in the X, Y and Z axis, all within the
same unit cell. Due to their multiple directional interlacements, OtrueO 3D woven
fabrics (Behera and Mishra, 2008, p. 275) disglaat structural integrity, which

turns their construction to be strong, stable and reliable: OThe integrity of such a
structure arises due to the intense interlacement of three perpendicular series of yarn

(Gokarneshan and Alagirusamy, 2009, p. 5).

Traditional methods for increasing the volume of textiles and inserting bulk have been
taking place through muitayer weaving and double clothed manipulations on both
dobby and jacquard looms in the past. As well as through the use of velvet weaving
and bwel looping techniques. In an attempt to step away from the boundaries and
limitation of conventional 2D weaving, Gokarneshan and Alagirusamy (2009)
describe a methodology that enables a tdigeensional weaving process for the
generation of 3D woven faios. They differentiate between what they called a Gthree
dimensional woven 3D fabricO and a Gtiweensional woven 3D fabricO (p. 1): the
former governed by a mortirectional shedding system and the latter by a-dual
directional shedding system. In tlext they described a method previously described
by Fukuta, Onooka, Aoili and Isymuraya (1982) that Ocauses interlacement of three

perpendicular sets of yarns so as to form a completiglaced 3D fabricO (p. 5).

5.6  The formation of the woven tesile industry as we know it today

Whilst studying the various looms (above) and understanding how machine
specifications affect the cloths currently produced by the textile industry, the way
history had shaped our methods of production today has conguiegtion, which is

why it is useful to examine some of the patterns in the history of textile development
that have led up to the present situation.

As mentioned beforeghe first recorded documentation of textiles dates back to the
Stone Age and the dg Bronze Age (Lord and Mohameii982; Barber, 1991). The
majority of this long period of history witnessed #tew, steady and evolving use of
natural fibres and yarns such as cotton, linen, flax, wool and silk and their adaptation

! )&



into various textildorms. But it was over the last 250 years that, through
developments in mechanization and industrialization, textile production evolved at
formerly unimaginable rates and into its current form. The importance of the years of
the Industrial Revolution wilbe discussed in this chapter in detail with an aim to
discower why the weaving industishaped itself the way that it did and why have we

come to rely on some technologies over others.

5.7  The evolution of weaving technologies

The weaving of cloths haw@ways been done on a loom. And the mechanisms that
operated looms evolved and changed throughout the centuries slowly during
thousands of years, and in an accelerated speed during the past 250 years. What will
become appareiitom this reviews that in spite of these changes, the principle of
weaving has not changed at all.

The first know loom from around about 7000 BC was the vertical loom, owtrg
weighted loom. This loorhad an upright warp stretched between two ehatrs

assisted with weights, which had been tied to the bottom of individual warp bundles
(Broudy, 1979). Throughout thousands of years this principle of weaving had not
changed. Around about 560 BC headles were introduced to the weaving process
(Broudy, 199). According to Broudy (1979) this Owas not a minor but a major
technological advance that overcame the greatest problem of textile production its
tediously slow paceO (p. 26). Heddles allowed a more efficient way of weaning
instead of lifting warpepeatedly ends one by one, groups of threads could be decided
upon in advance and lifted at once.

The vertical loom evolved into the horizontal loemvhich allowed weavers to sit

rather than stand whilst weaving, but more importantly weavers wex¢cabave

longer warps and consequently greater design and production opportunities. During
the 29 century pedals, known as treadles, were introduced to the verticablanch

in doing so the vertical loom had transformed into a treadle looms, whesegres

onto pedalslid the lifting of the threads



The horizontal loom and the treadle loom themselves later evolved into the Odraw
loomO around the sixth century. Draw looms were operated with the help of a draw
boy, which gave them their name: this usgdit on top of the loom and lift the shafts

by hand according to the patterngn to him by the master weav@®raw looms

dominated the textile industry and BritainOs cottage industry throughout the Middle
Ages and right up until the Industrial Revolutid=rom that point onward, as Broudy
(1979) put it: Ohow the loom developed was to a large extent dependent on what fibre
was used for the warpO (p. 14).

5.8 Textile innovations in Britain during the Industrial Revolution:

Leading to the automation ofthe weaving process

KayOs flying shuttle speeded up the process of weaving to such an extent that it
created a need for more yarn (Lord and Mohamed, 1982). As a response, in 1738,
Lewis Paul (Lawrence, 2010), or Louis Paul (Chapman, 1967), developeadthe f
mechanism to replace the manual skill of yarn spinning. But it wasnOt until 1764 that
a British weaver, James Hargreaves, invented the spinning jenny that dramatically
increased the speed of yarn production.

In 1769, he same year that Hargreaved paterted the spinning jennyichard

Arkwright also patented a similar spinning machine and called it the water frame
(Singer,Holmyardand Hal| 1958; Lawrence, 2010). This was the first yapmnning
machine, which was operated by the power generated by a water wheel. ArkwrightOs
spinning frame was based BaulOs mechanism, developed some 30 years prior.
Arkwright applied PaulOs mechanical sasagith that of the factory system and in

doing so he turned the spinning frame into a commercial success (Chapman, 1967).

Arkwright was a barber by trade, with no qualification or training within the textile
world. Despite this, he became to be onénefrhost prominent men of his tirBa

leader of textile. His significance was in the way he demonstrated the profitability that
was made possible by mechanization, earning him the name of the Ofather of the
English factory systemO (Chapman, 1967, p. 6%)stdry therefore does not

celebrate innovation for the sake of newness, but innovation within context, driven by
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the need for financial success: his is one of the first stories of entrepreneurship, and
one of the first examples to link mass productioteafiles with financial gain, and

even more so, with fame.

Regardless of the validation of their patents, both the spinning jenny and the water
frame mechanized the process of yarn spinning, which was previously carried out by
hand. But each of the nfaaes was able to produce different yarn qualities: the
waterframe produced strong, well twisted yarns that were mainly aimed at cotton
warps, and the spinning jenny spun more fragile yarns, suitable for wefts (Mann,
1958). Yet the yarspinning machinesf the late 18 century were still crude and the
yarns that they produced were imperfect: machines that could spin cotton would not
spin wool or linen, and vice versa, and it was often necessary to alter a machine in
accordance to the needs of differeatns (Mann, 1958). Soon thereafter it became
evident that in order to spin different yarns, different machines parts had to be
modified and separately patented.

In 1779 ComptonOs spinning mule was introduced, although never patented. It
differed from thewater frame and the spinning jenny in the way it was made to offer
and spin larger variety of yarn counts (Mann, 1958): the mule spun fine yarn counts
as well as course, botfom cotton and from woalin doing so it quickly rose to
dominate the British arket. As more specialist machines developed they enabled
greater versatility, and specifically the creation of yarns of different thicknesses,
which in turn created a demand for unique textile products for specific applications.
The need for greater effency drove technological innovation that itself generated
the possibility of new products. This is one of the first links we can find of the
relationship between the specifications of machines and the final product properties
they yield. In other wordstd not so much that demand generated supply but that

supply stimulated demand.

5.9 The mechanization of the weaving process

According to Broudy (1979) ifthe Book of Loom®AIl handlooms, no matter how
primitive or sophisticated, involve four processes that are subject to varying degrees
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of complexity or mechanization: (1) a system for holding the warp threads parallel,
(2) a means of forming alternate sheds, (3) a prdoessserting the weft, and (4) a
manner opressing it homeO (p. 102). In general terms this refers to (a) the threading
of warp ends through small heddles, (b) the mechanism that lifts the headles and
creating a gap through which (c) the weft can beriesl, and (d) a reed is used to

beat the weft into place.

Inspired by ArkwrightOs yarn spinning machine from 1769, Edmund Cartwright
sought to mechanize the weaving processl in 1784 he produced the first power

loom prototype (Barlow, 1878). In 179artwrightOs power loom became widely

used as a means of production, mainly within the regions of Doncaster and
Manchester. This loom was operating according to a mechanism knatapget.

Tappet looms could operate on as little as two shafts, arafiyet The number of

shafts used on the tappet informed the weave possibilities that could be employed and
could therefore also inform the size and type of patterns that could be created.
Outside Britain, in 1801, a French weaver and textile merchargdh#mseph Marie
Charles Jacquarndvented the Jacquard loom. Similar to the Lancashire loom, the
Jacquard loom was based on earlier French innovations (Lord and Mohamed, 1982).
The Jacquard loom differed from CartwrightOs power loom in the way that it

contolled the lifting of individual threads, rather than shafts, which controlled groups
of threads, producing intricate patterns by separately lifting the warp ends (Lord and
Mohamed, 1982). Jacquard looms allowed the mechanization of imagery weaving and
motif based fabric construction, previously only achievable through processes of
tapestry weaving and embroidery. But his was developed in France, whereas in
Britain, until the 1820s, all mechanized looms were designed to weave plain fabrics

alone.

In Britain, due to further modifications that dramatically speeded up the action of
weaving (SingerHolmyardand Hall 1958), between 1813 and 1820 the number of
powerlooms increased from 2,4@0 over 14,15@Mann, 1958; Hill, 1993pan
increase of over 600% lass than 10 years.

In 1822, Richard Roberts adapted the acclaimed power loom and allowed it to raise
different sets of warp threads at any given time (Mann, 1958). His looms became
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known as the Roberts looms, and they were able to produce fancy \aedvesl|s-
previously only achievable through processes of hand weaving. The popularity of the
power looms increased even more in spite of objections and rebellious actions taken
by hand weaverat the time, fearing to & their livelihoods. In fact, éhpopularity of

the new power loomsthe Roberts loomswas so great that by 1833 there were over
100,000 power looms operating in Brit&ha staggering expansion from the modest
2400 working power looms in 1803 (Hills, 1993).

By the mid 1800s, powdéooms with plenty of shafts, such as the Roberts looms,

came to be known as dobby looms. Before the name dobby was fully anchored, dobby
looms were also called Oa witchO, Oa wizardO, or OthmantamesO (Fox, 1922,

p. 8283). Dobby looms were, andlstb some extent are, shaft looms on which

chains of wooden bars with multiple pegs and holes control the lifting and dropping

of specific shafts in a sequence. The rotating action of the dobby mechanism defined
the repeat of the design as Othe numbends and picks required to produce one
complete patterO (Collier, 1980, p. 92). This day, dobby looms are widespread

across the woven textile industry throughout the world operating according to the

exact same mechanism.



5.10 OTextileanatomyO mappingdiscussion

This chapter clarifies and emphasis the advantage of weaving over other textile
construction methodologies such as knitting. Rather than a single strand forming a
geometrical structure as found through the process of knitting, in weaving, at all times
at least two strands are involved in forming the structaléhough often, and for the
creation of most weave structures at least four ends are required (for the vast majority
of weave structures eight warp ends are preferable). This gives weaving canstructi
superiority over other textile construction methodologies for through the process of
weaving many more materials and therefore properties could be introduced through a

single structure unit.

Above all, chapter 5 reveals that weaving and knittiegirafact processes

undertaken for the construction of textiles. They are nomterialsper se, but

rather thanethodapplied to achieve the production of textile systems. Within the
investigation regarding the creation of smart texid@sd smart tetile structure®

the structures themselves are subject to machine specifications. OTextile anatomyO
mapping was therefore revised. The structures of weave, knit, and other 3D
assemblies previously (marked in green) were realised to be more fittingcasga®

of construction since the structure of the material system is controlled by the
specification of the machines on which it is created.

Additionally, it is through the processes of weaving or knitting, and the machines
specifications of industry drand production techniques, that three types of textiles
can be formed. These are here mentioned asregponsive textiles, responsive /

reactive textiles, and smart textile systdfiqgire 5.12, p. 92



Figure 5.12
Revised TA mapping
Lynn Tandler(2015)
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Chapter 6

Experimental studies

So far, designers and engineers alike have been using the unique properties of
polymers, fibres, filaments and/or yarns, to extend the physical and mechanical
properties of cloths (Thomas, 2009). #wown in chapter 5, a woven textile structure

is an assembly that, like any other structure, serves an engineering purpose
(Wadhawan, 2007). But although woven fabrics have been induced with responsive
elements and componentsuch as those displayedsame fibres and yarnsho clear
evidence is yet to have been found to prove that responsive behaviour in textiles can
occur due to changes within the architecture of the f&lindhe weave structures

themselvesr(= 3).

In chapters 4, the contributiof individual textile components to the enhancement of
textile properties was reviewed. As a result it was revealed that textile construction
methodologies such as weaving, to date do not yet contribute to the enhancement of
textile propertie®meaningthat although single components are commonly used to
attribute textiles responsive properties, weaving has thus far not been applied in such
a way. As opposed to changes that tend to occur on the microscopicftevel

example in shape changing polymegaisase change polymers, alloys, and technical
fibres or yarns the geometry of weave structure, on the macroscopic level, i.e. the
design of the weave structure itself, has not yet been studied in detail as an agent for

the creation of smart textiles.
Further applying the hybrid research methodology described in chapter 2, a series of

case studies is therefore presented in this chapter, which sets to explore whether a new
weave structure could react to Ochanges in its own conditionO (Wadhawan, 2007, p. 1)
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- be it changes within its own geometry or within its mechanical state (Varadan, Jiang
and Varadan (2011). In other words, the following chapter examines the possibilities

of woven architectures taking part in converting a piece of textiles into smart.

The three case studies presented in this chapter are anchored in-aszite
activities. Case study 1 challenges the limitations of leno weaving from design and
engineering perspectives. Case study 2 explores double cloth weaving structure
techniques i similar way and in doing so it challenges their contributions and
reveals their limitations for the creation of novel weave architecteeslly, case

study 3 explores whether additimeanufacturing techniques could offer more
possibilities in creatig reversible weave structures, by comparing the technology
structure and propertied weaving to that of Additive ManufacturifgM).

Each case study is presented with its own introduction, background and context to the
overall exploration of my resedr as well as each of their aims and objectives and the
methodology undertaken. A documentation of the findings is presented through

digital photography and microscopic observations, along with a discussion of the
results of each of the case studidsadng to further explorations.
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6.1 Case study 1: investigating leno weaving as a method for creating

novel mobile geometries in textiles

The first case study was set out to explore whether shape change in textiles could
occursolely within the geometry of a weave structbiadependent of the properties
that filaments or yarns may have. According to Meredith and Hearle (1959), it is not
only the properties of thgarns, but also the spacing of the threads, which contribute
to themechanical stability and properties of woven structures (Meredith and Hearle,
1959). This is determined by the reed. A reed is a tool in the shape of a comb, which
is used to fan out warp ends and hold them in place whilst weaving commences
[image 6.1] In plain cloth weaving foexample, the warp ends are often cramped to
maximize the density of the cloth creating a closely woven textile. Reversely, in leno
weaving, large gaps are often introdu@etteating woven textiles filled with gaps

and holes.

Image6.1
Warp ends spaced through a reed
Lynn Tandler (2013)

A manipulation therefore of the negative space within a weave strdsuich as that
which is created in lace and / or leno weawicguld potentially introduce a woven
geometry with more possibilities for change in shape. In other words, by utilang t
space between the threads and within the weave structurgéghion here is now to
produce a woven geometry, whighon manipulatioms able to retrieve its original

State.



6.1.1 Case study PAims and objectives

The aim of the first case studyto examine whether leno weaving is a suitable
weaving construction for the development of a reversible weave striixiaeewith

changeable geometric states.

The objectives are outlined as follows:

(i) Investigate and understand the operating mecharutiaeo weave structures
in order to acquire sufficient knowledge of leno weaving; including the
construction of bespoke leno doups and sourcing of suitable yarns for warp
and weft weaving.

(i) Manipulate leno weaving to create novel weave constructionsriaate a

reversible geomat and mechanical movemenitthin the weave structure.

6.1.2 Case study PMethod and machine

This is a practice led research, one that relies on the specialist knowledge, experience
and knowhow of weaving through itgotential modifications and achievable
adaptations. This task requires an experiémeEaverbone who is familiar with the
process of specific weaving technigure order to find technical and creative

solutions to problems as they arise through the gsogdeveloping new woven
architecturesThe weaving in this case study was done by hand in order to understand
and illustrate the process in detail, plokpick, and in doing so to allow a deep
appreciation of not only the logic behind leno construdtiohalso the way in which

such constructions could potentially be altered.

In weaving, the creation of a successful weave structure refers to the development of
stable thread geometry; one that does not slide, fray, or disintegrate upon

manipulation. Hez therefore, experience and the use of tacit knowBdge

explained in the paragraph above and in chapias Zrucial. One the one hand, the

new leno geometries needed to be reproducible, Osuccessful® and mechanically stable.

On the other hand, theysa needed to demonstrate how two different sets of



geometries could reversibly appear within the one structure. To tackle this,d timrne
the principles of engineering to draw inspiration for how to create mechanically
reversibly structures. The mairspiration | had in mind was the simple action of
opening and closing a door: the adjacent elenm@im&ed with a form of locks and
hingesbwere able to move reversible when mechanical forces were applied. In order
to translate this into weave | firstewed to visualize how one geometric shape

changs to another (figure 6.3, p. 101

With that in mind | sought to apply my practical kviledge of the weaving procetss

novel and experimental lerthreading techniques. Weavingpstly generatesquare
geonetric shapes, and one of the main challenges that unfolded throughout this case
study was to create a triangular shaped thread travel. That is thatahe

interlacement of warp and weft threads should produce a 48efeglignment of the
threadgather than the common 90 degrees angle.

The analysis of the findings tharose from this case study wéhnerefore done with
the objective of creating the potential for two different yet stable woven architectures
within the one structure that do not frayigrate or disintegrate when pulled or

manipulated.

The George Wood dobby loom upon which case study 1 was conducted [images 6.2
and 6.3] is a peg loom, where a series of wooden bars approximately twenty
centimeters long are dotted with holes, linkedzentally to from a chain [image

6.4]. Each hole on these wooden bars is meant to host a wooden or a plastic peg.
These pegs, in turn, create 3D shaped pattern of the woven structure where individual
pegs control individual shafts: for example, hole nundre is connected to the first

shaft at the front, hole number two connected to the second shaft, and so on.



Image 6.2 Image 6.3
Front and rear view of George Wood dobbynposed for case study 1
A Btop warp beam; Bbottom warp beam; ®warp; DBshafts; Ebdobby mechanism; Bpedal; Gbbatten; H
Bcloth beam; Bloom frame; Preed; Kbweave pattern pegged into bar chains
Lynn Tandler (2013)

Image 6.4
Plastic and wooden pegs hammered into bar chains in prepdmatigeaving
Lynn Tandler (2018
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This mechanical dobby loom has wooden bars with 24 hotesant to control up to

24 shafts. In this particular instance the working loom has 20 shafts. Wooden or
plastic pegs are hammered into specific holes on the bars in ordeate & unique
repeating sequence, which in turn identifies the weave structure by lifting specific
shafts on demand. In this way for example, the pegging of a plain weave structures
(on a 20 shafts loom) repeats itself as follows: FirsBlift 3, 5, 79, 11, 13, 15, 17,

and 19; Second lit92, 4, 6, 8, 10, 12, 14, 16, 18, and 20; Third lift (repeating first
lift) -1, 3,5,7,9, 11, 13, 15, 17, and 19; Forth lift (repeating secondifg, 6, 8,

10, 12, 14, 16, 18, and 20 [figusel].

Figure6.1
Plain weave structure unit (right), and plain weave pattern for 20 shafts looms (left)
Lynn Tandler (2013)

Similarly, on a 20 shafts loom, 1/3 Z twill will repeat as follows: Firstliff 5, 9, 13,
and 17; Second lift2, 6, 10, 14, and 18hird lift - 3, 7, 11, 15, and 19; Fourth l#t
4, 8,12, 16, and 20; Fifth lift (repeating first liftL, 5, 9, 13, and 17; Sixth lift
(repeating second lift)2, 6, 10, 14, and 18; Seventh lift (repeating third 4if8) 7,
11, 15, and 19; Eighthfti(repeating fourth lift} 4, 8, 12, 16, and 20 [figu&2].

Figure 6.2
1/3 Z twill structure unit (right), and 1/3 Z twill pattern weaving for 20 shafts looms (left)
Lynn Tandler (2013)



In order to set the loom up for leno weaving, specialdosere made from a cotton

cord (2.2 Nm) for the creation of leno doups. Those have been measured, cut and tied
into loops to form identical sized rings: 40 cm long cotton cords were folded in half

and tied 1 cm off the edge of the cord into approximatélgrih round loops

[image 6.%. Once tied into a circle, the loops were attached onto a set of allocate
shafts- which had now become the leno sh&fend threaded through neighboring
headles: the leno shafts control the leno effect by lifting the doupsvestihg the

leno warp ends around their neighboring ends. Warp ends were then threaded through

normal headles and trough the leno doups accotdisgecially designeplan.

Image 6.5
Leno doups made to measure fase study 1
Lynn Tandler (2018

Basic principles of mechanics were introduced into the design process as an
inspiration for new construction of leno weaves. Locks, hinges and tracks were
identified as mechanical actions thatapplied onto leno structuring could lead for
shape changeehaviour within the geometry. The idea behind this was-tioim& the
design and action of leno weaving but infusing it with a different design methodology
one that is based on the laws of mechanics: while creating an open woven structure,
locked and hel in several anchor point (Ileno), it was hypothesized that several
geometries could be introduced to the woven structure to come to play under various

tensile load conditions as well as those of stretch and strain.

Depending on the direction of interlacem and the tightness of the twist, leno

weaving of specific warps ends in allocated spaces were to be used as locks securing
the geometrical shape in place; the travel of the wefts horizontally was to create an
angle with a hinge at its meeting point witle warp; and lastly, idle warp ends and

wefts were to be used as tracks for the sliding of twists and knots along their axis
[figure 6.3.
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In order to prove any change in the geometry of the weaves, it was important to set
the parameters of evaluatiand conclude how much change would suffice to

attribute the case study with success. Much has been written about clothOs
measurements methodologies (Meredith and Hearle, 1959): the diameters of a piece
of cloth could beneasured with a ruler, a OgrabQest with a Ostrip teg(232).

Figure 63
Potential geometric change withirsimglestructure unit through the use of static anchoring points (green) and
leno twists (pink) that upon stretch transform the shape of the structure fronfettimagsar
Lynn Tandler (2018

A consicerable change is that whichnoticeable and large enough to reckon with,
without the aid of specialist equipment. In other words, if the change is obvious to the
naked eye it should suffice as noticeable. Because weexists on the macro scale,

the manipulatiorof its structuress done by hand and the assessment and analysis of
its mechanical stability and smlled success is largely done by eyesight. It was
therefore decided that the shape change in the geometry of the new leno weaves

should alspfirst and foremostbe visibk to the naked eye.

For the purpose of this case study, | chog#120s meerized cotton yardue to its

strength and elasticity, which in turn allowed it to twist into a leno structure in spite of
the high tension of the warp [image 6.6]. Becausetime premise of this case study
was to develop a new shape memory weave structure, or to assess the integrity of the
weave structure at best, it was important to eliminate the influence of yarn
performance on the structure. As a result the samewas wsed both within the warp

and within the weft. The methodology that governed this case study was that of
creative design, loom sep, weaving, analysis, and conclusion for each of the sample
warps. Each experimewas derived from the previous findingsading on strengths

that have been reatd,eliminating any disadvantages that surfaced along the way.



Throughout case study 1, eigigparate sample warps were mB@ach with a

unique threading, set up requirements and weaving specifications. Egule szrp

had a minimum of two sections, which were woven simultaneously according to the
same peg plan (or lifting plan) as blanket warps: each section in the warp however
was threaded differently in order to explore @as structuring potential at agiyen

time.

Image 6.6
2/120s spun mercerized cotton yarn measurements
Dino-Lite microscopy
Lynn Tandler (2013)

6.1.3 Case study IDWarp plans and weaving

A total of eight sample warps have been designed throughout case study 1. The

breakdown of ach weaving plan is presentecdthe following pages.
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6.1.3.1 Sample warp 1.1

Sample warp 1.Was the first experimental warp to be created. Divided into six
sections [figure &1, it was formed in order to understand the operating mechanism of
leno weaving. A warp was made with 2/120s mercerized cotton yarns, and the same

yarn was also wound up for use adtwesertions of sample warp 1.1

Figure 6.4
Sample warp 1.bthreading plan
Lynn Tandler (2013)

Four variations of plain weave were inserted into the lifting plans to weakide

controlling the lifting of the leno doups differently in order to create different woven
structures although plain weave structure was applied onto all the samplemnsriat

of leno lifting were applied too, which in turn created different weave structures all
together, as shown throughootages 6.16.10. In the following images, the unit
structure of each woven sam@eneaning the minimum number of wagpds

(markedin pink) and weftpicks (marked in yellow) used to create the woven

structure- is marked in the red frame, below the lifting / peg plan of each of the
samples. At the bottom of each image a graphene rod was placed to give an indication

of size and scal@.he rod measures 0.9mm in diameter.
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Figure 6.5
Plain weave (shafts 120) and leno lift (shafts-4)
Lynn Tandler (2013)

Image 6.7
Section D: Plain weave (a)
StereomicroscopPtransmitted light
Lynn Tandler (2013)
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Figure 6.6
Plain weave (shafts 120) and leno lift (shafts-4)
Lynn Tandler (2013)

Image 6.8
Section D: Plain weave (b)
Stereomicroscopytransmitted light
Lynn Tandler (2013)
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Figure 6.7
Plain weave (shafts 120) and leno lift (shafts-4)
Lynn Tandler (2013)

Image 6.9
Section D: Plain weave (c)
StereomicroscopPtransmitted light
Lynn Tandler (2013)



Figure 6.8
Plain weave (shafts 120) and leno lift (shafts-4)
Lynn Tandler (2013)

Image 6.0
Section D: Plain weave (d)
Stereomicroscoptransmitted light
Lynn Tandler (2013)
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Following this, eightveavestructures were woven into the blanket wligccording

to the threading plan of blocks A, B, D, E and F (figure 6.4, p. 103in order to
challenge and compathe structure of plain woven leno geometries with other leno
construction and hence to identify the most suitable structure for further exploration.
The aim here was to explore how leno weaving can create intricate geometries with
room for potential geostric change. Thstructures tested were a hopsack, 2/2 warp
rib, 1/3weft rib, 1/7 satin, 4/4 Z twill1/3 S twill, 1/2/1 warprib, and 1/7 Z twill
structurgfimages 6.1% 6.18]. As a result, sample warp one yielded a total sum of 72
woven sample®outof which, eight samples are presented below from blanket warp
section C as an exampldemonstratinghe operating mechanism of leno weaving
and allowing further insights into the very elements that produce a lenoTiest.

weave structure units are matkbelow inside a red frame.

Image 6.11 Image 6.12
Hopsackpeg plan woven with leno lifting 2/2 warp ribpeg plan woven with leno lifting
Digital photography
Lynn Tandler (2013)
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Image 6.13 Image 6.14

1/3 weftrib peg plan woven with leno lifting 1/7 satinpeg plan woven with leno lifting
Image 6.15 Image 6.16
4/4 Z twill peg plan woven with leno lifting 1/3 S twillpeg plan woven with leno lifting
Image 6.17 Image 6.18
1/2/1 warp ribpeg plan woven with leno lifting 1/7 Z twill peg plan woven with leno lifting

Digital photography
Lynn Tandler (2013)
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Once woven, the samples were taken off the loom to be washed, steamed and pressed
Pa common practice by weavédi order to release the building tension that was

put on the warp ends throughout the duration of the weaving, following which the
structuresvere analyzedJpon analysis of the results only two sections out of the six
Psection C and D [figure 6.9]demonstrated a good leno effect by creating both a
stable geometry and an open weave structure, which potentially, upon further
development, codlgenerate a reversible movement within the structure. Sections A,

B, E and F had mostly generated very tight woven architectures. This meant that there
was very littleroomfor movement to occur in a quest to create a novel reversible
weave structure. Mdly, sample warp 1.1 proved successful with a lifting plan of

plain weave, uneven 1/3 S twill, and 1/7 satin: these samples were investigated further

in the following sample warp 1.2.

Figure 6.9

Sectins C and D from the oriwl threading of smaple wafpl
Lynn Tandler (2013)

6.1.3.2 Sample warp 1.2

The aim of sample warp 1v#as to further explore the potential for shape change
movement in selected samplesrh sample warp 1.1The objective was to repeat the

warp treading of sections C and Bbin sample warp onenly thistime also to

increase the negative space inside the weaves and in doing so to accentuate the effects

of the leno and stretats boundaries.

! ||||+



A new warp was made from the same yarn used in sample warHr2Os
mercerizectotton yarn®repeating only the threading and loom-gptof sections C
and D from the previous experiment. This time however, the warp ends were led
through an open spateeed- creating a different density across the warp with a total
increase of 60% in warp width. Several weave structures were ap@ah creating
different alignment and density of threads: 1/3 S twitn@l sateen and two

variations of plain weav@ and b).

The main variable on this sample warp was the density of the warp: an empty dent
space was inserted betwesach group of warp ends. Images &&¥226 show a
microscopic documentation of two of the weave structures test&IS twill and 8

end satirbboth from sample warp 1.1 and sample warp 1.2 for purposes of
comparisonAt this stage the aim was only to increase the size of the structure unit
and as a result to create more space for movement within the weave. The empty
spaces within thetructure unitvere measured and the figures of their dimensions are
presented in red lettering. Instead of using a red frame to indicate the structure unit of
the weavesamples, the images were taken at a higher resolution (magnification x 50)
and therefee the images themselves capture the structure unit of the indicated

samples.

While rethreadingthe warp ends through a more sipas reed setting it was

expected that since the fabric width increased in width so also would the spaces
within the structee unit expand and widen respectively. Contrary to this, the spaces
within the structure unit of the 1/3 S twill, in section C, have decreased and halved in
size from a close setting of the threads in sample warp 1.1 (image 6.19) to a specious
setting in ample warpl.2 (image6.20).Through the same 1/3 S twill weaving in
section D the spaces within the structure graithough increased in widtiave

decreased in height between sample warp 1.1 (image 6.21) and sample warp 1.2
(image 6.22). Through a sativeaving insection C no significant change was notable
between the tight setting of the warp in sample warp 1.1 (image 6.23) and that of
sample warp 1.2 (image 6.24). And although no change was noticeable in width
through a satin weaving in section De tspaces within the structure unit had tripled

in size between the setting of sample warp 1.1 (image 6.25) and sample warp 1.2
(image 6.26).



Image 6.19
Samples warp 1.1, section O3 S twill
Dino-Lite USB microscope

Image 6.20
Samples warp 1.2, section O3 S twill
Dino-Lite USB microscope
Lynn Tandler (2013)
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Image 6.21
Samples warp 1.1, section D3 S twill
Dino-Lite USB microscope

Image 6.22
Samples warp 1.2, section D3 S twill
Dino-Lite USB microscope
Lynn Tandler2013)
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Image 6.23
Samples warp 1.1, section &end satin
Dino-Lite microscope

Image 6.24
Samples warp 1.2, section &end satin
Dino-Lite microscope
Lynn Tandler (2013)
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Image 6.25
Samples warp 1.1, section &gnd satin
Dino-Lite microscope

Image 6.26
Samples warp 1.2, section &gnd satin
Dino-Lite microscope
Lynn Tandler (2013)
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What thisshows is that the reconfiguration of weave structures is not solely
dependent on the setting of the warp and the density of the reeds. On the contrary, in
such cases although the unit structure settings were expected to increase in size, the

spaces within the structure unit actually decreased.

In order to explore bothe possibilities anthe limitation ofleno weaving for

enlarging and extending the structure units of some weaves, originally the warps in
both case study 1 and 2 were wound onto the same -bedamno differentiation
between leno and stationary warp gndowever, at this stage of the experiment the
process of leno weaving was beginning to prove too strenuous on the warp. The
tension that was applied onto the leno warp ends was too high, and the process of
inserting the weft and weaving the samples galldibecame more demanding. The
leno warp ends had to OtravelO much fubtivigth the added twist action on top of
their interlacement resulting in the accumulated tension ending up creating an
unbalanced warp with dramatic changes in the stress thatpplsd on various warp
ends of the same cloth. This required continuously cutting the warp ends off and re
tying them in order tequalize and reset thension. And although this was expected

it also created much unwanted waste.

6.1.3.3 Sample warp1.3

The aim of sample warp 1v8as now to examine whether leno can be used as an
elements within a largé&dmore complex®structure. Two objectives therefore were

set out: (1) to overcome the difficulty within warp tension that arose through the
processveaving of previous sample warps, and (2) to explore the minimum threading
arrangements required for the production of a leno effeatucing the amount of
allocated shafts down from eight. In showing that leno can be used on only two shafts
for example leno structuring it was hypothesizedcould be used only as an

additional element within a more complex structure.

The same yar®2/120s mercerized cot®®was used in sample warp 1This time
the warp was wound onto two separate beams: thechmbavas wound onto the
bottom beam of the loom, and the leno doups onto the top beam. The division of the



warp ends onto two separate beams was done to control the individual tension of each
group of threads, according to their unique motion of travet. Warp was divided

into three separate sectiond, B, and C: in each sectidunlike previous attemp

the design was only threaded through two shafts (section A), four shafts (section B)
and additional two shafts (section C), as can be seen fedawe 6.10:

Figure 6.10
Sample warp 1.8threading plan
Lynn Tandler (2013)

Two variations of plain weave and a mock leno structure were woven, only this time
none had created a leno effect: in all three weaves, each section was weaving a
variation of a plain weave structure regardless of the difference in warp threading.
Mock leno- which is usually used for the insertion of small holes to any standard
weavebwithout the need for special leno doups to be fittee did not do so in this
instance. And neither did any of the plain liftings. As a result no woven samples were
considered successful: the combination of unique threading plan with a mock leno

lifting and that of plain weave did not yield any lifts and / or leno fabric structures.

6.1.3.4 Sample warp 1.4
The aim of sample warp 1was to attempt to control the effect of lencotigh the

manipulation of headleepositioning: controlling the density, size and structure of the
weave by verifying the number of ends led through each of the headles. By doing so,
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the aimpresented in the description of sample warp 1.3 was kept in-mihdre leno
structuring could be&lentified and used as an individual element within what could be
much bigger and more complex structuring systdowever in sample warp 1the
threading of the loom and the action of weaving were spread over eight shafts. The
ends in each repeat wetedaded through only two headle sets. Therefore, even
though the action of weaviragccupiedmore shafts, and as a result was bigger in size,
effectively only two shafts were working to form the weave. This was in line with the
aim to establish the way inhich the elements of leno weaving could be formed into

an overall pattern.

Sample warp 1.4 was divided into two separate warps and wound onto two separate
beams. The warp was divided into two sectioAsand B [figure 6.11]: in section A,

two warp endsvere led through the same leno doup, which was placed on the right
hand side to the repeat, followed by an additional seven warp ends were threading in a
straight drafting motion. However, all seven warp ebttgeaded across seven shafts
Bwere led throgh a single dent spawdthin the reed. In section B, three warp ends

were led through the same leno doup, followed by additional three warp ends from the
bottom beam threaded across three consecutive shafts and led through a single reed
dent space. Two viations of plain weave as well as a mock leno weave structures

were woven. However, in this case too, no new leno geometries were produced.

Figure 6.11
Sample warp 1.®threading plan
Lynn Tandler (2013)
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6.1.3.5 Sample warp 1.5

The aim of samplevarp 1.5was to revisit the original notion of case study one, which
was to create a mobile geometry through a novel use of leno weavingintéhis
however, sample warp 1viias set to explore whether and to which extent such
possibilities exist within a pot draft threading rather than the previously explored
straight draft threading.

The major difference between a straight threading and a point ithggadhn the type

of patternreceived in the weaving. In straight drdftgure 6.13 the warpendsare

led through the shafts in a repeating increasing or decreasing order (1,2,3,4,5,6,7, and
8 or 8,7,6,5,4,3,2, and 1). As a result, any shape, introduced through the peg plan,
repeats itself across the width of the cibiccording to the number of regigng

shaft orders. Point threadifftgure 6.13 on the other hand produces symmetrical
shapes. The warp point threading order sees warp ends led through the shaft in an
increasing and a decreasing order (1,2,3,4,5,6,7,8,7,6,5,4,3,and 2 or
8,7,6,5,4,3,2,2,3,4,5,6,and Apcreating an arw shape when drawn. Instead of
completemotif shapes, only half shapes are drawn out and inserted into the lifting
plan. Upon weaving, the point threading mirrors the lifting and in doing so creating a

complete symmetrad shape as a result.

Figure 6.12 Figure 613
Straight drafting on twenty shafts Point drafting on twentghaft setting
Lynn Tandler (2013)

In sample warp 1.5 twdirections of leno twists were introduced simultaneously into
a point draft threading where different shafts controlled different directional leno

doup group [figure 6.14].



Figure 6.14
Sample warp 1.Bthreading plan
Lynn Tandler (2013)

Repeating thevarpsetup presented through sample warp 1.3 and 1.4, sample warp
1.5 was too divided into two beams in order to better control the tension and the
weaving of leno structures. The warp ends were led througfseme 8eed, with four
ends in a single detgaving one spaced dent empty between each insertion.

Five different weave structures were selected and used based on their thread
arrangement and density, for the purposes of comparison: two variations of plain
weaves, two variations of@&nds honeycomstructures, and one basket weave. The
aim here was to challenge the extent to which the leno woven geometry changes in

response to the mirroring of the threading plan.

A total of five woven samples were produced, out of which only two sampleave
sanple no. 1 and no. 5 [images 6.27 and 6-Z8Jowed some good potential for
creating reversible weave structures. While demonstrating a stable and successful
woven alignmenfp. 96, both samples also showed large negative spaces within the
wovenstructure units and diagonal angles, created by the traveling threads with a
potential for creating more elaborate shaped) siscshown in figure 6.3 (p. 101
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Image 6.27
Sample warp 1.Bleno plain weave

Image 6.28
Sample warp 1.Bleno basket weave
Digital photography
Lynn Tandler (2013)
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6.1.3.6 Sample warfd.6

The aim of sample warp 1v@as to further explore thgeometry osample no. 1

(image 6.27, p. 191and that of sample no.(bnage 6.28, p. 19Xrom the previous
sample warggsample warp 1.5)To do so, the gaps in the reed have been removed and
as a result, the warp becanhenser. Four structures were woven in the form of a
basket weave and three variations of leno weft ribs. As a resulydodwoven

samples with complex yarns arrangements were prodimades 6.29 6.32].

Image 6.29
Sample warp 1.®leno basket weave
Digotal photography
Lynn Tandler (2013)



Image 6.30
Sample warp 1.8leno 2/2 wetft rib (a)

Image 6.31
Sample warfd..6- leno 2/2 weft rib (b)
Digotal photography
Lynn Tandler (2013)
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Image 6.32
Sample warp 1.6leno 2/2 weft rib (b)
Digital photography
Lynn Tandler (2013)

With the decrease in warp width and increase in warp density, the geometry of the
weave structures and their structure units had changed. The creatidb degree
angle in travel movement of the threads was now beginning to establish and
manipulations bthe stucture as a whole were startitigtake shape.

6.3.1.7 Sample warp 1.7

Investigating the structures further, the aim of sample warp 1.7 veaslye a

single weave from sample warp 1.6 in order to understand in greater depth the
operatingmechanism of the leno weave structures and isolate the movement of each
individual thread within the system. In order to do so, selected warp ends were
coloured in black, blue and brown accordjfigure 6.15]. Woven sample no. 7 from
sample warp 1.6 wasad as an example, and woven again with the new yarn colour

code installed in place.
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Thisweaving shows the travel movement of each thread within the repeat: two black
threads were placed in the position of leno ends twisting to the left, two bluesthread
were placed in the position of leno ends twisting to the right, and four additional
brown threads were placed at the edges of the point draft threading as statigweavin
warp ends. All coloured yarnsvhich were added onto the weawsere2/120s
merceized cotton threads.

Figure 6.15
Sample warp 1.Bthreading plan
Lynn Tandler (2013)

One long sample was woven to allow a close inspection of the pteoisé
movement of each of teomponent threads: a 2/2 weft rib weave structure was
wovennormally for four picks and a 2/2 weft rib leno 3ud as shown in image

6.30 (p. 123- was then woven for four picks after [image 6.33].

Apart from distinguishing the movements of selected warp ends across the sample,
the coloured threads were alseed to track the exact movements of some wefts.
Selected unit structures were examined closely with coloured wefts [images 6.34 and
6.35]. Here, the same weave unit structure is shown from the front and from the back.
As shown before,tahe bottom of ezh image a graphene rod (0.9mm in diameter)

was placed to give an indication of size and scale.

! ll#&



Image 6.33
Colour indication of leneveaving
Lynn Tandler (2013)



Image 6.34
Woven sample E (fronfpstereomicroscopireflective light)
Examined structure unit in side red frame

Image 6.35
Woven amge E (reversgbstereomicroscopyreflective light)
Examined structure unit in side redme
Lynn Tandler (2013)
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While examining and analyzing the woven sample frompsanvarp 1.7 (image 6.33,

p. 126 the movement of the threads was established but at the same time, no
movement was occurring within the structure utself. At this stage, it was still

unclear whether the structures was not altering due to (a) the pressure that the leno
twists applied onto the adjacent warp ends, or (b) whether it was down to the choice
of yarns that were applied to the setting ofwap: the yarns were meant to be

sliding over one another when pulled, using the length of the yarn when tensioned and

stretched, as tracks.

The secured twists created by the application of leno weaving were important to the
creation of new woven strugies. Only with the aid of leno twisting such new woven
shapes were able to retain their integrity and mechanical stability. With that in mind,
it appeared to have not been the stress of the twists but rather the lack of sliding
movement across the tracR$e hairiness of the 20120s cotton yarns and course
surface roughness had caused any mobility within the structure to cease.

6.3.1.8 Sample warp 1.8

Lastly, the aim of sample warp 1.8 was therefore to test the role that yarn type and
structure have on the working mechanism of leno weaves, and in particular how the
properties of different yarns affect the behaviour of leno woven structures. For this
purpose, a stiff monofilament Nylon was chosen instead of the 2/120s mercerized
cotton yarns previously used in sample warps 1.1 till 1.7. This particular
monofilament yarn [image 6.36] was selected due to its distinctively smooth surface
roughness, its homegized thickness and equally round crssstional shape

throughout its length.

Nylon monofilaments are known for their unique mechanical properties: they have
very high tensile strength and relatively low modulus, which makes them strong and
stiff textile components for weaving. Due to their high stiffness they also have a low
drapability, which ensures that the fabric sample will have high structural integrity,
and the structures will not deform once taken off the loom. The smoothness of the
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Nylon monoflaments could potentially, it was thought, allow some structural stability

whilst allowing at the same time for some sliding movements to take place.

Image 6.36

Clear Polyamide (Nylon) monofilament
Dino-Lite microscope
Lynn Tandler (2013)

Themonofilament warp was made out of clear 750 denier (Nm 12) monofilament
yarns, threaded in a point draft over eight shafts [figure 6.16]. This threading is
identical to the threading of sample warp 1.5, which thus far held the most prominent
results due tas dual twisting direction and creation of open mirrored structures. The
warp monofilaments were spread out in relatively large spaces: two monofilament
warp ends were threaded through the same reed dent in half an inch spaces from one

another.

Two sanples were woven: the first as a plain weave leno, and the second only as a
repeating lenaveaving only lifting the even picks of 1, 3, 5, and 7. But even after
removing the samples from the loom the leno twisting were too tight to travel along
the monofilanent axis, and the néke structure- even though somewhatfible due

to the empty spacelples and gapshadyetno mobility in its weave structure.
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Figure 6.16
Sample warp 1.8threading plan
Lynn Tandler (2013)

6.1.4 Case study BDiscussion of results

In total, 90 hand woven samples have been produced throughout case study 1. During
the initial investigations the basic operating mechanism of leno weaving were
examined through the weaving of 72 different samptag of which 22 samples

showed a noticeableno effects and 6 woven samples showed a degree of promise

for further investigation into the creation of reversible weave structures.

The aim of case study 1 was to examine leno weaving as an outlet for geometric and
mechanical change within weasguctures. Once sufficient knowledge into leno
weaving was established (sample warps 1.1, 1.2 and 1.3), creative drafting took place
in order to manipulate leno weaving and explore their operation beyond conventional
norms. Some general principles from metba were taken as an inspiration for the
design thinking that ended up governing the planning of the sample wargghe
elements within conventional leno weasteuctures were converted into Olocks, tracks

and hingesO.

Through processes of creatigesign, drafting, loom setp and weaving and based
on my establishedexperience as a weave practitioBghe investigation of case study
1 into the creation of novel woven geometries through the adaptation and
modification of leno weaving revealdégateven the smallest of changes in the
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positioning of the leno doups and static warp ends could dramatically change the
structure of a fabridChanges in warp density too, had dramatic repercussions on the
geometry of the weaves and their mechanical behagaicoss the cloth. Different
shapes andizes of OholeBBuch as those seen through the negative space within the
structure units of some weavesere created through the weaving of different
structures where only equal lifting of both odds and even jecks hagroduceca

successful leno structure.

The leno structures produced through this case study were stable and secured,
meaning that the geometry thie weavesvas notdistorted through process of handle
and manipulation. Although this shows hoew weave structures can be developed,
the premise of this caseudy was to introduceechanical movement within the
structure unit of the weaves in order to make way for creating a reversible weave

structurePones with dual mechanical states.

On thecotton warps, the leno twists have proved useful as locks by securing the
twists tightly in place and creating angular yarn travel movement within the structure
units. However, on these warps the surfaeeghness of the cotton yarns, with the
tights twids, did not generate any sliding movement. By changing the yarn into a
smooth Nylon monofilaments, the aim was to loosen the grip and yarn friction and in
doing so allow the structure unit to shift. Nonetheless, in this instancgeaoo
movement within thetructure unit of the weaves was generated. The leno twists
applied onto the structure were not tighter than those applied to the cotton warps
however they still proved too securealtow any travel along the adjacent axis. It was
therefore concluded thaecause the grip level of the leno twists is hard to repeatedly
control leno interlacements cannot be used asafied OleversO to reversibly slide
open the angular points within the structure.

6.1.5 Case study 1 Further investigation and tool making

Yarn count, as shown before, defines the fineness or coarseness of a yarn.
Furthermore, reeds are used to arrange the warp threads and keep them aligned
throughout the weaving procelBsallowing a constant prdetermined warp width.

| 3"



The numerical ame of theeed corresponds with the number of dents it holds per cm
or inch unit length. The most common is a straight reed, but other reeds with more
elaborated spacing designs can be found in order to insert various fabric densities
across the cloth. @ued weft handvoven fabrics for example, were reported by
Thomas (2009), as a production methodology for new woven shoes (Thomas, 2009).

Throughout case study 1 the effect of the spacing of the threads across the warp had
shown to have a great impact e geometry of the leno weaves. And these have

been determined by the size of the reed. Reeds not only influence the density and the
weight of a cloth, but with different shapes and various distributions of dents across
its width,according to Thomas (20}, reeds can also affect the biagsth of the

cloth. Their shape and dent distribution therefore have great effects on the physical

and mechanical properties of the cloth.

Reeds come in various densit2gsually through the identification of numbur
dents (i.e. space baiig)centimeter or per inch. For examples, warps with a total
width of one hundred ends could be threaded through several reeds in order to achieve

different fabric widths. These are illustratedigure 6.17 below:

Total warp Reed number Ends per dent Ends per inch Total width of
ends fabric
1000 10 2 20 50 inches
1000 10 4 40 25 inches
1000 20 4 80 12.5 inches
1000 25 4 100 10 inches

Figure 6.17

The effects of reed count on the density and width measurements of warps
Lynn Tandler (2013)

Case study has demonstrated that although some threading and lifting plans do
effect the formation of leno weaving the density of the reed is crucial. And as a result,
only so much can be changed in leno weaving and conventional weaving technologies

to allow thecreation of new weaving geometries.
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To overcome this, | designed a new he&ibme that can change its position and

travel across the width of the cloth. The new heafjl@®sented in figures 6.18 and
6.19- developed specifically for the purposestustresearch are effectively half
heddles: they are designed to only attach to the bottom of the shaft. Their top part is
situated in warp height haiay through the height of the shaft and is attached to a
rotating arm, which allows it to travel from osele to another. The length of the arm
was designed tbe altered, and depending on its size it can create variousgaates
[figure 6.20.

Figure 6.18 Figure6.19
New proposed headle Movement of new propose headle
Lynn Tandler (2018 Lynn Tandler (2018
Figure 6.20

Different arm sizes could be fitted onto the headle to enable various woven architectures
0.5cm arm (A), 1cm arm (B), and 2cm arm (C) create travel movement of double their length
Lynn Tandler2013
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To accommodaténe movement of the headles, a new r@led needed to be designed
with specifically calculated tracks to allow the movement of the yarns across the
width of the warp [figire 6.2]. Unfortunately however, the bespoke production of
such a reed was beyond floems of this research and alternative weave architectures
and woven geometries were sougfter throughout case studyd the development

of novelreversible weavstructures.

Figure 6.21
New reed: small, medium and large arches allow the tragébn of warp ends threaded
through the movement of headles A, B and C respectively (as demonstrated in figure 6.54)
Lynn Tandler (2018
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6.2 Case study 2: Investigating the role of weaving as a method for

creating auxetic textile structures

Woven textiles designers are trained to understand the various construction
geometries of weave structures and use this knowledge to taildicspactures for
desirable affects (Thomas, 2089)oth mechanically and aesthetically. The potential
therefore for exploration and investigation of weaving techniques and its possible
adaptations have yet to be fully explored with regard to the daesjereation of

genuinely smart textiles.

The previous case studtyvestigated leno weaving as potential woven construction
methodologies for the creation of a geometrically reversible weave structures.
Mechanical laws of engineering were used as agbartybrid research methodology
that seeks to narrow the gap between design and engineering (chapter 2). The
principles of leno weaving were investigated in case study 1 but was also concluded
to be unsuitable for the creation of reversible weave stegtthe twisting of the

leno ends was too tight that no other movement such as sliding of yarns into new
geometrical state for example could subsequently occur. Although a reversible
movement was not achieved throughout the first case study, its restdt&ay to
construct a second case study, still in the quest to explore the potential development
of a reversible weave structures: now a new weaving technique needed to be
identified and explored in order to examine whether weave structures could be an

agent for smartness in textiles.

The mechanical properties of any woven textile are governed by four elastic
constants: YoungOs modulus {Bjhich measures stiffness; Shear modulus-[G]
which measure rigidity; Bulk modulus [Kjwhich measures comprelsgity; and
PoissonOs ratio [vivhich measures elasticity. But as highly anisotropic material
systems (Hu, 2004), the mechanical deformation of textiles often occurs
disproportionately and unevenly on all dimensions.

Most textile materials have Pois€dmratio [v] values between 0 and 1: auxetic
materials however are identified by a negative PoissonOs ratio. These are materials

such that their geometrical construction can increase in volume and/or size
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simultaneously and countertuitively when pressedr otherwise stretched [figures

6.22 and 6.23]. In other wordsyxetic behaviour allows materials to expand in its

width and its length simultaneoudunlike conventional materials where an increase

in the dimensions of one axis results in the decrebarother: the higher the

negative value [v], the more dramatic the couimauritive effect of the auxetic
construction. The significance of auxetic materials lies in their unique counterintuitive
properties, high volume change, double curvature, eradyggrption, fracture

toughness, and porosity variations (Evans and Alderson, 2000). Today, auxetic
behaviour can be found in human skin, some polymers, fibres and yarns, and in some

fabric structures such as knibut rarely in weave.

Figure 6.22
Auxetic behaviour in single unit structure
Lynn Tandler (2013)

Figure 6.23
Auxetic behaviour in macro structures
Lynn Tandler (2013)



Following the foundation of Otextd@abmyO mapping (figure 5.12, p) 9uxetic

natural and manmade polymers héeen research and their properties outlined
(Alderson and Evans, 1997; Alderson and Evans, 1995; Gunton and Saunders, 1972).
Synthetic polymers such as polypropylene, polyester and Nylon have been used to
create auxetic continuous monofilaments (Ravirlderson, Alderson and Davies,

2005), based on a unique extrusion methodolatpveloped at Bolton University
(Alderson, Alderson, Smart, Simkins and Davies, 2002). In this method of extrusion,
the physical and mechanical behaviour of the filamentsareatled by the drawing

ratio, the thermal processing technique, and the microstructure properties of the fibres
themselves: auxetic monofilaments that are made from auxetic polymers, have an
internal honeycomb structure. As long as there is no tensitwe idrawing process of

the monofilaments the polymers do not stretch out completely and as a result they are
able to form miniature bowe shapes within the filame(€hinta and Veena, 2012).

This bowtie geometry attributes the filaments with an auxeghkaviour. Additional
attempts to developing auxetic monofilaments were published (He, Liu, McMullan

and Griffin, 2005; Grima and Evans, 2000; Evans, Alderson and Christian, 1995). The
interesting thing in all these experiments is that the governing pbhad been one
focusing solely on geometrical playhether in attempts to create structural shapes

from polymers or to allow bovie movement.

Auxetic yarns just like their polymeric monofilament counterparts are built on
engineering and geometricainiples. Such yarns can be made out of atitiness
polypropylene filament spaciously wrapped around a thickesskifimess filament: in
this instance none of the constituents filaments are themselves auxetic, but the
geometry created by the elememdgjether allows aauxetic behaviour to take place
due to the difference in thickness between the core filament and that which is
wrapped around konce pulled, the twisted thick yarn bulks allowing it to increase in
volume whilst extending in length. &8t commercially available are the helical
auxetic yarns also known as HAYs (Wright, Burns, James, Sloan and Evans, 2012;
Sloan,Wright and Evans, 2011). But additionally, seamixetic yarns have been
reported by Lim (2014 these yarns are too made ofihonauxetic filament

elements, but here the elements are not twisted but rather are sewn together to create

some auxetic behaviour within the yarn.



Geometry thereforappears to play a key role in the creation of auxetic behaviour in
materials; fromhe micro, through the meso and to the macro scales. The exploration
of auxetic fabric architectures therefore is also studied through the development and
application of various geometries onto the structures. Such shapes include squares
(Attard, ManicaroGatt and Grima, 2009), a combination of triangles and squares
(Grimaet al, 2011), a type of a chiral geometry (Grima, Gatt and Farrugia, 2008),
and various honeycomb structures (Gasper, Ren, Smith, Grima and Z0@is

Wan, Ohtaki, Kotosaka and H2004).

The vast majority of auxetic fabrication attempts can be found in knitted textiles
(Glazzard and Breedon, 2014; Alderson. Alderson, Anand, Simkins, Nazare and
Ravirala, 2012{Jgbolueet al.,2011;Liu, Hu, Lam and Liu, 2010; Ugbolust al.,

2010)- and applications of knitted textiles had already found benefits both in
hedthcare and in fashion. Asideom the difference between knit and weave
constructionsas previously discussed in chaptea®rominent distinction between

the two is the angle thaveft yarns create and upon which the overall geometry of the
structure is formed: woven geometries are based on vertical and horizontal
arrangements of threads, since in most cases the weft will be traveling at a 90 degrees
angle to the warp. In knittingowever, diagonal weft travels are commonplace, which
makes the creation of triangular shapes far easier. And since diagonal lines and
angular shapes are critical for the creation of auxetic behaviour, it is no great surprise
that the majority of experinms thus far occurs within knit.

To date, auxetic woven fabrics have been produced only with the use of auxetic
filaments and yarns (Wright, Burns, James, Sloan and Evans, 2012; Miller, Hook,
Smith, Wang and Evans, 20jneaning that mostly conventidn@eaving

techniques are used, while the auxetic properties come form auxetic filaments and/or
yarns, which are employed within the woven structure. In other words, the vast
majority of auxetic weaves are so due to the auxetic properties of its compameénts

not due to the woven antécture of the fabric itself. Aauple of attempts has been

made to develop auxetic weave structures (Hook, 2011; Ge and Hu, 2013), however
none of which was ever attempted within the restraints of a weaving loom: both of
which were conducted on a specially designed apparatus andBgmeeially built

for this purpose. The concern here is that in order to create auxetic weave structures a
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new weaving paradigm needs todryegaged, for without the special machines no
special waving can take place. What case study 2 of this research examines is the
creation of a woven auxetic structure on conventional dobby leems that could

potentially be adopted by weaving mills across textile industry.

6.2.1 Case study DAims andobjectives

The aim of case study 2 was to explore alternative weaving techniques as an outlet for
mechanical change within weas&uctures. More specificallpuxetic structures

were used as an inspiration for the creation of nmxadrsibleweave struttires.

The objectives of the second case study are summarised below:
(i) Acquire knowledge into the development of auxetic geometries:
identify what shapes could potentially cause an auxetic behaviour.
(i) Translate auxetic design work in to weaving.

(i) Weave a novel auxetic structure on a George Wood dobby loom.

6.2.2 Case study ®Method and machine

The adaptation of auxetic shapes into new geometries that could potentially be
translated into weave was primarily done through drawing and witls#igtance of
Solidworks CAD software. The same engineering principles of Olocks, hinges and
tracksO, as presented throughout case study 1, were used here only instead of
concentrating on the locking of some of the elements in place, the transitionieg of th
structure- i.e. its sliding from geometry A to Bwas used as the focal point, such as
illustrated in figure 6.3 (p. 191In other words, the emphasis in this case was the
development of mechanical movement through theasled OtracksO, rather than
securing the OlocksO in place and instigating movement through the OhingesO as
investigated throughout case study 1. My experiendeuaderstanding of weaving
allowed me to generate and further explore new geometrical sthapesuld fit the
revisedobjective through the development of modular diamond shapes. In order to

then translate my drawings into weave plans, | chose the layered cloth construction as
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the weaving methodology for this case study. This technique, | felt could elevate my

designs and amsform them into woven auxetic structures.

Layered cloth weaving is known to be the weaving of multiple separate pieces of
cloth simultaneously on the same loom, which can be linked together into one piece
through interruptions within the repeat of theaves that it employs. Respectively, a
double cloth construction is the weaving of Hiagers of cloth, as triple cloth

construction is the weaving of thrésyered cloth.

Most weave structures can be woven into a double cloth, where the sole rastnctio
construction resides in the maximum size of the repeat, or in other words, in the
number of shafts. The drafting of a double cloth will see the weave structure double in
size: the maximum number of shafts available on the loom for weaving will be

divided in half; each half will be allocated for the weaving of individual layers of

cloth. For example, a plain weave with four warp ends and four weft picks would
increase to eight ends and eight picks. The expansion in repeat size occurs due to
having to wave two cloths at the same time [figures E126]: odd warpends and

odd weftpicks (in blue) are designated for the weaving of the top cloth; and even
warp-ends and even weficks (in yellow) are designated for the weaving of the

bottom cloth for wheh all top cloh warpends are at all times lifting.

Figure 6.24 Figure 6.25
Double cloth desig®step 1 Double cloth desig®step 2
Odd warpends (blue) fotop clothweaving
Even warpends (yellow) forbottom clothweaving

Figure 6.26
Double cloth desig®step 3
Plain weave double cloth pattern
Lynn Tandler (2013)
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Building on the work from case study 1 and following the same hybrid research
methodology, the principles of mechanics were used as an inspiration for the creation
of novel auxetic double weaves: the points of intersection between the-layers

top cloth becom&bottom and vice verdwere now envisaged as the locking points;
elements of the geometry of the design itself were used as hinges; strong yarns were
used both in the warp and wefts to allow the enforcement of applied tensile strength in
order to allowthe layers to slide into a new geometric position without breaking on

the secalled tracks.

To create an auxetic weave structure both the width and the length of the fabric
sample needed to coundetuitively increase in size. To measure this, a Obafate

after® measurements of the woven sample were taken with a ruler and documented in
photographs accordingly. Additionally, a visual change has to be noticed too when
stretched.

6.2.3 Case study PWarp plans and weaving

A novel weave design was invented to suit the purposes of this case study, in which
two layers of cloth were to cross one another in designated spots [figures 6.27 and
6.28]. The majority of the design work in case study two was done on paper through
sketting, on SolidWorks software and through the manipulation of angular
geometries with an aim to create double cloth weave structures that create a
mechanical system of tracks, locks and hinges, as discussed in the methodology of
case study one. Only twoylars were introduced to the structure. This was based on
the belief that a basic double cloth structure only has two layers of cloth, and if
auxetic behaviour could be found to occur between two layers of cloth it could also

occur between, three layersufdayers, or more.
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Figure 6.27
Design development (Solidworks) for the creation of auxetic double cloth weaves
Lynn Tandler (2013)

Figure 6.28
Design development (drawing) for the creation of double cloth weaves
Lynn Tandler(2014)
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Thedesign work for producing an auxetic weave structure was done by hand and on
Solidworks CAD software. The drafting of the auxetic weave structures, i.e. the
translation of the design work into a weave was done by hand as well but also, in later
stages, wih the aid of ProWeave weaving softwgreovided by the School of Design

at Northumbria University. After much experimentation in drawing, drafting and
weaving a candidate weave structure was developed. The overall strepeae

comprised of 64 pickdigure 6.29, p. 144

Each weft insertion needed to be pegged in and hammered into place individually and
by hand to fit the weaving methodology of the George Wood looms upon which case
study one was woven too. Quickly it appeared that there was not enough pegs
available to corplete a single repeat due to its extensive length. The manufacture of
pegs for George Wood loomslone only by a few production houses in the U&

limited, which makes the manufacturing of relatively small quantities even more
difficult to come by. Cosequently, additional pegs were made by hand from a-three
millimeter diameter wooden rod, which had then been cut into 2.2cm peg length to
match the proportions of the plastic pgigsage 6.37, p. 145

The pegging of long repeats was followed by an elawer weaving process due to
some inaccuracies done through the pegging process as described in the methodology
undertaken in the first case study: wooden pegs that were hammetgghtiganto

the barcould not reach the ty mechanism and pretseeir allocated shafts,

resulting in leeping those idleyithout lifting. Pegs, on the other hand, that were not
hammered deep enough kept on pressing the dobby mechanism for an additional pick
or two after their intended position in the repeat has passéattidig the lift of the

shafts and the weave structure as a result. Even though it was common practice
among weavers to check the opening of the shed at least during the few runs of their
repeat, in this instance due to the complexity of the weaving pkhtha bespoke
production of additional pegs, the process was even more time consuming, and

needing of many alterations.
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Figure 6.29
Novel weavestructure fotthe creation of auxetic doubtdoth construction
woven with two wefts (marked here irull and in pick)
Lynn Tandler(2014)
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Image 6.37
New hand made wooden pegs in comparison with original plastic pegs
Lynn Tandler (2014)

The firstattempt at waving the auxetic double cloth construction was done with spun
2/120s mercerized cotton yarns both in warp and in weft. However the use of spun
cotton yarns created much friction once force was applied during pull in order to open
the structureand this made sliding of the yarns difficult. Also, when stretching was
attempted the fabric sample curled over with no sliding of any of its threads. Because
it was important to establish movement only within the geometry of the weaane

not due to mvements within the structure of threads themselxgdon

monofilament threads were introduced to the weaving due to their stiffness and

minimum degree of elasticity.
A total of nine samplewere woven on two doubleoth settings: first on 2/120s

mercerized cotton warps and then on Nylon monofilament warps. They are each

briefly summarized through the descriptions of sample Rar@and 2.2
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6.23.1 Sample warp 2.1

Sample warp 2.1 was made out of two warps: a top warp and a bottom warp, which
were both threaded in alternating order and in a straight draft. Both warps were made
of 2/120s mercerized cotton yarns; the top warp was white (marked below in blue) and
the bottom was black (marked below in yellow) in order to create a visual distinction
between the two [figure 6.30].

Figure6.30
Sample war2.1bthreading plan
Lynn Tandler (2014)

Four woven samples were made to validate the design and assure the successful
weaving of the auxetic structure. Firstly, with alternatingtevand black weft
insertionsonly this weave structure produced a tight and squashed pattern. Secondly,
two samples were woven with thick pink and blue cotton cords, but even though the
geometry of the structure was successful and true to the desigpemtba weaving

was too tight and dense to allow any movement to occur. Thirdly, wooden sticks were
introduced to the weaving process in addition to the weft yarns in order to insert more
space into the density between each pick and in doing so allovaregspace for
movement within the structure. The woven samples were then taken off the loom and
the sticks removed. The woven samples were washed, steamed to release the tension
that was applied onto the warp ends during weaving. As a result, upon imspecti
movement occurred between the layers while the geometry remained stable at the
same time. This, it was thought, could have been because of the thick cotton cords
that were used to establish the correct geometry: not enough room was allowed
however betwen the threads allow movemen{image 6.38
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Image 6.38
Woven sample no. Bdigital photography
Top cloth (right) and bottom cloth (left)
Lynn Tandler(2014)

Extra yarns were left unwoven on each side on each of the warps, and monsagpace
kept unwoven on the top and the bottom of the sample. This was made to allow the
structure to move without fraying. But once bound, it was very difficult to move the
cotton threads across. No sliding between the layers occurred. This was then
considerd to have happened due to the high friction created by the spun cotton yarns

and stray fibres, which migrat@avay from the main yarn axis.

6.2.3.2 Sample war2.2

Building on hie work done on sample warp 2He aim of sample warp 2vwas to

create movement between the layers and eliminate thactdsof yarn friction.

Nylon monofilaments were chosen to replace the 2/120s mercerized cotton yarns due
to theirsmooth surface roughness as well as homogenous round cross sectional shape

and consistent thickness dimensions throughout its axis.
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The monofilaments 750 denier (12 Nnmy) were chosen in two colours; clear for the
top warp and grey for the bottom warp in order to distinguish their travel movement
across the weave. The loom was g identically to the way it was threaded in

sample warp 2.1. A total of five samples were woven on sample warp 2.2 under two

different loom settings.

The first two samples were a replicate of the third and fourth samples from the
previous warp: samelno. 1 was woven without any sticks [images 6.39] and sample
no. 2 with the aid of gap sticks [images 6.40]. They were both woven by alternating
two weftsbclear and grey coloured monofilameBxsoth identical to the same
monofilaments used on the war@oth samples were woven according to the same
pegplan (figure 6.29, p. 144As soon as the sticks were removed however, some of
the monofilament wefts got caught on the sticks and hence removed due to the close
tension that was applied to the fabriasture during the weaving process. This
showed that weaving this unique structure with Nylon monofilaments results in a
close textured interlacement with little frictiemeaning that it was now no longer
considered to be the case of having to elimifratdon entirely, but rater needing to
find suitable abrasion that will allow grip and sliding in different areas of the design.

As a result, two new weave structures were developed. New threading plan was
applied and the warp was-set accordingly ittt a 3block setting. But in this instance

too, the weaving proved too dense [Image 6.41 and 6.42].
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Image6.39
Sample warp 2.2woven sample no.1: woven without sticks
White and grey monofilaments woven according to pink and blue lifting plan (figure 6.29, p. 141)
Digital photography

Image 6.40
Sample warp 2.2woven sample no.1: woven with sticks, which have been removed
White and grey monofilaments woven accordiogink and blue lifting plan (figure 6.29, p. 141)
Digital photography
Lynn Tandler (2014)
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Image 6.41
Woven sample no. 3
Digital photography

Image 6.42
Woven sampl@o. 4
Digital photography
Lynn Tandler (2014)
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Lastly, a sample of the original angular double cloth peg plan was wastnwas
woven in sample warp 2-lonly this timeit was woverwith a mixture of cotton and
monofilament: the warps were of clear and grey Nylon monofilaments and the wefts
wereof white and black 2/120s mercerized cotton. Auxetic behavasuobserved

and established. pdn stretching the woven sample horizontally, its dimensions
increasd vertically too. he dimesions of the woven sample before stretching, as it
came off the lom, measured as 269 cm wide and 41.31 cm long. Post stretching it
measured3.23 cm wide and 43.60 cm lofimage 6.43]

Image 6.43
Sample war@.2Pbwoven sample no. 5
White and grey monofilaments woven according to pink and blue lifting plan€f®a®, p. 141)
Prestretch dimensions (right) and post stretch dimensions (left)
Lynn Tandler (2014)

With this combination of Nylon monofilaments and spun cotton yarns some auxetic
movement was noted and the structure proved successful creatingtar intuitive
motion within the cloth solely due to the unique weave construction of its

constituents.
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6.2.4 Case study PDiscussion of results

The aim of case study 2 was to use alternative weaving techniques such as double
cloth weaving for thelevelopments of novel reversible weave structures. And due to
its unique geometrical shape change, which is solely based on mechanical movement,

the creation of auxetic behaviour through weave was chosen as an aim.

During the experimentations of casedstiwo a total of nine samples were woven,

out of which only one demonstrated auxetic behaviour: when the fabric sample was
pulled to expand its width, it did so in its length. A novel woven structure was
therefore createdenabling some auxetic behavidaroccur though the mechanical
movement if the weave itself. Upon stretching on the other direction to reverse the
movement the fabric sample returned to its original dimensions. Specifically, when
the width of senple no. 5 from sample warp Z3few in 554 cm: from 27.69 cm to
33.23 cm. At the same it its length grew in dimensions too from 41.31 cm to 43.60
cm: a total increase of 2.29 cm counterintuitively in length. This changjee

howeverwas in relative termspnly minor.

But through the expeanental wok of case study & also became apparent that the
properties of the yarns could not be isolated and detached form the behaviour of the
geometric weave. The most prominent proved to be the surface roughness and friction
of the yarns and filamentssed: for with high friction levels no movement could take
place and under these conditsdherefore no shifting between geometries could be

made possible. The experiment also showed that not as expected different types of
yarns and therefore differefiction ratios react best to sliding and movement. In this
particular case, the best movement was with a monofilament Nylon warp and spun
cotton yarn wefts: a 100% Nylon monofilament sample in fact yielded very similar
results in terms of movement to a0%0 spun cotton yarn sample regardless to their

differences in surface roughness and friction ratios.

What also became clear was that the fabric would not increase in size beyond the
limitations of its yarns. In other words, because Nylon monofilamensyaéo not

stretch the structure would not exceed the given length of the yarn: either in the warp
or in the weft. This way the limitations of the yarn become the limitations of the
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weave structure and the auxetic movement consequently. Therefore, chesioon
drawn from case studyi2 that geometry of weave structsrgrongly dependsn the
properties of its constituents. Even though some publications along the years had
looked into the link between yarn structures and the properties of the woven cloth
from which they are made (Lord and Mohamed, 1$82hards, 2012), no

publication to date was found to discuss the link betweesttheture of yarngnd

their effects on the development of new weave structures.

Thus far, the experimental work from casedy 1 and case study 2 showed how
machine specifications and materials properties respectively, are linked with the
workings of a woven structure. In other words, if one was to invent a new weave
structure away from the restraint of present day mashrigh the intent to construct
a new 3D geometry they must not do so without considering the properties of the

textile constituents form which they intend on using.

This case studlinks the weave structure<3) to the remaining hierarchical levels in

TA mapping. Case study 2 has shown that weaves are strongly dependent on the yarns
and / or filaments from wbh they are created. Similadlgroughout chapter,4A

mapping has shown that the properties of yarns are informed by those of the fibres
from which they are made, and these in turn, are derived from specific polmers

taking shape in accordance to their properties. This anchors an understanding that the
processes of making are inherently embedded into the properties of the textiles as a
whole. Asa result, the implementation of different yarn assembly methods should be
considered in relation to the components that make the systems and their unique sets
of properties.
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6.3 Case study 3Additive manufacturing vs. weaving

In a report fothe Landon College of Fashion, titl&D Printed Textiles and
Personalized ClothingDelamore (2004) discusses the relevance of rapid prototyping
as a method for producing textiles, on which he comments that Othere is no need to
knit or weave the raw maiats as the structure is printed in 3DCOBpIn this article,
Delamore (2004) suggedtsat in the future, current textile production methodologies
such as weaving and knitting will gradually become redundant making room for an

everincreasing 3D prini clothesmanufacturing industry.

Rapid prototypingalso referred to as rapid manufacturing (Letl.,2003) or
additive manufacturing{ruth et al.,1998)Dis a set of technologies that uses CAD
files for the creation of 3D productBhe way in wich 3D-printers work depergbn

the particular technology that operates it (Barrzif,3). Today, additive
manufacturing (also known as AM) technologies can create 3D prototypes through
process of extrusion, layer deposition or heat adhesbrfollows the predesigned
tracks of a 3D digital design. The past decade saw a rise iopldapty of AM
technologies due to lower costs of mackiaad the affordance of anety of raw

materials. Some of the commonly used technologies are iistepire 6.31.

Type Technology Acronym
Extrusion Fused Deposition Modeling FDM
FusedFilament Fabrication FFF
Wire Electron Beam Freedom Fabrication EBF
Granule Direct Metal Laser Sintering DMLS
ElectronBeam Melting EBM
Selective Laser Melting SLM
Selective Heat Sintering SHS
Selective Laser Sintering SLS
Power Bed Plasticbased 3D Printing PP
Laminated Laminated Object Manufacturing LOM
Light polymerization Strereolithography SLA
Digital Light Processing DLP

Figure 6.31

Additive manufacturing technologies currently available
Lynn Tandler(2014)
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In a bookchapter titled Designing for a New Fabric GeneratioHerald (2000) gives

an account of smart textiles as textiles that cacedladesign themselves, and in doing

so she raises concerns regarding the future role of designers in light of the increasing
integration of technology into the field of textiles. The appearance of such smart
fabrics, she explains, ODoes not necessarily depend on the intervention of a Otextile
designerQ, but on another creative expert who designs the conditions in which the
textile operates@. 114. For which she refers to the machine, the technology or the
science. Naturally, she consequently asks: ODoes this make the textile designer
redundant?(. 114).

HeraldOs tex2000) not only acknowledg¢he changing role of the tébet designer

in a reshaped working environment of changing expectations and reailexb

digital inventions that take over colour, texture and shape but also, she points out
towards a profound difficulty, which questions the role of the designer alh&rget

a soecalled changing manufacturing realm. OToday we are seeing a return to a new
sort of cottage industryO (Anderson, 2012, p. 51). But is this true? Could a new world

of additive manufacturing take over the production of textiles?

Recently, in 2@3, Iris Van Herpen launched a womenswear collection of 3D printed
garments (Materialise, 2013). In a collaboration with Stratasys Ltd., Van Herpen had
usedthermoplastic polyurethaf@PU) materials to 3D print her garments. She refers
to the constructionf some of her fabrics as weaves, but on a close inspection it
reveals that Van Herpen mainly used 3D printing techniques to adorrmesaidy

fabrics as well as printing garment segments. In other words, none of her 3D printed

weaves were actually woven.

Similarly, in 2014, Oluwaseyi Sosanya, a design product student from the Royal
College of Art, presented a O3D weaving machineO (Dezeen, 2014). According to
DezeenOs report, OOluwaseyi Sosanya has created a loom that can weave in three
dimensionsO. The wtaine, according to the article, Oweaves interconnected layers of
straight warp threads and intertwining weft patterns at different heights, providing the
third dimensionO. But on close inspection SosanyaOs Ointerconnected layersO are in
fact individual tails of yarns, which are laid up wertical layers. The layedonOt

interlace at any point through the process etaited weaving: the silicon coating,
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which is added on at the end of the process, binds the layers of thread together to hold
the overallstructure in place also allowing it to be squeezed and stretched. Even
though Sosanya claimed that his inspiration was drawn from sewing machine and
industrial knitting machine, he claims to have invented a 3D weaving mdghirte

in reality, as just exfained abové>he haqot.

Later in the same year, a similar machine was demonstrated by a group of students
from the California College of Arts in San Francisco presenting a prototype machine,
which they have called OSpace Weaver: A Seven Foot Tall&iig MachineO
(Thimmesch, 2014). The machine holds twelve spools on top of a downward moving
bed: a CNC motor operates the machialowing a hook to move across and grab

the threads from the spools. One at a time it changes its position, leadirgndliffe
threads fom different spools according éopreprogrammed software trail: but

instead of weaving, the machine in fact braids oitqla

In 2015, Disney Research launched themy@red Fabric 3D Printer for Soft

Interactive ObjectsO (Peng, Mankdffidson and McCann, 2015). Their machine

laser cut felt fabrics and uses adhesive glue to bind the shaped layers together to form
soft 3D objects. But their machines too, do not print inE&3 they suggest.

These examples reveal a widespread distodidhe terminologies of weaving,

knitting and even printing currently within the academic and public debate, away and
removed form the textile community. For ntaxtile practitioners the distinction
between weaving, knitting and even printing may belexrant and one that only

suggest a form of construction. But as a result new production technologies are given
names that they cannot justify; such as the 3D weaving machines that do not weave.
At the same time, it appears that the emergence of suchmaadume to play and
receives its popularity only due to theso-called newness. They are considered novel
and yet unexplored, which adds to their mystiand appeal as a result. However,

none of these machines have yet investigated whether they prodtatypes that

are actually better than conventional textiles. Indeed, theyiféeeedt, but are they

better than textile production methodologies currently employed by the industry?



6.3.1 Case study ®Preparation and design methodology

Casestudy 3 was set to explore the relevance that some AM technologies may
potentially have on the production of woven textile structures and whether 3D printed
textile structures could express any advantage over traditional woven textile
structuring methodolgpes,such as thoseurrently available across the textile

industry. In an attempt to step away from the limitations of yarn specifications and
existing weaving methodologiegs demonstrated through casedy one and case

study two, the aim of case stutlyeewas set to challenge whether other
manufacturing methodologies, such as some AM technologies, could compete with

traditional methods of weaving in producing alternative cloth constructions.

Image 6.44
EnvisionTech 3D bioplotter machine

Digital photography

Lynn Tandler (2015)
Originally theEnvisionTech 3D bioplottenachinglimage 6.44]which extrudes
viscous poymers, gels and molten liquidsas chosen for this case studye
original aim of casstudy 3 was therefore to 3@rint sample obasic plain weave
and to compare it with a hand woven sample made from the same material. The
textile laboratory SGS, Leicester, was identified for its characterization and
measurement tools. The ingbat the team at SGS, Leicester, shared with regard to

the specifications of their machines helped establishing the required dimensions of the
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samples both the woven samples and the 3D printed samples. In order to compare 3D
printed OweavesO to hand woven architecture and in doing so compare the
constructiormethodology between conventional textile construction methodologies
and textile additive manufacturing (AM) methodologiédentical parameters had to

be established for a likeith-like comparison.

In order to be able to assesslanalyze the effeateness of additive manufacturing
technologies onto woven architecture assemblies, the margin of variables that
dominated the constructioBsuch aghematerialOs type, properties and shapas

to be reduced to a minimum. In other words, (1) the shife avoven strands and

(2) the base material itself should have been identical in order to create an experiment

in which only the production methodology has been changed.

(1) The strands

As shown in chapter 5, spun yarns are governed by the staatutype of the fibres

that they bindaswell as fibre migration and the spinning methodology used for the
spinning of the yarns. The inner architecture of spun yarns is therefore complex. For
that reason, as first attempt, it was decided to mimic the sliagpeontinuous

filament meaning that one homogenous dimensions and shape was to follow through
and remain consistent throughout the length of the filament. This shape was also
thought to be relatively easy to mimic through additive manufacturing and in

particular through th&nvisionTech 3D bioplotter

In order to match filament diameter to machine, | concluded that the thickness of the
extruderOs nozzBwhich could not be altered@would inform the thickness of the

sourced filament for the weaving. i§lwas determined at 0.3mm.

(2) The base material

The base material or polymer intended for the use of 3D printing needed to be
identical to the polymer used to form the filaments for the weaving. If the base
materials were different, for example, wittNglon printed weave structure and a

cotton cellulose woven structure, it would have been impossible to detect whether the

performance of the macro structure was due to the properties of the polymers from

! "&)



which they were made or from the fabrication methoglp applied. Polymers used

for 3D printingbBand for fibre extrusion have to have both the optimum thermo

physical and mechanical properties appropriate for stable wearing test. In other words,
in order to compare the construction methodologies focrimation of woven

materials, the same polymer needed to be found in the form that would be suitable

both for 3D printing and for woven textiles.

Commonly found polymers used for additive manufacturing include ABS
(acrylonitrile butadiene styrene), PL{polylactic acid), PC (polycarbonate), PPSU
(polyphenylsulfone), HDPE (high density polyethylene). PLA can be printed but is
only produced as a spun yarn and not as a continuous filament. Similarly, chitosan
and gelatin, fibrin and collagen could be exeddnto filaments on a 3D bioplotter

but, just like PLA, they too do not exist as textile manufactured continuous filament.
Following an extensive search and analysis of machine specifications and the data
sheets of their materials, only one polymer wamtbsuitable for 3D printing and for

filament extrusion, i.e. for weaving, which was Nylon 12.

Unfortunately however, after technical issues repeatedly failed the bioplotter from
being installed, case study 3 had to be entirely modified. This meanetha&m
technologies needed to be identified. The costing of the case study too needed
revising and new funding had to be applied for. The use of Nylon 12 had to be
reviewed and accustomed to the specifications of the newly allocated AM
technologies some @fhich without the ability to process polyamides. The filament

diameters too had to be adjusteddarew work frame respectively.

6.3.2 Case study ®Aims and objectives

The aim of case study 3 remained to challenge whether other manufacturing
methodologies such as some AM technologiesould compete with traditional
methods of weaving in producing alternative cloth constructions. And the newly
amended objectives of case study foave been set as outlined as follows

(i) Create a library of dital CAD files for printing OweavesO.



(i) Print samples of plain weave structure in FCivséd deposition modeling)
and SLA Gtereolithography) technologies.
(i) Conduct characterization and measurements of the printed OweavesO samples

and assess their mechanipatformance.

6.3.3 Case study ®Methodology

Two alternative machines were identified to replaceeim@sionTech 3D bioplotter

(1) dimension st1200which builds up molten substances layer by layer, and (2)
FormLabs 1+Strereolithography SLA maaie, which set resins into shapes in slices
through processes of light setting with the help of scattered laser Bdmotisof

which were available in thExperimental Workshops dlorthumbria UniversityOs
School of Design. The main differences betweentto technologies are briefly

summarised ifigure 6.32.

The FDMdimension st120fimage 6.4%and StrereolithographiyormLabs 1+
[image6.46] are both technologies that use the deposition of materials in layers in
order to build a 3D object. But thegimiem with both these machines washvthe
materials that they were ablegmcess. Firstly, there was no commonality between
the machinesO specifications to allow them to process the same materials. And
secondly, botflimension st12aDs ABS plastic artle resin used biformLabs 1+
were not manufactured as continuous filament by the textile indbstsaning that

no machine monofilament could be sourced either for the purpose of comparison

weaving.

Dimension st1200 FormLabs 1+
Technology FDM Strereolithography
Max build volume 254 x 254 x 305 mm 125! 125! 165mm

Layer thickness 254 or 330 microns 25, 50, 100, 20@nicrons
Material types ABS Resin
Binding mechanism Heat fusion Light fusion
(with support material injection

Figure 6.32
Product specifications of FDM and SLA machines
Lynn Tandler (2015)
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Image 6.45 Image 6.46
FDM dimension st120 SLA FormLabsl+
Digital photography
Lynn Tandler (2015)

In an attempt to narrow the margin of error, the raw ABS filament materials used to
feed into the FDM for printing was chosen to also perform as a thick continuous
monofilament for weaving. This way, it was believed, a printed 3D weave and the

hand wovenrattice could be used in comparison. The width of the raw ABS material

was measured as 1.75mm thick, and so this was set as an anchoring point of reference

in the design of all prints and weaves.

Instead of relying on imagination, a sample of ABS rawemaltfilament was to be
handwoven and the dimensions of the new woven interlacements were to be
mimicked and translated into a digital CAD file. But the thickness of the ABS
filaments was too great to be woven. The physical and mechanical propeities of t
ABS raw material made the filaments brittle and much prone for snapping, and as a
result, the ABS raw filaments could not be wound into a warp and onto the loom.
Instead, individual filament lengthf 30cm eaclbwere laid down and attached to a

flat surface. A second set of filaments of the same length was then woven through the

static set of filaments to form a woven sample of ABS raw material filaments.



This woven sample however quickly bounced into disorder once taken off its OframeO
and could nbbe fixed into the shape of a cloth. As a result it was deemed a failure.
Consequently, the design of the CAD file for 3D printing of weaves did not have a
tangible woven reference to mimic. And as a result case 8thdy critically

morphed into an imestigation of the usability of two AM technology for the

production of woven lattices and architectures.

With the restraints of theimension st120hachine specificatigrand minimum layer
thickness of 254 microns, although it was no longer crucialtiotain a filament
diameter thickness of 1.75mtoo few layers, it was thoughwould increase the
already brittle qualities of the AB&nd so it was decided to keep the 1.75mm
thickness parameter, which was to be formed of seven layers ofhd@®%&)h tle

FDM machine.

All weave structures wemesigned in SolidworksSince ABSmaterial have no

stretch or bendability, the curvature and travel movement of the monofilament needs
to be designed within the digital file in advance. Thealked digital moofilament

unlike in its physical form is therefore determined by three factors: its wavelength
(WL), amplitude (A), and filament diameter (D)dtire 6.33

Figure 6.33
Illustration of filament measurements
Lynn Tandler (2015)

2 At this point of the research this case study had greatly benefited from the support and knowledge
contributon of James E. Thomas, who has been the mastermind behind the programming and the
coding of the all the CAD worBsee appendix Bworking closely with myself and creating a novel

digital library of 3D printed weaves.
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6.3.4 Case study ®Findings

Various CAD files were developed as part of the experimental work in case study

four Dall of which ae summarizeth figure 6.34 below:

Sample | Technology & machine Design dimensions Object Picture
no. used (WL x A x D) dimensions
in millimeters (Lx W)
in millimeters
1 FDM - dimension st120( 9x225x1.75 30 x 30
(original [ABS]
samples)
2 FDM - dimension st120( 45x1.125x0.875 15x 15
(original [ABS] (50% scale
samples) downfrom

sample no.1)

3 FDM - dimension st120( 12 x 2.925 x 2.275 39x 39
(original [ABS] (30% scale up
samples) from sample

no.1)

4 FDM - dimension st120( 9x225x1.75 30 x 30
(second [ABS]

batch)

5 FDM - dimensiorst1200| 10.35 x 2.5875 x 2.0125, 34.5x34.5

(second [ABS] (15% scale up
batch) from sample
no.1)
Figure 6.34

FDM weave structure printinBfindings
Lynn Tandler (2015)

In order for the 3D printed filaments to still retain some independemement

within the woven architecture, a gap of about 1160an inch was included in the

CAD files. Thedimension st120@as using its Osoluble support technologyO to create
a scaffold to support the salled floating filaments: this was later diss®in an

alkaline solution.
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Although the ratio between the wavelength, amplitude and filament diameter
remained costant, various sizes and scalere measured throughout the
experimentation above: Sample no. 1 was used as the base ratio for 3D printed
weaves, and this ratio was scaled up or down to test its effectiveness. Sample no. 2
was reduced down to half the size of sample no.1, resulting in a rigid sample of fused
mesh. Sample no. 3 was made bigger than sample no.1 by&@t®more movement

was mae possible between the printed filaments. The ABS however, proved very
brittle and some of the filaments as a result because there was not much support fell
apart and broke very soon after removed from the machine.

Sample no. 4 and sample no. 5 weretpdrtogether in one go and as one b&tth

order to check the production repeatability of dimaension st1208nd explore a

scale up of the manufacture. Sample no. 4 was repeating the ratio and dimensions of
sample no. 1, as a control sample; at theestame, sampl@o.5 was enlarged by only

15% from the original set dimensions of sample no.1 (and sample no. 4). Building on
the findings of sample no.3, sample no.5 was designed to create more breath amongst
the filament, but also without compromising gwpport that their interlacement

brings to the structure. The printing however of sample no. 4 and 5 together in one
batch proved disastrous when the molten ABS had gradually accumulated in the

deposition nozzle compromising the integrity of the reshefdrinting.

TheFormLabs 1+echnology was then tested for the 3D printing of @ov

architectures only this timthe base ratio of sample no.1 was upset and distorted. The
same CAD files that were used for the FMhension st120@ere used for this part

of the experiment too; only some of the variables have changed to examine the effects
of filaments proportion®wavelength (WL), amplitude (A) and diameter @Jn the
mechanical performance of the printed woven architecture. Five samples were

producedand these are presentedigure 6.35



Sample Technology & Design dimensions | Object dimensions Picture
no. machine used (WL x A x D) (L x W)
[material used] in millimeters in millimeters

6 SLA - FormLabs 1+ 9x2.25x 1.75 30 x 30
[resin]

7 SLA - FormLabs 1+ 9x2x1.75 30 x 30
[resin]

8 SLA - FormLabs 1+ 9x25x1.75 30 x 30
[resin]

9 SLA - FormLabs 1+ 75x2x1.75 30 x 30
[resin]

10 SLA - FormLabs 1+ 9x1.5x1.25 30 x 30
[resin]

Figure6.35

SLA weave structure printinBfindings
Lynn Tandler (2015)

Sample no. 6 was printed out with the same ratio and dimensions of sample no. 1 and
4. The results of this sample, unlike its FDM equivalents, it that a loose printed
sample with enhanced drapability, movement and curvature was created. In this
particularcase, the FormLabs 1+ SLA technology proved superior tdithension
st1200FDM machine. But when the amplitude was reduced, in sample no.7, only by
a minor 0.25mm, the woven interlacement had much restriction in movement, and the
printed filaments weraghtly laid out on top of one another. On the other hand, when

it was slightly increased from 2.25mm to 2.5mm in sample no. 8, more movement
was again made possible. In sample no. 9 the parameters were set in a way that both
the wavelength and the amptieiwere reduced, and this as a result, created a densely
printed woven architecture. Lastly, sample no. 10 saw a reduction in filament
dimensions as well as in amplitudehile maintaining a constant 9mm wavelength.

This sample was considered the mostsssful creating a woven lattice that is

bendable and flexible, yet stable in structure and in its interlacements.
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TheFormLabs 1+SLA technology uses laser beams to heat set the resin into its 3D
form. Unlike the FDMdimension st12QQ@vhich deposited layers of materials from

the bottom up, thEormLabs 1+heat set the layers in a reverse order from the
uppermost to its lowermost. Then, the technology ofFtivenLabs 1+printed out a

3D scaffold to support the structuféigure 6.34: the same scaffold was also used to
support the sealled floating filaments within the woven architecture. The 3D printed
weaves had then needed to be dismantled from the scaffold support and this was done
with a pair of pliers. Although the separatioasadone with much care, still some
scaffoldsO remains could not be avoided.

Figure 6.36
Scaffolds of SLA printed weave structures
Jame<£. Thomas (2015)

More so, on a close inspection through the lens of a stereomicrd3ttupeurface
roughness oftte 3D printed product become promindntages 6.47 and 6.48.167)
demonstrate a plain weave structure, printed by the FDM dimension st1200 machine.
The indication bar &éched is 0.9mm wide. Images 6% 650 (p. 169

demonstrate the same woven plamave structure, printed through a SLA FormLabs

1+ machine. The indication bar attached is 0.9mm wide.



Image 6.47
FDM printed plain weave
Stereomicroscopg@ransmitted lighk

Image 6.48

FDM printed plain weave
Stereomicroscopgeflective ligh)
Lynn Tandler (2015)
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Image 6.49
SLA printed plain weave
Stereomicroscopg@ransmitted light

Image 6.50
SLA printed plain weave
Stereomicroscopgeflective ligh)
Lynn Tandler (2015)
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6.3.5 Case study ®Discussion of the results

The properties of 3D printed monofilaments are determined by three main factors: the
wavelength (WL), amplitude (A) and diameter (D) of the strand. In total, ten samples
were 3D printed: five samples were printed out with a RB&hnology on a

dimension st120fachine, and five more were printed out with a SLA technology on
aFormLabs 1+machine. The dimensions of the printed samples were altered and so
was the ratio between wavelength, amplitude and filament diameter. The most
movement was found in sample no. 10 with ratio of 9mm x 1.5mm x 1.25mm to

wavelength, amplitude and filament diameter respectively.

Chapter 4 of thisesearchad demonstrated how the physical and mechanical
properties of conventional textile components @etermined by the properties of
their constituents and the metisagsed to bind them into a unified farfar example,
the properties of yarns are determined bypifugerties of the fibres that they bind
and the technologies used for spinning the ydm3D printed woven materials
however, the properties of 3D printe@nofilaments are governed bigital
specificationsf the designed formNot only do the dimensions of the monofilament,
its travel movement and its relation to other filament nedx tdetermined in
advance those would not change in ration to their neighboring components within
the architecture. In other words, the physical and mechanical laws that dominate
conventional textile components such as stretch, stress and strain aepehéeoht
relativity of all component on each other within textiles systems do not have the same
impact on 3D printed textile components: in a 3D printed woven architecture, the
printed objects remain independent. In other words, they do not form a system.

On the basis of all that has been discussed in previous chapters, this means that in fact
there is currently no such thing as 3D printed textiles nor there is likely to ever be
woven or not. For what distinguishes textiles form other groups of maierthks fact

that they are materials systems where every one of its components is dependent upon
another. This is the key for textilesO strong structural complexity. This travels back to
the principles of structural hierarchy upon which textiles are andtformed. Putting

it simply, there is no such thing as 3D printed textiles and nor can there ever be only
potentially, 3D printed materials.
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Additive manufacturing in its current form ofegeroduction on a small scale

allowing a breadth of design explorations with regard to 3D form and overall shape.
However, the properties of 3D printed products themselves cannot be altered much.
Which is another restricting element that makes their palesampetition with
conventional textiles problematic. The products made from AM technologies today
are still largely governed directly by the properties of the polymers and resin solutions
used, and the technologies that administrate the productionhasd are still limited

in their mechanical abilities. Just as it would be mistaken to assume that the creation
of a birdOs skeleton through methods of 3D printing would be enough for the
manufacture of a OsmartO synthetic bird, it would also be mistaksaorte that the

3D printing of a textile skeleton would be enoughtfansforming it into smartugt

as the bones of the birds are governed by principles of structural hierarchy, so do the
so-called bones of textiles.

But more importantly, through thicase study it was demonstrated that above all, the
structural complexity thajoverns constructed textilesnsssing in 3D printed

textiles, which in turn principally make 3D printed textiles inferior to traditional

textile produts. OText anatomyO apping (figure 5.12, p. 92s brought here as an
example that demonstrates this fundamental difference in structural integrity:

Figure 6.33llustrates the structural complexity of textile systems in comparison to an
inherent inferior structural compleyiof additive manufacturing textile products.

Due to its complex structural hierarchy woven textiles are able to occupy a wide
reaching application scof@currently more than any other textile construction
methodology. And it is that exact structuradtairchy that 3D printed textiles lack,
due to which irrespective to materials propertigteey remain inferior within their

structural properties to conventional woven textile products.
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Figure 637
lllustration of the structural complexity téxtile systems (above)
and additivemanufacturing products (below)
Lynn Tandler(2015)



The expemental work of case studyl&d shown that current attempts to use AM
technologies for the creation of textile, will keep on generating infeocelled

textile materials. The fundamental difference between the two construction
methodologies that of conventional textile manufacturing and that of newly explored
3D printed textile maufacture (figure 6.37, p. 1),IJproves that 3D printed textiles

could notcompete with conventional textile construction noeliblogies. Due to their
relativelysimple structural complexity, 3D textiles would béeato lend themselves

to alimited application scope. More over, and as a result, the prospect of making the
currenttextile industry redundant for the sake of developing a new industry based on
AM for the producion of textiles should be rejected

6.3.6 Case study 3 Further investigation and tool making

Case study 3 has shown the extent to which AM technologies are incompatible with
the production of construction textiles. The discussion of the results also strongly
suggests that inherently, current AM lattices/interlaced matenialskely to continue

to be inferior to conventional constructed textiles. Nonetheless, the fascination with
AM technologies and with 3D printing is unlikely to fade away, and although it was
deemed incompatible and unsuitable for the creation of textiles, it still has andlid
important role in product making today.

AM technologies rely on CAD files, and there is a great advantage in the ability to
share the same fila different machines and throughout various AM process making.
The design of CAD files for weaving is lop extent a simple task mainly because the
movement of the filament needs to be predicted and drawn out throughout the cloth.
Unlike continuous filaments that in a way curve and bend into place once woven,
digitally designed continuous filaments need taltavn out precisely since they are
unable to bend into shape within the printed wovehitacture. Crucially, the ratio
between the filament diameter, itOs amplitude and wavelength needs to be determined
in advance. Similarly, in the digital design aradtprning of various weave structure

on Solidworks it is worth noting that it is impossitdesacall flip the pattern, for

example, from an S twill to a Z twill, as in conventional weaving softwares.
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For each weave structyrer each interlacement afar each architecture within the

weave, a new design needs to be drawn out. Although some evidence can be found for
3D digital plain weaving, no account could yet be found across the literature or the
internet, that extend the exploratiohwoven architetures beyond the plain forof

weaving.

As aresult, it was decided to start a digital library of various weave structures: one
that can be applied onto various AM technologies and machines. Hafrtezmasb

a senior computer taaoician and code devgler- hasdeveloped a unique code that
outlines eighteen different variations of weave structb@swell as a basic plain
weave digital architecture that could be applied and manipulated to suit. On the
current code there are: 1/3 Z twill, 1/3 S twal6 Z twill, 2/6 S twill, 1/7 Z twill, 1/7

S twill, 4/4 Z twill, 4/4 S twill, 2/2 Z twill, 2/2 S twill, hopsack, herringbonegi8d

satin, mock leno, honeycomb, basket weawgick warp rib, and 4€nd weft rib The
code for creating these weaves caridamd in Appendix B

6.3.7 Discussion of experimental studies

Chapter 6 sought to examine weaving through pratédeesearch, as a potential
fabrication méhodology for smart structureisg. structures that mechanically can
change and adapt to eiges in their environments, or to changes that atffeat
constituents. Case studydissected leno twists and leno weaving and examined its
suitability for the creation of reversible weave structufesa result, a new headl|

and a new reed were deveéalbut their effectiveness could not be validated. Case
study 2 explored the way in which mom@eentional weave construction
methodologiesuch as double cloth could be further manipulated into creating a
woven geometry that is adaptable and reversitmeusing on the principles of

auxetic movement in macro structures, case study 2 saw the development of a novel
reversible weave sicture that expanded in both axes simultaneously upon stretch,
but the movement that was generatednfithe auxetic weaveas limitedand very

much dependent on the properties of the yarns from which it was built. Case study 3
exploredsomeadditive manufacturing fabrication technologies for the creation of
textile structure, with the aim to validate, or disprove, a new aggmamongst
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designers that textiles could be 3D printed. Through the process of making and a
collaborative experimental codifkindly drafted by James. Thomasban original
library of digital weave structures was created. Although a number of printed
Oweavestere made on different machinése results were very poor, and although
demonstrating a plain weave construction, the samples lacked the mechanical,
physical and thermal properties that plain weave fabrics often have. At this point
Otextile anamyO mapping was applied revealing the inferior inherent structural

properties that 3D printed products have in comparison to constructed textiles.
Aside from the rejection of current additive manufacturing technologies as a potential

textile constructia methodology, chapter 6 highlighted the elements within wgavin

that stand in the way @bnverting woven architectures into smatrt.
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Chapter 7

Discussion:
The Role ofWeaving

In Smart Textile Systems

This researckleals with current and future developments of woven textiles; their
meaning, formation and potential methods of production. In particular, it seeks to
demystify the idea of smart textiles through an explanation of the way constructed

textile systems work.

The critical review of the literature in chapter 3 was used to illustrate current
misconceptions regarding the meaning of smart textiles. Although smart textiles are
often discussed across acade®@s well as within the public domaithe

definitionsthat seek to explain their benefits and value are often contradict

lacking in coherence gust misleading. The majority of accounts describe smartness
in textiles as a synonym for responsive behavi@ewmething that is susceptilite
changes in thenvironmensuch as moisture, temperature, light, electrical current
and/or chemical stimulations. This poses a complex philosophical question as to
whether responsive behavior, in and of itself, can be properly described as smart. At
the base, there is apistemological question here about the nature of intelligence that
is beyond the remit of thigsearchMy challenge to Osmart textilesO has been more
modest and this was summarised in the provisional discussion of the literature in
chapter 3. Instead oeferring to the quality of individual components as the agent for

smartness, smart materials systems (or smart textiles) are actually about the
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relationship between multiple inddual components that togethgive a material

system beneficial value assmart system.

There is much intellectual stimulation amongst STEM practitioners who seek to
understand the merits of genuinely smart materials. The issue at hand therefore is not
the lak of understanding of the terran@artO across STEM, but ratheralok of this
understanding among designers, who are key participants in the introduction of new
textile materials into the marketplace. Currently, in most existing examples of Osmart
textilesO the reference of the creators is to the technology thanifittsfteonto or

into the textile. In such examples, the technology is separate to the textile and as a
result the material system itself is ignored. In other words, only technologically
infused individual componenBupon implementation onto or into tde Dare

misunderstood to attribute textile OsmartO properties.

By taking the engineering perspective of Culshaw (1996) and of Lakes (1993) and
applying their logic to textile construction, | propose that any meaningful definition of
smart textiles hato locate the smartness within the material system itself; that is, in
the relationship between the various components that make up the systéonmaihd

into a piece of textileHere, textiles remain textiled)ey are not made smart because

of some breign element or additional technology.

Similarly, | believe that a relationship between textiles and some sort of an artificial
intelligence is unsubstantial and remaiepiece of textiles doesn't need to have-a so
called ObrainO (Gandhi and Thompson, 1992; Wang and Kang, 1998) in order to
qgualify as smart. | go along with general views that smart is, to an extent, a form of
responsivity. However, since all textile maads are in some ways responsive, |
distinguish between what | caliperficialresponsivitypsimple responsiveness to
external stimulbanddeepresponsivity (i.e. smart) in which it is the structure of the
material system that considers the uniqueviddial properties of its elements across
its structural hierarchy. Meaning that each of the components within the system is
linked to the others by reaction into creating a material system. In such case, when
one component changes, so do the rest of tigpaoents accordingly. The (smart)
system is therefore inherently crdssked and this makes dteeply responsivie

external and internal stimuli



The evidence gathered from the theoretical exploration and practical experimental
studies undertaken thrgh chapters 4, 5 and 6, allows the argument that textiles are
better understood not as materials but as material systems, governed by principles of
structural hierarchy. Thearticular structural hierarchy that governs textile systems
has been expresseddhgh the development of a unique mapping tdlextile
anatomyO (figure 5.18. ®) - which traces the hierarchical structure of its individual
components from the molecular scaile(), through the micro scale<1), meso

scale (=2) and the macro siea(n=3). This mapping tool describes the actuation of a
hybrid research methodology, outlined tigbout chapter 2 as DesignTSE
integration. It emphasizes the particular structural complexity that ties tog€thér

to 3 into attributing cloths with wide range of properties and suitability for large
range of product applications.

OTextilanatomy@apping (figure 5.12p. @) revealghat the behaviors and
properties of individual material components euerently used as sole instigators for
respnsive behaviour in textile system: polymers (levets0), fibres (leveh = 1)

and yarns (leveh = 2) are used to enhance textile performance. Thus far the textile
industry has relied on the properties of its compon@ttie polymers, fibres and
yarns- to enhance the performance of the cloths it produces.

The production and manufacture of manmfioiees and yarns has created a pathway
out of the restrictions of traditional textile production and the addition of such
manmade materials into the textile industry in the turn of tH‘ecéﬁtury proved
transformative. Since then manmade fibre produdiesmbeen at the forefront of
innovation and as a result fibre productitas been on a constant increase, with
several fibre materials emerging in the market to suit specific textile applications.
However, no one fibre has all the properties to accomradbatrequirements for all
applicationsandwith a growing need for innovation or commercial advantage, no

one material is likely to fulfill that ambition.

At the same time the introduction of new fibre materials idoindustry has proven
expensiveAnd as a consequence, it has become the widespread belief that new fibres
can only be introduced if they have significant advantages in performance or cost.
The same applies for new polymer materials and yarn structures. However, with that
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in mind, the cormon impression is that smart textiles rely solely on theadled
smart properties of their components. And although this is true when it comes to the
creation of technical and electronic textitasis not the case when it comes to the

development ofmart textiles.

Contrary to common belief, the use of any component maihialvever responsive

- does not convert a piece of textile into a smart material system. Away from the
textile community the view is that no one single material could ever b, smby
systems can. The smartness in smart material systems would manifest itself in the
ability to sense the environment and throsgmeprocesses of data reduction make a
judgment to adapt and optimize its function, structure or shape in a predetbanih

sustainable manner. Thus far no such system yet exists.

New materials such as shape memory polymers and phase change materials are often
taken to be smart but in fact such materials have been shown to be no more
responsive than cellulose, keratinewen copper for that matter. Their molecular
architecture is different and this allows them to be able to manifest different
properties and sets of behaviour. But shape memory polymers or phase change
materials donOt respond to amgernal stimuli at &evel that exceeds their

programing. In other words, such polymer systems may response to externaitimuli
but so would cotton and wool fibres if exposed to a different set of external stimuli.
Which makes them responsive polymers but not necessarily. $toavever, the way

in which individual components such as polymers, fibres and yarns in the case of
smart textiles whether responsive or notome together to form a system, can
potentially make it smart. In other words, it is not the individual ptaseof selected
component materials that turn textiles into something smart but rather, the structure
that brings them together to form a system and facilitate their combined behaviors

accordingly.

In textiles, the most common construction methodology is that of weaving. It dates
back thousands of yearpreceding the invention of the wheel. The heydays of the
weaving industry are often linked with the Industrial Revolutiamen power looms
were ckveloped and a new textile industry was formed. An investigation into the

evolution of weavindpresented ithapter Preveals the dependent progression of
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weaving on the evolution of yarns. For weaving would not have evolved without
yarns the evolutionf weaving machines comes as a response to the widening
innovations of yarsspinning techniques. Yaispinning machines emerged across
Britain throughout the 8and 19" centuries infusing a momentum of creativity and
invention, and forming the fountian upon which the Industrial Revolution wasilt.
Much yarn was produced due to innovations in yapimning technologies, and this
had led to a need to speed up the weaving process itself and further enhancing the
productivity of the industry. By the ich 19" century all weave structures previously
crafted by hand were achieved mechanically and in an industrial fashion.

The fundamental driver of the Industrial Revolution was the creation of an automatic
manufacture line that saved the costs of labioareased the rates of productiemd
eliminated much human error. So effective was the production that today we rely still
on the same principles of manufacturing established during Victorian Bsaaie

250 years agdut the Industrial Revolution andat which relates to textile

manufacture in particular was e revolution of the weavers as craftsrban

rather of the entrepreneurs, the businessmen and the technically savvy. These were
the people that shaped the era and reaped its rewards. Wigaifisant is that the
geometry of weave structures did not change during the Industrial Revolution. Indeed
this geometry has changed only a little duiisghousands of years life spamnce

the first discoveries from around about 8000 BC. Buttaehines upon which

weavers weave have changed enormously. Which is to say that much of the change in
textile production has beeffected by mechanical enginedrst also and even more
prominently, by the businessmen who sought an opportunity and tezhskw

inventions into a thriving industry.

The efficiency of process of manufacture that the Industrial Revolution created in
Britain following the 18th and 19ttenturies had formed a reality by which the
production of textiles was informed by the sfieations, limitations and engineering
ability of the weaving machines. In other words, it was the specifications of the
machine that determined which cloths couldiMoxen and which could netnot
necessarily of the weavers. Their job now was simpsufmvise the industrial

manufacturing process
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The new weaving machines that came out of the Industrial Revolution reveal an
essential link between apparatus and textile products; connecting the specifications
and hence, limitations of machines to theduct which they produce. This still

applies inpresent day with hand weaving forming only a small niche within the
textile industry and production mechanisms still relying on the capabilities of
individual mills. Special weaving looms that have beengle=d for the production of
unique weave structure reaffirm the strong link between machine specifications and
the geometries that they produce or, in other words, the woven textiles that they are
able to generate.

Weaving has changed very little duritige thousand of years of its practice mainly
becausgby and large, the principles of weaving have remained the same. Even with
the introduction of specialty looms such as velvet and, Exeoprinciples of the

weave structure itself remaindte same. Téy are outlined below:

(First) All woven fabrics are made of two sets of threads: the warp and the
weft. The warp always runs vertically, and the vigdfiorizontally.

(Second) In all weaving looms a shuttle another transfer mechanism

transpors theweft from one side to another inside the opening shed.

(Third) The warp is always transferring from one beam to another on the
opposite sid®f the loom- meaning that the warp yarnsust be of a
continuous length. Consequenthg staple fibres coulde woven on a

loom.

(Four) The warp threads vst always be under tensidrgwever this may

vary depeding on yarn type and structure

(Five) All warp ends are threaded through headles, wénielattached to
shafts or taother lifting mechanissy such agshosefound in Jacquards.

! ")+



The limitations of weaving have been tested through a serieseo$taBes outlined

in chapter 6 in an attempt to break frtmem and create new woven architectures.

But just as special weaving looms and technigbastiave been designed for the
production of uniqgue weave structure reaffirm the strong link between machine
specifications and the geometries that they produce, so do the woven textiles that they
are able to generate.

With the integration ©S-T-E into textile manufacture the role of the textile designer
increasingly comes into questiofhe rise of alternative computerized manufacturing
technologies such as additive manufaaand 3D printing techniques have begun
to lend themselves to an alternatimethod for textile construction in an attempt to
replaceor compete with conventional textile producgsoBut the investigation into

the creation bso-called 3D printed Oweavé43 presented tbugh case study 3 in
chapter 6 revealed two main concerns thus far overlooked.

Firstly, it has become evident that practitioners with no textile awareness cannot
differentiate between the various textile construction methodologiethaind

respective merits. The problem here chiefly lays in the probability of repeating
mistakes and disadvantages of construction, which textile practitioners have taken
long to learn and establish: weaving, knitting and braiding are unique assembly
techngues used to attribute materials with softness, malleability, stretchability and
drape. Different machines create different textiles and the various techniques used for
the assembly of yarns into cloths is one of the key elentteattsnake textiles

different from other materials.

Secondly, the inferior properties of 3D printed OweavesO in comparison to current
conventional textiles have been demonstrated. OTextile anatomyO mapping was used to
present the structural complexity of conventional construetades and that of 3D

printed textiles. In doing so it showed that current additive manufacturing

technologies cannot yet compete with current textile production methodologies for the
creation of better textiles. This is primarily due to the structueabhthy that governs

all textiles, which 3D printed OweavesO lack. OTextile anatomyO demonstrated that

textiles have at least four predominant levels of structural hierarchy, namely



polymers, fibres, yarns and fabric architecture. In comparison, 3D prugiaee

structures have only two: polymers and a 3D product shape.

Just as woven textiles are affected by the specificatibwgaving looms, so are 3D
printed structures affeaedy the specifications of the Additiveaviufacturing (AM)
technologies ugkfor ther build. Currently the specifications of such machines
cannot produce an alternative to conventional production methodologies for woven
textiles. In addition, with technologiesirrently available, there is only a limiting
amount of materials thaan undergo the processes of 3D printing. This means that
the selected polymers, resins and powders currently at use are those that control the
properties of the end producidonetheless, even if (a) AM machine specifications
become more sophisticateden time, allowing finer and more accurate control over
the depositions of suitable materials, and (b) the materialsnméd also prove

more applicable aniéasible in properties and cost respectively, this thesis has
revealed that the structural comytg of such potential 3D printed textile materials
will forever be inferior to that of conventional constructed textiles due to the
structural complexity of both. In principle, potentially, this also means that textiles
have the ability of becoming mucharter than any other 3D printed fabrindasince
structure is the essence of smartness in texséitefgr as the morphology of smart
textile systems go, they are unlikely to be the products of an AM manufacturing
process.

Smart textiles do not yet esti- partly because our widespread understandings of
smartness with regard to textiles have been distorted but also because we use new
materials with outdated techniques. Th#p betweerutting edge technology
advanced material scienaad ancient consiction methodologies is bound to prove
idle. The experimental case studies presented in chgmtem®nstrate the

restrictions and constraints that traditional weaving methodologies offer to the
construction of textiles. And so, since AM its currentform, is a less fruitful way
forward, a revisiorof the way in which we bring material together into new systems

is required.

The investigations of this research points towards a realization that the principal

geometries of woven textile structures, askmow them currently to be, in fact stop
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textiles from ever becoming smart. In other words, in their current form woven

textiles cannot be smart.

A simple proposal may therefobe to invent new looms, ones that will still maintain
the superior mecharatconstructions of woven methodologies, but also that will be
allowed to step away from the restrictions of current weaving methodologies. But
how can we know what to change and what shape or mechanism should such looms

have?

Today, ideas of conventiahengineering are making way to those of nanotechnology
- meaning that traditional techniques for materials fabrication, which exist on the
macro scale, are beginning to give way to new techniques of maropuét

materials at the micro andhno leved. STEM has so far governed the recent shift of
discussion down to the micro and nano scales: the micro and nano materials worlds
have not yet become a designersO territory. For the purpose of material system
fabrications on the micro and nano scales, ssitsrind engineers have been looking

to the textile industry for inspiration. And so, textile methodologies such as yarn
spinning and weaving have been mimicked and miniaturized in various forms for the
construction of micro and nano materials. But methbdsare relevant for the
production of macro scale material systems, such as yarns and fabric assembly, could
work differently on the micro and nano scales, away from the restrictions posed on
them by the macro material world. There is, therefore, anrappty here to

overcome some of the restrictions that govern weaving methodolamiethe macro

scale today.

Just as looms have developed to accommodate various yarns, new textile fabrication
machines for the production of smart textile systems cdvenotvented without

materials to manipulatemeaning that the fibrous units used for the creation of

textiles on the micro or nano scales should be known before a machine is imagined.
Since structure is paramount to the creation of smart material systeam therefore

be understood that smart textiles could never exist on the macro scale, as we know
them now at least, if conventional weaving methodologies are continued to apply.
This is mainly true because current weaving methodologies are desigmedt®

static architectures aimed at maintaining a stable geometric form. This means that the
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limitations of current woven geometries restrict the potential movements and
behaviour of individual components within the system. Away from the macro
material world weaving may have a role to play in micro and nano scale textile
systems, once the limitations that dominate the macro materials world are overcome.
With different set of mechanical and physical laws dominating the micro and nano
fabrication realms, thlimitations, which have identified weaving for thousands of
years, could be revoked. A newesalled Onano loomO would not need to obey
mechanical and physical laws that govern the physical and mechanical world of
macro scale fabrications. On the nanalsthe construction of weaves would not be
limited to onlytwo sets of threads; the interlacement of wefts would not be restricted
only to horizontal positioning; the warps would not necessarily be of a continuous
length; and constant tension would be magloidable. Additionally, warp end would

not be led through heddles as a necessity.

If materials therefore inform the development of machines, and machine

specifications inform the creation of potential structures, then it means that new
fabrication tools should be considered as argnalepart of the design process

especially now, ahe dawn of a sgalled new industrial revolution, which seeks to
examine and further advance the fields of nanotechnology and synthetic biology.
Accordingly, the properties of new materials should be examined and their

mechanical, physical, chemical and thermal properties assessed, in order to inform the

workings of future textile systems.

The convergence between Desigd &iT-E (Science, Technologgnd Engineering)

for the creation of new textiles on the macro scale had created a reality by which in
order to generate a novel piece of textile, the works of chemical and mechanical
engineers is required: the former to develop new textile componentasuch

polymers, fibres or filaments, and the latter to build machines for yarn spinning and/or
fabric constructions. This paration between Design andl'E however has also

allowed the creation of new technical and electronic textile prototype that togethe
enrich our consumerism habits, fashion choices and lifestyle. Such methodologies,
however, can no longer be relied upon as a tool for the creation of smart textiles,
because unlike technical textiles, smart textiles are not textiles that have one sole

function. Smart textiles are deeply responsive material systems.
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The Design: ST-E integration methodology that governed my research has
dramatically changed my weaving and my design practices. As a result of the research
undertaken in the past three yelan® longer perceive weaving as the assembly of
different foreign fibrous objectsut rather as a new holistic approach for the

construction of material systems with various properties in tuned to diverse changes

and conditions.

It has therefore beconodear from the work undertaken throughout in this research
that to claim a material as smart is to over claim and presume that the relationship
between the inherent properties of materials and the technology on which material
systems are produced are imsyToday, they are not and this could be one of the
reasons why, after decades of research and development, we still mostly use
conventional textileBut using textiles construction methodologies as an inspiration
for the creation of new material fabricans on the nano scale is advisable. Because
the history of textiles and materials in general confirms that textiles have lasted
thousands of years, and in the process have evolved only apitttely because there
was no need for them to progresstiert here, the structural complexity of textile
material systems was enough to offer diverapplications with wide rage of
properties. Perhaps now we will find that smart testial not be textiles at algs

they are currently knowto be,but microor nano material systems created by textile
methodologies.

From a design perspective, materials have physical, mechanical and thermal
properties. But they also have aesthetic properties. For materials themselves in their
raw state have got their own serof aesthetics: woddoksdifferent to glass, and
glasslooksdifferent to metal, or stone. Plastics, which had only been invented in the
turn of the 28 centurybno more than one hundred years &jtave a vastly

different aesthetics to natural oganic materials too, for they offer the aesthetic

world a somewhat unnaturablour palettédone that can only be synthetically and/or
chemically manufactured. It is therefore not a surprise that the world in@idH
differently to that in 1915 when wden carts and indigo cotton dresses adorned the
streets. The emergence of genuinely new materials into our reality therefore has wide
reaching repercussions: not only do our perception regarding materials changes as we
gain a deeper understanding aboeirthrchitecture and operating mechanisms, but
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also the way in which we view their aesthetics changes too. It is interesting to see how
science, technology, engineering and mathematics have been informing Design
mainly throughout the 2band 2f' centuies. Slowly, as our perception and
understanding of materials become more speaifetin tune with micro and nano

scale configuration so ouedign methods adapt to suit the possibilities of new

material systems. In other words, STEM in genBiahd sciace in particular

informsand inspires new Design. Today, at the dawn of the age of nanotechnology
and synthetic biology it will be interesting to further explore what other possibilities

are there for woven material systeBfsom material synthesis arfidbrication to a

new aesthetic that we are yet to have imagined or explored.



Chapter 8

Conclusions

From the work carried out throughout this PhD research the following conclusions are

presented in the context of their original contribution to knowledge:

i. A bespoke hybrid research methodology was developed for the purpose of
conducting this practicked research, one that sought to bridge over and
narrow the gap between textile designers and textile engineers. Such new
methodology governed by the creative tools of Design and some
investigative methods derived from the fields of Engineering (chaptdra®)
proven to be a fruitful tool for the generation of new insights and new

knowledge into the development of smart textiles.

i. OTextile anatomyO lay out and illustrates, in a straightforwatlasay map
the structural complexity that governs all constructed textile systems.
Examples from the end of chapter 4 demonstrate the usefulness of TA

mapping in illuminating this comexity.

i.  OTextile anatomyO mapping had clarified that currently responsive behaviour
in textiles only occurs in hierarchical level@through polymers, fibres and
yarns characteristics) and not in level 3 through the adaptation of the structure
of the ystem itself, i.e. in weave structures. This revelation was the
foundation for the experimental studies carried out throughout chapter 6.
Consequently, what the findings have shown was that in its current state,

weaving cannot generate responsive behawocoonstructed textiles. But
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Vi.

Vil.

viii.

clues towards the future of textile construction could be manifested away from

current constraints.

Textiles aranaterial systemgoverned by principles of structural hierarchy.
The fact that textiles are systermnd notindividual materials in their own

right Dmeans that as long as we ignore the structuring methodologies of
textiles as an active catalyst for allowing responsive behaviour to any degree

to occur, textiles could not become smatrt.

The misconception of thetm Osmart textilesO often regards it as a synonym
for responsive behaviour. But, all textile materials demonstrate responsive
behaviour to some extent and so the conundrum with regard to smartness still

persists.

The structure of the material systemaaedl as the properties of each of its
components across lengthscale was found to be crucial in determining
potential smartness. As a result, a grammatical investigation into smart textiles
was set to demystify current perceptions of the term and haseesuln

original differentiation betweesuperficialanddeepresponsivity in textiles.

This form of inherent odeepresponsivity is the key for the creation of smart

textile systems.

In an attempt to step away from current constraints of weaving dadtges,
additivemanufacturing technologies were examined. Results from the
research revealed a fundamental advantage of textile construction
methodologies over those of 3D printing. Based on the principles of structural
hierarchy, and a Otextile anat@nyapping tool, the superior structural

integrity of textile systems overcomes those of 3D printed products.

Weaving has been shown to be relevant for the creation of smart textile
systems because, as indicated through chapter 4, 5 and 6, it has enough
degrees of freedom to potentially allow the properties of its components to

emerge.
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Weaving incorporates micro and meso scale components. Although much
explored as a macroscopic materials assembly technique, on the meso, micro
and nano scales weaving ifdgas not been comprehensibly investigated.

With more research and attention drawn to micro and nano scale materials
assemblies, the limitations of weaving could now be overcome and new smart

textile systems could be made possible.

As the principles ofextile construction, as a fabrication tool, are beginning to
have traction with the micro and nano worlds, smart textile systems will
predominantly exist in that realm and not on the macro scafgdacing

existing textiles, as we know them today. Suetvismart textile systems are
expected to have very different properties and functions compared to the
textile systems that currently occupy the macro world of natural and synthetic
materials. Most prominent would be our perception of textures since nano

smart textile systems will be inherently smooth to the touch.
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Chapter 9

Suggestions for future work

The integration of Design with STEM, as approached throughout this research, holds
a key for better understanding the problems tiaetile developments face today. The
grammatical investigation of the term smart textiles (chapter 3) has equipped the
reader with a new and profound understating to the meaning of smart textiles. The
novel development of Otextile anatomyO mapping tegitécht and 5) stemmed from
that understating with the need to better comprehend the complexity that governs
current textile systemBin a simple and straightforward way. The development of
Otextile anatomyO mapping had led to a series of unique iniestiall of which

are rooted in the art of woven textile constructions (chapter 6). Both the practical and
theoretical work presented throughout this research forms a solid foundation for
further investigations, and this is briefly outlined below.

9.1 OTextile anatomyO mapping as an interactive digital predictive tool for

future smart material systems

Designers increasingly rely on the properties of individual materials to inform the
applications of new products, and the necessary task of requichdgksowledge and
understanding is becoming progressively more difficult (Miodownik, 2015). In
textiles the case is even more complex since textiles deal with the composition of
many components across lengthscale into the one material system. A needeheref

for an interactive digital tool that uses the structural, mechanical, physical and thermal



properties of individual textile components has emerged to operate as a digital hybrid
modelling system.

9.2  Smart textiles development

The design of smatéxtile systems should be anchored in human centered design,
meaning that the needs of textile consumers should be taken into account over the
technological advancement of individual compon@dssigned and developed away
from the textiles. One way oft@rpreting human centered design in smart textile
systems is to aspire for optimal and sustainable solutions for long standing problems
that are persistently attached to textiles at present day. Through the utilization and
adaptations of structuring methaldgies across lengthscale antease textile

systems can be createdihere the structure of individual textile components within

the systems, as well as the structure of all the components together, is used
counterintuitively under changing conditiorfsstress and strain. By doing so the
structure of the system as a whole can be used to prevent the textile from ever
retaining any creases. This example of development is considered here to be smart not
only because the material systems is designeéey responsivéchapters 3 and 7)

but also because the benefits of such fabrics will be all inclusive for they will not only
profit the consumer but they will also reduce energy consumptions significantly and
in doing so will become sustainable for the lexhdustry as a whole.

9.3  OQuantum weavingQ: investigating weaving on the nano scale

Textile methodologies have long been implemented by scientists and engineers as
materials assembly methods. However, as this research revealed, the limitations of
weavingbas they currently manifest themselves on the macro Bsdleuld not be

taken asdce value when attempting to apply them onto the micro and nano scales.
Instead, current principles of weaving should be accordingly altered to create flexible
and durable nano material architectures. The development of a Oquantum weaving®
technique couldjive way for this, by weaving individual single walled carbon
nanotubes into soalled nano fabrics. CNTOs have enhanced physical, mechanical
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and electronic properties that together with modified weaving techniques could be
applied to create invisible semg material systems and/or artificial skins. Weaving at
the lower end of the nano scale is called here Oquantum weRfang@ textiles that

it will create will be invisible and as a {product, the weaving will be too.
!
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Appendix A

Polymers, fibres, yarns,

weavestructures and their properties

This part of the thesis is brought fore to further explain how Otextile anatomyO
mapping (chapters 4 and 5) has come about. It is intended for the informed reader,
covering common perceptions of individual textile components as explained through
STEM pracitioners.

STEM (Science, Technology, Engineering and Mathematics) is an integral part of any
piece of textile. Through the development of Otextile anatomyO mapping tool (chapter
4 and 5) my research revealed how STEM applies for the creation oftidl tex

systems. This manifests itself in the way in which the various aspects of STEM
(Science, Technology, Engineering and Mathematics) apply to the various level of
structural hierarchy that governs all constedictextiles [Figure A.1, p. 194This

seedhe development and synthesis of polymers (marked in TA mapping in red)
governed by Science; their formation into fibres (in blue) and those into yarns (in
purple) by Technology; the assembly of yarns into cloth (in green) by Engineering;
and the modelinghethods used to predict textile properties and behaviors controlled

by the algorithms of Mathematics (marked inside a black frame).



Figure A.1
STEM (Science, Technology, Engineering and Mathematics) and their relevance
to textile componentgonstruction and analysBvisualized through TA mapping
Lynn Tandler (2016)
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Al Science in Otextile anatomyO mapping

The study of chemistry enables vital understanding of polymer properties (Alfrey &
Gurnee, 1967; Hearle, 1982; Shirtcliffe, McHale and Newton, 2011): In the words of
Nielsen (1963), the research@®is interested in knowing why one polymer is tough
while another is brittle, or why one polymer is rigid while another one is rubber. The
syrthetic polymer chemist wants to know how mechanical behaviour is related to
chemical structure in order that can taitoake materials with any desired propertiesO
(Nielsen, 1963, p.-2).

In the process of polymerization, monomer molecBlesich are he building blocks

of polymersbrespond to a chemical reaction and in doing so they form linear chains
or threedimensional networks of polymer chains (Young, 1981). These arrangements
of molecules within the polymer have great affect on the propertiebedraviour of

the polymer thereafter. limtroduction to Polymersyoung (1981) divides polymers

into three main groups of thermoplastics, rubbers and thernidsath group

according to the unique set of properties it demonstrates:

¥ Thermoplastics refdao a group of polymers that are able to completely melt in
high temperatures. This allows them to be manipulated into various forms.
Upon cooling, thermoplastic polymerssbkape themselves either into a
crystalline or an amorphous state distinction hat affects their elasticity and
as a result may compromise their applicatidie vast majority of polymers
covered in the following Otextile anatomyO report belong to the thermoplastic
polymers group.

¥ Rubbers, due to their unique polymeric structura,steetch easily to great
extent and restore their original shape when stress is released.

¥ Thermosets are rigid polymeric materials and are difficult to manipulate. Both
rubbers and thermosets degrade rather then melt in high temperatures (Young,
1981), which their manipulation difficult.



The chemical unit®monomers that make up a polymer can be identical to one
another or not (Hearle, 1982). When linked up into a chain, identical monomers turn
into homopolymers, which describe homogeneous polymaaterials. Mixed units

with more than one type of monomer are called copolymers. There are five types of
copolymersbeach demonstrating a different arrangement of the monddwdngh

in turn affect the properties and the behaviour of the polymer: {e)nalking

copolymers, (b) Random copolymers, (c) Block copolymers, (d) Graft copolymers,

and (e) Mixture of homopolymers (Hearle, 1982).

The chemical bonds that are used to tie individual and groups of atoms together also
play an important part in deteimng the polymerOs properties (Hearle, 188t

only the nature and order of each monomer within the chain. The molecular chains
inside the polymer are seeded with covalent and electrovalent salt linkages, and these
operate according to van der Wadts@es and hydrogen bonds that rule the

mechanics of the overall polymeric structure (Hearle, 1982).

Additionally, the length of a polymer chain and the way in which it is branched
reaching out to other chains, whether in straight lines or in the shagattice as
described befor®are important features in determining the properties of polymers
and their behaviour (Hearle, 1982): Simple polymeric lattices, also referred to as
crystal lattices (Hearle, 1982), display arrangements in which all golgrchains all
lined up parallel to one another. Amorphous lattices on the other hand, display

arrangements of polymeric chains that are intertwined with one another.

The majority of the polymers discussed throughout the Otextile anatomyO exhibit both
segments of crystalline regions and segments of amorphous regions. In other words,
the chains inside the polymers are neither completely aligned nor completely tangled
or intertwined. The key feature, which probably plays the greatest role in determining
the behaviour of the polymer therefore is the degree of crystallinity (Hearle, 11982)
which effectively indicates how flexible, elastic and durable a polymer is and how
suitable to undergo different processing methods for a variety of applications.

The thermal properties of polymers refer to two main properties: the glass transition
temperature (identified ag) and the melting point of the polymBalso referred to



as the melting point of a polymer and is identified asNielsen, 1963). Glass
transition temperaturd () is the temperature by which polymers undergo change in
their chain structur®or, a change in their crystalline structiyand as a result
change from solid state to a rubbery, malleable state (Nielsen, 1963). The melting
tempeature T m)of polymers indicates, quite literally, the temperature by which
specific polymer melt.

Al1l Natural polymers and fibres

Biopolymers can be derived from polysaccharides, polypeptides or polynuclddtides
these are the sugar molecules, the protein molecules or the information molecules
within a plant respectively. For the production of fibrous textile elements only
polysaccheades and polypeptides are currently used. Polynucleotides, which are DNA
and RNA molecules might only play a part in the fudperhaps as a living textile

form. But this is still entirely speculative.

In plants, cellulose is the most abundant bigmer (CiechanskaNesolowska and
Wawro,2009). It can be found in various parts of plants: it is generated in seeds, bast,
leafs, and fruits. According to the place where the cellulose is formed within the plant,
different fibres are created through presef natural growth. This way for example,

the fibres of cotton, which are formed in the casing where the seeds of the plant
resides, are different from the fibres that are found in stokes, which are longer and

stronger.

In animals, polypeptides are paolers that exhibit various arrangements of amino
acids- and they are the proteins. Keratin for example, is the polymer that forms wools
and hairs in animals, and Fibroin is the polymer that forms silk threads. Natural fibres
- originating in plants or amals- come in a staple form, which means that they are

not continuous and have a relatively short length. Silk filaments are the only
exception to this rule, since the silk worm spins its filaments continuously, at times

for tens of meters long.
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Plantfibres vary in structure and in their mechanical properties according to the parts
in the plants from which they are formed. Based on that understanding, Ansell and
Mwaikambo (2009) divides plant fibres into two main groups: ultimate fibers that
originating in seeds, and fibre bundles originating with in the bast (or stem), leaf, or
fruit of plants Ansell and Mwaikambo, 2009). Cottokapok, and akund are

examples for ultimate fibers, which grows in the seeds of plants: these are single
celled fibres witha relative short lengtBnot exceeding 65 mm (Ansell and
Mwaikambo, 2009). Depending on the species, natural fibres may display different
structural properties. Petka@ka and Sundarad983) documented variations in the
cross sectional shape of cottaorés from four different species of plants. Their
research verified that different structural properissich as cross sectional sh&pe
result in distinctive fabrics properties: this also explain variations in fabric properties
between plain cotton files, Pima cotton and Egyptian cotton fibres.

Fibre bundles, on the other hand, are multicellular, which makes them stronger and
much longer than their ultimate fibre counterparts (Ansell and Mwaikambo, 2009).
Commonly found examples for bast fibres in@dudeemp, jute, kenaf, ramie and flax
(more commonly known as linen). Bundle fibres found in leaves include sisal,
henequen and pineapple. And fibres found in the fruits of plans include coir and palm
(Ansell and Mwaikambo, 2009).

Animal fibres are also tlad protein fibres and their structure is much comgex
mainly since they are formed according to the DNA code of some animals. The
literature classifies them in terms of increasing complexity of their formation. The
most common animal fibres in use tgdae wool, hair and silknaturally however
they differ greatly from one another, due to the fact that they originate in different
animals. Wool, hair and silk all have many levels of structural hierarchy, which
contributes to the properties of the fibiichhorn, Hearle, Jaffe and Kikutani,
2009).

Wools and Hairs are made of a protein called keratin. They vary however in their
chemical structure, which affects their mechanical, thermal and physical properties:
Wool fibres grow into much shorter lengths than other mammalian hairs, which grows
into long staple fibres. Silk, on the other hand, is made from the polymer fibroin,
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which is a block copolymer formed within gland cells of worms or spiders and is
extruded as long continuous filaments through cell walls, which act as spinnerets
(CiechanskayWesdowska and Wawra2009). The silk flaments have homogenized
matrix macrostructure on the surface topography, which contribute to its high strength
and high elastic extension (Porter and Volly2b09).

Natural regenerated fibres are made from naturatjenerated polymers, which often
originate in cellulose I. They can undergo wet or dry fibre spinning methodologies.
Synthetic fibres, however, are always spun through process of melt spinning.
Depending on the chemical structure and physical bond @884) divides
synthetic fibres into five groups, naming them: Polyamides, Polyesters, Polyvinyl

derivatives, Polyolefin and Polyurethaber synthetic rubber.

Al2 Manmade polymers

Manmade polymers are chemically formed by synthesis undeotiedtconditions

in labs. The unique processes of synthesis allow creating polymers with specific
properties and characteristicanes that are tailored made for certain textile
application (Baird and Collias, 1995; Robinson, 1980). The field of manmade
polymers and their formation into textile materials is only about a hundred yeds old
which in textile terms is relatively new. According to Goodman (1968), the major
innovations with regard to the development of synthetic polymers and fibres were
duringthe years of 1928939 (Goodman 1968). To affirm this Cook (1984) also
wrote, Ountil the 1930s, synthetic fibres existed only as a few experimental filaments
that showed little sign of serving any useful purpose in the textile trade. Who would
have dreamethat in twenty years or so the production of synthetic fibres would have
become one of the worldOs great industries?0O (Cook, 1984, p. 192).

Manmade polymers are polymers that are created in laboratories through processes o
synthesis. They can be furthdivided into two main groupgSconditional to the

origin of their base molecules: (1) natural regenerated polymers that are derived from
biopolymers, and (2) synthetic polymers that are derived from chemical soarce

most case petroleum. Both groups discussed in more details next.

| Mgk



Al21 Natural regenerated polymers

Polysaccharides, are sugar macromolecules found infp&ard they can often be

used as polymeric source for the creation of natural regenerated fibszsdbarides

are sméer molecules (ODIO reefer for the numer 2) and they can be found in the form:
of lactose and sucrose: respectively, they are used to makkaptyacid (PLA),
poly-I-lactic acid (PLLA), and pohkglycolic acid (PGA). The formation of lactose

and sucros into a copolymer produces pédctic-co-glycolic acid (PLGA).

Cellulose is a polysaccharide. In its natural occurréasehe raw material found in
plantBchemical engineers know it as Cellulose I. Once dissolved in caustic soda
solvent however, thparallel arrangement of the molecules is lost and a new form of
cellulose is formed known as Cellulose Il. Cellulose Il can be used for making
viscose, modal, cupro, lyocell, cellulose acetate (CA) and celluleaectate (CTA).
Proteins such as soydog milk, corn and groundnut, can be used for making protein
based manmade fibres but these are not as common in productio®tadatly due

to their inferior mechanical properties in comparison to natural protein fibre made
form natural protein polymef&ichhorn, Hearle, Jaffe and Kikuta@09.

A.l1.2.2 Synthetic polymers

Synthetic polymers are created from petroleum. Hearle and Peters (1963) have
divided synthetic polymers according to their chemical structure into two groups:
condensatiopolymers and addition polymers (Hearle and Peters, 1963). This
division had informed them of what each group of synthetic polymers could
potentially do and what methodologies should be used to synthesis them into textile
fibrous materials. Cook (1984) dded all synthetic polymers into five groups
according to the type of bonds that held the molecules inside the polymer chain
together:

¥ Polyamides polymers with recurring amide groups, such as Polyamide 6

(PA6) and Polyamide 6.6 (PA6.6).
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¥ Polyesters polymers with recurring esther groups, such as Polyethylene
Naphthalate (also know as PEN), Polyethylene Terephthalate (PET),
Polybutylene Terephthalate (PBT), Poly Trimethylene Terephthalate (PTT)
and Polyethylene Glycol (PEG).

¥ Polyvinylderivativesbpolymers made from vinyl monomers where the
double bonds turn into single bond and link together to form long molecular
chains, such as Polyacrylonitrile (PAN), Polyvinylchloride (PVC),
Polyvinylidene chloride (PVDC), Polyvinyl alcohol (PVAL), Polyvinyliak
fluoride (PVDF), Polytetra Flouroethylene (PTFE)pRenylene
terephthalamide (PPTA), Peipetaphylene isophthalamide (MPIA), and
Polystyrene (PS).

¥ Polyolefinsbpolymers made of olefin hydrocarbons, such as Polyethylene
(PE) and Polypropylene (PP).

¥ Polyurethane®polymers with recurring urethane groups, such Polyurethane
(PU).

A.l3 Phase Change Materials

Phase Change Materialalso known as PCMsare affected by temperature and as a
result they often have been used to congwigerature fluctuations (Mattila, 2006).
PCMs have the ability to absorb energy during heating process, change their actual
molecular structure in response, and release energy back to the environment during
cooling, once reverting back to their originallewular structure (Mondal, 2008):

PCMs can also store energy when they change from solid to liquid, and dissipate it
accordingly once restored back to their original state (Mattila, Z8@éer and

Onder, 2012)PCMs are difficult to control and are oftesorked only under

controlled laboratory conditions vivo. According to Langenhove (2011), PCMs are
used for the production of medical textiles, such as heating and cooling patches,
warming blankets and surgical protective garments, which are designethtaima
comfortable microclimate temperature for extended periods of time (Langenhove,
2011).



Al4 Actively Moving Polymers

Actively Moving Polymer®also known as AMPsare elastic polymer networks that
are made out of switches and netpointsiciv allow them to change their shape in a
predetermined way once exposed to an external environmental stimuli, such as
temperature, pH, chemicals and light. In other words, AMPs can convert stimuli
responsive effects on the molecular level into a macpisecoovement (Behl and
Lendlein, 2007Pone that we can see with our naked eyes. According to the nature of
their movements, AMPs can be further classified into twegsobps: shape memory
polymers, and shape changing polymers (Behl and Lendlein, Z&l@ap)e Memory
Polymersbalso known as SMPsand Shape Changing Polymé&also known as

SCPs- can both adopt different macroscopic shapes and as a result they each exhibit
distinctive qualities of shape change (Hu and Chen, 2010). The main differences
between SMPs and SCPs are the conditions upon which they undergo shape change,
as well as the dutian with which they are able to retain the change.

SMPs can be fixed into a temporary shape and later retrieved back to their original
shape by singular yet not continuous exposure to an external stimulus (Chen, 2006;
Chen and Hearle, 2009). In othernds, the shape change in SMPs is triggered by an
external stimulus but do not need the exposure to the stimulus tedmengnto

remain in their temporary shape: In order to reverse the shape change and return to
their original shape, SMPs would requireadditional and separate exposure to a
different external stimulus. SMPs has acquired good reputation in recent decades,
both in academia and in the industry for their low cost, good processing ability, large
recoverability, light weight properties andpguior moulding proprieties (Hu, 2007;

Hu, 2008; Ni,Zhang, Fu, Dai and Kimuy2007). The most common SMPs currently

in use are the trarolyisoprene (TPI), poly(styrermo-butadiene), polynorbornene

and the segmented polyurethane (Hu, 2007). Such $\Rsalready been

documented to been used in novel medical devitéschke, Neffe, Steuer and
Lendlein 2009;Nagahama, Ueda,u@hi and Ohya2009; Behl and Lendlein, 2007),
self-peeling reversible adhesive (Xie and Xiao, 2008);Isetfling materials

(Voyiadjis, Shojaei and Li, 2011), and-®alled smart textiles (Meng and Hu, 2009).
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SCPs on the other hand, can change their shapes only and as long as they are expos 1
to the stimulus (Chenqu, Zhuo and Zhi2008;Kunzelman, Chung, Mather and

Weder 2008. The shape change that occurs in SCPs is therefore subjected to the
length of time that the SCP is exposed to the external stimulus. On the whole, SCPs
exhibit great advantage on SMPs because of their ability to change not only under
heating conditionsut also under cooling for example. However the high cost and low
guantity of SCPs prevent them from practical applications, and their present
investigations are limited to explorations and laboratory experimentation (Hu and

Chen 2010).
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Figure A.2
Polymers properties
Lynn Tandler (2013)
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A2 Technology in Otextile anatomy® mapping

Unlike the creation and synthesis of polymers into fibrous matenatéch is fruit of

the efforts of material scientist and chemical physicightg creation of fibres is more
dependent on the machines that are use for the extrusion of some moltancashs
The basic forms of fibre extrusion are descried in chapter 4 of this research. Below
however, are few more example that show the relevance of technological

interventions for the creation of different fibres.

A.2.1 High performance fibres

High performance fibre®also known as HMHT fibres- are Odeveloped with high
strength and high stiffness in mindO (Gabara, 1994, p. 241). According to Hearle,
Hollick and Wilson(2001), HMHT fibres fall into three main groups: aramids and
polyethylene fibre, carbon fibres, and inorganic fibres made from ceramics or from
glass (HearleHollick and Wilson,2001). The uniqueness of these fibres lays in their
polymeric refined chemical structure, where rigid polymer chains linked together by
strong hydrogen bas, creating strong and long molecular chains with low molecular
weight characterize the molecules.

But high performance fibres can also be descried as fibres that are spun out of high
performance polymers either through processes of wet spinning, mealingpor

electro spinning. Such can appear as single component shape memory fibres (known
as SMFs) or as composite fibres (Vatal.,2010). Shape memory fibres are
lightweight and strong: they are able to withstand large strains and possess a wide
range of temperaturesand with their low manufacturing costs they are easily
accessible to process (Hu and Chen, 2010).

One of the most commonly found shape memory fibre is a segmented polyurethane
fibre - also referred to as shape memory polyurethane (BNIRu, 2007). Because

shape memory fibres are made from shape memory polyrtresis physical

properties vary above and below the point in which shape change occurs, according t
the glass transition temperatuiig) of the polymer (Tobushhara, Yamadand
Hayashi,1996). Additionally, the properties of SMPU for example, have been shown
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to be determined by the spinning methodology and thermal treatment they undergone
(Hu, 2007; Hu, Zhu, Lu, Yeung and Yeung, 2007).

Bi-component shape memory fibres designed to operate between two permanent
shapes: one formed at higher temperatures and one formed at lower temperatures.
Such examples include atomponent SMF form of Polystyrene (PS) and Low
Density Polyethylene (LDPE). Similarly, SMFs such as Coofnard Thermax©
produced by DuPont, have been designed to take advantage of theectossal

shapes of fibres in order to enhance comfort at high and low temperatures.

Other forms appear as Shape Memory Alloys (SMASs) for exampktal

compounds thHamemorize a predetermined shape: once bent and mechanically
deformed, SMAs can return to their original shape under certain temperature
conditions (Mattila, 2010). Gandhi and Thompson (1992) explained: GBleapery
alloys are unique in the sense that wkeformed at low temperatures they revert
back to their original shape upon heating. However, some permanent deformation
may remain in the alloyO (Gandhi and Thompson, 1992, p. 199).

The mechanical properties of SMAs are principally determined by tdpegres of

the metals that they are consisted from (Mattila, 2010). Some SMAs may enable a
two-way shape memory effect, which is known as amaalhd shape memory effect
(Otsuka and Ren, 2005). Their ability to morph easily under predetermined conditions
allows an alHround shape memory effect to be used as actuators (Hu, 2007).

Nickel-Titanium alloys (NiTi), and coppédrase alloys such as CuZnAl and CuAlINi
(Mattila, 2006; Langenhove, 2011) are SMAs in popular use. SMAs such as Nitonol
are in use for biomedical applications such as cardiovascular stents, guide wires and
orthodontc wires (HedayaRRechtien and Mukherje@992;Shu, Lagoudas, Hughes

and Wen1997; Langenhove, 2011) due to their unique set of properties (Otsuka and
Ren, 2005). Other applications for SMAOs were documented in the military sector, as
eyeglass frames anohderwire womenQs brassieres (Wu and Schetky, 2000), and as
sensors, actuators and antennas for mobile phones, as reported by Otsuka and
Kakeshita (2002). But in spite of the fact that shape memory alloys are able to recove
most of their deformation, tiveability to revert perfectly to their original state is
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inferior to that of shape memory polymers and that of shape memory polymeric
filaments (Mattila, 2006; Hu 2007).

Within that group of shape memory alloy wires, less popular still are magngtie sha
memory materials (MSMs). These metal alloys belong to a novel group of shape
memory materials that can change their shape in different ways to stretch, bend or
twist - in less than a millisecondvhen exposed to a magnetic field (Mattila, 2010).
And this expands their application scope ever further, with examplesinNba

used as an actuator to produce motion and fdrelirfen, Suorsa, Jaaskelainen,
Aaltio and Ullakko,2002).

A.2.2 Inorganic and metal components

Ceramicelements arenade from a combination of some metal elements with non
metal ones. But in spite of them, technically, being partly made out of some metals,
they are considered to be noretallic materials (Carter and Norton, 2007).

According to Schneider g69), the melting point of ceramics is not different to that

of other materials and it is described as Othe temperature at which solid and liquid of
the same chemical composition are in equilibrium for a giving confining pressure®
(Schneider, 1969, p. 19Vhe low thermal conductivity of ceramics materials makes
them into good insulators. They are strong and brittle mat&tadsh characteristics

are informed by their crystalline inner structure. The prime inorganic element within
this group isSilicate §i02), which is used for making glassd for making glass

fibres respectively.

Silicate (SiO2)pehaves similarly to other organic polymers in the way in which it
adapts to heat and restructure its molecules depending on its glass transitidigstate (
- particularly upon cooling. Jones and Huff (2009) explained, OBecause of the rapid
change in viscosity of glagerming liquids with temperature, the structure which is
frozen in is dependent upon the cooling rateO (Jones and Huff, 2009, p. 310). In othe
words, thelg of Silicate profoundly affects the behaviour of the glaasd it is that

which makes it so brittle. Accordingly it also affects the properties of the fibres and

filaments, which it forms.
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Carbon is the most versatile of all metal comgraas: it exists in three physical forms

- as amorphous carbon, as graphite and as diamond. Within different structures it can
form into one of the softest materials existing, where under different construction it
can shape into one of the hardest matekia¢svn: but although graphite and

diamonds and essentially made of Carbon, their chemical structure is far more
complex and as a result they are not classified as mdtatsn fact as ceramics

(Carter and Norton, 2007).

According to Cook (1984) Otpeoduction of glass filaments suitable for textile use
requires that they should be flexible enough to stand up to normal wear and tear. This
is achievedO, he continues, Onot by changing the composition of the glass itself, but
making the filaments sarfe that they can bend without breakingO (Cook, 1984,

p. 642). This further informs the importance that lay within the mechanical behaviour
and product formation of polymers, in order to make them suitable for the creation of
fibres and filaments. As aselt, Cook informs, glass filaments are produced with
diameters of twelve micron or less (Cook, 1984).

Silver (Ag) and gold (Au) have been used for fabric decoration for thousands of years
due to their high lustrous appeal, properties of strength aistiarese to corrode.
Throughout history, fine silver and gold wires were embroidered onto fabrics as a
symbol of richness, class and prestige. However since the synthetic fibre and yarn
sector have been offering softer, u@&ndlier alternatives in theofm of Lurex and
SPMV, silver has been used primarily for biomedical applications, due to its anti
bacterial properties. Gold has similar properties to Silver but is far more expensive,

which is the prime reason for its relatively minimal use.

Nickel (28Ni), copper (Cu), titanium (Ti) and aluminum (Al) are used in textile
application due to their aesthetic values, strength and conductive propeitiesr in
the form of fine wires or in that of alloys, as well as in coatings foraomauctive
filaments Different metallic elements vary in their ability to conduct electricity and
their unique properties are used to tailor them to specific product applications. At
large, metal elements can be used for textile applications either ascangenent

elemers or as multcomponent elements.
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Figure A.3
Fibres properties
Lynn Tandler (2018
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A.3 Yarns

Yarns can be measured and categorised according to weight, size, count, diameters,
and fibre constituents, as well as by their spinning techniquesvaviation or other
special properties if stated. There is no one database that classifies yarns into groups.
Depending on the yarn spinning machines owned by manufacturers, companies have

freedom to create a variety of yarn types and counts.

Primarily, yans can be referred to according to the hierarchical complexity of their

structure:

Single yarns refer to a bundle of fibres or filaments, which are twisted together to

form one singular strand. Twists can be inserted in either of two directions. Left twists
referred to as -Bwists, and right twists referred to ag\ists: the diagonaine in the

S and Z describe the direction of the twist. The level of twisting is defined as the
number of twists per unit length of yarbsisually measured by the inch or by
centimetres and while it is important to maintain this level high so the yaesdot

fray under tension it is fundamental to keep the angle at which the fibres lie to the axis
of the yarn constant (Taylor, 2007). The amount of twist per one centimetre or inch
length determines the strength of a yarn: the more twists per unit teegitronger a

yarn becomes. However with the increase of twists, the stress that is put onto the yarn
gets greater and above a certain amount of twists the action of twisting is counter

productive.

Two single yarns can then be twisted to form a folghath- or ply yarnsbalways

twisted in the opposite direction to the twist that binds each single yarn. Similarly,
two folded yarns can be twisted into a cabled yaitso called a corded yarn. Cabled

or corded yarns are twisted in the opposite dire¢bdhat of the folded yarns.

Three main yarnspinning methods have come to dominate the yarn production
industry- these are: ring spinning, twist spinning and wrap spinning. Out of which the
most prominent are ring spinning for yarns spun out of stégkes, and wrap

spinning, which contains a core fibre bundle that is wrapped with fibres and/or

filaments.
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A3.1 Ring spinning

Ring spinning is the most ancient of the three, dating back to 1832. Originally
designed as an optimization of the Croam@ds mule, it had since remained the most
used method for yarn production across the world. Ring spinning offers high
production speed of a wide range of fibre types in a verity of counts: The ring
spinning method lead the fibres through the yarn patlowslby a spindle rotation

and in doing so each completed circle of rotation binds the fibres in one turn of twist
(Lawrence, 2010). This mechanical principle of operation attributes ring spinning
much versatility. Much so that until this days ring spignmethods still produce

yarns with superior structure to those attained by alternative spinning methods
(Lawrence, 2010).

A.3.2 Twist spinning / Rotor spinning

Twist spinning methods is different to ring spinning systems. There are two methods

thatdemonstrate twist spinning: séfist spinning, and opeand spinning.

The selftwist spinning method was developed in order to attribute yarns greater
strength and better evenness (Lawrence, 2010): Two strands can be twisted or plied
during the samerpcess, which results in a twold yarn with equal balanced weight.

In openrend spinning however, individual fibres are drafted and only then collected

into a twist in a continuous process.

Currently two techniques employ the opamd method: rotor spiing and friction

spinning. Rotor spinning method operates as a fibre selective method, where slivers
rather than rovings are fed into the machine and a large pinwheel separates individual
fibres from the main supply. Those fibres that do not twist irgo/etin form are

scattered and removed from the opening roller by air suction (Lawrence, 2010). But in
friction spinning, individual fibres are collected in a groove formed by two rotating
drums. The motion of the drums and their frictional contact witlyaine tail- hence

the methodOs nammsert twist into the yarn (Lawrence, 2010).



A.3.3 Wrap spinning

Wrap spinning methods refers to the spinning methods used to wrap or bind any
protruding surface fibres from the continuous twist around theigarder to make it
stronger. This method is found through surface fibre wrapping or filament wrapping
(Lawrence, 2010). According to Lawrence (2010), surface fibre wrapping can be done
through friction spinning and ajet spinning: In friction spinninghe binding and the

twist of the fibre bundle is fed between two counter rotating drums; wherejet air
spinning, two ahjet streams with different velocities run along a central tubular

channel in order to spin the fibres together into yarns.

Filament wrapping methods refer to the actions of wrapping a filament around a
bundle of fibres. This is done through selfil spinning, or by hokmmdle spinning:

In selfil spinning, many continuous filaments wrap around a ribbon of fibres
(Lawrence, 2010)n hollow-spindle spinning, the fibres and the filaments are fed
through a Ohollospindle® mechanism (Lawrence, 2010, p. 38) and threaded at the
bottomBPwrapping the filament around the fibre ribbon to form a wsppn yarn.

A.3.4. The properties ofvarious yarns

Spun yarns can either appear in regular or irregular forms. Regular yarns are yarns in
which the fibres have been organised before spinning, whereas drawing out bundle of

fibres together into a twist produces irregular yarns.

Most yarns used in the industry are found to either be OcardedO or OcombedO (Taylc |
2007, p. 61): carding is the process used to disentangle the fibres in the machine

laying them fairly straight before twisting into a yarn. Combing, on the other hand,
involves an additional process that lays the fibres parallel to each other discarding all
short fibres in order to create a homogenized fibre bundle. This results in better

quality and often very fine yarns. Due to the added process, combed yarns are more
costly to produce than they carded counterparts but at the same time they are also

stronger, more regular in thickness and have increased lustre.



In order to produce a continuance spun yarn, several hundreds of staple fibres need tc
be packed together dsettle into a homogenous form through the insertion of a twist.
The way in which fibres sit next to one another in this packed arrangement, is referred
to as fibre migration (Lawrence, 201and it varies according to the structural
properties of thewisted fibres; such as size, diameter, length, surface textures, and
crosssectional shape. The properties of yarns, therefore are mainly determined by the
mechanism from which they were spun and of course the individual properties of the
fibres and filamats that they have incorporated in their structure. They are therefore

identified by their unique structure as ring spun yarns.

The properties of ring spun yarns are measured therefore through the evaluation of th
fibersO tensile properties, mass irragiyl and imperfections (Lawrence, 2010). The

level of twisting controls the strength of the yarn, and yarnsagtimum twist®
representing the Otwist at which yarn strength s highestO (Lawrence, 2010Dp. 123)

are often desired for their optimal stgth.

Rotor spun yarns exhibit thrgmart structure: the core of fibres, the outer zone of
fibres, and fibres wrapped around the exterior fasade of the yarn (Lawrence, 2010).
The properties of the yarns therefore are greatly affected by the propetties of
fibres spunBarella, Manich, Marino and Garofal®983). Fibre parameters such as
fibre tenacity, fineness and length, the quality of the fibre bundle itself and the
variables upon which the machine isBstuch as speed, rotor diameter and rotor

argle Bcan all affect the properties of the yarns.

In comparison to ring spun yarns, rotor spun yarns are more uniform in both their
appearance and linear density (Lawrence, 2010): they are more extensible, have fullel
body with an increased bulk volunad they are smoother, less hairy and soft to

touch (Lawrence, 2010). At the same time, rotor spun yarns are less strong than ring

spun yarns and their maximum tenacity is lower (Lawrence, 2010).



A.3.5 Structural properties of various yarns

The pinning methodology applied to bind fibres and/or filaments into yarns greatly
affect some properties of the produced yarns. Examples to the extent to which such
methodology influence the structural properties of spun yarns are briefly outlined
below.

A.35.1 Structural properties of air-jet spun yarns

Air-jet spun yarns are yarns that have a central core wrapped around and bound
together with wrapper fibres. Ajet spun yarns can be classified according to their
structure: those that are wrapped vatregular twist fibre bundle but with no
wrapping fibres, those bound with regular wrapper fibres, and those wrapped with
irregular fibres (Lawrence, 201@Jonsequently, the properties of-gat spun yarns
depend primarily on the fibre content. Fibregedies such as fibre diameter, fibre
length, friction and strength all play a role in determining the strength, stretch and
handle of ahjet spun yarns (Lawrence, 2010).

A.3.5.2 Structural properties of friction spun yarns

The structure of friction spun yarns informs the properties of such yarns. The
properties of friction spun yarns however cannot be generalized since they highly
dependent on the characteristics of the fibres and / or filaments from which they are
spun, vaiations in friction spinning machines and the spinning conditions used for
producing such yarns (Lawrence, 2010). Friction spun yarns consist-paivo
structures: a densely packed core of straight, and twisted fibres randomly distributed
(Lawrence, 2010 As well as fibre and filament properties, fibre migration also plays

a role in structuring the yarns.
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A.3.5.3 Structural properties of wrap spun yarns

The predominant feature of wrap spun yarns is the fact that they spun off filament,
rather tha staples. This gives wrap spun yarns several advantages in higher
manufacturing productivity, higher yarn tenacity and uniformity, as well as smoother
surface roughness due to less hairiness (Lawrence, 2010). In the case of wrap spun
yarns, it is mostlyite wrapper filaments, which affect the properties and uniformity of
the wrap spun yarn the most: the strength of wrap spun yarns are subject to the
wrapper filament modulus and wrap density (Lawrence, 2010).

A4 Engineering in Otextile anatomyO mamj

Gandhi and Thompson (1992) explain: OAs the structural complexity of materials
increases, the coupling between design, analysis, and manufacturing processes
becomes more and more inextricably intertwinedO (p. 42). Constructed textile system
are complg and they mostly cover construction methodologies such as weaving and
knitting Bboth of which have been discussed throughout chapter 5. The following text
will outline briefly some of the textile properties generated through processes of
weaving. The e#cts of various weaving structures on the physical and mechanical
properties of textiles are outlined as follows:

A4l Physical properties of woven fabrics

The physical properties of woven fabrics represent the sum of properties and
processesndertaken for the making of a cloth. These include fabric cover, fabric
mass, specific volume and thickness based on yarn count, thread spacing and yarn
crimp (Gandhi, 2012). The consequent effects that weave structures themselves have
on the propertiesfdextiles have long been known to be of great significance

(Schiefer, Cleveland, Porter and Miller, 1933).

Fabric cover informs the handle, feel, permeability and density of the fabric. It is the
value that is derived from threimberof yarns per unit lengt®both warp or weft
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yarns.Fabric mass, which is measure in grams per square meter, indicates the weight
of the fabric, and in doing so it informs the suitability of the textile for specific use or
application scope. Fabric thickness is indicated by the ratio given due to the
measurements of weft and warp yarn cross sectional shape and diameter: minimum
fabric thickness produces fabric with smooth surface and as a result it ensures unifor
abrasion in wear (Hari, 2012). Specific volume of fabrics is measured by the ratio
between the thickness of the cloth and fabric mass (Behera and Hari, 2010). Such
physicalproperties of fabrics help manufacturers and consumers alike to fit different
fabrics for a specific use.

A.4.2 Mechanical properties of woven fabrics

The mechanical properties of woven textiles are often expressed in a series of
mathematical caldations measuring the deformation performance of a woven textile
under an applied force, such as fabric strength, fabric elongation, surface durability,
breaking strength, and drape (Hari, 2012). Fibre and yarn properties such as creasing
and wrinkling, skear, compression and abrasion indicate the use and application of
woven fabrics (Hari, 2012). Theermal properties of the fibres and yarns that make
into a woven structure are the thermal conductivity, thermal absorption and thermal
resistance all indicating the thermal comfort properties of the clatar@ca,

Kahraman, Omeroglu and Becerir, 201R2ifferent weave structures also tend to
produce fabrics with different mechanical properties: varying from plain weave,
which is considered to produce verglatecturally stable structures to long float
structures such as satin which impair the structural stability of theR&thosing

the fibre and the yarn they inhabit to more wear (Thomas, 2009; W28aa)).

A.4.3 The affects of woven geometrgon textiles properties
Regardless of the type of loom employed for weaving, various weave architectures

attribute cloths with different structural and mechanical properties. The most basic
form of cloth construction is plain weave. Fabrics made fotain weave are firm
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and stable. They do not drape well usually, they fray less and are less absorbent
usually than textiles with other weaves (Thomas, 2009).

Hopsack and basket weave fabrics fray much more easily. Such fabrics however are
flexible andprone for less creasing: they have good tear resistance, which means that
the construction of hopsack and basket weaves contribute to fabric strength. They are
more open and therefore have been known to enhance properties of breathability
(Thomas, 2009). &brics made with twill construction demonstrate a distinctive
diagonal line running along the fabricOs length. These are strong fabrics, stable and
durable, with good resistance to abrasion; they are less prone to creasing and are
flexible - and thereforelisplay good drape qualities (Thomas, 2009; Wil&@1,11.

Satin and sateen constructions help with water repellence but at the same time they
also tend to fray more easilyatth weaveconstruction givecloths a smooth and

lustrous appearance and a goodpe (Wilson, 2011b). The 3D honeycomb

construction enables a fabric to trap air in its dimples and as a result honeycomb
fabrics have been known to be good thermal insulators (Thomas, 2009). They have
poor abrasion, but at the same time due to thequeniveave structure, they are very
absorbent (Thomas, 2009). Lastly, the double cloth construction results in heavy
weight and durable fabricghe high thread count allow them to be stable and firm
(Thomas, 2009).

A5 Mathematics in Otextile anatom® mapping

Modeling systems are widely used by STEM practitioner for predicting the behaviour
of fibres, yarns and overall fabric structures. These are divided broadly into two prime

methods: the deterministic and the ra@terministic.

The deterministi@pproach derives from applied physics. Deterministic models are
used to explain the relationships between structure and property, and can be used to
create textile constructions that meet specific applications. Such models are problem
specific and, as asult, when applied elsewhere, can often produce large prediction
errors. They require deep expertise, which, at times, can prove hard to access (Beher



and Hari, 2010). Types of deterministic modeling techniques include computer
simulation models and Fie Element Modelingpalso known as FEM.

Empirical modeling refers to prediction through experimental investigation. It is
conducted under controlled conditions where statistical techniques are used. Such
techniques are used to predict the behaviousdilés when data does not exist, and a
hypothesis is not required. Through the use of empirical models it is possible to
process only a narrow range of materials and the scope of the experiments are
generally limited to specific operating conditions. Tikialso the reason that

empirical modeling techniques are ineffective for complex nonlinear processes such
as woven fabric manufacturing (Behera and Hari, 2010). Computer simulation
models, as proposed by Meredith and Hearle (1959) for example, camgive a
approximation of textile behaviour, however such simulation is still unable to predict
the behaviour of actual materials. Finite Element Modeling, also known as FEM, is
used extensively to give numerical solutions for engineering problems. They allow
thecalculation of the behaviour of the material; enabling askeipth understanding of
physical processes and the scope technically to change important physical parameter
quickly in order to test the performance of new products. (Lin, Ramgulan, Arshad,
Clifford, Potluri and Long, 2012; Romelt and Cunningham, 2012; Davithings,
Matthews and Soutis, 2000).

Non-determinist modeling systenBaunlike those discussed abovare known to be
more tolerant of imprecision, uncertainty, partial truths @ogroximations. Those

include techniques known as fuzzy logic (FL), artificial neural networks (ANN),
genetic algorithms (GA), and hybrid modeling.

The application of fuzzy logic can be achieved through objective or subjective
modelling techniques. As paot the FL objective modelling, no prior knowledge

about the system exists, and/or expert knowledge is not accessible. As a result, raw
input and output data sets are used to generate knowledge about the system (Behera
and Hari, 2010). On the other handl, $tibjective modelling assumes a priori

knowledge about the system is available and that this knowledge can be directly

acquired from expert users.



Artificial neural networks, abbreviated as ANN, provide a relatively simple way to
acquire informatiorabout a system through processes of learning: such modeling
techniques are able to capture and represent various kinds eburtput

relationships. ANNs are composed of processing elements. The connections between
these elements contain the knowledgéhefsystem or the network (Maleki and

Tehran, 2011; Behera and Hari, 2010; Chen, Zhao and Collier, 2001). In other words,
the system gathers its knowledge from the irgautput connections between its
elements through unsupervised or supervised learmngdupervised learning the
outputs are unknown and the network is simply presented with inputs. In supervised
learning however, the network is presented with pair of inputs and outputs and as a
result for each set of input values there is a matched setmit data.

Lastly, textile engineers may use hybnubdeling systems, which just as their name
suggest, combine two or more modeling systems in an attempt to benefit from their
advantages and minimize their drawbackisghrabi, Hadavandi and Esfanadaya

2013; Yu, Hui, Choi and Au, 2010; Wong, Li and Yeung, 2004).



Appendix B

Program coding for

3D printed OweavesO

/**
* James Thomas Dec 2015

* Generates 3D models of weave patterns
*/

import unlekker.mb2.geo.*;
import  unlekker.mb2.util.*;
import ec.util.*;

int n=12;
int m=4;
int r=10;
int h=50;
float curve = 1;

int patternWidth = 8;

int patternHeight = 8;

boolean[] pattern = new boolean[patternWidth * patternHeight];
boolean[] vertChangePattern = new boolean[patternWidth *
patternHeight];

boolean[] horiChangePattern = new boolean[patternWidth *
patternHeight];

UGeo weave;

UGeo weaveCurve;
UGeo weaveStraight;
UNav3D nav;

float offsetEquation(float i)

{

float result = cos(PI*i);

/[float sinX = cos(PI*i);
/[float aSinX = abs(sinX);
/[float result = pow(aSinX,0.6) * aSinX / sinX;

return result;

}

void initWeaveCurve()
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UVertexList viBase = new UVertexList();
UVertexList[] vl = new UVertexList[m];

/I add vertices representing a circular base to vl. note
/I that the map() function does not actually close the list
/I since the last vertex does end up at 360 degrees.

viIBase=new UVertexList();
for(int i=0; i<n; i++) {
float deg=map(i , 0,n, 0, TWO_PI);

viBase.add(new UVertex(r, 0, 0).rotY( - deq));
}

weaveCurve=new UGeo();

/I create vI2 as a copy of vl, translated to the desired height
for(int i=0; i<m; i++) {

float j = ((float)i)/(m -1);

float xOff = r*offsetEqua tion(j);
float yOff = 0;

if(i==0) yOff = 0;

else if(i==(m - 1)) yOff= h;

else yOff=h*(1 - curve)/2+(curve*j*h);
vl[i]=vIBase.copy().translate(xOff,yOff,0);
if(i>0)

UGeo tempGeo=new UGeo().quadstrip(vl[i].close(),vI[i -

1l.clos e());

}

weaveCurve.add(tempGeo);

}
}

void initWeaveStraight()

{

}

UVertexList viBase = new UVertexList();
UVertexList vI2 = new UVertexList();

for(int i=0; i<n; i++) {

float deg=map(i, 0,n, 0,TWO_PI);

viBase.add(new UVertex(r, 0, 0).rotY( - deq));
}

weaveStraight=new UGeo();

vl2=vIBase.copy().translate(0,h,0);
weaveStraight=new UGeo().quadstrip(viIBase.close(),vI2.close());

void setup() {

size(600,600,0PENGL);

[l initialize Mode IbuilderMk2 and add navigation
UMB.setPApplet(this);

nav=new UNav3D();

initWeaveCurve();
initWeaveStraight();

setupPattern();
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}

int patternNo;
String patternName = "";
void setupPattern()

{

pattern = new boolean[patternWidth * patternHeight];
switch(patternNo)

case 0O:
patternName = "1/3 Z twill";
for(int i=0;i<patternHeight;i++)

set(patternHeight -i-1,itrue);
set(patternHeight -1 -1,(i+4)%8,true);
}
break;
case 1:

patternName = "1/7 Z twill";
for(int i=0;i<patternHeight;i++)

set(patternHeight -i-1,itrue);

break;

case 2:
patternName = "2/6 Z twill";
for(int i=0;i<patternHeight;i++)

set(patternHeight -i-1,itrue);
set(patternHeight -1 -1,(i+1)%8,true);
}
break;
case 3:

patternName = "4/4 Z twill";
for(int i=0;i<patternHeight;i++)

{
set(patternHeight -i-1,itrue);
set(patternHeight -1 -1,(i+1)%8, true);
set(patternHeight -1 -1,(i+2)%8,true);
set(patternHeight -1 -1,(i+3)%8,true);

}

break;

case 4:

patternName ="1/3 S twill";
for(int i=0;i<patternHeight;i++)

set(i,i,true);
set(i,(i+4)%8,true);

br eak;

case 5:
patternName ="1/7 S twill";
for(int i=0;i<patternHeight;i++)

set(i,i,true);
break;
case 6:
patternName ="2/6 S twill";
for(int i=0;i<patternHeight;i++)

set(i,i,true);

it



set(i,(i+1)%8,true);

break;
case 7:
patternName ="4/4 S twill";
for(int i=0;i<patternHeight;i++)
{
set(i,i,true);
set(i,(i+1)%8,true);
set(i,(i+2)%8,true);
set(i,(i+3)%8,true);
}
break;
case 8:
patternName = "plain weave";
for(int x=0;x<patternWidth;x++)

for(int y=0;y<patternHeight;y++)

set(x,y,((x+y)%2)==0);

}
break;
case 9:
patternName = "2/2 Z twill";
for(int x=0;x< patternWidth;x++)

for(int y=0;y<patternHeight;y++)
set(x,y, ((x+y)%4)<2);

}

break;

case 10:
patternName = "hopsack";
for(int x=0;x<patternWidth;x++)

for(int y=0;y<patternHeight;y++)
{

set(x,y,((1+x+y+(y%2==071:0))%4)<2);

}

break;

case 11:
patternName ="2/2 S twill";
for(int x=0;x<patternWidth;x++)

for(int y=0;y<patternHeight;y++)
set(x,y,((y - Xx+400)%4)<2);

}

break;
case 12:
patternName = "herringbone";
for(int x=0;x<patternWidth;x++)
if(x<patternWidth/2)
for(int y=0;y<patternHeight;y++)

set(x,y,((x+y - 2+12)%4)<2);
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}

else
for(int y=0;y<patternHeight;y++)
set(x,y,((y - Xx+400 - 1)%4)<2);
}
}
break;
case 13:
patternName = "satin 8 end";
setSatin(new int[]{1,4,7,2,5,8,3,6});
break;
case 14

patternName = "mock leno";
for(int x=0;x<patternWidth;x++)

for(int y=0;y<patternHeight;y++)
set(x,y,((x%4==0||x%4==3)&&(y%4==0||y%4==3))"(x<4))\(y<4));

}

break;

case 15:
patternName = "honeycomb";
setFrom1(1, new int[]{4,6});
setFrom1(2, new int[]{3,5,7});
setFrom1(3, new int[]{2,4,5,6,8});
setFrom1(4, new int[|{1,3,4,5,6,7});
setFrom1(5, new int[]{2,4,5,6,8});
setFrom1(6, new int[]{3,5,7});
setFrom1(7, new int[]{4,6});
setFrom1(8, new int[|{5});
break;

case 16:
patternName = "basketweave";
setFrom1(1, new int[]{1,2,3,4});
setFrom1(2, new int[]{1,5,6,7});
setFrom1(3, new int[]{1,4,3,7});
setFrom1(4, new int[]{1,3,5,7});
setFrom1(5, new int [{2,4,6,8});
setFrom1(6, new int[]{2,5,6,8});
setFrom1(7, new int[]{2,3,4,8});
setFrom1(8, new int[]{5,6,7,8});
break;

case 17:
patternName = "4 pick warp rib";
setFrom1(1, new int[]{1,3,5,7});
setFrom1(2, new int[]{1,3,5,7});
setFrom1(3, new int[]{1,3,5,7});
setFrom1(4, new int[]{1,3,5,7});
setFrom1(5, new int[]{2,4,6,8});
setFrom1(6, new int[]{2,4,6,8});
setFrom1(7, new int[]{2,4,6,8});
setFrom1(8, new int[]{2,4,6,8} );
break;

case 18:
patternName = "4 end weft rib";
setFrom1(1, new int[]{1,2,3,4});
setFrom1(2, new int[]{5,6,7,8});
setFrom1(3, new int[]{1,2,3,4});
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setFrom1(4, new int[]{5,6,7,8});
setFrom1(5, new int[]{1,2,3,4});

setFro m1(6, new int[|{5,6,7,8});

setFrom1(7, new int[]{1,2,3,4});
setFrom1(8, new int[]{5,6,7,8});
break;

}

for(int x=0;x<patternWidth;x++)

for(int y=0;y<patternHeight;y++)
{

int yA = (y)%patternHeight;

int yB = (y+1)%patternHeight;

if(yB<0) yB=patternHeight

-1,

vertChangePattern[x + y*patternWidth] = !(pattern[(x) +
(yA)*patternWidth] == pattern[x + yB*patternWidth]);
}

}

for(int x=0;x<patternWidth;x++)

for(int y=0;y<p atternHeight;y++)
{

int XA = (x)%patternHeight;
int xB = (x+1)%patternWidth;
if(xB<0) xB=patternWidth

-1,

horiChangePattern[x + y*patternWidth] = (pattern[xA +
y*patternWidth] == pattern[xB + y*patternWidth]);

}

pri ntin(patternName);

}

void setSatin(int[] vals)
for(int y=0;y<vals.length;y++)
set(vals[y] - 1,patternHeight
}
void setFrom1(int row,int[] vals)
for(int y=0;y<vals.length;y++)
set(vals[y] - 1,patternHeight

}

void set(int x, int y, boolean state)

pattern[(x) + (y)*patternWidth] = state;

void setFrom1(int x, int y, boolean state)

pattern[ly - 1) + (patternWidth

void keyTyped() {
patternNo++;

-y-1,true);

- row,true);

- X)*patternWidth] = state;
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if(patternNo>16) patternN 0=0;
setupPattern();

void draw() {
background(50);
drawCredit(patternName);

translate(width/2,height/2);
nav.doTransforms();
lights();

/I UMB has chainable shorthand versions of PApplet functions
UMB.pnoStroke();
UMB.pfill(color(255,128,128));

int repeat = 1;

weaveCurve.translate(0, - patternHeight*repeat*h/2, -
patternHeight*repeat*h/2);
weaveStraight.translate(0, - patternHeight*repeat*h/2, -

patternHeight*repeat*h/2);

for(int i=0;i<repeat*patternHeigh t;i++)

{

for(int j=0;j<repeat*patternWidth;j++)

int offset = (i%patternHeight) + (j%patternWidth)*patternWidth;
if(horiChangePattern[offset])

if(patternfoffset]) weaveCurve.scale( -1,1,2);
weaveCurve.draw();
if(patternfoffset]) weaveCurve.scale( -1,1,2);

else

{
weaveStraight.translate(pattern[offset]? - r:r,0,0);
weaveStraight.draw();
weaveStraight.translate(pattern[offset]?r: -1,0,0);

}

weaveCurve.translate(0,0,h);
weaveStraight.translate(0,0,h);

}

weaveCurve.translate(0,h, - patternWidth*repeat*h);

weaveStraight.translate(0,h, - patternWidth*repeat*h);
}
weaveCurve.translate(0, - patternHeight*repeat*h,0);
weaveStraight.translate(0, - patternHeight*repeat*h,0);

UMB.pnoStroke();
UMB.pfill(color(128,128,255));

weaveCurve.translate(0,patternHeight*repeat*h/2 patternHeight*repeat*

h/2);

weaveStraight.translate(0,patternHeight*repeat*h/2,patternHeight*repe
at *h/2);

weaveCurve.rotX(P1/2);
/lweaveCurve.translate(0,h, - h);
weaveStraight.rotX(P1/2);
/lweaveStraight.translate(0,h, - h);
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weaveCurve.translate(0, - patternHeight*repeat*h/2, -
patternHeight*repeat*h/2);

weaveStraight.translate(0, - patternHeig  ht*repeat*h/2, -
patternHeight*repeat*h/2);

for(int i=0;i<repeat*patternHeight;i++)
for(int j=0;j<repeat*patternWidth;j++)

int offset = (i%patternHeight) + (j%patternWidth)*patternWidth;
if(vertChangePattern[offset])

if(!(pattern[offset])) weaveCurve.scale( -1,1,2);

weaveCurve.draw();

if(!(pattern[offset])) weaveCurve.scale( -1,1,2);
else

weaveStraight.translate(pattern[offset]?r: -1,0,0);

weaveStraight.draw();

weaveStraight.translate(pattern[offset]? - r:r,0,0);

}

weaveCurve.translate(0,0,h);
weaveStraight.translate(0,0,h);

}

weaveCurve.translate(0,h, - patternWidth*repeat*h);

weaveStraight.translate(0,h, - patternWidth*repeat*h );
}
weaveCurve.translate(0, - patternHeight*repeat*h,0);
weaveStraight.translate(0, - patternHeight*repeat*h,0);

weaveCurve.translate(0,patternHeight*repeat*h/2 patternHeight*repeat*
h/2);

weaveStraight.translate(0,patternHeight*repeat*h/2,pattern
at*h/2);

/lweaveCurve.translate(O0, - h,h);
weaveCurve.rotX( - Pl/2);
/lweaveStraight.translate(0, - h,h);
weaveStraight.rotX( - P1/2);

stroke(255,0,0);

/I get the ArrayList<UFace> stored in geoto draw the face normals
/I The parameter 10 is the desired length of the drawn normals
/lfor(UFace f:weave.getF()) f.drawNormal(2);

Height*repe
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